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Chapter 1

Introduction

General Introduction

With a total of 62 million infections and 20 million deaths worldwide, acquired
immunodeficiency syndrome (AIDS) is one of the world’s major death causes
(http://www.unaids.org). The most–affected countries are in subsaharan Africa
and are least able to cope with the devastating consequences. In some countries
more than one in three persons is infected with HIV (Zimbabwe, 33,7% and
Botswana, 38,8% prevalence). Efforts to develop an effective vaccine are there-
fore of the utmost importance.

Although an earlier case (1959) has retrospectively been identified (48,96,
236,251), the first cases of what later became known as AIDS were described in
1981 (85,102,139,205). In 1983 a novel retrovirus was identified as the causative
agent: HIV-1 (9,76). Its cousin HIV-2 was identified three years later (43,44).
While HIV-1 originated from a related immunodeficiency virus (SIVcpz) in
African chimpanzees, HIV-2 evolved from a SIV variant in sooty mangabeys
(79,203). SIVcpz crossed the species barrier between its natural host and humans
probably before 1940 and subsequently evolved to adapt to the new human host
and become manifest as HIV-1 (86,116). HIV-1 counts many subtypes of which
subtype C is the most common throughout the world and subtype B is the most
common in western countries (168).

HIV-1 is a retrovirus belonging to the subfamily of lentiviruses (82,83). In
general, lentiviruses cause a slow degenerative disease, characterized by an acute
phase, a latent phase and finally disease progression (82,217). Many lentiviruses
have been described that cause immune deficiency in a variety of hosts (64,82),
with examples being feline immunodeficiency virus (FIV) in cats, bovine
immunodeficiency virus (BIV) in cattle and SIV in monkeys (64,82). Lentivirus-
es have evolved mechanisms to persist for many years in the hostile environment
of an immune-competent host. Infecting and killing cells of the immune system,
HIV-1 causes gradual depletion and dysfunction of the immune system, which
finally leads to opportunistic infections and death.

The HIV-1 genome consists of two identical positively stranded RNA mole-
cules of approximately 10.000 nucleotides (Fig. 1). The three major and typical
retroviral genes are gag, pol and env (176,189,231). The gag gene encodes the
structural proteins which are posttranslationally cleaved from the Gag precursor:
the capsid protein (CA-p24), the matrix protein (MA-p17), the nucleocapsid pro-
tein (NC-p7), p6 and p2 (45,132,215,230). The pol gene encodes the protease
(PR), responsible for the posttranslational cleavage of various gene products; the
reverse transcriptase (RT), responsible for reverse transcription of the RNA
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genome into DNA; and integrase (IN), responsible for the integration of the viral
DNA genome into the host genome (26,45,132,215,219,230). The env gene
encodes the viral envelope glycoproteins (Env) gp120 and gp41, the subject of
this thesis (Fig. 1B). In addition to these typical retroviral genes, the HIV-1
genome encodes several accessory and regulatory proteins: Vpr, Vif, Vpu, Tat,
Rev, and Nef, with various functions in the viral life cycle (50,132,217,224).
Besides the 9 genes, the HIV-1 genome contains many sequence and/or structure
motifs with important functions at the RNA or DNA level (11,128).

The structure of the virus and the functions of the various proteins are outlined
in Fig. 1 and 2.  In short, the structural proteins make up the inner cone shaped
core (CA) and shell (MA) (45,132,215,230). Env resides in the lipid membrane
that forms the external surface of the virus particle and mediates entry into cells
expressing the appropriate receptors (101,132). Env is also the major component
of the virus exposed to the immune system. The reverse transcriptase (RT)
enzymes reside in the virion core together with the RNA genome, which is coat-
ed with the NC protein. (26,65,73,219). Once the viral genome is reverse tran-
scribed and integrated in the host genome, RNA synthesis from the integrated
DNA and protein expression result in the production of new virus particles that
bud from the cell membrane to initiate a new round of infection. 
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Fig. 1. A. Genetic organization of HIV-1. B. The env gene. Env is produced as a gp160 pre-
cursor protein. The cleavage sites between the leader peptide and gp160 and between
gp120 and gp41 are marked by arrows. The transmembrane domain (TM) is also indicated.
C. Schematic of an HIV-1 virus particle.



HIV-1 cell tropism and transmission

HIV-1 resides in cells of the immune system expressing the appropriate recep-
tors: CD4 and one of the chemokine receptors CCR5 or CXCR4 as a second
receptor, also termed coreceptor (2,12,40,53,55,56,58,111,133). These receptors
are required for Env-mediated viral entry into the host cell. Cells that are suscep-
tible to HIV-1 infection are CD4+ T cells (helper T cells), thymocytes, monocytes,
macrophages, microglia and dendritic cells (DC) (23,75,91,155,186,187,250).
The cell tropism of a particular virus isolate is mainly dependent on whether is
uses CCR5 or CXCR4 as coreceptor (20,110,206). Although the reasons are not
completely clear, transmitted viruses predominantly use CCR5 (227,250) and
individuals with a mutant CCR5 gene are strongly resistant to HIV-1 infection
(99,130,167). CCR5-using virus isolates are able to infect memory T cells and
macrophages (1,91,169,198,252). In approximately 50% of the individuals
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Fig. 2. The HIV-1 life cycle. See text for further details.



infected with HIV-1 subtype B, coreceptor use eventually changes from CCR5 to
CXCR4 and this usually correlates with a more rapid disease progression due to
broadening of the host cell range (21,47,115). CXCR4-using virus variants are
able to infect naïve T cells in addition to memory T cells (21,47,115,226). Of note
is that HIV-1 has a preference to infect HIV-1 specific T cells (57). 

Sexual transmission of HIV-1 is thought to require the help of dendritic cells
(DC) to cross the mucosal barrier before infection of T cells can occur
(97,109,174,177,185,208,212). DC residing in peripheral tissues are able to cap-
ture HIV-1 and to facilitate transport to a draining lymph node, which subse-
quently becomes the center of viral replication. Although HIV-1 can infect cer-
tain DC such as Langerhans cells (30,31,166,234), other DC specifically bind
HIV-1 and present the virus particle to T cells, without becoming infected them-
selves (22,29,81,89). Various lectins on DC, the best characterized being DC-
SIGN (CD209), can facilitate specific binding of HIV (and also other viruses),
through an interaction with gp120. Virions are internalised and remain in an
infectious form in an intracellular compartment (72,81,118,118,170,225). 

Crucial in HIV transmission mediated by DC is the interaction between Env
on the virus and DC-SIGN on the DC. DC-SIGN is a C-type lectin that binds
mannose residues on the outer surface of gp120. Although other lectins can sub-
stitute for DC-SIGN on certain types of DC (225), the interaction between DC-
SIGN and gp120 has been studied most intensively. Subsequent interactions
between the T cell and the DC facilitate virus transfer by local recruitment of
adhesion molecules and the HIV-1 receptors, and the formation of an “infectious
synapse” (chapter 2)(140,190).

Env biosynthesis, structure and function

The entry process of HIV-1 is mediated by the envelope glycoproteins (Env). Env
is arranged on the virus particle in trimeric spikes, comprising three gp120 (SU)
and three gp41 (TM) molecules, anchored within the viral membrane via the
gp41 transmembrane domain (172,241). The surface subunit gp120 is ~480
amino-acids long and contains 9 disulfide bonds and 20-24 N-linked carbohy-
drates, contributing almost half of gp120s molecular weight (126) (see also Fig.
1A in chapter 3.1, Fig. 1 in chapter 4.1 and Fig. 3 in chapter 5.1). gp120 is divid-
ed into five conserved regions (C1-C5) interspaced by five variable regions (V1-
V5) (144). The V1-V4 loops are separated from the gp120 core by disulfide
bonds at the base of each loop structure (126). The atomic structure of the core
of gp120 in complex with CD4 and an antibody, solved by X-ray crystallography,
revealed that it consists of three domains: an inner and outer domain bridged by
a four-stranded β-sheet (122). Viral attachment to susceptible target cells
involves the binding of CD4 to gp120. The CD4 binding site is located at the
edge of the three domains and binding of CD4 causes drastic conformational
changes involving refolding of ~100 amino-acids (151). This refolding results in
a movement of the V1/V2 and V3 loops away from each other, allowing the
exposure and/or creation of the coreceptor binding site in the bridging sheet that
was previously obscured (Fig. 3)(122,183,222,237,239,240). The conformation-
al changes in gp120 that result from receptor and coreceptor binding trigger the
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fusion of viral and cellular membranes, which is mediated by gp41.
The transmembrane subunit gp41 consists of ~340 amino-acids with ~180

residues in the ectodomain (gp41e), which contains four N-linked carbohydrates
and one small disulfide bond-bonded loop (see also Fig. 3 in chapter 5.1, Fig. 1 in
chapter 5.6 and Fig. 1 in chapter 5.7). gp41 has an unusual long intracytoplasmic
tail with various motifs that contribute to viral replication (73,100). The binding of
the receptors to gp120 leads to the insertion of the hydrophobic N-terminal fusion
peptide of gp41 into the target cell membrane (Fig. 3). Subsequent changes within
gp41e involve two leucine zipper-like motifs, heptad repeat 1 (HR1) and heptad
repeat 2 (HR2). Ultimately, the HR1 and HR2 regions from three gp41 molecules
assemble into a six-helix bundle structure, which juxtaposes the viral and cellular
membranes for fusion (Fig. 3)(10,36,46,63,77,142,216,233). Formation of the six-
helix bundle structure stabilizes the initial membrane pore and causes lipid mixing
and finally complete membrane merger, resulting in the release of the viral core
into the cytoplasm (54,77,78,136,142).

Although a considerable amount of structural and functional data has been
accumulated on the separate subunits, relatively little is known about their con-
certed functioning, in particular the mechanism by which receptor-triggered con-
formational changes in gp120 activate the fusion machinery of gp41. Mutagene-
sis analyses indicate that the Env subunits contact each other in the N- and
C-terminal regions (C1 and C5) of gp120 and the loop and HR1 regions of gp41
(17,32,37,38,74,92,134,175,191,201,235,238,248). However, the available atom-
ic structures of gp120 and gp41 do not reveal the contact regions, because they
were deleted in order to obtain crystals with high resolution diffraction (36,120-
122,216,233). There is ample evidence suggesting intimate interactions between
the two subunits. For example, substitutions in gp41 can influence inhibition by
compounds directed to gp120 and vice versa (5,152,159,178,180,213,220,221). 

The entry process in general and the fusion process in particular are promis-
ing targets for novel therapeutic agents. Although we and others have reviewed
the recent progress made in this field (6,54,63,145), it is worth noting that the first
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Fig. 3. Model for Env-mediated entry of HIV-1. CD4 binding induces conformational changes
that result in the exposure and/or creation of the coreceptor binding site (black circle) and
the exposure of the fusion peptides in gp41 towards the target cell membrane by the for-
mation of an extended triple stranded coiled coil, also termed the pre-hairpin intermediate.
Coreceptor binding results in insertion of the fusion peptides into the cell membrane. Sub-
sequent conformational changes involve the formation of a six-helix bundle structure, or
triple hairpin, and finally result in membrane fusion. 



entry inhibitor (enfuvirtide, fuzeon, ENF, T-20, DP178) has been approved by the
US Food and Drug Administration (FDA) in march 2003 (http://www.fda.gov).. 

The Env complex is synthesized as a gp160 precursor protein (Fig. 1B), which
is translocated cotranslationally into the Endoplasmic Reticulum (ER). Here, Env
acquires carbohydrates and disulfide bonds, it folds, trimerizes and looses its
leader peptide (124). As for any other glycoprotein, gp160 folding is assisted by
molecular chaperones. gp160 transiently associates with the ER resident chaper-
ones BiP, calnexin and calreticulin (61,113,156). The formation of Env’s intricate
disulfide bonded architecture is the topic of chapter 4 (for details on glycoprotein
folding and oxidation in the ER, see the introduction of chapter 4.1).

Once oxidative folding in the ER is completed, gp160 is transported to the
Golgi complex where it is cleaved by cellular proteases of the furin family into
the gp120 and gp41 subunits, which remain associated non-covalently (Fig.
1B)(148,211). However, not all gp160 molecules are cleaved into gp120 and
gp41, which is relevant to later sections in this general introduction and chapter
5. In addition, the carbohydrate moieties are modified in the Golgi network (126).
Many glycans on Env are not at all or not completely processed to complex car-
bohydrates (see also the introduction and Fig. 1 of chapter 3.1), which results in
the presence of mannose residues on the outer surface of gp120. The exposed
mannose residues are important for the binding of various Env ligands: DC-
SIGN and other lectins that facilitate DC-mediated virus transmission, the broad-
ly neutralizing antibody 2G12, and cyanovirin-N, a cyanobacterial protein that
inhibits virus replication (chapters 2 and 3)(13-15,28,67,95,143,193,197). The
glycans are also important for Env folding in the ER (chapter 4) and for immune
evasion (see below). The native envelope glycoprotein complex is finally trans-
ported to the cell surface where virus particles are assembled that bud from the
cell membrane. 

Env antigenicity and immunogenicity

Env is embedded in the viral membrane and the membrane of infected cells,
thereby rendering it as the major target for virus-neutralizing antibodies
(165,172). Hence, Env is the focus for the development of subunit vaccines based
on the induction of humoral immunity, but Env based vaccines have not been
able to elicit protective neutralizing antibody responses (165,200). The antibody
response to Env has been studied extensively, mostly through isolation of anti-
bodies from infected individuals and immunized animals. Over 100 monoclonal
antibodies have been identified that are directed to distinct Env domains. Com-
bining antigenic data revealed that the gp120 surface can be roughly divided into
a neutralizing face with the epitopes for several neutralizing antibodies, a non-
neutralizing face with solely non-neutralizing epitopes, and an immunologically
silent face that is largely covered with carbohydrate (147,239). 

The neutralizing face harbors the receptor binding sites, which are obvious tar-
gets for neutralizing antibodies. The CD4 binding site epitopes overlap with the
binding site for CD4 and antibodies directed to these epitopes block binding of
CD4 to soluble gp120. CD4 binding induces the exposure of another set of epi-
topes, termed CD4-induced (CD4i) epitopes, the majority of which overlap with
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the coreceptor binding site (183). The N- and C-termini of gp120 (C1 and C5
regions) contribute to most of the non-neutralizing face, which is thought to be
occluded by other gp120 subunits in the trimer, and by gp41 (Fig. 4A) (92,238,
239,248). Antibodies directed to these regions are non-neutralizing, because they
are unable to recognize the functional Env complex and unable to block the viral
entry process. An unique antibody, 2G12, binds to the silent face of gp120, and
seems to indirectly block coreceptor binding (223). 

The antigenic domains described above encompass the conserved regions of
gp120. The variable loops, which camouflage the neutralizing face from the
humoral response, can efficiently elicit neutralizing antibodies, but these antibod-
ies are usually specific for the strain to which they were elicited and viral escape
through mutation of the variable loops renders these antibodies ineffective. The
V3 region is of special interest for several reasons. First, it is an immunodomi-
nant neutralization epitope. Second, it is part of the coreceptor binding domain
and important for the switch from CCR5 to CXCR4 usage (25,49,51,52,87,
88,98,173,229,253). The V3 domain can fold in two conformations, which are
suggested to mimic the natural ligands for CCR5 (MIP-1α, MIP-1β and
RANTES) and CXCR4 (SDF-1) (202,210). 

Gp41 has three important epitope clusters: cluster I in the immunodominant
loop region, cluster II in the N-terminal part of HR2, and the 2F5/4E10/z13 clus-
ter proximal to the membrane (Fig. 4A, see also Fig. 1B in chapter 5.6) (7,16,59,
149,150,160,214,244,254). Although the majority of the antibodies raised against
gp41 during natural infection are directed against the cluster I and II regions, they
are ineffective in virus neutralization because these regions are not exposed on
the native functional Env complex (Fig. 1B) (84,146,165,184,218,244). Other
domains in gp41 may also occasionally elicit antibodies (16,59). The only neu-
tralizing antibodies to gp41, however, bind to the membrane proximal region
(2F5/4E10/z13).

Several properties of Env are known to contribute to the failure of the immune
system to raise sufficient neutralizing antibodies in natural infection or in a vac-
cine setting. The first mechanism of antibody evasion concerns the inaccessibili-
ty of the receptor binding sites to antibodies. The CD4 binding site is located in
a recessed cavity that is not very accessible to antibodies and neutralizing anti-
bodies are not easily elicited against it, the exception being b12 (122,239). CD4
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Fig. 4. A. Different forms of Env. The regions indicated in black are the non-neutralizing
decoy epitopes in the gp120 C1 and C5 regions and gp41 cluster I and II. B. A soluble and
stable mimic of the functional native Env complex as described in this thesis (chapter 5.6).
Intermolecular disulfide bonds between gp120 and gp41 (chapter 5.1) are indicated.



binding is in part mediated by Cα atoms in gp120 and mutation of the side chains
is thus possible without affecting CD4 contacts. Furthermore, the CD4-gp120
interface contains several cavities and residues around these cavities can also be
changed to escape from antibodies without affecting CD4 binding (122,239). In
addition, the binding of antibodies to the CD4 binding site is energetically
unfavourable due to its location on the edge of the three domains, the specific
domain organization and the intrinsic flexibility of gp120 (119). The coreceptor
binding site is only exposed after CD4 binding, thereby limiting space and time
available for antibody interference (122,239). Indeed, CD4i antibodies are usual-
ly unable to neutralize primary isolates because of steric constraints (123). The
complete IgG molecules do not fit between the CD4-bound Env and the cell
membrane, in contrast to Fab or single chain Fv versions of the same antibodies
that neutralize primary isolates efficiently (123). The variable loops are instru-
mental in shielding these sites (122,183,222,237,239,240). The heavy glycosyla-
tion, mostly located on the silent face, also functions as a shield against the
humoral immune response because the immune system does not recognize sug-
ars as foreign. Thus, specific antibodies are rarely raised against these sugars, the
only exception for HIV-1 gp120 being 2G12 (24,114,122,153,179,239).

In contrast to the shielding of neutralization epitopes on functional Env, non-
functional Env exposes decoy epitopes that exclusively raise non-neutralizing
antibodies. gp120 is easily shed from the viral and/or cellular surface and gp160
is incompletely cleaved, both leading to the exposure of decoy epitopes in the C1
and C5 regions of gp120, and in cluster I and II in gp41, the regions that normal-
ly comprise the intersubunit interface (Fig. 4A) (17,32,37,38,74,84,92,134,146,
165,175,184,191,201,218,235,238,244,248). Similarly, lysis of virus-infected
cells leads to the exposure of these decoy epitopes on immature Env forms
(17,93,161,163,165,188). Since these non-functional species of Env are abundant
in natural infection, the initial immune response is likely to be directed to these
Env forms, and this may in fact suppress the antibody response to the functional
form of Env by the mechanism of “original antigenic sin” (161,163).

Env’s formidable defenses against antibodies forces the humoral immune
response to find rare solutions. Many of the known neutralizing antibodies (b12,
2G12, 2F5/4E10/z13, CD4i antibodies) have unusual properties. b12 has an
unusually long complementarity determining region (CDR) H3 domain with an
aromatic tryptophan at its apex that mimics the phenylalanine of CD4, which pro-
trudes into the recessed CD4 binding cavity (27,195). b12 exhibits a small bind-
ing entropy to gp120 in contrast to non-neutralizing antibodies to the CD4 bind-
ing site (119). 2F5 also has an unusually long CDR H3 domain that was probably
generated through an extremely rare recombination event on the immunoglobu-
lin heavy chain locus (117). The glycan shield that serves to protect conserved
protein domains is the target of the 2G12 monoclonal antibody, which specifical-
ly binds mannose residues on a cluster of carbohydrates on the silent face of
gp120, but close to the coreceptor binding site (chapter 3.1)(28,193,197,223). To
facilitate this unusual multivalent carbohydrate recognition, the VH domains are
swapped, resulting in a Fab-dimerized antibody with an extended antigen bind-
ing surface (28). Another set of unusual neutralizing antibodies bind the corecep-
tor binding site on gp120 and are characterized by sulfation of tyrosines in their
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antigen binding sites, thus mimicking the sulfated N-terminus of CCR5 (41).
Thus, only a few known human monoclonal antibodies can efficiently neutral-

ize diverse HIV strains. The sulfated antibodies mentioned above belong to a
group of weakly neutralizing antibodies that bind the coreceptor binding site.
2G12 indirectly blocks coreceptor binding (223) and b12 blocks CD4 binding.
Another group of neutralizing antibodies (2F5, 4E10 and z13) bind to the mem-
brane proximal region in gp41. Their mechanism of neutralization is not com-
pletely understood, but it has been suggested that the presence of a bulky anti-
body so close to the viral membrane interferes with the merger of the viral and
cellular membranes (172). 

Although some properties of neutralizing antibodies are understood, the cor-
relates of neutralization are for a major part unclear. For example, why are most
of the CD4 binding site antibodies unable to neutralize primary isolates, while
they are capable of blocking the interaction of CD4 with monomeric gp120? It is
assumed that neutralizing antibodies bind to the functional Env complex, pre-
sumably the cleaved trimer, while non-neutralizing antibodies do not (69,196).
Non-neutralizing antibodies can bind to non-functional forms of Env that are
present on the surface of infectious virions and although non-neutralizing anti-
bodies can compete with neutralizing antibodies for binding to virions, they can
not compete for neutralization (93,171).

Notably, Env may also elicit antibodies that increase HIV infectivity. Enhanc-
ing antibodies to HIV and other viruses have been described (34,90,112,125,
184). The enhancing effect of vaccination with Env subunit vaccines on chal-
lenge infection has been extensively studied for FIV in cats, and accelerated
infection has been observed in vaccinated cats (106,107,154,204). Although no
enhancing effects have been observed in the current clinical trials using recom-
binant gp120 (71), Env subunit vaccines are not by definition safe: they may elic-
it antibodies that increase virus infectivity.

Env-based vaccine strategies

In our HIV-1 vaccine research, we focused on the humoral immune response and
a review on the cytotoxic T lymphocyte  (CTL) response to HIV-1 is therefore
beyond the scope of this thesis. There is compelling evidence that antibodies may
play an important role in vaccine-induced immunity against HIV. First, hu-SCID-
PBL mice can be protected against HIV-1 after passive immunization with neu-
tralizing antibodies (162). Second, passive infusion of neutralizing antibodies can
protect monkeys against infection (94,137,138,164). Third, intravaginal adminis-
tration of neutralizing antibodies can protect monkeys against intravaginal chal-
lenge (228). Fourth, vaccine-induced antibodies can sometimes protect monkeys
(39,62,127). Fifth, during natural infection in humans, rapid escape from neutral-
izing antibodies can occur (3,4,182,232). The key problem, however, is how to
raise such broadly neutralizing antibodies by a vaccine in humans.

As anticipated for some time, the first generation of Env-based subunit vaccines
(recombinant gp120) failed completely (165,200). Thus, it became apparent that
the natural gp120 is not suitable as a vaccine antigen (165,200). The current avail-
able knowledge on how Env fools the immune system has led to the development
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of several sophisticated candidate immunogens. Over the last few years, much
progress has been made in antigen presentation in the context of recombinant
viruses, DNA, protein vaccines or combinations thereof. A review of this research
is beyond the scope of this thesis, but all progress in antigen presentation will be
irrelevant if the antigen itself is very poor at eliciting neutralizing antibodies,
which is certainly the case for HIV-1 gp120. Therefore, increasing attention is
drawn to antigen modification. This research is in part independent of questions
about which particular Env (i.e. the Env of which particular strain or subtype of
HIV-1) has the best intrinsic immunogenic properties, and which Env will raise
antibodies that optimally neutralize diverse HIV-1 strains (80).

One of the first modifications tested was the addition of gp41 sequences to
yield soluble, oligomeric gp140 immunogens (60). This strategy slightly
improves the induction of neutralizing antibodies (60,62,181). Another modifica-
tion is the deletion of variable loops, which results in a better exposure of the
receptor binding sites (19,33,104,192,207,209). The immunogenicity data are
moderately encouraging (8,103,131,141). Similarly, elimination of carbohydrates
has been shown to lead to the exposure of conserved regions and increased elic-
itation of neutralizing antibodies (24,114,153,179). The converse of eliminating
carbohydrate to uncover neutralizing epitopes, that is hyperglycosylation of non-
neutralizing decoy epitopes, is also under investigation (158). To overcome the
intrinsic flexibility of gp120 and the entropic masking of the CD4 binding site,
substitutions are designed that either stabilize or disupt the CD4-bound state of
gp120 (242). Env immunogens with increased affinity for neutralizing antibody
b12 and decreased affinity for non-neutralizing antibodies to the CD4 binding site
have also been generated by targeted mutagenesis using the recent structural data
on the b12 antibody and its footprint on gp120 (157). Since the trimer is most
likely the functional form of Env, stabilization of the trimer interactions has been
proposed as a modification strategy. The first stabilized trimers were based on the
use of trimer stabilizing coiled coil motifs at the C-terminus of the gp41
ectodomain (66,245-247). These trimer-stabilizing motifs were tested either
alone, or in combination with disulfide bond linkage of the gp41 subunits. The
cleavage site was inactivated in these immunogens, and the initial immunogenic-
ity results have been moderately encouraging (249). Recently, we described the
generation of cleaved stabilized trimers (chapter 5.6)(194). Another option is the
complexing of Env with receptors or receptor mimetics, and such Env-receptor
complexes can be used for immunization. This approach may facilitate elicitation
of neutralizing antibodies to epitopes that are obscured in uncomplexed Env
(68,70). Other modification strategies, some of which are aimed at the exposure
of fusion intermediate structures, are currently under investigation (35,42,135).
We have discussed immunogens that comprise whole modified Env, but immu-
nization with individual peptides of neutralizing epitopes (V3, 2F5, b12) is also
under evaluation (105,108,129,243). 

Outline of this thesis

The current knowledge on Env biosynthesis, structure and function and the impli-
cations for immunogenicity is insufficient to tackle the HIV vaccine problem.
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Therefore, fundamental research in combination with rational vaccine design
may contribute to a better understanding of Env and the immune responses raised
against it. The results from such an approach will hopefully eventually lead to the
design of Env immunogens that are able to induce neutralizing antibodies that
can prevent transmission or clear infection, perhaps in combination with effec-
tive CTL vaccines. Chapter 2, 3 and 4 describe our fundamental research on var-
ious properties of Env. Chapter 2 deals with the Env-mediated transmission of
HIV-1 by dendritic cells and sheds light on which molecules participate in this
process alongside Env (190). Chapter 3 reveals the nature of the carbohydrate
epitope of the unique 2G12 antibody that efficiently neutralizes HIV-1 (193). The
role of the native disulfide bonds in Env biosynthesis, folding and virus replica-
tion is the topic of chapter 4.1. An escape virus variant is presented in chapter 4.2.
This virus lacks the essential disulfide bond at the base of the V4 domain, but
restores Env folding and virus replication through stabilization of a local β-sheet
fold. Other escape viruses lack the N-terminal disulfide bond in gp120 and have
local and distal compensatory substitutions that reveal interesting interactions
between gp120 and gp41 (chapter 4.3). These studies increase our knowledge on
Env biosynthesis and protein folding in general.

Chapter 5 describes studies on Env modifications that should improve its prop-
erties as vaccine antigen. Stabilization of the normally weak non-covalent inter-
actions between gp120 and gp41 is the subject of chapter 5.1 (17). The intersub-
unit instability can be overcome by the introduction of an appropriately
positioned intermolecular cysteine bridge (SOS). The SOS disulfide bond allows
proper precursor cleavage, but prevents gp120 – gp41 dissociation, which leads
to the undesirable exposure of immunogenic decoy epitopes. We combined the
SOS technology with the deletion of variable loops in order to increase the expo-
sure of the receptor binding sites (chapter 5.2)(192). In chapter 5.3 we describe
the purification and oligomeric properties of SOS gp140 (199), which appears to
be mostly monomeric. We also assessed the effect of the SOS mutations on virus
replication and attempted to generate improved SOS variants through virus evo-
lution (chapter 5.4). In chapter 5.5 new Env variants are presented with modified
cleavage sites that are more efficiently used by cellular proteases of the furin fam-
ily (18). These variants may help to improve vaccine systems that do not allow
complete Env cleavage. Finally, chapters 5.6 and 5.7 describe mutations that
increase the trimeric stability of SOS gp140 and their effects on virus replication
and evolution (194). The literature survey on gp41 mutagenesis in the appendix
may be seen as a preparative study for chapter 5.6 (191). Since it becomes more
and more clear that the Env trimer is the functionally and immunologically rele-
vant form of Env, trimer stabilization as described in this thesis may be valuable
for vaccine research and structural studies (Fig. 4B). 
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Differential transmission of HIV-1 by
distinct subsets of effector dendritic cells

(Journal of Virology, August 2002, p. 7812-7821)
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Dendritic cells (DC) support HIV-1 transmission by capture of the virus particle
in the mucosa and subsequent transport to the draining lymph node, where HIV-
1 is presented to CD4+ Th-cells. Virus transmission involves a high affinity inter-
action of the DC-specific surface molecule DC-SIGN and the viral envelope gly-
coprotein gp120 and subsequent internalization of the virus, which remains
infectious. The mechanism of viral transmission from DC to T cells is currently
unknown. Sentinel immature DC (iDC) develop into Th1-promoting effector
DC1 or Th2-promoting DC2, depending on the activation signals. We studied the
ability of these effector DC subsets to support HIV-1 transmission in vitro. Com-
pared with iDC, virus transmission is greatly upregulated for the DC1 subset,
whereas DC2 cells are inactive. Increased transmission by DC1 correlates with
increased expression of ICAM-1, and blocking studies confirm that ICAM-1
expression on DC is important for HIV transmission. The ICAM-1 – LFA-1 inter-
action is known to be important for immunological cross-talk between DC and T
cells, and our results indicate that this cell – cell contact is exploited by HIV-1 for
efficient transmission. 

Introduction

Human immunodeficiency virus type 1 (HIV-1) infects human CD4+ T cells via
interactions between the viral envelope glycoprotein gp120 and the CD4 recep-
tor and a chemokine coreceptor on the T cell (9). Sexual transmission of HIV-1
requires the help of dendritic cells (DC) to cross the mucosal barrier before infec-
tion of T cells can occur (19,23,33-35,41,43). DC residing in peripheral tissues
are able to capture HIV-1 and to facilitate transport to a draining lymph node,
which becomes the center of viral replication. Although HIV-1 can infect certain
DC such as Langerhans cells (4,5,16,30,47), other DC specifically bind HIV-1
and present the virus particle to T cells without becoming infected themselves
(2,3,14,16). The recently identified DC-specific receptor DC-SIGN (CD209)
facilitates specific binding of HIV-1, HIV-2 and SIV through interaction with the
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Fig. 1. Differential HIV-1 transmission by DC subsets. A. Maturation of iDC to obtain distinct
subsets of mDC. Purified monocytes were cultured for 6 days in the presence of GM-CSF
and IL-4 to obtain CD1a+CD14–CD83– iDC. These iDC were then cultured with diverse stimuli
for two additional days to obtain CD1a+CD83+ mDC of the DC1, DC2 and DC0 type. The T
helper (Th) cell polarizing capacities of the DC subsets are indicated. B. Replication of HIV-1
in T cells after transmission by different subsets of DC. In brief, 50 x 103 DC were pulsed with
HIV-1 LAI (150 pg/well CA-p24) for two hours and unbound virus was washed out, except in
the control experiment without DC (normal infection). DC were subsequently cocultured
with 50 x 103 SupT1 T cells and virus spread in SupT1 cells after transmission was moni-
tored for 7 days by CA-p24 production. C. The same data from day 4 in panel B are repre-
sented as bars. Similar results were obtained in more than 10 independent experiments.



viral envelope glycoprotein gp120 and mediates internalization of virions, which
remain in an infectious form in an intracellular compartment (11,14,24,31). The
mechanism of subsequent virus transmission to T cells remains unknown.

DC are professional antigen presenting cells that take up antigen at sites of
pathogen entry (1). Upon encounter with antigen, immature sentinel DC (iDC)
develop into mature effector DC (mDC) that are specialized to stimulate naïve T
cells. In vitro studies with monocyte-derived DC indicate that these effector DC
express distinct molecules (20,21). Depending on the type of pathogen and the
micro-environment of the iDC, different subsets of effector DC develop that pro-
mote the development of Th1 cells or Th2 cells from naïve precursors. In this
way, the type of T cell response is adapted to the type of invading pathogen and
the source of infected tissue (21). These distinct subsets of effector DC bias the
polarization of Th cells into Th1 cells (DC1), Th2 cells (DC2), or both (DC0) (8).
The differential DC maturation is illustrated in Fig. 1A. Unbiased DC0 are
obtained with maturation factors such as IL-1, TNF-α or lipopolysaccharides
(LPS), and induce both IL-4-producing Th1 cells and IFN-producing Th2 cells
(37), of which the balance varies with the cell donor and the antigen dose (36).
The presence of IFN-γ, dsRNA (polyI:C) or viral RNA induces the development
of DC into effector DC1, characterized by their capacity to promote Th1 respons-
es in naïve T cells (6,40,44,46). DC2 can be induced by cholera toxin, helminths
and prostraglandins, and these cells express high levels of OX40L that bias Th2
responses (10,13,22,48). 

To study the ability of differentially matured DC to support HIV-1 transmis-
sion, we used an in vitro assay for DC-mediated HIV-1 infection of T cells. We
found that the efficiency of virus transmission to T cells is largely influenced by
the type of DC subset. The DC1 subset shows a markedly increased ability to
mediate HIV-1 transmission compared to iDC, which correlates with increased
surface expression of ICAM-1. Antibody blocking studies indicate that ICAM-1
plays an important role in transmission. The DC2 subset is very inefficient in
HIV-1 transmission and the DC0 cells display an intermediate phenotype, simi-
lar to iDC. Our observations suggest that the DC1 subset with high ICAM-1
expression is a key player in HIV-1 transmission and that cell-cell contact
between the DC and the T cell, mediated by ICAM-1 and LFA-1, is instrumental
for efficient virus transmission. 

Materials and Methods

Cytokines, antigens and reagents
Human rGM-CSF (500 U/ml) was a gift from Schering-Plough, Uden, The
Netherlands. Human rIFN- (1000 U/ml) was a gift from Dr P.H. van der Meide
(Biomedical Primate Research Center, Rijswijk, The Netherlands). Human rIL-2
was obtained from Chiron, Amsterdam, The Netherlands. Human rIL-4 (250
U/ml) and human rTNFα (50 ng/ml) were obtained from PBH (Hannover, Ger-
many). Human rIL-1β (10 ng/ml) was obtained from Boehringer Mannheim
(Mannheim, Germany). Prostraglandin E2 (PgE2), poly I:C (Sigma, St. Louis,
MN) cholera toxin (CT; Sigma) were used at 10-6 M, 20 µg/ml and 1 µg/ml,
respectively. Lipopolysaccharide (LPS) (Difco, Detroit, MI) was used at a final
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concentration of 100 ng/ml. Superantigen Staphylococcus aureus enterotoxin B
(SEB; Sigma Chemical Co., St. Louis, Mo) was used at a final concentration of
1 ng/ml. Stromal cell derived factor (SDF)-1 (R&D, Minneapolis, MN) was used
at a final concentration of 2.0µg/ml and azidothymidine (AZT) at 10µΜ. Anti-
bodies to ICAM-1,2,3 and LFA-1,2,3 were acquired from Immunotech, Mar-
seille, France and used at a final concentration of 10 µg/ml for blocking experi-
ments and 1 µg/ml for FACS staining. The anti-DC-SIGN antibody was a gift
from Dr. Yvette van Kooyk, Nijmegen, The Netherlands.

In vitro generation of iDC from peripheral blood monocytes (PBMC) and subse-
quent maturation
Venous blood from healthy donors was collected by venipuncture in sodium-
heparin containing tubes (VT100H; Venoject, Terumo Europe, Leuven, Bel-
gium). PBMC were isolated by density centrifugation on Lymphoprep
(Nycomed, Torshov, Norway). Subsequently, PBMC were layered on a Percoll
(Pharmacia, Uppsala, Sweden) gradient with three density layers (1.076, 1.059
and 1.045 g/ml). The light fraction with predominantly monocytes was collected,
washed and seeded in 24-well culture plates (Costar, Cambridge, MA) at a den-
sity of 5x105 cells/well. After 60 min. at 37ºC, non-adherent cells were removed
and adherent cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM; Life Technologies Ltd., Paisley, UK) with gentamycin (86 µg/ml;
Duchefa, Haarlem, The Netherlands) and 1% FCS (Hyclone, Logan, UT), and
supplemented with GM-CSF and IL-4 to obtain iDC as described elsewhere (13).
At day 3, the culture medium with supplements was refreshed. At day 6,
CD1a+CD14- iDC were treated with different reagents to initiate distinct matura-
tion pathways. 

Immature DC were treated either with maturation factors (rIL-1/rTNF-), CT,
LPS or poly I:C, or a combination of LPS and PgE2 or IFN-γ. Maturation in
response to CD40-ligand (CD40L) was obtained by stimulation of iDC with irra-
diated mouse fibroblast cells (J558 cells) stably expressing CD40L. After 48
hours, fully mature CD1a+ (>95%) CD83+ (>90%) mDC were obtained. The
cytokine secretion profiles and Th-polarizing properties of different mDC will be
described elsewhere. All subsequent tests were performed after harvesting and
extensive washing of the cells to remove all induction factors.

Flow cytometry
Mouse anti-human mAbs against the following molecules were used: CD1a
(OKT6; Ortho Diagnostic system, Beerse, Belgium), CD83 (Hb15a, IgG2b,
Immunotech, Marseille, France), CD86 (IgG2a; Innogenetics, Ghent, Belgium),
ICAM-1, ICAM-2, ICAM-3 (all three obtained from R&D systems, Abingdon,
U.K.), CD4 (Becton Dickinson, San Jose, CA), CCR5, CXCR4 (both obtained
from PharMingen, San Diego, CA), and DC-SIGN. Bound mAbs were detected
by FITC-conjugated goat F(ab’)2 anti-mouse IgG and IgM (Jackson Immunore-
search Laboratories Inc., West Grove, PA). Samples were analyzed on a FAC-
Scan (Becton Dickinson).
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T cells
CD4+CD45RA+CD45RO- naïve Th cells (>98% pure as assessed by flow cytom-
etry) were purified from peripheral blood lymphocytes (PBL; heterologous to
DC) using a human CD4+/CD45RO- column kit (R&D, Minneapolis, MN). Naïve
T-cells, PBL and the SupT1 T-cell line were cultured in RPMI medium (Life
Technologies Ltd., Paisley, UK) supplemented with 10% FCS, penicillin (100
U/ml), streptomycin (100 µg/ml) and for naïve T-cells and PBL we also added
IL-2 (100 U/ml) and SEB.

Virus stocks
SupT1 T cells and C33A cervix carcinoma cells were transfected by electropora-
tion and CaPO4 precipitation, respectively, with 10 µg of the molecular clone of
the T-tropic HIV-1 LAI strain as described previously (7). The virus containing
supernatant was harvested 3 days post transfection, filtered and stored at -80ºC.
The concentration of virus was measured by CA-p24 ELISA. 

Mixed lymphocyte reaction
Mature DC where tested for their ability to stimulate allogeneic naïve T cells in
a mixed lymphocyte reaction (MLR). CD4+ CD45RA+ CD45RO- Th cells (2.5 x
105/200 ml) were cocultured in 96-well flat-bottom culture plates with increasing
numbers of different mDC. T cell proliferation was measured after 5 days by the
thymidine incorporation assay. [3H]-thymidine (0.3 mQ/well, Radiochemical
Centre, Amersham, Little Chalfont, U.K.) was added to the culture for 16 hours
and the sample was analyzed by liquid scintillation counting.

HIV capture by DC
Dendritic cells (150 x 103/100 µl/well) were incubated with a high virus dose (20
ng CA-p24) for 2 hours at 37ºC. Cells were washed extensively with PBS to
remove unbound virus, and subsequently lysed to release the captured CA-p24,
which was measured by ELISA.

HIV-1 transmission assay
A previously described transmission assay (14,32) was used with some modifica-
tions. In short, iDC or fully mature CD83+ mDC were incubated on a 96 well
plate (40 x 103 cells/100 µl/well) with virus (0.15 ng CA-p24 per well, unless
indicated otherwise) for 2 hours in RPMI medium. We used the CXCR4-using
primary virus isolate LAI. The DC were washed twice with PBS to remove
unbound virus and cocultured with T cells (40 x 103/100µl/well) for 7 days in
RPMI medium. Virus spread in T cells was measured by CA-p24 ELISA and the
cultures were inspected for the appearance of HIV-syncytia. The CA-p24 values
at day 4 post infection are shown for most experiments. In some experiments, DC
were incubated with AZT, SDF-1, or anti-ICAM-1 antibodies during the virus
pulse. These inhibitors were washed out together with unbound virus prior to
coculture with T cells. Maturation of DC by CD40L was performed with irradi-
ated mouse cells stably expressing CD40L (J558 cells). Because these cells are
present in the transmission assay, we tested their ability to promote HIV-1 trans-
mission. The irradiated mouse cells do not support HIV-1 transmission. To con-
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trol for the presence of contaminating T cells and the presence of residual free
virus after washing, we performed transmission experiments with the precursor
Monocytes, which were consistently negative in transmission. In some experi-
ments, T cells were added to virus-preincubated DC in a Transwell culture dish,
such that both cell types were separated by a membrane. To test the effect of sol-
uble DC-derived factors on HIV-1 transmission, we collected the supernatants of
immature and differentially matured DC, which were activated with J558-CD40L
for 24 hours. Supernatants were harvested, filtered and frozen at –20°C before
use in the infection experiments. 

Results

DC subsets differ significantly in their ability to transmit HIV-1 
Monocyte-derived iDC were treated with different stimuli to generate distincts
subsets of CD83+ mDC. The different maturation pathways are illustrated in Fig.
1A, and the expression of the maturation marker CD83 is included in the FACS
analysis of Fig. 3. The final state of maturation was confirmed by upregulation of
CD80, CD86 and HLA-DR, downregulation of the mannose receptor, and the
loss of phagocytotic capacity (results not shown). Based on their ability to induce
the development of IFN-γ-producing Th1 or IL-4-producing Th2 cells from naïve
precursors, the mDC were designated DC1 or DC2, and unbiased mDC were
termed DC0. These effector phenotypes are stable over time. A detailed descrip-
tion of the DC subsets, their cytokine production profile and their T cell effector
function is presented elsewhere (8). DC1 were generated either by IFN-γ treat-
ment or by poly I:C stimulation. We also obtained cells with DC1-like properties
by treatment of iDC with CD40-ligand (CD40L). Stimulation of iDC with CT or
with LPS plus PgE2 resulted in two types of DC2 cells. The DC0 cells were
induced with maturation factors IL-1β plus TNF-α or LPS. In this study, we ana-
lyzed the DC subsets for their ability to transmit HIV-1 to CD4+ T cells. 

We used a previously described transmission assay with some modifications
(14,32). DC were incubated for 2 hours with the CXCR4-using primary HIV-1
isolate LAI, washed extensively to remove unbound virus and cocultured with
SupT1 T cells for 7 days. Virus spread was measured in the culture supernatant
by CA-p24 ELISA. The result of a representative transmission experiment with
the different DC subsets is shown in Fig. 1, which represents the replication
kinetics after transmission (Fig. 1B) and the CA-p24 values at day 4 (Fig. 1C).
Consistent with previous results, iDC were able to transfer HIV-1 to T cells.
Interestingly, we observed profound differences for the three classes of mDC. All
DC1 samples displayed a dramatically increased HIV-1 transmission capacity
compared to iDC. The DC1 transmission efficiency is comparable with direct
infection of T cells without the wash to remove unbound virus. The DC2 cells
were largely inactive, and the DC0 cells showed an intermediate transmission
activity similar to that of iDC. Similar results were obtained with DC derived
from different donors (table 1). To control for the presence of contaminating T
cells and the presence of residual free virus after washing, we performed trans-
mission experiments with the precursor monocytes, that were consistently nega-
tive in transmission, presumably because these cells lack DC-SIGN (15). DC in
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the absence of T cells did not support virus replication (results not shown). 
We titrated the amount of HIV-1 in the transmission assay with the relatively

inefficient transmitter iDC and the efficient transmitter DC1 (Fig. 2A). A virus
dose of only 45 pg CA-p24 is sufficient for DC1 cells to initiate a spreading
infection in T cells, but at least 30-fold more virus is needed with iDC as trans-
mitter. In another experiment, we omitted the wash step that removes unbound
virus (Fig. 2B). This experiment was performed with an extremely low virus dose
(15 pg CA-p24) that is not sufficient to initiate a spreading infection of T cells in
the absence of DC. T cell infection can be rescued with iDC, but the DC1 subset
is again the most efficient virus transmitter. We further analyzed DC mediated
transmission to primary T cells. The different effector DC display the same rela-
tive transmission efficiencies in a coculture with heterologous peripheral blood
lymphocytes (PBL) (Fig. 2C). Experiments with purified naïve T cells produced
similar results (Fig. 2D), indicating that DC1 cells are particularly suited for HIV-
1 transmission. 

To investigate whether differences in the induction of T cell proliferation by
the DC subsets could account for the observed differences in virus spread in T
cells, we performed mixed lymphocyte reactions (MLR). DC0, DC1 and DC2
subsets were incubated with naïve T cells and T cell proliferation was measured
by [3H]thymidine incorporation (Fig. 3A). Among the mDC subsets, we meas-
ured no significant difference in their capacity to induce T cell proliferation, sup-
porting the idea that the DC subsets differ in their ability to transmit HIV-1. We
also performed transmission experiments with a mixture of the efficiently trans-
mitting iDC cells and the inactive DC2 cells (Fig. 3B). The presence of DC2 cells
did not inhibit the efficient transmission obtained with iDC cells. This result con-
firms that the inability of DC2 cells to transmit virus is not due to inhibition of T
cell proliferation. Instead, we reason that DC2 cells lack a factor that is critical
for HIV-1 transmission.

Phenotypic analysis of DC subsets
We analyzed several DC surface markers to elucidate the mechanism underlying
the profound differences in transmission efficiency. We thereby focused on mol-
ecules that are important in DC-HIV and DC-T cell interactions. The DC mark-
er CD1a and DC-maturation markers CD83 and CD86 were included as controls.
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Table 1. Virus transmissiona by DC derived from different donors
————————————————————————————————————————————————————————————————————————————————————

donor 1 donor 2 donor 3 donor 4 donor 5
————————————————————————————————————————————————————————————————————————————————————

iDC 240,000 07,800 02,000 22,000 014,600
DC0b 044,000 <1,000 01,600 06,500 000nde

DC1c 250,000 720,000 65,000 36,000 145,000
DC2d 006,400 <1,000 <1,000 03,500 001,800
————————————————————————————————————————————————————————————————————————————————————
a Virus spread in SupT1 (pg/ml CA-p24) after DC-mediated transmission 
b MF treated
c pI:C treated, except for donor 4 (CD40L treated)
d MF, PgE2 treated 
e Not determined



Binding of the virus particle is mediated by DC-SIGN, which is expressed upon
generation of iDC from monocytes (results not shown (15)). FACS analyses
showed that DC-SIGN expression is slightly decreased upon DC maturation, but
to a similar extent for the different mDC subsets (Fig. 4). Next, we investigated
the expression of the HIV (co-)receptors as factors for potential entry of HIV-1
in DC (results not shown). CD4 was not differentially expressed and CCR5 was
in fact downregulated on all mDC subsets. Elevated CXCR4 expression was only
apparent for the DC2 subset, but this subset has a poor capacity to transmit HIV-
1. Downregulation of CCR5 and upregulation of CXCR4 during maturation of
DC has been described previously (38). We then focused on adhesions molecules
on DC that are involved in DC – T cell contacts. Most of these molecules such as
LFA-1, ICAM-3, CD40 and CD86 are equally expressed on the DC subsets, and
ICAM-2 is not expressed on mDC (Fig. 4, data not shown and ref. (40)). Inter-
estingly, ICAM-1 varies significantly among the DC subsets and its expression
correlates with the transmission capacity (Fig. 4). In particular, DC1 cells have
higher ICAM-1 expression levels than iDC, DC2 and DC0 cells. Similar results
with DC derived from different donors (table 2). This raises the interesting pos-
sibility that DC1 transmit HIV-1 efficiently because these cells interact more effi-
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Fig. 2. DC1 are superior in HIV-1 transmission. A. Transmission assay as described in the leg-
end of Fig. 1B. The amount of virus incubated with iDC or DC1 was titrated, and virus spread
in SupT1 cells was measured. The DC1 cells were obtained by CD40L stimulation. B. DC-
mediated enhancement of HIV-1 infection. A minimal dose of 15 pg CA-p24 per well of
C33A-produced virus was used to infect T cells in the absence or presence of distinct DC
subsets. No wash step was performed to remove unbound virus. C and D. Transmission to
primary T cells. DC were preincubated with virus (150 pg CA-p24 per well), subsequently
washed, and cocultured with PBL (C) or naïve T cells (Thn; D). The CA-p24 values of day 4
post-transmission are shown.



ciently with the recipient T cell through the well-established ICAM-1 – LFA-1
interaction.

Cell-cell contact by means of the ICAM-1 – LFA-1 interaction facilitates HIV-1
transmission
Antibody blocking studies were performed to establish the importance of ICAM-
1 expression for DC-mediated virus transmission (Fig. 5A). Virus transmission
was performed in the presence or absence of an antibody to ICAM-1 that blocks
LFA-1 binding. DC1-mediated transmission was compared with that of iDC, and
a normal infection (without wash step) served as control experiment. Blocking of
ICAM-1 greatly reduced the transmission efficiency of both iDC and DC1, but
the spreading infection in T cells was not affected. Preincubation of DC with anti-
bodies to LFA-1 or ICAM-3 did not block virus transmission to T cells (results
not shown). To test whether direct cell-cell contact is required for the efficient
virus transmission observed for DC1, we performed an experiment with the DC
(preincubated with virus) and T cells in two compartments separated by a mem-
brane that is permeable only for virus particles (transwell culture dish; Fig. 5B).
Virus transmission from DC1 to T cells was completely abolished in the transwell
experiment, indicating the requirement for cell-cell contact. The same result was
obtained in transmission studies with iDC. Thus, iDC are also likely to use the
ICAM-1 – LFA-1 interaction, which is confirmed by the blocking experiment
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Fig. 3. A. The mDC subsets and stimulation of T cells. iDC were matured as described in the
legend to Fig. 1. mDC (10 x 104 cells/well) were cultured at different numbers with 2.5 x 105

allogeneic naïve (CD45RA+) CD4+ T cells. After 5 days, T cell proliferation was measured by
[3H]thymidine incorporation (shown in counts per minute, cpm). Similar results were
obtained with DC from two other donors. B. HIV-1 transmission in mixed DC cultures. Trans-
mission was performed with iDC, DC2 and a mixture of iDC and DC2. The CA-p24 values
measured at day 4 post-transmission are shown.



with anti-ICAM-1 antibodies (Fig. 5A). Alternatively, it is possible that DC-
secreted factors play a role in the transmission of HIV-1 to T cells. To test this,
we performed a regular T cell infection in the presence of conditioned DC medi-
um (Fig. 5C). The supernatants of the mDC subsets did not affect the T cell infec-
tion rate significantly, but the supernatant from iDC displayed an enhancing
effect. Similar results were obtained when the supernatant was added 1 day post
infection (results not shown), suggesting that the stimulatory effect of the iDC
supernatant is not at the level of virus entry. Combined with the slightly elevated
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Fig. 4. DC1 express enhanced levels of ICAM-1 but not DC-SIGN. iDC were matured as
described in the legend to Fig. 1. The expression of CD1a, CD86, CD83, ICAM-1, ICAM-3 and
DC-SIGN was determined by FACS (broken line represents the isotype matched control and
the solid line the specific staining). The mean fluorescence intensity is indicated. Similar
results were obtained with DC of four different donors (see also Table 2).



DC-SIGN expression on iDC, these results provide an explanation for the fair
transmission capacity of iDC, despite a moderate ICAM-1 level. Most important-
ly, these results exclude the possibility that the high transmission capacity of DC1
is due to a soluble factor. These observations suggest that the interaction between
ICAM-1 on DC1 and LFA-1 on T cells is critical for efficient HIV-1 transmission.
DC1 appear superior in the second phase of virus transmission, that is the pres-
entation of HIV-1 to T cells. Based on the similar level of DC-SIGN expression
on iDC and all mDC subsets, one would predict that DC1 is not special in the first
phase of transmission, that is virus binding. To test this, iDC and the mDC sub-
sets were incubated with HIV-1 for two hours, washed extensively, and subse-
quently lysed to quantitate the amount of bound virus by CA-p24 ELISA. We
measured a similar virus-binding activity with DC1, iDC and DC0 (Fig. 5D).
This result is consistent with a previous study indicating that the efficiency of
virus uptake is similar for iDC and mDC, although a different uptake mechanism
was proposed (11). 

Discussion

We studied the transmission of HIV by different subsets of effector dendritic cells
(mDC) that were obtained from monocyte-derived iDC through distinct matura-
tion pathways. These mDC display profound differences in their ability to sup-
port HIV-1 transmission to T cells. Compared with iDC, the DC1 subset shows
greatly improved virus transmission efficiency, both to a T cell line and PBL tar-
get cells. In contrast, DC2 are poor transmitters, which is not caused by a nega-
tive impact of DC2 on the T cells. Unbiased mDC show an intermediate ability
to mediate HIV transmission. We set out to analyze the mechanism of increased
transmission by DC1. It could be excluded that secreted factors determine the
enhanced transmission capacity of DC1. A major factor in the DC – HIV-1 inter-
actions is the recently identified DC-SIGN molecule that binds the viral envelope
glycoprotein gp120 (14,14,15). We show all mDC subsets express approximate-
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Table 2. CD83 and ICAM-1 expressiona by DC derived from different donors
————————————————————————————————————————————————————————————————————————————————————

donor 1 donor 2 donor 3 donor 4 donor 5
————————————————————————————————————————————————————————————————————————————————————

CD83
iDC - - - - -
DC0b 27 86 79 65 15
DC1c 32 109 140 58 14
DC2d 40 123 nde 67 21

ICAM-1
iDC 109 329 347 268 78
DC0b 356 827 1068 640 107
DC1c 639 1899 2279 992 306
DC2d 185 311 nde 207 122
————————————————————————————————————————————————————————————————————————————————————
a CD83 and ICAM-1 expression measured on effector DC by FACS. Given are mean

fluorescence intensities (MFI)  
b MF treated
c pI:C treated 
d MF, PgE2 treated 
e Not determined



ly equal levels of DC-SIGN (Fig. 4), and virus capture was similar for the DC
subsets tested (Fig. 5D). Thus, there must be another reason for the increased
transmission capacity of the DC1 subset. Our results indicate that increased
ICAM-1 expression, which is observed exclusively for the DC1 subset, plays a
major role in virus transmission to T cells by facilitating cell-cell contact. First,
we demonstrated that DC – T cell contact is critical for transmission in the tran-
swell experiment (Fig. 5B). Second, HIV-1 transmission by DC1 could be
blocked, albeit not completely, by anti-ICAM-1 antibodies (Fig. 5A). The partial
inhibition may indicate that other cell surface molecules participate in the DC –
T cell contact. These combined results are translated in the transmission model
shown in Fig. 6, which depicts three essential interactions: 1) the DC – HIV inter-
action through DC-SIGN – gp120; 2) the DC – T cell interaction through ICAM-
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Fig. 5. Cell-cell contact via ICAM-1 – LFA-1 is essential for DC1-mediated transmission.
A. Blocking of ICAM-1. Transmission of HIV-1 by DC was performed in the absence or pres-
ence of a neutralizing anti-ICAM-1 antibody. The antibody was present in the 2 hr DC – HIV-1
incubation and washed out together with unbound virus prior to coculture with T cells. The
DC1 cells used in this experiment were obtained by poly I:C stimulation. The right two bars
represent a normal infection control. No wash was performed with these samples. B. DC
mediated transmission was performed with or without a permeable membrane (transwell)
between the virus-preincubated DC and T cells. C. The effect of DC-conditioned medium on a
regular T cell infection. SupT1 cells were infected with HIV-1 (150 pg CA-p24) in the presence
or absence of the respective DC supernatants. The CA-p24 values measured at day 3 post
infection are shown. D. Virus capture by DC. 150 x 103 DC were incubated with virus (20 ng
CA-p24) for 2 hours. After extensive washing, DC were lysed and bound virus was quanti-
tated by ELISA.



1 – LFA-1, and 3) the HIV – T cell interactions through gp120 – CD4 and
CCR5/CXCR4. In this model, the “DC-SIGN arm” of the DC binds HIV-1 and
the “ICAM-1 arm” binds the T cell, thus juxtaposing the virus particle and the T
cell surface. The ICAM-1 – LFA-1 interaction also plays important roles in
immune reactions, e.g. in DC1-induced Th1 polarization (27,39). Thus, HIV
exploits the human immune system in its mode of transmission.

An extensive microarray/proteomics analysis of the gene expression profile of
maturing DC was recently reported (25). Interestingly, this survey showed
decreased expression of integrins and other cell adhesion molecules and
increased expression of cell motility genes, which is consistent with the enhanced
migration properties of mature DC. Increased ICAM-1 expression may therefore
be a relatively unique property of the DC1 subset that allows the functional inter-
action with T cells in the lymph node.

ICAM-1 has been implicated in DC – T cell contacts through interaction with
LFA-1 (45), and we now propose that this interaction facilitates HIV transmis-
sion. As an alternative explanation of our results, increased ICAM-1 expression
on DC1 could establish a stronger DC – HIV interaction through binding of viri-
on-associated LFA-1 (12). In fact, HIV and SIV specifically incorporate cellular
adhesion molecules such as LFA-1 and these molecules facilitate adhesion of
virions to T cells and thereby enhance viral infectivity (18,29). The incorporation
of LFA-1 on HIV-1 particles varies with the cell type that is used for virus pro-
duction. To critically test this hypothesis, we produced virus in cell types that do
not express LFA-1 (and ICAM-1). Similar transmission results were obtained
with these virus stocks, including efficient transmission with DC1 cells (Fig. 2B
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Fig. 6. Transmission model. A. In regular DC – T cell contacts, the initial interaction involves
ICAM-1 and LFA-1, as well as DC-SIGN and ICAM-3 (15). B. In HIV-1 transmission, DC-SIGN
captures the virus particle through interaction with gp120. When the DC subsequently con-
tact T cells through the ICAM-1 – LFA-1 interaction, HIV-1 is juxtaposed to the T cell surface
with the CD4 and CXCR4 receptors.



and results not shown). Furthermore, we measured no difference in virus binding
capacity for iDC and different mDC subsets. Thus, the ICAM-1 interaction part-
ner LFA-1 is required on the T cell to facilitate the DC – T cell contact. This cell-
cell contact may trigger intracellular events in the T cell that favor productive
infection. For instance, ICAM-1 binding to LFA-1 has been demonstrated to
upregulate the activities of PI 3-kinase, sphingomyelinase and c-Jun N-terminal
kinase (28). 

There is evidence that M-tropic HIV-1 isolates can infect iDC through the
CCR5 coreceptor (16,17,35). To exclude DC infection in our transmission assay,
we used the CXCR4-using LAI primary isolate. CXCR4 is not expressed on iDC,
but could be upregulated during maturation, coinciding with increased entry of
CXCR4-using HIV-1 (5,26,39,49). We therefore analyzed the cell surface expres-
sion of the HIV receptor CD4 and coreceptors CCR5 and CXCR4, but did not
measure significant differences among the mDC. Furthermore, we did not
observe any virus replication in prolonged DC cell cultures without T cells, and
the presence of antiviral compounds like AZT and SDF-1α in the DC1 – virus
preincubation step did not affect transmission in the regular assay (results not
shown). We therefore exclude the possibility that DC-infection plays a major role
in this transmission assay.

This study provides new insight into the mechanism of virus transmission
from DC to T cells. The in vivo biological significance of the increased transmis-
sion that we observed with DC1 remains to be elucidated. We speculate that HIV
can enhance its own transmission by a selective trigger of maturation of this spe-
cific DC1 subset. In this scenario, sub-epithelial DC-SIGN+ iDC would capture
HIV originating from infected epithelial DC-SIGN- DC (Langerhans cells) that
are permissive for HIV infection (42). The iDC-virus complex would subse-
quently start to migrate, coinciding with maturation into DC1. At the time of
encounter with T cells in the lymph node, increased ICAM-1 expression on the
DC1 surface will facilitate the DC – T cell contact and thus stimulate the trans-
fer of the virus particle to the T cell. Alternatively, prior or simultaneous infec-
tion by bacterial or viral pathogens may enhance the chance of HIV-1 transmis-
sion by local enrichment of mature cells of the DC1 type. The highly efficient in
vitro transmission assay with DC1 cells that we report in this study provides a
framework for further mechanistic studies and for the screening of potential
transmission inhibitors. 

Acknowledgements

We thank Melissa Pope and John Moore for critical reading of the manuscript,
and Bill Paxton and Moustapha Chalaby for helpful discussions. This work was
sponsored in part by the Dutch AIDS Fund (Amsterdam).

46

Chapter 2.1



References

1. Banchereau, J. and R. M. Steinman. 1998. Dendritic cells and the control of immunity. Nature

392:245-252.

2. Blauvelt, A., H. Asada, M. W. Saville, V. Klaus-Kovtun, D. J. Altman, R. Yarchoan, and S.

I. Katz. 1997. Productive infection of dendritic cells by HIV-1 and their ability to capture virus

are mediated through separate pathways. J.Clin.Invest 100:2043-2053.
3. Cameron, P. U., P. S. Freudenthal, J. M. Barker, S. Gezelter, K. Inaba, and R. M. Steinman.

1992. Dendritic cells exposed to human immunodeficiency virus type-1 transmit a vigorous cyto-
pathic infection to CD4+ T cells. Science 257:383-387.

4. Cameron, P. U., M. G. Lowe, S. M. Crowe, U. O’Doherty, M. Pope, S. Gezelter, and R. M.
Steinman. 1994. Susceptibility of dendritic cells to HIV-1 infection in vitro. J.Leukoc.Biol.
56:257-265.

5. Canque, B., Y. Bakri, S. Camus, M. Yagello, A. Benjouad, and J. C. Gluckman. 1999. The
susceptibility to X4 and R5 human immunodeficiency virus-1 strains of dendritic cells derived in
vitro from CD34(+) hematopoietic progenitor cells is primarily determined by their maturation
stage. Blood 93:3866-3875.

6. Cella, M., M. Salio, Y. Sakakibara, H. Langen, I. Julkunen, and A. Lanzavecchia. 1999. Mat-
uration, activation, and protection of dendritic cells induced by double-stranded RNA.
J.Exp.Med. 189:821-829.

7. Das, A. T., B. Klaver, and B. Berkhout. 1999. A hairpin structure in the R region of the Human
Immunodeficiency Virus type 1 RNA genome is instrumental in polyadenylation site selection.
J.Virol. 73:81-91.

8. de Jong, E. C., P. L. Vieira, P. Kalinski, J. H. Schuitemaker, Y. Tanaka, E. A. Wierenga, M.
Yazdanbakhsh, and M. L. Kapsenberg. 2002. Microbial compounds selectively induce Th1
cell-promoting or Th2-cell promoting dendritic cells in vitro with diverse Th cell-polarizing sig-
nals. J.Immunol. 168:1704-1709.

9. Doms, R. W. and J. P. Moore. 2000. HIV-1 membrane fusion: targets of opportunity. J.Cell Biol.
151:F9-14.

10. Flynn, S., K. M. Toellner, C. Raykundalia, M. Goodall, and P. Lane. 1998. CD4 T cell
cytokine differentiation: the B cell activation molecule, OX40 ligand, instructs CD4 T cells to
express interleukin 4 and upregulates expression of the chemokine receptor, Blr-1. J.Exp.Med.
188:297-304.

11. Frank, I., M. Piatak, Jr., H. Stoessel, N. Romani, D. Bonnyay, J. D. Lifson, and M. Pope.
2002. Infectious and whole inactivated simian immunodeficiency viruses interact similarly with
primate dendritic cells (DCs): differential intracellular fate of virions in mature and immature
DCs. J.Virol. 76:2936-2951.

12. Fujiwara, M., R. Tsunoda, S. Shigeta, T. Yokota, and M. Baba. 1999. Human follicular den-
dritic cells remain uninfected and capture human immunodeficiency virus type 1 through CD54-
CD11a interaction. J.Virol. 73:3603-3607.

13. Gagliardi, M. C., F. Sallusto, M. Marinaro, A. Langenkamp, A. Lanzavecchia, and M. T. De
Magistris. 2000. Cholera toxin induces maturation of human dendritic cells and licences them for
Th2 priming. Eur.J.Immunol. 30:2394-2403.

14. Geijtenbeek, T. B., D. S. Kwon, R. Torensma, S. J. van Vliet, G. C. van Duijnhoven, J. Mid-
del, I. L. Cornelissen, H. S. Nottet, V. N. KewalRamani, D. R. Littman, C. G. Figdor, and Y.
van Kooyk. 2000. DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-
infection of T cells. Cell 100:587-597.

15. Geijtenbeek, T. B., R. Torensma, S. J. van Vliet, G. C. van Duijnhoven, G. J. Adema, Y. van
Kooyk, and C. G. Figdor. 2000. Identification of DC-SIGN, a novel dendritic cell-specific
ICAM-3 receptor that supports primary immune responses. Cell 100:575-585.

16. Granelli-Piperno, A., E. Delgado, V. Finkel, W. Paxton, and R. M. Steinman. 1998. Immature
dendritic cells selectively replicate macrophagetropic (M-tropic) human immunodeficiency virus
type 1, while mature cells efficiently transmit bo. J.Virol. 72:2733-2737.

47

HIV transmission by dendritic cells



17. Granelli-Piperno, A., V. Finkel, E. Delgado, and R. M. Steinman. 1999. Virus replication
begins in dendritic cells during the transmission of HIV-1 from mature dendritic cells to T cells.
Curr.Biol. 9:21-29.

18. Hioe, C. E., L. Bastiani, J. E. Hildreth, and S. Zolla-Pazner. 1998. Role of cellular adhesion
molecules in HIV type 1 infection and their impact on virus neutralization. AIDS Res.Hum.Retro-
viruses 14 Suppl 3:S247-S254.

19. Hu, J., M. B. Gardner, and C. J. Miller. 2000. Simian immunodeficiency virus rapidly pene-
trates the cervicovaginal mucosa after intravaginal inoculation and infects intraepithelial dendrit-
ic cells. J.Virol. 74:6087-6095.

20. Huang, Q., d. Liu, P. Majewski, l. Schulte, J. M. Korn, R. A. Young, E. S. Lander, and N.
Hacohen. 2001. The plasticity of dendritic cell responses to pathogens and their components. Sci-
ence 294:870-875.

21. Kalinski, P., C. M. Hilkens, E. A. Wierenga, and M. L. Kapsenberg. 1999. T-cell priming by
type-1 and type-2 polarized dendritic cells: the concept of a third signal. Immunol.Today 20:561-
567.

22. Kalinski, P., J. H. Schuitemaker, C. M. Hilkens, and M. L. Kapsenberg. 1998. Prostaglandin
E2 induces the final maturation of IL-12-deficient CD1a+CD83+ dendritic cells: the levels of IL-
12 are determined during the final dendritic cell maturation and are resistant to further modula-
tion. J.Immunol. 161:2804-2809.

23. Kawamura, T., S. S. Cohen, D. L. Borris, E. A. Aquilino, S. Glushakova, L. B. Margolis, J.
M. Orenstein, R. E. Offord, A. R. Neurath, and A. Blauvelt. 2000. Candidate microbicides
block HIV-1 infection of human immature Langerhans cells within epithelial tissue explants.
J.Exp.Med. 192:1491-1500.

24. Kwon, D. S., G. Gregorio, N. Bitton, W. A. Hendrickson, and D. R. Littman. 2002. DC-
SIGN-mediated internalization of HIV is required for trans- enhancement of T cell infection.
Immunity. 16:135-144.

25. Le Naour, F., L. Hohenkirk, A. Grolleau, D. E. Misek, P. Lescure, J. D. Geiger, S. Hanash,
and L. Beretta. 2001. Profiling changes in gene expression during differentiation and maturation
of monocyte-derived dendritic cells using both oligonucleotide microarrays and proteomics.
J.Biol.Chem. 276:17920-17931.

26. Lee, B., M. Sharron, L. J. Montaner, D. Weissman, and R. W. Doms. 1999. Quantification of
CD4, CCR5, and CXCR4 levels on lymphocyte subsets, dendritic cells, and differentially condi-
tioned monocyte-derived macrophages. Proc Natl Acad Sci USA96 :5215-5220.

27. Luksch, C. R., O. Winqvist, M. E. Ozaki, L. Karlsson, M. R. Jackson, P. A. Peterson, and S.
R. Webb. 1999. Intercellular adhesion molecule-1 inhibits interleukin 4 production by naive T
cells. Proc.Natl.Acad.Sci.U.S.A96:3023-3028.

28. Ni, H. T., M. J. Deeths, W. Li, D. L. Mueller, and M. F. Mescher. 1999. Signaling pathways
activated by leukocyte function-associated Ag-1- dependent costimulation. J.Immunol. 162:5183-
5189.

29. Orentas, R. J. and J. E. Hildreth. 1993. Association of host cell surface adhesion receptors and
other membrane proteins with HIV and SIV. AIDS Res.Hum.Retroviruses 9:1157-1165.

30. Patterson, S., A. Rae, N. Hockey, J. Gilmour, and F. Gotch. 2001. Plasmacytoid dendritic cells
are highly susceptible to human immunodeficiency virus type 1 infection and release infectious
virus. J.Virol. 75:6710-6713.

31. Pohlmann, S., F. Baribaud, B. Lee, G. J. Leslie, M. D. Sanchez, K. Hiebenthal-Millow, J.
Munch, F. Kirchhoff, and R. W. Doms. 2001. DC-SIGN interactions with human immunodefi-
ciency virus type 1 and 2 and simian immunodeficiency virus. J.Virol. 75:4664-4672.

32. Pope, M., M. G. Betjes, N. Romani, H. Hirmand, P. U. Cameron, L. Hoffman, S. Gezelter, G.
Schuler, and R. M. Steinman. 1994. Conjugates of dendritic cells and memory T lymphocytes
from skin facilitate productive infection with HIV-1. Cell 78:389-398.

33. Pope, M., S. Gezelter, N. Gallo, L. Hoffman, and R. M. Steinman. 1995. Low levels of HIV-1
infection in cutaneous dendritic cells promote extensive viral replication upon binding to memo-
ry CD4+ T cells. J.Exp.Med. 182:2045-2056.

34. Reece, J. C., A. J. Handley, E. J. Anstee, W. A. Morrison, S. M. Crowe, and P. U. Cameron.
1998. HIV-1 selection by epidermal dendritic cells during transmission across human skin.
J.Exp.Med. 187:1623-1631.

48

Chapter 2.1



35. Rowland-Jones, S. L. 1999. HIV: The deadly passenger in dendritic cells. Curr.Biol. 9:R248-
R250.

36. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use macropinocy-
tosis and the mannose receptor to concentrate macromolecules in the major histocompatibility
complex class II compartment: downregulation by cytokines and bacterial products. J.Exp.Med.
182:389-400.

37. Sallusto, F. and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen by cultured
human dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus
interleukin 4 and downregulated by tumor necrosis factor alpha. J.Exp.Med. 179:1109-1118.

38. Sallusto, F., A. Lanzavecchia, and C. R. Mackay. 1998. Chemokines and chemokine receptors
in T-cell priming and Th1/Th2- mediated responses. Immunol.Today 19:568-574.

39. Salomon, B. and J. A. Bluestone. 1998. LFA-1 interaction with ICAM-1 and ICAM-2 regulates
Th2 cytokine production. J.Immunol. 161:5138-5142.

40. Smits, H. H., E. C. de Jong, J. H. Schuitemaker, T. B. Geijtenbeek, Y. van Kooyk, M. L.
Kapsenberg, and E. A. Wierenga. 2002. Intercellular adhesion molecule-1/LFA-1 ligation
favors human Th1 development. J.Immunol. 168:1710-1716.

41. Stahl-Hennig, C., R. M. Steinman, K. Tenner-Racz, M. Pope, N. Stolte, K. Matz-Rensing, G.
Grobschupff, B. Raschdorff, G. Hunsmann, and P. Racz. 1999. Rapid infection of oral mucos-
al-associated lymphoid tissue with simian immunodeficiency virus. Science 285:1261-1265.

42. Steinman, R. M. 2000. DC-SIGN: a guide to some mysteries of dendritic cells. Cell 100:491-
494.

43. Steinman, R. M. and K. Inaba. 1999. Myeloid dendritic cells. J.Leukoc.Biol. 66:205-208.
44. Trinchieri, G. 1995. Interleukin-12: a proinflammatory cytokine with immunoregulatory func-

tions that bridge innate resistance and antigen-specific adaptive immunity. Annu.Rev.Immunol.
13:251-276.

45. Tsunetsugu-Yokota, Y., S. Yasuda, A. Sugimoto, T. Yagi, M. Azuma, H. Yagita, K. Akagawa,
and T. Takemori. 1997. Efficient virus transmission from dendritic cells to CD4+ T cells in
response to antigen depends on close contact through adhesion molecules. Virol. 239:259-268.

46. Vieira, P. L., E. C. de Jong, E. A. Wierenga, M. L. Kapsenberg, and P. Kalinski. 2000. Devel-
opment of Th1-inducing capacity in myeloid dendritic cells requires environmental instruction.
J.Immunol. 164:4507-4512.

47. Weissman, D., Y. Li, J. Ananworanich, L. J. Zhou, J. Adelsberger, T. F. Tedder, M. Baseler,
and A. S. Fauci. 1995. Three populations of cells with dendritic morphology exist in peripheral
blood, only one of which is infectable with human immunodeficiency virus type 1.
Proc.Natl.Acad.Sci.U.S.A92:826-830.

48. Whelan, M., M. M. Harnett, K. M. Houston, V. Patel, W. Harnett, and K. P. Rigley. 2000. A
filarial nematode-secreted product signals dendritic cells to acquire a phenotype that drives devel-
opment of Th2 cells. J.Immunol. 164:6453-6460.

49. Zoeteweij, J. P., H. Golding, H. Mostowski, and A. Blauvelt. 1998. Cytokines regulate expres-
sion and function of the HIV coreceptor CXCR4 on human mature dendritic cells. J.Immunol.
161:3219-3223.

49

HIV transmission by dendritic cells





Chapter 3.1

The mannose-dependent epitope for neutralizing
antibody 2G12 on HIV-1 glycoprotein gp120

(Journal of Virology, July 2002, p. 7293-7305)

Rogier W. Sanders1,2, Miro Venturi3, Linnea Schiffner1, Roopa Kalyanaraman1, 
Hermann Katinger4, Kenneth O. Lloyd5, Peter D. Kwong3, John P. Moore1

1Dept. of Microbiology and Immunology, Weill Medical College of Cornell University,

1300 York Ave., New York, NY 10021.
2Dept. of Human Retrovirology, Academic Medical Center, University of Amsterdam,

Meibergdreef 15, 1105 AZ Amsterdam, The Netherlands.
3Vaccine Research Center, NIAID, National Institutes of Health, Bethesda, MD 20892

4Institute for Applied Microbiology, University of Agriculture and Forestry, Muthgasse 18,

1190 Vienna, Austria.
5Immunology Program, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue,

New York, NY 10021.

We have analyzed the unique epitope for the broadly neutralizing human mono-
clonal antibody (MAb) 2G12 on the gp120 surface glycoprotein of human
immunodeficiency virus type 1 (HIV-1). Sequence analysis, focusing on the con-
servation of relevant residues across multiple HIV-1 isolates, refined the epitope
that was defined previously by substitutional mutagenesis (Trkola, A., M.
Purtscher, T. Muster, C. Ballaun, A. Buchacher, N. Sullivan, K. Srinivasan, J.
Sodroski, J. P. Moore, and H. Katinger. 1996. J. Virol. 70, 1100-1108). In a bio-
chemical study, we digested recombinant gp120 with various glycosidase
enzymes of known specificity, and showed that the 2G12 epitope is lost when
gp120 is treated with mannosidases. Computational analyses were used to posi-
tion the epitope in the context of the virion-associated envelope glycoprotein
complex, to determine the variability of the surrounding surface, and to calculate
the surface accessibility of possible glycan- and polypeptide-epitope compo-
nents. Together, these analyses suggest that the 2G12 epitope is centered on the
high mannose/hybrid glycans of residues 295, 332 and 392, with peripheral gly-
cans from 386 and 448 on either flank. The epitope is mannose-dependent and
composed primarily of carbohydrate, with probably no direct involvement of the
gp120 polypeptide surface. It resides on a face orthogonal to the CD4 binding
face, on a surface proximal to, but distinct from, that implicated in co-receptor
binding. Its conservation amidst an otherwise highly variable gp120 surface sug-
gests a functional role for the 2G12 binding site, perhaps related to the mannose-
dependent attachment of HIV-1 to DC-SIGN or related lectins that facilitate virus
entry into susceptible target cells. 
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Introduction

Only a very few monoclonal antibodies (MAbs) are capable of neutralizing pri-
mary isolates of human immunodeficiency virus type 1 (HIV-1) and the polyclon-
al response is also weak (10,19,42,44,57,65). Effective antibodies are scarce
because HIV-1 has evolved various protective mechanisms to enable it to resist
the binding of antibodies to its envelope glycoprotein (Env) complex (30-
32,41,50,56,57,59,71,72). Among the antibodies that can overcome these defens-
es is the human MAb 2G12 (65,66). The 2G12 antibody recognizes a unique epi-
tope on the surface glycoprotein gp120 that is not directly associated with the
receptor-binding sites on this protein (43,67). However, 2G12 is capable of
inhibiting the interactions of HIV-1 with its cell surface binding sites and there-
by neutralizing infectivity (23,40,64,66,67). The success of 2G12 at neutralizing
HIV-1 in vitro is reinforced by its ability in passive immunization experiments,
usually in combination with other antibodies, to protect macaques from simian-
human immunodeficiency virus challenge (2,35,36).

The precise nature of the 2G12 epitope is uncertain. Antibody mapping stud-
ies using monomeric gp120 showed that 2G12 forms a unique competition group,
in that no other MAb is able to prevent its binding to gp120, and vice versa (47).
Moreover, a mutagenesis analysis revealed that the only amino-acid substitutions
in gp120 which disrupt the 2G12 epitope are at residues specifying sites for N-
linked glycosylation in the C2, C3, C4 and V4 domains (Fig.1A) (66). The crys-
tal structure of a gp120 fragment comprising the conserved core with truncations
of the V1, V2 and V3 variable loops and of the gp41 interactive region, has been
obtained (30,31). It showed that most of the predicted glycosylation sites thought
be relevant to 2G12 binding are likely to be sufficiently proximal to one another
to be within the footprint of an antibody epitope (71,72). Furthermore, several of
the relevant glycans are close to the receptor-binding sites on gp120, and proba-
bly play an important role in shielding these sites from antibody recognition
(41,71,72). Thus 2G12 may actually exploit the very glycan defenses that nor-
mally help protect HIV-1 from neutralizing antibodies (52). Because knowledge
of neutralization epitopes might be exploitable for vaccine design, we have fur-
ther analyzed the 2G12 epitope. Our results implicate a conserved patch of high
mannose/hybrid glycans as being involved in the formation of this epitope, with
mannose residues an essential component. There may be similarities between the
2G12 epitope and the mannose-dependent binding sites on gp120 for DC-SIGN,
a lectin that facilitates HIV-1 entry by enhancing the presentation of virions to
susceptible cells (3,22,24,38,58), and cyanovirin-N (CV-N), a cyanobacterial
protein that inhibits HIV-1 infectivity (8,18,21).

Materials and methods

Sequence analysis 
The sequences of isolates sensitive to neutralization by 2G12 (6,42,44) were
obtained from the Los Alamos HIV Databank (http://hiv-web.lanl.gov/) and from
D. Montefiori (D. Montefiori, personal communication), and their degree of con-
servation analyzed. The sequences of 15 different isolates, BK132, HXBc2,
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JR-FL, QH0515, QH0692, PVO, TVO, 301593, 301657, 301660, 301727,
92BR030, 92RW009, 92RW021 and 92TH014, were analyzed for conservation.
Each of these viruses is successfully neutralized by 2G12 (7,65,66). The
sequence and structure of the gp120 core fragment for HXBc2 has been described
(30,31); the sequences for HIV-1 isolates PVO and TVO were obtained from D.
Montefiori; database protein accession numbers for the other sequences were
L03697, U63632, AF277061, AF277065, U08444, U04908, U04909, U04925,
U08714, U88823, U08645 and U08801 respectively.

A variability criterion was devised, based upon whether a change would dis-
rupt the binding of a hypothetical antibody. For example, a change of Lys to Glu
conserves amino-acid type, both being charged; however, such a substitution
would disrupt the binding of an antibody that recognized the Glu residue, result-
ing in a variable classification. Residues were classified as “variable” only if such
changes were present in at least 2 of the 15 sequences analyzed. 

Deglycosylation of gp120 
HIV-1JR-FL gp120, expressed and purified from Chinese Hamster Ovary (CHO)
cells was obtained from Progenics Pharmaceuticals, Tarrytown, NY (64). The
gp120 protein (1 µg) was incubated with various glycosidases for 16h at 37ºC
in 100 µl of the appropriate buffer for each enzyme. Controls included untreated
and mock-treated gp120 (digestion buffer, no enzyme). Every enzyme has its
own optimal digestion buffer, as indicated by the manufacturer. We selected the
buffer for Endo F2 and Endo F3 for the mock-treated control as it had the
lowest pH; its composition was 50 mM sodium acetate, pH 4.5. All glycosidases
were obtained from Calbiochem, La Jolla, CA. The amounts of each enzyme
used were: NgF, 50 U; Endo D, 25 mU; Endo-β-galactosidase, 25 mU; Endo
F1, 175 mU; Endo F2, 50 mU; Endo F3, 50 mU; Endo H, 50 mU; α2-3,6,
8,9-neuraminidase, 62.5 mU;α1-2,3,6-mannosidase, 2500 mU. Denaturation
and reduction of gp120 was performed by boiling in 1% SDS and 50 mM
DTT.

SDS-PAGE and western blot 
Glycosidase-treated gp120 (20 ng) was analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) (6). Western blotting was performed
following established protocols using the anti-gp120 V3-loop MAb PA-1
(1:5000; 0.2 µg/ml final; Progenics) (64) and HRP-labeled anti-mouse IgG
(1:5000; 0.2 µg/ml final; Kierkegaard & Perry Laboratories, Gaithersburg, MD).
Luminometric detection of envelope glycoproteins was performed using the
Renaissance Western Blot Chemiluminescence Reagent Plus system (NEN Life
Science Products, Boston, MA).

Enzyme-linked immunosorbent assays (ELISA)
ELISAs were performed as described previously (46,47). Glycosylated or degly-
cosylated gp120 (100 ng/ml) was captured onto the solid phase using antibody
D7324 to the C5 region (46,47), then bound gp120 was detected with either 2G12
or serum from HIV-1-infected individual LSS. Denaturation of gp120 by boiling
in the presence of SDS and dithiothreitol (DTT), followed by ELISA, was per-
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formed as described elsewhere (46). The IgG1b12 MAb was a gift from Dennis
Burton (Scripps Research Institute, La Jolla, CA) (11).

Structure-based analyses
The following structures were used: the crystal structure of core gp120 in complex
with the N-terminal two domains of CD4 (D1D2) and the antigen-binding portion
(Fab) of the human antibody 17b, as determined for the T-cell line-adapted isolate
HXBc2 (28,29); a model (71) of the HXBc2 core extended by molecular dynamics
to include the protein proximal pentasaccharide structure consisting of the two N-
acetylglycosamine and three mannose residues (GlcNAc-GlcNAc-Man-(Man)2)
common to all N-linked sites (Fig.1B); a model (32) further extended by using
steric constraints to graft the NMR structure (13) of a V3 loop onto the gp120 core;
and a trimeric model (32) obtained by optimization of quantifiable surface param-
eters. This trimeric model represents the orientation that gp120 most likely
assumes in the functional viral spike (32).

Calculations of the accessibility of glycan and polypeptide components of the
2G12 epitope were made with the model containing the GlcNAc-GlcNAc-Man-
(Man)2 moieties. This model probably underestimates the glycan contribution,
since it only contains the central glycan core. All surface areas and distance
measurements were made using the program GRASP (51).

Results

Sequence analysis
A substitutional mutagenesis study has implicated several N-linked glycans as
being important components of the 2G12 epitope on gp120 (66). Amino-acid
substitutions that directly or indirectly affected the N-linked glycan sites at posi-
tions 295, 332, 386, 392, 397 and 448 were found to com-pletely or partially
reduce 2G12 binding (66) (Fig.1). To gain insight into the conservation of the
2G12 epitope, the sequence variability of the above N-linked glycan sites was
analyzed (Table 1). The Los Alamos Database (http://hiv-web-lanl.gov) was
used, as it has been designed to represent the total sequence diversity of HIV-1.
This database has 20 representative HIV-1 sequences from subtype A, 107 from
subtype B and 30 from subtype C (12). To make estimates of “total” variability
for each residue, the total number of differences in subtypes A through C was
divided by the total number of sequences (Table 1). Of the above six N-linked
glycan sites, four were relatively well conserved, while two (Asn-295 and Asn-
397) were moderately variable. The variability was subtype-dependent; Asn-295
for example was relatively conserved in subtype B, but highly variable in sub-
types A and C (12).

The variability of the complete amino-acid sequence was also analyzed among
the different HIV-1 isolates that are efficiently neutralized by 2G12, and so must
express the 2G12 epitope (7,65,66). We chose 15 isolates for which there was
sequence information available (7,65,66). How the extent of sequence variabili-
ty mapped onto the surface of gp120 is shown in Fig. 2. Despite our use of only
15 sequences, the variation appeared similar to that described previously using
sequences from the entire spectrum of primate immunodeficiency viruses (31),
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with much of the gp120 surface being variable.  The only conserved surfaces
were associated with either the CD4 or the co-receptor binding surfaces, or
involved oligomer contact sites that were occluded within the functional viral
spike (31,42).

Among the N-linked sites implicated as probably being contributory to the
2G12 epitope (66), the sites at residues 332, 386 and 392 were conserved in all
test isolates, the site at residue 295 in all but isolate 92RW021, and the site at
residue 448 in all but isolate QH0515 (Fig.2). In contrast, the N-linked glycan site
at residue 397 was variable in most strains; this site is located within the highly
variable V4 loop region. The conservation analysis therefore indicates that the
glycan at residue 397 is probably not part of the 2G12 epitope. Note that, in the
published substitutional mutagenesis study, residue 397 was only analyzed in the
context of a double substitution that simultaneously disrupted the glycan sites at
both residues 392 and 397 (66). The observed loss of 2G12 binding to this 392 +
397 double mutant is therefore likely to be due to the change at position 392, and
not to the change at position 397.

Treatment of gp120 with endo- and exoglycosidases
We next used a biochemical technique to analyze the 2G12 epitope on gp120
from the HIV-1JR-FL strain, expressed in CHO cells. The gp120 protein from the
IIIB isolate, also expressed in CHO cells, has been shown experimentally to con-
tain 13 complex glycans and 11 high mannose and/or hybrid chains (33). JR-FL
gp120 is predicted to have all of the complex glycan sites that are present in IIIB
gp120, 8 of the high mannose and/or hybrid sites, and 2 additional N-linked sites
that are absent from IIIB gp120 (Fig.1A).

N-linked carbohydrates can be divided into three categories termed high man-
nose, hybrid and complex (Fig.1B) (27). These share a common pentasaccharide
core structure. High mannose oligosaccharides usually have two to six mannose
residues attached to this core. Complex carbohydrates can have different outer
branches; bi-, tri-, and tetraantennary chains with a typical sialyllactosamine
sequence are shown in Fig. 1B. Hybrid oligosaccharides contain elements of both
high mannose and complex carbohydrate structures. Sugars are transferred to
asparagines in the rough endoplasmic reticulum, then trimmed to yield Man8Glc-
NAc2 oligosaccharide species. These high mannose carbohydrates can be further
modified during passage through the Golgi network to become complex type car-
bohydrates (27). The theoretical molecular weights of the examples shown in Fig.
1B are 1.7 kDa for hybrid oligosaccharides, 2.0 kDa for high mannose oligosac-
charides and 2.4 kDa for biantennary complex chains. The molecular weights of
the equivalent tri- and tetraantennary complex chains are 3.1 kDa and 3.8 kDa,
respectively.

We treated monomeric JR-FL gp120 with a selection of endo- and exoglycosi-
dases. These enzymes have different specificities for the three classes of carbo-
hydrates, as indicated in Fig. 1B (27,53,62). N-glycosidase F (NgF) cleaves all
three carbohydrate classes between the asparagine and the innermost N-acetyl-
glucosamine residue. Endoglycosidases D, F1, F2, F3 and H cleave between the
two core N-acetylglucosamine residues but they differ in their specificities: Endo
F1 and Endo H cleave high mannose and hybrid carbohydrates; Endo F2 cuts
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Fig.1. A. Carbohydrates on gp120 and their contribution to the 2G12 epitope as identified by
substitutional mutagenesis. The schematic of CHO-expressed IIIB and JR-FL gp120 has the N-
linked glycosylation sites indicated. The composition of the carbohydrates in IIIB gp120 was
experimentally determined (33); the carbohydrate designations in the schematic of JR-FL
gp120 are based on that study, assuming that glycans are processed similarly on the two Env
glycoproteins. Three sites in JR-FL gp120 that are not present in IIIB gp120 are designated
as being of unknown carbohydrate composition. Arrows indicate sites that were shown to
be important for 2G12 binding, in a substitutional mutagenesis study. Note that the sites at
392 and 397 were only deleted in combination (66). B. Specificities of glycosidases. The
schematic is derived from ref.27. The cleavage sites of some of the endo- and exoglycosi-
dases used in this study are indicated on the structures of the three classes of carbohydrates:
complex, hybrid and high mannose. Note that the number and characteristics of the sugar
residues in the outer branches can vary. Complex glycans generally have two to four outer
branches and may have a fucose residue attached to the inner N-acetylglucosamine. Aster-
isks indicate enzymatic cleavages that affect 2G12 binding (see Fig. 4). Abbreviations: Glc-
NAc, N-acetylglucosamine; Man, mannose; Gal, galactose; S.A., sialic acid.



high mannose and biantennary complex chains, but not hybrid chains; and Endo
F3 cleaves bi- and triantennary complex chains. Endo D generally acts on Man3

and Man4 sugars. Endo-β-galactosidase cuts β1-4 galactosidase linkages in
unbranched poly-N-acetyllactosamine chains. Neuraminidase removes terminal
sialic acid residues from complex chains, and α-mannosidase cleaves terminal α-
linked mannose residues.

The removal of carbohydrate chains from gp120 by glycosidase treatment was
monitored by determining whether gp120 migrated with a lower molecular
weight when analyzed by SDS-PAGE and western blotting with the anti-V3 loop
MAb, PA-1 (Fig. 3). A substantial reduction in the molecular weight of gp120, to
~60 kDa, was caused by NgF treatment, indicating that most carbohydrates had
been removed. No proteolytic degradation of HIV-1 gp120 was observed after
NgF treatment, in contrast to what occurs with virion-derived gp120 from simi-
an immunodeficiency virus (SIV) (37). Endo F2- or Endo F3-treated gp120s
migrated diffusely with glycoprotein species running from around 80 to 110 kDa.
The diffuseness is probably caused by heterogeneity in the complex carbohy-
drates, only some of which are cleaved by these enzymes. Thus, Endo F2 digests
only biantennary complex chains and high mannose chains, whereas Endo F3
cleaves bi- and triantennnary, but not tetraantennary chains. A shift of 40 kDa
corresponds to a predicted loss of 15 biantennary complex oligosaccharides plus
4 high mannose carbohydrates in the case of Endo F2, and of 14 triantennary
oligosaccharides in the case of Endo F3. Smaller changes in the mobility of HIV-
1 gp120 were observed in response to treatment with Endo F1 or Endo H (both

of ~10 kDa, corresponding to 5 to 7 hybrid or high mannose chains), with α-man-
nosidase (~10 kDa, corresponding to ~55 mannose residues, each of 0.18 kDa),
or with neuraminidase (~10 kDa, corresponding to ~30 sialic acid residues, each
0.32 kDa in size, on complex oligosaccharide chains).

The loss of ~30 sialic acid residues is consistent with the removal of all the
residues from 15 biantennary or 10 triantennary complex chains, assuming they
are of the type depicted in Fig. 1B. Hence, many of the complex carbohydrate
chains must be susceptible to neuraminidase modification. Similarly, mannosi-
dase must affect most of the hybrid and high mannose oligosaccharides, since the
molecular weight loss is so substantial (Fig. 1B).
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Table 1. Variability of N-linked sites identified by substitutional mutagenesis as being part of
the 2G12 epitope.

————————————————————————————————————————————————————————————————————————————————————
Variability (%):

————————————————————————————————————————————————————————————————————————————————————
N-linked site Glycan type* Clade A Clade B Clade C Total
————————————————————————————————————————————————————————————————————————————————————
295 mannose 40 15 80 31
332 mannose 25 14 13 15
386 mannose 15 15 15 15
392 mannose 5 11 16 11
397 complex 45 26 37 31
448 mannose 5 4 10 6
————————————————————————————————————————————————————————————————————————————————————
*mannose refers to either high mannose or hybrid glycans



No changes in gp120 migration were observed after exposure of the glycopro-
tein to Endo D or Endo-β-galactosidase (Fig. 3). Hence these particular glycosi-
dases were probably unable to remove any glycan components from the gp120
surface, either because their function is blocked by the presence of terminal sug-
ars (Endo D) or their sites of action were either absent (Endo-β-galactosidase) or
inaccessible.

2G12 binding to deglycosylated gp120
We next used an ELISA to assess whether 2G12 was able to bind to gp120 that
had been exposed to the various glycosidases (Fig. 4). Treatment of gp120 with
NgF, Endo F1, Endo H or α-mannosidase completely destroyed its ability to bind
2G12. Conversely, Endo F2, Endo F3, neuraminidase, Endo D or Endo-β-galac-
tosidase treatment had no significant effect on 2G12 binding (Fig. 4A, left panel).
Endo-β-galactosidase had a very modest apparent effect on 2G12 binding but this
was not reproducible in repeat experiments (data not shown). In contrast to what
was observed with 2G12 binding, most of the above enzyme treatments had lit-
tle effect on the gp120 binding of polyclonal antibodies from the serum of an
HIV-1-infected person, LSS, although NgF digestion of gp120 did significantly
reduce the binding of the serum antibodies (Fig. 4A, right panel).

To further assess whether glycosidases that affected the binding of 2G12 did
so through a specific effect on the 2G12 epitope, or through a non-specific per-
turbation of gp120 structure, we compared the ability of enzyme-treated gp120
to bind 2G12 and another neutralizing MAb to a discontinuous gp120 epitope,
IgG1b12 (Fig. 4B). We observed that IgG1b12 binding was not significantly
affected by gp120 deglycosylation by Endo F1, Endo F2, Endo F3, Endo H or
α-mannosidase although NgF treatment did significantly reduce IgG1b12 bind-
ing (Fig. 4B and data not shown). Thus, the overall antigenic structure of gp120
was not substantially perturbed by the various glycosidases or by the moderately
low pH buffers that were used in the digests. An exception was NgF treatment,
which did significantly reduce the extent of serum antibody binding and sub-
stantially reduced IgG1b12 and serum binding (Fig. 4A and data not shown).
This is perhaps not surprising given that NgF converts each relatively hydropho-
bic N-linked site into a hydrophilic aspartic acid. This modification of so many
carbohydrates could affect the structure of multiple antibody epitopes, including
but not limited to that for IgG1b12, either directly or by affecting the overall con-
formation of gp120. However, Endo F1, Endo H and α-mannosidase clearly
destroy the 2G12 epitope without affecting the IgG1b12 epitope (Fig. 4B). 

When gp120 was denatured by boiling in SDS and DTT, 2G12 was still able
to bind, but with an approximately 500-fold reduction in affinity (Fig. 4C, left
panel). In contrast, serum antibody binding was only reduced 10-fold by denatu-
ration and reduction of gp120 (Fig. 4C, middle panel) (43). The binding of
IgG1b12 was completely eliminated by gp120 denaturation and reduction (Fig.
4C, right panel). 

Together, these findings imply that the 2G12 epitope is discontinuous in
nature, or otherwise sensitive to gp120 conformation (46), and that it contains
mannose residues. Moreover, consistent with our conservation analysis, the com-
plex glycan at residue 397 is probably not involved in 2G12 binding.
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Fig. 2.  The 2G12 epitope. Four different orientations of an HIV-1 gp120 monomer are shown
in three different representations. The top panel shows gp120 as viewed from the target cell
membrane, looking towards the virus. Each subsequent panel shows a view rotated by 90°,
with the bottom panel showing core gp120 oriented such that the viral membrane would be
positioned above, the target cell below. The left-most column of figures depicts the solvent-
accessible surface of gp120, colored according to the functionality of the underlying atoms.
Red, residues and associated glycans identified by mutagenesis as being part of the 2G12
epitope; cyan, carbohydrate; brown, remaining gp120 surface. Shown for reference are the
solvent accessible surfaces of CD4 (yellow, N-terminal two-domains) and the human neu-
tralizing antibody 17b (green, variable (Fv) portion), as they are oriented in the core gp120:
CD4:17b ternary crystal structure (30,31). The right-most column of figures depicts a carbon-
alpha worm of gp120 (brown), the molecular surface of the V3 loop as modeled into the
gp120 core context (32) (green), the atoms of neutral mutants for 2G12 binding identified
previously (66) (purple), and the bonds of modeled carbohydrate (71) (cyan). The middle
column of figures depicts the variability of strains that 2G12 neutralizes efficiently, mapped
onto the solvent-accessible gp120 core surface. Conserved residues are shown in white,
variable residues in blue, and the mutationally identified 2G12 epitope in red, for substitu-
tions that decrease 2G12 binding by at least 90%, or in purple, for substitutions that
decrease binding by 60-90%. Selected residues are labeled to aid in orientation. 



Structue-based analysis of the 2G12 epitope
Antibodies against almost all the carbohydrate-free surface of the gp120 core have
been characterized (46,47,71). Since 2G12 forms a unique competition group,
these other ligands do not sterically compete with 2G12 binding (47). This restric-
tion on the definition of the 2G12 epitope is graphically demonstrated in Fig. 2,
which illustrates the binding to gp120 of the CD4 ligand and the 17b MAb.

The substitution mutagenesis data and the sequence-variation information were
placed into the context of the gp120 structure (Fig.2). This sequence/structure-
based analysis implicated a high mannose/hybrid carbohydrate-rich region, cen-
tered upon the glycans of residues 295, 332 and 392, with the glycans at residues
386 and 448 flanking opposite ends (Fig.2). The earlier mutagenesis study showed
that residues 295, 332, and 392 were critical to 2G12 binding, in that substitutions
at these positions caused a complete or substantial loss of 2G12 binding, whereas
removal of the glycans from residues 386 or 448 had a significant, although
incomplete, inhibitory effect (66). The central 295/332/392 glycan site (Asn +
pentasaccharide core) displays a solvent-accessible surface of 2161 Å2, with gly-
can sites at 386 and 448 contributing 770 Å2 and 730 Å2 respectively.

The glycans at residues 386 and 392 are slightly separated from the rest of the
2G12 epitope by the V3 loop. Deletion of the V3 loop from gp120, either com-
pletely or partially (removal of residues 303-323), modestly reduces 2G12 bind-
ing (7,66). Thus, the V3 loop is unlikely to be part of the 2G12 epitope, but its
close proximity suggests that its removal could indirectly perturb the structure of
the epitope.

Directly proximal to residues 295, 332 and 448 is the high mannose/hydrid
glycan of Asn-262 (in Fig. 2, this is the conserved carbohydrate directly left of
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Fig.3. Mobilities of glycosi-
dase-treated gp120 on SDS-
PAGE. CHO-expressed JR-FL
gp120 was incubated with
various endo- and exogly-
cosidases, then analyzed by
SDS-PAGE and western blot-
ting. Control lanes included
untreated and mock-treated
gp120 (digestion buffer, no
enzyme). Asterisks indicate
enzymes that affect 2G12
binding (see Fig. 4).



residues 295/448 in the second panel from the top). Asn-262 is conserved in all
primate immunodeficiency viruses. A substitution at residue 262 that eliminates
this glycosylation site (262N/T) causes a substantial enhancement in 2G12 bind-
ing (66). Thus while the glycan on residue 262 cannot form part of the 2G12 epi-
tope, its absence probably affects the orientation and accessibility of the nearby
glycans on residues 295 and 332. Substitutions at residue 262 are known to have
a substantial impact on the overall folding of gp120 that affect multiple antibody
epitopes (48). The other substitutions associated with an increase in 2G12 bind-
ing involve residues 88, 103 and 256 (66). The change at position 88 (88N/P) is
likely to significantly distort the β-strand at the gp41-interactive region of gp120,
whereas residues 103 and 256 are both buried within the gp120 structure; their
substitution with larger residues (103Q/F and 256S/Y) probably adversely affects
gp120 folding. Indeed, the 256S/Y substitution has a very similar phenotype to
that of the 262N/T change, in that it significantly perturbs the structure of many
antibody epitopes (J.P.M. and J. Sodroski, unpublished data).

Because our biochemical analysis demonstrated the importance of the man-
nose residues on the glycans, we analyzed the mannoses of residues 295, 332,
386, 392 and 448 within the context of the functional envelope trimer (Fig.5).
These glycans form a surface that is proximal to the chemokine receptor binding
surface, on a face orthogonal to the CD4 binding face. In terms of amino-acid
substitution among different natural isolates, much of this surface is relatively
variable, with the most conserved portions being the base of the V3 loop, and the
glycans at positions 262, 332, 386, 392 and 448 that make up or surround the
2G12 epitope. A small portion of this surface is also made up of polypeptide
main-chain (Fig.5, right-most column). 

The mutational, sequence-variation, biochemical and structure-based analyses
all suggested that the 2G12 epitope was composed of high mannose/hybrid gly-
cans. We therefore investigated the extent to which the polypeptide surface of
gp120 in this region was accessible to antibody binding (Table 2). We investigat-
ed a range of different radial distances from the mannoses of residues 295, 332,
386, 392 and 448. The average diameter of an antibody epitope is 15-20 Å with
a surface area of approximately 600-800 Å2 (17,55). With a 5 Å radial cutoff, the
total solvent accessible surface surrounding the mannoses of residues 295, 332,
386, 392 and 448 is 3403 Å2; at 10 Å, 6014 Å2; and at 15 Å, 9513 Å2. Thus the
actual 2G12 epitope must represent only a small portion of this total surface. We
removed from consideration the gp120 surface associated with the binding of
CD4 and MAb 17b, because 2G12 does not compete with these ligands for bind-
ing to gp120 (47).

We next investigated a variety of probe radii. A 1.4 Å probe, the radius of a
water molecule, provides a rough approximation of the penetration of a side-
chain to the protein surface. A radius of between 2.5 and 5 Å approximates the
penetration of a β-hairpin turn, for example from a CDR-loop of an antibody. A
radius of 10 Å approximates the reach of an entire antibody-combining region
(17,55). We found that even in the extreme of a 15 Å radial distance with a 1.4 Å
probe, the glycan-to-protein surface area ratio was 2.3. This corresponds to a sur-
face that is 70% carbohydrate. At the other extreme, a 5 Å radial distance with a
10 Å probe, the glycan-to-protein surface area ratio was 13.9, which corresponds
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Fig.4. Mannosidase treatment of gp120 abrogates 2G12 binding. A. 2G12 binding of glycosi-
dase-treated gp120. Aliquots of the same glycosidase-treated gp120 preparations analyzed
by SDS-PAGE (Fig.3) were tested for 2G12 reactivity in ELISA. Bound gp120 was detected
with either 2G12 (left panel) or serum from HIV-1-infected individual LSS (right panel). Mod-
est variations in the ELISA signals derived from different enzymatic digests probably reflect
small variations in the amounts of gp120 captured from the individual reaction buffers, and
are not considered experimentally significant. The results shown are representative of three
independent experiments with similar outcomes.  B. Deglycosylation of gp120 does not sig-
nificantly affect IgG1b12 binding. A similar experiment as shown in (A) was performed with
IgG1b12 (right panel) using a representative subset of glycosidases. The symbols to indicate
the various treatments of gp120 are the same as used (A). C. Denaturation and reduction of
gp120 decreases 2G12 binding dramatically. Gp120 was denatured and reduced as
described in the materials and methods section and MAb or serum binding was measured.
The symbols used are indicated below the figure.



to a surface of 93% carbohydrate. These results probably underestimate the true
amount of the glycan component of the 2G12 epitope, since they were derived
from a model that only contains the protein proximal pentasaccharide, and most
glycans would be twice this size. On the other hand, glycans are also flexible, and
may permit better penetration in an induced fit scenario than would be predicted
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Fig. 5. The 2G12 epitope in the context of the functional envelope trimer. Various represen-
tations of gp120 are displayed in the trimeric orientation that it mostly assumes in the func-
tional, virion-associated Env complex. This orientation was determined by optimization of
quantifiable surface parameters, as described previously (32). Three different views of the
trimer are shown, each rotated by 90° about a horizontal axis. The top panel shows gp120
as viewed from the virus, the middle panel, a side view with the virus membrane positioned
above, the target cell below, and the bottom panel, a view from the perspective of the tar-
get cell. (Note: the right most protomer in the bottom panel corresponds in orientation to
the top panel of gp120 monomers in Fig. 2). The left column of figures depicts the solvent-
accessible surface of gp120 colored according to functionality: cyan, surface associated with
carbohydrate; yellow, surface within 3 Å of CD4; green, surface associated with residues
that are part of the CCR5 binding surface (61), and brown, the remaining gp120 surface. The
next column of figures depicts a carbon-alpha worm trace of gp120 (brown), carbohydrate
(cyan) and a carbon-alpha worm of CD4 (yellow). The third column of figures depicts gp120
colored according to the sequence variability of the underlying residues, ranging from white
(conserved) to dark blue (highly variable). The conservation scheme depicted here was
described earlier in the structure analysis of core gp120 (30). Shown in red are the mannose
residues of glycans 295, 332, 386, 392 and 448 which we have identified here as being crit-
ical for 2G12 binding. The right-most column of figures depicts in purple, the solvent acces-
sible surface associated with complex carbohydrates, and in green, the surface associated
with main-chain atoms. Since main-chain atoms do not change upon amino-acid variation,
this portion is less subject to change upon side chain variation. Comparison of the left-most
and right-most panels shows that much of the gp120 surface facing the cell is dominated by
high-mannose or hybrid glycans. The figure was made using the program GRASP (51). (The
left two columns were previously shown in ref.22, and are reproduced here as a visual aid
for orienting the other panels).



by the rigid model used in our probe analysis. Nonetheless, these results demon-
strate that the 2G12 epitope is primarily composed of high mannose/hybrid gly-
cans.

Discussion

Our experiments indicate that mannose residues in N-linked high mannose/hybrid
glycan chains are essential for 2G12 binding to recombinant gp120. Thus, exo-
mannosidase treatment is sufficient to destroy the 2G12 epitope, without affecting
the discontinuous epitope for the neutralizing MAb IgG1b12 (Fig.4). Endo F1 and
Endo H treatment also abolished 2G12 binding to CHO cell-expressed gp120
whereas Endo F2 had no effect, indicating that the mannose residues of hybrid,
rather than high mannose, carbohydrates may be involved in the 2G12 epitope
(Fig.1). This conclusion can be drawn because Endo F2 is able to remove mannose
residues from high mannose chains, but not from hybrid chains (27,53,62); more-
over, Endo F2 does successfully digest gp120 (Fig.3) while leaving the 2G12 epi-
tope intact (Fig.4). However, the efficiency of Endo F2 at cleaving high mannose
carbohydrates is at least 20-fold lower than its cleavage of complex chains (62). It
is therefore possible that, in addition to hybrid chain carbohydrates, high mannose
chains resistant to Endo F2 treatment could also be involved in 2G12 binding.
Endo H and Endo D treatment of JR-FL gp120 produced from Drosophila cells has
been shown to remove at most only 90% of the high mannose carbohydrate (29),
although SIV gp160 has been reported to be completely sensitive to Endo H (14).
Thus while we expect most high mannose glycans on HIV-1 gp120 to be sensitive
to Endo H, Endo F1 or Endo F2, the observed mobility change of only 10 kDa after
Endo F1 and Endo H treatment suggests that part of the high mannose and hybrid
carbohydrates on HIV-1JR-FLgp120 are not, in fact, accessible to endoglycosidases.
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Table 2. Antibody accessibility of the gp120 polypeptide surface containing the 2G12 
epitope

————————————————————————————————————————————————————————————————————————————————————
Radius of probe Glycan-protein surface area ratio when radial

(Å) distance from mannose epitope (Å) is:
————————————————————————————————————————————————————————————————————————————————————

5.0 10.0 15.0
————————————————————————————————————————————————————————————————————————————————————
01.4 6.8 3.1 2.3
02.5 9.9 4.1 3.2
05.0 9.1 5.0 4.7
10.0 13.9 10.2 9.0
————————————————————————————————————————————————————————————————————————————————————

Surface accessibility is dependent on the size of the probe, with water for example being
able to penetrate into small crevices that are not accessible to bulky aromatic side chains.
To analyze the degree to which the gp120 polypeptide surface was accessible beneath over-
lying glycan residues, the 2G12 epitope was analyzed with spherical probes of different
radii, ranging from 1.4 Å, the radius of a water molecule, to 10 Å, the radius of an antibody
epitope. Because the precise extent of the 2G12 epitope is not known, a range of boundaries
extending from the known 2G12 mannose binding site was considered. At each radial
boundary distance (horizontal axis) and probe radius (vertical axis), the ratio of glycan sur-
face area to polypeptide surface area was calculated for different potential epitopes. The
actual 2G12 paratope is likely to be a mixture of different probe radii, with the 2G12 epitope
boundary within the range of radial distances presented here. 



N-linked glycans are added onto proteins during synthesis as high mannose,
preformed oligosaccharides; only through later modification in the Golgi appara-
tus do these oligosaccharides lose their terminal mannose sugars. The precise
characterization of N-linked glycans has been carried out only on recombinant,
monomeric gp120, so it is possible that the glycans on the native, trimeric Env
complex might be modified differently. However, since 2G12 neutralizes HIV-1
virions derived from human cells (66), the MAb must be able to recognize the
native Env complex. The recognition of terminally-linked mannose residues by
2G12 is not, therefore, an artefact of our use of recombinant gp120 expressed in
CHO cells; the critical mannose residues must be exposed for 2G12 binding on
the surfaces of both the monomeric gp120 molecule and the native, trimeric Env
complex.

Mannosidase treatment reduces the infectivity of SIV virions (37). This obser-
vation further confirms that terminal mannoses are present on the functionally
relevant, trimeric Env complex. Indeed, the oligomerization of Env late in its
biosynthesis may decrease the accessibility of gp120 to the glycan-modifying
enzymes in the Golgi apparatus, and thereby increase the retention of high man-
nose glycans on the native Env complex. Consistent with this view, an analysis
of N-linked oligosaccharides on gp120 derived from chronically virus-infected,
human H9 cells showed that more than 80% of the gp120 glycans are of the high
mannose or hybrid variety (39).

In contrast to the inhibitory effect of mannosidases, neuraminidase treatment
increased the infectivity of SIV (37). One explanation for this might be that the
complex, sialic acid-containing carbohydrates of the variable loops are involved
in shielding conserved functional regions of gp120 on the native Env complex
(41,72); another is that alterations in the electrostatic properties of virions caused
by neuraminidase treatment might increase their binding to the cell surface.
Regardless of the precise explanation, the results obtained using neuraminidase
show that it is not glycosidase treatment in general that decreases virion infectiv-
ity, but rather the specific activity of the particular glycosidases that are used.

A mutagenesis study on LAI gp120 revealed that the 2G12 epitope is
destroyed by amino-acid substitutions that affected several different N-linked
glycan residues in the C2, C3, C4 and V4 regions of gp120 (Fig.1A) (66). Most
of these glycans consist of high mannose and/or hybrid chains, not complex
chains (33,66). An exception is the complex glycan at residues 397, but our data
indicate that this residues is probably not involved in 2G12 binding. In general,
complex carbohydrates are present on the variable loops of gp120 and their posi-
tions often differ among HIV-1 isolates (12,33,34). In contrast, gp120 glycans of
high mannose/hybrid character that are located in the less variable regions of the
protein, are usually conserved among divergent HIV-1 isolates, and may play an
important structural role by facilitating the correct folding of gp120 (12,33). 

The sequence analysis of isolates sensitive to 2G12 neutralization proved to be
unexpectedly powerful in defining the 2G12 epitope. Such variational analysis
works well in the context of the dense information provided by the highly variable
HIV-1 genome. A similar, but less detailed analysis helped to define some features
of the epitope for the broadly neutralizing anti-gp41 MAb 2F5 (65). The varia-
tional analysis of amino-acids that are conserved in the 2G12-sensitive isolates,

65

2G12 antibody epitope on gp120



but highly variable in HIV-1 otherwise (30), defines eight amino-acids including
that at position 295. These residues are scattered across the surface, but only posi-
tion 295 is a site of N-linked glycosylation.  Thus, even in the absence of any sub-
stitutional mutagenesis data, the sensitivity of the 2G12 epitope to deglycosylation
would have been sufficient for the variational analysis to locate this epitope on
gp120. However, a limitation of the variational analysis method of epitope defini-
tion is that there needs to be significant natural sequence variation within the epi-
tope; it is thus most useful for defining the less conserved gp120 epitopes.  

Although 2G12 is broadly reactive with many HIV-1 isolates, it is not pan-
reactive (65). For example, analysis of 2G12 neutralization resistance has identi-
fied subtype C viruses that were 2G12 resistant (9). We analyzed the subset of
those resistant viruses for which sequence information was available (isolates
DU151, DU179 and DU422 (9). All of them lacked glycan 295. While the diver-
sity represented by database sequences probably does not reflect the frequency of
viral populations, it nonetheless shows that many HIV-1 isolates will naturally
lack some of the N-linked glycans required for the formation of the 2G12 epitope
(12). Indeed, glycan 295 is poorly conserved among subtype C strains (Table 1),
suggesting that most subtype C isolates will be resistant to 2G12 neutralization.
The 2G12 epitope that we have identified on gp120 contains, or is directly prox-
imal, to seven of the eight high mannose/hybrid sites that are conserved between
the JR-FL and HXBc2 isolates. Indeed, the site is the only conserved, exposed
surface on the gp120 trimer that does not interact with the known cellular recep-
tors, CD4 and a chemokine receptor (32). Nonetheless, 2G12 is able to interfere
with the binding of gp120 to CCR5 (64) and with the attachment of HIV-1 viri-
ons to cells (67). The positioning of its epitope on the gp120 moieties of the
native Env trimer suggests that this inhibition is an indirect, steric effect mani-
fested by the sheer bulk of an antibody molecule located physically close to the
receptor-binding sites. Such interference is particularly relevant in the context of
the physically crowded virion-receptor complex on the cell surface.

Terminal mannose residues are rarely found on mammalian cell-surface or
serum glycoproteins (reviewed in 63,68,70). Indeed, the presence of a terminal
mannose results in binding of proteins to hepatic lectin receptors and their rapid
clearance from the plasma. Virions expressing HIV-1 envelope glycoproteins are
very rapidly removed from plasma after their infusion into macaques, with a half-
life measured in minutes (26). Thus the presence of terminal high mannose
residues on gp120 glycans represents a paradox: these residues appear to be highly
conserved and so presumably have a relevant function, yet their presence should
be detrimental to the viral life cycle by accelerating the rate of virion clearance.

What could be an evolutionarily conserved function for the terminal mannose
residues of gp120? One explanation is that HIV-1 is known to use the mannose
components of its gp120 N-linked glycans to bind to the cell-surface receptors
DC-SIGN and DC-SIGNR (3,24,58). These dendritic cell and macrophage recep-
tors augment the efficiency of both vertical and horizontal HIV-1 transmission, by
enhancing the presentation of virions to both macrophages and T cells (reviewed
in 3,58). Structural and biochemical analyses of DC-SIGN and DC-SIGNR show
that these proteins bind to the central, protein-proximal mannose residues of high
mannose glycans (22,38). The rate-limiting step for retroviral infection is known
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to be the initial stage of virus-cell attachment (15,49,54,60,69), so the use of DC-
SIGN as a high-affinity attachment site provides a significant advantage to HIV-1
(3,24,58). The high mannose/hybrid sugars that form and surround the 2G12 epi-
tope are a possible component of the binding site for DC-SIGN and related pro-
teins. Of note is that the location of these high mannose sugars on a surface distal
from the viral membrane (Fig.5), facing outwards from the virus, is optimal for
cell surface binding. 

There is precedence for the glycan residues of gp120 being the target of an
antiviral compound. The cyanobacterial protein, CV-N, is an inhibitor of HIV-1
entry that acts by binding to gp120 (8,18,21). The binding site for CV-N on
gp120 comprises exclusively mannose residues on N-linked glycans, specifically
Manα1-2Manα moieties presented on Man8 or Man9 high mannose structures
(4,5). CV-N has high affinity and low affinity binding sites, each of which recog-
nizes the mannose moieties of a single N-linked glycan (4). CV-N can block
2G12 binding to gp120, but does not inhibit the gp120 binding of other neutral-
izing or non-neutralizing MAbs (21). The converse competition does not occur,
however, in that 2G12 does not inhibit CV-N binding to gp120, most probably
because there are multiple binding sites for CV-N, only some of which are
occluded by 2G12 (Table 3) (4,21). Overall, however, there are clear similarities
in the gp120 binding sites of 2G12 and cyanovirin-N, and probably also in the
mechanisms of action of these infection-inhibitors. However, 2G12 does not
inhibit DC-SIGN binding to gp120 (Table 3). This is, again, probably a result of
the relatively promiscuous binding of DC-SIGN to gp120, in that DC-SIGN can
probably recognize any of the exposed high-mannose glycans, whereas 2G12 is
a more selective in its interactions. The converse competition between DC-SIGN
and 2G12 has not been reported (Table 3). Any partial overlap that does occur
between the DC-SIGN and 2G12 binding sites could help explain why unusual-
ly low concentrations of 2G12 are able to protect some macaques from vaginal
challenge with SHIV-89.6P, albeit inconsistently (36). Much greater concentra-
tions of other anti-Env MAbs are required to achieve the same degree of protec-
tion (56).

Our principal conclusion is that the 2G12 MAb recognizes an epitope that is
dependent on the presence of mannose residues on N-linked glycans. In all prob-
ability, the epitope is completely composed of sugars, with no involvement of the
gp120 peptide backbone. This will need to be confirmed by crystallographic
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Table 3. Competition between reagents that bind mannose residues on gp120 
————————————————————————————————————————————————————————————————————————————————————

Competition with inhibitorc

mmmmmmmmmmmmmmmmmmmmmmmmmmm     ————————————————————————————————————————————————————————————

Ligand 2G12 DC-SIGN CV-N
————————————————————————————————————————————————————————————————————————————————————

2G12 X ? YESb

DC-SIGN NOa X ?
CV-N NOb ? X
————————————————————————————————————————————————————————————————————————————————————
a T. B. Geijtenbeek, and Y. van Kooyk, personal communication. 
b Derived from reference 19. 
c X, autologous cross-competition; YES, heterologous competition occurs; NO, no compe-

tition; ?, no information available. 



analysis of the 2G12-gp120 complex. However, for several reasons, we believe
that 2G12 is not a conventional “anti-carbohydrate” antibody (25). Firstly, 2G12
is specific for HIV-1 gp120 and does not, for example, recognize SIV gp120
expressed in the same cells (our unpublished data). Secondly, denaturation of
gp120 with SDS and DTT causes at least a 500-fold reduction in 2G12 binding,
yet the mannose residues are still present on denatured gp120. Thirdly, the N-
linked moieties that 2G12 recognizes are present on many extracellular, host pro-
teins. For 2G12 to avoid being self-reactive, it cannot bind with high affinity to
just a single N-linked moiety. Furthermore, given the flexibility of N-linked
attachments, a binding site involving even two or three moieties would probably
not provide enough specificity. Hence, we think that 2G12 recognizes a discon-
tinuous structure that comprises the mannose elements of several individual gly-
can chains, folded into proximity. Based on our analyses, up to five individual N-
linked glycans could be involved in forming the 2G12 epitope.

If we are correct that the 2G12 epitope is a discontinuous structure compris-
ing only carbohydrate residues, it may be very difficult to exploit this informa-
tion for HIV-1 vaccine development. Common N-linked glycans are rarely
immunogenic, and sera from HIV-1 infected individuals do not compete with
2G12 binding to gp120 (62). In addition, raising anti-carbohydrate antibodies of
broad specificity could cause problems from the perspective of auto-immunity.
On the other hand, if the 2G12 epitope is indeed a discontinuous structure unique
to gp120, perhaps that structure could be appropriately immunogenic in the con-
text of a vaccine antigen if it can be further defined and then appropriately pre-
sented. After all, the structure was immunogenic in the individual whose immune
system made 2G12, and the resulting antibody does recognize and neutralize a
broad range of HIV-1 isolates (65,66).

There are very few conserved neutralization epitopes on gp120, yet there is a
great need to exploit these limited weaknesses in the otherwise efficient defens-
es present on gp120 (45). HIV-1 sequence analysis demonstrates that gp120 gly-
cans are often conserved. Moreover, a loss of five glycosylation sites when SIV
was cultured in vitro was  reversed when the virus replicated in macaques (20).
This confirms the functional requirement to preserve gp120 glycans, probably to
help resist the humoral immune response (52,71). Unusual approaches to raising
“2G12-like” antibodies that focus on carbohydrate chemistry should, therefore,
now be explored. For example, a synthetic structure containing clustered manno-
syl structures on a peptide scaffold, resembling the recently synthesized trimeric
Le-y conjugate (28), could be considered. Alternatively, peptide mimeotopes of
carbohydrate antigens might be a useful technique (1,16). Our results also sug-
gest that vaccine-design strategies intended to deglycosylate gp120, and thereby
uncover hidden neutralization epitopes, should focus on the complex carbohy-
drates and perhaps leave the high mannose-containing structures intact, in the
hope that 2G12-like antibodies might somehow still be induced.
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The strict conservation of the ten disulfide bonds in the HIV-1 envelope glycopro-
teins (Env) suggests that they are important for folding in the endoplasmic reticu-
lum (ER) or for viral entry. To investigate the role of individual disulfide bonds, we
systematically replaced cysteines by alanines. We found that five disulfide bonds
are essential for both folding and viral entry. Surprisingly, two disulfide bonds
could be mutagenized without abrogating folding or function. The remaining three
disulfide bonds are elementary for viral fitness despite their dispensability for fold-
ing. Thus, approval from the quality control to leave the ER is based on ‘folded-
ness’, which in turn does not necessarily warrant protein functionality.

Introduction

The HIV-1 envelope glycoproteins (Env) are the sole viral proteins present on the
surface of virions (2). Env is synthesized as a 160 kDa precursor protein (gp160),
which folds and trimerizes in the endoplasmic reticulum (ER) of the host cell,
where it obtains ten disulfides and up to 30 N-linked glycans depending on the viral
isolate (24). In the Golgi complex, gp160 is cleaved by a cellular protease into a sol-
uble subunit, gp120, and a transmembrane subunit, gp41 (30, 44), and the two sub-
units remain non-covalently associated on the surface of infected cells and virions.
Together, the two Env subunits mediate viral entry: gp120 is responsible for bind-
ing to the receptor (CD4) and the coreceptor (CCR5 or CXCR4) on the host cell, and
gp41 is needed for subsequent fusion of the viral and cellular membranes (11, 13,
51). Although viral entry is accomplished only by the joint effort of the two sub-
units, some gp120 dissociates from gp41. Whether gp120 dissociation is necessary
for gp41 mediated membrane fusion is still a matter of debate, but shedding of
gp120 may enhance viral immune evasion, because freely floating gp120 mole-
cules could act as decoy to fool the immune system of the host (29, 36, 39).
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Maturing Env is a substrate for the same folding machinery as any cellular
protein that travels along the secretory pathway. Both signal sequence (or leader
peptide) removal and N-glycosylation occur cotranslationally as soon as matur-
ing ER substrates enter into the lumen of the ER. Folding and disulfide bond for-
mation also commence cotranslationally, but these processes continue for min-
utes or hours after translation is completed. Folding is assisted by ER resident
proteins or so-called chaperones. They transiently associate with folding interme-
diates to catalyze slow folding events and to prevent aggregation or other
unwanted interactions with their environment (45). To ensure fidelity in the mat-
uration process, a variety of quality control mechanisms monitor the folded state
of ER substrates. As a rule, only correctly folded proteins can exit the ER, while
incompletely folded and misfolded proteins are retained in the ER through asso-
ciation with the ensemble of ER resident proteins (14). To prevent overpopula-
tion of the ER lumen with misfolded proteins, they can be disposed of via retro-
translocation from the ER lumen back into the cytosol, followed by proteasomal
degradation, a process referred to as ER-associated degradation (ERAD) (15, 38).

Folding of Env is slow to extremely slow depending on the viral isolate: IIIB
Env leaves the ER with a t1/2 of 30 min (12, 33), while for LAI Env exit from the
ER takes hours (22). Folding intermediates with few or non-native disulfides can
persist for hours after translation. Evidence for the employment of ER chaper-
ones during the folding process of Env is its association with BiP, calnexin and
calreticulin (12, 34, 35). Special to the folding process of Env is the late removal
of its leader peptide with a t1/2 of ~15 min for IIIB Env (25) and ~30 min for LAI
Env (22). This occurs in a conformation-dependent fashion, since some initial
folding of Env is required for leader peptide cleavage (22). Rate-limiting for fold-
ing of the gp160 precursor is the folding of gp120 (22), probably because it har-
bours the majority of glycans and disulfide bonds. Therefore, folding of the
gp120 soluble subunit alone largely reflects the folding of Env as a whole.
Although slow, the folding process is productive: few if any Env molecules are
degraded or end up in aggregates. Instead, the majority of Env reaches the native
state (22).

Sequence variability of Env among different HIV strains is notorious and in
part explains why the humoral response of many HIV-infected individuals is
inadequate. The cysteine residues however are strictly conserved among differ-
ent HIV strains. This suggests that the antigenic shield of Env may vary, but that
the disulfide-bonded structure of Env and, hence, the basic architecture of the
molecule is constant. The question is why the ten disulfide bonds of Env are con-
served. One reason could be that they contribute to the overall stability (of
domains) of the molecule. It is also possible that disulfide bonds play a part in the
conformational changes of Env during receptor binding or fusion of the viral and
the host cell. Alternatively, disulfide bonds are likely to play a critical part during
the folding process itself.

Disulfide-bond deletion mutants of ER client proteins have often shown to be
excellent tools to provide detailed insight into oxidative folding pathways and
into the contribution of disulfide bonds to the structural stability and function of
these proteins. ER client proteins that lack a particular disulfide bond are often
maturation incompetent. They either fail to fold at all and aggregate or they oxi-
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dize to species that correpond to folding intermediates of the wild-type (wt).
Some data were generated from employment of Env cysteine mutants (5, 10, 16,
18, 23, 46, 49), but together they do not give a consistent idea of the relative
importance of the ten disulfide bonds of Env for folding and function.

To systematically assess the role of all individual disulfide bonds in Env fold-
ing and function, we analyzed a complete series of mutants, where all cysteines
were replaced by alanines both individually and pair-wise. Here we report that
none of the Env disulfide bond mutants were prone to aggregation. Instead, most
mutants underwent oxidative folding at least to a certain extent. Strikingly, five
of the ten disulfide bonds could be mutagenized without preventing the formation
of a native-like conformation. These Env mutants passed the quality control and
could exit the ER. Even more surprisingly, two disulfide bonds were dispensable
for Env function. 

Materials and methods

Cells 
HeLa cells were cultured in MEM (Life technologies) supplemented with 10%
FCS (Hybond), penicillin (100 U/ml), streptomycin (100 µg/ml). C33A cervix
carcinoma cells were maintained in DMEM (Life Technologies), supplemented
with 10% FCS, penicillin and streptomycin. SupT1 T cells were cultured in
RPMI medium supplemented with 10% FCS, penicillin and streptomycin. LuSIV
cells were cultured in RPMI medium supplemented with 10% FCS, penicillin,
streptomycin and hygromycin B (41). Peripheral blood mononuclear cells
(PBMCs) were isolated from buffy coats from healthy individuals by Ficoll-
Isopaque density centrifugation. PBMCs were cultured for three days in RPMI
medium (Life Technologies Ltd., Paisley, UK) supplemented with 10% FCS,
penicillin (100 U/ml), streptomycin (100 µg/ml) and phytohemagglutinin (PHA;
5 µg/ml) and subsequently cultured in the absence of PHA but in the presence of
IL-2 (100 U/ml). 

Site-directed mutagenesis  and  subcloning
Both single mutants and double mutants of cysteine pairs were generated to elim-
inate corresponding disulfide bonds in Env. Mutants were generated by site
directed mutagenesis, either by the pALTER system (Promega), or by the
Quickchange system (Invitrogen) according to the manufacturer’s instructions.
Mutagenic oligos were designed as follows: TGT or TGC cysteine encoding
codons were changed into GCT or, respectively, GCC alanine encoding codons
with flanking sequences of 12-14 ncts on either side. Double mutants were gen-
erated by an extra round of site-directed mutagenesis of one of the corresponding
single mutants. Mutations were confirmed by dideoxynucleotide sequencing of
the mutant Env ORFs in entirety. 

From a full length molecular clone pLAI (37) of the HIV-1LAI isolate we
cloned the SalI-XhoI fragment into pBlueScript-KS(+) (Stratagene), yielding
pBS-HIV-SX. The vpu and tat sequences were eliminated by digestion with SalI
and BbsI, Klenow treatment and subsequent religation. To render the KpnI site
unique to the Env encoding sequence, the KpnI site in the polylinker was
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destroyed by Klenow treatment and subsequent religation. To render the HindIII
site unique to the env sequence, the XbalI and HindIII site in the polylinker were
filled in with Klenow and religated, destroying the HindIII site but restoring the
XbaI site, yielding pBS-gp160. A stop codon was introduced just behind the
cleavage site between the gp120 and gp41 sequences by PCR, yielding pBS-
gp120. For some site directed mutagenesis rounds pALTER-Env was used, which
was constructed by cloning the KpnI-HindIII fragment from pBS-Env-gp160 into
the polylinker of pALTER. For folding assays, mutant Env ORFs were excized
from pBS-gp160 or pBS-gp120 as NotI-XhoI fragments before they were sub-
cloned into pcDNA3 (Invitrogen), yielding pcDNA3-gp160 or pcDNA3-gp120.
For functional assays, mutant Env ORFs were first excized from pBS-gp160 as
NdeI-HindIII fragments and subcloned into pRS1. pRS1 was generated as fol-
lows. First, the SalI-BamHI fragment from pLAI was cloned into pUC18
(Roche). Second, the PstI-StuI fragment from the resulting plasmid was cloned
into pBS-gp160, rendering the HindIII site in the Env ORF unique. pRS1 does
contain the vpu and tat sequences. Subsequently, mutant Env ORFs were cloned
back from pRS1 into pLAI as SalI-BamHI fragments. 

Heterologous expression  and  folding assays
Recombinant vaccinia virus expressing the T7 polymerase (17) was used to drive
expression of Env mutants under control of the T7 promoter. Subconfluent HeLa
cells were grown at 37°C in 35 mm dishes and infected with a multiplicity of infec-
tion (m.o.i.) of 4. Thirty minutes post-infection, cells were transfected with a mix-
ture of 4 mg of mutant or wild-type (wt) pcDNA-gp120 or pcDNA3-gp160, and 10
µl Lipofectase (Invitrogen), according to the manufacturer’s instructions. 

Pulse-chase experiments were performed essentially as described (6, 22). Five
hours after infection, cells were depleted of cysteine and methionine for 15 min
before they were pulse-labeled for 2 min with 50 µCi of Redivue pro-mix L-[35S]
in vitro labeling mix (AP Biotech). Cells were chased for various intervals in
medium containing excess unlabeled cysteine and methionine. At the end of the
chase, cells were transferred on ice and free sulfhydryl groups were alkylated by
addition of NEM. Cells were lysed with detergent and the nuclei were removed
by centrifugation. Post-nuclear lysates were immunoprecipitated with polyclonal
antibodies directed against Env. In addition, secreted gp120 molecules were
immunoprecipitated from the culture media at later chase times. Immune precip-
itates of Env proteins were treated with Endoglycosidase H and samples were
analyzed by reducing or non-reducing SDS-PAGE. Gels were dried and signals
were detected on Biomax MR films (Kodak).

Viruses and infections
SupT1 cells were transfected with 10 µg wt or mutant pLAI constructs by elec-
troporation as described previously (9). Virus spread was measured for 14 days
using CA-p24 ELISA as described previously (19). Virus stocks were produced
as follows: C33A cells were transfected with 10 µg WT or mutant pLAI con-
structs by CaPO4 precipitation. Three days post-transfection of C33A cells, virus
containing culture supernatants were harvested, filtered and stored at -80ºC. Virus
concentrations were quantitated by capsid CA-p24 ELISA. These values were
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used to normalize the amount of virus for infection experiments. 50x103 PBMCs
were infected with 50 ng CA-p24 of C33A-produced HIV-1LAI per well in a 96-
well plate and subsequent virus spread was measured as described above.

Virus entry and infectivity assays
300x103 cells LuSIV cells, stably transfected with an LTR-luciferase construct
(41), were incubated with 100 ng CA-p24 of C33A-produced HIV-1LAI per well
in a 48-well plate. Cells were maintained in the presence of 200 nM saquinavir
to prevent additional rounds of virus replication. Luciferase activity was deter-
mined after 48 hrs as a measure for viral entry. The 50% tissue culture infectious
dose (TCID50) in SupT1 cells was determined after 14 days by endpoint dilution. 

Ultracentrifugation of virions
C33A cells were tranfected with 40 µg pLAI per T75 flask. Medium was refreshed
at day one post-transfection. At 3 days post-transfection, cells and culture media
were harvested. Cells were resuspended in 1.0 ml of lysis buffer. Culture media
were centrifuged and passed through a 0.45 µm filter to remove residual cells and
debris. Virus particles were pelleted from filtered culture media by ultracentrifuga-
tion (100.000 g for 45 min at 4°C) and resuspended in 0.5 ml lysis buffer (50mM
Tris (pH 7.4) 10mM EDTA, 100mM NaCl, 1% SDS). The virus-free supernatant,
containing shed gp120, was concentrated using Amicon centrifugal filter units
(Millipore, Bedford, MA) and SDS was added to a final solution of 1%.

Quantitation of gp120 by ELISA
Concentrations of gp120 in cell, virion and supernatant fractions were measured
as described previously (28, 42), with some modifications. ELISA plates were
coated overnight with sheep antibody D7324 (10 µg/ml; Aalto Bioreagents,
Ratharnham, Dublin, Ireland), directed to the gp120 C5 region, in 0.1 M
NaHCO3. After blocking by 2% milk in Tris-buffered saline (TBS) for 30 min.,
gp120 was captured by incubation for 2 hr at room temperature. Recombinant
HIV-1LAI gp120 (Progenics Pharmaceuticals, Inc. Tarrytown, NY) was used as a
reference. Unbound gp120 was washed away with TBS and purified HIV-1+

serum Ig (HIVIg) was added for 1.5 hr in 2% milk, 20% sheep serum (SS), 0.5%
Tween. HIVIg binding was detected with alkaline phosphatase conjugated goat
anti-human Fc (1:10000, Jackson Immunoresearch, West Grove, PA) in 2% milk,
20% SS, 0.5% Tween. Detection of alkaline phosphatase activity was performed
using AMPAK reagents (DAKO, Carpinteria, CA). The measured gp120 contents
in cells, virus and supernatant were normalized for CA-p24.

Nomenclature of cysteine mutants and distribution of disulfide bond 
Although we used HIV-1LAI Env, numbering is based on the HIV-1HXB2 isolate to
facilitate the identification of amino-acid positions in Env (http://www.hiv.lanl.
gov/content/hiv-db). C54Aand C74Arefer to the single mutants and, respectively,
C54A/C74A to the double mutant of disulfide bond 54-74; C119A/C205A to the
double mutant of disulfide bond 119-205, etc. The gp41 part of Env contains a sin-
gle disulfide bond: 598-604, while the gp120 part harbours the remaining nine
disulfide bonds (Fig. 1A). The gp120 soluble subunit (SU) consists of a core that is
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Fig. 1. Schematic of the gp160 precursor. A. The gp41 membrane spanning subunit (TM) is
depicted in grey and the signal peptide is indicated in black. Disulfide bonds and cysteines
are depicted in red. Cysteine residue numbers are indicated. The gp120 soluble subunit (SU)
consists of a core that is composed of conserved regions C1 to C5 (indicated in dark blue).
The protein loops that protrude from the gp120 core (indicated in light blue) contain the
variable regions V1 to V5. N-glycans of both the modified (Y) and high mannose type (F) are
indicated (24). B. Ribbon structure is shown for the crystal structure of gp120 (21). The cys-
teines and hence disulfide bonds are shown as space filling yellow spheres. Note that the
C1 region including the 54-74 disulfide bond is absent. Only the stem of the V1/V2 loops is
present. Consequently, the 131-157 disulfide bond at the stem of the V1 loop alone is
absent. The V3 and V4 loops are also absent from the core crystal structure of gp120. 
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composed of conserved regions C1 to C5. This gp120 core forms the CD4 binding
part of Env and largely overlaps with the available with available crystal structures
of gp120 (21)(Fig. 1B). The protein loops that protrude from the gp120 core con-
tain the variable regions V1 to V5. The most prominent loops, which harbour the
V1 and V2 regions, have three disulfide bonds at their stem: 119-205, 126-196,
and 131-157. The gp120 core counts six disulfide bonds. Two of these are found at
the base of the V3 and V4 loops: 296-331 and, respectively, 385-418. The C1
region contains a single disulfide bond: 54-74, while the C2 region harbors two
disulfide bonds: 218-247 and 228-239. The C3 and C4 regions are covalently
linked by the 378-445 disulfide bond.

Results

Maturation of Env in a vaccinia T7 expression system 
To investigate Env maturation we chose to express gp160 or the soluble subunit
gp120 in HeLa cells from plasmids under control of the T7 promoter, by using a
recombinant Vaccinia virus vector system (17). We employed three previously
developed assays (22), to monitor maturation of both gp160 and gp120 proteins by
pulse-chase analysis. 1) We analyzed SDS PAGE mobility changes in alkylated,
nonreduced samples after various chase periods as a measure for disulfide bond
formation. 2) By analyzing the same samples by SDS PAGE under reducing con-
ditions, we followed signal peptide cleavage as a second measure for Env folding.
3) gp120 was harvested from the culture media at later chase times and analyzed
by SDS PAGE as a measure for exit from the ER and subsequent secretion.

In nonreduced samples wt gp120 appeared as a faint fuzzy band in the 0 min
chase sample (Fig. 2, left panels). The corresponding reduced sample appeared
as a discrete band, which implied that already directly after the pulse the protein
was subject to initial disulfide bond formation. Both the reduced and nonreduced
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Fig. 2. Folding of wt Env as monitored for VVT7 expressed gp120 and gp160. HeLa cell were
infected with VVT7 and transfected with plasmids encoding gp120 (left panels) or gp160
(right panels). Cells were pulse labeled for 2 min and chased for the indicated times. Cells
were lysed and Env proteins were immunoprecipitated from lysates. Immunoprecipitates
were deglycosylated and analyzed by nonreducing or reducing 7.5% (gp120) or 6% (gp160)
SDS PAGE. Folding intermediates (ITs), the native form (NT), the reduced state from which
the signal peptide was cleaved off (Rc) or not (Ru) are indicated. 
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bands rapidly increased in intensity at 5 min after the pulse, indicating that very
early folding intermediates were poorly recognized by the antibodies. At interme-
diary chase times most nonreduced gp120 molecules were present in a smear of
various partially oxidized folding intermediates (ITs). Through progressive oxi-
dizing steps they reached a band of highest mobility that corresponded to the
native fully, oxidized form of the protein (NT). Concomitantly, a second band of
higher mobility appeared in the reduced samples, which increased with time. This
band represented gp120 molecules from which the signal peptide was removed.
The majority of gp120 molecules had correctly folded at later chase times as evi-
dent from appearance of the native band and signal peptide removal (Rc =
reduced cleaved versus Ru = reduced uncleaved). 

For gp160 we observed similar folding kinetics as for gp120 when expressed
alone, except that differences in mobility were somewhat less evident because of
the larger size of gp160 (Fig. 2, right panels). Neither gp120 nor gp160 did form
aggregates. Moreover, the total signal of intracellular and secreted gp120 did not
markedly decrease with time, indicating that no gp120 was degraded. Thus, mat-
uration of Env was slow but productive. That Env folded correctly and eventual-
ly could exit the ER and travel further along the secretory pathway was evident
from the appearance of gp120 in the culture media at later chase times (results
not shown). 

Taken together, our findings were in agreement with earlier studies that stud-
ied Env maturation in HIV infected SupT1 cells (9) or in the context of gp120 or
gp160 expressing recombinant vaccinia viruses (22). This validated the T7 pro-
moter driven expression system as an excellent tool to monitor differences in the
maturation of our collection of Env cysteine mutants. 

Variable effects of cysteine deletions on Env maturation
To investigate the role of particular disulfide bonds in maturation of Env, we
expressed cysteine mutants in the VVT7 system and analyzed them by pulse-chase
analysis. The elimination of single cysteines or cysteine pairs had variable effects
on maturation kinetics and efficiency of Env, as shown for gp120 (Fig. 3A). Some
mutants clearly displayed oxidative folding, as evident from the appearance of dis-
crete folding intermediates or even native bands in nonreduced gels. Other
mutants were folding deficient as evident from the absence of folding intermedi-
ates or native bands. Results were similar for corresponding gp160 variants (data
not shown). Ofcourse, for gp41 mutants gp160 variants are shown (Fig. 3A). Data
on maturation of the complete set of mutants are summarized in table 1. 

Env mutants defective in folding
Mutants of five out of ten disulfide bonds were folding deficient: mutants of the
single disulfide bond in the C1 region (54-74), of the two disulfide bonds in the
C2 region (218-247 and 228-239), of the single disulfide bond at the stem of the
V3 loop (296-331), and of the single disulfide bond at the stem of the V4 loop
(385-418) (Fig. 1A). Maturation was most severely affected in mutants of 218-
247: signal sequence cleavage was undetectable (Fig. 3, reduced) and appearance
of more oxidized Env species was minimal although faint ‘smears’ of Env species
at later chase periods with faster mobility than the Env species at 0 min chase
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Fig. 3. Folding of cysteine mutants of Env. A. Mutants were analyzed as in Fig. 2. Excerpts of
gels displaying folding intermediates etc. are shown for all mutants. For 598-604 mutants
gp160 variants are shown, but for all other mutants gp120 variants are shown. B. From the
corresponding nonreduced gels as shown in A, full lanes are shown of the 1 hr chase sample.



were indicative for some residual disulfide bond formation (Fig. 3, nonreduced). 
The double mutant of 228-239 was similarly folding defective as the 218-247
mutants. Conversely, the corresponding C239A single mutant underwent oxida-
tive folding, although it did not reach the NT form. In accordance with its partial
folding competence, C239A displayed some residual signal sequence cleavage
(Fig. 3A). We found similar kinetics of signal peptide cleavage from the two sin-
gle mutants of 296-331. Signal peptide removal from the corresponding
C296A/C331A double mutant was even slightly faster. Still, all 296-331 mutants
only modestly formed intermediate oxidized species as compared to C239A;
C296A more convincingly so than C331A and the double mutant. 

The 385-418 mutants showed a similar variation in oxidative folding compe-
tence as 296-331 mutants: C385A clearly formed folding intermediates, but C418
and C385A/C418A much less so. Signal peptide cleavage of all 385-418 mutants
mutants was however similar: low but detectable. In contrast, all mutants of 54-
74 partially folded to heterogeneously oxidized endpoints, although C74A
reached less oxidized species than C54A or C54A/C74A. Still, signal peptide
removal of all 54-74 mutants was minimal; only C54A/C74A displayed some
residual cleavage. In contrast to other folding deficient mutants, minute amounts
of C54A and C54A/C74A were secreted into the culture medium when expressed
as gp120 variants (table 1).

Taken together, all these mutants displayed severe folding defects. None
reached detectable amounts of NT. Some reached partially oxidized species, indi-
cating that they still folded to a certain extent. Other mutants underwent only
residual disulfide bond formation as evident from the ‘smears’. The majority of
these mutant Env species nevertheless remained non-oxidized, as evident from
the persistence of the reduced-like band that was already present at 0 min chase.
Accordingly, signal sequence cleavage and secretion of these folding incompe-
tent mutants was minimal to non-existent. 

Folding deficiency leads to aggregation and/or degradation for most mutant
proteins studied so far. Strikingly, folding incompetence of Env mutants did not
lead to their aggregation, as is clear from the absence of higher molecular weight
species at 1 hr chase (Fig. 3B). That signals of any Env mutant did not decrease
at later chase time periods any more rapidly than wt, implied that none of the
mutants were prone to degradation either, despite their prolonged ER residency
as unfolded (or misfolded) species. 

Maturation competent Env mutants
Surprisingly, mutants of five disulfide bonds were maturation competent: mutants
of the two disulfide bonds at the stem of the V1/V2 loops (119-205 and 126-196),
of the single disulfide bond at the stem of the V1 loop alone (131-157), of the
disulfide bond that bridges the C3 and C4 region (378-445), and of the single
disulfide bond in gp41 (598-604) (Fig. 1A). Folding kinetics of 126-196 and 131-
157 mutants were identical to those of wt: they reached the native state and their
signal peptide was cleaved off at a similar pace as wt (Fig. 3A). Accordingly, they
could exit from the ER as evident from secretion of gp120 variants of these
mutants, although their secretion was slightly less efficient than of wt (table 1).
The 598-604 mutants were also equally folding competent as wt (Fig. 3A). 
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Table 1. Summary of maturation and functional abilities of all Env cysteine mutants. All data
on the maturation and functionality of Env mutants were compared with wt. Behaviour of
mutants as compared to wt in various assays is arbitrarily indicated: (—) incompetence of
mutants to follow wt phenotype; (-/+) residual competence; (+), (++) and (+++) increasing
competence similar to wt.
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Folding kinetics of 119-205 mutants were slightly slower than of wt: they
reached NT and their signal peptide was cleaved off with a t1/2 of ~1 hr as
opposed to ~30 min for wt (Fig. 3A). Maturation of 378-445 mutants was even
slower: t1/2 of signal peptide removal was 2-4 hrs. Some molecules of these
mutants also fully oxidized at later chase periods, although the NT band was
faint. These mutants reached NT with kinetics more similar to wt at 30°C (results
not shown), confirming their folding competence. Except for the 598-604
mutants, all folding competent mutants displayed a discrete folding intermediate
band that persisted longer than in the folding process of wt. This suggests that,
albeit perhaps equally productive, their folding pathways were not identical to
that of wt. 
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Fig. 4. Replication and infectivity of HIV-1LAI containing cysteine substitutions in Env. A. SupT1
cells were transfected with 10 µg pLAI and virus spread was monitored for 14 days using CA-
p24 ELISA. B. Virus spread in PBMCs was measured after infection with C33A-produced virus
(50 ng CA-p24). C. Viral entry into LuSIV cells was quantified by measuring luciferase activity
48 hours after infection (upper panel). The infectivities (TCID50) in SupT1 cells were measured
by endpoint dilution (lower panel). The exact TCID50 values of the respective mutants per µg
CA-p24 are as follows: 43 (C54A/C74A); 105167 (C119A/C205A); 0 (C126A/C 196A); 0
(C131A/C157A); 50814 (C378A/C445A); 1980 (C385A/C418A) and 111169 (wt). 
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Variable effects of cysteine mutations on Env function
To investigate the role of particular disulfide bonds in Env function, we analyzed
the entry and replication of viruses with wt and mutant Env proteins. SupT1 cells
were transfected with infectious molecular clones (pLAI), containing the wt or
mutant Env sequences and virus spread was monitored for 14 days by CA-p24
ELISA (Fig. 4A). Note, that the peak at day 3, which is present in many mutants
represents transient CA-p24 production and not virus replication. Most mutant
viruses did not replicate as was reported earlier for 296-331 mutants (16, 47, 49)
and 385-418 mutants (5, 18, 23, 49). For folding incompetent mutants replication
deficiency was anticipated, but also some folding competent mutants did not
replicate. The lack of 126-196, 131-157 or 598-604 disulfide bonds were incom-
patible with viral function. In agreement with our results, defective cell entry of
C131G and C196V single mutants was reported earlier (49). Likewise, replica-
tion deficiency of the 598-604 mutants was in agreement with other studies (10,
46).

Strikingly, viruses lacking the 119-205 or the 378-445 disulfide bond did repli-
cate efficiently. The double mutants C119A/C205A and C378A/C445A replicated
with higher efficiency than the corresponding single mutants (Fig. 4A), indicating
that an odd number of cysteines in gp120 is disadvantageous for virus replication.
The C119A/C205A and C378A/C445A double mutants also replicated with kinet-
ics similar to wt in PBMCs, indicating that these viruses could propagate in natural
host cells (Fig. 4B). When an extremely high virus dose was used for infection, a
very low level of virus spread could be measured for some of the other cysteine
mutants (results not shown). Interestingly, this was most evident for C54A/C74A
and C385A/C418A in spite of their folding deficiencies (Fig. 3A). 

To establish whether these mutants could mediate viral entry and infectivity,
LuSIV cells, which contain a LTR-luciferase reporter construct (41), were infect-
ed with the respective viruses. After 48 hrs, luciferase activity was determined as
a measure for entry. The TCID50 in SupT1 cells was calculated by endpoint dilu-
tion as a measure for infectivity. As anticipated, C119A/C205A and
C378A/C445A double mutants sustained viral entry and infectivity, almost equal-
ly efficiently as wt (Fig. 4C). However, we could not detect any Env activity of
the C54A/C74A mutant in the entry assay (Fig. 4C, upper panel). TCID50 exper-
iments confirmed that this mutant was virtually non-infectious: more than 3 logs
lower than wt (Fig. 4C, lower panel). The C378A/C445A double mutant was also
defective in viral entry (Fig. 4C, upper panel), although it displayed some low
infectivity (Fig. 4C, lower panel). 

Variable incorporation of mutant Env spikes into virions
The lack of replication of the 126-196, 131-157 mutants could be caused by inef-
ficient incorporation of Env proteins, despite proper folding. We therefore meas-
ured the incorporation of gp120 in virus particles by using a gp120 ELISA on
purified virus fractions. For comparison, we measured the fraction of Env that
was retained intracellularly and the fraction of gp120 that was shed into the cul-
ture medium. For the wt construct we recovered 14% of the total amount of
gp120 from the cell fraction, 21% from the virus fraction, and 65% from the
supernatant (results not shown). In comparison we found 17% of CA-p24 protein
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in cells, 58% in the virus, and 25% in the supernatant (results not shown). The
differential distribution of gp120 and CA-p24 in the virus fraction versus super-
natant was indicative for considerable shedding of the LAI gp120 molecules
from cells and/or from viruses. We found that the molar Gag-to-Env ratio in the
wt virus sample was approximately 100:1. This corresponds to an average of 4-
8 trimeric Env spikes per virus particle, which is in accordance with previously
published results (8, 31). 

As expected, considerable amounts of C119A/C205A Env spikes were incor-
porated onto virions (Fig. 5). Still, the percentage of incorporated C119A/C205A
molecules was slightly lower than wt (~80%), while a higher percentage of
gp120 was shed from this mutant into the culture supernatant as compared wt.
Incorporation of C378A/C445A spikes into virions and gp120 shedding howev-
er was lower than wt, but this correlated with slower folding kinetics of this
mutant (Fig. 3A). Low spike density  correlated with slightly lower viral entry
and infectivity compared to wt (Fig. 4B). Nevertheless, replication in both SupT1
(Fig. 4A) and PBMCs (Fig. 4C) was similar to wt. In accordance with the matu-
ration defects of C54A/C74A and C385A/C418A alike, these mutants accumulat-
ed intracellularly, while minimal amounts of gp120 were shed into the medium,
and incorporation was ~10-fold lower than wt (Fig. 5). This would amount to less
than one spike per virion, explaining the poor infection and replication capacity
of these mutants. 

The C131A/C157A mutant was incorporated into virions with only slightly
lower efficiency than wt (~60%) and more gp120 was shed from this mutant than
from wt (Fig. 5). The Env spikes were however dysfunctional, because they
could not mediate viral entry or sustain viral infectivity (Fig. 4C). Only very low
levels of C126A/C196A Env molecules were incorporated in virus particles or
shed into the supernatant (Fig. 5), although the C126A/C196A gp120 variant was
secreted with near wt efficiency (table 1). 
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Fig. 5. Gp120 content in cell, virus and supernatant fractions of virus producing cells. gp120
and CA-p24 contents were measured by ELISA. The gp120 amounts were standardized for
CA-p24 input and the gp120 contents of mutants in the respective fractions are given as per-
centages of the wt gp120 contents.  Similar results were obtained in independent experi-
ments.



Discussion

Interference with the disulfide bonded structure of proteins that travel through the
ER generally leads to misfolding, aggregation and loss of function. In contrast,
Env was remarkably tolerant towards manipulation of its ten disulfide bonds.
Two disulfide bonds were completely dispensable for virus replication. Three
disulfide bonds were essential for the virus, but dispensable for folding, indicat-
ing that ER quality control standards do not necessarily overlap with those of the
virus. 

The gp120 core folds independently from the gp41 subunit and the V1/V2 region 
All Env mutants underwent oxidative folding i.e. at least some molecules of all
Env mutants obtained disulfide bond(s). Mutants of disulfide bonds in the gp120
core displayed mild to severe folding problems. Dependent on the mutation, they
reached different partially oxidized endpoints, as judged by differences in mobil-
ity of these species in non-reduced gels. Altogether, this implies that the gp120
core likely folds in a co-operative manner and that folding of Env as a whole is
dependent on the folding of this core. In agreement with such a scenario, confor-
mational antibodies raised against the gp120 core simultaneously recognize the
Env structure as it arises in the ER (A. Land, D. Zonneveld  and  I.B., manuscript
in preparation). 

In contrast to the gp120 core mutants, mutants of gp41 and the V1/V2 region
folded to a native state with similar kinetics as wt. The appearance of a distinct
intermediate in the folding process of the V1/V2 mutants could indicate that they
have (a minor) folding problem. Apparently, kinetics of completing the disulfide
bonded structure of the V1/V2 region were different from wt. Oxidative folding
of the V1/V2 could form a kinetic bottleneck for oxidative folding of Env at large
when one of the V1/V2 disulfide bonds was absent. That the subtle difference in
folding kinetics did not influence productivity of Env folding, implies that fold-
ing of the mutagenized domains did not interfere with folding of other domains.
Thus, folding of the gp41 and V1/V2 domains must be independent of the fold-
ing of the gp120 core.

Misfolding and narrow escapes
Dependent on the consequences for folding and function of their elimination, we
clustered the ten disulfide bonds of Env into three classes (Fig. 6): Folding and
function incompetent (class I), folding competent, but function incompetent
(class II), and folding and function competent (class III). We divided class I into
two subclasses. Class Ia contains the disulfide bonds of Env that were absolute-
ly essential for both folding and viral entry: 218-247, 218-239 and 296-331. Sim-
ilarly as the class Ia mutants the class Ib mutants (of the 54-74 and 385-418 disul-
fide bonds) only gave rise to partially oxidized Env species, that in majority still
contained their signal peptides. Unlike the class Ia mutants, the class Ib double
mutants however showed residual functionality.

How can we reconcile misfolding with viral function of Env? On average only
a single Env spike or less was incorporated per virus particle in these mutants,
which explains why infectivity was low. The fact that these mutants could repli-
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cate at all indicates that the scarce Env spikes that were incorporated into the
virus particle were fully functional. Hence, a small minority of mutant Env mol-
ecules managed to overcome the folding problems to acquire a native-like con-
formation and exit from the ER. Thus, the 54-74 and 385-418 disulfide bonds
’only’ seem to be relevant for increasing the probability of correct folding. 

That mutants of 385-418 are maturation incompetent has been reported earlier
(5, 18, 23, 49). That folding capacity of these mutants can easily be restored is
supported by the earlier observation that mutagenesis of the 385 cysteine into a
valine instead of an alanine allowed residual infectivity (49). Accordingly, we
found that in vitro evolution of the class Ib mutants readily gave rise to Env rever-
tants with increased replication capacity, while we never observed evolution of Ia
mutants (chapters 4.2 and 4.3). 
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Fig. 6. Classification of disulfide bonds of Env. Based on the effect of their elimination disul-
fide bonds were clustered in four classes. Class Ia represents disulfide bonds that were both
essential for maturation and function Env (depicted in red). Class Ib represents disulfide
bonds that are important for folding and function, but whose elimination was still compat-
ible with residual viral functionality of Env (depicted in orange). Class II represents disulfide
bonds that were dispensable for folding, yet elementary for the function of Env (depicted in
blue). Class III represents disulfide bonds that were both dispensable for maturation and
function of Env (depicted in green). 



Plasticity of the disulfide bonded structure of Env
Since all mutants differed from wt at least by the lack of one disulfide bond, one
could argue that none of the mutants could ever fold correctly, depending on the
definition of ‘correct folding’. For the class III mutants, i.e. mutants of disulfide
bonds 119-205 and 378-445, this argument is perhaps too academic, since they
must have folded to a structure comparable enough to wt to maintain their func-
tion. Similarly, a replicating SIV could be generated lacking 100 amino-acids
within gp120, including two absolutely conserved cysteines (20). 

The dispensability of these disulfide bonds raises the question why they have
been conserved during viral evolution. The loss of disulfide bonds during evolu-
tion would necessarily involve Env variants with odd cysteines, because simulta-
neous pair-wise elimination of cysteines is very unlikely to occur. We found that
the single mutants of these disulfide bonds replicated with lower efficiency than
the corresponding double mutants. This may imply that a single cysteine interme-
diate could be too much of an obstacle on the evolutionary path towards Env vari-
ants lacking a disulfide bond altogether, and hence would rule out their occur-
rance. Alternatively, these two disulfide bonds contribute to the strict integrity of
the outer antigenic shield that disguises the susceptible core of Env. In such a sce-
nario, these two disulfide bonds would be important for immune evasion and
their relevance would become manifest only during natural infection. 

Apart from its tolerance to disulfide bond deletions, the plasticity of the Env
structure is further illustrated by its leniency towards insertion of additional
disulfide bonds. Nature itself provides us with a few good examples. In some
HIV-1 isolates extra cysteine pairs were found in the V1 and V4 regions and, in
HIV-2 and SIV isolates, also in the V2 region and the gp41 ectodomain (26, 43,
50). In addition, it is possible to introduce a non-native disulfide bond between
the gp120 C5 region and gp41. This intersubunit disulfide bond renders the pro-
tein non-functional, but upon reduction of the disulfide bond it is fully active,
indicating that folding is unaffected by this extra cysteine pair (1, 3, 4). Still,
engineering additional disulfide bonds into Env is not easy. Cysteine pairs were
introduced in the gp120 core at distances sufficiently close to covalently link the
inner and outer domains by disulfide bonds. Although these mutants correctly
folded as indicated by X-ray crystallography studies, the intended additional
disulfide bonds did not form (P. Kwong, personal communication).

Envelope mutants expose fallibility of the ER quality control mechanisms
Disulfide bonds of class II, 126-196, 131-157 in the V1/V2 region and 598-604
in gp41, were essential for the virus, although mutants of these disulfide bonds
folded as efficiently as wt. Although we still need to confirm that the gp41
mutants could leave the ER, exit was evident for the V1/V2 mutants. Cleavage of
the gp160 precursor into gp120 and gp41, which occurs in the Golgi complex, is
impaired for 598-604 mutants (10, 46), explaining their loss of function. Efficient
cleavage of the gp160 precursor was however reported for a C131G and a C196V
mutant (49) and we witnessed shedding from C131A/C157A, and residually from
C126A/C196A. The V1/V2 class II mutants therefore had structural defects other
than the gp41 mutants. The quality control mechanisms in the ER however must
have failed to detect their defects. Apparently, Quality Control standards for
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‘foldedness’ are no guarantee for functionality of the ‘folded’ proteins. 
Central to ER quality control of glycoproteins stands the folding sensor UDP-

glucose:glycoprotein glucosyltransferase (UGGT). It probes the folded state of
the maturing ER substrates by interacting with both their N-glycans and peptide
backbones. Even minor local deviations from the native state trigger UGGT to
reglucosylate N-glycans, which in turn sentences the incompletely folded mole-
cules to (re-)associate with calnexin or calreticulin for an additional folding cycle
(14). UGGT however fails to recognize unstructured peptides (40, 48). The
V1/V2 region is highly flexible (Shang-Te Hsu  and  Alexandre Bonvin, manu-
script in preparation) and very hydrophilic, which may explain why UGGT failed
to recognize structural shortcomings of this region.

Apart from the retention of incompletely folded proteins, quality control must
ensure that terminally misfolded proteins are cleared from the ER lumen. Remark-
ably, none of the mutants were prone to aggregation or seemed to be degraded via
ERAD, even though for the mutants of class I  and  II the majority of Env mole-
cules never reached a native-like state and were likely beyond rescue. Apparently,
quality control failed to discriminate these mutants as misfolded species. The ER
folding machinery seemed to treat them as ratherbona fide folding intermediates,
irrespective of whether some domains had not folded yet or whether they never
would. The most oxidized species of these mutants did not appear as discrete
bands, but were fuzzy instead. In line with the idea of ongoing folding attempts,
the ‘fuzziness’of these bands could reflect incessant disulfide bond isomerization,
which is characteristic for the folding pathway of wt Env as well (22). 

Glycans of ER substrates are exploited by the quality control to distinguish
genuine folding intermediates from misfolded proteins. High mannose glycans
on partially folded ER substrates allow association of the ER chaperones calnex-
in and calreticulin. In that way, immature molecules remain substrate to the ‘on-
road’ folding pathway. By an as yet poorly understood mechanism, a mannose
monosaccharide unit is trimmed from the middle branch of N-glycans on termi-
nally misfolded ER clients by ER resident mannosidases (7). By virtue of their
trimmed mannoses, misfolded proteins are transferred from calnexin to the man-
nose lectin EDEM. This transfer targets misfolded proteins to the ‘off-road’ path-
way that ultimately results in ERAD (14). Because of the abundance of glycans
that decorate Env, complete mannose trimming of misfolded Env species may be
difficult to achieve for the mannosidase. Since release from calnexin seems nec-
essary for sequestering of ERAD candidates by EDEM (27, 32), dislocation from
the ER lumen could be impeded. That viral envelope proteins on average are
extensively glycosylated, could explain in such a scenario why they are poor
ERAD substrates. Because ERAD furnishes peptides for antigenic presentation
by MHC molecules, it indeed may be fortuitous for viruses to safeguard their
envelope glycoproteins from ERAD. 

Acknowledgements

We thank members of the Braakman and Berkhout group for helpful discussions
and Aafke Land in particular for sharing her expertise in folding assays for Env.
We thank Stephan Heynen for technical assistance. In addition, we thank Peter

92

Chapter 4.1



Kwong, Shang-Te Hsu and Alexandre Bonvin for sharing unpublished data. We
are grateful to James Binley for the gift of HIVIg, Norbert Schülke and Bill
Olson for the gift of recombinant gp120 and Janice Clements for the donation of
LuSIV cells. This work was supported by grants from NWO-MW (EvA, IB) and
the Dutch AIDS fund (IB, BB)

References

1. Abrahamyan, L. G., R. M. Markosyan, J. P. Moore, F. S. Cohen, and G. B. Melikyan 2003.
Human immunodeficiency virus type 1 Env with an intersubunit disulfide bond engages corecep-
tors but requires bond reduction after engagement to induce fusion. J. Virol. 77:5829-36.

2. Allen, J., T. H. Lee, M. F. McLane, J. Sodroski, W. Haseltine, and M. Essex 1983. Identifica-
tion of the major envelope glycoprotein product of HTLV-III. Science. 228:1091-1094.

3. Binley, J. M., C. S. Cayanan, C. Wiley, N. Schulke, W. C. Olson, and D. R. Burton 2003.
Redox-triggered infection by disulfide-shackled human immunodeficiency virus type 1
pseudovirions. J. Virol. 77:5678-84.

4. Binley, J. M., R. W. Sanders, B. Clas, N. Schuelke, A. Master, Y. Guo, F. Kajumo, D. J. Ansel-
ma, P. J. Maddon, W. C. Olson, and J. P. Moore 2000. A recombinant human immunodeficien-
cy virus type 1 envelope glycoprotein complex stabilized by an intermolecular disulfide bond
between the gp120 and gp41 subunits is an antigenic mimic of the trimeric virion-associated
structure. J. Virol. 74:627-43.

5. Bolmstedt, A., A. Hemming, P. Flodby, P. Berntsson, B. Travis, J. P. Lin, J. Ledbetter, T. Tsu,
H. Wigzell, S. L. Hu, and et al. 1991. Effects of mutations in glycosylation sites and disulphide
bonds on processing, CD4-binding and fusion activity of human immunodeficiency virus enve-
lope glycoproteins. J. Gen. Virol. 72:1269-77.

6. Braakman, I., H. Hoover-Litty, K. R. Wagner, and A. Helenius 1991. Folding of influenza
hemagglutinin in the endoplasmic reticulum. J. Cell Biol. 114:401-11.

7. Cabral, C. M., Y. Liu, and R. N. Sifers 2001. Dissecting glycoprotein quality control in the
secretory pathway. Trends Biochem. Sci. 26:619-24.

8. Chertova, E., J. W. Bess Jr, Jr., B. J. Crise, I. R. Sowder, T. M. Schaden, J. M. Hilburn, J. A.
Hoxie, R. E. Benveniste, J. D. Lifson, L. E. Henderson, and L. O. Arthur 2002. Envelope gly-
coprotein incorporation, not shedding of surface envelope glycoprotein (gp120/SU), Is the pri-
mary determinant of SU content of purified human immunodeficiency virus type 1 and simian
immunodeficiency virus. J. Virol. 76:5315-25.

9. Das, A. T., A. Land, I. Braakman, B. Klaver, and B. Berkhout 1999. HIV-1 evolves into a non-
syncytium-inducing virus upon prolonged culture in vitro. Virology 263:55-69.

10. Dedera, D., R. L. Gu, and L. Ratner 1992. Conserved cysteine residues in the human immun-
odeficiency virus type 1 transmembrane envelope protein are essential for precursor envelope
cleavage. J. Virol. 66:1207-9.

11. Doms, R. W., and J. P. Moore 2000. HIV-1 membrane fusion: targets of opportunity. J. Cell Biol.
151:F9-14.

12. Earl, P. L., B. Moss, and R. W. Doms 1991. Folding, interaction with GRP78-BiP, assembly, and
transport of the human immunodeficiency virus type 1 envelope protein. J. Virol. 65:2047-55.

13. Eckert, D. M., and P. S. Kim 2001. Mechanisms of viral membrane fusion and its inhibition.
Annu. Rev. Biochem. 70:777-810.

14. Ellgaard, L., and A. Helenius 2003. Quality control in the endoplasmic reticulum. Nat. Rev.
Mol. Cell Biol. 4:181-91.

15. Fewell, S. W., K. J. Travers, J. S. Weissman, and J. L. Brodsky 2001. The action of molecular
chaperones in the early secretory pathway. Annu. Rev. Genet. 35:149-91.

16. Freed, E. O., and R. Risser 1991. Identification of conserved residues in the human immunode-
ficiency virus type 1 principal neutralizing determinant that are involved in fusion. AIDS Res.
Hum. Retroviruses. 7:807-11.

93

Env cysteine mutants



17. Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss 1986. Eukaryotic transient-expression sys-
tem based on recombinant vaccinia virus that synthesizes bacteriophage T7 RNA polymerase
Proc. Natl. Acad. Sci. USA83:8122-6.

18. Hemming, A., A. Bolmstedt, P. Flodby, L. Lundberg, M. Gidlund, H. Wigzell, and S. Olofs-
son 1989. Cystein 402 of HIV gp 120 is essential for CD4-binding and resistance of gp 120 to
intracellular degradation. Arch. Virol. 109:269-76.

19. Jeeninga, R. E., M. Hoogenkamp, M. Armand-Ugon, M. de Baar, K. Verhoef, and B. Berk-
hout 2000. Functional differences between the long terminal repeat transcriptional promoters of
human immunodeficiency virus type 1 subtypes A through G. J. Virol. 74:3740-51.

20. Johnson, W. E., J. Morgan, J. Reitter, B. A. Puffer, S. Czajak, R. W. Doms, and R. C.
Desrosiers 2002. A replication-competent, neutralization-sensitive variant of simian immunode-
ficiency virus lacking 100 amino-acids of envelope. J. Virol. 76:2075-86.

21. Kwong, P. D., R. Wyatt, J. Robinson, R. W. Sweet, J. Sodroski, and W. A. Hendrickson 1998.
Structure of an HIV gp120 envelope glycoprotein in complex with the CD4 receptor and a neu-
tralizing human antibody. Nature. 393:648-59.

22. Land, A., D. Zonneveld, and I. Braakman 2003. Folding of HIV-1 envelope glycoprotein
involves extensive isomerization of disulfide bonds and conformation-dependent leader peptide
cleavage. FASEB J. 17:1058-67.

23. Lekutis, C., U. Olshevsky, C. Furman, M. Thali, and J. Sodroski 1992. Contribution of disul-
fide bonds in the carboxyl terminus of the human immunodeficiency virus type I gp120 glycopro-
tein to CD4 binding. J. Acquir. Immune Defic. Syndr. 5:78-81.

24. Leonard, C. K., M. W. Spellman, L. Riddle, R. J. Harris, J. N. Thomas, and T. J. Gregory
1990. Assignment of intrachain disulfide bonds and characterization of potential glycosylation
sites of the type 1 recombinant human immunodeficiency virus envelope glycoprotein (gp120)
expressed in Chinese hamster ovary cells. J. Biol. Chem. 265:10373-82.

25. Li, Y., L. Luo, D. Y. Thomas, and C. Y. Kang 1994. Control of expression, glycosylation, and
secretion of HIV-1 gp120 by homologous and heterologous signal sequences. Virology. 204:266-
78.

26. Mokili, J. L., M. Rogers, J. K. Carr, P. Simmonds, J. M. Bopopi, B. T. Foley, B. T. Korber, D.
L. Birx, and F. E. McCutchan 2002. Identification of a novel clade of human immunodeficien-
cy virus type 1 in Democratic Republic of Congo. AIDS Res. Hum. Retroviruses. 18:817-23.

27. Molinari, M., V. Calanca, C. Galli, P. Lucca, and P. Paganetti 2003. Role of EDEM in the
release of misfolded glycoproteins from the calnexin cycle. Science. 299:1397-400.

28. Moore, J. P., and D. D. Ho 1993. Antibodies to discontinuous or conformationally sensitive epi-
topes on the gp120 glycoprotein of human immunodeficiency virus type 1 are highly prevalent in
sera of infected humans. J. Virol. 67:863-75.

29. Moore, J. P., P. W. Parren, and D. R. Burton 2001. Genetic subtypes, humoral immunity, and
human immunodeficiency virus type 1 vaccine development. J. Virol. 75:5721-9.

30. Moulard, M., and E. Decroly 2000. Maturation of HIV envelope glycoprotein precursors by cel-
lular endoproteases. Biochim. Biophys. Acta. 1469:121-32.

31. O’Brien, W. A., S. H. Mao, Y. Cao, and J. P. Moore 1994. Macrophage-tropic and T-cell line-
adapted chimeric strains of human immunodeficiency virus type 1 differ in their susceptibilities
to neutralization by soluble CD4 at different temperatures. J. Virol. 68:5264-9.

32. Oda, Y., N. Hosokawa, I. Wada, and K. Nagata 2003. EDEM as an acceptor of terminally mis-
folded glycoproteins released from calnexin. Science. 299:1394-7.

33. Otteken, A., P. L. Earl, and B. Moss 1996. Folding, assembly, and intracellular trafficking of the
human immunodeficiency virus type 1 envelope glycoprotein analyzed with monoclonal antibod-
ies recognizing maturational intermediates. J. Virol. 70:3407-15.

34. Otteken, A., and B. Moss 1996. Calreticulin interacts with newly synthesized human immunod-
eficiency virus type 1 envelope glycoprotein, suggesting a chaperone function similar to that of
calnexin. J. Biol. Chem. 271:97-103.

35. Ou, W. J., J. J. Bergeron, Y. Li, C. Y. Kang, and D. Y. Thomas 1995. Conformational changes
induced in the endoplasmic reticulum luminal domain of calnexin by Mg-ATP and Ca2+. J. Biol.
Chem. 270:18051-9.

36. Parren, P. W., D. R. Burton, and Q. J. Sattentau 1997. HIV-1 antibody—debris or virion? Nat.
Med. 3:366-7.

94

Chapter 4.1



37. Peden, K., M. Emerman, and L. Montagnier 1991. Changes in growth properties on passage in
tissue culture of viruses derived from infectious molecular clones of HIV-1LAI, HIV-1MAL, and
HIV-1ELI. Virology 185:661-72.

38. Plemper, R. K., and D. H. Wolf 1999. Retrograde protein translocation: ERADication of secre-
tory proteins in health and disease. Trends Biochem. Sci. 24:266-70.

39. Poignard, P., E. O. Saphire, P. W. Parren, and D. R. Burton 2001. gp120: Biologic aspects of
structural features. Annu. Rev. Immunol. 19:253-74.

40. Ritter, C., and A. Helenius 2000. Recognition of local glycoprotein misfolding by the ER fold-
ing sensor UDP-glucose:glycoprotein glucosyltransferase. Nat. Struct. Biol. 7:278-80.

41. Roos, J. W., M. F. Maughan, Z. Liao, J. E. Hildreth, and J. E. Clements 2000. LuSIV cells: a
reporter cell line for the detection and quantitation of a single cycle of HIV and SIV replication
Virology 273:307-15.

42. Sanders, R. W., M. Venturi, L. Schiffner, R. Kalyanaraman, H. Katinger, K. O. Lloyd, P. D.
Kwong, and J. P. Moore 2002. The mannose-dependent epitope for neutralizing antibody 2G12
on human immunodeficiency virus type 1 glycoprotein gp120. J. Virol. 76:7293-305.

43. Santiago, M. L., F. Bibollet-Ruche, E. Bailes, S. Kamenya, M. N. Muller, M. Lukasik, A. E.
Pusey, D. A. Collins, R. W. Wrangham, J. Goodall, G. M. Shaw, P. M. Sharp, and B. H. Hahn
2003. Amplification of a complete simian immunodeficiency virus genome from fecal RNA of a
wild chimpanzee. J. Virol. 77:2183-42.

44. Stein, B. S., and E. G. Engleman 1990. Intracellular processing of the gp160 HIV-1 envelope
precursor. Endoproteolytic cleavage occurs in a cis or medial compartment of the Golgi complex.
J. Biol. Chem. 265:2640-9.

45. Stevens, F. J., and Y. Argon 1999. Protein folding in the ER. Semin. Cell. Dev. Biol. 10:443-54.
46. Syu, W. J., W. R. Lee, B. Du, Q. C. Yu, M. Essex, and T. H. Lee 1991. Role of conserved gp41

cysteine residues in the processing of human immunodeficiency virus envelope precursor and
viral infectivity. J. Virol. 65:6349-52.

47. Travis, B. M., T. I. Dykers, D. Hewgill, J. Ledbetter, T. T. Tsu, S. L. Hu, and J. B. Lewis 1992.
Functional roles of the V3 hypervariable region of HIV-1 gp160 in the processing of gp160 and
in the formation of syncytia in CD4+ cells. Virology 186:313-7.

48. Trombetta, E. S., and A. Helenius 2000. Conformational requirements for glycoprotein reglu-
cosylation in the endoplasmic reticulum. J. Cell Biol. 148:1123-29.

49. Tschachler, E., H. Buchow, R. C. Gallo, and M. S. Reitz, Jr. 1990. Functional contribution of
cysteine residues to the human immunodeficiency virus type 1 envelope. J. Virol. 64:2250-9.

50. Wang, W. K., M. Essex, and T. H. Lee 1996. Single amino-acid substitution in constant region
1 or 4 of gp120 causes the phenotype of a human immunodeficiency virus type 1 variant with
mutations in hypervariable regions 1 and 2 to revert. J. Virol. 70:607-11.

51. Wyatt, R., and J. Sodroski 1998. The HIV-1 envelope glycoproteins: fusogens, antigens, and
immunogens. Science. 280:1884-8.

95

Env cysteine mutants





Chapter 4.2

A stable β-sheet fold can substitute for a
disulfide bond in HIV-1 gp120

Rogier W. Sanders1, Shang-Te D. Hsu2, Eelco van Anken3, Marije Liscaljet3,
Sonja Tillemans3, Els Busser1, Martijn Dankers1, Ineke Braakman3, 

Alexandre M. J. J. Bonvin2, Ben Berkhout1

1Dept. of Human Retrovirology, Academic Medical Center, University of Amsterdam,

Meibergdreef 15, 1105 AZ Amsterdam, The Netherlands
2Dept. NMR Spectroscopy, Bijvoet Center for Biomolecular Research, Utrecht University,

Padualaan 8, 3584 CH Utrecht, The Netherlands
3Dept. Bio-organic chemistry, Bijvoet Center for Biomolecular Research, Utrecht University,

Padualaan 8, 3584 CH Utrecht, The Netherlands

Protein folding is studied at several levels. First, the formation of secondary
structure elements such as α-helices and β-sheets can be investigated. Second,
the acquisition of tertiary structure and disulfide bonds during oxidative folding
in the endoplasmic reticulum (ER) in vivo can be studied. Third, one can analyze
the results of a completed folding process as a protein is secreted or expressed at
the cell surface, the ultimate test being the analysis of function. The correlates of
these different levels of protein folding are mostly unclear. We generated an HIV-
1 gp120 variant through virus evolution that is functional despite the lack of the
disulfide bond at the base of the V4 domain that is otherwise required for virus
replication and gp120 activity. Biochemical and computational analyses indicate
that virus replication is restored through the improvement of local hydrogen
bonding and stabilization of a local β-sheet fold. This study provides proof that a
critically important disulfide bond can be functionally replaced by an alternative
protein structure motif. It also provides evidence for the proposal that local pro-
tein stability is an important factor in escape from ER quality control during pro-
tein biosynthesis. Furthermore, our data indicate that β-sheet preference is a
determinant in directing protein stability and protein folding in vivo and that β-
sheet rules deduced from experiments with small model proteins also hold for the
intricate chaperone-assisted folding of a complicated glycoprotein such as gp120.

Introduction

The HIV-1 envelope glycoprotein complex (Env) mediates viral attachment and
entry in susceptible cells. The surface subunit (SU; gp120) sequentially binds the
CD4 receptor and either CCR5 or CXCR4 as a coreceptor (41, 60). Subsequent
conformational changes result in fusion of viral and cellular membranes, mediat-
ed by the transmembrane glycoprotein (TM; gp41) (13, 18). Env is synthesized
as a gp160 precursor protein, which is cotranslationally translocated into the
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endoplasmic reticulum (ER). Here, Env acquires carbohydrate chains and disul-
fide bonds, it folds, trimerizes and looses its leader peptide (30). Like folding of
any other glycoprotein, gp160 folding is assisted by molecular chaperones.
gp160 transiently associates with the ER resident chaperones BiP, calnexin and
calreticulin (12, 26, 39). Subsequently, gp160 is transported to the Golgi complex
where it is cleaved into gp120 and gp41, which stay associated non-covalently
(38, 54). In addition, part of the ~30 carbohydrates are modified here (31).

Most proteins have the intrinsic capacity to acquire their unique three-dimen-
sional structure in a spontaneous and autonomous manner, depending only on the
amino-acid sequence and a native environment (22). It was assumed that folding
rules based on in vitro folding experiments with small model proteins could be
applied to the description of protein folding in living cells. However, complicat-
ed proteins need assistance from chaperones to fold properly and there is no
direct evidence that these simple folding rules also apply to chaperone–assisted
protein folding in the ER.

We have previously studied the role of individual disulfide bonds in oxidative
Env folding. Five out of ten disulfide bonds were dispensable for folding. Sur-
prisingly, two were also largely dispensable for Env function and viral replica-
tion. The remaining five disulfide bonds were required for proper oxidative fold-
ing of Env in the ER. The advantage of using Env over other models for
glycoprotein folding is that HIV-1 provides the possibility for protein evolution
when a mutant protein is tested in replication competent HIV-1. We used virus-
driven protein evolution to further characterize the significance and role of spe-
cific disulfide bonds. In the current study, we describe an escape variant of an Env
mutant lacking the conserved disulfide bond at the base of the V4 domain. This
disulfide bond excludes the V4 loop from the gp120 core and is required for prop-
er oxidative folding of wt gp120 and virus replication. In the evolved variant, the
role of the disulfide bond during folding is replaced by increased local hydrogen
bonding within a β-sheet fold, which results in an escape from ER quality con-
trol and restored virus replication.

Materials and Methods

Cloning
The pRS1, pcDNA3-Env-gp120 and pLAI plasmids containing the appropriate
mutations in the env gene were generated as described previously (chapter 4.1).
PCR-generated gp120 sequences from evolved viruses (see below) were cloned
into the pRS1 shuttle vector using the BsaB1 and Nhe1 sites and subsequently
cloned into the pLAI infectious molecular clone (40) asSalI-BamHI fragments.
NotI-XhoI fragments were subcloned into the pcDNA3 expression vector for use
in folding experiments. Numbering of individual amino-acids is based on the
sequence of HXB2 gp160.

Cells and transfections
HeLa cells (ATCC) and HT1080 cells were cultured in MEM (Life technologies)
supplemented with 10% FCS (Hybond), penicillin (100 U/ml), streptomycin (100
µg/ml). Peripheral blood mononuclear cells (PBMCs) were isolated from buffy
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coats from healthy individuals by Ficoll-Isopaque density centrifugation. PBMCs
were cultured for three days in RPMI medium (Life Technologies Ltd., Paisley,
UK) supplemented with 10% FCS, penicillin (100 U/ml), streptomycin (100
µg/ml) and phytohemagglutinin (PHA; 5 µg/ml) and subsequently cultured with-
out PHA, but with IL-2 (100 U/ml). SupT1 cells were cultured in RPMI medium
supplemented with 10% FCS, penicillin and streptomycin. LuSIV cells were cul-
tured in RPMI medium supplemented with 10% FCS, penicillin, streptomycin and
hygromycin B (44). C33A cervix carcinoma cells were maintained in DMEM
(Life Technologies), supplemented with 10% FCS, penicillin and streptomycin, as
previously described (45). SupT1 and C33A cells were transfected with pLAI by
electroporation and Ca3(PO4)2 precipitation, respectively, as described previously
(9).

Viruses and infections
Virus stocks were produced by transfecting C33A cells with the appropriate pLAI
constructs. The virus containing supernatant was harvested 3 days post-transfec-
tion, filtered and stored at -80ºC and the virus concentration was quantitated by
capsid CA-p24 ELISA as described previously (23). These values were used to
normalize the amount of virus in subsequent infection experiments. Infection
experiments were performed as follows. 50x103 SupT1 T cells or PBMCs were
infected with 20 or 500 ng CA-p24, respectively, of C33A-produced HIV-1LAI per
well in a 24-well plate, and virus spread was measured for 14 days using CA-p24
ELISA. 

Virus evolution
For evolution experiments, SupT1 cells were transfected with 10 µg pLAI con-
structs by electroporation, and virus cultures were inspected regularly for the
emergence of revertant viruses by CA-p24 ELISA and/or the appearance of syn-
cytia. At regular intervals, cells and filtered supernatant were stored at -80ºC and
virus was quantitated by CA-p24 ELISA. When a revertant virus was identified,
DNA was extracted from infected cells (10) and proviral gp120 sequences were
PCR-amplified with primers A (5’-GCTCCATGGCTTAGGGCAACATATATC-
TATG-3’) and B (5’-GTCTCGAGATGCTGCTCC -3’) and sequenced.

Virus entry, infectivity and neutralization 
LuSIV cells, stably transfected with an LTR-luciferase construct (44), were
infected with 200 ng CA-p24/300x103 cells/ml in a 48 well plate. Cells were
maintained in the presence of 200 nM saquinavir to prevent additional rounds of
virus replication. Luciferase activity was measured after 48 hrs. Neutralization
experiments were performed similarly, but virus was preincubated for 30 min at
room temperature, with the appropriate concentration of either monoclonal anti-
body 2G12 (4, 46, 50, 56) or IgG1b12 (3, 48). The 50% tissue culture infectious
dose (TCID50) was determined by endpoint dilution.  

Quantitation of gp120 in cell, virion and supernatant fractions
C33A cells were transfected with 40 µg pLAI per T75 flask. Medium was
refreshed at day one post-transfection. The culture supernatant was harvested at
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3 days post-transfection, centrifuged and passed through a 0.45 µm filter to
remove residual cells and debris. Cells were resuspended in 1.0 ml lysis buffer
(50mM Tris (pH 7.4) 10mM EDTA, 100mM NaCl, 1% SDS). Virus particles were
pelleted by ultracentrifugation (100.000 g for 45 min at 4°C) and resuspended in
0.5 ml lysis buffer. The virus free supernatant, containing gp120 shedded from the
cell and virion surface, was concentrated using Amicon centrifugal filter units
(Millipore, Bedford, MA) and SDS was added to a 1% end concentration. 

Gp120 in cell, virion and supernatant fractions was measured as described pre-
viously (37, 46), with minor modifications. ELISA plates were coated overnight
with sheep antibody D7324 (10 µg/ml; Aalto Bioreagents, Ratharnham, Dublin,
Ireland), directed to the gp120 C5 region, in 0.1 M NaHCO3. After blocking with
2% milk in Tris-buffered saline (TBS) for 30 min, gp120 was captured by incu-
bation for 2 hr at room temperature. Recombinant HIV-1LAI gp120 (Progenics
Pharmaceuticals, Inc. Tarrytown, NY) was used as a reference. Unbound gp120
was washed away with TBS and purified serum Ig from an HIV-1 positive indi-
vidual (HIVIg) was added for 1.5 hr in 2% milk, 20% sheep serum (SS), 0.5%
Tween-20. HIVIg binding was detected with alkaline phosphatase conjugated
goat anti-human Fc (1:10000, Jackson Immunoresearch, West Grove, PA) in 2%
milk, 20% SS, 0.5% Tween-20. Detection of alkaline phosphatase activity was
performed using AMPAK reagents (DAKO, Carpinteria, CA). The measured
gp120 contents in cells, virus and supernatant were normalized for CA-p24.

Env folding
For folding assays, mutant gp120 was expressed using a recombinant Vaccinia
virus vector system (chapter 4.1). Folding of gp120 mutants was analyzed by
pulse-chase labeling and immunoprecipition with anti-Env sera as described
(chapter 4.1)(30). Formation of disulfide bonds was assayed by SDS-PAGE
mobility changes of deglycosylated, alkylated, non-reduced samples. Reduced
samples were used to follow signal sequence cleavage. 

Molecular dynamics simulations
The starting structures were generated with SWISS-MODEL (19) using model-
ing templates as structural analogs (PDB entries 1G9M, 1GC1 for the HXB2 iso-
late  (28, 29) and 1G9N for the YU2 isolate (28). The flexible N- and C-termini
and the hypervariable V1, V2 and V3 loops, which are missing in the crystal
structures, were not included to limit the size of the simulations. The missing V4
loop was modeled by SWISS-MODEL. In addition to the wild-type sequence of
HXB2 (wt), point mutations were introduced in silico by modifying the input pri-
mary sequences for model generations. Four variants were used in this study: the
inactive mutant: C385A/C418A; the active revertant: C385A C418V T415I; the
corresponding core sequence of LAI isolate; and the HXB2 core sequence with
all cysteine residues replaced by alanines. 

The GROMACS 3.0 molecular dynamics package (33) was used with the
GROMOS 43A1 force field (11). Starting structures were solvated using the sin-
gle point charge (SPC) water model (2) in a periodic cubic box with a 1.4 nm
solute-wall minimum distance. After a first steepest descent energy minimization
with positional restraints on the solute, chloride ions were introduced in all three
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systems to obtain an electro-neutralized system. The resulting systems are com-
prised of 317 amino-acids and about 30,500 water molecules that give a total
number of about 93,900 atoms. A second energy minimization was then per-
formed, followed by five successive 20 ps MD runs with decreasing positional
restraint force constants on the solutes (Kposres= 1000, 1000, 100, 10 and 0 kJ mol-

1 nm-2) prior to the production runs.
The simulations were run for a period of 10 ns at 300K and 1 atm for all vari-

ants except for the core LAI gp120 (5ns). Short 1 ns simulations at 400K and
1atm were performed starting from different time points of the 300K simulations
(1, 1.5 and 2 ns) for all variants to assess their thermostability. Furthermore, 10
ns simulation at 400K and 1 atm were carried out for the wt, mutant and rever-
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Fig. 1. Local reversion in HIV-1 gp120. A. Schematic of gp120 with the 5 conserved domains
(C1-C5 and five variable domains (V1-V5). The location of the V4 base disulfide bond is indi-
cated (grey sphere). Fig. is adapted from (31). Sites for N-linked glycosylation are given. B.
Sequences of the V4 loop and flanking regions of wt, mutant and revertant viruses. No
mutations were found outside this region. The original mutations are indicated with grey
boxes, the reversion with black boxes. N-linked glycosylation sites are indicated by (^^^).



tant core gp120s starting from configurations taken at 2 ns of the 300K simula-
tions. For all simulations, solute, solvent and counterions were weakly coupled
independently to reference temperature and pressure baths (1). Non-bonded inter-
actions were calculated using twin range cutoffs of 0.8 and 1.4 nm. Long range
electrostatic interactions beyond the cutoff were treated with the generalized
reaction field model using a dielectric constant of 54 (55). A 4 fs integration time
step was used in conjunction with dummy atoms (16). Bond lengths were con-
strained with the LINCS algorithm (20). The simulations required about 50 hours
per nanosecond in parallel on four 1.3 GHz AMD CPUs.

Results

Evolution of gp120 lacking the conserved disulfide bond at the base of the V4
In our previous work we found that five out of ten absolutely conserved disulfide
bonds are essential for the oxidative folding of the HIV-1 Env protein. However,
for some mutants that were folding incompetent we could still observe a minimal
but reproducible infectivity when placed in a replicating virus, although not suf-
ficient to cause a spreading infection (class Ib, chapter 4.1). One of these mutants
was the C385A/C418A double mutant, lacking the disulfide bond at the base of
the V4 variable loop (Fig. 1A). This virus appeared to be a good candidate for
protein evolution studies, with the aim of identifying and investigating escape
routes that result in restoration of gp120 folding and virus replication. After pro-
longed culturing (80 days) on SupT1 T cells, we identified a replicating virus in
a culture of the C385A/C418A mutant virus. Proviral env sequences were PCR-
amplified and sequenced. Population sequencing revealed two reversions: a first-
site pseudoreversion A418V and a second-site reversion at a nearby residue:
T415I (Fig. 1B). Thus, the wt cysteine at position 418 is not restored, which may
be caused by the design of the mutant alanine codon, which requires at least two
point mutation to become a cysteine codon. This combined with the fact that the
original C385A substitution was still present implies that the disulfide bond at the
base of the V4 is not restored. Sequencing of individual env clones revealed sev-
eral with only the T415I reversion, implying that this mutation appeared first dur-
ing the course of evolution (Fig. 1). For simplicity we will hereafter refer to the
respective variants as mutant (C385A/C418A), intermediate revertant (C385A/
C418A T415I) and revertant (C385A C418V T415I). 

To establish whether the identified substitutions accounted for the revertant
phenotype, the relevant env fragments were subcloned into a molecular clone of
HIV-1LAI . Virus stocks were produced by DNA transfection of non-susceptible
C33A cells. SupT1 T cells were infected with wt, mutant and revertant viruses and
virus spread was monitored by CA-p24 ELISA (Fig. 2A). The C385A/C418A
mutant virus did not cause a spreading infection (chapter 4.1). The intermediate
revertant (C385A/C418AT415I) replicated poorly, and revertant  (C385A C418V
T415I) showed greatly improved replication, although it was still somewhat
impaired compared to the wt virus. Similar results were obtained in primary cells,
indicating that the revertant phenotype is not specific for the SupT1 T cell line that
was used for the evolution experiment (Fig. 2B). The differences in viral replica-
tion could not be attributed to differences in virus production, since the virus pro-
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duction, which is essentially Env-independent, was similar for wt, mutant and
revertant viruses (Fig. 2C). Infectivity measurements (TCID50; Fig. 2D) and single
cycle viral entry experiments (Fig. 2E) further corroborated the replication results
and firmly established that Env-mediated entry of the revertant virus was restored.
We did measure a minor increase in infectivity and no increased entry for the inter-
mediate revertant (Fig. 2D and E), but the replication advantage is obvious (Fig.
2A and B). The combined results indicate that a two-step evolution process took
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Fig. 2. Restoration of viral infectivity and replication. A. 300x103 SupT1 T cells were infect-
ed with 20 ng CA-p24 and virus spread was measured for 20 days. B. 100x103 PBMCs were
infected with 50 ng of the respective molecular clones and virus spread was monitored for
10 days. C. Virus stocks were produced by transfection of C33A cells and the amount of virus
was quantitated using ELISA. D. The infectivities (TCID50) were measured by endpoint dilu-
tion. The exact TCID50 values of the respective mutants per g CA-p24 are as follows: 162658
(wt); 1900 (mutant); 2083 (intermediate revertant) and 36745 (revertant). E. 300x103 LuSIV
cells were infected with 200 ng CA-p24 in the presence of 200 nM Saquinavir. Viral entry into
cells was quantified by measuring luciferase activity 48 hours after infection.



place upon removal of the V4 base disulfide bond, and both reversions at and near
residue 418 contribute to the final revertant phenotype.

The T415I and A418V reversions restore gp120 incorporation into virus particles  
To study the effect of the various substitutions on the expression of Env in cells
and on the surface of virus particles, we analyzed the gp120 content of cells and
viruses using a gp120 ELISA. C33A cells were transiently transfected with the
respective molecular clones. Cells were harvested after 48 hr and the virus fraction
was purified from the culture supernatant by ultracentrifugation, which allowed
us not only to determine the gp120 content of viruses, but also how much
gp120 is shed into the supernatant from the cellular and viral surfaces. For the
wild-type construct, ~14% of the total amount of gp120 was present in the cell
fraction, ~21% in the virus fraction, and ~65% in the supernatant, indicating con-
siderable shedding of the LAI gp120 molecules from cells and/or viruses (chapter
4.1). The corresponding numbers for the viral CA-p24 protein are ~17% in
cells, ~58% in the virus, and ~25% in the supernatant. We determined the
gp120/CA-p24 ratio’s in the respective fractions for mutant and revertant viruses
and compared these to the wt gp120/CA-p24 ratio’s that were arbitrarily set at 1
(Fig. 3). The C385A/C418A mutant accumulated gp120 in the cell fraction, but
virtually no gp120 was incorporated into virus particles or shed into the medium
(~4% gp120 incorporation into virions compared to wt). This result is consistent
with the severe folding defect measured for this mutant (see below and chapter
4.1). The revertant significantly increased gp120 incorporation into virions (~51%
of wt). Strikingly, the revertant did hardly shed gp120 in the culture medium, sug-
gesting that it has stabilized the gp120-gp41 interaction (~4% of wt shedding). 

The T415I and A418V reversions slightly improve gp120 folding  
The poor replication capacity of the mutant Env could be explained by its low
folding efficiency in the ER (chapter 4.1). Apparently too few correctly folded
Env molecules could leave the ER and be incorporated onto virus particles. The
increased incorporation into virus particles of the revertant Env suggests that the
evolutionary repair of virus replication did occur through increased folding com-
petence of the revertant. We therefore analyzed oxidative folding of the revertant
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Fig. 3.  Restoration of Env incorporation into virions. gp120 content in cell, virus and super-
natant fractions of virus producing cells. gp120 and CA-p24 contents were measured by
ELISA. The gp120 amounts were standardized for CA-p24 input and the gp120 contents of
mutants in the respective fractions are given as percentages of the wt gp120 contents (arbi-
trarily set at 1).
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gp120 in comparison with wt and mutant gp120 by pulse-chase analysis (Fig. 4).
wt gp120 progressed with time via a ‘smear’ of partially oxidized folding inter-
mediates (ITs) to a fully oxidized native form (NT) in nonreduced gels (Fig. 4,
upper left panel). Concomitantly, the signal peptide was removed from gp120
(Reduced uncleaved (Ru) vs Reduced cleaved (Rc) with time (Fig. 4, lower left
panel), as reported previously (chapter 4.1). In contrast, mutant gp120 failed to
display detectable amounts of NT even after 4 hrs of chase (Fig. 4, upper middle
panel) and the signal peptide was cleaved only from a minority of mutant gp120
molecules (Fig. 4, lower middle panel), as we had observed previously (chapter
4.1). In case of the revertant a faint NT-like band appeared at later chase periods
(Fig. 4, upper right panel, indicated by an arrowhead). Also, the revertant dis-
played slightly more signal peptide cleavage in comparison to the mutant periods
(Fig. 3, lower right panel, indicated by an arrowhead). Altogether, this indicates
that the revertant phenotype correlates with slightly increased folding compe-
tence of gp120, although folding kinetics are far from restored to wt levels.

The revertant gp120 on virions is antigenically similar to wt Env
It is clear that the two local amino-acid substitutions in the revertant improved
gp120 folding, expression and virus incorporation compared to the original
mutant. However, the question remained how these mutations could compensate
for the lack of a disulfide bond that is absolutely conserved among natural HIV-
1 isolates. To investigate whether the global fold of revertant gp120 was distinct
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Fig. 4.  Partial restoration of gp120 folding. Hela cells were infected with VVT7 and transfect-
ed with plasmids encoding wt (left panels), mutant (middle panels) or revertant (right pan-
els) gp120. Cells were pulse labeled for 2 min and chased for the indicated times. Cells were
lysed and gp120 proteins were immunoprecipitated from lysates. Immunoprecipitates were
deglycosylated and analyzed by nonreducing (upper panels) or reducing (lower panels)
7.5% SDS PAGE. Folding intermediates (ITs), the native form (NT), the reduced uncleaved
(Ru) and cleaved (Rc) forms of gp120 are indicated.



from that of wt gp120, we performed neutralization experiments using the 2G12
monoclonal antibody (Fig. 5). 2G12 recognizes a conformational carbohydrate
epitope on the outer domain of gp120, and its epitope includes the carbohydrates
that are attached to the asparagines at positions 332 and 392 in close proximity
to the V4 base (chapter 3.1)(4, 46, 50, 56). In addition, the glycans attached to
N295, N386 and N448 contribute directly or indirectly to the proper presentation
of the 2G12 epitope. The glycan at position 386 is immediately adjacent to the
385-418 disulfide bond, and N392 is located only a few residues further down-
stream. Local structural alterations caused by the absence of the disulfide bond,
with the additional amino-acid changes causing the phenotypic reversion, could
perturb the composition and/or orientation of these carbohydrates and thereby
affect 2G12 binding and neutralization. The monoclonal antibody IgG1b12,
which binds to an conformational epitope that overlaps with the CD4 binding site
was also included in the experiment (3, 49). Neutralization experiments show
that both the wt and revertant virus are inhibited by 2G12 and IgG1b12 with com-
parable IC50 values (Fig. 5). The mutant virus could not be analyzed in this assay
because it does not replicate. These results indicate that wt and revertant gp120
molecules that reach the virus particle are not dramatically different in their con-
formation. Therefore, the restoration of replication capacity can be attributed to
an increased yield of correctly folded Env species.

Molecular dynamics simulations show no apparent effect on the global structure
of gp120
To analyze in further detail the effects of the substitutions on gp120 structure and
stability, we performed molecular dynamics simulations. Simulations performed
at 300K revealed a remarkable stability of both wt and all variants of gp120
(results not shown). Increasing the temperature to 400K only enhanced local fluc-
tuations, mainly in loop regions, e.g., the V1/V2, V4 and V5 loops, without sig-
nificant changes in energy or secondary structure. Even the removal of all disul-
fide bonds by alanine substitution did not lead to global unfolding or loss of
secondary or tertiary structure, suggesting that the disulfide bonds do not play an
important role in maintaining gp120 structure once it is folded (simulations per-
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Fig. 5. Neutralization of wt and rever-
tant viruses by monoclonal antibodies
IgG1b12 and 2G12. Viral entry (as
assayed in Fig. 2D) was measured in
the presence of varying concentrations
of IgG1b12 and 2G12. 

�

�

��

��

	�


��

� ���
 ��
 
 
�

����

�

�

��

��

	�


��
� ��!��

"�

��/����)�

�

�

2
��
)
�
��

��
�(

)
2

��
)
�
��

��
�(

)

�)���(%&�*()*�)�����()

"�

��/����)�



formed at elevated temperature (400K) for 10 ns; results not shown). A complete
sampling of the unfolding pathway for such a large system is beyond the reach of
the current computational power. Instead, we will focus on the further description
of the equilibrium state of each variant. Note that the core sequences of HXB2,
present in the crystal structures, and LAI, used in our virus and folding experi-
ments, differ by six amino-acids, which are all remote from the mutation sites of
interest. Comparison of the first 5 ns simulations of the HXB2 and LAI model
structures revealed no significant difference (results not shown). We therefore
used the HXB2 structure as wt reference and introduced point mutations in sili-
co in order to minimize changes of structural variables so that the calculation of
pre-equilibrating period can be reduced.

Positional root-mean-square deviation (RMSD) analysis of wt, mutant and
revertant gp120s indicates that a 2 to 4 ns equilibration period is required for all
backbone atoms to reach equilibrium. The four β-strands (β-13:299-305, β-16/β-
17:373-386 and β-19:412-422) around the mutation sites stabilized much faster
with very little RMSD fluctuation (<0.1 nm). Therefore, to ensure the proper
sampling of the equilibrium states only the last 5 ns of all simulations were used
for the analysis. A comparison of the three variants by RMSD matrix analysis
also indicates that the overall backbone of the mutant core deviates slightly from
wt and revertants with a maximum RMSD of 0.4 nm. The conformation of the
four-stranded β-sheet that constitutes the region of interest in mutant and rever-
tant gp120s is nevertheless very similar with only minor deviations from the wt
(RMSD < 0.2 nm) (Fig. 6). The presence of the blue-to-green off-diagonal
regions indicates sampling of similar regions of conformational space among
these variants. Thus, no significant differences in the global structures were seen.
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Fig. 6. Pair-wise backbone
RMSD matrix of wt, mutant
(C385A/C418A) and revertant
(C385A C418V T415I) gp120.
Each section represents a 10 ns
simulation at 300K. Each col-
ored dot represents a position-
al root-mean-square deviation
(RMSD) between two confor-
mations taken from the respec-
tive trajectories indicated on the
axes, and is color-coded accord-
ing to the scale shown on the
right. The conformations are
taken every 10 ps. The upper
left panel shows the backbone
RMSD fitted on the backbone
atoms (N, C and Cα) of the sec-
ondary structure elements of
the starting structure as identi-
fied by DSSP (24). The lower
right panel shows the back-
bone RMSD of theβ-sheet that
includes β-strands β-13 (299-
305), β-16 and β-17 (373-386), and β-19 (412-422), fitted on the backbone atoms of these
residues. An equilibrated conformational sampling period is found when an off-diagonal
region shows a continuous low RMSD (blue to green).
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The T415I and A418V reversions increase local backbone-backbone hydrogen
bonding
Since no differences in the overall structures were seen, analysis at residual or
atomic level may provide more insights into the effect of these mutations. The
amino-acids at positions 385, 415 and 418 are located in a four-stranded antiparal-
lel β-sheet (Fig. 7). Central in this β-sheet is strand β-19 with an unusual proline
(P417) that causes the strand to bend. The N-terminal part of β-19 (β-19a) forms a
double-stranded antiparallel β-sheet with β-13, but downstream of the unusual
residue P417, β-19b interacts with β-17 to form a triple-stranded β-sheet also
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Fig. 7. A. Schematic representation of the β-sheet fold of β-strands β-13, β-16, β-17 and β-19.
The interstrand hydrogen bonds residues 385, 415 and 418 are indicated (see also Fig. 7D
and Table 1). B. β-sheet propensities of residues in β-19 including these of mutant and rever-
tant residues, according to Levitt (32). The composite β-sheet propensity (Pβ) of β-19 is also
given (7). C. Ribbon representation of the starting structure of core gp120 for simulation
studies. The inner and outer domains are colored blue and cyan, respectively. The bridging
sheet is colored magenta. Mutation sites of C385, C418 and T415 are indicated in red, green
and blue spheres and the b-sheet formed by β-13, β-16,   β-17 and β-19 is colored gold. The
missing V4 loop is modeled by SWISS-MODEL. Detailed structure of the boxed region is
shown on the right with the observed backbone-backbone hydrogen bonds around the
mutation sites. Inter- and intrastrand backbone-backbone hydrogen bonds are displayed in
cyan and orange dashed-lines, respectively. Alphabetic labels correspond to the identities
listed in Table 1. Glycan structure of the N-glycosylation at N386 is taken and modified from
PDB entry 1H3U (27).
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involving β-16. In the wt protein, C385 in β-17 and C418 in β-19 are covalently
linked by the disulfide bond, conferring stability to the β-sheet that comprises the
V4 base region. Inspection of the β-sheet propensities of the side chains of the
revertant amino-acids, revealed that both T415I and A418V increase the β-sheet
propensity (Fig. 7B)(7, 32). The overall β-sheet propensity of β-19 increases from
1.11 for the mutant to 1.14 and 1.21 for the intermediate and final revertants, com-
pared to 1.09 for the wt β-19, although it should be noted that the contribution of a
disulfide bond is not taken into account for the wt β-19.  Interestingly, the two
reversions are on either side of the β-sheet destabilizing residue P417.

The formation of interresidue backbone hydrogen bonds is the determinant for
secondary structure (24) and is therefore important for protein folding. A loss or
a reduction in the presence of specific hydrogen bonds can lead to a deficiency in
protein folding. A detailed molecular dynamics investigation into the hydrogen
bond network in the vicinity of the mutation sites revealed an intriguing compen-
sation effect. Four interstrand hydrogen bonds that are stable in wt gp120, are lost
in the mutant, but are partially or fully restored in revertant (hydrogen bonds B,
C, D and H in table 1 and Fig. 7C). In contrast, hydrogen bonds E and I, which
are virtually absent in the wt, but present in the mutant are destabilized in the
revertant. These particular hydrogen bonds may have a disadvantageous effect on
the topology of the β-sheet. Some hydrogen donors and acceptors switch from
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Table 1. Statistics of hydrogen bond occurrence in the vicinity of the mutation and reversion
sites.

————————————————————————————————————————————————————————————————————————————————————

Backbone-backbone Hydrogen bond occurrence (%) during 5-10 ns
mmmmmm   mmmmmmmmm   hydrogen bondmm———————————————————————————————————————————————————————

wt mutant revertant
————————————————————————————————————————————————————————————————————————————————————

A C385e(O)-H374(N) 86.8 90.2 99.6
B C385e(N)-H374(O) 97.4 0.0 34.1
————————————————————————————————————————————————————————————————————————————————————

C Y384(O)-R419(N) 90.6 10.2 85.6
————————————————————————————————————————————————————————————————————————————————————

Da C418e(N)-G329(O) 94.0 0.2 34.3
————————————————————————————————————————————————————————————————————————————————————

Eb P417(O)-N386(N) 6.6 94.4 35.5
————————————————————————————————————————————————————————————————————————————————————

Fd C331(O)-L416(N) 14.4 0.2 0.2
G C331(N)-L416(N) 92.6 98.0 86.2
————————————————————————————————————————————————————————————————————————————————————

Hc I414(O)-I333(N) 61.9 0.2 97.6
I I414(N)-I333(O) 0.2 96.2 4.4
Jd I414(N)-N412(O) 96.4 17.0 0.2
Kc,d I414(O)-L416(N) 86.8 97.2 99.4
————————————————————————————————————————————————————————————————————————————————————

Overall average 66.2 45.8 52.5
————————————————————————————————————————————————————————————————————————————————————
a G329 is the first linker residue for the truncated V3 loop 
b N-glycosylation at N386 was not taken into account during simulation 
c hydrogen bonds that are located directly proximal to residue 415 (see Fig. 7) 
d intrastrand backbone hydrogen bonds. A hydrogen bond is considered to exist when the

donor-hydrogen-acceptor angle is larger than 135° and the donor-acceptor distance is
smaller than 0.25 nm 

e Cysteines in the wt protein, but not in the mutant or revertant proteins



interstrand bonding to intrastrand bonding (for example see hydrogen bond I and
J in table 1 and Fig. 7C). Finally, in line with the experimental data, comparison
of the overall average occurrence of the eleven hydrogen bonds that are in close
proximity to the mutation sites indicates that wt gives the highest stability to this
particular hydrogen bond network (66.2%), with partial restoration in revertant
(52.5%) compared to the mutant (45.8%). The restoration of hydrogen bonding
in the revertant is even more significant when one considers the absence of the
disulfide bond that fixes these interactions in the wt protein. 

The T415I and A418V reversions improve local interstrand side chain packing 
In addition to the backbone hydrogen bonding that defines the secondary struc-
ture of protein folds, the side chain packing is also an important stabilizing fac-
tor. The electrostatic interactions among side chains provide a long range attract-
ing gradient and therefore might be crucial for protein folding during the search
of the native fold. An overlay of snapshots of selected hydrophilic residues
around the mutation site during molecular dynamics simulations shows a remark-
able well-defined side chain packing in the wt protein, except for R419, which
exhibits a main cluster close to N386 with the remaining being poorly defined
(Fig. 8). Using the same criteria as for the backbone hydrogen bond network,
interstrand side chain hydrogen bond are found for S375(Oγ)-Y384(Oη) (29.7%
in 5-10 ns trajectory) and N386(Nδ2)-R419(Nη) (25.0%) despite the intrinsic
flexibility of R419. Note that the side chain hydrogen bonding geometry of
S375(Oγ)-S375(Hγ)-Y384(Oη) is surprisingly well-defined despite the intrinsic
mobility of serine and tyrosine side chains. The geometry of S375 and Y384
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Fig. 8. Snapshots of selected hydrophilic residues around the mutation sites, that can poten-
tially form interstrand hydrogen bonds. The structures are sampled every 100 ps during the
5-10 ns trajectories. All structures are fitted on the backbone atoms of these residues. The
atoms are colored in white, red, blue and gray for hydrogen, oxygen, nitrogen and carbon,
respectively. 



becomes clearly disordered in the mutant and no cluster can be found in R419
that is in contact with N386. The overall geometry of the side chain organization
is slightly different and, as a consequence, both side chain hydrogen bonds are
absent in the mutant. The side chain packing is substantially restored in the rever-
tant, particularly for S375 and Y384. However, the gain in structural integrity is
not sufficient to restore the hydrogen bonds that are present in the wt protein.
Nevertheless, these results illustrate that the reversions contribute to an improve-
ment of local side chain packing. 

The analysis of backbone-backbone and side chain interactions illustrate that
the effects of the mutations and reversions at positions 385, 415 and 418 are
regional. Besides local effects on the interactions between strands β-17 and β-19
that are normally linked by the disulfide bond, there are also effects on interac-
tions between β-17 and β-16 (e.g. S375-Y384; H374-C385A) and between β-19
and β-13 (e.g. I333-I414; L416-C331; G329-C418A). Thus, the mutations and
reversions affect all four strands of the antiparallel β-sheet. 

Discussion

We describe an HIV-1 gp120 variant that emerged through virus evolution and
that is functional despite the lack of the disulfide bond at the base of the V4
domain, which is otherwise required for virus replication and gp120 activity.
Virological, biochemical and computational analyses suggest that virus replica-
tion is restored through improvement of a local β-sheet fold. This study provides
evidence that a critically important disulfide bond can be functionally replaced by
an alternative protein structure motif. It also provides evidence for the proposal
that local protein stability is an important factor in escape from ER quality con-
trol during protein biosynthesis.

Our data are surprisingly well in accordance with both theoretical β-sheet
propensities (Fig. 7B)(7, 32) and β-sheet preferences as established in small
model proteins (25, 35, 51). The first reversion (T415I) slightly increases the β-
sheet preference and viral replication is slightly improved. The second A418V
reversion has a considerable effect on both β-sheet preference and viral replica-
tion. The generalized rules on β-sheet preference apply to β-19 since it is a cen-
tral strand and not an edge strand (34)(Fig. 7). The counterbalancing effect of the
reversions on the presence of the β-sheet disfavouring P417 is presumably only
possible because β-19 is not an edge strand (47). Thus, β-sheet preference is a
major determinant in directing protein folding and protein stability and our data
point out that the simple rules deduced from experiments with small model pro-
teins also hold for the intricate folding of a complicated glycoprotein such as
gp120 in living cells.

The increase of hydrogen bonding might in part be a result of the increase of
van der Waals interactions where T415I is flanked by I414 and L416 with sever-
al hydrophobic residues in the opposite strand, β-13. A recent study suggested
that a hydrophobic core is the stabilizing factor for a  β-stranded Betanova pep-
tide (8). Kumagai and co-workers also showed that a Thr-to-Ile mutation at posi-
tion 29 does not change the structure of α-lactalbumin but has a significant pos-
itive effect on its thermostability due to the increase of hydrophobic side chain
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packing and hydrogen bonding (21). We also did not find significant overall
structural perturbation when mutations were introduced in silico in the native
state of gp120. 

The local restoration of a folding defect of a disulfide bond mutant provides
new insights on the relevance of disulfide bonds for folding in the ER and on the
discrimination between immature and correctly folded client proteins by ER
quality control. The well-characterized calnexin/calreticulin cycle plays a role in
oxidative folding in the ER and ER quality control of virtually all glycoproteins
(14, 15, 57). Calnexin and calreticulin are lectins that recognize monoglucosylat-
ed carbohydrate moieties on glycoproteins. They associate with Erp57, an ER
resident thiol-oxidoreductase that forms transient disulfide bonds with glycopro-
teins bound to calnexin or calreticulin and mediates isomerization of disulfide
bonds (36). Glucosidase II hydrolyses glucose from monoglucosylated carbohy-
drates on folding glycoproteins, which results in glycoprotein release from cal-
nexin and calreticulin. An other important player in the calnexin/calreticulin
cycle and in ER quality control is UDP-glucose:glycoprotein glucosyltransferase
(UGGT), which recognizes improperly folded domains on folding glycoproteins
and reglucosylates carbohydrates in the misfolded region so that it can reassoci-
ate with calnexin or calreticulin for another attempt to properly fold the domain.
The determinants for recognition of improperly folded glycoprotein domains by
UGGT are not completely clear (5, 17, 43, 52, 53, 58). UGGT recognizes only
the improperly folded parts of the protein, and it does not recognize random coil.
Although the carbohydrate is important for tagging the protein to be recognized
by calnexin or calreticulin, it is not involved in the recognition of misfolding. It
has been suggested that UGGT recognizes exposed hydrophobic patches, insta-
ble domains or mobile groups.

Our results indicate that local instability and/or mobility may be important in
the recognition of UGGT. In gp120 lacking the 385/418 disulfide bond, local
strengthening of non-covalent interactions stabilizes a local β-sheet fold. The
reversions do not alter the local β-sheet structure, but increase the stability of the
β-sheet and thereby the correct fold or a quasi-correct fold. UGGT does not rec-
ognize the protein anymore as being improperly folded and the protein is allowed
to leave the ER. Although other molecular chaperones, such as BiP, play a role in
the recognition of misfolding, no BiP binding sites were detected in the V4 region
(26).

When UGGT senses misfolding, it tags the protein for reentering the calnex-
in/calreticulin pathway by reglucosylation of a local carbohydrate. The obvious
candidate for marking the misfolded V4 base region is the glycan attached to
N386, immediately neighboring the 385/418 disulfide bond in the wt protein. We
have observed an alternative escape route in a similar evolution experiment with
a C418A single mutant virus. In that particular case, the increase in viral replica-
tion and escape from ER quality control involved the elimination of the 386 gly-
can (results not shown). Thus, these studies may represent two different pathways
for ER quality control escape: increase of local stability of protein structure or
elimination of a nearby carbohydrate.

The number of revertant gp120 molecules that reached a native state was still
modest compared to wt. Since only native gp120 can exit the ER, also limited
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amounts of revertant Env could reach the cell surface to be incorporated into viri-
ons. Nevertheless, incorporation reached levels that were close to wt. Apparent-
ly, the few Env molecules that did reach the cell surface were sufficient to pro-
duce virions with a normal Env content. This suggests that other factors are
limiting in the intricate virion assembly process. This also suggests that in wt
only a fraction of Env is incorporated. We note that the increase in replication
capacity could be correlated directly with an increase of gp120 incorporation into
virions, suggesting that the reversions cause the escape from ER quality control,
but that they do not contribute to improvement of subsequent Env functions per
se (e.g. (co)receptor binding, membrane fusion).  

This study indicates that the 385-418 disulfide bond is not specifically required
for gp120 folding, i.e. it can be compensated for by alternative means of protein
stabilization. There is a precedent for this phenomenon. Single chain antibody
fragments (scFv) could be generated by molecular evolution, in which disulfide
bonds were replaced by, for example, a salt bridge (42). We have observed anoth-
er escape route in a C418A single mutant, also lacking the V4 base. In addition,
we have generated various escape variants from HIV-1 lacking the 54-74 disul-
fide bond in the C1 region of gp120 (chapter 4.3). Restoration of the original
disulfide bonds was never seen in these escape variants. Taken together with our
earlier studies in which we showed that 5 out of 10 disulfide bonds were not
essential for ER folding, we can now conclude that 7 out of 10 disulfide bonds
are not absolutely and specifically required for oxidative folding of gp120. 5
disulfide bonds can be replaced without penalty on folding, 2 can be replaced by
other stabilizing mechanisms. Whether the formation of specific native or nonna-
tive disulfide bonds plays a role in directing protein folding is unclear (6, 59), but
if such a mechanism is required for oxidative folding of Env, our work clearly
indicates that most of the cysteines in Env are not involved. An exception might
be formed by the cysteines in the C2-V3 region, which are absolutely required
for folding. This region might act as an initiator or director for Env folding. 

Of note is that the exemplary short term evolution experiments that we per-
formed never resulted in an Env that folded as efficiently as wt and a virus that
replicated at wt levels. It would be of interest to prolong the evolution of the
revertant virus presented here, to see whether it can in fact reach wt levels of fold-
ing without the 385-418 disulfide bond. It is possible that, although not essential
for Env folding per se, it increases the chances of efficient folding.

The question remains why the V4 base disulfide bond is absolutely conserved
in vivo. One reason could be that the best alternative for this disulfide bond, such
as a stabilized β-sheet, may never completely compensate for the lack of the
disulfide bond and restore wt levels of replication. Prolonged evolution experi-
ments with the revertant virus described here, might also answer this question.
The loss of the disulfide bond may also be prevented because the virus would
have to go through an intermediate with a free cysteine, which is usually disad-
vantageous because it may interfere with the formation of the correct disulfide
bonds (chapter 4.1). Alternatively, it is possible that this disulfide bond has a
more distinct function in vivo, for example in immune evasion. It may play a role
in positioning of the V4 domain so that it can optimally exert its function as anti-
genic shield, or it could be involved in maintaining an optimally loose gp120-
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gp41, resulting in shedding and the presence of immunological decoy gp120.
This study underlines the evolutionary potential of HIV-1 not only because of its
high mutation rate but also because of the structural plasticity of its proteins. 
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Chapter 4.3

Local and distal compensatory changes upon
evolution of the HIV-1 envelope glycoproteins lacking

the N-terminal disulfide bond in gp120

Rogier W. Sanders1, Els Busser1, Martijn M. Dankers1, Min Lu2, Ben Berkhout1

1Dept. of Human Retrovirology, Academic Medical Center, University of Amsterdam,

1105 AZ Amsterdam, The Netherlands
2Dept. of Biochemistry, Weill Medical College of Cornell University, 1300 York Ave.,

New York, NY 10021, USA

We have previously studied the role of individual disulfide bonds in the oxidative
folding of the HIV-1 envelope glycoproteins (Env) in the endoplasmic reticulum
(ER)(chapter 4.1). Five out of the ten disulfide bonds in Env are dispensable for
folding. Surprisingly, two of these disulfide bonds are even dispensable for Env
function and viral replication. The remaining five disulfide bonds are required for
proper folding of Env. We used protein evolution through in vitro virus replica-
tion to further characterize the significance and role of specific disulfide bonds.
In the current study, we describe evolved Env variants lacking the disulfide bond
in the N-terminal C1 domain of the gp120 subunit. Compensatory changes were
found both locally near the leader cleavage site and distally in the gp41
ectodomain. The results suggest that these two Env domains interact during fold-
ing.

The HIV-1 Envelope glycoproteins (Env) mediate viral entry into target cells.
Much is known about the separate subunits, the surface subunit gp120 and the
transmembrane subunit gp41, but relatively little is known about their concerted
functioning. Even less is known about the concerted folding of the two subunits as
part of the gp160 precursor protein, although we reported that folding of the two
subunits is relatively independent (chapter 4.1). In our previous work we found
that five out of ten absolutely conserved disulfide bonds are essential for oxidative
folding of the Env protein (chapter 4.1). For example, mutation of the disulfide
bond in the N-terminal C1 domain (C54A/C74A) results in incomplete oxidative
folding, abrogation of leader peptide cleavage, and abrogation of gp120 secretion
and Env incorporation onto virions. When placed in the context of a replicating
virus, we could still observe a minimal but reproducible infectivity for some of
these Env disulfide bond mutants, most notably the C54A/C74A and the
C385A/C418A double mutants (class Ib mutants, chapter 4.1). These viruses
appeared to be promising candidates for evolution studies that are aimed at identi-
fying and investigating evolution routes that result in restoration of gp120 folding
in the absence of a particular disulfide bond. We already reported interesting virus
variants that emerged from evolution of the C385A/C418A mutant virus lacking
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the disulfide bond at the base of the V4 loop (chapter 4.2). Here we describe
evolved Env variants that lack the disulfide bond in the N-terminal C1 domain. 

Evolution of HIV-1 lacking the N-terminal disulfide bond in gp120
We initiated three evolution cultures (cultures A-C) by transfecting SupT1 T cells
with the molecular clone of the C54A/C74A virus. The methodology used for
these experiments is similar to that described in chapter 4.2. Cell-free virus was
passaged onto fresh cells at peak infection as monitored by CA-p24 production.
As the viruses regained replication capacity, less and less virus could be pas-
saged. For example, a detailed scheme of the prolonged infection in culture B is
illustrated in Fig. 1A. Similar results were obtained in cultures A and C (results
not shown). The wild-type (wt) HIV-1LAI virus uses the CXCR4 coreceptor and
induces the formation of syncytia in SupT1 T cells. During the course of evolu-
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Fig. 1.  Evolution of the HIV-1LAI C54A/C74A virus. A. Virus spread in culture B was measured
over a period of 95 days after the initial transfection of SupT1 T cells with 10 µg of the
molecular clone pLAI. The virus-containing supernatant was passaged cell-free onto fresh
cells at peak infection. The volume of passaged supernatant was gradually decreased,
which is indicated on top of the graph. B. Viruses collected at various time points over the
course of infection were stored at –80°C and compared in an infection experiment on SupT1
cells (input 20 ng/ml CA-p24 of each virus).
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Fig. 2. Schematic of the substitutions found in evolution cultures A, B and C. The complete
ectodomain of Env was PCR-amplified from proviral DNA and sequenced. Direct sequenc-
ing of the quasispecies revealed the presence of the mutations indicated by circles. Amino-
acid changes are indicated by closed circles and open circles indicate silent changes. The
sites of leader peptide cleavage and gp160 precursor cleavage are indicated by arrows. The
locations of the conserved regions (C1-C5), the variable loops (V1-V5), the heptad repeat
regions (HR1 and HR2), and the transmembrane domain (TM) are indicated. Note that cul-
tures A and B were passaged in parallel and the fact that two substitutions (V38A and
H643Y) are present in both cultures suggests that a contamination took place at some stage.
However, the subsequent changes (K33N in A and I573V in B) occurred independently. The
table lists the codon changes. In addition, the occurence of alternative amino-acids at the
specific residues in natural HIV-1 isolates is shown. 



tion, we never observed the formation of syncytia in cultures A and B and only
rarely in culture C. To characterize the evolution process we collected virus sam-
ples at several time points and an equal amount of virus was used in an infection
experiment to compare their replication capacity (Fig. 1B). Virus variants that
emerged around day 48 had gained some replication capacity compared to the
original mutant virus. Viruses sampled later in evolution at day 87 and 95 dis-
played a further increase in replication capacity. These results suggest that the
evolutionary repair of the C54A/C74A mutant is a multi-step process. Virus vari-
ants that were present when the experiment was stopped (day 95) were still some-
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Fig. 3. Virus spread after transfection of SupT1 cells (A) or MT-2 cells (B) with 10 µg of the
respective molecular clones. C. The appearance of syncytia in the SupT1 experiment is indi-
cated on an arbitrary scale: – (no syncytia), + (very few syncytia) to ++++ (nearly all cells
involved in syncytia). † indicates massive cell death. 
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what delayed in replication compared to the wt virus. 
To identify the changes that caused the revertant phenotype, chromosomal

DNA was isolated from the cells at day 95, and the entire env gene was PCR-
amplified. Sequencing of the viral quasispecies in culture A revealed three amino-
acid changes (closed circles: K33N, V38A, and H643Y), and one silent mutation
(open circle: S144S) (Fig. 2). The K33N substitution was not fixed in the culture
at day 95 since the sequence was mixed with the wt sequence. Three changes
were observed in culture B (V38A, I573V and H643Y) and two changes (I24M,
Q567R) in addition to two silent mutations were present in culture C. Details on
the codon changes are provided in the bottom panel of Fig. 2, which also lists the
natural amino-acid variation at these positions. Some reversion are actually
changes to the consensus residues (K33N in culture A, H643Y in culture B, and
I24M in culture C). The original C54A/C74A mutations were still present in all
cultures, indicating that the disulfide bond was not restored. In fact, the design of
the disulfide bond mutants was meant to prevent such an escape route because it
requires a total of four nucleotide changes in the two codons to restore both cys-
teines and thus the disulfide bond. Sequencing of individual env clones revealed
that some clones from culture B did not contain the I573V mutation, implying
that this substitution appeared later during the course of evolution than the other
two reversions. Likewise, the K33N substitution appeared late in culture A (Fig.
2). Thus, 6 different substitutions were found in total, one in the leader peptide,
two in the mutated C1 region and three in the distal gp41 domain.

Both proximal and distal reversions contribute to the regain of replication capacity 
We decided to focus on the Env variant present in culture C for the subsequent
virological analyses. To investigate the significance of the observed substitutions
for the revertant phenotype, the relevant env fragments were inserted into a
molecular clone (C54A/C74A I24M Q567R). We also generated the two possible
single revertants (C54A/C74A I24M and C54A/C74A Q567R). SupT1 cells were
transfected with the mutant, revertant and wt molecular clones and virus spread
was measured by CA-p24 ELISA (Fig. 3A). The single revertants exhibited
improved replication compared to the original mutant virus and the double rever-
tant replicated even better. The improvement of virus replication was less pro-
nounced in MT-2 cells but the same ranking order was observed (Fig. 3B). These
cell type differences may indicate a degree of host cell specificity of the revertant
phenotype. The ability of the revertant viruses to induce the formation of syncy-
tia in SupT1 cells was also scored (Fig. 3C). Syncytia were not observed in the
cultures with the single revertant viruses, even at peak infection and high CA-p24
levels. We did observe some syncytia in the double revertant culture. However,
whereas virus spread of the double revertant virus in SupT1 cells was similar to
that of the wt virus as monitored by CA-p24 production, the syncytia appeared
later and never reached the maximum score. Since SupT1 cells only express the
CXCR4 coreceptor and since the revertant viruses have no changes in the core-
ceptor binding domains, the single revertant viruses are examples of non-syn-
cytium-inducing CXCR4-using viruses (2, 4, 6). These results clearly indicate
that a multi-step evolution process took place and that both the proximal (I24M)
and distal substitutions (Q567R) contribute to the revertant phenotype. 
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Improvement of gp120 expression and virion incorporation
To study the effect of the disulfide bond removal and the compensatory changes
on the expression of Env in cells and on the surface of virus particles, we ana-
lyzed the gp120 content of cells and viruses using a gp120 ELISA. C33A cells
were transiently transfected with the respective molecular clones. Cells were col-
lected and the virus fraction was purified from the culture supernatant by ultra-
centrifugation. This allowed us not only to determine the gp120 content of
viruses, but also to determine how much gp120 is shed into the supernatant
from the cellular and viral surfaces. We determined the gp120/CA-p24 ratio in
the respective fractions for the wt, mutant and revertant viruses. All values were
related to that of the wt virus, which were set at 1 for each fraction (Fig. 4). The
C54A/C74A mutant accumulated more gp120 intracellularly than the wt virus
and virtually no gp120 was incorporated onto virus particles or shed into the
medium. We measured approximately 18% gp120 incorporation onto virions
compared to wt. This result is consistent with the folding defect described for this
mutant (chapter 4.1). All revertants significantly increased the amount of cell-
associated gp120 compared with the mutant, and this correlated with increased
Env incorporation onto virions. We measured 29% and 33% Env incorporation
for the I24M and Q567R single revertants, respectively, and 54% for the double
revertant. The amount of gp120 shedding into the supernatant correlated with the
level of Env incorporation onto virions, suggesting that the gp120 - gp41 associ-
ation was not affected. In conclusion, both reversions contributed to higher Env
expression and virion incorporation, thus explaining the increased replication
capacity. 

The substitutions in gp41 do not affect the six-helix bundle conformation
It is likely that the reversions in gp41 restore an early protein biosynthesis defect
in the context of the C54A/C74A mutant. However, an alternative explanation
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Fig. 4. Env production and incorporation onto virions. Non-permissive C33A cells were
transfected with the molecular clones of the respective variant viruses and virions were pel-
leted by ultracentrifugation and separated from the supernatant. Cells and viruses were
lysed and the gp120 and CA-p24 content of cell, virus and supernatant fractions was meas-
ured by ELISA. The gp120 amounts were standardized for CA-p24 input and the values
obtained for wt were set at one for each fraction.  



seems possible. The Q567R and I573V substitutions are located centrally in the
coiled coil domain in the post-fusion structure of gp41 and could affect this con-
formation and thus a late Env function: membrane fusion. To investigate this, we
introduced the Q567R and I573V substitutions in the recombinant polypeptide
HIV-1LAI N34(L6)C28, which represents the core of the gp41 ectodomain and the
biophysical properties were compared to those of wt as described previously (5,
8). We did not analyze the H643Y reversion because it is located on the outside
of the six-helix bundle and less likely to affect its structure and/or stability. Cir-
cular dichroism was used to measure the α-helical content. The wt peptide is
>95% α-helical at 4ºC as indicated by the typical wavelength dependency pattern
shown in figure 5A. The Q567R and I573V peptides are >95% α-helical and their
wavelength dependency is similar to that of the wt peptide. Under these condi-
tions, the mid-point of thermal denaturation (Tm) of the wt peptide is 70ºC, and
the Tm for the Q567R and I573V peptides is 72ºC and 65ºC, respectively (table
1, Fig. 5B). Thus, the I573V substitution slightly destabilizes the six-helix bun-
dle. Sedimentation equilibrium experiments indicate that the Q567R and I573V
peptides form discrete trimers over a ten-fold range of peptide concentration (10
to 100 µM) (table 1, Fig. 5C and D). In conclusion, these data indicate that the
Q567R and I573V reversions have minimal effects on the gp41 six-helix bundle
structure, which is in accordance with the assumption that they primarily restore
virus replication by compensating for an early biosynthesis defect.

In other evolution experiments with Env mutants we exclusively found that
reversions occur locally (chapters 4.2, 5.4 and 5.7). Here we describe variants
that have changes at two spots within Env: around the leader peptide cleavage
site and in the gp41 ectodomain. It may not be surprising that reversions near the
leader peptide cleavage site occur in the C54A/C74A virus, because leader pep-
tide cleavage is almost completely abrogated in this variant (chapter 4.1). The
substitutions at position 24, 33 and 38 may thus have a positive effect on leader
peptide cleavage, and this possibility is currently under investigation. It may also
not be a complete surprise that mutations in gp41 compensate for a defect caused
by mutations in the C1 region, because it is known that this gp120 domain is
involved in the intersubunit interaction with gp41 (3, 9). The structural changes
in C1 due to the loss of the disulfide bond can have a major impact on this inter-
action. Although the region around residues Q567 and I573 is involved in the
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Table 1: Physicochemical data of the gp41 core mutants
————————————————————————————————————————————————————————————————————————————————————
N34(L6)C28 -[θ]222

a Tm
a molecular mass

peptide (deg cm2 dmol-1) (°C) (kDa)
————————————————————————————————————————————————————————————————————————————————————
wt -31,300 70 3.1
Q567R -31,900 72 3.0
I573V -31,100 65 3.1
————————————————————————————————————————————————————————————————————————————————————
a All CD scans and melts were performed with 10 µM peptide solutions in PBS (pH 7.0).  The

midpoint of thermal denaturation (Tm) was estimated from the thermal dependence of the
CD signal at 222 nm.

b Sedimentation equilibrium results are reported as a ratio of the experimental molecular
weight to the calculated molecular weight for a monomer (Mobs/Mcalc).
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Fig. 5.  Properties of the wt and mutant gp41 peptidess.  A. Location of the Q567R and I573V
substitutions in the structure model of the gp41 ectodomain (1). B. Circular dichroism spec-
tra of the wt N34(L6)C28 peptide (open squares), Q567R (open triangles), and I573V (open
circles) at 4°C in PBS (pH 7.0) and 10 µM peptide concentration. C. Thermal melting experi-
ments monitored by circular dichroism at 222 nm.  The decrease in the fraction of a folded
molecule is shown as a function of temperature. D. Representative sedimentation equilibri-
um data of a 100 µM solution of Q567R collected at 4°C and 20,000 rpm in PBS (pH 7.0).  The
data fit best to a trimer model.  Curves for dimer and tetramer states are indicated for com-
parison. E. Representative equilibrium sedimentation data of a 30 µM solution of I573V at
4°C in PBS (pH 7.0). The data fit to a trimer model.



gp120 - gp41 interaction (7), we did not measure a significant effect of the
Q567R substitution on gp120 shedding (Fig. 4). However, the effect of this sub-
stitution may be very subtle. Alternatively, the effect of this substitution on the
interaction between the C1 region and gp41 may be more important in a transient
intermediate during Env folding. 
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Chapter 5.1

A recombinant HIV-1 envelope glycoprotein complex
stabilized by an intermolecular disulfide bond

between the gp120 and gp41 subunits is an antigenic
mimic of the trimeric virion-associated structure 

(Journal of Virology, January 2000, p. 627-643, Vol. 74, No. 2)

James M. Binley1, Rogier W. Sanders2, Brian Clas1, Norbert Schuelke3,
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The few antibodies that can potently neutralize human immunodeficiency virus
type 1 (HIV-1) recognize the limited number of envelope glycoprotein epitopes
exposed on infectious virions. These native envelope glycoprotein complexes
comprise three gp120 subunits noncovalently and weakly associated with three
gp41 moieties. The individual subunits induce neutralizing antibodies inefficient-
ly but raise many nonneutralizing antibodies. Consequently, recombinant enve-
lope glycoproteins do not elicit strong antiviral antibody responses, particularly
against primary HIV-1 isolates. To try to develop recombinant proteins that are
better antigenic mimics of the native envelope glycoprotein complex, we have
introduced a disulfide bond between the C-terminal region of gp120 and the
immunodominant segment of the gp41 ectodomain. The resulting gp140 protein
is processed efficiently, producing a properly folded envelope glycoprotein com-
plex. The association of gp120 with gp41 is now stabilized by the supplementary
intermolecular disulfide bond, which forms with approximately 50% efficiency.
The gp140 protein has antigenic properties which resemble those of the virion-
associated complex. This type of gp140 protein may be worth evaluating for
immunogenicity as a component of a multivalent HIV-1 vaccine. 

Introduction

The urgent need for an effective vaccine against human immunodeficiency virus
type 1 (HIV-1) is undoubted, for only by vaccinationwill the worldwide spread of
AIDS be stemmed (44, 46, 62). Although there is not yet universal consensus on
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what components will be needed in a vaccine that is able to induce protective im-
munity against HIV-1 infection or disease, a popular view is that both the humoral
and the cellular arms of the human immunesystem should be efficiently stimulated
(12-14, 43, 44, 46,57, 64, 94). To do this will probably require the creationof a mul-
tivalent vaccine that incorporates several categoriesof immunogen, each intended
to optimally evoke different, necessary immune responses. Examples would be a
live recombinant virus or a DNA vector to stimulate cellular immunity, combined
with a subunitprotein to generate antibody responses (4, 5, 32, 93). 

There has, arguably, been more progress with evoking HIV-1-specific cellular
immunity than humoral immunity in recent years, although some new concepts
relating to neutralizing-antibody induction that merit continued evaluation have
recently been described (18, 52, 81, 90, 103). The most widely tried method of
neutralizing-antibody induction, i.e., that involving recombinant monomeric
gp120 proteins, has not been successful at inducing antibodies able to neutralize
heterologous primary isolates at significant titers (4, 5, 22, 40, 58, 59, 81, 111,
120). This raises serious questions about the protective efficacy of vaccines that
include such proteins, either alone or in combination with other immunogens
(14). One of the major obstacles to neutralizing-antibody induction is the inher-
ent resistance of primary HIV-1 isolates to such antibodies (10, 12, 13, 58, 59, 64,
66-68, 80, 81, 102, 107, 112, 120), a feature that HIV-1 shares with other
lentiviruses and one which is probably necessary for viral persistence in vivo (3,
23, 65). The native HIV-1 envelope glycoprotein complex on virions, a het-
erotrimer containing three gp120 proteins noncovalently associated with three
gp41 moieties, is recognized poorly by antibodies that efficiently bind to the indi-
vidual gp120 and gp41 subunits (51, 66, 81, 98, 102, 122). 

Notwithstanding the natural defenses used by HIV-1 to resist or evade humoral
immunity, proteins which faithfully represent the antigenic structure of the virion-
associated envelope glycoprotein complex may be worth evaluating as vaccine
immunogens. For instance, the three most potent HIV-1 neutralizing antibodies yet
identified, immunoglobulin b12 (IgG1b12), 2G12, and 2F5, have a high affinity
for the native trimer which is comparable to or sometimes greater than their affin-
ity for the individual gp120 or gp41 subunits (15, 34, 77, 92, 96, 98, 102, 109).
These antibodiesmay therefore have been raised by an immune response to virions
rather than to viral debris or dissociated subunits (13, 68,80, 81). 

The lability of the noncovalent interaction between gp120 and gp41, which
causes extensive gp120 dissociation from virions or virus-infected cells (38, 61,
70, 87), is a major obstacle to making stable recombinant, oligomeric envelope
glycoproteins. Initial attempts at making stable oligomers therefore involved the
introduction of mutations to remove or replace the gp120-gp41 cleavage recogni-
tion sequence (6, 27-29). Usually, such proteins are also truncated N-terminal to
the transmembrane-spanning region of gp41, so that they are efficiently secreted
as soluble proteins (the internal segment of gp41 is of limited relevance for induc-
tion of humoral immune responses). A broadly similar nonrecombinant protein
was isolated from a virus-infected cell line (110). The resulting proteins (gp140s)
contain the gp120 moiety linked to the 20-kDa gp41 ectodomain by a peptide
bond between the C terminus of gp120 and the N terminus of gp41, which is not
present in the virion-associated complex. Although these uncleaved gp140 pro-
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teins (designated gp140UNC) are oligomerized by strong, noncovalent intermolec-
ular interactions between gp41 subunits (19, 101, 116), it is questionable whether
they truly mimic the native envelope glycoprotein complex. Thus, epitopes are
exposed on gp140UNC proteins that are not accessible on virions (27, 28), and
there are indications that coreceptor interactions of gp140UNC proteins are ineffi-
cient (31). Together, these observations imply that a structural perturbation is
caused to the gp120 component by the covalently attached, improperly associat-
ed gp41 ectodomain (31). For whatever reason, immunogenicity studies carried
out to date with gp140UNC proteins have not been particularly encouraging, in that
primary virus-neutralizing antibodies have not been induced (27, 90, 110). 

We have therefore pursued a different approach: the expression of gp140 pro-
teins with the natural gp120-gp41 cleavage site preserved but with a disulfide
bond introduced between gp120 and the gp41 ectodomain to stabilize the associ-
ation of these two subunits. We report here on the antigenic properties of such a
gp140 protein. 

Materials and methods

Cloning of gp140 and furin 
Plasmid pPPI4 is a eukaryotic shuttle vector generated at Progenics Pharmaceu-
ticals Inc. The expression of HIV-1 envelope proteins is under the control of the
cytomegalovirus major immediate-early promoter-enhancer with a tissue plas-
minogen activator leader and bovine growth hormone poly(A) signal (106). The
vector contains the dihydroxyfolate reductase gene and a simian virus 40 SV40
origin of replication, which promotes high-level replication and transient expres-
sion of open reading frames in cells expressing the SV40 large T antigen. PCR
was used to clone DNA encoding the gp140 segment of the env genes of isolates
JR-FL (50), DH123 (100), HxB2 (88), GUN-1wt (104), and 89.6 (21) from the
corresponding HIV-1 genomic plasmids. The primers used were 5’Kpnlenv
(5’-GTCTATTATGGGGTACCTGTGTGGAAAGAAGC-3’) and 3’BstB1env
(5’-CGCAGACGCAGATTCGAATTAATACCACAGCCAGTT-3’). The restric-
tion sites are underlined. The PCR products were cloned into pPPI4 by using
KpnI and BstB1. These plasmids are designated gp140WT (wild type) to distin-
guish them from the mutated forms described below. A furin-expressing plasmid,
pGEMfurin, was obtained from Gary Thomas, Vollum Institute, Portland, Oreg.
(63). TheEcoRI-HindIII fragment of furin was subcloned into pcDNA3.1 (Invit-
rogen Inc.) to make pcDNA3.1furin. 

Mutagenesis of gp140 
A variety of double cysteine substitutions were introduced into the gp120 and
gp41 moieties of gp140WT (HIV-1JR-FL) in pPPI4 by using Quickchange muta-
genesis kits (Stratagene, La Jolla, Calif.) and verified by sequencing. Details of
the positions of these substitutions are provided in Results (see Fig. 3). A similar
strategy was used to make the corresponding cysteine substitutions in other HIV-
1 gp140 proteins. A gp120-gp41 cleavage site mutant of JR-FL gp140UNC was
generated by substitution of the sequence Lys-Arg-Arg-Val-Val-Gln-Arg-Glu-
Lys-Arg-Ala-Val (the C terminus of gp120 and the first two residues of gp41) by
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a hexameric Leu-Arg motif. This eliminates the furin cleavage motif (under-
lined), as described previously (30) (see Fig. 3). The PCR primers were 3’140M
(TCGAAGGCGGAGACGAAGTCGTAGCCGCAGTGCCTTGGTGGGTGC
TACTCCTAATGGTTC) with 5’KpnIenv and 5’140M (5’-CTACGACTTGTCT
CCGCCTTCGACTACGGGGAATAGGAGCTGTGTTCCTTGGGTTCTTG-3’)
with 3’BstB1env. The PCR products of these two reactions were purified, and an
overlap PCR reaction was performed to generate a full-length env gene that was
cloned into pPPI4 by KpnI-BstBI digestion. 

Note that the numbering system used to denote the positions of gp120 and
gp41 residues in HIV-1JR-FL is based on the numbering of residues in HIV-
1HxBc2, to facilitate comparison with structural information published on this
envelope glycoprotein (51, 122). 

Transfection, labeling, and immunoprecipitation 
Adherent 293T cells were grown in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal calf serum, penicillin, streptomycin, and L-
glutamine. Transient transfection of 293T cells was performed by calcium phos-
phate precipitation. The gp140 expression plasmids pPPI4-gp140 were transfect-
ed with or without cotransfection of the furin expression vector pcDNA3.1-furin,
each at 10 µg per 10-cm2 plate. At 1 day posttransfection, the medium was
changed to Dulbecco’s modified Eagle’s medium supplemented with 0.2%
bovine serum albumin, penicillin, streptomycin and L-glutamine. For radioim-
munoprecipitation analysis (RIPA), [35S]cysteine and [35S]methionine (200 µCi
per plate; Amersham International PLC) were added for 24 h. The culture super-
natants were then cleared of debris by centrifugation before addition of concen-
trated RIPA buffer to adjust the composition to 50 mM Tris-HCl-150 mM NaCl-
1 mM EDTA (pH 7.2). Envelope glycoproteins were immunoprecipitated with
monoclonal antibodies (MAbs) to a variety of epitopes. In some instances, the
MAbs had been labeled with biotin (42). The MAbs were added in a 1-ml volume
for 10 min at room temperature and then precipitated by incubation overnight at
4°C with either streptavidin-coated agarose beads (Vector Laboratories) or pro-
tein G-coated agarose beads (Pierce Inc.), as appropriate. The beads were washed
three times with RIPA buffer containing 1% Nonidet P-40 detergent, and then the
proteins were eluted by heating at 100°C for 5 min in 60 µl of polyacrylamide
gel electrophoresis (PAGE) buffer supplemented with 2% sodium dodecyl sulfate
(SDS) and, when indicated, 100 mM dithiothreitol (DTT). The immunoprecipi-
tates were fractionated by SDS-PAGE (8% polyacrylamide) at 200 V for 1 h.
Unless otherwise specified (e.g., see Fig. 2 and 10), the amounts of immunopre-
cipitated envelope glycoproteins loaded onto each lane were comparable, in that
fixed numbers of cells were transfected with the same amount of plasmid and
then a constant volume of supernatant was precipitated with a standard amount of
MAb. The gels were dried and exposed to a phosphor screen. The positions of the
radiolabeled proteins were determined by using a PhosphorImager with Image-
Quant software (Molecular Dynamics Inc.). 
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MAbs to HIV-1 envelope glycoprotein epitopes, and sCD4 
The epitopes for, and some immunochemical properties of, anti-gp120 MAbs
from various donors have been described previously (9, 71, 72). These include
19b and 83.1 to the V3 loop (74, 118), IgG1b12 and F91 to the CD4 binding site
(CD4bs) (15, 72), 2G12 to a unique C3-V4 glycan-dependent epitope (108, 109),
M90 to the C1 region (113), 23A and sheep antibody D7324 to the C5 region (69,
72), C11 to a discontinuous C1-C5 epitope (75), 17b to a CD4-inducible epitope
(9, 47, 72, 91, 103, 105, 122, 123), A32 to a CD4-inducible C1-C4 epitope (72,
103), and G3-519 and G3-42 to C4 and C4/V3 epitopes, respectively (72, 73).
MAbs to gp41 epitopes included 7B2 to epitope cluster I (a gift from James
Robinson); 4D4 to cluster I (11); T4, an oligomer-specific MAb overlapping the
cluster I region (28); 2.2B to cluster II (a gift from James Robinson); T15G1 to
cluster II (a gift from Ab Notkins); and 2F5 to a neutralizing epitope encompass-
ing residues 653 to 659 (11, 77, 108). The tetrameric CD4-IgG2 and monomer-
ic soluble CD4 (sCD4) molecules, from Progenics Pharmaceuticals Inc., have
also been described previously (2). 

Quantitation of gp120 and gp140 proteins by ELISA 
To measure the secretion of gp120 and gp140 proteins from transfected 293T
cells, we used a gp120 antigen capture enzyme-linked immunosorbent assay
(ELISA) based on one that has been described previously (7, 69, 71). Briefly,
envelope glycoproteins in the culture supernatants were denatured and reduced
by boiling with 1% SDS and 50 mM DTT. Purified monomeric JR-FL gp120
treated in the same way was used as a reference standard for gp120 expression
(106). The denatured proteins were captured on plastic by sheep antibody D7324,
which was raised to the continuous sequence APTKAKRRVVQREKR at the C
terminus of gp120. Bound envelope glycoproteins were detected by using a mix-
ture of MAbs B12 and B13 against epitopes exposed on denatured gp120 (1, 71).
This assay allows the efficient detection of both gp120 and any gp140 molecules
in which the peptide bond between gp120 and the gp140 ectodomain is still intact
(71, 106). 

Sucrose velocity gradient centrifugation 
Culture supernatants from env-transfected 293T cells were concentrated by 100-
fold on Millipore concentrators, and then a 100-µl aliquot was layered onto a 5
to 20% sucrose step gradient of 8.8 ml comprising 11 steps of 800 µl each. The
gradient was overlaid to bring the volume up to 12 ml and then centrifuged for
20 h at 40,000g in an SW41Ti rotor at 4°C. Gradient fractions of 500 µl taken
sequentially from the top were immunoprecipitated with MAb 2G12, boiled with
SDS, and analyzed by SDS-PAGE. 

Gel filtration analysis 
Culture supernatants from 35S-labeled env-transfected 293T cells were concen-
trated 100-fold on Millipore concentrators. A 100-µl aliquot of the concentrate
was loaded onto fast protein liquid chromatography Superdex 200 HR 10/30 col-
umn (Pharmacia, Piscataway, N.J.), equilibrated with Ca2+- and Mg2+-free phos-
phate-buffered saline. The column was eluted at a flow rate of 0.4 ml/min, and
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0.25-ml fractions were collected. Identical fractions from four runs were pooled
and immunoprecipitated with MAb 2G12 as described above. Comparison of the
envelope glycoprotein elution profiles with those of known protein standards
allowed an approximate assessment of molecular weights. 

Results

Wild-type gp140 is incompletely processed by cellular proteases 
We chose to use the HIV-1JR-FLstrain (subtype B) as our template for studies of the
antigenic structure of oligomerized envelope glycoproteins. Several reasons
underlay this choice: (i) HIV-1JR-FL is a primary R5 isolate with a typical neutral-
ization resistance profile and so is representative of the most commonly transmit-
ted HIV-1 strains (34, 107); (ii) it is a molecularlycloned virus with a well-charac-
terized env gene (50); (iii) we have previously expressed the gp120 monomer
protein from HIV-1JR-FL(106); and (iv) we have already studied the MAb reactivity
profiles of the HIV-1JR-FL gp120 monomer and cell surface-expressed gp120/
gp140 complex and so are familiar with their antigenic properties (34, 35, 106). 

To gain experience with the gp140 form of the HIV-1JR-FL envelope glycopro-
tein, we expressed a protein which had the natural cleavage site between gp120
and gp41 maintained intact (gp140WT). In common with all the mutants that we
subsequently describe, the gp140WT protein has the gp41 moiety truncated close
to the transmembrane-spanning region, so that it contains both gp120 and the
gp41 ectodomain (gp41ECTO) (Fig. 1). When we expressed the gp140WT construct
in 293T cells by transient transfection, we could detect envelope glycoproteins in
the supernatants at between 100 and 500 ng per ml by using an antigen-capture
ELISA that recognizes both gp120 and gp140 proteins after they have been delib-
erately denatured. When the culture supernatants were immunoprecipitated with
various anti-gp120 antibodies and then subjected to denaturing SDS-PAGE
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Fig. 1. Different forms of the HIV-1 envelope glycoproteins. A. Monomeric gp120. B. Full-
length recombinant gp160 (in practice, this protein may form higher-order aggregates in
solution because of associations between various hydrophobic domains). C. Proteolytically
unprocessed gp140 trimer with the peptide bond maintained between gp120 and gp41
(gp140UNC or gp140NON). D. The SOS gp140 protein, a proteolytically processed gp140 stabi-
lized by an intermolecular disulfide bond. E. Native, virion-associated gp120-gp41 trimer.
The topologies of these proteins are inferred from previous reports cited in the text and
from studies described in this paper. The shading of the gp140UNC protein (C) indicates the
major antibody-accessible regions that are poorly or not exposed on the SOS gp140 protein
or on the native gp120-gp41 trimer. The trimeric state of the SOS gp140 protein (D) has not
yet been confirmed experimentally.



analysis, two bands appeared consistently on the gels. The results of one such
immunoprecipitation experiment, with the 2G12 MAb as the precipitating anti-
body, are shown in Fig. 2. Although higher-molecular-mass aggregates were also
present, two discrete bands can be seen; one of these, which we assumed to be
free gp120, migrated at 120 kDa, and the other ran at 140 kDa (Fig. 2, lane 1).
This latter protein migrated identically to a gp140 protein that we had mutated in
the gp120-gp41 cleavage site (gp140UNC) (lane 3). 

We reasoned that the 140-kDa band produced during expression of the
gp140WT construct in transient transfections most probably arises because the
host cell proteases of the furin family only incompletely cleave the scissile pep-
tide bond between gp120 and the gp41 ectodomain. This could occur because the
proteases are saturated by the large amount of gp140 expressed during a tran-
sient-transfection procedure. We therefore cotransfected a furin-encoding plas-
mid with the gp140WT-expressing plasmid, since such a procedure has been
shown to increase the proteolytic processing of Ebola virus envelope glycopro-
teins (114). 

In the presence of exogenous furin, the gp140WT protein was completely
processed into its gp120 and gp41ECTO components (Fig. 2, lane 2). Of these, only
the gp120 band is clearly visible on SDS-PAGE gels after immunoprecipitation;
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Fig. 2.  Cotransfection of furin increases the efficiency of cleavage of the peptide bond
between gp120 and gp41. 293T cells were transfected with DNA expressing the HIV-1JR-FL

gp140WT or gp140UNC (gp120-gp41 cleavage site mutant) proteins, in the presence or
absence of a cotransfected furin-expressing plasmid. The 35S-labeled envelope glycopro-
teins secreted from the cells were immunoprecipitated with the anti-gp120 MAb 2G12,
boiled with SDS, and analyzed by SDS-PAGE. Lanes: 1, gp140WT (gp140/gp120 doublet); 2,
gp140WT plus furin (gp120 only); 3, gp140UNC (gp140 only); 4, gp140UNC plus furin (gp140
only). The approximate molecular masses, in kilodaltons, of the major species are recorded
on the left, as are higher-molecular-mass aggregates. Only one-fifth of the immunoprecipi-
tated proteins from the transfections shown in lanes 1 and 3 were loaded onto the gel, to
ensure that the amounts of envelope glycoproteins analyzed in each lane were approxi-
mately comparable.



this is probably because the hydrophobic fusion peptide causes the 20-kDa gp41
ectodomain to self-aggregate when it is not bound to gp120. In contrast to
gp140WT, the gp140UNC mutant was unaffected by the cotransfection of endoge-
nous furin, still giving rise to only a single 140-kDa band in immunoprecipitates,
because the cleavage site for furinproteases has been eliminated by mutation (lane
4). Furin cotransfection did, however, reduce by approximately fivefold the over-
all secretion of HIV-1JR-FL envelope glycoproteins, as judged by the results of
immunoprecipitations with polyclonal sera pooled from HIV-1-infected individu-
als (data not shown). This may be due to competition between the gp140- and
furin-expressing plasmids for transcription or translation. We therefore adjusted
the volume of supernatant used in each immunoprecipitation procedure with
MAbs, to ensure that the total amounts of envelope glycoproteins present were
comparable. 

The above results confirm our assumption that the 140-kDa band obtained
when the gp140WT protein is expressed in the absence of exogenous furin arises
because of incomplete proteolytic cleavage of the peptide bond between gp120
and the gp140 ectodomain. We therefore designate this noncleaved gp140 protein
gp140NON (Fig. 1). Another feature of furin cotransfection was that it eliminated
the production of the high molecular weight aggregates that were visible in
immunoprecipitates of both the gp140WT and gp140UNC proteins (Fig. 2, compare
lane 2 with lanes 1, 3, and 4). Whenfurin is cotransfected, the gp41 ectodomains
cleaved off the gp120 subunits presumably still aggregate but are not precipitated
byanti-gp120antibodies. 

Stabilization of the gp120-gp41 interaction by introduction of double cysteine
substitutions 
With furin cotransfection, we could now express a soluble gp140 protein in
which the gp120 and gp41ECTO components were associated only through a non-
covalent linkage, mimicking what occurs in the native trimeric envelope glyco-
protein complex on virions. However, the natural, noncovalent association
between gp120 and gp41 is weak, leading to the gradual shedding of gp120 from
virions and the surface of infected cells (38, 61, 70, 87). In practice, an unstable
gp120-gp41ECTO complex is unlikely to be useful for vaccination purposes; it
would, for example, be difficult to purify. We therefore sought ways to stabilize
the gp120-gp41 interaction by the introduction of an intermolecular disulfide
bond between the gp120 and gp41 subunits. Of note is that such bonds occur in
at least a fraction of the envelope glycoprotein complexes of type C retroviruses,
such as murine leukemia virus (MuLV) and human T-lymphotropic virus type 1
(HTLV-1) (25, 37, 48, 54, 55, 78, 82-86, 99). 

Our mutagenesis strategy was guided by our earlier theoretical consideration
of which regions of gp120 and gp41 were involved in their association (99). This
analysis had, itself, been influenced by the mutational studies of Helseth et al.
(45). Thus, there is strong mutagenic evidence that the first and last conserved
regions of gp120 (C1 and C5 domains) are the contact sites for gp41 (45, 121).
The corresponding sites on gp41 are known with less certainty. However, the
positions of cysteine residues available for intermolecular disulfide bond forma-
tion in, e.g., the MuLV and HTLV-1 envelope glycoproteins strongly suggested
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that we should focus our attention on the central region of the gp41 ectodomain,
in proximity to the intramolecular disulfide-linked loop (99). This loop is a con-
served feature of retroviral envelope glycoproteins (37, 82). More recent informa-
tion on the structure on the gp41 ectodomain supports this choice (8, 16, 19, 116).
Precedent for the introduction of paired cysteine residues leading to the formation
of intermolecular disulfide bonds has arisen from studies of HIV-1 gp41 (33) and
of other viral envelope glycoproteins (39). 

We therefore substituted single cysteine residues at several different positions
in the C1 and C5 regions of gp120, focusing on amino-acids previously shown to
be important for the gp120-gp41 interaction (Fig. 3A). Simultaneously, we intro-
duced a second cysteine substitution at several residues near the intramolecular
disulfide loop of gp41 (Fig. 3B). The intent was to identify pairs of cysteine
residues whose physical juxtaposition during gp140 processing was such that an
intermolecular disulfide bond would form spontaneously. In all, 53 different dou-
ble-cysteine substitution mutants were generated in the context of the JR-FL
gp140WT protein and then coexpressed with furin by transient transfection of
293T cells (Fig. 4 and 5). 

An initial analysis of the transfection supernatants by antigen capture ELISA
indicated that all the gp140 mutants were efficiently expressed as secreted pro-
teins, except those which contained a cysteine at residue 495 of gp120 (data not
shown). We next characterized the secreted proteins by immunoprecipitation with
the anti-gp120 MAbs 2G12 and F91 followed by SDS-PAGE. In this procedure,
the envelope glycoproteins were eluted from the beads by boiling for 5 min in
SDS-PAGE loading buffer, in the absence of any reducing agent such as DTT. In
addition to the 120-kDa band (gp120), a second band of approximately 140 kDa
(gp140) was precipitated by 2G12 and F91 from most of the double-cysteine
mutant transfection supernatants (Fig. 4). This was not always the case, however,
as exemplified by the A497C/W610C mutant, for which no 140-kDaband was vis-
ible (Fig. 4, lanes 9 and 10). There was some variation in how far the 140 kDa
proteins from the different mutants migratedon the SDS-PAGE gels. For example,
the V36C/W596C and T499C/T605C mutants were particularly slow moving
(lanes 7 and 8 and lanes11 and 12, respectively). The presence of diffuse bands
with reduced mobility on SDS-PAGE gels is probably indicative of incomplete or
improper envelope glycoprotein maturation (25, 27-30, 79). High-molecular-
weight aggregates similar to those in Fig. 2 were present in the immunoprecipi-
tates of most of the double-cysteinemutants (data not shown, but see Fig. 10). 

To determine which among the double-cysteine mutants was the most suitable
for further analysis, we determined the relative intensities of the 140 and 120-
kDa bands derived after immunoprecipitation of each mutant by MAb 2G12 fol-
lowed by SDS-PAGE and densitometry (Fig. 5). We sought the mutant that pro-
duced the highest fraction of gp140 in relation to the total amount of secreted
gp120 plus gp140 (i.e., the highest ratio of gp140 to gp140 + gp120). Our inter-
pretation was that such a mutant would have the most efficient formation of the
intermolecular disulfide bond, while producing a 140-kDa protein that was reac-
tive with a potently neutralizing anti-gp120 MAb. 

Among the double-cysteine mutants, the one that most efficiently produced a
2G12-precipitable gp140 protein was a protein containing cysteine substitutions

135

Disulfide stabilized Env (I)



at alanine-501 of gp120 and threonine-605 of gp41 (A501C/T605C) (Fig. 5). Of
note is that this protein migrated on SDS-PAGE gels as a discrete gp140 band
with a mobility identical to that of the uncleaved gp140 protein from JR-FL (Fig.
4, compare lanes 13 and 14 with lane 15). The A501C/T605C mutant was the
only one to have this property among the double cysteine mutants that we tested,
a finding which suggests that a properly folded and processed gp140 protein is
produced. Below, we refer to the A501C/T605C double cysteine mutant as the
SOS gp140 protein. 

Characterization of the SOS gp140 protein 
We verified that the SOS gp140 protein was indeed stabilized by an intermolec-
ular disulfide bond by boiling the 2G12-immunoprecipitated proteins with SDS
and DTT prior to gel electrophoresis; under these conditions, only a 120-kDa
band was detected (Fig. 6A, lane 4, and Fig. 6B, lane 3). However, boiling with
SDS alone did not eliminate the 140-kDa band (Fig. 6A and B, lanes 1). Taken
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Fig. 3.  Positions of cysteine substitutions in JR-FL gp140. The various residues of the JR-FL
gp140WT protein that have been mutated to cysteines in one or more mutants are indicated
by arrows on the schematics of the gp120 and gp41ECTO subunits. The positions of the ala-
nine-501 and threonine-605 residues that are both mutated to cysteine in the SOS gp140
protein are indicated by the larger arrows. A. The depiction of JR-FL gp120, including the
positioning of canonical sites for complex and high-mannose N-linked carbohydrates, is
based on that of Leonard et al. (56), adjusted to reflect the sequence numbering of HIV-1HXB2.
B. The cartoon of the JR-FL gp41-ectodomain is derived from reference 37, also adjusted to
reflect the HXB2 sequence numbering. The open boxes at the C terminus of gp120 and the
N terminus of gp41 indicate the regions that are mutated in the gp140UNC protein to elimi-
nate the cleavage site between gp120 and gp41.



together, the data imply the presence of a covalent bond between the gp120 moi-
ety and the gp41 ectodomain of the SOS gp140 protein that is sensitive to the
presence of a reducing agent, i.e., a disulfidebond. In contrast, the 140-kDa bands
produced from the gp140NON (gp140WT without furin) and gp140UNC proteins
were unaffected by boiling in the presence of DTT (Fig. 6A, lanes 5 and 6). In
these two proteins, the gp120 and gp41ECTO subunits are attached via the
uncleaved peptide bond, which is unaffected by reducing agents. 

As noted above, SDS-PAGE gels revealed that the mobility and sharpness of
the 140-kDa band derived from the SOS gp140 protein was indistinguishable
from those of the bands derived from the gp140NON and gp140UNC proteins (Fig.
6A, lanes 1 to 3). We also confirmed that cotransfection of furin was important
for the correct formation of the SOS gp140 protein. Thus, in the absence of furin,
the 140-kDa band was unaffected by boiling the immunoprecipitated proteins in
the presence of DTT, suggesting that an uncleaved peptide bond still links the
gp120 and gp41ECTO subunits (Fig. 6B, compare lanes 3 and 4). 

Mutants containing only one of the two cysteines present in the SOS gp140
protein (gp140 mutants A501C and T605C) were alsoevaluated by RIPA with the
2G12 MAb (Fig. 6C). The A501C mutant produced no 140-kDa protein, and the
T605C mutant produced a little, but the resulting ratio of gp140 to gp140 +
gp120 was much lower with this mutant than with the SOS gp140 protein (Fig.
6C, compare lanes 1 and 3). Furthermore, the 140-kDa band derived from the
T605C mutant had a lower mobility than the corresponding band from the SOS
gp140 protein and probably represents a misfolded species (Fig. 6C, lane 3).
Overall, this study with single cysteine substitutions provides further evidence
that the 140-kDa band from the double-cysteine mutants is due to the formation
of an intermolecular disulfide bond between gp120 and the gp41 ectodomain. 

Attempts to improve the efficiency of disulfide bond formation in the SOS gp140
protein 
Although disulfide-stabilized gp140 proteins are secreted from cells expressing
the SOS gp140 mutant, there is also significant production of gp120 monomers
(Fig. 4 and 6). This implies that the disulfide bond between gp120 and the gp41
ectodomain forms with imperfect efficiency. We attempted to improve this by
introducing additional amino-acid substitutions near the inserted cysteines or by
varying where the cysteines were positioned in gp120. We retained the gp41 cys-
teine at residue 605, where it is in the SOS gp140 protein, because this position
seemed to be the one at which intermolecular disulfide bond formation was most
favored (Fig. 5). 

We first varied the position of the cysteine substitution in gp120, by placing it
either N-terminal or C-terminal to alanine-501. The ratio of gp140 to gp140 +
gp120 was not increased in any of these new mutants; it remained comparable to,
or lower than, the ratio derived from the SOS gp140 protein (Fig. 7, lanes 1 to
8). Furthermore, there was a decrease in the mobility and sharpness of the gp140
band compared to that derived from the SOS gp140 protein (lanes 1 to 8). Next,
we considered whether the bulky, charged side chains of the lysine residues adja-
cent to alanine-501 might interfere with disulfide bond formation. We therefore
mutated either or both of the lysines at positions 500 and 502 to alanines in the
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context of the SOS gp140 protein, but these changes neither increased the ratio of
gp140 to gp140 + gp120 nor affected the migration of gp140 (lanes 9 to 11).
Finally, we introduced a second pair of cysteines into the SOS gp140 protein at
residues 45 of gp120 and 609 of gp41, since a disulfide bond formed fairly effi-
ciently when this cysteine pair was introduced into the wild-type protein (Fig. 5).
The quadruple-cysteine mutant (W45C/A501C/T605C/P609C) was, however,
poorly expressed, and the gp120 and gp140 bands that were produced both
migrated unusually slowly. The same was observed with two other similar
mutants (W45C/K500C/T605C/P609C)and (W45C/K502C/T605C/P609C) (Fig.
7, lanes 12 to 14). This implies that there may be protein-folding or other expres-
sion problems with quadruple-cysteine mutants of gp140. 

Antigenic properties of the SOS gp140 protein 
Among the JR-FLenv mutants we have yet made, the efficiency of intermolecu-
lar disulfide bond formation is apparently the highest in the SOS gp140 protein
(A501C/T605C). We therefore characterized the antigenic structure of this pro-
tein, by probing its topologywith a panel of MAbs to a variety of gp120 and gp41
epitopes (Fig. 8). For comparison, we studied the reactivity of the same MAbs
with the gp140NON protein produced when the gp140WT gene is expressed in the
absence of cotransfected furin. The gp140NON protein still contains a peptide bond
between the gp120 and gp140ECTO subunits (Fig. 6). Structurally, the gp140NON

protein is essentially identical to the gp140UNC protein, in which the gp120-gp140
cleavage site has been deliberately replaced by mutagenesis (see Fig. 9). As an
additional comparator, we used a double-cysteine mutant in which the gp120 cys-
teine substitution was in the C1 domain, theW45C/T605C gp140 protein (Fig. 8). 
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Fig. 4.  Immunoprecipitation analysis of selected double cysteine mutants of JR-FL gp140.
The 35S-labeled envelope glycoproteins secreted from transfected 293T cells were immuno-
precipitated with an anti-gp120 MAb, boiled with SDS, and analyzed by SDS-PAGE. The
MAbs used were either 2G12 (odd-numbered lanes) or F91, which recognizes a CD4-bind-
ing site-related epitope (even-numbered lanes). The positions of the two cysteine substitu-
tions in each protein (one in gp120, the other in gp41ECTO) are noted above the lanes. The
gp140WT protein is shown in lane 15. All proteins were expressed in the presence of
cotransfected furin, except for the gp140WT protein in lane 15, which serves as a reference
standard for the position of 120-kDa (gp120) and 140-kDa (gp140NON) bands. Note that in this
and all subsequent figures (except Fig. 10) that depict the outcome of RIPA experiments, the
photographs have been cropped to show only the 120- and 140-kDa bands, since other
regions of the gels were not informative.



Compared to gp140NON, the SOS gp140 protein has several antigenic differences
that we believe are desirable for a protein intended to mimic the structure of the
virion-associated gp120-gp41 complex. These are summarized below. 

(i) The SOS gp140 protein is efficiently recognized by the potently neutraliz-
ing antibodies IgG1b12 and 2G12 and also by the CD4-IgG2 molecule (Fig. 8A).
Although the RIPA method is not sufficiently quantitative to allow a precise
determination of relative affinities, the reactivities of these MAbs and of the CD4-
IgG2 molecule with the SOS gp140 protein appear to be substantially greater than
with the gp140NON and gp120 proteins. Clearly, the SOS gp140 protein has an
intact CD4 binding site. Epitopes in the V3 loop are also accessible on the SOS
gp140 protein, as shown by its reactivity with MAbs 19b and 83.1 (Fig. 8A).
There is very little exposure on the SOS gp140 protein of epitopes for MAbs G3-
42 and G3-519 (Fig. 8B). These MAbs bind to the C4 region of gp120, in prox-
imity to the V3 loop and the CD4 binding site, and have neutralizing activity
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Fig. 5.  The efficiency of intermolecular disulfide bond formation is dependent upon the
positions of the cysteine substitutions. The 35S-labeled envelope glycoproteins secreted
from 293T cells cotransfected with furin and the various gp140 mutants were immunopre-
cipitated with the anti-gp120 MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE. For
each mutant, the intensities of the 140- and 120-kDa bands were determined by densitom-
etry and the ratio of gp140 to gp140 + gp120 was calculated and recorded. The extent of
shading is proportional to the magnitude of the ratio. The positions of the amino-acid sub-
stitutions in gp41 and the C1 and C5 domains of gp120 are recorded along the top and down
the sides, respectively. N.D., not done.
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Fig. 6  Confirmation that an intermolecular gp120-gp41 bond forms in the SOS gp140 pro-
tein. 293T cells were transfected with plasmids expressing gp140 proteins and, when indi-
cated, a furin-expressing plasmid. The secreted, 35S-labeled glycoproteins were immuno-
precipitated with the anti-gp120 MAb 2G12, boiled in the presence of SDS or, when
indicated, SDS plus DTT, and analyzed by SDS-PAGE. A. Lanes: 1 and 4, SOS gp140 pro-
tein (double cysteine mutant A501C/T605C) plus furin; 2 and 5, gp140WT protein, no furin;
3 and 6, gp140UNC protein, no furin. In lanes 1 to 3 the immunoprecipitated proteins were
boiled with SDS; in lanes 4 to 6 they were boiled with SDS plus DTT. B. Lanes: 1 and 3,
SOS gp140 protein plus furin; 2 and 4, SOS gp140 protein without furin. In lanes 1 and 2
the immunoprecipitated proteins were boiled with SDS; in lanes 3 and 4 they were boiled
with SDS plus DTT. C. Lanes: 1, SOS gp140 protein (double cysteine mutant A501C/T605C)
plus furin; 2, single cysteine gp140 mutant A501C plus furin; 3, single cysteine gp140
mutant T605C plus furin. The immunoprecipitated proteins in each case were boiled with
SDS. High-molecular-weight aggregates were also present in immunoprecipitates of the
SOS gp140 protein (data not shown but see Fig. 10).

Fig. 7.  Analysis of cysteine mutants of JR-FL gp140. The 35S-labeled envelope glycoproteins
secreted from gp140-transfected 293T cells in the presence of cotransfected furin were
immunoprecipitated with the anti-gp120 MAb 2G12, boiled with SDS, and analyzed by SDS-
PAGE. Lanes: 1 to 8, each of the different gp140 double cysteine mutants contained the
T605C substitution in gp41, in combination with a second cysteine substitution at the indi-
cated residue in the C5 region of gp120 (the SOS gp140 protein is in lane 3); 9 to 11, gp140
proteins containing the A501C/T605C double cysteine substitutions together with the indi-
cated lysine to alanine substitutions at residue 500 (lane 9), residue 502 (lane 10) or both
residues 500 and 502 (lane 11); 12 to 14, gp140 proteins containing quadruple cysteine
substitutions; each protein contained the W45C, T605C, and P609C substitutions, plus
K500C (lane 12), A501C (lane 13), or K502C (lane 14). 
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Fig. 8.  Comparison of the antigenic structures of the SOS gp140 protein, the gp140NON protein
and gp120. The 35S-labeled envelope glycoproteins secreted from transfected 293T cells were
immunoprecipitated with different anti-gp120 A to C or anti-gp41 (D.) MAbs, boiled with SDS,
and analyzed by SDS-PAGE. Lanes: 1, 4, 7, 10, and 13, gp140WT with no cotransfected
furin, producing gp120 and the gp140NON protein; 2, 5, 8, 11, and 14, SOS gp140 protein
plus cotransfected furin; 3, 6, 9, 12, and 15, gp140 protein containing the W45C/T605C
double cysteine substitutions, plus co-transfected furin. Brief descriptions of the epitopes
recognized by each MAb are noted above each lane; for more details, see the primary refer-
ences listed in Materials and Methods. D, discontinuous epitope; L, linear epitope. 



against T-cell-line-adapted but not primary HIV-1 isolates (67, 72, 73, 122). Each
of the above MAbs also recognized the gp140NON and gp120 proteins derived
from expression of gp140WT in the absence of furin (Fig. 8A). The V3 loop MAbs
19b and 83.1 and the C4-V3 MAb G3-42 bound to the gp140NON protein more
strongly than to the corresponding gp120 (note the relative intensities of the 140-
and 120-kDa bands in lanes 10 and 13 of Fig. 8A and lane 7 of Fig. 8B, com-
pared to lanes 1, 4, and 7 of Fig. 8A). The V3 loop may be unusually well
exposed in the uncleaved gp140 protein. 

(ii) Conversely, the nonneutralizing anti-gp120 MAbs C11 and 23A did not
bind detectably to the SOS gp140 protein (Fig. 8B). These MAbs recognize epi-
topes in the C1 and C5 domains, regions of gp120 that are involved in gp41 asso-
ciation and are occluded in the context of a properly formed gp120-gp41 complex
(71, 121). Although the cysteine residue at position 501 of the SOS gp140 pro-
tein is located near the epitopes for MAbs C11 and 23A, it did not destroy these
epitopes; thus, MAbs C11 and 23A bound efficiently to the gp120 derived from
the SOS gp140 protein, which also contains the A501C substitution (Fig. 8B). In
addition, MAb M90, to a discontinuous C1 epitope, bound weakly to gp120
derived from the SOS gp140 protein but not to the SOS gp140 protein itself. M90
did, however, bind to both the gp120 and gp140 componentsof gp140WT (data not
shown). In contrast to the poor reactivity of the C1- and C5-directed MAbs with
the SOS gp140 protein, these MAbs all bound to the gp140NON and gp120 pro-
teins (Fig. 8B) and also to gp140UNC (see Fig. 9) (data not shown). This implies
that the C1 and C5 regions of gp120 are abnormally accessible when a peptide
bond links gp120 with the gp41 ectodomain. 

(iii) The induction of the epitope for MAb 17b by the prior binding of sCD4
occurred far more efficiently on the SOS gp140 protein than on the gp140NON or
gp120 protein (Fig. 8C, compare lanes 5 and 2 with lanes 4 and 1). Indeed, in
the absence of sCD4, there was very little reactivity of 17b with the SOS gp140
protein (lane 2). The CD4-induced epitope for MAb 17b overlaps the coreceptor
binding site on gp120 (91); it is considered that this site becomes exposed on the
virion-associated gp120-gp41 complex during the conformational changes which
initiate virus-cell fusion after CD4 binding (47, 91, 95, 97, 103). The induction of
the 17b epitope on the SOS gp140 protein suggests that the conformation of the
gp120 moieties resembles what is present on virions and is not significantly
affected by the intermolecular disulfide bond with the gp41 ectodomain. The
gp140NON protein bound 17b constitutively, and although there was some induc-
tion of the 17bepitope upon soluble CD4 binding, this was much less pronounced
than what occurred with the SOS gp140 protein (Fig. 8C). 

(iv) Another CD4-inducible epitope on gp120 is that recognized by MAb A32
(72, 103). There was negligible binding of A32 to the SOS gp140 protein in the
absence of sCD4, but the epitopewas strongly induced by sCD4 binding (Fig. 8C,
compare lanes 11 and 8). As observed with 17b, the A32 epitope was much less
efficiently induced on the gp140NON protein than on the SOS gp140 protein (com-
pare lanes 10 and 7). 

(v) Neither of the nonneutralizing anti-gp41 MAbs 7B2 and 2.2B recognized
the SOS gp140 protein, whereas each bound strongly to the gp140NON protein
(Fig. 8D). These anti-gp41 MAbs recognize the two major epitope clusters of the
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gp41 ectodomain, both of which are considered to be occluded by gp120 in the
virion-associated gp120-gp41 complex (71, 98). Similar results were obtained
with several other MAbs to these regions, T4, T15G1, and 4D4 (data not shown).
The failure of these anti-gp41 MAbs to bind to the SOS gp140 protein is another
indication that this protein adopts a configuration similar to that of the native
trimer. However, we cannot exclude the possibility that the formation of an inter-
molecular disulfide bond involving the central region of gp41 perturbs the epi-
topes for several gp41 MAbs by a different mechanism. The efficient recognition
of the gp140NON protein by several gp41 MAbs is consistent with the view that
proteins of this type have an aberrant conformation because of the peptide bond
linking gp120 with gp41 (31). 

(vi) In marked contrast to what was observed with the nonneutralizing anti-
gp41 MAbs, the neutralizing anti-gp41 MAb 2F5 bound efficiently to the SOS
gp140 protein but not detectably to the gp140NON protein (Fig. 8D, compare lanes
11 and 10). When theexperiment was repeated with a higher concentration of the
gp140WT protein, some 2F5 reactivity could be observed (data not shown). How-
ever, when equivalent amounts of the gp140WT and SOS gp140 proteins were
compared, it was found that 2F5 reacted more strongly with the latter (Fig. 8D).
Of note is that the 2F5 epitope is the only region of gp41 thought to be well
exposed in the context of native gp120-gp41 complexes (98). The ability of the
SOS gp140 protein to bind 2F5 is again consistent with the view that this protein
adopts a configuration similar to that of the native trimer. 

We also examined whether sCD4 binding could cause the exposure of other
previously occult epitopes in the C1 and C5 regions of gp120 or in several areas
of the gp41 ectodomain, as happens when sCD4 induces the shedding of gp120
from gp41 on the native envelope glycoprotein complex (87, 98). However, we
could not detect any increase in the exposure of any other gp41 epitopes on the
SOS gp140 protein in the presence of sCD4 (data not shown). This indicates that
the presence of the intermolecular disulfide bond prevents gp120 from dissociat-
ing from the gp41 ectodomain, despite the conformational changes that are
induced in the gp120 moiety upon sCD4 binding. 

The antigenic properties of the SOS gp140 protein were compared with those
of the W45C/T605C gp140 protein. Among the set of mutants that contained a
cysteine substitution within the C1 domain, this was the most efficient at gp140
formation (Fig. 5). Although the W45C/T605C gp140 protein reacted well with
the 2G12 MAb (Fig. 8A, lane 9), it bound CD4-IgG2 and IgG1b12 very poorly
(lanes 3 and 6). Furthermore, there was little induction of the 17b and A32 epi-
topes on the W45C/T605C gp140 protein by sCD4, although these epitopes were
induced on the gp120 moiety from this mutant (Fig. 8C, compare lanes 6 and 12
with lanes 3 and 9). There was some reactivity of anti-gp41 MAbs with the
W45C/T605C gp140 protein (Fig. 8D). The anti-gp120 MAbs C11 and 23A rec-
ognized neither the gp140 nor the gp120 form of the W45C/T605C mutant (Fig.
8B). For the C1-C5-directed MAb C11, this may be due to a direct effect of the
W45C substitution on the epitope (75). Inappropriate protein folding due to the
aberrant formation of disulfide bonds in the C1 and C5 regions of gp120 may be
an explanation for the lack of 23A reactivity with the W45C/T605C mutant.
Taken together with the fact that the gp140 bands from the W45C/T605C protein
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are diffuse and of relatively low mobility, these results suggest that this mutant
has suboptimal antigenic properties. Indeed, the contrast between the properties
of the W45C/T605C gp140 protein and the SOS gp140 protein implies that the
positioningof the intermolecular disulfide bonds has a significant influenceon the
antigenic structure of the resulting gp140 molecule. 

Comparing the antigenic structures of gp140NON and gp140UNC

We next studied the antigenic structure of the gp140 protein produced when the
cleavage site between gp120 and gp41 is replaced by mutation (gp140UNC), since
this type of protein is being used in vaccine-related studies on the grounds that it is
oligomeric (27, 90, 110). We compared gp140UNC with the gp140NON and gp120
proteins produced when gp140WT is expressed in the absenceof cotransfected furin
(Fig. 9). The gp140NON and gp140UNC proteinscould not be distinguished from one
another by the reactivity of any of the test MAbs; they are essentially isomorphic.
The major differences in antigenic structure between the SOS gp140 protein and
the gp140NON protein that were demonstrated in Fig. 8 therefore also apply to the
gp140UNC protein. Of particular note is the negligible induction of the 17b epitope
on the gp140UNCprotein by sCD4 (Fig. 9, compare lanes 6 and 8), which may help
explain why proteins of the gp140UNC type interact poorly with the CCR5 corecep-
tor (31). The aberrant exposure of gp41 in the gp140UNC and gp140NON proteins is
also clearly revealed (compareFig. 9, lanes 11 and 12, with Fig. 8D, lane 2). 

Intersubunit disulfide bonds form in SOS gp140 proteins from other HIV-1
isolates 
To assess the generality of our observations with gp140 proteins derived from the
R5 HIV-1 isolate JR-FL, we generated double-cysteine mutants of gp140s from
four other HIV-1 strains. These were the R5X4 viruses GUN-1wt, 89.6, and
DH123 and the T-cell-line-adapted X4 virus HxB2. In each case, the cysteines
were introduced at the residues equivalent to alanine-501 and threonine-605 of
HxB2. The resulting SOS gp140 proteins were precipitated with the 2G12 MAb,
in comparison with the gp140WT proteins from each isolate (Fig. 10). In general,
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Fig. 9.  Comparison of the antigenic structures of the gp140NON and gp140UNC proteins. The
35S-labeled envelope glycoproteins secreted from transfected 293T cells were immunopre-
cipitated with different anti-gp120 MAbs, boiled with SDS, and analyzed by SDS-PAGE.
Odd-numbered lanes contained gp140WT with no cotransfected furin, producing gp120 and
the gp140NON protein. Even-numbered lanes contained gp140UNC protein with no cotransfect-
ed furin.



the results obtained with the GUN-1wt, 89.6, DH123, and HxB2 proteins were
very similar to what was observedwith JR-FL gp140s. Disulfide-stabilized gp140
proteins could be efficiently expressed from each isolate, as confirmed by the dis-
appearance of the 140-kDa band when the immunoprecipitates were boiled with
DTT before being subjected to SDS-PAGE analysis. In each case, the ratio of
gp140 to gp140 + gp120 was comparable to or greater than that observed for the
JR-FL SOS gp140 protein. One unexpected but advantageous observation was
that furin cotransfection significantly increased the secretion of envelope glyco-
proteins from 89.6 gp140-transfected cells (Fig. 10B, compare lanes 6 and 7
with lane 5). This may be due to a decrease in the degradation of misfolded pro-
teins when the scissile bond between gp120 and gp41 is correctly cleaved. We do
not yet know why this should be an isolate-dependent phenomenon. To some
extent, it occurs also with DH123 proteins. 

Sucrose gradient analysis of the SOS gp140 and gp140UNC proteins 
The oligomeric state of the secreted gp140 complex cannot be determined by
immunoprecipitations of unfractionated supernatants, since the proteins are sub-
sequently denatured by boiling with SDS prior to gel electrophoresis. To obtain
information on the size of the gp140 protein complex under nondenaturing con-
ditions, we performed a sucrose velocity gradient analysis on 100-fold concen-
trates of the proteins secreted from 293T cells transfected with SOS gp140 (JR-
FL) and furin or, for comparison, with the gp140UNC mutant (Fig. 11A). To detect
where various molecular species had migrated on the sucrose velocity gradient,
the gradient fractions were immunoprecipitated with MAb 2G12, boiled with
SDS, and analyzed by SDS-PAGE. 

Three forms of envelope glycoproteins were detected after sucrose gradient
fractionation of the SOS gp140 protein (Fig. 11A). Fractions 23 and 24 con-
tained material of a very high molecular mass, which probably correspond to the
aggregates that were noted in RIPA experiments (Fig. 2). A broad peak contain-
ing envelope glycoproteins with a subunit molecular mass of 140 kDa was cen-
tered on fraction 20. A second peak containing 120-kDa subunits was present in
fractions 17 to 19, separated from the 140-kDa proteins by two fractions, or 1
ml (Fig. 11A). 

When the gp140UNC protein was analyzed, the very-high-molecular-mass
aggregates were again present (fractions 22 to 24), and they were more abundant
than with the SOS gp140 protein (Fig. 11B). This is consistent with what was
observed in the immunoprecipitation analysis shown in Fig. 2. Envelope glyco-
proteins with a subunit weight of 140-kDa were spread throughout fractions 18
to 24 (Fig. 11B). The 140-kDa proteins in fractions 22 to 24 were most proba-
bly derived from high-molecular-mass aggregates formed when the immunopre-
cipitates were boiled with SDS before being subjected to SDS-PAGE. The 140-
kDa proteins in fractions 19 to 21 migrate in the same position as the 140-kDa
components of the SOS gp140 preparation. 

We interpret the sucrose velocity gradients to indicate that the SOS gp140
preparation contains monomeric gp120 proteins which peak in fractions 17 and
18, together with oligomeric proteins containing 140-kDa subunits which peak
in fractions 19 and 20. Excluding the products of protein aggregation, only the
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Fig. 10.  Preparation of disulfide bond-stabilized gp140 proteins from various HIV-1 isolates.
293T cells were transfected with plasmids expressing gp140 proteins from different isolates
and, when indicated, a furin-expressing plasmid. The secreted, 35S-labeled glycoproteins
were immunoprecipitated with the anti-gp120 MAb 2G12, boiled with SDS (and, when indi-
cated, DTT), and analyzed by SDS-PAGE. The SOS gp140 protein from each isolate con-
tained double cysteine substitutions at positions equivalent to alanine-501 and threonine-
605 of the JR-FL gp140 protein. A. HxB2 (lanes 1 to 4) and GUN-1wt (lanes 5 to 8). Lanes:
1 and 5, gp140WT with no cotransfected furin, producing gp120 and the gp140NON protein;
2 and 6, gp140WT plus furin, producing gp120; 3 and 7, SOS gp140 protein plus furin; 4
and 8, as lanes 3 and 7 except that the immunoprecipitates were boiled with both SDS and
DTT prior to SDS-PAGE. B. DH123 (lanes 1 to 4) and 89.6 (lanes 5 to 9). The layout of the
lanes is as in panel A, except that for 89.6, lane 8 is the same as lane 7 but with only one-
fifth of the immunoprecipitate loaded onto the gel and lane 9 is the same as lane 8 but with
the immunoprecipitates boiled with both SDS and DTT prior to SDS-PAGE. The positions of
the 120- and 140-kDa bands, and of higher-molecular-mass aggregates, are indicated on the
left of each panel. Only one-fifth of the immunoprecipitated proteins from the gp140WT plus
furin transfections (lanes 2 and 6) was loaded onto each gel, to approximately compensate
for the increased envelope glycoprotein expression that was observed with the JR-FL
gp140WT protein under these conditions.



latter proteins are present in the gp140UNC preparation. From this analysis, we
cannot determine the exact molecular mass, and hence the subunit composition,
of the oligomeric proteins. However, the fact that they were clearly separated
from the 120-kDa gp120 monomers by an approximately 1-ml volume on a stan-
dard 5 to 20% sucrose velocity gradient of 8.8 ml (i.e., by a density difference
of approximately 1.5% sucrose) indicates that they are probably of several hun-
dred kilodaltons (a 140-kDa monomer would not be separable from a 120-kDa
protein under these conditions). This would be consistent with their composition
being oligomeric gp120-gp41ECTO complexes, although this cannot be proven by
this type of analysis. 

Gel filtration analysis of the SOS gp140 and gp140UNC proteins 
To obtain additional information on the molecular size of the gp140 protein com-
plexes under nondenaturing conditions, we usedsize exclusion gel filtration chro-
matography (Fig. 12). This was performed on concentrates of the proteins secret-
ed from 293T cells transfected with SOS gp140 (JR-FL) plus furin (Fig. 12A)
and, for comparison, gp140UNC (Fig. 12B). To detect where various molecular
species had migrated, the gradient fractions were immunoprecipitated with MAb
2G12, boiled with SDS, and analyzed by SDS-PAGE. 

Three forms of envelope glycoproteins were detected after fractionation of the
SOS gp140 protein (Fig. 12A). Fractions 12 to 19 contained material of a high
molecular weight, which may again correspond to the aggregates noted in RIPA
experiments (Fig. 2). A broad peak containing envelope glycoproteins with a sub-
unit molecular mass of 140 kDa was centered on fractions 20 and 21. This, we
believe, is the oligomeric component of the SOS gp140 protein (see below and
also Discussion). A more rapidly migrating peak containing 120-kDa subunits
was found in and around fractions 24 and 25; this most probably represents the
position of gp120 monomers (Fig. 12A). 

When the gp140UNC protein was analyzed, the very-high-molecular-weight
aggregates were again present (fractions 12 to 19), and they were more abundant
than was observed with the SOS gp140 protein (Fig. 12B). This is consistent with
the immunoprecipitation analysis in Fig.Fig. 2. Envelope glycoproteins with a
subunit weight of 140 kDa were spread throughout fractions 15 to 23, with an
apparent peak around fractions 15 and 16 (Fig. 12B). The aggregates in frac-
tions 12 to 18 are probably derived from the unfolding of gp140 and the inter-
molecular association of hydrophobic gp41 moieties when the immunoprecipi-
tates are boiled with SDS before being subjected SDS-PAGE. Of note is that the
gp140 proteins in fractions 20 and 21 migrate in the same position as the 140-
kDa components of the SOS gp140 preparation. The radiographs shown in Fig.
12A and B were scanned to determine the density of each band (Fig. 12C). We
estimate that approximately 40 to 50% of the nonaggregated protein in the SOS
gp140 protein is in the higher-molecular-weight form, with the rest being gp120. 
The positions of the protein standards thyroglobulin (669 kDa), ferritin (440
kDa), and aldolase (158 kDa) are also indicated (Fig. 12C). Note that the
monomeric gp120 protein migrates more rapidly, and hence appears to be of
higher molecular mass, than a standard, globular protein of 158 kDa, aldolase.
However, the higher-molecular-mass, oligomeric component of the SOS gp140
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protein migrates more slowly, and so appears to be of lower molecular mass, than
the 440-kDa ferritin standard (Fig. 12C). The unusually abundant glycosylation
of the HIV-1 envelope glycoproteins is likely to affect their biophysical proper-
ties and limit the value of comparisons with traditional protein molecular weight
standards. 

Discussion

Our goals are to make a recombinant HIV-1 envelope glycoprotein with antigenic
properties mimicking those of the native, trimeric gp120/gp41 complex found on
virions or virus-infected cells and then evaluate whether such a protein might be
a useful component of a multivalent HIV-1 vaccine. We believe we have accom-
plished the initial phase in creating the SOS gp140 protein. Whether this protein
will be a superior immunogen to gp120 monomers, gp140 proteins with a peptide
linkage retained between the gp120 and gp41ECTO moieties, or full-length gp160,
remains to be determined. We believe that the disulfide bridge in the SOS gp140
protein should provide sufficient stability for this to be a practical immunogen,
considering that the 140-kDa band survives boiling and SDS treatment during
PAGE analysis. 

There were two technical steps necessary for the generation of the SOS gp140
protein. The first was the use of cotransfected furin to increase the efficiency with
which a secreted gp140 protein is proteolytically processed into gp120 and
gp41ECTO moieties. The second was the introduction of a disulfide bond, at an
appropriate position, to cross-link the gp120 subunit to the gp41 ectodomain and
thereby increase its stability. During the synthesis of envelope glycoproteins in
HIV-1-infected cells, trimerization of the gp41 moieties in the context of the
gp160 precursor precedes the cleavage of the peptide bond linking gp120 to gp41
(25, 79). The cleavage step is mediated by proteases of the furin family (25, 41,
76). This step is inefficient, but unprocessed gp160 is generally sorted intracellu-
larly into the lysosomal pathway, and little or no uncleaved gp160 is incorporat-
ed into virions (25, 26, 60, 119). However, when the HIV-1 env gene is expressed
at high levels in mammalian cells, uncleaved gp160 cleavage can be found at the
cell surface, perhaps because the natural cellular complement of furin proteases
is saturated or because of differences in how gp160s are routed in infected and
transfected cells (60, 119; Q. J. Sattentau, personal communication). These dif-
ferences may be exacerbated when soluble rather than membrane-associated pro-
teins are expressed, as is the case with gp140s. For whatever reason, when we
expressed the JR-FL gp140WT gene in 293T cells, only a fraction of the secreted
gp140 proteins were properly cleaved to gp120 and gp41ECTO subunits. This prob-
lem was overcome by the exogenous supplementation of furin via transfection, a
device previously used to increase the efficiency of Ebola virus envelope glyco-
protein proteolytic processing (114) and one that may have general relevance for
vaccine development. Furin transfection did, however, reduce the extent of enve-
lope glycoprotein expression (except with 89.6 and perhaps DH123), perhaps
because of competition between plasmids for protein translation. Careful opti-
mization of the furin content of permanent cell lines will be required when scal-
ing up the production of the SOS gp140 protein. 
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The solution to the first problem created the second: the properly processed
gp120 and gp41ECTO subunits are only weakly associated by noncovalent interac-
tions. Consequently, the gp120 moieties are rapidly shed as the complex disas-
sembles (38, 61, 70). To overcome this, we considered whether we could modify
the gp120 or gp41 primary sequences to increase the strength of the noncovalent
interaction between the subunits. However, in the absence of detailed information
on the structure of the gp120-gp41 interactive sites, there was no good way to
predict what amino-acid substitutions might work. Indeed, most of the substitu-
tions in relevant regions of gp120 and gp41 that have been described in the liter-
ature actually weaken rather than strengthen the intersubunit association (17, 20,
45). We therefore focused on a second strategy: the stabilization of the gp120-
gp41 interaction by the formation of an intersubunit disulfide bond between cys-
teine residues introduced into appropriate positions within gp120 and gp41. 

We found that the precise positioning of the two cysteine residues introduced
into gp120 and gp41 was important. Of the many double-cysteine mutants that
we evaluated, the SOS gp140 protein (A501C/T605C) had the highest efficiency
of disulfide bond formation, the fewest indications of poor folding, and the most
favorable antigenic properties. In this protein, the cysteine substitution in gp120
is at a residue previously shown to be critical for any association of gp120 with
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Fig. 11.  Sucrose gradient analysis of the JR-FL SOS gp140 and gp140UNC proteins. Envelope
glycoproteins secreted from transfected 293T cells were concentrated 100-fold and then
fractionated by sucrose velocity gradient centrifugation. The gradient fractions (500 µl)
were immunoprecipitated with MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE to
detect envelope glycoproteins and determine the sizes of their denatured components. A.

JR-FL SOS gp140 protein. B. JR-FL gp140UNC protein. The last lane in each panel shows an
unconcentrated supernatant containing the JR-FL gp140WT protein expressed in the absence
of furin and then immunoprecipitated with 2G12 to provide a reference standard for the
positions of gp120 and gp140 proteins on the gel. These bands are marked on the right of
each panel, together with the position of high-molecular-weight aggregates.

aggregates

aggregates



gp41 (45). The N- and C-terminal ends of gp120 probably assume disordered,
flexible conformations, a factor which provoked their deletion from the crystal-
lized gp120 core fragment (51, 122). The flexibility of these regions may explain
why so many different cysteine substitutions of residues near the gp120 N and C
termini permitted at least some disulfide linking to gp140. However, several such
mutants were associated with smearing of gp140 bands on SDS-PAGE gels, sug-
gesting that an imperfectly positioned disulfide bond does have some negative
effects on envelope glycoprotein folding. 

The corresponding substitution in gp41 is at a location exactly equivalent to
where a cysteine residue is naturally positioned in the transmembrane glycopro-
teins of many retroviruses, including MuLV and HTLV-1 (37, 82, 99). This cys-
teine is immediately C-terminal to a small loop bounded by an intramolecular
disulfide bond that is a common feature of retrovirus and lentivirus transmem-
brane glycoproteins (37, 82). On intuitive grounds, we postulated that this region
of HIV-1 gp41 was involved in gp120 binding (99); the additional cysteine pres-
ent in other retroviruses probably accounts for the disulfide bond that can some-
times form between the surface and transmembrane glycoproteins (25, 54, 55, 78,
83-86). There may be a conserved mechanism of subunit association among
many viral families, sometimes with the involvement of a disulfide bond and
sometimes not (36, 37, 99, 124). The crystal structure of the major fragment of
the gp41 ectodomain in its postfusion conformation reveals that the C-terminal
helix of the gp41 trimeric coiled coil is positioned antiparallel to, and stacked on
the outside of, an N-terminal trimer (19, 101, 116). This implies that the cysteine
residue substituted for alanine-605 protrudes outward in the postfusion confor-
mation of gp41. The crystal structures of the TM glycoproteins of other viruses,
such as MuLV and Ebola virus, also show that the region near the intramolecular
disulfide-bonded loop is solvent accessible (16, 117). At present, the conforma-
tion of the prefusion form of the gp41 ectodomain is unknown, but presumably
alanine-605 must also protrude in this form of the protein since the cysteine
residue substituted at this position is available for disulfide bond formation with
cysteine-501 of gp120. In the correctly folded, prefusion form of the gp120-gp41
complex, these two residues must be sufficiently proximal for disulfide bond for-
mation to be possible. If and when the prefusion form of the gp41 ectodomain is
crystallized, the exact positioning of alanine-605 will be revealed. 

Although we can clearly make a gp140 protein in which the gp120 and
gp41ECTO moieties are stabilized by an intermolecular disulfide bond, the forma-
tion of the disulfide bond occurs with imperfect efficiency. Thus, only a fraction
(perhaps 40 to 50%)of the envelope glycoprotein complexes secreted from 293T
cells expressing the A501C/T605C double cysteine mutant in the presence of
furin are in the form of the SOS gp140 protein (Fig.Fig. 12C). The remaining pro-
teins are present as gp120 monomers. This reflects inefficient formation of the
intermolecular disulfide bond in the transfected 293T cells, rather than a lability
of this bond once it has formed; the gp120 subunit still remains attached to the
gp41 ectodomain even when the SOS gp140 protein is boiled in SDS and partial-
ly denatured, indicating that the intermolecular disulfide bond is quite stable. Pre-
liminary studies of a permanent CHO cell line show that these cells secrete essen-
tially only disulfide-stabilized SOS gp140 proteins, with virtually no gp120
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moieties being present (data not shown). The efficiency of intermolecular disul-
fide bond formation is probably cell type dependent. 

Biophysical analyses showed that the SOS gp140 protein has a higher molec-
ular weight than monomeric gp120. It also differs in its biophysical properties
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Fig. 12.  Gel filtration analysis of the JR-FL SOS gp140 and gp140UNC proteins. Envelope glyco-
proteins from transfected 293T cells were concentrated 100-fold and then fractionated by gel
filtration chromatography. The fractions (250 µl) were immunoprecipitated with MAb 2G12,
boiled with SDS, and analyzed by SDS-PAGE to detect envelope glycoproteins and determine
the size of their constituent subunits. A. JR-FL SOS gp140 protein. B. JR-FL gp140UNC protein.
The last lane in each panel shows an unconcentrated supernatant containing the protein
under analysis and immunoprecipitated with 2G12 to provide a reference standard. These
bands are marked on the right of each panel, together with the position of high-molecular-
weight aggregates. C. Densitometric analysis of the elution profile derived from the SOS
gp140 protein (A and B). , gp140UNC; , the 140-kDa component of SOS gp140; , the 120-kDa
component of SOS gp140. The positions of molecular mass standards are indicated by
arrows. These were thyroglobulin (669 kDa), ferritin (440 kDa), and aldolase (158 kDa). 



from uncleaved gp140. However, we have not yet determined whether the SOS
gp140 protein contains three gp41 ectodomains, each linked to a gp120 moiety
via a disulfide bond, or whether only one or two gp120s are successfully attached
to trimerized gp41 subunits. A mixture of molecular species may be present.
Additional studies of SOS gp140 proteins purified from a permanent cell line are
necessary to address these issues. 

We are, however, encouraged by the antigenic properties of the SOS gp140
protein; it has a MAb reactivity pattern that is consistent with what has been
learnt from prior studies of thenative trimer and of the relationship between MAb
binding and HIV-1 neutralization (34, 71, 72, 98, 102, 106, 115). Thus the most
commonly exposed regions on the gp120 moiety of the SOS gp140 protein cor-
respond to neutralizing-antibody epitopes. These include areas near the CD4
binding site (e.g., the binding sites for MAb IgG1b12 and the CD4-IgG2 mole-
cule), the C3-V4 glycan-dependent epitope for MAb 2G12, the V3 loop, and, in
the presence of sCD4, the CD4-induced epitope for MAb 17b that overlaps the
coreceptor binding site. For some MAbs, notably 2G12, the reactivity with the
SOS gp140 protein is better than with the gp120 monomer. MAbs to nonneutral-
izing epitopes in the C1 and C5 domains do not bind to the SOS gp140 protein,
although they recognize the uncleaved gp140 proteins quite efficiently because of
the abnormal conformation conferred upon the gp120 moiety when the gp41
ectodomain is attached via a peptide bond. 

Some MAbs to CD4-binding site and V3 loop epitopes (e.g., F91 and 19b) do,
however, bind efficiently to the SOS gp140 protein while lacking strong neutral-
ization activity against HIV-1JR-FL. The binding of the nonneutralizing A32 MAb
to the SOS gp140 protein in the presence of sCD4 is another example. The abil-
ity of weakly neutralizing MAbs to bind to native envelope glycoprotein com-
plexes on the cell surface has been described previously (35). Factors such as the
on-rate may be important in determining precisely which MAbs to closely relat-
ed epitopes do (e.g., IgG1b12) and do not (e.g., F91) neutralize HIV-1. Kinetic
parameters might not be identical in RIPA and neutralization assays, in that the
slow binding of some MAbs to the native trimer might be rapid enough to be
detectable in a binding assay yet too slow to be able to interfere with virus attach-
ment and entry in a neutralization assay. There may also be differences in the
rates at which neutralizing antibodies bind to soluble and membrane-associated
forms of the same protein complex. 

On the gp41 moiety of the SOS gp140 protein, only the epitope for the neu-
tralizing MAb 2F5 is accessible. Nonneutralizing gp120 and gp41 antibody epi-
topes components are not exposed on the SOS gp140 protein, just as they are
inaccessible on native trimers (71, 98). However, we cannot rule out the possibil-
ity that the occlusion of the nonneutralizing gp41 epitopes is a direct consequence
of the formation of the intermolecular disulfide bond.The almost complete occlu-
sion of the CD4-induced epitope on the SOS gp140 protein in the absence of
CD4, combined with its substantial induction upon CD4 binding, is consistent
with how the gp120 moieties in a native trimer are thought to be arranged (122).
In this conformation, the CD4-induced epitopes are partially covered by the
V1/V2 and V3 loop structures and partially occluded by interactions between the
individual gp120 components of a trimer. In the gp120 monomer, the occlusion
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of the CD4-induced epitopes is only partial (105, 122, 123), and we observed this
to be the case also in the uncleaved gp140 proteins. Thus the MAb reactivity pat-
terns of the SOS gp140 protein are, in general, consistent with its existing as a
native, oligomeric structure. We believe that the SOS gp140 protein is in a prefu-
sion conformation, judged by the dramatic induction of the 17b epitope upon
sCD4 binding. 

The above properties of the SOS gp140 protein contrast markedly with the
antigenic structure of gp140 proteins that retain the peptide bond between gp120
and the gp41 ectodomain. Proteins of this category have not, to date, been signif-
icantly superior to gp120 monomers as immunogens (27, 90, 110). This may be
because they do not properly mimic the structure of the native trimer, as indicat-
ed by their limited ability to interact with coreceptors (31); it is probably not the
ability of a protein to oligomerize that most strongly influences its immunogenic-
ity, but its overall structure. The acid test of the value of our work to vaccine
development will come from immunogenicity studies, the outcomes of which are
inherently unpredictable. The preservation of the best neutralizing-antibody epi-
topes on the SOS gp140 protein (those for MAbs IgG1b12, 2G12, and 2F5), com-
bined with the elimination of irrelevant epitopes, might be valuable for focusing
the humoral immune response. 

It may, however, be found necessary to further modify the antigenic structure
of the SOS gp140 protein to improve its immunogenicity, for example by remov-
ing some of its glycan residues or variable loops (18, 89). In preliminary studies,
we have found that such modifications can be made to the SOS gp140 protein
without having significant effects on the efficiency of intermolecular disulfide
bond formation (R. Sanders, F. Kajumo, A. Master, L. Schiffner, T. Dragic, J.
P. Moore, and J. M. Binley, unpublished results). The ability of the SOS gp140
protein to bind soluble CD4 and undergo relevant conformational changes allows
a further way to explore its immunogenicity, i.e., as an sCD4 complex (49). It
may also be possible to make full-length, membrane-bound versions of the SOS
gp140 protein by restoring the transmembrane domain. Such a protein, expressed
in the context of a DNA plasmid or a live recombinant virus vector, might be use-
ful for priming the immune system prior to boosting with a soluble version. 

That the A501C/T605C double cysteine substitution works in the context not
only of HIV-1JR-FL but also with several other primary and T-cell-line-adapted
subtype B isolates (Gun-1wt, DH123, 89.6, and HxB2) suggests that the method
will be generally useful for generating stable trimers. We are presently making
similar mutants derived from HIV-1 subtype C isolates. Thus, if the SOS gp140
mutant, or antigenic variants thereof, does induce superior neutralizing-antibody
responses in small-animal models, its overall utility as a vaccine antigen could be
evaluated in monkey models by using homologous and heterologous SHIVs as
challenge viruses (24, 53). It may also be possible to make SOS gp140 proteins
derived from SIVmacor other lentiviruses, given the likely similarityof the gp120-
gp41 association among retroviruses (99). Thiscould have useful implications for
the development of vaccines against retroviruses in general and perhaps other
viral families as well. 
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We have described an oligomeric gp140 envelope glycoprotein from human
immunodeficiency virus type 1 that is stabilized by an intermolecular disulfide
bond between gp120 and the gp41 ectodomain, termed SOS gp140 (J. M. Binley,
R. W. Sanders, B. Clas, N. Schuelke, A. Master, Y. Guo, F. Kajumo, D. J.
Anselma, P. J. Maddon, W. C. Olson, and J. P. Moore, J. Virol. 74:627-643,
2000). In this protein, the protease cleavage site between gp120 and gp41 is fully
utilized. Here we report the characterization of gp140 variants that have deletions
in the first, second, and/or third variable loop (V1, V2, and V3 loops). The SOS
disulfide bond formed efficiently in gp140s containing a single loop deletion or a
combination deletion of the V1 and V2 loops. However, deletion of all three vari-
able loops prevented formation of the SOS disulfide bond. Some variable-loop-
deletedgp140s were not fully processed to their gp120 and gp41 constituentseven
when the furin protease was cotransfected. The exposure of the gp120-gp41 cleav-
age site is probably affected in these proteins,even though the disabling change is
in a region of gp120 distal from the cleavage site. Antigenic characterization of the
variable-loop-deleted SOS gp140 proteins revealed that deletion of the variable
loops uncovers cryptic, conserved neutralization epitopes near the coreceptor-
bindingsite on gp120. These modified, disulfide-stabilized glycoproteinsmight be
useful as immunogens. 

Introduction

An immunogen able to induce effective humoral immune responses would be a
valuable component of combination vaccines against human immunodeficiency
virus type 1 (HIV-1). Such vaccines include ones in which cellular immunity is
stimulated by live, recombinant viruses or DNA-based vectors (3, 19, 23, 30, 52).
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The monomeric HIV-1 gp120 glycoprotein does not elicit broadly neutralizing
antibody responses against representative primary isolates (3, 14, 49). However,
such proteins are still being included in combination vaccines, for want of any-
thing better. 

The HIV-1 envelope glycoprotein complex contains two subunits, the trans-
membrane glycoprotein gp41 and the surface glycoprotein gp120. The latter con-
tributes most of the exposed surface area to the complex and contains the binding
sites for the CD4 receptor and a coreceptor, either CCR5 or CXCR4 or both (35,
53, 64,71, 72). The crystal structures of the core fragments of bothgp41 and gp120
have been described (11, 26, 28, 68, 72). During envelope glycoprotein synthesis,
a peptide bond that linksthe gp120 and gp41 components of the precursor polypro-
tein, gp160, is cleaved by proteases in the Golgi complex (17, 24, 31, 58, 69, 70).
The gp120 and gp41 subunits are then noncovalently but weakly associated (22,
32, 38, 57). On the cell and virion surface, the envelope glycoproteins are organ-
ized in trimersvia noncovalent gp41-gp41 interactions (11, 28, 29, 68). 

The trimeric envelope glycoprotein complex mediates HIV-1 attachment and
fusion. First, gp120 binds to the CD4 receptor, inducing conformational changes
that expose the normally occult coreceptorbinding site (64, 71). This involves the
movement of the first, second, and third variable loops (V1, V2, and V3 loops)
away from the coreceptor-binding site (59, 61, 73). Once gp120 interacts with the
coreceptor, additional conformational changes expose fusion peptides at the N
termini of the gp41 moieties, which then mediate fusion of the viral and cell
membranes (11, 13, 25, 45, 68). 

The envelope glycoproteins are important targets for the humoral immune re-
sponse in that neutralizing antibodies are known that interfere with virus-cell at-
tachment and fusion (41, 49, 50). To persist as a chronic infection in the face of a
vigoroushumoral response, HIV-1 has evolved ways to limit the generationof neu-
tralizing antibodies and/or to minimize their effect on its life cycle. There is unusu-
ally extensive shielding of the conserved regions of gp120 by nonimmunogenic
carbohydrates (48, 51); the CD4-binding site is recessed (26, 72); escape mutants
can be generated in a relatively facile way, even to antibodiesagainst the CD4-bind-
ing site (26, 72); variable loops hidethe coreceptor-binding site until after the CD4
interaction hasoccurred, thereby minimizing the time and space available foranti-
bodies to intervene against this stage of the fusion process(26, 36, 53, 59, 72). 

Another defense mechanism is that the trimeric envelope glycoprotein spikes
are poorly immunogenic compared to their dissociated subunits (9, 40, 50). Most
infection-induced antienvelope antibodies are raised to uncleaved gp160 precur-
sors, dissociated gp120, or gp41 ectodomains from which gp120 has been shed
(39, 40, 50, 56), as is also the case in respiratory syncytial virus infection (55).
Such “viral debris” does not antigenically mimic the native trimeric complex, so
although the immune response to viral antigens is strong, that against infectious
virus is weak. Viral debris might not just create an irrelevant immune responseit
may even actively decoy antibody production away from the functionally impor-
tant forms of the envelope glycoproteins (40, 50, 55). 

All these factors impact upon the design of vaccines for inducing humoral
immunity: The natural mechanisms used by HIV-1 to limit the immunogenicity of
its envelope glycoproteins need to be understood and overcome. One approach
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that we and others are pursuing is the development of antigenic mimics of the
nativecomplex (5, 20, 74). We previously described such a protein(SOS gp140) in
which the weak association between gp120 and the gp41 ectodomain is stabilized
by the introduction of an intersubunit disulfide bond (5). However, it may be nec-
essary to modify this protein to improve its immunogenicity. Several mutants of
HIV-1 and simian immunodeficiency virus (SIV) gp120s have beenmade with the
intent of immunogenicity enhancement; these includeproteins that lack glycosyla-
tion sites or one or more of the variable loops (6, 10, 30, 51). Variable-loop-deleted
gp120s are properly folded (4); indeed, one such protein from the HxBc2 strain
was successfully crystallized as a ternary complex with soluble CD4 (sCD4) and
the Fab fragment of the human monoclonalantibody (MAb) 17b (26, 72). 

Here, we describe versions of the SOS gp140 protein with deletions of the V1,
V2, and V3 loops. These modifications uncoverconserved neutralization epitopes
around the coreceptor-binding site in the context of a properly folded, fully
processed, oligomeric envelope glycoprotein complex. 

Materials and methods

Plasmids 
The envelope glycoproteins used in this study were derived from HIV-1JR-FL, a
subtype B, CCR5-using primary isolate. The pPPI4 plasmid expressing soluble
gp140 lacking the transmembrane and intracytoplasmic domains of gp41 has
been described elsewhere (5). Furin was expressed from the plasmid pcDNA3.1-
furin (5, 62). 

Construction of mutant envelope glycoproteins 
Plasmids encoding single-loop-deletion mutants were generated as follows;
restriction sites are underlined. To delete the V1 sequences, two primers were
designed that contain a uniqueNaeI site: 5JV1-N (5’-GTCTGAGTCGCCG-
GCTCCCTTGCAATTTAAAGTAACACAGAG-3’) and 3JV1-N (5’-GTCT-
GAGTCGGAGCCGGCAACTGCTCTTTCAATATCACC-3’). PCR amplifica-
tion with primer pair 5’Kpn1env (5’-GTCTATTATGGGGTACCTGTGTGG
AAAGAAGC-3’, which contains a unique KpnI site) and 5JV1-N and with
primer pair 3JV1-N and 3’BstB1env (5’-GTCTGAGTCTTCGAATTAATAAC-
CACAGCCATTTTG-3’, which contains a unique BstBI site) produced two frag-
ments without the V1 sequences that contained the NaeI site. Cloning of these
fragments into pPPI4 using the KpnI, NaeI, and BstBI sites produced the plasmid
lacking the V1 sequences. Plasmids lacking the V2 or V3 sequence were con-
structed in an analogous manner. The primer pairs used to create �V2-env were
5’Kpn1env and 5JV2-B (5’-GTCTGAGTCGGATCCGGCACCAGAGCAGTT
TTTTATTTCTCC-3’’) and 3’BstB1env and 3JV2-B (5’-GTCTGAGTCGGATC
CTGTGACACCTCAGTCATTACACAG-3’). Primers 5JV2-B and 3JV2-B both
contain a unique BamHI site. The fragments were cloned into pPPI4 using the
KpnI, BamHI, and BstBI sites. The primers used to create the �V3 env gene were
5’Kpn1env and 5JV3-N (5’ - GTCTGAGTCGGAGCCGGCGATATAAGACA
AGCACATTGTAAC - 3’) and 3’BstB1env and 3JV3-N (5’-GTCTGAGTCGC-
CGGCTCCATTGTTGTTGGGTCTTGTACAATTAATTTC-3’). Primers 5JV3-
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N and 3JV3-N both contain a unique NaeI site. The fragments were cloned into
pPPI4 using the KpnI, NaeI, and BstBI sites. In the encoded glycoproteins,
amino-acids 133 to 155 (�V1), 159 to 194 (�V2), or 303 to 324 (�V3) were
replaced by a glycine-alanine-glycine linker (GAG) (Fig. 1). The numbering of
amino-acids was basedon the HxBc2 sequence, with the initiator methionine des-
ignated residue 1.

PCR amplification by primers 5’KpnIenv and 5JV1V2-B (5’-GTCT-
GAGTCGGATCCGGCACCAGAGCAGT TGCCGGCTCCCT TGCAAT TTAA
AGTAACAA-3’), using a DNA template (pPPI4) coding for a V1-deleted Env,
followed by digestion by KpnI and BamHI generated a fragment lacking the
sequences encoding the V1 loop. This fragment was cloned into a pPPI4 plasmid
lacking the sequences for the V2 loop using theKpnI and BamHI restriction sites.
The resulting plasmid encoded gp140 lacking both the V1 and V2 loops and was
named �V1V2’ (Fig. 1). A gp140 protein without the V1, V2, and V3 loops was
created in a similar way but using a DNA fragment generated by PCR on a �V3
template with primers 3JV2-B and J140-BB. This was cloned into the �V1V2’
plasmid by using BamHI and BstBI. The resultingenv sequences were named
�V1V2’V3. Another, more extensively deleted form of �V1V2, termed �V1V2*,
was also constructed (Fig. 1). Here, PCR amplification was performed with
primers 3’�V1V2STU1 (5’-GGCTCAAAGGATATCT TTGGACAGGCCTG T
GTAATGACTGAGG TGTCACATCCTGCACCACAGAG TGGGG TTAATTT
TACACATGGC-3’, containing an StuI site) and 5’Kpn1env. The resulting frag-
mentwas digested with StuI and KpnI and cloned into a pPPI4 gp140vector using
the internal StuI site. The resulting �V1V2* gp140 protein had amino-acids 127
to 195 replaced by the GAG linker (Fig. 1). The �V1V2*V3 protein was con-
structed in an analogous manner to �V1V2’V3. Amino-acid substitutions were
made with the Quickchange site-directed mutagenesis kit (Stratagene Inc.) using
appropriate primers. The fidelity of all mutations was confirmed by sequencing.
The absence of variable-loop epitopes from the loop-deleted proteins was con-
firmed by enzyme-linked immunosorbent assay (ELISA) with appropriate anti-
bodies (4, 37, 39, 41,42). 

Transfection, labeling, and immunoprecipitation 
Adherent 293T cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% fetal calf serum, penicillin, strepto-
mycin, and L-glutamine. Transient transfection of 293T cells was performed by
calcium phosphate precipitation. The plasmids based on pPPI4 gp140 were trans-
fected with and without the furin expression vector pcDNA3.1-furin, each at 10
µg per 10-cm2 plate. One day post-transfection, the medium was changed to
DMEM supplemented with 0.2% bovine serum albumin, penicillin, streptomy-
cin, and L-glutamine. For radioimmunoprecipitation analysis (RIPA), [35S]cys-
teine and [35S]methionine (200 µCi per plate; Amersham International PLC)
wereadded for 24 h in DMEM lacking cysteine and methionine as describedpre-
viously (5). The culture supernatants were cleared of debris by low-speed cen-
trifugation before addition of concentrated RIPA buffer to adjust the composition
to 50 mM Tris-HCl, 150 mM NaCl, and 1 mM EDTA (pH 7.2). Envelope gly-
coproteins were immunoprecipitated with biotin-labeled or unlabeled MAbs in a
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1-ml volume for 10 min at room temperature, followed by incubation overnight
at 4°C with either streptavidin-coated agarose beads (Vector Labs) or protein G-
coated agarose beads (Pierce Inc.), as appropriate. The beads were washed three
times with RIPA buffer containing 1% NP-40 detergent. Proteins were eluted by
heating the beads at 100°C for 5 min in 60 µl of polyacrylamide gel elec-
trophoresis (PAGE) buffer supplemented with 2% sodium dodecyl sulfate (SDS)
and, when indicated, 100 mM dithiothreitol (DTT). The immunoprecipitates
were fractionated by electrophoresis on SDS-8% PAGE gels at 200 V for 1 h.
The gels were dried and exposed to a phosphor screen, and the positions of the
radiolabeled proteins were determined using a PhosphorImager with ImageQuant
software (Molecular Dynamics Inc.). 

MAbs to HIV-1 envelope glycoprotein epitopes and sCD4 
The epitopes and immunochemical properties of all the anti-gp120 and anti-gp41
MAbs used in this study have been described previously, as have their donors (5).
Additional information on these MAbs has also been published (4, 7, 8, 18, 37,
39, 41-43, 46, 47, 53, 61, 65, 66, 72, 73). The tetrameric CD4-immunoglobulin
G2 (CD4-IgG2) and monomeric sCD4 molecules, from Progenics Pharmaceuti-
cals Inc., have also been described elsewhere (2). 

Quantitation and characterization of gp120 and gp140 proteins by ELISA 
To measure the secretion of gp120 and gp140 proteins from transfected 293T
cells, we used a gp120 antigen capture ELISA based on a previously described
assay (4, 37, 39). Briefly, envelope glycoproteins in the culture supernatants were
denatured and reduced by boiling with 1% SDS and 50 mM DTT. Purified,
monomeric JR-FL gp120 treated in the same way was used as a reference stan-
dard for gp120 expression (5, 64). The denatured proteins were captured onto
plastic via sheep antibody D7324, which was raised against the continuous
sequence APTKAKRRVVQREKR at the C terminus of gp120. Bound envelope
glycoproteins were detected using a mixture of MAbs B12 and B13 against con-
tinuous epitopes exposed on denatured gp120 (1, 39). This assay allows the effi-
cient detectionof both gp120 and any gp140 molecules in which the peptide bond
between gp120 and the gp140 ectodomain is still intact (5, 64). Nondenatured
envelope glycoproteins were detected using the QC256 pool of sera from HIV-1-
infected individuals (37, 38). 

Results

Generation of variable-loop-deleted versions of the wild-type and SOS gp140
proteins 
Throughout the text, we refer to proteins that contain gp120 and the gp41
ectodomain (gp41ECTO) as wild-type (wt) gp140 proteins. The variants with cys-
teine substitutions that form an intermoleculardisulfide bond between residues 501
of gp120 and 605 of gp41 are designated SOS gp140 proteins. Versions of these
proteins without additional mutations are sometimes referred to as full-length to
distinguish them from proteins from which one or more variable loops have been
deleted; the latter are described as �V1, �V1SOS, etc. For convenience, we refer to
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the variable-loop-deleted mutants as gp120s or gp140s irrespective of their actual
size, the gp140s possessing the gp41 ectodomain in eachcase. 

We generated a set of wt and SOS gp140 proteins with a deletion in one or more
of the variable loops (Fig. 1). These were�V1 (amino-acids 133 to 155 replaced
by the GAG tripeptide), �V2 (amino-acids 159 to 194 replaced by GAG), �V3
(amino-acids 303 to 324 replaced by GAG), �V1V2’ (amino-acids 133 to 155
and 159 to 194 replaced by GAG), and �V1V2* (amino-acids 127 to 195 re-
placed by GAG). Two proteins with multiple loop deletions were also made,
�V1V2’V3 and �V1V2*V3. Unlike the �V1V2* and �V1V2*V3 proteins, the
�V1V2’and �V1V2’V3 proteins still contained natural sequencesbetween the V1
and V2 loops, including the glycosylation siteat position 156 and the cysteines at
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Fig. 1. Schematic representation of the V1, V2, and V3 regions of JR-FL gp120 and the dele-
tions made in the various mutants. The structures and residue numbering scheme are
based on the representation of JR-FL gp120 in reference 5, which is in turn based on the
gp120 secondary structure described by Leonard et al. (27).



positions 131 and 157 that form an intramolecular disulfide bond (Fig. 1). The de-
signs of these various mutants were based on the results from previousstudies with
loop-deleted versions of gp120 monomers (4, 72,73). To create disulfide-stabilized
versions of the variable-loop-deletedgp140 proteins (loop-deleted SOS gp140 pro-
teins), we substituted residues alanine-501 of gp120 and threonine-605 of gp41
with cysteines,as previously described for the full-length gp140 protein (5). 

To investigate whether variable-loop-deleted gp140 proteins were properly
folded and cleaved and whether they formed the SOS disulfide bond, they were
expressed in the presence and absence of cotransfected furin and then immuno-
precipitated with MAb 2G12. This recognizes a neutralizing, glycan-dependent
epitope in the C3 and V4 regions of gp120 (similar results were obtained using
anti-gp41 MAb 2F5; data not shown). The precipitated proteins were incubated
with or without DTT prior to SDS-PAGE analysis to determine whether there was
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Fig. 2. Analysis of cleavage and
intermolecular disulfide bond
formation in full-length and
variable-loop-deleted gp140
proteins. Envelope glycopro-
teins secreted from transfected
293T cells were immunoprecipi-
tated with MAb 2G12. Furin was
cotransfected only with the SOS
gp140 proteins. The wt gp140
proteins were produced in the
absence (lanes 1 and 2) or pres-
ence (lanes 3 and 4) of cotrans-
fected furin. The SOS gp140
proteins were produced in the
presence of cotransfected furin
(lanes 5 and 6). In each lane,
the upper band represents a
gp140 protein containing gp120
plus the gp41 ectodomain.
These bands from wt proteins
comprise uncleaved gp140
species in which the gp120-
gp41ECTO cleavage site is un-
processed. In the case of SOS
gp140 proteins, the upper
bands represent disulfide-stabi-
lized, proteolytically cleaved
gp140s. In all cases, the lower
bands are gp120 proteins, with
or without deletions in their
variable loops. The precipitated
proteins were treated with DTT
or not treated, as indicated. The
full-length proteins are analyzed
in panel A, and different vari-
able-loop-deleted proteins are
analyzed in panels B through H.



an uncleaved peptide bond or a reducible disulfide bond between gp120 and
gp41ECTO (Fig. 2). The full-length gp140 proteins were also analyzed for compar-
ison (Fig. 2A). Because of variations in the expression of the differentgp140 vari-
ants and in their immunoprecipitation efficiencies, the intensities of different
bands in Fig. 2 cannot be precisely compared. However, the various envelope
proteins appeared to be secreted with different efficiencies. For example, �V1
SOS gp140 (Fig. 2B, lane 5) and �V2 gp140 (Fig. 2C, lane 1) were expressed rel-
atively poorly, whereas �V3 SOS gp140 was expressed with significantly greater
efficiency than the others (Fig. 2D, lane 5). Measurements of protein expression
by ELISA were consistent with the RIPA analyses (data not shown). 

In most cases, both a gp120 band (or the variable-loop-deleted equivalent) and
a gp140 band (or the variable-loop-deleted equivalent) were detected. Note that a
gp140 (upper) band can represent either an uncleaved gp140 protein, in which
gp120 is still linked to gp41ECTO by a peptide bond (Fig. 2, lanes 1 to 4), or an
SOS gp140 protein, in which the gp120 and gp41ECTO moieties are associated by
an intermolecular disulfide bond (Fig. 2, lane 5) that is susceptible to reduction
by DTT (Fig. 2, lane 6). The two forms of gp140 proteins migrate identically on
SDS-PAGE gels (5). 

Like full-length wt gp140, none of the variable-loop-deleted gp140 proteins
was completely cleaved in the absence of cotransfected furin, as indicated by the
presence of uncleaved gp140 bands that survived DTT treatment (Fig. 2, compare
lanes 1 and 2). In the presence of furin, the different variable-loop-deleted pro-
teins were cleaved to various extents (Fig. 2, lane 3). For example, the �V2 and
�V1V2’ gp140 proteins were efficiently cleaved, in that no gp140 band was now
visible (Fig. 2C and E, lanes 3 and 4), whereas some residual uncleaved gp140
was produced from the�V1 and �V1V2* gp140 constructs, even in the presence
of furin (Fig. 2B and F, lanes 3 and 4). 

An intermolecular disulfide bond forms successfully in the SOS versions of
the �V1, �V2, �V3, �V1V2’, and �V1V2* proteins (Fig. 2B to F, lanes 5 and
6). These are generally processed efficiently in the presence of furin, although
some uncleaved gp140 protein is still present with �V1V2* SOS gp140 (Fig. 2F,
lane 6). This apparently DTT-resistant gp140 is probably derived from high-
molecular-weight aggregates that are disrupted by boiling with DTT (5). Such
aggregates are produced from transient transfections with gp140- or SOS gp140-
expressing plasmids but not from CHO cells stably expressing the SOS gp140
protein and furin (5) (data not shown). 

Although the majority of the variable-loop deletants behaved like their full-
length counterparts, some did not. The most notable differences were the absence
of a gp140 band derived from the�V1V2*V3 SOS gp140 construct (Fig. 2H,
lane 5) and the absence of gp120 bands derived from the �V3 gp140 and
�V1V2’V3 SOS gp140 constructs even in the presence of furin and/or DTT (Fig.
2D, lanes 1 to 4, and Fig. 2G, lanes 5 and 6). 

SOS bond does not form in �V1V2*V3 gp140 
No gp140 band was expressed from the �V1V2*V3 SOS gp140 construct (Fig.
2H, lane 5). However, when �V1V2*V3 SOS gp140 was treated with DTT, a
faint DTT-insensitive gp140 band was visible (Fig. 2H, lane 6), derived from the
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DTT disruption of uncleaved gp140 aggregates. That the �V1V2*V3 SOS gp140
construct does not yield a gp140 protein while producing a gp120 could have one
of two explanations. Either the 2G12 MAb does not bind the gp140 form of this
protein because of structural perturbations introduced by the triple loop deletion
that limit 2G12 epitope exposure, or the disulfide bond between cysteine residues
501 of gp120 and 605 of gp41 does not form in the context of this triple-loop-
deleted protein. 

To investigate the first possibility, we used a panel of MAbs to the CD4-bind-
ing site (CD4BS), CD4-induced (CD4i), and C4 epitopes on gp120 and the neu-
tralizing anti-gp41 MAb 2F5. None of these MAbs precipitated a gp140 protein
from the �V1V2*V3 SOS gp140 transfection. In contrast, every MAb, including
2G12, was able to precipitate an uncleaved �V1V2*V3 wt gp140 protein (data
not shown). Hence, the deletion of all three variable loops does not cause a major
structural perturbation to the gp120 core and its conserved epitopes. 

The most likely explanation of the failure of multiple MAbs to detect the
�V1V2*V3 SOS gp140 protein is that the protein is simply not secreted. Hence,
when the V1, V2, and V3 loops are all deleted, the intermolecular disulfide bond
cannot form between gp120 and gp41, so that no stable gp140 is produced. This
is not the case when only the V1 and V2 loops are deleted or when only the V3
loop is removed (Fig. 2D to F, lane 5). Presumably, the triple-loop-deleted gp140
protein folds in such a way that the cysteine residues at positions 501 and 605
are not close enough to form a disulfide bond. On this assumption, we tried mov-
ing the gp120 cysteine from residue 501 to residue 500 or 502, but this did not
restore the formation of the intermolecular disulfide bond (data not shown). 

Some gp140 mutants are incompletely processed to gp120 and gp41ECTO

The most likely explanation for the absence of gp120 bands from the �V3 gp140
(Fig. 2D, lanes 1 to 4) and �V1V2’V3 SOS gp140 preparations (Fig. 2G, lanes
5 and 6), even in the presence of furin, is due to inefficient cleavage of gp140
into gp120 and gp41ECTO subunits. In contrast to the extremely limited cleavage
of the wt �V3 gp140 protein (Fig. 2D, lanes 1 to 4), the �V3 SOS gp140 pro-
tein was fully cleaved (Fig. 2D, lanes 5 and 6). It appears, then, that the deletion
of the V3 loop modifies the conformation of the wt gp140 protein in such a way
that its cleavage into gp120 and gp41ECTO subunits becomes inefficient. Howev-
er, the introduction of the intermolecular disulfide bond into the SOS version of
the�V3 gp140 protein restores the protein’s conformation and permits cleavage
to occur. 

In contrast to wt �V3 gp140, the wt �V1V2’V3 gp140 protein was cleaved
efficiently to gp120 in the presence of furin (Fig. 2G, lanes 3 and 4). Moreover,
while the cleavage deficiency of the wt �V3 gp140 was rescued by introduction
of an SOS bond, the�V1V2’V3 SOS gp140 expressed uncleaved gp140 (Fig.
2G, lanes 5 and 6). The diffuseness of the band and its low mobility compared
with its wt gp140 counterpart (this is more easily discernable on gels that were
run further; data not shown) suggests that the�V1V2’V3 SOS gp140 is a mis-
folded protein (5, 16) (Fig. 2G, compare lanes 5 and 1). Hence, the cysteine
residues at positions 501 and 605 must inhibit the processing of the triple-loop-
deleted SOS gp140 protein. 
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The processing efficiencies of the various loop-deleted wt and SOS gp140 pro-
teins are summarized in Table 1.

Table 1.  Proteolytic cleavage and intermolecular disulfide bond formation in full-length and
loop-deleted wt and SOS gp140 proteinsa

————————————————————————————————————————————————————————————————————————————————————

gp140 mutant mmmmmmm  mgp140 cleavage Disulfide bond
wt protein SOS protein formation 

————————————————————————————————————————————————————————————————————————————————————

wt, full length +++ +++ + 

�V1 ++ +++ + 

�V2 +++ +++ + 

�V3 – +++ + 

�V1V2' +++ +++ + 

�V1V2* ++ ++ + 

�V1V2'V3 +++ – –

�V1V2*V3 +++ +++ –

————————————————————————————————————————————————————————————————————————————————————

a The original data are presented in Fig. 3 and 4. The extent of gp140 cleavage in the pres-
ence of cotransfected furin was determined. +++, 90 to 100% cleavage; ++, 60 to 90%
cleavage; +, 30 to 60% cleavage; –, 0 to 30% cleavage. The formation of intermolecular
disulfide bonds was determined in SOS gp140.

Exposure of gp120 C5 and gp41 epitopes on loop-deleted SOS gp140 proteins 
We have shown that full-length uncleaved gp140 proteins differ in their antigenic
structure from the SOS gp140 protein (5). Nonneutralizing epitopes in the C1 and
C5 domains of gp120 and all gp41 epitopes except the neutralizing 2F5 epitope
are obscured in the SOS gp140 protein, whereas they are exposed on the
uncleaved gp140 proteins. In this respect, the SOS gp140 protein has antigenic
properties similar to those of the native, virion-associated envelope glycoprotein
complex, in which the C1 and C5 domains and much of the gp41 surface are
involved in intersubunit interactions (5, 39, 56). 

To study the antigenic structures of loop-deleted SOS gp140 proteins, we first
performed immunoprecipitations with MAb 23A, directed to the gp120 C5
domain, and to several regions of gp41 (MAb 7B2 to cluster I, MAb 25C2 to the
cluster II/fusion domain, and MAb 2F5 to neutralization epitope ELDKWAS).
The SOS gp140 forms of the full-length, �V3, and �V1V2* proteins (Fig. 3,
even-numbered lanes) were compared with the wt versions of the same proteins,
which produce gp120 and uncleaved gp140 (Fig. 3, odd-numbered lanes).

The gp120 C5 MAb 23A failed to recognize the properly processed full-length
SOS, �V1V2* SOS, and �V3 SOS gp140 proteins, but it bound to the uncleaved
gp140 version of each of these proteins. The recognition by MAb 23A of the
gp120 bands derived from the SOS gp140 transfections indicates that its epitope
was not destroyed by the nearby cysteine substitution in the C5 domain (Fig. 3,
compare lane 2 with lane 1). The nonneutralizing anti-gp41 MAbs25C2 and 7B2
also did not bind to the full-length SOS, �V1V2*SOS, and �V3 SOS gp140 pro-
teins, but they reacted efficiently with the corresponding uncleaved wt gp140
proteins (Fig. 3, compare lanes 4 and 6 with lanes 3 and 5). Similar results were
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obtained with several other nonneutralizing MAbs to various gp41 epitopes, such
as 4D4, T15G1, and 2.2B (data not shown). 

In contrast to what was found with the nonneutralizing MAbs, the neutraliz-
ing MAb 2F5 bound much more efficiently to the full-length and �V3 SOS
gp140 proteins than to the uncleaved WT gp140 proteins (Fig. 3, compare lane 8
with lane 7). Taking into account the slightly reduced expression of the �V1V2*
SOS gp140 protein compared with the wt �V1V2* gp140 protein (Fig. 3C, lanes
1 and 2), 2F5 reactivity was also greater with the SOS gp140 version (Fig. 3C,
lanes 7 and 8). A similar pattern of data on 2F5 reactivity wasobtained with other
variable-loop-deleted gp140 and SOS gp140 proteins (data not shown). 

aken together, these experiments confirm that the �V1V2* SOS and �V3 SOS
gp140 proteins are processed properly and that they retain the fundamental anti-
genic properties of the full-length SOS gp140 protein. 

Exposure of CD4-binding site and CD4-induced epitopes on loop-deleted SOS
gp140 proteins 
To assess whether the receptor-binding sites were preserved on the �V2 SOS,
�V3 SOS, and �V1V2* SOS gp140 proteins, we first performed immunoprecip-
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Fig. 3. Antigenic structure analysis of variable-loop-deleted gp140 proteins. Envelope gly-
coproteins from A. full-length, B. V3, and C. V1V2* WT and SOS gp140 proteins were pre-
cipitated with MAb 23A to the gp120 C5 region or with MAb 2F5, 25C2, or 7B2 to the gp41
ectodomain, as indicated. The WT gp140 proteins were expressed in the absence of cotrans-
fected furin, yielding gp120 and uncleaved gp140 (odd-numbered lanes). Furin was cotrans-
fected with the SOS gp140 proteins (even-numbered lanes).



itations with the tetrameric CD4-IgG2 molecule (Fig. 4A). Like the full-length
SOS gp140 protein, the variable-loop-deleted SOS gp140 proteins could be effi-
ciently precipitated with CD4-IgG2, confirming that the CD4-binding site was
retained on these proteins (Fig. 4A). Similar results were obtained using MAbs
IgG1b12 and F91 to epitopes which overlapped the CD4BS (data not shown).
There was, however, reduced reactivity of IgG1b12 with SOS gp140 proteins
lacking the V2 loop, consistent with the known influence of the V2 loop structure
on the epitope for this MAb (8, 34, 54, 73).

Important elements of the coreceptor-binding site on gp120 overlap the epi-
topes for the human MAbs 17b and 48d, so these MAbs can be used as surrogates
for the coreceptor interactions of gp120proteins (26, 53, 72). The variable loops of
gp120 partially occlude the 17b/48d epitope cluster until the binding of CD4
induces conformational changes that fully expose these epitopes; hence their des-
ignation as CD4i epitopes (59, 64, 71-73). The removalof the variable loops, espe-
cially the V1 and V2 loop structure, from monomeric gp120 constitutively
increases the exposure of the CD4i epitopes (4, 73). We have shown that the CD4i
epitopes are almost completely occluded on the SOS gp140 protein but that their
exposure is greatly increased by sCD4 binding (5). We now sought to determine
the effect on these epitopes of removing the variable loops from the SOS gp140
protein. 

The full-length, �V2, �V3, and �V1V2* SOS gp140 proteins were immuno-
precipitated with MAb 17b in the presence and absence of sCD4 (Fig. 4B). Sim-
ilar results were obtained with MAb 48d and also with MAb A32 to a separate
CD4i epitope (data not shown). Without sCD4, the 17b epitope was almost com-
pletely obscured on the full-length SOS gp140 protein, but it was strongly
induced by sCD4 binding (Fig. 4B, compare lanes 1 and 5). In the absence of
sCD4, the 17b epitope was partially exposed on the �V2 SOS and �V3 SOS
gp140 proteins and well exposed on the �V1V2* SOS gp140 protein (Fig. 4B,
compare lanes 2 to 4 with lanes 6 to 8). The binding of sCD4 strongly induced
the 17b epitope on the �V3 SOS gp140 (Fig. 4B, lanes 3 and 7) but had little or
no effect on the binding of 17b to the �V2 SOS and the �V1V2* SOS gp140 pro-
teins (Fig. 4B, compare lanes 2 and 4 with lanes 6 and 8). 

These results confirm that the CD4i epitopes are present on the variable-loop-
deleted SOS gp140 proteins. They are also consistent with the known involve-
ment of the V1-V2 loop structure in shielding the CD4i epitopes (4, 73); the CD4i
epitopes can be exposed either by removal of the variable loops or by sCD4 bind-
ing. Although both mechanisms can operate, once the CD4i epitopes are well
exposed (as on the �V1V2* SOS gp140 protein), they can be further uncovered
to only a limited extent by sCD4 binding. 

The effect of sCD4 on 17b binding was much greater on the full-length and
�V3 SOS gp140 proteins than on the corresponding gp120 monomers (compare
the effect of sCD4 on the upper and lower bands in Fig. 4B, lanes 1, 3, 5, and
7). This presumably reflects the additional involvement of intersubunit interac-
tions as part of the mechanisms that shield the CD4i epitopes on oligomeric enve-
lope glycoproteins (5). 
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Discussion

We aim to create envelope glycoproteins that are more immunogenic than
presently available gp120 monomers or oligomers in which a peptide bond links
gp120 with the gp41 ectodomain either by design or because of inefficient pro-
cessing of the cleavage site. We have described oligomeric gp140 proteins stabi-
lized by an intermolecular disulfide bond between gp120 and gp41ECTO (SOS
gp140 proteins). These proteins mimic the antigenic structure of the native,
fusion-competent glycoprotein complex found on the surfaces of virions or
infected cells (5). The immunogenicity of the SOS gp140 proteins has yet to be
evaluated, but we have anticipated the possibility that it might be necessary to
alter their structure to improve the presentation of conserved neutralization epi-
topes. 

Here, we describe SOS gp140 proteins from which one or more of the gp120
variable loops have been deleted to better expose underlying, conserved regions
around the CD4- and coreceptor-binding sites. Two parameters that required
characterization were whether an intermolecular disulfide bond could form
between gp120 and gp41ECTO after deletion of variable loops and whether loop-
deleted proteins could be properly processed at the gp120-gp41ECTO proteolytic
cleavage site. 

It was not possible to remove all three of the V1, V2, and V3 loop structures
without adversely affecting the formation of the intermolecular disulfide bond
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Fig. 4. Exposure of CD4BS and CD4i epitopes on variable-loop-deleted SOS gp140 proteins.
Envelope glycoproteins expressed from the full-length SOS gp140 protein and the V2 SOS,
V3 SOS, and V1V2* SOS gp140 proteins in the presence of cotransfected furin were
immunoprecipitated with (A) the CD4-IgG2 molecule or (B) MAb 17b to a CD4i epitope in the
presence and absence of sCD4.



and/or the proper proteolytic processing and folding of SOS gp140 proteins.
However, each of the individual loops could be safely deleted, as could the V1
and V2 loops in combination. When the disulfide bond did form, the cleavage site
was always efficiently utilized in the presence of cotransfected furin. Thus, we
could successfully make the �V1,�V2, �V3, �V1V2’, and �V1V2* SOS gp140
proteins. 

In the context of the wt gp140 protein, deletion of the V3 loop prevented
cleavage of gp120 from gp41ECTO so that only uncleaved gp140 proteins were
secreted, even when furin was cotransfected. An unexpected observation was that
the formation of the intermolecular disulfide bond in the �V3 SOS gp140 protein
completely reversed the cleavage deficiency. The removal of the V3 loop from
gp120 appears to prevent the �V3 gp140 protein from folding correctly, so that
the proteolytic cleavage site becomes inaccessible. The formation of the inter-
molecular disulfide bond presumably rescues the folding defect at an early stage
of the synthesis of the �V3 SOS gp140 protein, so that the cleavage site becomes
properly exposed (Table 1). 

Introduction of the same intermolecular disulfide bond into the �V1V2’V3
gp140 protein had the opposite effect, however, in that this protein was efficient-
ly cleaved but the �V1V2’V3 SOS gp140 protein was not. Conversely, the
�V1V2*V3 SOS protein, which lacks the intramolecular disulfide bond at the
base of the V1-V2 loop structure, was fully cleaved. However, in this protein, the
intermolecular disulfide bond between gp120 and gp41ECTO did not form (Table
1). Neither triple-loop-deleted SOS gp140 construct gave rise to a disulfide-sta-
bilized SOS gp140 protein. 

Other than the presence or absence of the REKR cleavage site for furin pro-
teases at the gp120 C terminus (24, 31, 44, 58, 69), several factors influence
gp160 proteolysis. The cysteine residues at the base of the V3 loop are important
for proper gp160 processing, at least in the context of envelope glycoproteins
from the LAI isolate (12, 21, 63, 67). Substitutions within and around the small
intramolecular disulfide-bonded loop in the gp41 ectodomain also impair the effi-
ciency of gp160 cleavage (15, 60), especially in primary-isolate envelope glyco-
proteins (33). This loop is proximal to the gp41 cysteine substitution in the SOS
gp140 proteins and is implicated in gp120 binding (5). 

Many other cysteine residues in gp120 are also indispensable for proper pro-
cessing and folding of the envelope glycoproteins (67). We therefore made two
different �V1V2 proteins, one of which (�V1V2*) lacked the cysteines at posi-
tions 131 and 157 near the base of the V1-V2 loop structure. This protein was
processed efficiently, indicating that these two cysteines are dispensable for the
folding and cleavage of gp140. Deleting these cysteines is a known not to affect
the folding of monomeric gp120 (72, 73). A Leu-to-Asp substitution at residue
266 in the third constant region of gp120 also dramatically impaired gp160
cleavage (70). 

Overall, the efficiency of gp160 or gp140 cleavage can be sensitive to changes
in multiple regions of the envelope glycoproteins in an unpredictable fashion. It
may be that amino-acid substitutions, even at distal locations, influence the fold-
ing of the envelope glycoprotein complex in a way that affects the exposure of
the cleavage site and hence the extent to which it is processed by proteases. The
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wt gp140 proteins from a variety of HIV-1 and SIV isolates differ significantly in
their cleavage efficiency (5) (data not shown). This again indicates the sensitivi-
ty of the conserved cleavage site to differences in protein conformation during
envelope glycoprotein synthesis. A similar hypothesis could explain the lack of
SOS bond formation in the triple-loop deletants. 

Notwithstanding what remains to be learned about envelope glycoprotein pro-
cessing pathways, we were able to make the �V1, �V2, �V3, �V1V2’, and
�V1V2* SOS gp140 proteins. Among these, we have characterized the antigenic
structure of the �V3 SOS gp140 and the �V1V2* SOS gp140 proteins in the
most detail. These variable-loop-deleted SOS gp140 proteins retain the desirable
features of their full-length counterpart. Thus, the C5 region of gp120 and all the
gp41 epitopes (except the 2F5 neutralization epitope) are not exposed on any of
the SOS gp140 proteins. In contrast, gp120 epitopes relevant to virus neutraliza-
tion are well exposed on the variable-loop-deleted SOS gp140 proteins; indeed,
on the �V1V2* SOS gp140 protein, the CD4i epitope for MAb 17b is constitu-
tively exposed without sCD4 addition. The CD4i epitopes are moderately acces-
sible on the �V3 SOS gp140 protein but are still inducible by sCD4. On the full-
length SOS gp140 protein, MAb reactivity with the CD4i epitopes is almost
entirely dependent upon the presence of sCD4. Of note is that the occlusion of the
CD4i epitopes is greater on the full-length, oligomeric SOS gp140 protein than in
the corresponding gp120 monomer. This suggests that oligomerization increases
the extent to which the CD4i epitopes, and presumably the proximal coreceptor-
binding site, are shielded prior to CD4 binding. 

Further modifications can be made to the SOS gp140 proteins, including
reductions in their carbohydrate content. Deletion of the V1-V2 loop region
removes almost one-third of the gp120N-linked glycans, but we have found that
other glycosylation sites in the C3 and V4 regions can be eliminated from the
�V1V2* SOS gp140 protein without affecting its overall conformation. Remov-
ing variable loops and glycans from SOS gp140 proteins might also be useful for
structural studies, based on how the gp120 core was crystallized (26, 72). 

In summary, we have now made disulfide-stabilized SOS gp140 proteins with
deletions of the V3 or the V1 and V2 loops. Theseproteins are properly processed
and have favorable antigenic properties. The deletion of the variable loops
increases the accessibility of the underlying, conserved neutralization epitopes on
the gp120 moieties. However, the entire approach of deleting the variable loops
depends upon the assumption that any antibodies that are induced to previously
cryptic epitopes will be capable of binding back to the same structures on native
virions and thereby neutralizing HIV-1 infectivity. The virions that must be coun-
tered by a vaccine contain the unmodified envelope glycoproteins on which the
conserved epitopes remain shielded. Of note is that the 17b and 48d MAbs to the
conserved, CD4i epitopes have little or no ability to neutralize primary isolates
(59, 64, 71, 73). The deletion of the V1, V2, and V3 loops from gp120, uncleaved
gp140, and gp160 formsof the envelope glycoproteins from the T-cell-line-adapt-
ed strain HXB2 either decreased the ability of the proteins to induce autologous
neutralizing antibodies or had little effect (30). Whether modifications to the anti-
genic structure of SOS gp140 glycoproteins by variable-loop deletion translate
into improvements in their immunogenicity remains to be determined. 
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We describe the further properties of a protein, designated SOS gp140, wherein
the association of the gp120 and gp41 subunits of the human immunodeficiency
virus type 1 (HIV-1) envelope glycoprotein is stabilized by an intersubunit disul-
fide bond. HIV-1JR-FL SOS gp140, proteolytically uncleaved gp140 (gp140UNC),
and gp120 were expressed in stably transfected Chinese hamster ovary cells and
analyzed for antigenic and structural properties before and after purification.
Compared with gp140UNC, SOS gp140 reacted more strongly in surface plasmon
resonance and radioimmunoprecipitation assays with the neutralizing monoclon-
al antibodies (MAbs) 2G12 (anti-gp120), 2F5 (anti-gp41), and 17b (to a CD4-
induced epitope that overlaps the CCR5-binding site). In contrast, gp140UNC dis-
played the greater reactivity with nonneutralizing anti-gp120 and anti-gp41
MAbs. Immunoelectron microscopy studies suggested a model for SOS gp140
wherein the gp41 ectodomain (gp41ECTO) occludes the “nonneutralizing” face of
gp120, consistent with the antigenic properties of this protein. We also report the
application of Blue Native polyacrylamide gel electrophoresis (BN-PAGE), a
high-resolution molecular sizing method, to the study of viral envelope proteins.
BN-PAGE and other biophysical studies demonstrated that SOS gp140 was
monomeric, whereas gp140UNC comprised a mixture of noncovalently associated
and disulfide-linked dimers, trimers, and tetramers. The oligomeric and confor-
mational properties of SOS gp140 and gp140UNC were largely unaffected by
purification. An uncleaved gp140 protein containing the SOS cysteine mutations
(SOS gp140UNC) was also oligomeric. Surprisingly, variable-loop-deleted SOS
gp140 proteins were expressed (although not yet purified) as cleaved, non-
covalently associated oligomers that were significantly more stable than the
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full-length protein. Overall, our findings have relevance for rational vaccine
design.

Introduction

The native, fusion-competent form of the human immunodeficiency virus type 1
(HIV-1) envelope glycoprotein complex is a trimeric structure composed of three
gp120 subunits and three gp41 subunits; the receptor-binding (CD4 and corecep-
tor) sites are located in the gp120 moieties, and the fusion peptides are located in
the gp41 components (10, 33, 34, 52, 69, 78, 83). In the generally accepted model
of HIV-1 fusion, the sequential binding of gp120 to CD4 and a coreceptor induces
a series of conformational changes in the gp41 subunits, leading to the insertion of
the fusion peptides into the host cell membrane in a highly dynamic process (14,
31, 39, 59, 68, 72, 81, 84, 91). The associations between the six components of the
fusion-competent complex are maintained via noncovalent interactions between
gp120 and gp41 and betweenthe gp41 subunits (52, 84). These interactions are rel-
ativelyweak, making the fusion-competent complex unstable. This instabilityper-
haps facilitates the conformational changes in the various components that are
necessary for the fusion reaction to proceed efficiently, but it greatly complicates
the task of isolating the native complex in purified form. Put simply, the native
complex falls apart before it can be purified, leaving only the dissociated subunits.

One reason it would be desirable to produce the native HIV-1envelope complex
is to explore its potential as an immunogen,perhaps after modification to improve
its exposure of critical neutralization epitopes. The limited neutralizing-antibody
response to HIV-1 in infected people is directed at the native complexand is prob-
ably raised against it (6, 40, 49, 51). In contrast, the isolated subunits have not
proven efficient at inducing relevant neutralizing antibodies (reviewed in refer-
ences 6, 49, and 51). We and others are therefore attempting to make more-stable
forms of the envelope glycoprotein complex that better mimic the native structure.
Usually, these effortshave focused on making various forms of soluble gp140 gly-
coproteinswhich contain gp120 but only the ectodomain of gp41 (4, 11,13, 17, 19-
21, 57, 66, 76, 85-87, 90).

An approach to resolving the instability of the native complex is to remove the
cleavage site that naturally exists between the gp120 and gp41 subunits. Doing so
means that proteolysis of this site does not occur, leading to the expression of
gp140 glycoproteins in which the gp120 subunit is covalently linked to the gp41
ectodomain (gp41ECTO) by means of a peptide bond(2, 3, 16-18). Such proteins can
be oligomeric, sometimes trimeric (11, 16-21, 54, 66, 85-87, 90). However, it is
not clear that they truly represent the structure of the native, fusion-competent
complex in which the gp120-gp41 cleavage site is fully utilized. Hence the recep-
tor-binding properties of uncleaved gp140 (gp140UNC) proteins tend to be
impaired, and nonneutralizing antibody epitopes are exposed on them that proba-
bly are not accessible on thenative structure (4, 6, 28, 60, 90).

We have taken an alternative approach to the problem of gp120-gp41 instabil-
ity, which is to retain the cleavage site but to introduce a disulfide bond between
the gp120 and gp41ECTO subunits (4, 57). Properly positioned, this intermolecular
disulfide bond forms efficiently during envelope glycoprotein (Env) synthesis,
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allowing the secretion of gp140 proteins that are proteolytically processed but in
which the association between the gp120 and gp41ECTO subunits is maintained by
the disulfide bond.

Here we show that the gp41-gp41 interactions are unstable in the SOS gp140
protein, which is expressed and purified primarily as a monomer. In contrast,
gp140UNC proteins—with or without the SOS cysteine substitutions—are multi-
meric, implying that cleavage of the peptide bond between gp120 and gp41 desta-
bilizes the native complex. Despite being monomeric, the purified and unpurified
forms of SOS gp140 are better antigenic structural mimics of the native, fusion-
competent Env structure than are the corresponding gp120 or gp140UNC proteins.
This may be because the presence and orientation of gp41ECTO occludes certain
nonneutralization epitopes on SOS gp140 while preserving the presentation of
importantneutralization sites. This explanation is consistent with immunoelectron
microscopy studies of the protein. Unexpectedly, proteolytically mature, but vari-
able-loop-deleted, SOS gp140 glycoproteins have enhanced oligomeric stability,
so these molecules warrant further study for their structural and immunogenic
properties.

Materials and methods

Plasmids
The pPPI4 eukaryotic expression vectors encoding SOS and uncleaved forms of
HIV-1JR-FL gp140 have been described previously (4, 72). The SOS gp140 protein
contains cysteine substitutions at residues A501 in the C5 region of gp120 and
T605 in gp41 (4, 57). In gp140UNC, the sequence KRRVVQREKRAV at the junc-
tion between gp120 and gp41ECTO has been replaced with a hexameric Leu-Arg
motif to prevent scission of gp140 into gp120 and gp41ECTO(4). Plasmids encoding
variable-loop-deleted forms of HIV-1JR-FLSOS gp140 have been described (57). In
these constructs, the tripeptide GAG is used to replace V1 loop sequences (D133-
K155) and V2 loop sequences (F159-I194), alone or in combination. The SOS
gp140UNC protein contains the same cysteine substitutions that are present in SOS
gp140, but the residues REKR at the gp120-gp41ECTO cleavage site have been
replaced by the sequence IEGR, to prevent gp140 cleavage. Relative to the Gen-
Bank HIV-1JR-FLenv sequence (accession no. AAB05604), the gp140 proteins con-
taineda K668N substitution near the carboxy terminus of the molecules,consistent
with the consensus subtype B sequence. The furin gene (71) was expressed from
plasmid pcDNA3.1furin (4).

MAbs and CD4-based proteins 
The following anti-gp120 monoclonal antibodies (MAbs) were used: IgG1b12
(against the CD4 binding site [7]), 2G12 (against aunique C3-V4 glycan-depend-
ent epitope [75]), 17b (against aCD4-inducible epitope [70]), 19b (against the V3
loop [42]), and 23A (against the C5 region [41]). The anti-gp41 MAbs were 2F5
(against an epitope centered on the sequence ELDKWA [44, 48, 93]) and 2.2B
(against epitope cluster II). MAbs IgG1b12, 2G12, and 2F5 are broadly neutraliz-
ing (74). MAb 17b weakly neutralizes diverse strains of HIV-1, more so in the
presence of soluble CD4 (70), whereas the neutralizing activity of MAb 19b
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against primary isolates is limited (73). MAbs 23A and 2.2B are nonneutralizing.
Soluble CD4 (sCD4) and the CD4-based moleculeCD4-IgG2 have been described
elsewhere (1).

HIV-1 gp140 and gp120 glycoproteins 
To create stable cell lines that secrete full-length HIV-1JR-FLSOS gp140 or V1V2
SOS gp140, we cotransfected DXB-11 dihydrofolate reductase-negative Chinese
hamster ovary (CHO) cells with pcDNA3.1furin and either pPPI4-SOS gp140 (4)
or pPPI4-V1V2* SOS gp140 (57), respectively, using the calcium phosphate pre-
cipitation method. Doubly transformed cells were selected by passaging the cells
in nucleoside-free -minimum essential medium containing 10% fetal bovine
serum, Geneticin (Life Technologies, Rockville, Md.), and methotrexate (Sigma,
St. Louis, Mo.). The cells were amplified for gp140 expression by stepwise
increases in methotrexate concentration, as described elsewhere (1). Clones were
selected for SOS gp140 expression, assembly, and endoproteolytic processing
based on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analyses of culture supernatants. CHO cells expressing
SOS gp140UNC were created using similar methods, except that pcDNA3.1furin
and Geneticin were not used. Full-length SOS gp140 was purified from CHO cell
culture supernatants by Galanthus nivalis lectin affinity chromatography (Sigma)
and Superdex 200 gel filtration chromatography (Amersham-Pharmacia, Piscat-
away, N.J.), as described elsewhere (72). The gp140UNCglycoprotein was purified
by lectin chromatography only. The concentration of purified Envs was measured
by UV spectroscopy as described previously (61) and was corroborated by
enzyme-linked immunosorbent assay and densitometric analysis of SDS-PAGE
gels. Recombinant HIV-1JR-FL, HIV-1LAI , and HIV-1YU2 gp120 glycoproteins were
produced using methods that have been previously described(72, 81).Where indi-
cated, HIV-1 envelope glycoproteins were transiently expressed in adherent 293T
cells by transfection with Env- and furin-expressing plasmids, as described previ-
ously (4). For radioimmunoprecipitation assays, the proteins were metabolically
labeled with [35S]cysteine and [35S]methionine for 24 h prior to analysis.

SDS-PAGE, radioimmunoprecipitation, Blue Native PAGE, and Western blot
analyses 
SDS-PAGE analyses were performed as described elsewhere (4). Reduced and
nonreduced samples were prepared by boiling for2 min in Laemmli sample buffer
(62.5 mM Tris-HCl [pH 6.8], 2%SDS, 25% glycerol, 0.01% bromophenol blue) in
the presence or absence, respectively, of 50 mM dithiothreitol (DTT). Protein
purity was determined by densitometric analysis of the stained gels followed by
the use of ImageQuant software (Molecular Devices,Sunnyvale, Calif.). Radioim-
munoprecipitation assays (RIPAs)were performed on Env-containing cell culture
supernatants,as previously described (4, 57).

Blue Native (BN)-PAGE was carried out with minor modifications to the pub-
lished method (62, 63). Thus, purified protein samplesor cell culture supernatants
were diluted with an equal volume of a buffer containing 100 mM 4-(N-mor-
pholino)propane sulfonicacid (MOPS), 100 mM Tris-HCl, pH 7.7, 40% glycerol,
0.1% Coomassie blue, just prior to loading onto a 4 to 12% Bis-Tris NuPAGE gel
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(Invitrogen). Typically, gel electrophoresis was performedfor 2 h at 150V (0.07A)
using 50 mM MOPS, 50 mM Tris, pH 7.7, 0.002% Coomassie blue as cathode
buffer, and 50 mM MOPS, 50mM Tris, pH 7.7 as anode buffer. When purified pro-
teins wereanalyzed, the gel was destained with several changes of 50 mMMOPS,
50 mM Tris, pH 7.7 subsequent to the electrophoresis step.Typically, 5 µg of puri-
fied protein were loaded per lane.

For Western blot analyses, gels and polyvinylidene difluoride (PVDF) mem-
branes were soaked for 10 min in transfer buffer (192 mM glycine, 25 mM Tris,
0.05% SDS [pH 8.8] containing 20% methanol).Following transfer, PVDF mem-
branes were destained of Coomassieblue dye using 25% methanol and 10% acetic
acid and air dried.Destained membranes were probed using the anti-V3 loop MAb
PA1 (Progenics) followed by horseradish peroxidase-labeled anti-mouse immu-
noglobulin G (IgG) (Kirkegaard & Perry), each used at a final concentration of
0.2 µg/ml. Luminometric detection of the envelope glycoproteins was obtained
with the Renaissance Western blot Chemiluminescence Reagent Plus system
(Perkin-ElmerLife Sciences, Boston, Mass.). Bovine serum albumin (BSA), apo-
ferritin, and thyroglobulin were obtained from Amersham Biosciences (Piscat-
away,N.J.) and used as molecular mass standards.

Matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass
spectrometry 
Proteins were dialyzed overnight against water prior to analysis.Where indicated,
SOS gp140 (1 mg/ml) was reduced with 10 mMDTT (Sigma), after which iodoac-
etamide (Sigma) was added to a final concentration of 100 mM, before dialysis.
The samples were mixed with an equal volume of sinapinic acid matrix solution,
dried at room temperature, and analyzed by MALDI-TOF mass spectrometry(37).
MALDI-TOF mass spectra were acquired on a PerSeptive Biosystems Voyager-
STR mass spectrometer with delayed extraction. Samples were irradiated with a
nitrogen laser (Laser Science Inc.) operated at 337 nm. Ions produced in the sam-
ple target were acceleratedwith a deflection voltage of 30,000 V.

Sedimentation equilibrium analysis 
Sedimentation equilibrium measurements were performed on a Beckman XL-A
Optima analytical ultracentrifuge with an An-60 Ti rotor at 20°C. Protein samples
were dialyzed overnight into runbuffer (50 mM sodium phosphate, 150 mM NaCl
[pH 7.0]) diluted to 0.15, 0.30, and 0.60 mg/ml and centrifuged in a six-sector cell
at rotor speeds of 6,000 and 9,000 rpm. Data were acquiredat two wavelengths per
rotor speed and were fit using the program NONLIN to a single species model of
the natural logarithm of the absorbance versus radial distance squared (29). Sol-
vent density and protein partial specific volume were calculated according to sol-
vent and protein composition, respectively (36).

Size exclusion chromatography 
Purified, CHO cell-expressed SOS gp140, gp140UNC, and gp120 proteins were
analyzed by size exclusion chromatography on a TSK G3000SWXL high-per-
formance liquid chromatography column (TosoHaas, Montgomeryville, Pa.)
using phosphate-buffered saline as the running buffer. The protein retention time
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was determined by monitoring the UV absorbance of the column effluent at a
wavelength of 280 nm. The column was calibrated using ferritin as a model pro-
tein that exists in oligomeric states of 220, 440, and 880 kDa (24).

Surface plasmon resonance measurements 
A Biacore X optical biosensor was used. Each MAb was immobilized at 8,000 to
10,000 resonance units by the amine coupling method to a CM5 sensor chip,
according to the manufacturer’s instructions (Biacore, Inc., Piscataway, N.J.). A
reference surface (lacking antibody) was used as a background control. Binding
experimentswere performed at 25°C in HSB-EP buffer (10 mM HEPES [pH7.4],
150 mM NaCl, 3 mM EDTA, 0.005% [vol/vol] Surfactant P20). Purified Envs
(25 nM) were run over the test and control chips at a flow rate of 30 µl/min,
whereas CHO cell culture supernatants (5 nM Env) were analyzed at 10 µl/min.
Tostudy the exposure of CD4-induced epitopes, sCD4 was added to the envelope
glycoproteins at an 8-molar excess concentration for at least 1 h prior to analysis.
The sensor surface was regenerated with a short pulse of 3.5 M MgCl2.

Immunoelectron microscopy 
Immunoelectron-microscopic analyses of SOS gp140 and gp120 alone and in
complex with MAb, MAb fragments, and sCD4 were performed by negative
staining with uranyl formate as previously described (55, 56). The samples were
examined on a JEOL JEM CX-100 electron microscope and photographed at a
magnification of 100,000 diameters.

Immune complex image digitalizing and averaging 
The electron micrographs of immune complex images were digitalizedon an AG-
FA (Ridgefield Park, N.J.) DUOSCAN T2500 negative scannerat a scanning reso-
lution of 2,500 pixels per inch. Potentially informative complexes were selected
and windowed as 256- by256-pixel images. Approximately 500 randomly oriented
examples of each complex combination were windowed, brought into alignment,
and then averaged using the SPIDER software package (23). Windowed images
were first normalized by scaling to adjust the image pixel values to a mean of 1.
Complexes were then centered andmasked for an alignment through classification
(multiple references [multireference] alignment [23]). For this alignment proce-
dure, the particles were first assigned to six classes using k-means clustering (23).
The images in each class were then averaged,and the six class averages were taken
as the multireference for the realignment of all of the original windowed complex-
es.Complexes with mirrored (inverted) orientation were automatically righted for
averaging. The newly aligned complexes were thenreclassified, and class averages
were calculated as the new references. All of the complexes were then realigned
based on the new multiple references. The classification and multireference align-
ment processes were repeated until no further improvementwas evident.

For image subtraction comparisons, a threshold value was first applied to the
averaged images. They were then manually aligned for best fit, and one image
was subtracted from the other.
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Molecular modeling 
The SwissPDBviewer program (25) and Viewerlite software (Accelrys, Inc., San
Diego, Calif.) were used to enhance the electron microscopy-based interpreta-
tions and to investigate the likely location of the gp41 domain in SOS gp140.

Results

Assembly and cleavage of purified SOS gp140 
We have previously described the antigenic properties of unpurified HIV-1JR-FL

SOS gp140 proteins produced via transient transfectionof 293T cells (4). To facil-
itate preparation of larger amounts of this protein for evaluation in purified form,
we constructed a stable CHO cell line that expresses both SOS gp140 and human
furin. Heterologous furin was expressed to facilitate efficient proteolytic process-
ing of SOS gp140 (4).

The SOS gp140 protein was purified from CHO cell supernatants to >91%
homogeneity as determined by SDS-PAGE and densitometric analysis of the
nonreduced protein (Fig. 1, lane 8). Only minoramounts of free gp120 were pres-
ent in the SOS gp140 preparation, indicating that the intersubunit disulfide bond
remained substantially intact during purification. No high-molecular-mass SOS
gp140 oligomers or aggregates were observed (Fig. 1, lane 8). Under nonreduc-
ing conditions, SOS gp140 migrated as a predominant 140-kDa band. The major
contaminant was bovine alpha 2-macroglobulin, which migrates as a 170-kDa
band on a reducing SDS-PAGE gel (Fig. 1, lane 3) and can be eliminated by adap-
tation of the CHO cell line to serum-free culture (unpublished results). Upon
reduction with DTT, the purified SOS gp140 protein migrated as a predominant
120-kDa band, with a minor (14%) fraction of the 140-kDa band present (Fig. 1,
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Fig. 1. SDS-PAGE analysis of purified HIV-1JR-FL SOS gp140, gp140UNC, and gp120 proteins.
CHO cell-expressed proteins (0.5 µg) in Laemmli sample buffer with (reduced) or without
(non-reduced) 50 mM DTT were resolved on a 3 to 8% polyacrylamide gradient gel. 



lane 3). These data indicated that approximately 86% of the SOS gp140 protein
was proteolytically processed.

The HIV-1JR-FL gp140UNC protein was expressed in CHO cells using similar
methods, although without cotransfected furin, and wasalso obtained at 90% puri-
ty. It too contained alpha 2-macroglobulin as the major contaminant, but no free
gp120 was detectable (Fig. 1, lanes 4 and 9). In the absence of DTT, alpha 2-
macroglobulin migrates as a 350-kDa dimer and is not clearly resolved from
gp140UNC oligomers (Fig. 1, lane 9). Under nonreducing conditions,bands consis-
tent with gp140UNC monomers (140 kDa), dimers (280kDa), and trimers (420 kDa)
were observed in roughly equal amounts(Fig. 1, lane 9). These proteins were reac-
tive with anti-gp120MAbs in Western blot analysis (data not shown). When treated
with DTT, gp140UNC gave rise to an intensified monomer bandat 140 kDa and an al-
pha 2-macroglobulin monomer band at 170kDa; but gp140 oligomers were absent
(Fig. 1, compare lanes 4 and 9). Thus, disulfide-linked, reducible oligomers com-
prise half or more of the gp140UNC preparation. Comparable amounts of reducible
oligomers have been observed in gp140UNC proteinpreparations derived from sub-
type A, B, and E viruses, withminor strain-to-strain differences (46, 67). Reducible
gp160oligomers of this type have been proposed to contain aberrant intermolecular
disulfide bonds (46). If so, at least some ofthe oligomers present in gp140UNC prepa-
rations represent misfoldedprotein aggregates.

Biophysical properties of purified SOS gp140 
(i) Matrix-assisted laser desorption ionization mass spectrometry
This technique was used to determine the absolute molecular masses of HIV-1JR-

FL gp120 and SOS gp140. The measured molecular masses were 121.9 kDa for
SOS gp140 and 91.3 kDa for gp120. Reduced SOS gp140 gave rise to a small
peak of uncleaved gp140 at 118.5 kDa, a gp120 peak at 91.8 kDa, and a gp41ECTO

peakat 27 kDa. Differences in glycosylation between cleaved anduncleaved SOS
gp140 proteins could account for the 3.4-kDa difference in their measured mass-
es. A difference of 0.5 kDa was observed in the mass of gp120 when expressed
alone and in the context of SOS gp140. This difference is not significant but
rather is within the range of assay variation for a heavily glycosylated protein.
The measured mass of HIV-1JR-FL gp120 is comparable to previously reported
molecular masses of CHO cell-expressed HIV-1GB8 gp120 (91.8 kDa) and
Drosophila cell-expressed HIV-1WD61gp120 (99.6 kDa) (30, 45). The anomalous-
ly high molecular masses (120 and 140 kDa, respectively [Fig. 1]) observed for
gp120 and SOS gp140 by SDS-PAGE reflect the high carbohydrate content of
these proteins. The extended structure of the glycans and their poor reactivity
with the dodecyl sulfate anion retard the electrophoretic migration of the glyco-
proteins through SDS-PAGE gel matrices (30).

(ii) Ultracentrifugation 
Sedimentation equilibrium measurements were used to examine the oligomeric
state of purified SOS gp140. Over protein concentrations ranging from 0.15 to
0.60 mg/ml, the apparent molecular mass of SOS gp140 was consistently found
to be 155 kDa (Fig. 2A). Hence, the purified SOS gp140 protein is monomeric in
solution. There was no systematic dependence of molecular mass on protein con-
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centration over the range studied, since the molecular masseswere all within 15%
of those calculated for an ideal monomer. However, the residuals (the difference
between the data and the theoretical curve for a monomer) deviated from zero in
a systematic fashion (Fig. 2A), suggesting the presence of small amounts of
oligomeric material. The difference in molecular masses observed using mass
spectrometry (122 kDa) and sedimentation equilibrium (155 kDa) may reflect
imprecisions in the latter technique. In particular, the uncertain composition of
the SOS gp140 glycans introduces an error of this magnitude into calculations of
the molecule’s partial specific volume. However, this issue does not obscure our
chief conclusion that the SOS gp140 protein is a monomer.

(iii) Analytical gel filtration chromatography
Purified HIV-1JR-FLSOS gp140, gp140UNC, and gp120 proteinswere also examined
using size exclusion chromatography. Monomeric gp120 eluted with a retention
time of 6.24 min and an apparentmolecular mass of 200 kDa (Fig. 2B). The appar-
ently large size of this protein reflects the extended structures of its carbohydrate
moieties. The retention time (5.95 min) and apparent molecularmass (220 kDa) of
the SOS gp140 protein are consistent with it being a monomer that is slightly larger
than gp120. In contrast, the gp140UNC protein eluted at 4.91 min as a broad peak
withan average molecular mass of >500 kDa, which is consistentwith it compris-
ing a mixture of oligomeric species. Although the chromatogram suggests the
existence of multiple species in the gp140UNC preparation, this gel filtration tech-
nique cannot resolve mixtures of gp140 dimers, trimers, and tetramers.

(iv) Blue Native polyacrylamide gel electrophoresis 
BN-PAGE was used to examine the oligomeric state of the purified SOS gp140
and gp140UNC proteins. In BN-PAGE, most proteins are fractionated according to
their Stokes radius (62, 63). We first applied this technique to a model set of sol-
uble proteins, including gp120 alone and in complex with sCD4 (Fig. 2C). The
model proteins included thyroglobulin and ferritin, which naturally comprise a
distribution of noncovalent oligomers of various sizes. The oligomeric states of
these multisubunit proteins, as determined by BN-PAGE, are similar to those
observed using other nondenaturing techniques (24, 77). BSA exists as
monomers, dimers, and higher-order species in solution (35); the same ladder of
oligomers was observed in BN-PAGE. Not surprisingly, the gp120/sCD4 com-
plex, which has an association constant in the nanomolar range (1), remained
intact during BN-PAGE analysis.

The purified SOS gp140 protein was largely monomeric by BN-PAGE (Fig.
2D), although a minor amount (<10%) of dimeric species was also observed. The
purified gp140UNC protein migrated as well-resolved dimers, trimers, and
tetramers, with trace amountsof monomer present (Fig. 2D). The gp140UNC dimer
represented the major oligomeric form of the protein present under nondenaturing
conditions. Although tetrameric gp140UNC is a distinct minorspecies on BN-PAGE
gels (Fig. 2D), it is absent from nonreduced SDS-PAGE gels (Fig. 1). Upon treat-
ment with SDS and heat, thegp140UNC tetramers probably revert to lower-molecu-
lar-weightspecies, such as monomers and/or disulfide-linked dimers. Asexpected,
HIV-1JR-FL gp120 migrated as a predominant 120-kDa monomeric protein. BN-
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PAGE analyses of unpurified gp140 proteinsare described below (see Fig. 7).
Overall, ultracentrifugation, gel filtration, and BN-PAGE analyses were in

excellent agreement as to the oligomeric states of these purified Env proteins.
BN-PAGE, however, was the only method capable of clearly resolving the mix-
ture of oligomeric species contained in the gp140UNC preparation.

Immunoelectron microscopy of SOS gp140. 
(i) SOS gp140 and SOS gp140-MAb complexes 
In the absence of antibodies, the electron micrographs revealed SOS gp140 to be
mostly monomeric, randomly oriented, and multilobed (Fig 3A). Qualitatively
similar images were obtained with HIV-1JR-FL gp120 (data not shown), and the
two proteins could not be clearly distinguished in the absence of MAbs or other
means of orienting the images.

Electron micrographs were also obtained of SOS gp140 in complex with
MAbs 2F5 (Fig. 3B), IgG1b12 (Fig. 3C), and 2G12 (Fig. 3D). To aid in interpre-
tation, the complexes were masked and rotated such that the presumptive Fc of
the MAb points downward. Schematic diagrams are also provided for each com-
plex in order to illustrate the basic geometry and stoichiometry observed. In each
case, the complexes shown represent the majority or plurality species present.
However, other species, such as free MAb and monovalent MAb-SOS gp140
complexes, were also present in each sample (data not shown).

When combined with IgG1b12 or 2F5, SOS gp140 formed rather typical
immune complexes composed of a single MAb and up to two SOS gp140s (Fig.
3B and C). The complexes adopted the characteristic Y-shaped antibody struc-
ture, with a variable angle between the Fab arms of the MAb. In contrast, the
2G12-SOS gp140 complexes produced strikingly different images (Fig. 3D). Y-
shaped complexes comprising two distinct Fab arms with bound SOS gp140s
were rare. Instead, the 2G12-SOS gp140 images were highly linear and appeared
to represent one MAb bound to two SOS gp140 proteins aligned in parallel. Sim-
ilar structures were observed less frequently for 2G12 in a complex with HIV-1JR-

FL gp120, but not with HIV-1YU2 gp120 (data not shown). We suspect that the par-
allel alignment of the SOS gp140s forces the two Fab arms into similar
alignment, resulting in an overall linear structure. These complexes are unprece-
dented in our immunoelectron microscopy studies of Env-MAb complexes (55,
56, 92; K. H. Roux, unpublished observations). One hypothesis is that 2G12
binds to HIV-1JR-FL gp120 and SOS gp140 in an orientation that promotes resid-
ual weak gp120-gp120 and/or gp41-gp41 interactions, which then stabilize the
complex in the parallel configuration observed. Additional studies are ongoing to
further explore this finding.

Combinations of these well-characterized MAbs were used to examine the rel-
ative placement of their epitopes on SOS gp140. In the first combination, SOS
gp140-2F5-IgG1b12, multiple ring structures were observed which appeared to
be composed of two SOS gp140 proteins bridged by two antibody molecules
(data not shown). To distinguish between the 2F5 and IgG1b12 MAbs, we exam-
ined complexes formed between IgG1b12 F(ab’)2, SOS gp140, and the intact 2F5
MAb. Characteristic ring structures were again observed (Fig. 3E). The ring com-
plexes were then subjected to computational analysis using the SPIDER program
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Fig. 2. Biophysical analyses of purified, CHO cell-expressed HIV-1JR-FL envelope glycopro-
teins. A. Sedimentation equilibrium studies of SOS gp140 indicate that it is monomeric in
solution. Representative data (open circles) obtained at a rotor speed of 9,000 rpm and a
protein concentration of 0.6 mg/ml are plotted as ln(absorbance) versus the square of the
axis of rotation. The slope is proportional to the molecular weight of the protein oligomer.
Dashed lines with increasing slopes indicate, respectively, the predicted data for monomer-
ic (1), dimeric (2), and trimeric (3) states of the protein. Deviations from the calculated val-
ues are plotted as residuals in the upper portion of the figure. B. Analytical size exclusion
chromatography. Purified SOS gp140, gp140UNC, and gp120 proteins were resolved on a
TSK G3000SWXL column in phosphate-buffered saline, and their retention times were com-
pared with those of known molecular mass (MW) standard proteins of 220, 440, and 880 kDa
(arrowed). The main peak retention time of SOS gp140 (5.95 min) is consistent with it being
a monomer that is slightly larger than monomeric gp120 (retention time, 6.24 min), where-
as gp140UNC (retention time, 4.91 min) migrates as an oligomeric species. C. The oligomer-
ic status of pure standard proteins, thyroglobulin, ferritin, and albumin, were compared
with gp120 and gp120 in complex with soluble CD4 using BN-PAGE. The proteins were visu-
alized on the gel using Coomassie blue. D. BN-PAGE analysis of CHO cell-derived, purified
HIV-1JR-FL gp120, SOS gp140, and gp140UNC glycoproteins. 
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Fig. 3. Negative-stain electron micrographs of SOS gp140 alone (A) and in complex with
MAbs (B to F). Bar, 40 nm. In panels B to F, the panels were masked and rotated so that the
presumptive Fc of the MAb is oriented downward. When multiple MAbs were used, the pre-
sumptive Fc of MAb 2F5 is oriented downward. In panels B to F, interpretative diagrams are
also provided to illustrate the basic geometry and stoichiometry of the immune complexes.
SOS gp140, intact MAb, and F(ab)’2 are illustrated by ovals, Y-shaped structures, and V-
shaped structures, respectively, in the schematic diagrams, which are not drawn to scale.
The MAbs used are as follows: 2F5 (B), IgG1b12 (C), 2G12 (D), MAb 2F5 plus F(ab’)2 IgG1b12
(E), and MAb 2F5 plus MAb 2G12 (F). 



package to yield several categories of averaged images (data not shown). The
MAb 2F5 and IgG1b12 F(ab’)2 components can be clearly delineated in the
images, as can the SOS gp140 molecule. When bound to a given SOS gp140 mol-
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Fig. 4. Individual, averaged and subtracted electron micrographs of SOS gp140 and gp120
in complex with sCD4 and MAb 17b. Panels A and B are individual electron micrographs of
ternary complexes of SOS gp140 (A) and YU2 gp120 (B). The Fc region of MAb 17b is
aligned downward. Panels C and F are averaged electron micrographs of ternary complex-
es of SOS gp140 (C) and gp120 (F). Panels D and G are masked and averaged electron
micrographs of the SOS gp140 complex (D) and the gp120 complex (G). Panel E represents
the density remaining upon subtraction of the gp120 complex (G) from the gp140 complex
(D). In panels D and E, the arrow indicates the area of greatest residual density, which rep-
resents the presumptive gp41ECTO moiety that is present in SOS gp140 but not in gp120.
Panel H indicates the outline of the gp120 complex (G) overlaid upon a ribbon diagram of
the X-ray crystal structure of the gp120 core in complex with sCD4 and the 17b Fab frag-
ment (PDB code 1GC1) (33). The gp120 complex was enlarged to facilitate viewing. Bar, 40
nm (A to G) or 10 nm (H). 



ecule, the Fab arms of 2F5 and IgG1b12 lie at approximately right angles, as indi-
cated in the schematic diagram (Fig. 3E).

In marked contrast to the IgG1b12-containing ternary complexes, those com-
posed of SOS, 2F5, and 2G12 formed extended chains rather than closed rings
(Fig. 3F). These observations place the 2F5 and 2G12 epitopes at opposite ends
of the SOS gp140molecule. There was significant heterogeneity in the stoichiom-
etry of the 2F5/2G12/SOS gp140 complexes, just one example of which is indi-
cated in the schematic diagram.

(ii) Immunoelectron microscopy of SOS gp140 and gp120 in complex with sCD4
and MAb 17b 
In an effort to further characterize the topology of SOS gp140, we reacted it with
MAb 17b and/or sCD4. We generated the corresponding YU2 gp120 complexes
for comparison. As expected, the combination of MAb 17b plus SOS gp140 or
gp120 alone did not form complexes, consistent with the need for sCD4 to induce
the 17b epitope. Similarly, unremarkable complexes were obtained when sCD4
was mixed with SOS gp140 or gp120 in the absence of MAb 17b (data not
shown). However, complexes with clearly defined geometry were obtained for
sCD4/Env/17b (Fig. 4A and B).

These complexes were composed of 17b with one or two attachedSOS gp140s
or gp120s, together with tangentially protruding sCD4 molecules. These com-
plexes were then subjected to computer-assisted averaging (Fig. 4C and F). The
free arm and the Fc region ofMAb 17b were disordered in these images due to the
flexibilityof the MAb, so the averaged images, based on multireferencealignment
(23), were masked to highlight the better-resolved sCD4, Env, and 17b Fab struc-
tures (Fig. 4D and G). The gp120 and SOS gp140 images were qualitatively simi-
lar, but an image subtraction of one from the other revealed the presence of addi-
tionalmass on the SOS gp140 protein (arrowed in Fig. 4D and E). For this process,
a threshold cutoff value was first applied to the averaged SOS gp140/sCD4/17b
(Fig. 4D) and gp120/sCD4/17b(Fig. 4G) images. The two profiles were then man-
ually aligned for best fit, and the image of the gp120 complex was subtracted from
that of the SOS gp140 complex. This additional mass may represent gp41ECTO,
although we cannot strictly exclude other explanations, such as differences in the
primary sequence and/orglycosylation of the gp120 and SOS gp140 proteins used.
Theresolution of the technique does not enable us to estimate themolecular weight
of the additional mass. Moreover, a significant portion of the gp41ECTO moiety of
SOS gp140 could reside “under”gp120 and thus be hidden in the image.

In order to orient the putative gp41ECTO moiety in relation to the remaining
structures seen in the electron micrographs, the X-ray structure of the gp120 core
in complex with the D1D2 domain of sCD4 and Fab 17b (33) was docked, using
Program O, into the profile map obtained for the sCD4/gp120/MAb 17b complex
(Fig. 4H). Given that there are differences in the gp120 (whole versus core) and
CD4 (four-domain versus two-domain) molecules used for the electron
microscopy and crystallization studies, there is reasonable agreement in the over-
all topology of thestructures generated.

This agreement in structures (Fig. 4H) enabled us to position the putative
gp41ECTO moiety in relation to the core gp120 structure (Fig. 5). The previously
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defined neutralizing, nonneutralizing, and silent faces of gp120 (41, 83) are illus-
trated, as are the IgG1b12 (58) and 2G12 (83) epitopes. According to this model,
the gp41ECTO moiety recognized by MAb 2F5 is located at 90° relative to the
IgG1b12 epitope and 180° from the 2G12 epitope(Fig. 5B). This model is in broad
agreement with the independently derived electron microscopy images of the
complexes formed betweenSOS gp140 and combinations of these MAbs (Fig. 3E
and F). This putative placement of gp41ECTO would cause it to largely occlude the
nonneutralizing face of gp120, a result that is consistent with the MAb reactivity
patterns observed for SOS gp140 bothhere and elsewhere (4).

Antigenic properties of unpurified SOS gp140 and gp140UNC proteins. (i) RIPAs 
RIPA was used to determine whether the antigenicity of HIV-1JR-FLSOS gp140
differed when the protein was expressed in stably transfected CHO cells from
what was observed previously when the same protein was expressed in transient-
ly transfected 293T cells (4). The SOS gp140 proteins in unpurified supernatants
expressed from CHO cells were efficiently recognized by neutralizing agents to
gp120 epitopes located in the C3/V4 region (MAb 2G12), the CD4 binding site
(the CD4-IgG2 molecule), and the V3 loop (MAb 19b) (data not shown). In addi-
tion, the conserved CD4-induced neutralization epitope defined by MAb 17b was
strongly induced on SOS gp140 by sCD4. SOS gp140 was also efficiently
immunoprecipitated by the broadly neutralizing gp41 MAb 2F5. In contrast, SOS
gp140 was largely unreactive with the nonneutralizing MAbs 23A and 2.2B to
gp120 and gp41, respectively (data not shown). These findings are consistent
with our previous observations (4) and indicate that CHO and 293T cell-derived
HIV-1JR-FL SOS gp140 proteins possess similar antigenic properties.

Relatively minor amounts of free gp120 were observed in the unpurified SOS
gp140 CHO cell supernatants (data not shown), as reported previously for 293T-
derived material (4). This free gp120 was preferentially recognized by MAb 23A,
suggesting that its C5 epitope is largely obscured in SOS gp140 (data not shown).
This is consistent with the electron microscopy-derived topology model
described above (Fig. 5B) and with what is known about the gp120-gp41 inter-
face (27, 41, 82). As with 293T-derived material (4), processing of SOS gp140 at
the gp120-gp41 cleavage site was efficient in CHO cells, as determined by RIPAs
performed under reducing and nonreducing conditions (data not shown). Similar
levels of assembly and proteolytic processing were observed when unpurified
SOS gp140 was analyzed by Western blotting rather than RIPA (data not shown).
Thus, the folding, assembly, and processing of this protein appear to be largely
independent of the cell line used for its production.

(ii) SPR assays 
Surface plasmon resonance (SPR) was used to further characterize the antibody-
and receptor-binding properties of unpurified, CHO cell-expressed SOS gp140
and gp140UNC proteins. Acomparisonof results obtained using SPR and RIPAwith
the same MAbs allows us to determine if the antigenicity of these proteins is
method dependent. Whereas SPR is a kinetically limited procedure that is com-
pleted in one or more minutes, RIPA is an equilibriummethod in which Env-MAb
binding occurs over several hours. SPR analysis was also performed on purified
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Fig. 5. Models indicating the approximate location of gp41ECTO in relation to gp120 as
derived from electron microscopy data of SOS gp140. A. Presumptive location of gp41ECTO

(represented by the blue oval) in relation to the X-ray crystal structure of the gp120 core
(green, silent face; red, neutralizing face; lavender, nonneutralizing face [41, 83]) in complex
with sCD4 (orange) and Fab 17b (dark blue) (PDB code 1GC1) (33). B. Surface rendering of
the gp120 core with faces colored as above. Also indicated are the key residues of the
IgG1b12 (58) (purple) and 2G12 (83) (yellow) epitopes. The image of the gp120 core in panel
B is rotated 60° to the right about the vertical axis and 15° upward about the horizontal axis
with respect to panel A. 



and unpurified forms of the SOS gp140 and gp140UNC proteins, to assess whether
proteinantigenicity was significantly altered during purification.Purified HIV-1JR-

FL gp120 was also studied. Although the purifiedSOS gp140 protein is a monomer,
it does contain the gp120 subunit linked to the ectodomain of gp41. Since there is
evidence that the presence of gp41 can affect the antigenic structure of gp120 (32,
53, 79), we thought it worth determining whether monomericSOS gp140 behaved
differently than monomeric gp120 in its interactions with neutralizing and non-
neutralizing MAbs.

There was good concordance of results between RIPA- and SPR-based (Fig. 6)
antigenicity analyses of unpurified SOS gp140 in CHOcell supernatants. For exam-
ple, SOS gp140 bound the broadly neutralizing anti-gp41 MAb 2F5 (Fig. 6B) but
not the nonneutralizinganti-gp41 MAb 2.2B (Fig. 6D). Similarly, binding of MAb
17bwas strongly potentiated by sCD4 (Fig. 6F). Unpurified SOS gp140bound the
neutralizing anti-gp120 MAbs 2G12 and 19b but not the nonneutralizing anti-
gp120 MAb 23A in both SPR and RIPA experiments (data not shown). Taken to-
gether, the RIPA and SPR data indicate that unpurified, CHO cell-derived SOS
gp140 rapidly and avidly binds neutralizing anti-gp120 and anti-gp41 MAbs,
whereas binding to the present set of nonneutralizing MAbs isnot measurable by ei-
ther technique.

SPR revealed some significant differences in the reactivitiesof SOS gp140 and
gp140UNCproteins with anti-gp41 MAbs. Thus,SOS gp140 but not gp140UNCbound
MAb 2F5 but not MAb 2.2B, whereasthe converse was true for gp140UNC. Notable,
albeit less dramatic,differences were observed in the reactivity of SOS gp140 and
gp140UNC with some anti-gp120 MAbs. Of the two proteins, SOS gp140 had the
greater kinetics and magnitude of binding to theneutralizing MAbs IgG1b12 (Fig.
6G), 2G12 (Fig. 6H), and 17bin the presence of sCD4 (Fig. 6E and F). The binding
of gp140UNCto 17b was clearly potentiated by sCD4, as has been reportedelsewhere
(90). Neither SOS gp140 nor gp140UNC bound the anti-gp120 MAb 23A (data not
shown). This was expected for gp140UNC, sincethe C5 amino-acid substitutions that
eliminate the cleavagesite directly affect the epitope for MAb 23A(43).

Qualitatively, the antigenicities of SOS gp140 and gp140UNCwere little changed
upon purification (Fig. 6, compare panels A, C, and E with panels B, D, and F).
Hence the lectin affinity and gel filtration columns used for purification do not
appear to significantly affect, or select for, a particular conformational state of
these proteins. However, these studies do not allow for direct, quantitative com-
parisons of SPR data derived usingpurified and unpurified materials.

Compared with monomeric gp120, the purified gp140UNC protein reacted more
strongly with MAb 2G12 but less strongly with MAb IgG1b12. Prior SPR studies
have demonstrated that 2G12 avidly binds to oligomeric forms of Env (89), and it
is possible thatMAb 2G12 is capable of undergoing bivalent binding to oligomeric
Envs. It will be informative to perform electron microscopy analyses of 2G12 in
complex with gp140UNC or other oligomeric Envs in future studies, given the
unusual nature of the 2G12-SOSgp140 complex (Fig. 3D).

Oligomeric properties of unpurified SOS gp140 and gp140UNC proteins 
BN-PAGE was used to examine the oligomeric state of the SOS gp140 and
gp140UNC proteins present in freshly prepared, CHO cell culture supernatants.
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The SOS gp140 protein was largely monomeric by BN-PAGE, with only a minor
proportion of higher-order proteins present (Fig. 7A). In some, but not all, 293T
cell preparations, greater but highly variable amounts of dimers and higher-order
oligomers were observed using BN-PAGE (datanot shown, but see Fig. 7B). This
probably accounts for our previous report that oligomers can be observed in
unpurified SOS gp140 preparations using other techniques (4).

The unpurified gp140UNC protein typically migrated as well-resolved dimers,
trimers, and tetramers, with trace amounts of monomer sometimes present (Fig.
7A). Qualitatively similar banding patterns were observed for purified (Fig. 2D)
and unpurified (Fig. 7A) gp140UNC proteins. In each case, dimers of gp140UNC

were the most abundant oligomeric species. HIV-1JR-FL gp120 ran as a predomi-
nant 120-kDa monomeric band, although small amounts of gp120 dimers were
observed in some unpurified supernatants. In general, the BN-PAGE analyses
indicate that the oligomeric properties of the various Env proteins did not change
appreciably upon purification (compare Fig. 7A and 2D).

The same CHO cell supernatants were also analyzed by analytical gel filtra-
tion, the column fractions being collected in 0.2-ml increments and analyzed for
Env content by Western blotting. The retention times of unpurified gp120, SOS
gp140, and gp140UNC proteins were determined to be 6.1, 5.9, and 5.2 min,
respectively (data not shown). These values agree with those observed for the
purified proteins (Fig. 2B) to within the precision of the method. The gel filtra-
tion studies thus corroborate the BN-PAGE data in that unpurified gp120 and
SOS gp140 were mostly monomeric, while gp140UNC was mostly oligomeric
(data not shown). However, unlike BN-PAGE, this analytical gel filtration proce-
dure does not have sufficient resolving power to characterize the distribution of
the oligomeric species present in the gp140UNC preparation.

SDS-PAGE followed by Western blot analyses of supernatants containing
unpurified SOS gp140 and gp140UNC proteins yielded banding patterns similar to
those shown in Fig. 1 for the purified proteins (datanot shown). The gp120 prepa-
ration contained 10% dimer, which was observed only when SDS-PAGE analy-
ses were carried out under nonreducing conditions. Thus, the gp120 dimer repre-
sents disulfide-linked and presumably misfolded material (46).

SOS gp140 glycoproteins with deletions of variable loops form more-stable
oligomers 
We previously described HIV-1JR-FL SOS gp140 glycoproteins from which one or
more of the gp120 variable loops were deleted to better expose underlying, con-
served regions around the CD4- and coreceptor-binding sites. It was possible to
remove the V1, V2, and V3 loop structures individually or in pairs without
adversely affecting the formation of the intersubunit disulfide bond, proper prote-
olytic cleavage, or protein folding. However, the triple loop deletant was not effi-
ciently cleaved (57). In order to explore the oligomeric properties of these modi-
fied SOS gp140 glycoproteins, the supernatants of 293T cells transiently
cotransfected with these gp140 constructs and furin were analyzed by BN-PAGE.
Unexpectedly, deletion of the variable loops, both alone and in combination, sig-
nificantly enhanced the stability of the SOS gp140 oligomers. The V1V2 SOS
gp140 preparation contained almost exclusively trimeric and tetrameric species,
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Fig. 6. SPR analysis of CHO cell-expressed HIV-1JR-FL SOS gp140, gp140UNC, and gp120 pro-
teins. Anti-gp120 and anti-gp41 MAbs were immobilized onto sensor chips and exposed to
buffers containing the indicated gp120 or gp140 glycoproteins in either purified or unpuri-
fied form, as indicated. Where noted, Env proteins were mixed with an eightfold molar
excess of sCD4 for 1 h prior to analysis. Culture supernatants from stably transfected CHO
cells were used as the source of unpurified SOS gp140 and gp140UNC proteins. The concen-
trations of these proteins were measured by Western blotting and adjusted so that approx-
imately equal amounts of each protein were loaded. Only the binding phases of the sensor-
grams are shown; in general, the dissociation rates were too slow to provide meaningful
information. 



whereasV1 SOS gp140 formed a mixture of dimers, trimers, and tetramerssimilar
to that seen with gp140UNC (data not shown). The V2 SOS gp140 protein was pre-
dominantly oligomeric, but it also contained significant quantities of monomer.
Thus, in terms of oligomeric stability, the SOS proteins can be ranked as follows:
first V1V2 SOS gp140, then V1 SOS gp140, then V2 SOS gp140, and then full-
length SOS gp140. The reasons for this rank order are not yet clear but are under
investigation.

Based on the above observations, we chose to generate a CHOcell line that sta-
bly expresses the V1V2 SOS gp140 protein. Supernatants from the optimized
CHO cell line were first analyzedby SDS-PAGE under reducing and nonreducing
conditions, followed by Western blot detection. The major Env band was seen at
120 kDa (V1V2 gp140 protein) in the nonreduced gel and at 100 kDa (V1V2
gp120 protein) in the reduced gel (data not shown). These results are consistent
with our prior findings that deletion of the V1V2 loops decreases the apparent
molecular mass of theprotein by 20 kDa (57). Notably, the V1V2 SOS gp140 pro-
tein was largely free both of disulfide-linked aggregates and of the 100-kDa loop-
deleted, free gp120 protein. Thus, proteolytic cleavage and SOS disulfide bond
formation occur efficiently in the V1V2 SOS gp140 protein (data not shown).

CHO cell supernatants containing V1V2 SOS gp140, full-length SOS gp140,
and gp140UNC were also analyzed by BN-PAGE and Westernblotting (Fig. 7A). As
was observed with the transiently transfected 293T cells, unpurified CHO cell-
derived material was oligomeric. The CHO cell-derived V1V2 SOS gp140
migrated as a distinct single band with a molecular mass consistent with that of a
trimer (360 kDa); the V1V2 SOS gp140 band lies between those of the gp140UNC

dimer (280 kDa) and the gp140UNC trimer (420 kDa) (Fig. 7A). Hence the V1V2
SOS gp140 protein represents a proteolytically mature form of HIV-1 Env that
oligomerizes into presumptive trimers via noncovalent interactions. Purification
and additional biophysical studies of this protein are now in progress, and
immunogenicity studies are planned.

The uncleaved SOS gp140 and gp140UNC proteins possess similar oligomeric
properties 
Overall, the above analyses reveal a clear difference in the oligomeric properties
of the SOS gp140 and gp140UNC proteins.One structural difference between these
proteins is their proteolytic cleavage status; another is the presence or absence of
the intersubunit disulfide bond that defines SOS gp140 proteins. To address the
question of whether it is gp120-gp41 cleavage or the introduced cysteine residues
that destabilize the SOS gp140 oligomers, we made the SOS gp140UNC protein.
Here, the cysteines capable of intersubunit disulfide bond formation are present,
but the cleavage site between gp120 and gp41ECTO has also been modified to pre-
vent cleavage. The SOS gp140UNC, SOS gp140, and gp140UNC proteins were all
expressed transiently in 293T cells and analyzed by BN-PAGE (Fig. 7B). In this
and multiple repeat experiments, SOS gp140UNC and gp140UNC had similar migra-
tion patterns on the native gel, with the dimer band predominating and some
monomers, trimers, and tetramers also present. In contrast, SOS gp140 was pri-
marily monomeric, although small amounts of dimeric and trimeric species were
also observed in this particular analysis (Fig. 7B).
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The above results suggest that the SOS gp140UNC protein behaves more like
the gp140UNC protein than the SOS gp140 protein. This, in turn, implies that the
cleavage of gp140 into gp120 and gp41ECTOhas a substantial effect on how gp140
is oligomerized via interactions between the gp41ECTO moieties, whereas the pres-
ence of the cysteine substitutions in gp120 and gp41 has little effect on these
interactions. We believe that this observation is central to understanding the rela-
tive instability of SOS gp140 oligomers, compared to those of the gp140UNC pro-
tein. We note, however, that we have not determined whether or not the intermol-
ecular disulfide bondactually forms in SOS gp140UNC; the simple method of DTT
treatment to reduce this bond is inadequate, because the uncleaved peptide bond
between the gp120 and gp41ECTO moieties still holds the two subunits together.
Addressing this issue will require characterizing purified SOS gp140UNC by meth-
ods such as peptide mapping. Such studies are now in progress, to further explore
the effect of gp140 cleavage on the structure of the gp120-gp41ECTO complex.

Discussion

We have previously described the antigenic properties of SOS gp140, an HIV-1
envelope glycoprotein variant in which an intermolecular disulfide bond has been
introduced to covalently link the gp120and gp41ECTO subunits (4, 57). In the orig-
inal report, we demonstrated that the SOS gp140 protein, as contained in super-
natants of transiently transfected 293T cells, was an antigenic mimic of virion-
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Fig. 7. BN-PAGE analyses of unfrac-
tionated cell culture supernatants.
A. Comparison of HIV-1JR-FL gp120,
SOS gp140, gp140UNC, and V1V2
SOS gp140 glycoproteins present in
culture supernatants from stable
CHO cell lines. B. Proteolytic cleav-
age destabilizes gp140 oligomers.
293T cells were transfected with
furin and plasmids encoding SOS
gp140, gp140UNC, or SOS gp140UNC.
Cell culture supernatants were com-
bined with MOPS buffer containing
0.1% Coomassie blue and resolved
by BN-PAGE. Proteins were then
transferred to PVDF membranes
and visualized by Western blotting.
Thyroglobulin and the BSA dimer
were used as molecular mass (MW)
markers (see Fig. 2C). 



associated Env (4). In that report, the methods employed were not sufficiently
robust to conclusively determine the oligomeric state of unpurified 293T-derived
SOS gp140 (4). Here we show with a smaller panel of MAbs that purified and
unpurified CHO cell-derived SOS gp140 proteins also mimic native Env in terms
of their patterns of antibody reactivity. However, unlike virus-associated Env,
SOS gp140 is a monomeric protein.

Antigenicity and immunoelectron microscopy studies support amodel for SOS
gp140 in which the neutralizing face of gp120 is presented in a native conforma-
tion but the nonneutralizing face is occluded by gp41ECTO (Fig. 5). In one set of
immunoelectron microscopy studies, SOS gp140 was examined in complex with
combinations of anti-gp120 and anti-gp41 MAbs to defined epitopes (Fig. 3). The
gp41ECTO subunit, as defined by the position of the anti-gp41 MAb 2F5, was
located 180° from the MAb 2G12 epitope and90° from the MAb IgG1b12 epitope,
as is the nonneutralizing face. A second set of studies compared SOS gp140 and
gp120 in complex with sCD4 and MAb 17b (Fig. 4). Here, a region of additional
mass in the gp140 complex defined the presumptive gp41ECTO; its location was
similarly adjacent to the nonneutralizing faceof gp120. This model of the geome-
try of the gp120-gp41 interaction is consistent with previous models based on
mutagenesis techniquesand the mapping of MAb epitopes (27, 41, 82). It also pro-
videsa basis for interpreting the patterns of MAb reactivity, asdiscussed below.

In the present report, the antigenicity of CHO-derived SOS gp140 was
explored from a number of perspectives: (i) in comparison with gp140UNC and
gp120, (ii) before and after purification, and (iii) in an equilibrium-based assay
(RIPA) versus a kinetics-based assay (SPR). SOS gp140 proteins expressed in
stably transfected CHO cells or transiently transfected 293T cells possessed qual-
itatively similar antigenic properties that were largely unaffected by purification.
These analyses utilized a seven-member panel of MAbs and CD4-based proteins;
it is possible that subtle antigenic differences could be discerned with additional
MAbs or with peptides that target the amino- or carboxy-terminal heptad regions
of gp41. We observed that most neutralizing anti-gp120 MAbs bound more
strongly and more rapidly to SOS gp140 than to the gp120 or gp140UNC proteins,
whereas the converse was true of nonneutralizing MAbs (Fig. 6). These results
were largely independent of the analytical methodology used (RIPA or SPR) or
the purification state of the glycoproteins and thus extend our earlier RIPA analy-
ses of unpurified Env glycoproteins (4). We have addressed these issues on a
largely qualitative basis in the present study; quantitative comparisons of MAb
reactivities are now being explored.

It is not obvious why neutralizing MAbs recognize monomericSOS gp140 bet-
ter than monomeric gp120. One possibility relates to differences in the conforma-
tional freedom of the two glycoproteins.Monomeric gp120 has considerable con-
formational flexibility, such that “freezing” of the conformation by CD4 binding
results in an unexpectedly large loss in entropy (45). Indeed, it hasbeen suggested
that reducing the conformational freedom of a gp120 immunogen may provide a
means of generating broadly neutralizing antibodies, which generally recognize
conformational epitopes(45). The presence of gp41ECTOmay serve to minimize the
conformational flexibility of the gp120 subunit of SOS gp140, stabilizing the pro-
tein in conformations recognized by neutralizing antibodies. However, the induc-
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tion of 17b binding by sCD4 demonstrates thatSOS gp140 is still capable of sam-
pling multiple, relevant conformations. Studies are in progress to address these
issues.

Variations in conformational flexibility may also underlie the antigenic differ-
ences observed between the SOS gp140 and gp140UNC proteins. Other possible
explanations include differences in oligomerization and cleavage. Further studies
using additional Env protein variants (e.g., SOS gp140UNC), a broader range of
anti-Env MAbs, and purified or size-fractionated proteins of a homogenous sub-
unit composition will be required to explore these issues more thoroughly.

Standard biophysical techniques were used to demonstrate that the purified
HIV-1JR-FL SOS gp140 glycoprotein is a monomer comprising one gp120 subunit
that was disulfide linked to gp41ECTO.Since it is generally accepted that the gp41
subunits are responsible for Env trimerization (8, 10, 38, 69, 78), we assume that
the gp41-gp41 interactions within the cleaved SOS gp140 glycoprotein are
weak, and that this instability precludes the purificationof cleaved trimers. Others
have reported that gp41-gp41 interactionsare unstable in the context of gp140 (21,
85). Moreover, ultracentrifugation and nuclear magnetic resonance spectroscopy
studies of the gp41 monomer-trimer equilibrium indicate that monomers are
favored at concentrations of <3 µM (9, 80), which are comparable to the highest
concentration of SOS gp140 attained in this report.The 1-mg/ml stock solution of
purified SOS gp140 is approximately 7 µM, and the protein underwent further
dilution duringgel filtration, ultracentrifugation, and other biophysical analyses.

We also report the application of a rapid, simple, and high-resolution elec-
trophoretic technique, BN-PAGE, for exploring the oligomeric state of HIV-1
envelope glycoproteins in unpurified as well as purified forms. In this technique,
the proteins of interestare combined with the dye Coomassie blue, which binds to
theexposed hydrophobic surfaces of proteins and usually enhancestheir solubility.
In the presence of the dye, most proteinsadopt a negative charge, migrate towards
the anode in an electricfield, and so can be sieved according to their Stokes radius
in a polyacrylamide gradient gel. Whereas traditional native PAGE methods are
typically performed under alkaline conditions (pH 9.5), BN-PAGE uses a physio-
logical pH (pH 7.5), which is more compatible with protein stability. We demon-
strate thata gp120/sCD4 complex and a variety of purified, oligomeric modelpro-
teins all remain associated during BN-PAGE analysis. When combined with
Western blot detection, BN-PAGE can be used todetermine the oligomeric state of
HIV-1 envelope glycoproteins at all stages of purification. This high-resolution
technique can resolve monomeric, dimeric, trimeric, and tetrameric forms of
gp140.

As determined by BN-PAGE and other methods, the SOS gp140 protein was
secreted in mostly monomeric form. In contrast, gp140UNC formed oligomers that
are significantly more stable. Thus, weshow that HIV-1JR-FLgp140UNC comprises a
mixture of dimers, trimers, and tetramers, with dimers representing the major
oligomeric form present under nondenaturing conditions. Although noncovalently
associated oligomers constitute a significant percentage of the gp140UNC prepara-
tion, half or more of the material consistsof disulfide-linked and presumably mis-
folded material (46).Others have made similar observations with uncleaved gp140
proteins from other HIV-1 strains and from simian immunodeficiency virus (11,
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16-21, 28, 46, 54, 66, 67, 85-87). The question then arisesas to why the SOS gp140
protein is a monomer but the uncleaved proteins are oligomeric. We believe that
the cleavage of thegp120-gp41 peptide bond alters the overall conformation of the
envelope glycoprotein complex, rendering it fusion competentbut also destabiliz-
ing the association between the gp41 subunits. Support for this argument is pro-
vided by the evidence that the SOS gp140UNC protein resembles gp140UNC rather
than SOS gp140;cleavage is clearly more important than the introduced cysteines
in determining the oligomeric stability of gp140 proteins. We hypothesize that
destabilization of gp41-gp41 interactions might be necessary for gp41-mediated
fusion to occur efficiently upon activation of the Env complex by gp120-receptor
interactions. Moreover, having cleavage and activation take place late in the syn-
thetic process minimizes the risk of fusion events occurringprematurely, i.e., dur-
ing intracellular transport of the envelope glycoprotein complex. Additional stud-
ies are in progress toexplore the effect of cleavage on Env structure.

We can only speculate on the structure of gp41ECTOin SOS gp140.The strong re-
activity of MAb 2F5 suggests that the C-terminal portion mimics the native, 
pre-fusion conformation, but thereare few probes available for other portions of the
native molecule.Clearly, gp41ECTOdoes not adopt a postfusion, coiled-coil confor-
mationin the SOS gp140 monomer. It’s not obvious how coiled-coil interactionsare
abrogated by a single cysteine substitution in an area outside the heptad repeat re-
gions of gp41, but one possibility is that covalent attachment of gp120 at this
“hinge” region of gp41sterically prevents formation of intermediate or final intra-
or intermolecular interactions that are required to achievethe coiled-coil state.

Taken together, the antigenic and biophysical data of SOS gp140, gp120, and
gp140UNC suggest that SOS gp140 represents an improved yet clearly imperfect
mimic of native Env. It is perhaps surprising that an SOS gp140 monomer mimics
virus-associated Env in its reactivity with the present panel of MAbs. Immuno-
chemical studiesand the X-ray crystal structure of the gp120 core in complexwith
CD4 and MAb 17b have together defined the surface of gp120 in terms of neutral-
izing, nonneutralizing, and silent faces (33, 83). The data presented here and else-
where (4) demonstrate the neutralizing face is readily accessible on SOS gp140,
whereas the nonneutralizing face is not. There are still no immunologic ways to
probe the exposure of the silent face of gp120 (41). A source of purified SOS
gp140 glycoprotein, as described herein, will facilitate further studies of the anti-
genic structure ofSOS gp140 in comparison with that of native Env.

Do gp140UNC proteins mimic the structure of the native, fusion-competentenve-
lope glycoprotein complex on virions? We believe not, based on their exposure of
nonneutralization epitopes in both gp120 and gp41 that are not accessible on the
surface of native envelope glycoprotein complexes (4, 50, 61, 88). Similarly, the
Env proteinsof several other viruses undergo dramatic refolding upon cleavageas
determined by electron microscopy and patterns of antibody reactivity (5, 15, 22,
26, 47, 64).

However, cleavage does not induce global conformational changes in all viral
Envs. High-resolution crystal structures have been obtained for both cleaved and
uncleaved forms of the influenzahemagglutinin protein, which is perhaps the best-
characterizedviral coat protein. Hemagglutinin cleavage induced mostly localized
refolding and had little impact on the overall conformationof the molecule (12, 65).
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Given that SOS gp140 is monomeric, what can be done to further stabilize the
structure of fully cleaved, envelope glycoprotein complexes? The immunoelec-
tron microscopy data of the 2G12/SOS gp140 complex suggest that appropriately
directed antibodies could strengthen weak oligomeric interactions. The immuno-
genicity of such complexes may be worth testing, although a bivalent MAb might
be expected to promote formation of Env dimers rather than trimers. We have
already attempted to combine the SOS gp140 disulfide bond stabilization strategy
with one in which the gp41 subunits were also stabilized by an intermolecular
disulfide bond—this was unsuccessful, in that the mutated protein was poorly
expressed and could not be cleaved into gp120 andgp41 subunits, even in the pres-
ence of cotransfected furin (R. W. Sanders et al., unpublished results). Similarly,
adding GCN-4domains onto the C terminus of gp41 hindered the proper cleavage
of gp140 into gp120 and gp41 furin (Sanders et al., unpublished). Other
approaches, based on site-directed mutagenesis of selectedgp41 residues, are cur-
rently being evaluated.

Fortuitously, we have found that variable-loop-deleted formsof HIV-1JR-FLSOS
gp140 form more-stable oligomers than their full-length counterparts. Thus, the
SOS gp140 proteins lacking either the V1 or V2 variable loops contain a greater
proportion of oligomers than the full-length protein, and the V1V2 double loop
deletant is expressed primarily as noncovalently associated trimers. One hypothe-
sis is that the extended and extensively glycosylated variable loops sterically
impede the formation of stable gp41-gp41 interactions in the context of the full-
length SOS gp140 protein. Indeed, using the crystal structure of the gp120/CD4/
17b complex, Kwong et al. have developed a model of oligomeric gp120 that
places V1V2 sequences at the trimer interface (34). The variable-loop-deleted
SOS gp140 proteins may therefore represent proteolytically mature HIV-1 enve-
lope glycoproteins that can perhaps eventually be produced and purified as
oligomers. We previously demonstrated that unpurified forms of variable-loop-
deleted SOS gp140 proteins possess favorable antigenic properties (57). These
proteins are therefore worth further evaluation in structural and immunogenicity
studies.
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We previously described the construction of an HIV-1 envelope glycoprotein
complex (Env) that is stabilized by an engineered intermolecular disulfide bond
(SOS) between gp120 and gp41. The modified Env protein antigenically mimics
the functional wild-type Env complex. An HIV-1 molecular clone containing the
SOS Env gene was only minimally replication competent, suggesting that the
engineered disulfide bond substantially impaired Env function. However, virus
evolution occurred in cell culture infections, and it eventually always led to elim-
ination of the intermolecular disulfide bond. In the course of these evolution stud-
ies, we identified additional and unusual second-site reversions within gp41.
These evolution paths highlight residues that play an important role in the inter-
action between gp120 and gp41.

Introduction

The trimeric HIV-1 envelope glycoprotein complex (Env) mediates viral entry
into susceptible target cells. The surface subunit (SU; gp120) attaches to the
receptor (CD4) and the coreceptor (CCR5 or CXCR4) on the cell surface, and
subsequent conformational changes within the Env complex lead to membrane
fusion mediated by the transmembrane subunit (TM; gp41) (10,13,14,51). After
intracellular cleavage of the precursor gp160 protein, three gp120 subunits stay
non-covalently associated with three gp41 subunits. However, these non-cova-
lent interactions are weak and gp120 dissociates easily from gp41, a process that,
if it occurs spontaneously and prematurely, inactivates the Env complex and
leads to the exposure of non-neutralizing, immune-decoy epitopes on both gp120
and gp41 (29-31). HIV-1 vaccine strategies aimed at generating neutralizing anti-
bodies have yielded various Env immunogens that have gp120 stably attached to
gp41, usually by elimination of the natural cleavage site between gp120 and
gp41. Uncleaved Env proteins, however, like the dissociated subunits, expose
non-neutralizing epitopes (4,29-31,38).
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We previously described the construction of a soluble Env variant that is stabi-
lized by the introduction of an intermolecular disulfide bond between gp120 and
the gp41 ectodomain (gp41e) (4,41). This SOS gp140 protein is cleaved and it is
antigenically similar to native Env. Thus, neutralizing epitopes are exposed while
several non-neutralizing epitopes, which are also not accessible on the function-
al Env complex, are occluded. The SOS gp140 protein is conformationally flex-
ible in that CD4 can induce conformational changes that expose the coreceptor
binding site. Moreover, SOS Env can be rendered fully functional by reduction
of the intermolecular disulfide bond upon the engagement of CD4 and a corecep-
tor (1,3). 

Stabilization of the native Env complex by disulfide bond linkage is likely to
impose constraints on Env function because a certain degree of flexibility is prob-
ably essential for Env to undergo the conformational changes that eventually lead
to fusion of the viral and cellular membranes. The gp120 – gp41 interface is con-
sidered to be structurally flexible, so constraining its motion might have adverse
effects (37). For example, the conformational changes in gp120 that are induced
by receptor and coreceptor binding might not be transduced to the gp41 fusion
machinery because of the engineered disulfide bond between the two subunits. In
addition, appropriately timed gp120 shedding may be necessary for receptor-
mediated fusion, and this step is blocked by the SOS disulfide bond bridge. We
have investigated whether HIV-1 would be able to accept the engineered disul-
fide bond by spontaneous adaptation and optimization during evolution in cell
culture. This exercise could learn us more about the interaction between gp120
and gp41. Identifying compensatory mutations that would accommodate the SOS
disulfide bond in a replicating virus might also be useful for the design of
improved Env immunogens.

Materials and Methods

Plasmid Constructs  
The plasmid pRS1, generated to subclone mutant env genes, was generated as
follows. First, the SalI-BamHI fragment from a molecular clone of HIV-1LAI

(pLAI) (32) was cloned into pUC18 (Roche, Indianapolis, IN). A PstI-StuI frag-
ment from the resulting plasmid was then cloned into a pBS-SK(+)-gp160 plas-
mid with the SalI-XhoI sequences of pLAI. Mutations were introduced in pRS1
using the Quickchange mutagenesis kit (Stratagene, La Jolla, CA) and verified by
DNA sequencing. Mutant env genes in pRS1 were cloned into pLAI as SalI-
BamHI fragments. The numbering of individual amino-acids is based on the
HIV-1HXB2 gp160 sequence. 

Cells and transfection
SupT1 T cells and C33A cervix carcinoma cells were maintained in RPMI 1640
medium and Dulbecco’s modified eagle’s medium (DMEM), respectively (Life
Technologies Ltd., Paisley, UK), supplemented with 10% fetal calf serum (FCS),
penicillin (100 U/ml) and streptomycin (100 µg/ml) as previously described (39).
SupT1 and C33A cells were transfected with pLAI constructs by electroporation
and Ca2(PO4)3 precipitation, respectively, as described elsewhere (11). 
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Viruses and infection
Virus stocks were produced by transfecting C33A cells with the appropriate pLAI
constructs. The virus containing supernatant was harvested 3 days post-transfec-
tion, filtered and stored at -80ºC. The virus concentration was quantified by cap-
sid CA-p24 ELISA as described previously (18). The resulting values were used
to normalize the amount of virus in subsequent infection experiments, which
were performed as follows. T cells (3.75 x 105) were infected with 1.5 ng CA-
p24 of HIV-1LAI (produced in C33A cells) per well of a 24-well plate. Subsequent
virus spread was monitored by CA-p24 ELISA for 14 days. 

Virus evolution
For evolution experiments, 5 x 106 SupT1 cells were transfected with 40 µg pLAI
by electroporation. The cultures were inspected regularly for the emergence of
revertant viruses, using CA-p24 ELISA and/or the appearance of syncytia as indi-
cators of virus replication. At regular intervals, cells and filtered supernatant were
stored at -80ºC and virus was quantitated by CA-p24 ELISA. When a revertant
virus was identified, DNA was extracted from infected cells (12), then proviral
env sequences were PCR-amplified and sequenced. The complete env genes of
the proviral DNA of cultures X, X3 and X4 were sequenced. Only the C5 region
and gp41 were sequenced in subsequent evolution experiments. 

Ultracentrifugation of virions
C33A cells were transfected with 40 µg pLAI per T75 flask. Medium was
refreshed at day one post-transfection. The culture supernatant was harvested at
3 days post-transfection, centrifuged to remove cells and passed through a 0.45
µm filter to remove residual cells and debris. Cells were resuspended in 1.0 ml of
lysis buffer (50mM Tris (pH 7.4), 10mM EDTA, 100mM NaCl, 1% SDS). Virus
particles were pelleted from the supernatant by ultracentrifugation (100,000 x g
for 45 min at 4°C) and resuspended in 0.5 ml lysis buffer. The virus-free super-
natant, containing shed gp120, was concentrated using an Amicon centrifugal fil-
ter unit (Millipore, Bedford, MA), then SDS was added to a final concentration
of 1%.

Quantitation of gp120 by ELISA
The gp120 contents of cell, virion and supernatant fractions were measured as
described previously but with some modifications (26,42). ELISA plates were
coated overnight with sheep antibody D7324 (10 µg/ml in 0.1 M NaHCO3; Aalto
Bioreagents, Rathfarnham, Dublin, Ireland), which is directed to the gp120 C5
region. After blocking by 2% milk in Tris-buffered saline (TBS) for 30 min,
gp120 was captured by incubation for 2 h at room temperature. Recombinant
HIV-1LAI gp120 (Progenics Pharmaceuticals, Inc. Tarrytown, NY) was used as a
reference standard. Unbound gp120 was washed away with TBS and purified
HIV-1+ serum Ig (HIVIg) was added for 1.5 h in 2% milk, 20% sheep serum (SS),
0.5% Tween. HIVIg binding was detected with alkaline phosphatase conjugated
goat anti-human Fc (1:10000, Jackson Immunoresearch, West Grove, PA) in 2%
milk, 20% SS, 0.5% Tween. Detection of alkaline phosphatase activity was per-
formed using AMPAK (DAKO, Carpinteria, CA). The measured gp120 contents
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of cells, virus and supernatant were corrected for the CA-p24 content of the
respective fractions. The resulting gp120/p24 ratios of the wild-type (wt) virus
were arbitrarily set at 1.0 for each fraction and the corresponding ratios of the
mutant and revertant viruses were calculated.

Results

Replication of HIV-1 mutants with cysteine substitutions in gp120 and gp41 
We investigated the replication potential of HIV-1 containing cysteine substitu-
tions that are able to form an intersubunit disulfide bond between gp120 and
gp41. The A501C and T605C substitutions alone or in combination (SOS Env)
were introduced into the molecular clone of the CXCR4-using strain HIV-1LAI

(Fig. 1A). Virus stocks were generated in non-susceptible C33A producer cells
by transient transfection. The three mutant viruses and the wild-type (wt) parent
all produced comparable amounts of CA-p24 antigen (results not shown). The
virus stocks were then used to infect MT-2 T cells (Fig. 1B). The SOS virus was
not able to initiate a spreading infection and the A501C single mutant was also
replication-defective. In contrast and perhaps surprisingly, the T605C single
mutant replicated efficiently, albeit with delayed kinetics compared to the wt con-
trol. Similar results were obtained using the SupT1 T cell line (results not
shown). We conclude that the SOS Env protein does not support virus replication,
consistent with previous studies using a cell-cell fusion assay or Env-pseudo-
typed viruses in a single-cycle infection protocol (1,3).

214

Chapter 5.4

Fig. 1. HIV-1LAI with an SOS-
linked Env is replication-
defective. A. Schematic rep-
resentation of the A501C and
T605C single and double
(SOS) mutants used in this
study. Free cysteines with a
sulfhydryl group are indicat-
ed by SH and an intermolecu-
lar disulfide bond between
gp120 and gp41 is indicated
by SS. B. 375x103 MT-2 T cells
were infected with 1.5 ng CA-
p24 of C33A-produced virus
and virus spread was moni-
tored for 7 days by CA-p24
ELISA. 
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Evolution of HIV-1 with a disulfide bond between gp120 and gp41 
To investigate the structural constraints imposed upon the SOS Env protein by
the engineered disulfide bond and to identify viruses with potentially interesting
second-site reversions, we passaged several virus cultures for a prolonged period
(table 1, cultures A-C). One culture containing the A501C virus was also main-
tained for many weeks (table 1, culture D). Despite these efforts, we were unable
to obtain any revertants of the two replication-impaired mutant viruses, underlin-
ing the deleterious effect of the intermolecular disulfide bond and the A501C sin-
gle substitution on Env function. We therefore revised our experimental design
by varying the cell type and increasing the amount of the transfected plasmid
DNA. We also added low concentrations of β-mercaptoethanol (BME) to some
of the cultures, reasoning that this reducing agent may reduce the SOS disulfide
bond, thereby increasing the fusion capacity of SOS Env and virus evolution
(1,3). We first determined the concentrations of BME that are toxic for MT-2 and
SupT1 cells. At 0.3 mM, BME marginally impaired the growth of both cell types,
so we did not exceed this concentration. The various cultures are listed in table
1. The evolution experiments were started by transfecting 5 x 106 cells with 10 or
40 µg of the SOS Env molecular clone. The cells were cultured in small (T25)
flasks for 7 days and subsequently transferred to large (T75) flasks to increase the
probability of detecting a rare evolution event. 

The SOS Env virus acquires compensatory second-site reversions 
After 7 weeks of culture, we detected virus spread, as measured by CA-p24 pro-
duction, in one of the 15 cultures (culture X in table 1). This culture contained
MT-2 cells grown with 0.3 mM BME. To investigate whether replication of the
evolved virus was triggered by or even dependent on the reducing agent, we pas-
saged the variant onto fresh MT-2 cells in the absence or presence of BME (Fig.
2). The evolved virus replicated poorly, but spread more efficiently without BME.
This suggests that BME was not required for Env function and the toxicity of this
compound may actually have hindered virus replication. Nevertheless, it remains
possible that the initial evolution event itself was facilitated by BME, for instance
by triggering entry of the original input SOS virus into cells.

Proviral DNA was isolated from the positive culture X after 7 weeks and the
env gene was PCR-amplified. Sequencing of the viral quasispecies revealed that
the original SOS cysteine substitutions were still present. Two additional rever-
sions were found: L593Q in the gp41 loop 12 residues upstream of the introduced
A605C SOS cysteine, and T719I in the gp41 intracytoplasmic tail (Fig. 3A). 

Prolonged evolution leads to elimination of the SOS disulfide bond 
The slowly replicating virus present in culture X (SOS-X) was used to initiate
two new infections that were continued for another two months to monitor addi-
tional evolution events (cultures X3 and X4). Consistent with a further improve-
ment of their fitness, the resulting viruses replicated faster than the original SOS-
X virus, as monitored by the rate of appearance of syncytia and CA-p24 antigen
production. The env genes were PCR-amplified from proviral DNA and
sequenced (Fig. 3A). In both cultures, the SOS cysteine at position 605 had been
replaced by a tyrosine, thus eliminating the intersubunit disulfide bond. Note that
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Fig. 2. Replication of the evolved SOS
revertant virus in the absence and pres-
ence of reducing agent. 100 µl (78 ng
CA-p24) of the cell-free culture super-
natant of culture X (see the text) was
passaged onto 5x106 fresh MT-2 T cells
in the presence or absence of 0.3 mM
BME and virus spread was measured
for 10 days. 

Fig. 3. Schematic of SOS virus evolu-
tion. A. The wt Env protein and the SOS
mutant are shown. SOS Env formed the
starting point for evolution of the rever-
tant virus in culture X at week 7, and this
culture was split in two and cultured up
to week 15 ( X3 and X4; see the text). A.
Virus evolution starting with the SOS-X
molecular clone (A501C T605C L593Q
T719I). Nine independent cultures were
followed over time.



the wt amino-acid at position 605 is a threonine, but reversion to the wt codon is
unlikely because it requires two nucleotide changes; a change to tyrosine requires
only a single G-to-A transition. An additional reversion event was observed in
each culture: Q591L in culture X3 and K487N in culture X4 (Fig. 3A). 

In an attempt to study the properties of a replication-competent, clonal virus
that maintained the SOS disulfide bond, we cloned the env gene from the origi-
nal escape virus in culture X and inserted it into the HIV-1LAI molecular clone.
The variant molecular clone contained the L593Q and T719I changes, but
retained the SOS disulfide bond and is designated SOS-X (A501C T605C L593Q
T719I). We used this molecular clone to initiate multiple new and independent
evolution experiments, hoping that escape routes might be identified that would
not result in elimination of the intersubunit disulfide bond. MT2 cells were trans-
fected with 40 µg of pLAI-SOS-X and cultured for 6-10 weeks in the absence of
BME. We eventually observed faster replicating viruses in most cultures, as indi-
cated by the appearance of syncytia and the production of CA-p24. The proviral
env genes were PCR-amplified and sequenced (Fig. 3B). Strikingly, the viruses
in all 9 independent cultures eliminated the intersubunit disulfide bond via the
C605Y first-site pseudo-reversion that we previously observed in the X3 and X4
cultures. In three cultures, no mutations other than this C605Y change occurred.
Surprisingly, the L593Q substitution, which was selected in the initial SOS-X
evolution, was eventually lost in 6 cultures by a de novo first-site reversion
(Q593L). Two cultures exemplified that the Q593L reversion occurred after the
loss of the cysteine at position 605 (cultures L and Q, compare sequences from
weeks 6 and 10). The idea that the C605Y change has to precede Q593L rever-
sion is supported by the fact that three cultures contain exclusively the C605Y
reversion, but no cultures have Q593L as an individual substitution. In one cul-
ture, we detected a very similar amino-acid substitution nearby: Q591L (culture
Q at week 6), which was already observed in culture X3. The Q culture evolved
further in a surprising way: both the 593 and 591 residues eventually reverted to
the wt residues (culture Q at week 10). 

Oscillation and co-variation of the L593Q and Q591L substitutions in gp41 
The various virus evolution pathways are depicted in figure 4. This scheme com-
bines the results of the original cultures (X3 and X4) and the subsequent experi-
ments (K through T), yielding 11 evolution events that started with SOS-X
(A501C T605C L593Q T719I). The T719I substitution in the gp41 intracytoplas-
mic domain (in culture X) and the K487N substitution (in culture X4) were not
tested further and are omitted from the scheme. It is possible that these reversions
contributed to the gain of replication capacity by the SOS-X and X4 variants,
respectively, but we chose to focus on residues in the gp41 ectodomain (residues
591 and 593). These residues are located near the SOS 605 cysteine in a region
that is important for interaction with gp120 (4,7,9,22,37,40).

The selection of the L593Q substitution in the SOS to SOS-X evolution
strongly suggests that it is advantageous for viral replication in the presence of
the SOS disulfide bond. However, it appears to be disadvantageous and is elimi-
nated once the disulfide bond is lost by the C605Y substitution. Alternatively, the
negative effect of the L593Q substitution in the absence of the disulfide bond can
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be partially overcome by acquisition of the compensatory Q591L substitution, as
exemplified by two virus cultures that follow this pathway (Fig. 3: X3 and Q, and
Fig. 4). However, given sufficient evolution time in the absence of the SOS disul-
fide bond, both 591 and 593 residues revert back to the wt sequence (Fig. 3: cul-
ture Q).

To analyze the effects of the L593Q and Q591L changes, we constructed
molecular clones containing these substitutions, either individually or in combina-
tion, in the context of SOS (A501C T605C) and the revertant virus (A501C
C605Y). However, the poor replication capacity of these viruses did not allow any
significant further testing (results not shown). We therefore studied the effect of
the L593Q and Q591L substitutions in the context of the wt virus. MT-2 T cells
were transfected with the appropriate molecular clones and virus spread was
measured (Fig. 5). The L593Q mutant replicated with a delay of approximately 4
days compared to the wt virus. Replication of the Q591L mutant was significantly
better, with a delay of only one day compared to the wt virus. Of note is that the
double mutant L593Q Q591L had an intermediate phenotype, the delay being 3
days. Similar results were obtained in independent infection experiments (not
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Fig. 4. SOS evolution pathways. The SOS-escape routes are summarized by focusing on
four key amino-acid positions. The two SOS cysteines are marked in yellow, and loss of a
cysteine changes the colour to grey. The oscillating 591 and 593 residues are also color-
coded: red is L and, blue is Q. The observed frequencies of various reversions are indicated
above the arrows. Both the original cultures (X3 and X4 in Fig. 3A) and the subsequent cul-
tures (K through T in Fig. 3B) are included. The K487N reversion is left out of the scheme
since it was only observed once (in X4) and the T719I reversion is not indicated since it was
unchanged after its appearance in culture X. 

Fig. 5. Replication of the L593Q and
Q591L mutant viruses. 5x106 MT-2
cells were transfected with 5 µg of
the indicated molecular clones and
virus spread was monitored for 15
days by CA-p24 ELISA. 



shown). Thus, whereas the Q591L substitution is slightly disadvantageous for the
wt Env protein, it can partially compensate for the defect caused by the L593Q
substitution. 

Modeling of reversions in the gp41 structure model 
To better understand the molecular mechanisms of the oscillating 591 and 593
substitutions, we analyzed the substitutions at positions 591, 593 and 605 in a
structure model of the HIV-1 gp41 loop region (Fig. 6). The model is based on
the SIV gp41 NMR structure and represents the post-fusion, six-helix bundle
state of gp41 (5,6). It was used because the available crystal structures of the six-
helix bundle do not include the loop region (8,45,49). Ideally, we would also like
to model the substitutions in the pre-fusion structure of gp41 since they are like-
ly to exert their effect on the Env complex at this stage. However, the structure
of gp41 in the pre-fusion state is currently unknown. As reported previously,
residue 605 (yellow in Fig. 6) is on the outside of the gp41 molecule and thus
available for an interaction with gp120 (5). The side chain of residue 605 points
outwards such that substitutions here would not be expected to disrupt the loop
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Fig. 6. Modeling of the SOS reversions in structure model of the HIV-1 gp41 ectodomain (5).
The Cα atoms of the relevant residues are indicated as spheres in Fig. A and B, using the
following color scheme:  C605 is yellow, L593 is cyan, and Q591 is purple. The side chains
in Fig. C and D, use the same color scheme.  Panels A and C depict a side view of the gp41
loop region, panels B and D a top view from the perspective of the target membrane (and
of gp120). 
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structure. Indeed, the cysteine-to-tyrosine reversion that we observed can easily
be accommodated at position 605. 

Residues 591 and 593 are located at an equivalent position in the interior of
the gp41 core, but the orientation of their side chains differs (Fig. 6). The side
chain of residue 593 (cyan in Fig. 6) points towards the interior of the loop, there-
by establishing an interaction with its counterparts in the other subunits at the
trimer axis. This 593 Leu-Leu-Leu triplet stabilizes the loop structure by
hydrophobic interactions. Similar hydrophobic Leu-Leu-Leu and Ile-Ile-Ile inter-
actions stabilize the upstream coiled coil region (e.g. residues L545, I548, L555,
I559, L566, I573, L576, L587). It is evident that L593 does not directly interact
with residues 591 or 605. Leucine 593 can be replaced by glutamine without dis-
rupting the backbone. This change might weaken the loop structure due to the
introduction of hydrophilic side chains into the protein interior, but the glutamine
side chains may rearrange to form hydrogen bonds to regain some of the lost
energy, similar to Gln-Gln-Gln interactions that are present in the coiled coil
domain (e.g. residues Q552, Q562). 

The side chain of residue 591 (purple in Fig. 6) is located at the end of the N-
terminal helix. It is partially occluded in the interior of gp41 and partially
exposed on the surface. It does not directly interact with either residue 593 or
605. Replacing glutamine 591 with leucine is possible without perturbing the
backbone (Fig. 6C and D). In conclusion, the Q591L and L593Q substitutions do
not appear to have dramatic effects on the gp41 post-fusion conformation, which
is consistent with the notion that these reversions may exert their effects on the
gp41 – gp120 interaction in the pre-fusion form of the Env complex.

Discussion

The initial goal of our forced evolution studies was to generate SOS Env variants
that could replicate despite having an intermolecular disulfide bond between gp120
and gp41. The presence of a disulfide bond between the SU and TM subunits of oth-
er viruses, including retroviruses, provides a rationale for this study (15-
17,19,20,24,25,28,33-36,43,44,46-48,50). The evolutionary selection of a disul-
fide bond-stabilized, but functional HIV-1 Env complex would have been useful for
mechanistic studies and the design of variant SOS Env immunogens. We did ob-
serve one SOS variant that replicated extremely poorly, but still retained the engi-
neered cysteines (SOS-X, containing the L593Q reversion). This poorly replicating
variant seemed a good candidate for subsequent evolution experiments. However,
the cysteine at position 605 was always lost over time in multiple independent cul-
tures. The L593Q reversion substitution may in fact destabilize the SOS disulfide
bond (see below), thus biasing the subsequent evolution towards elimination of the
disulfide bond. In conclusion, we were not able to obtain efficiently replicating
viruses that retained the SOS disulfide bond. A rigid, covalent interaction between
gp120 and gp41 is probably deleterious for HIV-1 replication. The dissociation of
gp120 from gp41, or a significant shift in the geometry of the two subunits, may be
essential for fusion to occur. This conclusion is supported by the observation that
SOS Env will undergo fusion efficiently once a reducing agent is added to break the
engineered disulfide bond subsequent to receptor engagement (1,3).
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An intriguing question is why the loss of the SOS disulfide bond occurred in
multiple independent cultures via a substitution of C605, but never of C501. This
is a surprising finding given the fact that a virus with a single cysteine at position
605 is replication competent, whereas a virus with a single cysteine at position
501 is not (Fig. 1). It is possible that the evolutionary possibilities at position 501
are more restricted. For example, it may take more than one nucleotide change in
codon 501 to acquire a functional amino-acid. The wt A501 is strongly conserved
in natural isolates and it would require at least 2 nucleotide changes to remake
the C501 codon into a triplet that is present in natural virus isolates. The under-
lying Rev responsive element may impose additional constraints on the evolution
of this codon. In contrast, the C605Y reversion is generated by a relatively easy
G-to-A transition (2), and tyrosine is tolerated at this position, as exemplified by
the presence of a tyrosine in subtype O isolates (http://www.hiv.lanl.gov/con-
tent/hiv-db). 

The evolutionary oscillation of the 591 and 593 residues (Q591 L593 or L591
Q593) has implications for understanding the molecular basis of the gp120-gp41
interaction. Molecular modeling indicated that these reversions do not have a
drastic effect on the loop structure in the post-fusion, six-helix bundle configura-
tion of gp41, although the initial L593Q substitution probably has a destabilizing
effect. In the context of the SOS disulfide bond, destabilization of the loop region
of gp41 could allow the disulfide bond-linked gp120 subunit to be more easily
accommodated. However, inspection of the post-fusion gp41 structure does not
readily explain why the Q591L secondary reversion compensates for the L593Q
change in the absence of the SOS disulfide bond. We therefore favor an alterna-
tive explanation in which the initial L593Q change destabilizes the gp120–gp41
interaction. This would be consistent with previous mutagenesis studies
(21,22,37). For example, the L593A substitution greatly weakens gp120-gp41
association (22). The L593Q reversion could either destabilize the SOS disulfide
bond or prevent its formation. We were unable to detect such an effect in bio-
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Table 1. SOS evolution cultures
————————————————————————————————————————————————————————————————————————————————————

culture mutant cell line pLAI(µg) BME (mM) Reversiona

————————————————————————————————————————————————————————————————————————————————————

A SOS SupT1 10 - -
B SOS SupT1 10 - -
C SOS SupT1 10 - -
D A501C SupT1 10 - -
E SOS SupT1 10 - -
F1 SOS SupT1 10 0.1 -
F3 SOS SupT1 10 0.3 -
I SOS SupT1 40 - -
J1 SOS SupT1 40 0.1 -
J3 SOS SupT1 40 0.3 -
Q SOS MT-2 10 - -
R SOS MT-2 10 0.1 -
T SOS MT-2 10 0.3 -
U SOS MT-2 40 - -
V SOS MT-2 40 0.1 -
X SOS MT-2 40 0.3 +
————————————————————————————————————————————————————————————————————————————————————
a after 7 weeks (12 weeks for cultures A-D) 



chemical assays using soluble SOS gp140 (results not shown), but the effect may
be marginal, since the positive effect on SOS virus replication is also minor. Sub-
stitutions at position 591 (Q591A and Q591K) are much better tolerated with
regard to Env function (22), which may explain why the Q591L reversion could
act as an intermediate in two independent evolution cultures. In another study on
the idiotypic mimicry of two monoclonal antibodies, the stretch of residues 591-
594 was shown to be an interaction site for gp120 (21). Thus, previous mutage-
nesis studies, idiotypic mimicry and the forced evolution studies presented here
all point to an important role for this gp41 domain in the interaction with gp120. 
The stability of the gp120–gp41 interaction is delicately balanced. Too weak an
interaction is deleterious to virus replication because it results in premature
gp120 shedding, loss of Env function and loss of virus replication. However, a
too rigid, and certainly a covalent interaction is also incompatible with HIV-1
Env function, probably because this impedes conformational changes that are
necessary for fusion to occur, which may even include the complete dissociation
of gp120 from gp41 (23,27).

Acknowledgments

We thank Stephan Heynen for technical assistance. This work was sponsored by
the Dutch AIDS Fund (Amsterdam) and by NIH grants AI 39420, AI 45463 and
AI 54159. 

References

1. Abrahamyan, L. G., R. M. Markosyan, J. P. Moore, F. S. Cohen, and G. B. Melikyan. 2003.
Human immunodeficiency virus type 1 Env with an intersubunit disulfide bond engages corecep-
tors but requires bond reduction after engagement to induce fusion. J. Virol. 77:5829-5836.

2. Berkhout, B., A. T. Das, and N. Beerens. 2001. HIV-1 RNA editing, hypermutation and error-
prone reverse transcription. Science 292:7.

3. Binley, J. M., C. S. Cayanan, C. Wiley, N. Schulke, W. C. Olson, and D. R. Burton. 2003.
Redox-triggered infection by disulfide bond-shackled human immunodeficiency virus type 1
pseudovirions. J. Virol. 77:5678-5684.

4. Binley, J. M., R. W. Sanders, B. Clas, N. Schuelke, A. Master, Y. Guo, F. Kajumo, D. J. Ansel-
ma, P. J. Maddon, W. C. Olson, and J. P. Moore. 2000. A recombinant HIV-1 envelope glyco-
protein complex stabilized by an intermolecular disulfide bond between the gp120 and gp41 sub-
units is an antigenic mimic of the trimeric virion-associated structure. J. Virol. 74:627-643.

5. Caffrey, M. 2001. Model for the structure of the HIV gp41 ectodomain: insight into the intermol-
ecular interactions of the gp41 loop. Biochim. Biophys. Acta 1536:116-122.

6. Caffrey, M., M. Cai, J. Kaufman, S. J. Stahl, P. T. Wingfield, D. G. Covell, A. M. Gronen-
born, and G. M. Clore. 1998. Three-dimensional solution structure of the 44 kDa ectodomain of
SIV gp41. EMBO J. 17:4572-4584.

7. Cao, J., L. Bergeron, E. Helseth, M. Thali, H. Repke, and J. Sodroski. 1993. Effects of amino-
acid changes in the extracellular domain of the human immunodeficiency virus type 1 gp41 enve-
lope glycoprotein. J.Virol. 67:2747-2755.

8. Chan, D. C., D. Fass, J. M. Berger, and P. S. Kim. 1997. Core structure of gp41 from the HIV
envelope glycoprotein. Cell 89:263-273.

9. Chen, S. S. 1994. Functional role of the zipper motif region of human immunodeficiency virus
type 1 transmembrane protein gp41. J.Virol. 68:2002-2010.

222

Chapter 5.4



10. Colman, P. M. and M. C. Lawrence. 2003. The structural biology of type I viral membrane
fusion. Nat.Rev.Mol. Cell Biol. 4:309-319.

11. Das, A. T., B. Klaver, and B. Berkhout. 1999. A hairpin structure in the R region of the Human
Immunodeficiency Virus type 1 RNA genome is instrumental in polyadenylation site selection.
J. Virol. 73:81-91.

12. Das, A. T., B. Klaver, B. I. F. Klasens, J. L. B. van Wamel, and B. Berkhout. 1997. A con-
served hairpin motif in the R-U5 region of the human immunodeficiency virus type 1 RNA
genome is essential for replication. J. Virol. 71:2346-2356.

13. Eckert, D. M. and P. S. Kim. 2001. Mechanisms of viral membrane fusion and its inhibition.
Annu. Rev. Biochem. 70:777-810.

14. Gallo, S. A., C. M. Finnegan, M. Viard, Y. Raviv, A. Dimitrov, S. S. Rawat, A. Puri, S.
Durell, and R. Blumenthal. 2003. The HIV Env-mediated fusion reaction. Biochim. Biophys.
Acta 1614:36-50.

15. Gretch, D. R., R. C. Gehrz, and M. F. Stinski. 1988. Characterization of a human
cytomegalovirus glycoprotein complex (gcI). J. Gen. Virol. 69 ( Pt 6):1205-1215.

16. Gruber, C. and S. Levine. 1983. Respiratory syncytial virus polypeptides. III. The envelope-
associated proteins. J. Gen. Virol. 64 (Pt 4):825-832.

17. Hardwick, J. M. and R. H. Bussell. 1978. Glycoproteins of measles virus under reducing and
nonreducing conditions. J. Virol. 25:687-692.

18. Jeeninga, R. E., M. Hoogenkamp, M. Armand-Ugon, M. de Baar, K. Verhoef, and B. Berk-
hout. 2000. Functional differences between the LTR transcriptional promoters of HIV-1 sub-
types A through G. J. Virol. 74:3740-3751.

19. Leamnson, R. N. and M. S. Halpern. 1976. Subunit structure of the glycoprotein complex of
avian tumor virus. J. Virol. 18:956-968.

20. Leamnson, R. N., M. H. Shander, and M. S. Halpern. 1977. A structural protein complex in
Moloney leukemia virus. Virology 76:437-439.

21. Lopalco, L., R. Longhi, F. Ciccomascolo, A. De Rossi, M. Pelagi, F. Andronico, J. P. Moore,
T. Schulz, A. Beretta, and A. G. Siccardi. 1993. Identification of human immunodeficiency
virus type 1 glycoprotein gp120/gp41 interacting sites by the idiotypic mimicry of two mono-
clonal antibodies. AIDS Res. Hum. Retroviruses 9:33-39.

22. Maerz, A. L., H. E. Drummer, K. A. Wilson, and P. Poumbourios. 2001. Functional analysis
of the disulfide bond-bonded loop/chain reversal region of human immunodeficiency virus type
1 gp41 reveals a critical role in gp120-gp41 association. J. Virol.75:6635-6644.

23. McKeating, J. A., A. McKnight, and J. P. Moore. 1991. Differential loss of envelope glyco-
protein gp120 from virions of human immunodeficiency virus type 1 isolates: effects on infec-
tivity and neutralization. J. Virol.65:852-860.

24. Meredith, D. M., J. M. Stocks, G. R. Whittaker, I. W. Halliburton, B. W. Snowden, and R.
A. Killington. 1989. Identification of the gB homologues of equine herpesvirus types 1 and 4
as disulphide-linked heterodimers and their characterization using monoclonal antibodies. J.
Gen. Virol. 70 ( Pt 5):1161-1172.

25. Montelaro, R. C., S. J. Sullivan, and D. P. Bolognesi. 1978. An analysis of type-C retrovirus
polypeptides and their associations in the virion. Virology 84:19-31.

26. Moore, J. P. and D. D. Ho. 1993. Antibodies to discontinuous or conformationally sensitive
epitopes on the gp120 glycoprotein of human immunodeficiency virus type 1 are highly preva-
lent in sera of infected humans. J. Virol. 67:863-875.

27. Moore, J. P., J. A. McKeating, R. A. Weiss, and Q. J. Sattentau. 1990. Dissociation of gp120
from HIV-1 virions induced by soluble CD4. Science 250:1139-1142.

28. Opstelten, D. J., M. Wallin, and H. Garoff. 1998. Moloney murine leukemia virus envelope
protein subunits, gp70 and Pr15E, form a stable disulfide bond-linked complex. J. Virol.
72:6537-6545.

29. Parren, P. W., D. R. Burton, and Q. J. Sattentau. 1997. HIV-1 antibody—debris or virion?
Nat. Med. 3:366-367.

30. Parren, P. W., M. C. Gauduin, R. A. Koup, P. Poignard, P. Fisicaro, D. R. Burton, and Q. J.
Sattentau. 1997. Relevance of the antibody response against human immunodeficiency virus
type 1 envelope to vaccine design. Immunol. Lett. 57:105-112.

31. Parren, P. W. H. I., J. P. Moore, D. R. Burton, and Q. J. Sattentau. 1999. The neutralizing

223

Evolution of disulfide stabilized Env



antibody response to HIV-1: viral evasion and escape from humoral immunity. AIDS 13 (Suppl.
A):S137-S162.

32. Peden, K., M. Emerman, and L. Montagnier. 1991. Changes in growth properties on passage
in tissue culture of viruses derived from infectious molecular clones of HIV-1LAI , HIV-1MAL , and
HIV-1ELI. Virology 185:661-672.

33. Pinter, A. and E. Fleissner. 1977. The presence of disulfide bond-linked gp70-p15(E) complex-
es in AKR murine leukemia virus. Virology 83:417-422.

34. Pinter, A. and E. Fleissner. 1979. Structural studies of retroviruses: characterization of
oligomeric complexes of murine and feline leukemia virus envelope and core components
formed upon cross-linking. J. Virol. 30:157-165.

35. Pinter, A. and W. J. Honnen. 1983. Comparison of structural domains of gp70s of ecotropic
Akv and dualtropic MCF-247 MuLVs. Virology 129:40-50.

36. Pinter, A. and W. J. Honnen. 1984. Characterization of structural and immunological proper-
ties of specific domains of Friend ecotropic and dual-tropic murine leukemia virus gp70s. J.
Virol. 49:452-458.

37. Poumbourios, P., A. L. Maerz, and H. E. Drummer. 2003. Functional evolution of the HIV-1
envelope glycoprotein gp120-association site of gp41. J. Biol. Chem. 278: 42149-42160.

38. Sakurai, H., R. A. Williamson, J. E. Crowe, J. A. Beeler, P. Poignard, R. B. Bastidas, R. M.
Chanock, and D. R. Burton. 1999. Human antibody responses to mature and immature forms
of viral envelope in respiratory syncytial virus infection: significance for subunit vaccines. J.
Virol. 73:2956-2962.

39. Sanders, R. W., E. C. de Jong, C. E. Baldwin, J. H. Schuitemaker, M. L. Kapsenberg, and
B. Berkhout. 2002. Differential transmission of human immunodeficiency virus type 1 by dis-
tinct subsets of effector dendritic cells. J. Virol. 76:7812-7821.

40. Sanders, R. W., B. Korber, M. Lu, B. Berkhout, and J. P. Moore. 2002. Mutational analyses
and natural variablility of the gp41 ectodomain, p. 43-68. In C. Kuiken, B. Foley, E. Freed, B.
Hahn, P. Marx, F. McCutchan, J. Mellors, S. Wolinsky, and B. Korber (eds.), HIV Sequence
compendium 2002. Los Alamos National Laboratory, Theoretical Biology and Biophysics
Group, Los Alamos, New Mexico.

41. Sanders, R. W., L. Schiffner, A. Master, F. Kajumo, Y. Guo, T. Dragic, J. P. Moore, and J.
M. Binley. 2000. Variable-loop-deleted variants of the human immunodeficiency virus type 1
envelope glycoprotein can be stabilized by an intermolecular disulfide bond between the gp120
and gp41 subunits. J. Virol. 74:5091-5100.

42. Sanders, R. W., M. Venturi, L. Schiffner, R. Kalyanaraman, H. Katinger, K. O. Lloyd, P. D.
Kwong, and J. P. Moore. 2002. The mannose-dependent epitope for neutralizing antibody
2G12 on human immunodeficiency virus type 1 glycoprotein gp120. J. Virol. 76:7293-7305.

43. Scheid, A. and P. W. Choppin. 1977. Two disulfide bond-linked polypeptide chains constitute
the active F protein of paramyxoviruses. Virology 80:54-66.

44. Storey, D. G., K. Dimock, and C. Y. Kang. 1984. Structural characterization of virion proteins
and genomic RNA of human parainfluenza virus 3. J. Virol. 52:761-766.

45. Tan, K., J. Liu, J. Wang, S. Shen, and M. Lu. 1997. Atomic structure of a thermostable sub-
domain of HIV-1 gp41. Proc. Natl. Acad. Sci. USA94:12303-12308.

46. van Drunen Littel-van den Hurk and L. A. Babiuk. 1986. Synthesis and processing of bovine
herpesvirus 1 glycoproteins. J. Virol. 59:401-410.

47. Waterfield, M., G. Scrace, and J. Skehel. 1981. Disulphide bonds of haemagglutinin of Asian
influenza virus. Nature 289:422-424.

48. Waxham, M. N. and J. S. Wolinsky. 1983. Immunochemical identification of rubella virus
hemagglutinin. Virology 126:194-203.

49. Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley. 1997. Atomic
structure of the ectodomain from HIV-1 gp41. Nature 387:426-430.

50. Witte, O. N., A. Tsukamoto-Adey, and I. L. Weissman. 1977. Cellular maturation of oncor-
navirus glycoproteins: topological arrangement of precursor and product forms in cellular mem-
branes. Virology 76:539-553.

51. Wyatt, R. and J. Sodroski. 1998. The HIV-1 envelope glycoproteins: fusogens, antigens, and
immunogens. Science 280:1884-1888.

224

Chapter 5.4



Chapter 5.5

Enhancing the proteolytic maturation of the
HIV-1 envelope glycoproteins

(Journal of Virology, May 2002, p. 2606-2616)

James M. Binley1, 4, Rogier W. Sanders1,2 , Aditi Master1,
Charmagne S. Cayanan4, Cheryl L. Wiley4,5, Linnea Schiffner1, Bruce Travis3,

Shawn Kuhmann1, Dennis R. Burton4, Shiu-Lok Hu3, William Olson5,
John P. Moore1

1Dept. Microbiology and Immunology, Weill Medical College of Cornell University,
1300 York Ave., New York, NY 10021. 

2Dept. of Human Retrovirology, Academic Medical Center, University of Amsterdam, 
1105 AZ Amsterdam, The Netherlands. 

3University of Washington, 3000 Western Ave., Seattle, WA 98121. 
4The Scripps Research Institute, 10550 North Torrey Pines Rd., La Jolla CA 92037. 

5Progenics Pharmaceuticals, 777 Old Saw Mill River Rd., Tarrytown, NY 10591.

In virus-infected cells, the envelope glycoprotein (Env) precursor, gp160, of
human immunodeficiency virus type 1 (HIV-1) is cleaved by cellular proteases
into a fusion-competent gp120/gp41 heterodimer in which the two subunits are
non-covalently associated. However, cleavage can be inefficient when recombi-
nant Env is expressed at high levels, either as a full-length gp160 or as a soluble
gp140 truncated immediately N-terminal to the transmembrane domain. We have
explored several methods for obtaining fully cleaved Env for use as a vaccine anti-
gen. We tested whether purified Env could be enzymatically digested with purified
protease in vitro. Plasmin efficiently cleaved the Env precursor, but also cut at a
second site in gp120, most probably the V3 loop. In contrast, a soluble form of
furin was specific for the gp120/gp41 cleavage site, but cleaved inefficiently. Co-
expression of Env with the full-length or soluble forms of furin enhanced Env
cleavage but also reduced Env expression. When the Env cleavage site (REKR)
was mutated to see if its use by cellular proteases could be enhanced, several
mutants were more efficiently processed than the wild-type protein. The optimal
cleavage-site sequences were RRRRRR, RRRRKR and RRRKKR. These muta-
tions did not significantly alter the capacity of the Env protein to mediate fusion, so
did not radically perturb the Env structure. Furthermore, unlike wild-type Env,
expression of the cleavage-site mutants was not significantly reduced by furin co-
expression. The co-expression of Env cleavage site mutants and furin is therefore
a useful method for obtaining high-level expression of processed Env. 

Introduction

The envelope glycoprotein complex (Env) mediates receptor binding and mem-
brane fusion during human immunodeficiency virus type 1 (HIV-1) infection of
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susceptible cells (66). It is synthesized as a polypeptide precursor (gp160) that
oligomerizes to form a heavily glycosylated trimer (20, 24). At a late stage of
synthesis, most probably in the trans-Golgi network (TGN), gp160 is cleaved by
furin (17, 18, 55-58) or other, related subtilisin-like proteases (17, 18, 28, 38, 58,
90) into the surface (SU; gp120) and transmembrane subunits (TM; gp41) (34,
43, 55-58, 82). Cleavage occurs at a motif at the gp120-gp41 juncture that con-
tains a basic amino-acid residue tetramer, R-X-R/K-R (where X is any amino-
acid). The gp120 and gp41 proteins then remain non-covalently associated, form-
ing the functional, native gp1203-gp413 complex (20, 24, 66). 

During fusion, the gp120 protein interacts with the receptor and co-receptor on
target cells. This triggers conformational changes that lead to the insertion of a
hydrophobic fusion peptide, located at the N-terminus of gp41, into the target cell
membrane (66). Cleavage of gp160 is essential for fusion, since uncleaved gp160
is fusion-incompetent (9, 33, 39, 48). Generally, only cleaved Env is incorporat-
ed into virions (22), although uncleaved Env can be virion-associated (39, 48).
By analogy with other enveloped viruses such as influenza A (5, 32, 36, 40-42,
60), Semliki forest virus (27,71) and Newcastle disease virus (76), gp160 cleav-
age may induce a shift from a low-energy state to a metastable Env configuration
that is capable of fusion. The common requirement for cleavage of an Env pre-
cursor in many families of enveloped viruses is an indication of the general
importance of this event in virus assembly (8, 27, 42, 70, 79, 83, 89, 91).

HIV-1 Env is the focus of vaccine design strategies intended to elicit virus-
neutralizing antibodies. To neutralize HIV-1, an antibody must be able to bind to
the native, trimeric virus-associated Env complex (11, 12, 63, 64). Most Env-
based vaccine candidates tested to date have been either monomeric gp120 sub-
units or various forms of the uncleaved gp160 or gp140 (gp120 plus gp41
ectodomain) precursor proteins (4, 25, 26, 37, 47, 68, 80, 96-98). The use of
uncleaved gp140 or gp160 proteins has been considered necessary because the
labile, non-covalent gp120-gp41 association in cleaved Env leads to the dissoci-
ation of gp120 from gp41 (30, 49, 54, 73). However, gp120, uncleaved gp140
and gp160 proteins do not fully mimic the structure of the native trimeric Env
complex. As a result, antibodies elicited to gp120 and uncleaved Env proteins can
sometimes neutralize the homologous HIV-1 isolate, but generally do not cross-
neutralize heterologous primary isolates (4, 25, 68, 98). 

It is not yet clear what effect cleavage has on the overall structure of HIV-1
Env, especially from the perspective of antibody recognition. Cleavage of the
influenza A hemagglutinin precursor (HA0), causes only localized refolding with
little impact on its overall structure (15). However, it is not clear how precise a
model influenza A HA0 is for HIV-1 gp160: The two viruses are distant relatives,
and their fusion potential is triggered by quite different mechanisms, so it may
not be appropriate to extrapolate what that has been learned from HA0 to predict
all aspects of gp160 structure and function. Indeed, uncleaved HIV-1 gp140 pro-
teins are antigenically and, by implication structurally, different from cleaved
proteins (6). Moreover, the Env proteins of several other enveloped viruses
exhibit dramatic refolding of their envelope proteins upon cleavage (23, 27, 35,
62, 71, 74, 76, 79). Thus, the projecting domains of the trimeric spike precursor
of Semliki Forest virus (SFV) coalesce to form a compact, mature spike (27, 71).
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The structures of the mature forms of the tick-borne encephalitis virus (TBEV) E
protein and the SV5 paramyxovirus F protein, as probed by antibodies, appears
to be significantly different from the immature form (23, 35, 74, 79). Of note is
that antibodies against the heptad repeat regions of the transmembrane domain of
the SV5 F protein only recognized the uncleaved form (23). Overall, whether the
above examples represent better paradigms than HA0 for the structural impact of
cleavage on HIV-1 Env is unknown, but clearly they justify further analysis of
cleaved forms of HIV-1 Env.

Mimicking the native structure of Env may be a useful HIV-1 vaccine design
strategy. The production of a native Env complex as a recombinant protein has,
however, been hampered by the limited efficiency of Env cleavage (6, 55, 57, 58,
90, 95), and by the instability of the complex after cleavage has occurred (30, 49,
54, 73). The SU-TM association in cleaved forms of Env can be stabilized by the
introduction of appropriately positioned cysteine residues that form an intermole-
cular disulfide bond between gp120 and gp41 (6). However, to achieve full cleav-
age of the gp140 precursor in Env-transfected cells, it was necessary to co-express
furin (6). A disadvantage of this approach is that furin co-expression significantly
reduced Env expression (6, 55, 57, 58, 95). Moreover, cleavage of some Env pro-
teins was still not complete even with furin co-expression (17, 18, 55, 58, 95).
Changes in the gp120 variable loops (72, 85), elsewhere in Env (19, 51, 84, 88,
94), and at residues proximal to the cleavage site (2, 29, 33, 84), can all affect Env
cleavage efficiency, usually unpredictably. Overall, cleavage efficiency is a func-
tion of the folding, oligomerization and glycosylation of gp160, factors that influ-
ence the access of furin to its binding site at the gp120-gp41 juncture. 

Here, we have investigated several ways to produce proteolytically cleaved
HIV-1 Env proteins: The use of purified proteases to cleave purified Env; co-
expression with Env of full-length and soluble forms of furin; and mutation of the
cleavage site to enhance its processing by cellular proteases. We report that co-
expression of Env cleavage site mutants with furin is a useful method for obtain-
ing significant amounts of processed Env.

Materials and Methods

Plasmids and mutagenesis
The pPPI4 plasmid that expresses soluble gp140 lacking the transmembrane and
intracytoplasmic domains of gp41 has been described elsewhere (6, 72, 86).
Unless specified otherwise, the Env glycoproteins expressed in this study were
derived from the HIV-1JR-FL molecular clone, a subtype B, R5 primary isolate.
However, we also expressed gp140 proteins from the molecular clones HXB2,
89.6, 89.6KB9, DH123 and Gun-1WT, as previously described (6), and from a
South African isolate, DU151, using a pT7blue-based source plasmid provided
by Drs. Lynn Morris, Carolyn Williamson and Maria Papathanopoulous (Nation-
al Institute of Virology, Johannesburg, South Africa). The gp140 proteins from
SIVmac and SIVmne were expressed in a similar manner to HIV-1JR-FL. Some of
the above gp140 proteins were also made as mutants that contained cysteine sub-
stitutions designed to introduce an intermolecular disulfide bond between gp120
and gp41; the positioning of this disulfide bond corresponds to the one introduced
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into JR-FL gp140, to make the protein designated as SOS gp140 (gp140SOS), as
described elsewhere (6). Wild-type gp140 proteins that lack the SOS mutations
but retain the native SU/TM cleavage site are denoted gp140WT. Other gp140 pro-
teins were mutated to replace the wild-type SU/TM cleavage site REKR (see
below) and are designated as follows: gp140RRRKKR, gp140RRRRKR, gp140RRRRRR,
gp140KKRKKR and gp140RERRRKKR. All amino-acid substitutions were made using
the QuikchangeTM site-directed mutagenesis kit (Stratagene Inc) using appropri-
ate primers. The plasmid pSV was used to express full-length JR-FL gp160 for
infectivity and fusion assays (21). Mutants of this protein were constructed and
named analogously to the pPPI4 gp140 mutants. Vesicular stomatitis virus (VSV)
G protein was also expressed by the pSV plasmid (21). Furin was expressed from
the plasmid pcDNA3.1-Furin as previously described (6). A stop codon was
introduced within the furin gene in place of that for residue E-684, to make the
plasmid pCDNA-furin∂TC. This mutation truncates furin close to the C-terminal
end of its ectodomain, leading to the expression of a secreted, active form of furin
(65). A pGEM furin source plasmid was obtained from Dr. Gary Thomas and
Sean Molloy (Vollum Institute, Portland, OR) (52, 53).

Anti-HIV-1 and SIV antibodies and sera
Monoclonal antibody (MAb) B12 recognizes an epitope in the C2 domain of
gp120 that is preferentially exposed on denatured forms of the molecule (1). This
was provided by Dr. George Lewis (Institute of Human Virology, Baltimore,
MD). MAb 2F5 recognizes a neutralizing epitope in the C-terminal region of the
gp41 ectodomain (59), and was provided by Dr. Hermann Katinger (Polymun
Scientific Inc., Vienna, Austria). Purified SIV immune globulin (SIVIG) was
purified from the serum of SIVmac251-infected rhesus macaques as previously
described (7). Purified human immune globulin from HIV-1-infected people
(HIVIG) was obtained from Dr. John Mascola (Vaccine Research Center, NIH,
Washington, DC).

Transfection, immunoprecipitation and Western blotting
Transfection and metabolic labeling of 293T cells and immunoprecipitations
were performed as described previously (6, 72) using HIVIG or SIVIG to precip-
itate the labeled HIV-1 or SIV proteins, respectively. Ten micrograms of each
plasmid were used for transfections in 10cm cell culture plates, unless otherwise
stated. In other experiments, purified gp140 proteins were analyzed by denatur-
ing SDS-PAGE and Western blotting, using either MAb 2F5 or MAb B12 as
probes (6, 72). 

Measurement of Env expression and cleavage efficiency
Densitometry measurements were performed using ImageQuant™ and NIH
Image software. Env cleavage efficiency was calculated by the following formu-
la (density of gp120 band)/(combined density of gp120+gp140 bands or
gp120+gp160 bands), after subtracting the background density in each case. The
values obtained were reproducible for each protein within a 6% deviation from
the value presented in each case. Env protein expression levels were calculated
by combining the densities of the gp120+gp140 or gp120+gp160 bands and sub-
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tracting the background density. In each gel, expression is recorded as a ratio rel-
ative to the standard used for normalization in that particular experiment.

Vaccinia viruses
Viruses v-VSE5 (expressing full length SIVmne Env under control of the 7.5K
promoter) and v-VS4 (expressing SIVmne gag-pol under the control of the 11K
promoter) have been described previously (67). The vaccinia recombinant
VV:hfur, expressing full length human furin, was obtained from Drs. Gary
Thomas and Sean Molloy (52). For protein production, BSC40 cells were infect-
ed at a multiplicity of infection (MOI) of 5. Supernatant proteins metabolically
labeled with [35S]-cysteine and [35S]-methionine were collected 2 days later.
Samples were processed in a similar manner to the transfected cell supernatants
above.

Purified Env proteins, enzymes and in vitro enzymatic digestion
Purified human furin was purchased from Affinity Bioreagents Inc., Golden, CO.
This is a soluble form of furin with the transmembrane and cytoplasmic tail
removed. The specific activity of 1 unit of furin is the amount required to release
1pmol of fluorogenic substrate peptide in 1 min. Purified human plasmin was
purchased from Sigma Chemical Co. For determining optimal digestion condi-
tions, a highly purified gp140SOS protein was used (prepared by Progenics Phar-
maceuticals Inc.). This particular, early production batch of protein was approx-
imately 50% cleaved. As a control, JR-FL gp120 produced and purified in the
same manner was used (86). For plasmin digestions, 8µg (approximately
60pmol) of gp140SOS or gp120 was incubated at 37°C with 200pmol (approxi-
mately 0.2U) of plasmin in 0.1M Tris-HCl pH 7.0 in a total volume of 80µl. For
furin digestions, 8µg (approximately 60pmol) of gp140SOSwas incubated at 37°C
with 20U of furin in100mM HEPES, 1mM CaCl2, pH 7.5 in a total volume of
80µl. The digests were then analyzed by SDS-PAGE and Western blot.

Viral infectivity and cell-cell fusion assays
Pseudotyped luciferase reporter viruses were produced by calcium phosphate
transfection. Thus, 293T cells were co-transfected with 5µg of the Env-deficient
NL4-3 HIV-1 virus construct pNL-luc and with 15µg of a pSV vector expressing
either the full-length JR-FL Env glycoproteins or the positive control VSV-G pro-
tein (21). The pNL-luc virus carries the luciferase reporter gene. The pSV plas-
mids expressed either wild-type gp160 (gp160WT) or a mutant with a cleavage
site modified from REKR to RRRRRR, designated as JR-FL gp160RRRRRR. The
supernatants containing pseudotyped viruses from transfected cells were harvest-
ed after 48h and filtered through a 0.45µm filter. The viral stocks were then stan-
dardized for p24 protein content by ELISA (21), and infections were performed
using HeLa-CD4-CCR5 cells. Infectivity was expressed as light units per
nanogram of p24 protein in the viral inoculum (21). 

Cell-cell fusion activity was measured using a fluorescent cytoplasmic dye
transfer assay, as described elsewhere (50). Briefly, 293T cells on a 6cm dish
were transfected with 10µg of the pSV7D vector expressing full-length JR-FL
Env, then labeled with 1.5µM calcein AM (Molecular Probes, Inc., Eugene, OR)
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in 2ml of phosphate buffered saline (PBS), according to the manufacturer’s
instructions. Cells were detached from the dish by incubating in PBS supple-
mented with 0.5mM EDTA and 0.5mM EGTA, then transferred into a centrifuge
tube. Approximately 5x106 CEM.NKR.CCR5 cells (87) were suspended in 2 ml
of Opti-MEM (Gibco) containing 100µM 7-amino-4-chloro methylcoumarin
(CMAC, Molecular Probes) and incubated for 30 min at 37oC. After extensive
washing to remove the remaining free dye, the effector and target cells were
mixed, transferred into poly-lysine coated, 8-well chambered slides and incubat-
ed for 2h at 37oC. The extent of fusion was determined by fluorescence video
microscopy by normalizing the number of fusion products (stained with both
cytoplasmic markers) against the number of target cells that were in contact with
the effector cells.

Results

Enzymatic processing of purified, uncleaved gp140SOS

In principle, one way to achieve Env cleavage is to treat purified Env proteins in
vitro with proteases capable of recognizing the gp120-gp41 cleavage site. The
highly active subtilisin-family protease plasmin was previously reported to
cleave recombinant gp160 into gp120-gp41, whereas other trypsin-like proteases
lacked this ability (61). Plasmin is also capable of processing influenza HA0 at
the cell surface (32). We therefore evaluated the effect of plasmin on a prepara-
tion of purified, soluble gp140SOS that was 50% cleaved. The partially cleaved
gp140SOS preparation was incubated with an excess of plasmin for 2h or 16h at
37°C, and the proteins were analyzed by SDS-PAGE and Western blotting using
the 2F5 anti-gp41 MAb (Fig.1). After 2h of plasmin treatment, there was a reduc-
tion in the intensity of the uncleaved gp140 band, but the longer reaction time
(16h) was required for processing to be complete (Fig.1A). This is consistent
with the previous report on gp160 cleavage by plasmin (61). However, when a
Western blot of the 16h plasmin digest was probed with the gp120-specific MAb,
B12, it was clear that plasmin also digests gp120 into fragments, one of which is
of about 70kDa (Fig.1B). MAb B12 recognizes an epitope in the second con-
served domain of gp120, N-terminal to the V3 loop (1). Thus, plasmin cleaves
gp120 internally, most likely at the site in the V3 loop that is a substrate for other
tryptic proteases and which typically yields 50kDa and 70kDa fragments (16, 49,
75). Although plasmin does process the gp120/gp41 cleavage site, the use of this
enzyme to enhance Env cleavage is not, therefore, a practical technique.

We next investigated whether soluble furin would cleave gp140 efficiently but
with greater specificity. During a 16h incubation, soluble furin significantly,
albeit incompletely, cleaved gp140SOS into gp120 without causing additional
gp120 degradation (Fig.1C, compare lanes 1 and 3). The efficiency of cleavage
of gp140 by soluble furin was low, as shown by the following calculation: One
unit (U) of soluble furin can process 1pmol of fluorogenic peptide substrate in
1 min (3). If gp140 were an equally efficient substrate, the 8µg of gp140, contain-
ing approximately 4µg (30pmol) of uncleaved gp140, would be digested by 20U
of furin within 2min. However, only 50% of the gp140 was actually processed
after 16h. If we assume the rate of processing was uniform over this period,
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gp140 was cleaved at 0.7fmol/min; i.e. gp140 is ~1000-fold less efficiently
cleaved by furin than are model peptides. 

The pH of the furin digest may affect its efficiency. For example, the mildly
acidic pH of the exocytic pathway alters the structure of the TEBV Env precur-
sor to permit an increase in cleavage efficiency (79). Hence furin is able to cleave
the TEBV Env precursor in vitro at pH 6.2, but not at pH 7.5 (79). Furthermore,
NH4Cl treatment of cells, which raises the pH of the secretory pathway, can inter-
fere with HIV-1 Env processing (93). We therefore investigated whether a mild-
ly acidic pH might allow more efficient cleavage of gp140 by soluble furin dur-
ing a16h incubation. The optimal pH for Env cleavage was found to be 5.8
(Fig.1D), in contrast to a report that furin was most active (>80%) at a pH in the
range 6.5 to 8 (18). However, even at pH 5.8, gp140 was only cleaved by about
60% (Fig.1D), so optimizing the reaction pH was insufficient to achieve complete
cleavage. Overall, we conclude that because a large excess of furin is required to
achieve only a modest increase in gp140 cleavage efficiency, this also is not a
practical technique for routine use. 

Recombinant Env proteins are incompletely processed by cellular proteases;
effect of co-expressing furin and Env
We examined the extent of endogenous gp120/gp41 cleavage of seven HIV-1 and
four SIV gp140 proteins by immunoprecipitation using HIVIG or SIVIG, as
appropriate. Although the cleavage site (REKR) was conserved among all seven
HIV-1 isolates, the gp140SOS cleavage efficiency (defined under Materials and
Methods) varied from 38-58%, and in no case was cleavage complete (Fig.2A).
Similar results were obtained with the corresponding seven HIV-1 gp140WT pro-
teins that lack the SOS cysteine substitutions (data not shown). These proteins are
secreted as a mixture of gp120 and uncleaved gp140 despite retaining the REKR
cleavage site, because proteolysis is inefficient in the absence of co-transfected
furin (6). The cleavage efficiency was generally slightly higher for each gp140WT

protein than for the corresponding gp140SOSmutant (data not shown).
Incomplete cleavage was also observed with the SIVmac251 and SIVmne

gp140SOSproteins and the SIVmne gp140WT protein, each of which has an RNKR
cleavage site motif. In contrast, cleavage of the SIVmac251 gp140WT protein was
almost complete (Fig.2A). Since the cleavage site motif in the latter protein is
identical, indirect factors such as differences in folding must influence cleavage
efficiency.

Co-expression of furin reduces the expression of Env proteins
We next examined the effects of co-expressing furin with JR-FL gp140SOS and
gp140WT proteins, since this has previously been shown to increase cleavage effi-
ciency (6, 55, 95). Varying amounts of the full-length, furin-expressing plasmid,
pCDNA-furin, were co-transfected with a constant amount of Env-expressing
plasmid (Fig.2B). The expression of sufficient furin resulted in almost complete
(>90%) cleavage of both forms of gp140 protein, but it also caused a significant
reduction in overall Env expression as measured by a decrease in the combined
intensity of the gp140 and gp120 bands. 

To verify the effect of Env and furin co-expression using a different form of
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Env protein and a different expression system, we expressed SIVmne E11S
gp160 in BSC40 cells from a recombinant vaccinia virus, both alone and togeth-
er with Gag and Pol. Co-expression of Env with Gag-Pol enabled us to examine
the efficiency with which full-length, membrane-bound gp160, secreted as
pseudovirions, was cleaved into gp120/gp41 complexes (Fig.2C). The expression
of SIVmne gp160 was approximately 10-fold higher after vaccinia virus v-VSE5
infection than after transfection of the pPPI4-based plasmid encoding the identi-
cal gp160 (data not shown). In the absence of furin, gp160 cleavage was very low
(Fig.2C, lanes 1 and 3). The extent of cleavage was increased only modestly by
furin co-expression, but there was a substantial reduction in the overall expres-
sion of Env (Fig.2C, lanes 2 and 4). Indeed, when Gag-Pol and Env were co-
expressed along with furin, the Env proteins were barely detectable (lane 2). Gag-
Pol was also immunoprecipitated at diminished levels when furin was
co-expressed (lane 2). This may be because the precipitation of Gag-Pol from
pseudovirions occurs indirectly via antibody reactivity with surface Env, and Env
expression is reduced by furin. Alternatively, this could be explained by non-spe-
cific competition for expression of proteins from the various plasmids. Some full-
length gp160 was present in the supernatant even in the absence of co-expressed
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Fig. 1. In vitro enzymatic cleavage of Env with plasmin or soluble furin. Eight micrograms
of partially (~50%) cleaved, purified JR-FL gp140SOS or gp120 were incubated with a pro-
tease for various times at 37°C. The Env proteins were then analyzed by reducing SDS-
PAGE and Western blot. A. gp140SOS proteins from a 2h or 16h plasmin (20µg) digest. The
Western blot was probed with the anti-gp41 MAb 2F5. B. gp140SOS or gp120 samples from
a 16h plasmin (20µg) digest. The Western blot was probed with the anti-gp120 MAb B12. C.)
gp140SOS was incubated at pH 7.5 with or without plasmin or soluble furin for 16h at 37°C.
The Western blot was probed with MAb B12. D. JR-FL gp140SOS was incubated with or with-
out furin for 16h at the pH indicated. The Western blot was probed with MAb B12. The per-
cent cleavage achieved by soluble furin was calculated as described under Materials and
Methods, and expressed with reference to the control in lane 10 (no furin, 0% cleavage).
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Fig. 2. Cleavage and expression of Env proteins with or without furin. Culture supernatants
containing 35S-labeled Env proteins were immunoprecipitated with either HIVIG or SIVIG as
appropriate, then analyzed by reducing SDS-PAGE. The results shown are representative of
three repeats. In each panel, the percent cleavage was calculated as per materials and meth-
ods. Additionally, the relative expression of the gp120+ gp140 or gp120+gp160 bands was
calculated and expressed as a ratio relative to a standard (expression defined as 1.00) in
each gel. A. Soluble gp140 proteins were expressed in 293T cells transfected with pPPI4-
based plasmids. B. The JR-FL gp140SOS or gp140WT proteins were expressed as in panel A
but in the presence of variable amounts of co-expressed, full-length furin. C. BSC40 cells
were infected with vaccinia viruses v-VS4 (expressing SIVmne Gag-Pol) and/or v-SE5
(expressing SIVmne Env) at an MOI of 5, as indicated. Some of the cells were co-infected,
also at an MOI of 5, with the vaccinia virus vv:hfur expressing full-length furin (lanes 2 and
4). D. JR-FL gp140WT and gp140UNC proteins were expressed in 293T cells transfected with
pPPI4-based plasmids, with or without co-transfection of full-length furin. E. JR-FL gp140WT

and gp140SOS proteins were expressed in 293T cells transfected with pPPI4-based plasmids,
alone or with co-transfection of either full-length furin (FL) or truncated, soluble furin (∂TC),
as indicated.



Gag-Pol (Fig.2C, lanes 3,4). This may be associated with cellular vesicles (31) or
could have been released from dead cells. 

Overall, it is clear that furin expression has qualitatively similar effects on
both gp140 and gp160 proteins irrespective of the expression system. Moreover,
the increase in Env expression in the vaccinia virus system is associated with a
further reduction in the extent of Env cleavage.

Influence of the furin substrate sequence on Env expression in the presence of co-
expressed furin
The co-expression of furin has previously been reported to reduce the expression
of several furin substrates, perhaps due to the complexing and retention of the
nascent proteins with furin in the TGN rather than to any overtly toxic effect of
furin on the cells (52, 58, 81). To investigate this, we determined whether the
reduction in Env expression caused by furin co-expression required that the Env
protein exhibit a furin-recognition motif (Fig.2D). We observed that furin co-
expression had little effect on expression of the JR-FL gp140UNC protein (Fig.2D,
lanes 3, 4) in which the KRRVVQREKRAV furin-recognition sequence had been
replaced by LRLRLRLRLRLR (6). Although, in this experiment, gp140UNC

expression was slightly increased in the presence of furin, the increase was not
usually observed in repeat assays (data not shown). The lack of effect of furin on
gp140UNC expression contrasts markedly with its substantial inhibition of the
expression of the gp140WT and gp140SOSproteins that have unmodified cleavage
site sequences (Fig.2D, lanes 1, 2, Fig. 2B). These results are consistent with the
hypothesis that furin-induced reduction in Env expression is attributable to the
formation of Env-furin complexes that are retained within the cell.

A soluble form of furin allows efficient Env cleavage without dramatically reduc-
ing Env expression 
In an attempt to overcome the apparent formation of furin-Env complexes in the
TGN, we co-expressed Env with a soluble form of furin. The proteolytic activi-
ty of furin is contained entirely in its lumenal domain, and soluble forms of the
enzyme retain enzymatic activity (52, 53, 65). When we expressed JR-FL
gp140WT and gp140SOS in the presence of full-length furin, we saw the expected
reduction in Env expression (Fig.2E, lanes 2 and 5). However, essentially the
same result was observed when a soluble form of furin (furin∂TC) was used
instead of the full-length, membrane-bound enzyme (Fig.2E, lanes 3 and 6).
Thus, although the presence of the furin recognition sequence is important
(Fig.2D), direct retention of Env in complex with furin in the TGN may not be
the entire explanation for the reduction in Env expression upon furin co-expres-
sion (38, 52, 57, 93).

Altering the cleavage sequence can increase Env processing by cellular proteases
Our next approach towards increasing the efficiency of gp140 cleavage was to
vary the furin recognition sequence. The rationale for this is partly derived from
studies of other RNA viruses. For example, some influenza A virus variants have
evolved proteolytic cleavage sites in the HA0 precursor protein that contain basic
residue insertions. This is associated with increased cleavage efficiency and a gain
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in viral virulence. Thus, whereas avirulent clones contain only a single arginine
residue within the HA0 cleavage site, the corresponding sites of virulent clones
contain multiple basic residues, leading to motifs such as RRRKKR (5, 32, 36, 40,
41, 60). Biochemical evidence using peptide-cleavage assays has confirmed that
multi-arginine stretches are highly efficient targets for furin (13). The most effi-
ciently recognized target sequences consist of hexa- or hepta-arginine repeats; for
example, a peptide with the recognition sequence RRRRRR was cleaved approxi-
mately 50 times more efficiently than one with the RRRR motif (13).

In contrast to influenza A, HIV-1 and SIV strains contain only simple R-X-
R/K-R furin-recognition sequences. We therefore introduced basic amino-acids
into the cleavage site of the JR-FL gp140SOSand gp140WT proteins. The mutated
gp140 proteins were processed more efficiently than those containing the normal
REKR motif, although none of the mutants was completely cleaved by endoge-
nous, cellular proteases (Fig.3A, Table 1).

Two of the most efficiently cleaved mutants contained the RRRRRR or
RRRKKR motifs (Fig.3A; compare lanes 1, 3 and 5). When furin was co-
expressed, these mutants were 100% cleaved, compared to only about 90% cleav-
age for wild-type Env (or less than 90% in other experiments; data not shown). An
unexpected finding was that furin did not reduce the overall expression of the
cleavage-site mutant gp140 proteins, whereas, as noted above, it significantly
diminished the expression of the wild-type gp140 (Fig.3A; compare lanes 2, 4 and
6). This was confirmed when the RRRRRR gp140 mutant was co-expressed with
variable amounts of pCDNA-furin (0.1µg, 1µg or 10µg) (Fig.3B). In this experi-
ment, furin co-expression actually increased the overall amount of Env protein
secreted, although an increase was not always seen with this or related mutants in
other experiments.

The expression levels and cleavage efficiencies of a selection of gp140
mutants with basic insertions into the REKR cleavage site are summarized in
Table 1. The closely related mutants RRRKKR, RRRRKR and RRRRRR all had
similar properties, in that cleavage was enhanced in the absence of co-transfect-
ed furin, and was complete in the presence of furin, but without a significant
decrease in the extent of Env expression. The mutants KKRKKR and
RERRRKKR were also better cleaved than the wild-type protein, and their
expression was unaffected by furin co-transfection. However, they were
expressed at lower levels than the other mutants and less well than wild-type
gp140 proteins containing the standard REKR motif. The effects of the basic
residue insertions were similar whether the test protein was gp140WT or gp140SOS,
although some of the gp140WT proteins were expressed at slightly higher levels
than the corresponding gp140SOSproteins (Table 1).

To address whether the insertion of basic amino-acids into the proteolytic
cleavage site had a general effect on cleavage efficiency (i.e. was not restricted to
the JR-FL clone), we mutated the cleavage site of gp140SOSof the subtype C pri-
mary isolate, DU151, from REKR to RRRRRR. In the absence of co-transfected
furin, the unmodified DU151 gp140SOS protein was partially cleaved (Fig.3C,
lane 1). When furin was co-expressed, Env expression was significantly reduced,
in some experiments to the extent that the Env proteins were no longer visible on
the gel (Fig.3C, lane 2; and data not shown). In contrast, the RRRRRR mutant
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was more efficiently cleaved in the absence of furin, and was fully cleaved in the
presence of furin. Furthermore, the overall expression of Env being greater than
that of the wild-type gp140 (Fig.3C, compare lanes 2 and 4).

Effect of cleavage sites mutations on HIV-1 infectivity
We examined whether Env mutants containing basic cleavage site insertions were
still functional for virus infection, using an Env-pseudotype assay (21). The JR-
FL gp160RRRRRRmutant expressed by the pSV plasmid in 293T cells could suc-
cessfully pseudotype pNL-luc, producing a virus capable of infecting HeLa-
CD4-CCR5 cells. The infectivity of the JR-FL gp160RRRRRREnv pseudotype was
about 3-4 fold lower than the JR-FL gp160WT pseudotype, but still in the range
we find to be typical of pseudotyped virus stocks (Fig.4A). In an independent test
of the functional activity of the mutant Env, we examined the ability of the JR-
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Fig. 3. Altering the cleavage
sequence can increase Env pro-
cessing by cellular proteases. A.
JR-FL gp140 SOS with the wild
type REKR cleavage site (lanes
1, 2) or the mutant RRRKKR
(lanes 3, 4) or RRRRRR (lanes
5,6) cleavage site sequences
was expressed in the absence
(lanes 1, 3, 5) or presence (lanes
2, 4, 6) of co-transfected full-
length furin. B. JR-FL gp140SOS

RRRRRR was expressed with no
(lane 1), 0.1µg (lane 2), 1µg (lane
3) or 10µg (lane 4) of co-trans-
fected full-length furin. C. DU151
gp140SOS (lanes 1, 2) and its
RRRRRR mutant (lanes 3, 4) was
expressed in the absence (lanes
1,3) or presence of co-transfect-
ed full-length furin (lanes 2,4).
All samples were labeled and
immunoprecipitated as describ-
ed in the legend to Fig. 2. The
percent cleavage and relative
expression of Env were calculat-
ed as in Fig. 2.



FL gp160RRRRRRmutant to mediate cell-cell fusion, using a fluorescent cytoplas-
mic dye transfer assay (50). The modest, and statistically insignificant, increase
in fusion with the RRRRRR mutant (Fig.4B) may be because it is expressed at 5
fold higher levels than the wild type gp160 by Western blot analysis of cell
lysates. Overall, the REKR to RRRRRR substitution does not globally disrupt the
Env conformation required for fusion and infection.

Discussion

The Env proteins of most enveloped viruses, including HIV-1, are synthesized as
inactive precursors that are proteolytically processed to attain full functional activ-
ity. In the case of HIV-1, the gp160 precursor is cleaved into a fusion-active
gp120/gp41 complex. The structures of a monomeric gp120 core fragment (45)
and a post-fusion form of gp41 (14, 46, 92) have been determined. However, little
is known about the structure of either uncleaved gp160 or the gp120/gp41 com-
plex, although the latter is considered to be trimeric (14, 20, 46, 66, 92). The
fusion-active complex is unstable, principally because the gp120-gp41 interaction
is weak and gp120 is shed. We previously found that introducing a disulfide bond
between gp120 and gp41 can prevent gp120-gp41 dissociation (6). However, the
purified form of this protein (gp140SOS) is monomeric, probably because of a fur-
ther instability between the associated gp41 subunits (Chapter 5.3). To overcome
this instability we are presently making both recombinant glycoproteins that
mimic the native Env complex and also virus-like particles containing these Env
forms. With or without additional modifications, Env glycoproteins of this type
may be worth evaluating for their ability to elicit neutralizing antibodies. 

Here we investigated methods to produce proteolytically processed proteins
for future analytical and immunogenicity studies. The expression of gp140 or
gp160 proteins at high levels usually leads to the production of a mixture of
cleaved and uncleaved proteins, implying that processing of the cleavage site by
host cell proteases is incomplete. Partial cleavage is a common phenomenon
when Env is expressed in a variety of recombinant systems and cell lines (38, 55-
58, 69, 78, 95). Differences in folding among natural and mutant Env proteins
(19, 51, 84, 85, 88, 94) may affect the exposure of what is likely to be a loop
structure containing the cleavage site (15). Another influence on Env cleavage is
the direct or indirect masking of the furin recognition site by glycans (62). Over-
all, the accessibility of this site to the protease is a complex function of both Env
folding and glycosylation (15, 58, 77). 

We first evaluated the possibility of cleaving unprocessed, purified Env pro-
teins by adding a purified protease in vitro. Although plasmin could efficiently
process the gp120/gp41 cleavage site, as has been previously reported (61), it
also cleaved gp120 at a second site, most probably within the V3 loop. This ren-
ders its use impractical. Purified furin can also cleave secreted Env (17, 18, 38,
56), albeit at low efficiency (17, 90). Our own findings were similar: Even when
furin digestion of gp140SOS was performed at optimal pH with the enzyme in
large excess, approximately 40% of the Env substrate remained uncleaved, sug-
gesting that there may be a subpopulation of gp140 that is more resistant to cleav-
age. This may perhaps represent hyperglycosylated or misfolded proteins. Furin
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is not an inherently inefficient enzyme - it is highly effective at cleaving synthet-
ic peptides (13, 65) - but the conformation of its recognition site on gp160 limits
its ability to cleave this particular substrate. That gp160 is an inherently poor sub-
strate for furin is exemplified by a comparison of gp160 and anthrax toxin, the
latter being cleaved by furin several orders of magnitude more efficiently than
gp160 at pH 7.2 (53). 

One way to augment gp160 cleavage is to co-express exogenous furin, but this
can lead to a reduction in overall Env expression. The reduction of primary pro-
tein expression (including, but not limited to, HIV-1 Env) upon furin co-expres-
sion has been noted previously (6, 55, 57, 81, 90). One possible explanation is
that furin may form stable complexes with Env proteins that it cleaves poorly,
with these complexes being retained in the TGN or recycled to lysosomes, rather
than secreted (38, 52, 57, 81, 93). This idea is supported by our observation that
furin co-expression with Env mutants containing optimized cleavage sites caused
very little reduction in Env expression. The co-expression of Env with either the
full-length (membrane-bound) or the soluble form of furin reduced gp140
expression, so this reduction can occur without a direct association of the furin-
Env complex with a membrane. Perhaps another, membrane-associated cellular
protein is involved in the removal and degradation of complexes between
uncleaved Env and furin. It has been shown that although truncated furin is shed
into the culture medium, it can also still be isolated from membrane fractions like
the full-length counterpart (52).

Although furin co-expression increases the cleavage of secreted gp140 pro-
teins, it has been reported that this does not occur with full-length gp160 mole-
cules expressed on the cell surface (38, 99, P. Poignard, personal communica-
tion). In contrast, we and others (90, 95), have found that gp160 cleavage can be
at least partially augmented by furin, at least under some experimental condi-
tions. Clearly, then, there are poorly understood variables that affect different
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Table 1.  Summary of expression and cleavage efficienciesa of gp140 proteins with mutant cleavage sites
———————————————————————————————————————————————————————————————————————————

CIeavage WT gp140 WT gp140 + furin SOS gp140 SOS gp140 + furin
xxxxxxxxxxxxxxxxxx———————————————xxxx———————————————xxxx———————————————xxxx————————————————

Cleavage Expression Cleavage Expression Cleavage Expression Cleavage Expression
(%) (%) (%) (%)

———————————————————————————————————————————————————————————————————————————

REKR 35 1.0 091 0.4 34 1.0 092 0.3
RRRKKR 66 0.9 100 0.7 60 0.9 100 0.8
RRRRKR 65 0.9 100 0.7 60 0.9 100 0.7
RRRRRR 71 1.0 100 0.9 62 0.9 100 0.9
KKRKKR 59 0.2 096 0.1 57 0.3 098 0.3 
RERRRKKR 58 0.4 097 0.3 55 0.4 100 0.4 
———————————————————————————————————————————————————————————————————————————
a The cleavage efficiency of various gp140 cleavage site mutants is given as a percentage derived from den-
sitometric analysis. The percent cleavage value recorded represents the mean from at least 3 individual
experiments in which the individual values did not deviate by more than 6% from the mean. Combined
expression of gp140 and gp120 is also given as a ratio relative to the level of expression of the parental
gp140+gp120 observed in transfections with gp140WT or gp140SOS. Mean ratios from 3 repeats are given to
the nearest decimal place and did not deviate more than 25% from this value. Data are shown for both
gp140WT and gp140SOS proteins expressed both in the presence and absence of co-transfected furin.



experimental systems differently, perhaps including the expression vectors, the
particular Env gene and the cell line used.

Our most successful strategy for improving Env cleavage efficiency involved
mutating the furin-recognition site. Studies of naturally occurring influenza A
virus variants have revealed that insertion of basic amino-acids in and near the
cleavage site of the HA0 protein is associated with enhanced proteolysis (5), and
frequently also with increased host cell range and virulence (5, 32, 36, 40, 41,
60). Moreover, improved cleavage of the influenza B glycoprotein was previous-
ly achieved by Brassard and Lamb, who substituted the conserved monobasic
cleavage site with the multibasic cleavage sites found in virulent influenza A
clones (10). We therefore considered it possible that altering the conserved,
tetrameric cleavage recognition sequence of HIV-1 Env might increase cleavage
efficiency. We found that several variant furin recognition sequences, based on
those found in HA0 proteins from pathogenic influenza A strains, allowed
enhanced cleavage of HIV-1 Env in the absence of co-expressed furin. The best
of these variant sequences were RRRKKR, RRRRKR and RRRRRR, which
approximately doubled the extent of Env cleavage compared to that achieved
when the standard REKR sequence was present. Furthermore, co-expression of
furin did not reduce the expression of Env proteins containing these mutated
sequences, but did allow the cleavage efficiency to now approach 100%. A con-
sequence of the more efficient cleavage of these improved furin substrates may
be the more rapid egress of Env from the secretory pathway, allowing a higher
overall expression of fully processed Env. Furthermore, the REKR to RRRRRR
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Fig. 4. Env cleavage site mutants are functional for infection and fusion. A. The infectivity
for HeLa-CD4-CCR5 cells of pNL-luc viruses pseudotyped with wild-type JR-FL gp160WT, the
JR-FL gp160RRRRRR mutant or VSV-G was measured using a single round infection assay
using a luciferase readout. Normalized luciferase values for negative control viruses lacking
envelope (derived from pNL-luc transfection supernatants) were <1 unit. B. Cell-cell fusion
mediated by the gp160WT or gp160RRRRRR proteins was analyzed in a dye transfer assay. 



mutation had little impact on the infectivity of Env-complemented reporter virus-
es, or on Env-mediated membrane fusion. The cleavage site mutations do not,
therefore, affect the overall folding of Env in any adverse manner, which is rele-
vant to any consideration of the use of such Env mutants as vaccine antigens.
Although furin recognition of gp160 is rather inefficient, the strict conservation
of the REKR sequence in HIV-1 (or of RNKR in SIV) suggests that this sequence
confers a selective advantage to the virus. There are no examples of Env
sequences with basic residue insertions adjacent to the consensus cleavage-site
motif (44), so a higher rate of Env cleavage may be disadvantageous. For exam-
ple, a too-rapid destruction of the infected cell by fusion caused by high levels of
processed, cell-surface Env could reduce the yield of progeny virions from that
cell. An immunological mechanism might be that uncleaved Env is actually ben-
eficial to the virus by acting as a decoy that causes the induction of predominant-
ly non-neutralizing antibodies (12, 63, 70).

Here we have demonstrated that we can produce HIV-1 Env mutants contain-
ing polybasic cleavage sites that are more efficient substrates for furin than the
consensus, REKR, sequence. The use of these Env mutants should simplify the
production of significant amounts of cleaved Env, which may be useful in HIV-1
vaccine design.
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Chapter 5.6

Stabilization of the soluble, cleaved, trimeric form
of the envelope glycoprotein complex of HIV-1

(Journal of Virology, September 2002, p. 8875-8889)
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The envelope glycoprotein (Env) complex of human immunodeficiency virus
type 1 (HIV-1) has evolved a structure that is minimally immunogenic while
retaining its natural function of receptor-mediated virus-cell fusion. The Env
complex is trimeric; its six individual subunits (3 gp120’s, 3 gp41’s) are associ-
ated by relatively weak, non-covalent interactions. The induction of neutralizing
antibodies after vaccination with individual Env subunits has proven very diffi-
cult, probably because they are inadequate mimics of the native complex. Our
hypothesis is that a stable form of the Env complex, perhaps with additional mod-
ifications to rationally alter its antigenic structure, may be a better immunogen
than the individual subunits. A soluble Env protein, SOS gp140, can be made that
has gp120 stably linked to the gp41 ectodomain by an intermolecular disulfide
bond. This protein is fully cleaved at the proteolysis site between gp120 and
gp41. However, the gp41–gp41 interactions in SOS gp140 are too weak to main-
tain the protein in a trimeric configuration. Consequently, the purified SOS gp140
protein is a monomer (chapter 5.3). Here we describe modifications of the SOS
gp140 protein that increase its trimer stability. A variant SOS gp140 protein, des-
ignated SOSIP gp140, contains an isoleucine-to-proline substitution at position
559 in the N-terminal heptad repeat region of gp41. This protein is fully cleaved,
has favorable antigenic properties and is predominantly trimeric. SOSIP gp140
trimers are non-covalently associated and can be partially purified by gel-filtra-
tion chromatography. These gp140 trimers are dissociated into monomers by
anionic detergent or heat, but are relatively resistant to non-ionic detergents, high
salt concentrations or exposure to mildly acidic pH. The SOSIP gp140 protein
should be a useful reagent for structural and immunogenicity studies.  
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Introduction

The envelope glycoprotein (Env) complex of human immunodeficiency virus type
1 (HIV-1) mediates viral entry into CD4+ cells. The sequential binding of the sur-
face subunit gp120 to the CD4 receptor and a co-receptor, usually CCR5 or
CXCR4, induces conformational changes in the Env complex. These alterations in
protein structure eventually enable the insertion of the hydrophobic fusion peptide
of the transmembrane subunit, gp41, into the cell membrane. Subsequently, the
viral and cell membranes fuse, allowing the release of the viral core into the cyto-
plasm and the initiation of a new cycle of infection (for reviews see
(17,24,25,31,61,99)). The gp120 and gp41 proteins are synthesized as a gp160
precursor that is cleaved within the cell to yield the native, pre-fusion form of the
envelope glycoprotein complex (39,55,63). This is generally considered to be a
trimeric structure, containing three gp120 and three gp41 moieties, held together
by non-covalent interactions (31,73,99). The native Env complex is unstable,
because the non-covalent intersubunit interactions that hold gp120 onto gp41 are
weak, as are the intermolecular interactions between the gp41 moieties (31,73,99).
This instability is probably essential for the receptor-triggered conformational
changes to occur, but it does cause a problem for attempts to express the native
complex as a recombinant protein (5).

One reason to prepare recombinant forms of the native Env complex is for struc-
tural studies. At present, structural information on HIV-1 Env is limited to core
fragments of gp120 in the CD4-associated configuration, and the six-helix bundle
form of the gp41 core which represent its terminal, most stable configuration
(10,16,45,46,51,54,89,94). Although the six-helix bundle is often referred to as the
“fusogenic” form of gp41, this term can be misleading, because it is the formation
and not the mere presence of the six-helix bundle that drives membrane fusion
(25,35,56). Hence, antibodies to the six-helix bundle cannot interfere with fusion,
and are non-neutralizing (42,59,65,71,90). We therefore use the term “post-fusion”
form of gp41 when referring to the six-helix bundle, to reflect its persistence on in-
fected cells as a major immunogen after the fusion process is complete, and on viri-
ons when conformational changes in Env leading to gp120 shedding have occurred
prematurely or abortively (25). Most antibodies to gp41 in HIV-1-infected individ-
uals recognize this post-fusion conformation (36,59,71,78,90,100). 

A second reason to make the native Env complex is to study its immunogenic-
ity and determine its suitability as a vaccine antigen. The few monoclonal anti-
bodies (MAbs) that potently neutralize HIV-1 all recognize epitopes exposed on
the native Env complex, and may well have been induced by such a complex
(9,34,58,69-71,73,81). In contrast, non-neutralizing MAbs do not bind to the
native complex, and probably represent immune responses to non-native forms
of Env, such as uncleaved gp160 precursors, dissociated gp120 subunits or the
six-helix bundle, post-fusion form of gp41 (9,59,69,70,73). 

Eliciting neutralizing antibodies by vaccination with any form of Env is prob-
lematic, because of the mechanisms that the native Env complex has evolved to
shield its most critical sites, and to limit its overall immunogenicity. Thus, con-
served regions of gp120 involved in receptor binding are shielded by variable
loops and by extensive glycosylation. The CD4 binding site is recessed, and the
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co-receptor binding site is only formed or exposed for a short period after CD4
has already bound, thereby limiting the time and space available for antibody
interference (57,58,66,97). Whether such defense mechanisms can be overcome
by vaccine-induced antibodies remains uncertain (59,71). Our approach to the
problem has been to try to make a stabilized native Env complex, which may then
have to be further modified to improve its immunogenicity. 

The lability of the non-covalent interaction between gp120 and the gp41
ectodomain (gp41ECTO) is an obstacle to the production of stable, fully processed
HIV-1 Env trimers. We have previously reported that the association between
gp120 and gp41ECTO can be stabilized by the introduction of a correctly posi-
tioned intermolecular disulfide bond, to make the SOS gp140 protein (5,79). In
the presence of co-transfected furin, the peptide bond linking gp120 to gp41ECTO

is cleaved, allowing us to produce properly processed gp140 proteins (5,79). We
initially reported that oligomeric proteins were present in supernatants from 293T
cells transiently expressing SOS gp140 (5). However, these oligomers were not
abundant, and they did not survive purification: purified SOS gp140 is a
monomeric protein (83). We now describe a way to further stabilize the gp41-
gp41 interactions in SOS gp140 proteins. We have introduced amino-acid substi-
tutions into the N-terminal heptad-repeat region of gp41 that we hypothesize
destabilize the post-fusion form of the protein and thereby render the transition
to this configuration less likely. One such protein, SOS I559P gp140 (designated
SOSIP), is properly folded, proteolytically cleaved, substantially trimeric and has
appropriate receptor-binding and antigenic properties. The SOSIP gp140 trimer
can be converted to the monomeric form by heat or anionic detergent, but is par-
tially resistant to nonionic detergents.

Materials and methods

Env expression 
Various forms of the JR-FL gp140 envelope glycoproteins were expressed in
293T cells from the pPPI4 vector, and furin was expressed from pcDNA3.1-
Furin, as described previously (5,79). The uncleaved JR-FL gp140 protein
(gp140UNC) with amino-acid substitutions to prevent its proteolytic processing
has also been described elsewhere (5). Specific mutations were made using the
QuickChange mutagenesis kit (Stratagene, La Jolla, CA). Random mutations
were generated with primers that could contain any nucleotide at the relevant
positions. Numbering is based on the HXB2 Env sequence. Recombinant JR-FL
gp120 has been described elsewhere (92).

Antibody binding assays 
The procedures and MAbs used to perform radioimmunoprecipitation assays
(RIPA) have all been described (1,5,60,80,93). MAbs were provided by James
Robinson (17b, 2.2B), George Lewis (B12), Hermann Katinger (2F5, 2G12, 4D4,
4E10) and Dennis Burton (IgG1b12).

SDS-PAGE, BN-PAGE and Western blot analyses 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), Blue
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Native (BN)-PAGE and Western blot analyses were performed as described pre-
viously (5,79,83). Culture supernatants from transiently transfected 293T cells
were concentrated 10-fold before gel electrophoresis, using Ultrafree-15 concen-
trators (Millipore, Bedford, MA). 

Gel-filtration analysis of envelope glycoproteins 
Supernatants from 293T cells, transfected with pPPI4-gp140 plus pcDNA3.1-
Furin, were concentrated 100-fold, then size-fractionated using an analytical
Superdex 200 HR 10/30 column equilibrated with phosphate-buffered saline
(PBS; Amersham-Pharmacia, Piscataway, NJ). Fractions (300 µl) were analyzed
using SDS-PAGE and BN-PAGE; in both cases, Western blotting was used to
detect Env glycoproteins. The column was calibrated using protein standards of
known size (HMW-standard; Amersham-Pharmacia).

Trimer stability experiments 
Eluates from gel filtration columns, containing SOSIP gp140 trimers, were incu-
bated with various reagents or under different conditions, then analyzed using BN-
PAGE and western blot procedures. The following detergents were obtained from
the following suppliers: SDS, Sigma, St Louis, MO; t-octylphenoxypoly-
ethoxyethanol (Triton X-100), Sigma; polyoxyethylene sorbitan monolaurate
(Tween-20), Sigma; ethylphenyl-polyethylene glycol (NP-40), United States Bio-
chemicals, Cleveland, OH; n-octyl β-D-glucopyranoside (oct-glucoside), Sigma;
Empigen BB 30% solution, (Empigen) (Calbiochem, La Jolla, CA).

Peptide production 
Plasmid pN36/C34JR-FL, encoding the HIV-1JR-FL N36(L6)C34 model peptide,
was derived from pN36/C34HXB2 (51). Amino-acid substitutions were introduced
into the N36 segment of pN36/34JR-FLusing the method of Kunkel et al. (44), then
verified by DNA sequencing. All recombinant peptides were expressed in
Escherichia coli strain BL21(DE3)/pLysS (Novagen, Madison, WI). The bacte-
ria were grown at 37°C in LB medium to an optical density of 0.8 at 600 nm, and
induced with isopropylthio-β-D-galactoside for 3-4 h. Cells were lysed at 0°C
with glacial acetic acid. The bacterial lysate was centrifuged (35,000g for 30
min) to separate the soluble fraction from inclusion bodies. The soluble fraction,
containing denatured peptide, was dialyzed into 5% acetic acid overnight at room
temperature. Peptides were purified from the soluble fraction to homogeneity by
reverse-phase high-performance liquid chromatography (Waters, Milford, MA)
using a Vydac C-18 preparative column (Vydac, Hesperia, CA) and a water-ace-
tonitrile gradient in the presence of 0.1% trifluoroacetic acid, then lyophilized.
The molecular weight of each peptide was confirmed by using matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry (PerSeptive Biosys-
tems, Framingham, MA). The concentration of each peptide was determined at
280 nm after solubilization in 6 M guanidinium chloride (32).

Circular dichroism (CD) spectroscopy 
HPLC-purified peptides were solubilized in 6 M guanidinium chloride and 10
mM Tris-HCl (pH 7.0), and refolded by dilution into PBS at neutral pH. The sin-
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gle-point substituted variant peptides were named according to the position of the
substitution. CD experiments were performed using an Aviv 62A DS circular
dichroism spectrometer. The wavelength dependence of molar ellipticity, [θ], was
monitored at 4°C, using a 10 µM peptide solution in 100 mM NaCl, 50 mM sodi-
um phosphate, pH 7.0 (PBS). Helix content was calculated by the method of
Chen et al. (22). Thermal stability was determined by monitoring the change in
the CD signal at 222nm ([θ]222) as a function of temperature. Thermal melts were
performed in 2°C increments with an equilibration time of 2 min at the desired
temperature and an integration time of 30s. All melts were reversible. Superim-
posable folding and unfolding curves were observed, and >90% of the signal was
regained upon cooling. The melting temperatures, or midpoints of the coopera-
tive thermal unfolding transitions (Tm), were determined from the maximum of
the first derivative, with respect to the reciprocal of the temperature, of the [θ]222

values (12). The error in estimation ofTm is ± 0.5°C.

Sedimentation equilibrium analysis 
A Beckman XL-A (Beckman Coulter, Fullerton, CA) analytical ultracentrifuge
equipped with an An-60 Ti rotor (Beckman Coulter) was used. Peptide solutions
were dialyzed overnight against PBS (pH 7.0), loaded at initial concentrations of
10, 30, and 100 µM, and analyzed at rotor speeds at 20,000 and 23,000 rpm at
20°C. Data sets were fitted simultaneously to a single-species model of
ln(absorbance) versus (radial distances)2 using the program NONLIN (43). Pro-
tein partial specific volume and solvent density were calculated as described by
Laue et al. (48).

Results

Stabilization of the SOS gp140 trimer by mutagenesis 
Although the purified, cleaved SOS gp140 protein is a monomer, we have
observed oligomeric forms of this protein in freshly prepared supernatants from
transiently transfected 293T cells (5,83). An example of SOS gp140 oligomers,
together with the experiment-to-experiment variation in their abundance, is pro-
vided by a BN-PAGE analysis of several different 293T cell transfections. In
some preparations, a significant fraction of SOS gp140 proteins is oligomeric; in
others, a negligible proportion (Fig. 1A).

The above observations suggest that the oligomeric form of SOS gp140,
although clearly unstable, might not be too far from stability. We therefore adopt-
ed a mutagenesis strategy to try to increase the stability of the cleaved, oligomer-
ic SOS gp140 protein. We focused on altering the gp41ECTO sequence, because of
the clear preponderance of evidence that interactions between gp41ECTO subunits
are responsible for the oligomerization of gp140 (29,85,99). However, no struc-
tural or other data are available on the likely points of contact between the gp41
moieties in the native, pre-fusion form of the envelope glycoprotein trimer. We
therefore adopted a more theoretical approach, based on the premise that desta-
bilization of the post-fusion state of gp41 might stabilize its pre-fusion configu-
ration, by shifting the conformational equilibrium in favor of the pre-fusion state
(40,41,49-51). A plethora of structural and genetic data on the post-fusion, six-
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helix bundle structure of gp41 was available to guide our mutagenesis strategy
(3,10,13,16,20,21,39,49,51,54,74,89,94-96).

The trimeric stability of gp41 in the six-helix bundle form of the protein is
determined by the residues at the a and d positions of the N-terminal heptad-
repeat region (40,41,52) (Fig. 1B,C). Most of these amino-acids are absolutely
conserved. Hydrophobic Val, Leu and Ile residues form the apolar interface
between the three N-terminal helices; these residues are critical determinants of
the folding and thermal stability of the six-helix bundle (84). We assumed that
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making non-conservative substitutions at these conserved, hydrophobic residues
would destabilize the six-helix bundle and so, by reducing the probability of its
formation, cause the gp41ECTO subunits to remain in their desired, pre-fusion con-
figuration. The hydrophilic glutamine residues at positions 552, 562 and 590
were initially left unaltered, since buried polar interactions involving these
residues confer structural specificity for formation of the N-terminal coiled-coil
trimer at the expense of its thermal stability (41) (Fig. 1B,C). Substitutions at
residue Thr-569 were also evaluated.

Because we could not predict what amino-acids would be tolerated in the pre-
fusion configuration of gp41ECTO, we performed random mutagenesis. Hence var-
ious amino-acids with different biochemical properties were introduced in place
of the targeted Val, Ile and Leu residues. An emphasis of our mutagenesis
approach was to alter the Ile-559 and Ile-573 residues, because core isoleucines
are known to confer the greatest stability to trimeric coiled coils (also known as
isoleucine zippers) (38). In most simian immunodeficiency virus (SIV) strains,
Val and Thr residues are found, respectively, at these positions, where they may
serve to destabilize the post-fusion, coiled-coil structure (40,49,50). Of note is
that the SIV gp140UNC protein has a greater tendency to be trimeric than the cor-
responding HIV-1 protein (15,19). 

We have described elsewhere the use of blue native (BN)-PAGE to monitor the
oligomeric state of HIV-1 gp140 proteins (83). This technique served as a screening
assay to identify more stable SOS gp140 variants - i.e., ones that remained trimeric
under conditions in which the unmodified SOS gp140 protein ran mainly as a
monomer. The variant SOS gp140 proteins were expressed in transiently transfect-
ed 293Tcells, in the presence of co-transfected furin to facilitate gp120-gp41 cleav-
age. The effects of various, single-residue substitutions on the expression and
trimer stability of these SOS gp140 proteins are summarized in Table 1A. An exam-
ple of how BN-PAGE was used to derive this information is shown in Fig. 2A.

Many of the randomly generated SOS gp140 mutants were not expressed, or
were expressed poorly, particularly those with substitutions at residues 555, 576
and 587. This is probably because amino-acid changes at these positions have
adverse effects on protein folding. However, other conserved residues (e.g., 548,
573, 580 and 583) were more tolerant of substitution, in that the altered SOS
gp140 proteins were still expressed efficiently. The effect on SOS gp140 expres-
sion of substitutions at other positions, notably at residues 545, 559, 566 and 569,
was dependent on the identity of the amino-acid introduced. Thus, at position
545, a Leu-to-Phe change (L545F) reduced SOS gp140 expression, whereas the
introduction of Asn (L545N), Pro (L545P) or Gly (L545G) at this position had
little effect. Similarly, Ile-to-Phe or Ile-to-Asn substitutions at position 559
(I559F, I559N) severely diminished gp140 expression (Fig. 2A, lanes 3,6). In
contrast, the introduction of Val (I559V), Gly (I559G) or Arg (I559R) residues at
position 559 had a lesser effect on SOS gp140 expression, and a Pro (I559P) sub-
stitution had no adverse effect at all (Fig. 2A, lanes 4,7,8). Other examples of
how the introduced residue can have a variable effect on SOS gp140 expression
include changes at residues 566 and 569 (Table 1A).

We used BN-PAGE to determine whether there were differences in oligomer
stability among the subset of altered SOS gp140 proteins that were efficiently
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expressed. Under native conditions, the wild-type SOS gp140 protein migrates
predominantly as a monomer, with some dimeric and trimeric species also pres-
ent (Fig. 2A, lane 2). The proportion of the SOS gp140 protein that is oligomer-
ic varies from experiment to experiment, but the gel shown in Fig. 2A is typical
of what is most commonly observed. In contrast, the gp140UNC protein migrates
as oligomeric forms, with the dimer predominating (Fig. 2A, lane 1).

Most of the amino-acid substitutions consistent with the efficient expression of
SOS gp140 had little effect on the extent of its oligomerization (Table 1A). How-
ever, several substitutions at position 559 clearly altered the oligomerization state
of SOS gp140 (Fig. 2A). Thus, when Ile-559 was replaced by a non-conservative
Gly (I559G), Arg (I559R) or Pro (I559P) residue, the most abundant protein form
was consistently the trimer (Fig. 2A, lanes 4,5,8). In contrast, the conservative Ile-
to-Val substitution at position 559 had no effect, in that the I559V and wild-type
SOS gp140 proteins were indistinguishable (Fig. 2A, lanes 2,7). Some substitu-
tions at positions 566 and 569 (e.g., L566V, T569P) marginally increased the pro-
portion of SOS gp140 proteins that were trimeric (Table 1A). Note that the per-
centage of trimers varied per transfection, but the amount of trimer in the SOS
gp140 I559P preparations shown in Fig. 2A (and Fig. 3, see below) was typical.
Sometimes, higher amounts of trimer, up to 90% were observed.

There appeared to be a correlation between the expression of some SOS gp140
mutants and the extent to which they were oligomeric. Thus, substitutions at posi-
tions 559, 566 and 569 affected both the expression and the oligomerization of
SOS gp140 (Table 1A, Fig. 2A). These residues may be particularly important for
the correct folding of the trimeric, pre-fusion form of gp140 glycoproteins.

The above experiments show that the introduction of the helix-destabilizing
residues Gly or Pro at position 559 increased the tendency of the SOS gp140 pro-
tein to form trimers. Hence this region of gp140 may not be helical in the pre-
fusion configuration of the protein. In the influenza HA2 protein, a loop-to-helix
transition induced by exposure to low pH is essential for the formation of the
fusion-intermediate, extended coiled-coil conformation (8). Various proline sub-
stitutions in this particular region of HA2 permit the production of proteolytical-
ly cleaved trimers, but these mutants are fusion-impaired because they cannot
undergo the critical loop-to-helix transition (37,75). We therefore investigated
whether proline substitutions at other residues near position 559 of HIV-1 gp41
could have the same, trimer-stabilizing effect as the I559P substitution. Howev-
er, although most of these mutants could be efficiently expressed, none of them
stabilized the trimeric form of SOS gp140 in the same way that the I559P substi-
tution did (Table 1B).

We also tested various combinations of amino-acid substitutions. Generally, in
all the double or triple mutants that were evaluated, the presence of one or other
of the I559P or I559G changes was essential to obtain the trimer-stabilized phe-
notype. A few other substitutions (e.g., L566V and T569P) had a marginally sta-
bilizing effect on the SOS gp140 trimers (Table 1).

The I559G and I559P substitutions shown above to confer increased stability
on the SOS gp140 protein, were also made in the context of a HIV-1LAI virus con-
taining a membrane-bound Env glycoprotein, to see whether they were compati-
ble with Env function. Both substitutions completely abrogated Env function and
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virus replication (chapter 5.7). This is consistent with previous reports of the
deleterious effects of most substitutions in this region of gp41 (13,20,21,74,
95,96). 
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L545 F ± ±
N ++ ±
P ++ ±
G ++ ±

I548 V ++ ±
L ++ ±
H ++ ±
N ++ ±
S ++ ±
G ++ ±
R ++ ±

L555 V - ND
W - ND
Y - ND
S - ND
P - ND

I559 V + ±
F ± ++
N - ND
P ++ ++ ++
G + ++ ++
R + ++

L566 V + + ++
I ± ±
N + +
T + +
P + ±
K ± ±
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Table 1. Summary of characteristics of SOS gp140 variants 
————————————————————————————————————————————————————————————————————————————————————

I573 L ++ ±
F ++ ±
Y ++ ±
Q ++ ±
N ++ ±
T ++ ±
P ++ ±
G ++ ±
K ++ ±

L576 V ± ±
F ± ±
Y ± ±
Q ± ±
N ± ±
G ± ±
K ± ±

V580 L ++ ±
H ++ ±
T ++ ±
P ++ ±
G ++ ±

V583 L ++ ±
Q ++ ±
N ++ ±
S ++ ±
P ++ ±
R ++ ±
K ++ ±

L587 A ± ±
P ± ±
R ± ±
D ± ±
E ± ±

————————————————————————————————————————————————————————————————————————————————————

————————————————————————————————————————————————————————————————————————————————————

a Relative scale: -, no expression; ±, minimal expression; +, expression level lower than that
of wild-type SOS gp140; ++, expression level equivalent to that of wild-type SOS gp140;
+++, expression level greater than that of wild-type SOS gp140. All proteins were expressed
in the presence of cotransfected furin, which decreases gp140 expression (5, 6, 79). The data
were derived from at least three independent transfections. 
b As assessed by BN-PAGE. The trimer stability of SOS gp140 was set at ± (some trimers
were present in some transfections). The maximum amount of trimers (++) was found only
in gp140 variants containing substitutions at residue Ile-559 and ranged from 40 to >90% of
total Env expression in independent transfections. The data were derived from at least three
independent transfections. ND, not determined (no expression). 
c Data were derived from Fig. 2C. Symbols are as defined in footnote a. 



Stabilized SOS trimers form non-covalently and are cleaved
Based on the above results, we focused on the SOS I559P and I559G gp140 pro-
teins for further analysis. These proteins are designated the SOSIP and SOSIG
gp140 proteins, respectively. Although the SOSIP gp140 protein was consistent-
ly expressed at higher levels than SOSIG gp140, the presence of a glycine residue
at position 559 might confer flexibility to the latter protein. We considered that
any such flexibility might prove useful if and when the I559G substitution were
combined with other modifications. We also further studied the SOS L566V and
T569P gp140 proteins, to see whether similar results were obtained with trimers
that had been stabilized, even to only a limited extent, by substitutions at posi-
tions other than residue 559.  

To investigate whether the oligomeric species present in the preparations of the
SOSIP, SOSIG, SOS L566V and SOS T569P gp140 proteins were covalently or
non-covalently associated, we analyzed them using denaturing, but non-reducing
SDS-PAGE (Fig. 2B). The gp140UNC protein was included for comparison (Fig.
2B, lane 1). As expected, SOS gp140 migrated predominantly as a 140 kDa
species (Fig. 2B, lane 2). However, some higher molecular weight, SDS-resistant
species were also present in both the SOS gp140 and the gp140UNC preparations.
The higher molecular weight species were only a minor component of the SOS
gp140 preparation, but they were the predominant form of the gp140UNC protein
(Fig. 2B, lane 1). We believe that the higher molecular weight forms of these pro-
teins are predominantly covalently associated dimers and, in some cases,
tetramers that could be dimers of dimers (see below). 

The SOS gp140 variants were all indistinguishable from the wild-type SOS
gp140 protein, in that the predominant species after SDS treatment were always
140 kDa monomers (Fig. 2B, lanes 3-7). Thus, the trimeric forms of the SOSIP and
SOSIG gp140 proteins are not created by the aberrant formation of intermolecular
disulfide bonds; instead, the protein is associated by non-covalent interactions.

Our goal is to make stable, oligomeric gp140 proteins that are properly
processed at the cleavage site between the gp120 and gp41 subunits. We there-
fore analyzed whether the SOSIP, SOSIG, SOS L566V and SOS T569P gp140
variants were processed appropriately. The proteins were boiled in the presence
of SDS and dithiothreitol (DTT), to achieve both denaturation and reduction,
before SDS-PAGE analysis (Fig. 2C). Under these conditions, each of the vari-
ous SOS gp140 proteins was converted to gp120 and gp41ECTO forms (Fig. 2C,
and data not shown). Thus, each of the gp140 proteins was substantially (>90%)
cleaved, in that the 140 kDa bands did not survive DTT treatment (Fig. 2C, lanes
2-7). In contrast, the gp140UNC protein was unaffected by DTT and still migrated
as a 140 kDa band, because it possesses a peptide bond between the gp120 and
gp41 subunits (Fig. 2C, lane 1). Thus, the increased trimer stability of the SOSIP,
SOSIG, SOS L566V and SOS T569P gp140 proteins is not caused by, or associ-
ated with, any cleavage defect. 

Most of the SOS gp140 preparations analyzed by SDS-PAGE contained a
small percentage of SDS-resistant oligomers, and these forms of gp140 were rel-
atively abundant in the gp140UNC preparation (Fig. 2B). Since these higher
molecular weight forms of gp140 were not observed when DTT was also present
to reduce disulfide bonds (Fig. 2C), they presumably represent protein forms that
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are linked via aberrant, intermolecular disulfide bonds (83). To see whether the
higher molecular weight proteins were dimers or trimers, we treated the SOSIG
gp140 protein with increasing amounts of SDS, then performed a BN-PAGE
analysis (Fig. 2D). In the absence of SDS, trimers, dimers and monomers were
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Fig. 2. PAGE analysis of SOS gp140 proteins. A. BN-PAGE of SOS gp140 proteins contain-
ing changes at position 559. The gp140UNC protein was included for comparison. B, C. SDS-
PAGE of SOS gp140 variants under non-reducing (B) or reducing (C) conditions. D. The
SOSIG gp140 protein was treated with SDS for 1h at 25°C. The SDS concentrations used
were 0%, 0.005%, 0.01%, 0.015%, 0.02%, 0.025%, 0.03%, 0.035% and 0.04%, increasing from
left to right. BN-PAGE analysis was then performed. Monomeric gp120 (20 ng) served as a
molecular weight standard.



present at roughly equal proportions in this preparation of the SOSIG gp140 pro-
tein (Fig. 2D, lane 2). As the SDS concentration increased, however, the trimer
band completely disappeared, whereas the dimer band survived exposure to SDS
concentrations even as high as 1% (Fig. 2D; Fig. 2B, lane 4). The stronger inten-
sity of the dimer band on the western blot is probably attributable to an increased
reactivity of the detecting MAb once the gp140 protein has been denatured with
SDS. The more pronounced increase in the intensity of the monomer band sug-
gests that trimers dissociate to three monomers, rather than to a dimer and a
monomer (see below). Overall, we conclude that the SOSIG gp140 trimers are
formed by non-covalent, SDS-sensitive bonds, but that the dimers are associated
via aberrant, intersubunit disulfide bonds. Similar results were obtained with the
SOSIP gp140 protein (data not shown, but see Fig. 4 below). The wild-type SOS
gp140 protein could not, of course, be tested in this way as its trimeric form was
too unstable. 

Fractionation of oligomeric gp140 species by gel filtration
The BN-PAGE analyses showed that amino-acid substitutions, in particular at the
559 position, can stabilize SOS gp140 trimers. To corroborate this by an inde-
pendent technique, unpurified gp140 proteins secreted from Env-transfected
293T cells were studied by analytical gel-filtration chromatography using a
Superdex 200 column. Proteins with known molecular weight provided reference
standards. These were catalase (232 kDa), ferritin (440 kDa) and thyroglobulin
(669 kDa). However, it should be noted that fully glycosylated gp120 and gp140
molecules are non-globular in shape, so gel filtration cannot precisely determine
their absolute molecular weights (14,15,83).

The eluate fractions were collected, then analyzed by SDS-PAGE and Western
blotting to identify the migration positions of various Env protein forms (Fig. 3).
Because the input Env proteins were unpurified, unrelated proteins are also pres-
ent in the eluate, so the fractions in which Env proteins eluted could not be deter-
mined by non-specific methods. The SOS gp140 protein was predominantly
found in fractions 13, 14 and 15, corresponding to an apparent molecular weight
similar to that of catalase (232 kDa) (Fig. 3A, top panel). Thus, the average
apparent molecular weight of the eluted SOS gp140 monomer was ~240 kDa,
which is consistent with the value of ~220 kDa that we reported previously, also
using gel filtration (83). The small amount of gp120 present in this preparation of
SOS gp140 had a slightly lower apparent molecular weight of ~220 kDa
(Fig.3A). In most preparations of SOS gp140, a small quantity of covalently
linked oligomers, probably dimers, was also seen, centered around fractions 9
and 10 (data not shown). These results confirm our report that SOS gp140 is usu-
ally, predominantly a monomeric protein (83) (Fig. 1A).

In contrast, the SOSIP gp140 proteins eluted over a broad range in fractions 1-
16, indicating that both oligomeric and monomeric species are present (Fig. 3A,
bottom panel). A small amount of covalently linked oligomers was also observed
(see also Fig. 2B, lane 3), just as similar oligomers were usually present in SOS
gp140 preparations (Fig. 2B, lane 2). To resolve the different oligomeric species,
the same SOSIP gp140 gel-filtration fractions were then analyzed by BN-PAGE.
This showed that trimeric, dimeric and monomeric proteins had been clearly
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resolved on the Superdex 200 column; the trimers were predominantly in frac-
tions 4-9, the dimers in fractions 7-11 and the monomers in fractions 11-15 (Fig.
3B). Similar results were obtained with an SOS gp140 triple mutant containing
the I559P, L566V and T569P mutations (data not shown).

The apparent molecular weight of the SOSIP gp140 monomer corresponds to
what was observed with wild-type SOS gp140 (~240 kDa, see above). The reten-
tion of dimers, centered around fraction 9, corresponds to an average apparent
molecular weight of ~410 kDa, whereas the trimer (peak fraction 6) has an aver-
age apparent molecular weight of ~520 kDa. It is notable that the trimers do not
elute in a position consistent with their expected size of three times the size of a
gp140 monomer. Thus they elute at a position corresponding to a molecular
weight of ~520kDa, as opposed to the “expected” ~660-720 kDa (i.e., 3 x ~220-
240 kDa). The same is true, to a lesser extent, of the dimers, which elute at ~410
kDa, compared to the “expected” ~440-480 kDa (i.e., 2 x ~220-240 kDa). The
explanation for this is probably that the trimers, and perhaps also the dimers, are
folded into a conformation which is more compact than that of gp140 monomers.
Electron microscopy studies may be able to confirm this suggestion. Alternative-
ly, the nature and extent of glycosylation of the different oligomeric forms of
gp140 may vary, because glycosylation sites on the trimer could be less accessi-
ble to modifying enzymes than the same sites on the monomer. Overall, given the
limitations of gel filtration for estimating the molecular weights of non-globular
proteins (14,15,83), we will need to use other techniques (e.g., mass spectrome-
try) to establish the absolute molecular weights of the various, purified oligomer-
ic species of SOS gp140 proteins. 

Clearly, SOSIP gp140 preparations are not pure trimers prior to fractionation
by gel-filtration (Figs. 2A and 3); monomers, dimers and tetramers are also pres-
ent. We estimate that typically 40% of an SOSIP gp140 preparation elutes in the
trimer fraction.  We assume that the dimers and tetramers are aberrant forms of
Env that are generated by much the same, albeit unknown, processes that also
cause them to be present in gp140UNC preparations (Fig. 2) (28-30,33,83,101,
102). The small amount of monomers present in SOSIP gp140 preparations prob-
ably arise because the effect of the trimer-stabilizing I559P substitution is imper-
fect. We are presently determining how to purify SOSIP gp140 trimers away
from other non-Env proteins that elute at similar positions from gel-filtration
columns.

Stability of SOSIP gp140 trimers 
The Superdex 200 column fractions corresponding to the trimer peak of the SOS
I559P gp140 protein (fractions 6 and 7) were pooled for analysis of their stabili-
ty (Fig. 4). The trimers were stable to incubation for 1h at 25°C and 37°C (Fig.
4A, lanes 1 and 2), but some monomers became visible after 1h at 45°C (lane 3)
and almost all of the protein was in monomeric form after heating for 1h at 55°C
or 65°C (lanes 4 and 5). Three freeze-thaw cycles at -80°C did not convert the
trimer into a monomer (lane 7). We next incubated the fractionated trimers with
various detergents for 1h at 25°C (Fig. 4B). The trimers dissociated into
monomers upon incubation with 0.1% SDS, an anionic detergent (lane 2), but
they were at least partially resistant to the same concentration of the nonionic or
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zwitterionic detergents Triton X-100, Tween-20, NP-40, Octyl-glucoside and
Empigen (lanes 3-7). We have also observed that SOSIP gp140 trimers did not
dissociate into monomers in the presence of NaCl concentrations of up to 1.0 M,
or after exposure to mild acid (pH 4.0) (data not shown). The effects of various
adjuvants and of long-term storage at various temperatures on the trimeric state
of purified SOSIP gp140 trimers are currently under investigation. 

Dimers were present at only very low levels in heat- or detergent-treated
SOSIP gp140 trimers. This suggests that the assembly units of the trimers are
three equivalent monomers, rather than a monomer and a dimer.

Antigenic structure analysis of the stabilized SOS gp140 proteins 
Since our goal is to make cleaved, stable gp140 trimers that mimic as closely as
possible the antigenic structure of virion-associated Env, we studied the reactiv-
ity of the unpurified, SOSIP gp140 protein with a panel of MAbs and CD4-based
reagents. The SOS gp140 and gp140UNC proteins were also studied, for compari-
son (Fig. 5). Both the wild-type SOS gp140 and the SOSIP gp140 proteins were
immunoprecipitated by the CD4-IgG2 molecule, indicating that the CD4-binding
site (CD4BS) was intact on the gp120 subunits of both proteins (lane 2). The neu-
tralizing MAb IgG1b12 to a CD4BS-associated epitope also bound to both pro-
teins efficiently, as did the neutralizing MAb 2G12 to a mannose-dependent
gp120 epitope (80,93) (lanes 1 and 3). Furthermore, sCD4 induction of the 17b
epitope was highly efficient in both the SOS and SOSIP gp140 proteins (lanes 4
and 5). This epitope overlaps the CD4-inducible, co-receptor binding site on
gp120 (77,91,97,98). Thus, the I559P substitution in gp41ECTO does not affect the
ability of the gp120 subunits of an SOS gp140 protein to bind the CD4 receptor,
and to then undergo receptor-mediated conformational changes within the gp120
subunits. The SOSIP gp140 protein appears indistinguishable from the wild-type
SOS gp140 protein in this regard.  

There are three predominant epitope clusters in gp41ECTO. One cluster is rec-
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Table 2.  Effect of proline substitutions at residues near position 559 
————————————————————————————————————————————————————————————————————————————————————

Residue Expressiona Trimer Cleavagec

stabilityb

————————————————————————————————————————————————————————————————————————————————————

L555d - ND
L556 ++ ±
R557 ++ ±
A558 ++ ±
I559d ++ ++ ++
E560 +++ ±
A561 +++ ±
Q562 +++ ±
Q563 +++ ±
R564 +++ ±
M565 ++ ±
L566d ± ±
————————————————————————————————————————————————————————————————————————————————————
a See Table 1, footnote a. 
b See Table 1, footnote b. 
c See Table 1, footnote c. 
d Also shown in Table 1. 



ognized by the neutralizing MAbs 2F5, 4E10 and z13, and is located close to the
C-terminus of gp41ECTO (68,88,106) (Fig. 1B). This region of gp41ECTO is well
exposed on the SOS and SOSIP gp140 proteins, as indicated by their efficient
binding of 2F5 (Fig. 5, lane 6) and 4E10 (data not shown). The cluster I and clus-
ter II gp41ECTO epitopes are highly immunogenic. However, antibodies to these
regions of gp41 are non-neutralizing because their epitopes are occluded in the
native, pre-fusion form of the envelope glycoprotein complex, either by interac-
tions between gp41ECTO moieties or because of the presence of the gp120 subunits
(5,42,59,65,71,82,90). MAbs to cluster I (2.2B) and cluster II (4D4) epitopes
interact with the gp140UNC protein efficiently but do not bind to the SOS or
SOSIP gp140 proteins (lanes 7 and 8). Similar results were obtained with other
MAbs to these epitope clusters (data not shown). This pattern of results is con-
sistent with our previous reports on the antigenic structure of SOS gp140
(5,79,83). It is possible that the introduction of the cysteine substitution at residue
605 in the SOS gp140 proteins directly perturbs the nearby epitopes for some or
all of the cluster I MAbs. However, this cannot be the case for the cluster II MAb
epitopes, since these are located in the C-terminal helical region, approximately
40 residues from the Cys-605 substitution (Fig. 1B). 

The SOS gp140 variants I559G, L566V and T569P were also tested for reac-
tivity with the above MAbs and CD4-based reagents. Each of them behaved sim-
ilarly to the SOS and SOSIP gp140 proteins (data not shown). Further studies on
the receptor- and MAb-binding properties of purified SOSIP gp140 trimers will
be described elsewhere, as a comparison with other forms of gp140 proteins
(MSV, RWS and JPM, unpublished results). These experiments, together with
other planned structural analyses, should determine whether the gp41ECTO moi-
eties of SOSIP gp140 proteins adopt a native configuration, or whether the helix-
destabilizing effect of the I559P substitution creates a non-native gp41ECTO con-
formation that is not recognized by some anti-gp41 MAbs.

Destabilization of the six-helix bundle form of gp41 
Our mutagenesis results indicate that the SOS gp140 trimers can be stabilized by
the I559G, I559P and, to some extent, L566V and T569P substitutions in the N-
terminal heptad-repeat region of the gp41ECTO subunit. Given that hydrophobic
interactions are a dominant factor in the stabilization of the gp41 core (40,51), it
would appear that these amino-acid substitutions destabilize the six-helix bundle
structure. To directly test this hypothesis, we determined the effects of each of the
four amino-acid substitutions on the overall structure and stability of the JR-FL
gp41ECTO core. We therefore constructed a recombinant peptide model of this sol-
uble gp41 core. This model peptide, designated N36(L6)C34, consists of the N36
and C34 peptides connected via a short peptide linker that replaces the disulfide-
bonded loop region of gp41ECTO (Fig. 6A) (51). The N36 peptide consists of
residues 546-581, the C34 peptide of residues 628-661 of the JR-FL gp41 protein
sequence. Each of the above four amino-acid changes was introduced into the
N36(L6)C34 peptide. Sedimentation equilibrium analysis showed that the molec-
ular weights of N36(L6)C34 variants, except for the I559P mutant, were all with-
in 10% of those calculated for an ideal trimer, with no systematic deviation of the
residuals (data not shown).
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Circular dichroism (CD) measurements indicated that the N36(L6)C34 wild-
type, and the I559G, L566V and T569P variant peptides were each >95% a-hel-
ical at 4°C, whereas the I559P variant peptide was apparently only ~75% a-heli-
cal (Table 2). Under these conditions, the midpoints of thermal denaturation
(Tm’s) of the I559G, I559P, L566V, and T569P peptides are 46, 34, 72 and 44°C,
respectively, as compared to aTm of 78°C for the wild-type peptide (Table 2). The
pre- and post-transitional slopes and the steepness of the main transition are very
similar for the N36(L6)C34, I559G, and L566V peptides (Fig. 6B). In contrast,
the I559P and T569P peptides display broad thermal unfolding transitions (Fig.
6B). Sedimentation equilibrium experiments indicate that the N36(L6)C34 pep-
tide and its I559G, L566V and T569P variants each sediment as discrete trimers
over a ten-fold range of peptide concentration (10 to 100 µM) (Table 2; Fig. 6C).
The I559P peptide is also trimeric in solution at concentrations below 15 µM, but
it exhibits a systematic deviation from the trimer molecular weight between 10 to
100 µM, indicating that I559P is prone to aggregation. Taken together, these
results indicate that the Ile-559 to Gly and Thr-569 to Pro substitutions each lead
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Fig. 3. Gel-filtration analysis of SOSIP gp140. A. The SOS and SOSIP (SOS I559P) gp140 pro-
teins were fractionated on a Superdex 200 column. The individual fractions were analyzed
by SDS-PAGE and Western blotting. B. The same SOSIP gp140 fractions from A were ana-
lyzed by BN-PAGE and western blotting. The elution positions (peak fractions) of standard
proteins are indicated. 



to an appreciable destabilization of the six-helix bundle structure, but do not
affect its overall fold. In contrast, the Ile-559 to Pro substitution essentially dis-
rupts the six-helix bundle formation. Moreover, the Leu-566 to Val change is
associated with a small, unfavorable, residual destabilization of the six-helix bun-
dle.

Overall, these experiments confirm that the I559P, I559G, L566V and T569P
substitutions do, in fact, destabilize the six-helix bundle, post-fusion conforma-
tion of gp41ECTO. Indeed, the I559P change appears sufficient to completely pre-
vent the formation of the post-fusion state, by destabilizing the N-terminal helix.
The results obtained using model peptides are therefore consistent with what was
observed when the corresponding amino-acid substitutions were introduced into
the SOS gp140 protein. Moreover, both sets of results support the underlying
hypothesis that destabilizing, or otherwise preventing the formation of the six-
helix bundle form of gp41ECTO helps maintain the gp140 protein in its native,
trimeric, pre-fusion configuration.

Discussion

We describe here the generation and characterization of soluble, cleaved HIV-1
envelope glycoprotein trimers. In these gp140 proteins, the gp120-gp41 interac-
tions are stabilized by an intermolecular disulfide bond, and the gp41-gp41 inter-
actions are stabilized by specific amino-acid substitutions in the N-terminal hep-
tad repeat of gp41ECTO, most notably at position 559. The need for this study arose
when we observed that the SOS gp140 protein was unstable, in that it dissociat-
ed into gp140 monomers and could not be purified in trimeric form (83). The
fragility of the SOS gp140 trimer is created by the proteolytic cleavage event that
eliminates the peptide bond between gp120 and gp41ECTO as the gp140 precursor
is processed to maturity. Thus, gp140UNC proteins form stable oligomers, whether
or not the disulfide bond that characterizes the SOS gp140 proteins is also pres-
ent (2,83,87,101,102,105). Since we want to make cleaved, stable Env trimers for
structural and immunogenicity studies, we needed to find a way to overcome the
instability of the gp41-gp41 ectodomain interactions in the pre-fusion form of the
gp140 protein.

Our efforts were guided by the hypothesis that destabilization of the post-
fusion state of gp41 might lead to stabilization of the native, trimeric SOS gp140
complex. The native HIV-1 Env complex is metastable and undergoes a transi-
tion to the post-fusion, six-helix bundle structure after activation by receptor-
binding, probably losing gp120 in the process (17,24,25,31,61,99). The gp120
moiety of the SOS gp140 protein can bind CD4 and undergo conformational
changes within gp120 that expose the co-receptor binding site. We do not know
whether any additional conformational changes are initiated in the gp41ECTO moi-
ety of the SOS gp140 protein upon CD4 and/or co-receptor binding. If they are,
these changes cannot be completed. However, whether or not the SOS gp140 pro-
tein has bound to CD4, the gp41–gp41 interactions that are responsible for its
trimerization are unstable; the protein readily becomes a monomer (83). 

Our hypothesis for stabilizing the trimeric form of SOS gp140 was based on
an increasing understanding of the delicate balance between the metastable, pre-
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fusion state of gp140 and its stable, post-fusion, six-helix bundle configuration.
The balance involves not only the trimeric interactions between gp41ECTO moi-
eties, but also the association between gp120 and gp41ECTO. Several lines of evi-
dence support our experimental approach. Thus, the SIVmac gp140 protein seems
to be a more stably trimeric protein than HIV-1 gp140 (15,19). In contrast, the
post-fusion state of SIVmac Env is less stable than that of HIV-1 Env (50); it may
or may not be relevant that the SIVmacEnv glycoprotein contains a valine and not
an isoleucine residue at position 559. Furthermore, a SIVmac envelope glycopro-
tein with an unusually strong gp120-gp41 association has a destabilized, post-
fusion, six-helix bundle conformation compared to the parental virus from which
it evolved (47,50). Also consistent with our hypothesis are studies with a variant
HIV-1LAI virus engineered to contain the SOS substitutions, and so to have gp120
covalently linked to gp41. This virus is minimally infectious, but evolves in cul-
ture to a more infectious form via reversions at a region of gp41ECTO that corre-
sponds to the trimer interface of the post-fusion form (chapter 5.7). These
changes in gp41ECTO may influence the interactions both between gp120 and gp41
and between the gp41 moieties. 

We believe that the substitutions we have introduced at position 559 to make
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Fig. 4. Stability of SOSIP gp140 trimers.
Fractions 6 and 7 from a gel-filtration profile
similar to that shown in Fig. 3 were pooled
as a source of SOSIP gp140 trimers. The
trimers were (A) incubated for 1h at the
temperatures indicated or (B) exposed to a
0.1% concentration of various detergents
for 1h at 25°C. The proteins were then ana-
lyzed using BN-PAGE and Western blotting.

Fig. 5. Antigenic structure analysis of gp140
proteins. RIPAs were performed using the
gp140UNC, SOS gp140 and SOSIP gp140 pro-
teins and various neutralizing and non-neu-
tralizing MAbs, as previously described (5).



the SOSIP or SOSIG gp140 proteins, block one or more of the conformational
transitions in gp41ECTO (39). A model of how the substitutions might act is pre-
sented in Fig. 7. We argue that preventing these transitions stabilizes the SOS
gp140 protein as a trimer. However, we do not yet know which among the several
conformational transitions that gp41ECTO undergoes during fusion is impaired by
the changes at residue 559. Two possibilities are that the transition from the elusive
native state to the pre-hairpin intermediate could be affected, or the subsequent
transition from the pre-hairpin intermediate to the six-helix bundle structure might
be prevented (Fig. 7). The observation that the N36(L6)C34 I559P peptide is only
~75% helical argues in favor of the first possibility – interference with the forma-
tion of the N-terminal helix – although additional studies will be required to con-
firm this. Peptide-based studies on the gp41 N-terminal helix have shown that the
first part of this helix, including the region around residue 559, is more flexible
than the last part (18). There is evidence that the pre-hairpin intermediate may
exist as an equilibrium between a monomeric state and a trimeric coiled-coil and
that disrupting the homotrimeric coiled-coil is an efficient way to block fusion
(4,11,72). We think that preventing the formation of the inherently instable pre-
hairprin intermediate state, stabilizes the Env complex in its native conformation.  

Stabilizing the pre-fusion, trimeric structure of a fusogenic viral glycoprotein,
by destabilizing or disrupting its N-terminal helix via a proline substitution, is not
without precedent. In the influenza HA2 glycoprotein, a stretch of 22 amino-acids
is not helical in the pre-fusion form. However, upon exposure to low pH to trig-
ger fusion, this region of HA2 undergoes a loop-to-helix transition to form the
fusion-active configuration of the protein (8). Proline substitutions here in HA2

allow the expression of properly processed, but fusion-incompetent proteins
(37,75). Similarly, a proline substitution at position 559 in HIV-1 gp41 is known
to abolish the fusogenicity of an otherwise infectious virus (20,21). 

The SOSIP, SOSIG, SOS L566V and SOS T569P gp140 proteins do not suf-
fer from any proteolytic cleavage defects. This is in contrast with the cleavage
defects that are caused by amino-acid substitutions at the same positions in the
context of wild-type gp160 proteins (13,20,21,74). An explanation for the appar-
ent discrepancy may be provided by our earlier observations that the presence of
the SOS inter-subunit disulfide bond can rescue some cleavage defects in gp140
proteins (79). Moreover, the various SOS gp140 proteins are expressed in the
presence of co-transfected furin, so the increased concentration of this enzyme
may compensate for any partial reduction in cleavage efficiency. We have
described elsewhere the use of basic substitutions within the gp140 cleavage site
to increase the efficiency with which SOS gp140 proteins are processed by
endogenous and exogenous furin proteases (6). The utility of these cleavage site
changes in the context of the SOSIP gp140 protein is now being evaluated.

Several unpurified and purified gp140UNC proteins from both HIV-1 and SIV-
mac have been described previously (2,15,19,28,86,87,105). There is general
agreement that SIVmac gp140UNC proteins are predominantly trimeric (15,19). In
contrast, the oligomeric state of HIV-1 gp140UNC proteins varies from study to
study. After a purification procedure that included an earlier size exclusion chro-
matography step, HIV-1 ADA gp140UNC proteins were eluted homogeneously
from size exclusion columns with a molecular weight that indicates they are

265

Stabilizing cleaved Env trimers



trimers (105). The production of an oligomeric US4 gp140UNC protein that might
be trimeric has also been reported (86). The presence of both dimers and
tetramers in uncleaved versions of both membrane-bound gp160 and soluble
gp140 molecules has been observed in several previous studies (27-30,33,101-
103). Our own experience, using the BN-PAGE assay, is that a mixture of dimers,
trimers and tetramers is present in unpurified and purified HIV-1JR-FL gp140UNC

preparations, with dimers being the most abundant species (83). Moreover, the
dimeric and tetrameric forms of HIV-1 gp140UNC and gp160 proteins are proba-
bly oligomerized by aberrant intermolecular disulfide bonds (Fig. 2) (67,83). It is
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Fig. 6. HIV-1 gp41ECTO core struc-
ture and mutant peptides. A. The
N36/C34 crystal structure is
shown with one N36 and one
C34 helix labeled at the amino
terminus. Three C34 helices
(red) pack against the N36
trimeric coiled coil (blue). The
van der Waal surfaces of
residues at the a (red) and d
(green) positions are superim-
posed on the helix backbone of
the N36 coiled coil. Amino-acids
substituted in this study are indi-
cated above the a and d layers.
The Fig. was prepared using the
program GRASP (64). B. Ther-
mal melting transition curves of
the N36(L6)C34 (open circles),
I559G (closed circles), I559P
(open squares), L566V (open
rhombs) and T569P peptides
(open triangles) were deter-
mined by CD spectroscopy at
222 nm, and at a peptide concen-
tration of 10 µM in PBS (pH 7.0).
The increase in the fraction of
unfolded molecules is shown as
a function of temperature. All
melts were reversible. Superim-
posable folding and unfolding
curves were observed, and
>90% of the signal was regained
upon cooling. C. Equilibrium
sedimentation analysis of the
T569P peptide. Representative
data for this peptide were col-
lected at 20°C and 20,000 rpm in
PBS (pH 7.0), at a peptide con-
centration of ~30 µM. The data fit
best to a trimer model (curve 3).
Curves for a dimer (curve 2) and
a tetramer (curve 4) are depicted
for comparison. Analyses of
residual differences from curve 3
do not reveal a systematic error.



unlikely that oligomeric gp140 proteins of this type will fully mimic the native
conformation of Env. Indeed, we have found that unpurified gp140UNC proteins
have a different antigenic structure than unpurified SOS gp140 monomers and
SOSIP gp140 trimers. Thus, non-neutralizing antibody epitopes in both the
gp120 and gp41ECTO moieties are exposed to a much greater extent in gp140UNC

proteins than in the SOS gp140 proteins (Fig. 5) (5,79,83). We are now compar-
ing purified, cleaved and uncleaved trimers, as well as purified, uncleaved dimers
and tetramers, to assess their antigenic structures, their migration on BN-PAGE
gels after various treatments, and their receptor-binding properties. These and
other planned structural studies studies should help determine whether SOSIP
gp140 proteins truly have properties that mimic those of the native Env trimer, or
whether the I559P or related substitutions have converted the gp41ECTO moieties
into a non-native, irrelevant conformation.

The trimer-stabilizing substitutions we have described here should simplify
the production of cleaved Env trimers, which may be useful in vaccine design
and for structural studies. Whether cleaved, stabilized trimeric Env proteins such
as SOSIP gp140 will turn out to be better or worse immunogens than other forms
of Env (e.g., gp140UNC proteins) can only be determined empirically. It may be
necessary to further modify the structure of SOSIP gp140 to increase its immuno-
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Fig. 7. Model of gp41ECTO and its transitions during fusion. Left panel: the hypothetical,
native pre-fusion configuration of gp41 (39). Middle panel: The pre-hairpin intermediate
form. Right panel: The post-fusion state. In the pre-fusion configuration the N-terminal helix
is not present, and the region around position 559-569 is not helical. The I559P and related
substitutions are proposed to disrupt either the formation of the N-terminal helix in the pre-
hairpin intermediate, or the formation of the six-helix bundle. By doing so, the modified
SOS gp140 proteins are maintained in the pre-fusion configuration. The position of the
T605C substitution that creates the SOS gp140 protein is also specified, as is the adjacent
intermolecular disulfide bond (yellow bar) and the position of N-linked glycans. Only the
two helices from one gp41 molecule are shown, for clarity.



genicity, for example, by removing the variable loops to increase the exposure of
underlying conserved epitopes, or by reducing the extent to which the protein is
glycosylated (2,7,23,53,62,76,104). Proteins with such changes are now also
being constructed for future structural and immunogenicity studies. 
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Chapter 5.7

Evolutionary repair of HIV-1 gp41 with a kink
in the N-terminal helix leads to restoration of the

six-helix bundle structure
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The HIV-1 envelope glycoprotein complex (Env) can be stabilized by the intro-
duction of a disulfide bond between the gp120 and gp41 subunits. The resulting
protein is monomeric, but trimerization can be improved by the introduction of a
single helix-breaking residue at the conserved Ile559 site in the N-terminal hep-
tad repeat region of gp41. To provide more insight into how such a substitution
in gp41 affects Env structure and function, we evaluated the effect on the wild-
type Env in the context of replicating virus. The Ile559Gly and Ile559Pro muta-
tions adversely affect Env biosynthesis and Env incorporation into virions. Bio-
physical studies show that the Ile559Pro mutation essentially disrupts the folding
of a recombinant gp41 ectodomain core into a six-helix bundle structure. Virus-
es containing the Ile559Gly and Ile559Pro substitutions replicate poorly, but an
evolution route is described that restores replication competence. In the escape
virus, which contains a Pro559Leu first-site pseudo-reversion, the local helical
structure and, as a consequence, Env biosynthesis and function are restored.

Introduction

The HIV-1 envelope glycoproteins (Env) mediate viral attachment and entry into
susceptible target cells. A gp160 precursor protein is processed intracellularly to
yield the native form of the envelope complex, consisting of three gp120 and three
gp41 molecules associated through non-covalent interactions. Upon binding of
the cell-surface receptor (CD4) and a co-receptor (CCR5 or CXCR4) to the surface
subunit gp120, a series of conformational changes within the Env complex enable
the insertion of the hydrophobic fusion peptide of the transmembrane subunit gp41
into the target membrane (31,45). Structural rearrangements within gp41 eventual-
ly trigger the association of the N-terminal helix (the first heptad repeat; HR1) with
a C-terminal helix (the second heptad repeat; HR2) into a six-helix bundle, there-
by juxtaposing the viral and cellular membranes for fusion (12,15,18). These late
structural changes are targeted by the entry inhibitor T-20 (2,15).
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The gp120 and gp41 glycoproteins are embedded in the viral membrane, and
form the major targets for virus-neutralizing antibodies (29,31). Hence these
proteins are the focus for the development of subunit vaccines based on the
induction of humoral immunity. However, monomeric gp120 has not been able
to elicit adequate neutralizing antibody responses (29,42). Although more sophis-
ticated, modified Env immunogens have been designed, the design of such pro-
teins is greatly hampered by an incomplete understanding of the intracellular
folding, processing and oligomerization steps, and the structure of the assembled
Env complex. Thus, modified forms of Env can sometimes be misfolded,
uncleaved, monomeric/dimeric instead of trimeric or otherwise structurally dif-
ferent from the native Env conformation. A better understanding of these modi-
fied Env constructs may help in the design of further modifications and, eventu-
ally, in the development of improved Env immunogens.

We have previously shown that gp120 and gp41 can be stably linked by an
appropriately positioned disulfide (5,37,41). Antibody probing indicated that the
resulting soluble SOS gp140 protein is correctly folded, but subsequent studies
indicated that it does not form a stable trimer (41). The membrane-bound form of
the disulfide-stabilized protein (SOS Env) is capable of receptor-activated fusion
when a reducing agent is added at the appropriate time to break the engineered
bond (1,4). We subsequently demonstrated that the replacement of the absolute-
ly conserved Ile at position 559 in the gp41 ectodomain (gp41e) by Gly (I559G)
or Pro (I559P), can further stabilize the soluble SOS gp140 protein in substantial-
ly trimeric form (39). The resulting protein is termed SOSIP gp140 and may
serve as a scaffold for further modifications to expose neutralizing epitopes. The
immunogenicity of trimeric SOSIP gp140 is currently under investigation. The
critical importance of gp41e residue 559 in trimer stabilization warrants further
investigation of this position. To provide more insight into how substitutions at
position 559 confer stability upon Env trimers, their effect on Env function was
evaluated. We report here that viruses with the I559G and I559P substitutions
replicate poorly, but that viral evolution is able to repair the replication capacity.
The pathway involves restoring the potential of the HR1 region to form an a-helix
that is capable of interacting with the HR2 region to form the six-helix bundle
structure. 

Materials and Methods

Plasmid constructs  
The plasmid pRS1, generated to subclone mutant env genes, was generated as
follows. First, the SalI-BamHI fragment from a molecular clone of HIV-1LAI

(pLAI)(30) was cloned into pUC18 (Roche, Indianapolis, IN). Second, a PstI-
StuI fragment from the resulting plasmid was cloned into a pBS-SK(+)-gp160
plasmid with the Sal I-XhoI sequences of pLAI. Mutations were introduced in
pRS1 using the Quickchange mutagenesis kit (Stratagene, La Jolla, CA) and ver-
ified by DNA sequencing. Mutant env genes in pRS1 were cloned into pLAI as
SalI-BamHI fragments. Plasmid pN36/C34JR-FL, encoding the HIV-1JR-FL N36
(L6)C34 model peptide, was described previously (39). Amino-acid substitutions
were introduced into the N36 segment of pN36/34JR-FLby the method of Kunkel
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et al. (23)  and verified by DNA sequencing. Numbering of individual amino-
acids is based on the HXB2 gp160 sequence. 

Cells and transfection
SupT1 T cells and C33A cervix carcinoma cells were maintained in RPMI 1640
and DMEM, respectively (Life Technologies Ltd., Paisley, UK), supplemented
with 10% fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (100
µg/ml) as previously described (35). SupT1 and C33A cells were transfected with
pLAI constructs by electroporation and Ca2(PO4)3 precipitation, respectively, as
described previously (13). 

Viruses and infection
Virus stocks were produced by transfecting C33A cells with the appropriate pLAI
constructs. The virus containing supernatant was harvested 3 days post-transfec-
tion, filtered and stored at -80°C. The virus concentration was quantitated by cap-
sid (CA)-p24 ELISA as described previously (20). These values were used to
normalize the amount of virus in subsequent infection experiments, which were
performed as follows. 200x103 T cells were infected with C33A-produced HIV-
1LAI (20 ng CA-p24 per well on a 24-well plate), and virus spread was monitored
for 14 days by CA-p24 ELISA. 

Virus infectivity
LuSIV cells, stably transfected with an LTR-luciferase construct (34), were
infected with 200 ng CA-p24/300x103 cells/ml/well on a 48-well plate. Cells
were maintained in the presence of 200 nM saquinavir to prevent subsequent
rounds of replication. Luciferase activity was measured after 48 h.  

Virus evolution
For evolution experiments, SupT1 cells were transfected with 40 g pLAI by elec-
troporation. The cultures were monitored regularly for the emergence of revertant
viruses, using CA-p24 ELISA and/or the appearance of syncytia as indicators of
virus replication. At regular intervals, cells and filtered supernatant were stored at -
80°C and virus was quantitated by CA-p24 ELISA. When a revertant virus was
identified, DNA was extracted from infected cells (14). Proviral gp41e sequences
were PCR-amplified with primers A (5’-GTTTTAATTGTGGAGGGGAAT-3’)
and B (5’-ATTCCAATAATTCTTGTTCATTC-3’), then sequenced.

Ultracentrifugation of virions
C33A cells were transfected with 40 µg pLAI per T75 flask. Medium was
refreshed at day one post-transfection. The culture supernatant was harvested at
3 days post-transfection, centrifuged and passed through a 0.45 µm filter to
remove residual cells and debris. Cells were resuspended in 1.0 ml of lysis buffer
(50mM Tris (pH 7.4), 10mM EDTA, 100mM NaCl, 1% SDS). Virus particles
were pelleted from the supernatant by ultracentrifugation (100,000 x g for 45 min
at 4°C) and resuspended in 0.5 ml lysis buffer. The virus free supernatant, con-
taining shed gp120, was concentrated using Amicon centrifugal filter units (Mil-
lipore, Bedford, MA), then SDS was added to a final concentration of 1%.
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Quantitation of gp120 by ELISA
Gp120 in cell, virion and supernatant fractions was measured as described previ-
ously with some modifications (28,38).  ELISA plates were coated overnight with
sheep antibody D7324 (10 µg/ml in 0.1 M NaHCO3; Aalto Bioreagents, Rath-
farnham, Dublin, Ireland), which is directed to the gp120 C5 region. After block-
ing by 2% milk in Tris-buffered saline (TBS) for 30 min, gp120 was captured by
incubation for 2 h at room temperature. Recombinant HIV-1LAI gp120 (Progenics
Pharmaceuticals, Inc. Tarrytown, NY) was used as a reference standard.
Unbound gp120 was washed away with TBS and purified HIV-1+ serum Ig
(HIVIg) was added for 1.5 h in 2% milk, 20% sheep serum (SS), 0.5% Tween.
HIVIg binding was detected with alkaline phosphatase conjugated goat anti-
human Fc (1:10000, Jackson Immunoresearch, West Grove, PA) in 2% milk, 20%
SS, 0.5% Tween. Detection of alkaline phosphatase activity was performed using
AMPAK reagents (DAKO, Carpinteria, CA). The measured gp120 contents of
cells, virus and supernatant were corrected for the CA-p24 content of the respec-
tive fractions. The resulting gp120/p24 ratio’s of the wt virus were arbitrarily set
at 1.0 for each fraction and the relative gp120/gp24 ratio’s of mutant and rever-
tant viruses were established.

Peptide production 
All recombinant peptides were expressed inEscherichia coli strain
BL21(DE3)/pLysS (Novagen, Madison, WI). The bacteria were grown at 37°C in
LB medium to an optical density of 0.8 at 600 nm, and induced with isopropy-
lthio-b-D-galactoside for 3-4 h. Cells were lysed at 0°C with glacial acetic acid.
The bacterial lysate was centrifuged (35,000 xg for 30 min) to separate the sol-
uble fraction from inclusion bodies. The soluble fraction, containing denatured
peptide, was dialyzed into 5% acetic acid overnight at room temperature. Pep-
tides were purified from the soluble fraction to homogeneity by reverse-phase
high-performance liquid chromatography (Waters, Milford, MA) using a Vydac
C-18 preparative column (Vydac, Hesperia, CA) and a water-acetonitrile gradi-
ent in the presence of 0.1% trifluoroacetic acid and then lyophilized. The molec-
ular weight of each peptide was confirmed by matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (PerSeptive Biosystems, Framing-
ham, MA). The concentration of each peptide was determined at 280 nm after
solubilization in 6 M guanidinium chloride (16).

Circular dichroism (CD) spectroscopy
HPLC-purified peptides were solubilized in 6 M guanidinium chloride and 10
mM Tris-HCl (pH 7.0), and refolded by dilution into 100 mM NaCl, 50 mM
Na3PO4, pH 7.0 (PBS). The single-point substituted variant peptides were named
according to the position of the substitution. CD experiments were performed on
an Aviv 62A DS circular dichroism spectrometer. The wavelength dependence of
molar ellipticity, [θ], was monitored at 4°C, using a 10 µM peptide solution in
PBS. Helix content was calculated by the method of Chen et al. (11). Thermal
stability was determined by monitoring the change in the CD signal at 222nm
([θ]222) as a function of temperature. Thermal melting experiments were per-
formed in 2°C increments with an equilibration time of 2 min at the desired tem-
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perature and an integration time of 30 s. All melts were reversible. Superimpos-
able folding and unfolding curves were observed, and >90% of the signal was
regained upon cooling. The melting temperatures, or midpoints of the coopera-
tive thermal unfolding transitions (Tm), were determined from the maximum of
the first derivative, with respect to the reciprocal of the temperature, of the [θ]222

values (6). The error in estimation ofTm is ± 0.5 °C.

Sedimentation equilibrium analysis
A Beckman XL-A (Beckman Coulter, Fullerton, CA) analytical ultracentrifuge
equipped with an An-60 Ti rotor (Beckman Coulter) was used. Peptide solutions
were dialyzed overnight against PBS (pH 7.0), loaded at initial concentrations of
10, 30 and 100 µM, and analyzed at rotor speeds at 20,000 and 23,000 rpm at
20°C. Data sets were fitted simultaneously to a single-species model of
ln(absorbance) versus (radial distances)2 using the program NONLIN (21). Pro-
tein partial specific volume and solvent density were calculated as described by
Laue et al. (24).

Results

The HIV-1 I559G and I559P mutants are replication defective
Helix-breaking residues introduced at position 559 in gp41 can stabilize pre-
fusion Env trimers (39). Located centrally in the core of the six-helix bundle (Fig.
1), these substitutions are thought to disfavour conformational changes that lead
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Fig. 1. A. The location of Ile-559
in the gp41 core domain.
Residue Ile-559 (yellow spheres)
is shown in the crystal structure
of the gp41e core in the six-helix
bundle conformation (pdb ac-
cession code 1AIK (8)). Ile-559
is located in the middle of the
N-terminal helix and in the cen-
ter of the trimeric coiled-coil,
participating in hydrophobic
interactions that contribute to
the stability of the six-helix bun-
dle. The Fig. was drawn using
MOLSCRIPT (22) and RASTER3D
(27). B. Linear representation of
gp41 and the N36(L6)C34 pep-
tide used for biophysical experi-
ments (FP, fusion-peptide; HR1,
first heptad-repeat region or N-
terminal helix; HR2, second hep-
tad-repeat region or C-terminal
helix; TM, trans-membrane
domain). The location of residue
559 in HR1 is indicated with the
codons for the wt, mutant and
revertant residues. The revertant
codon was dominantly present
in the population sequence of
the viral quasispecies at day 24
and subsequent time-points.



to fusion, thereby stabilizing the inherently metastable pre-fusion state of the Env
complex (39). To study the effects of the I559P and I559G substitutions on repli-
cation of the wild-type (wt) virus, they were introduced into a molecular clone of
HIV-1LAI . Virus stocks were generated, and mutant and wt viruses were analysed
for their ability to replicate in the SupT1 T cell line. These studies indicate that
replication of both mutant viruses is completely abolished (Fig. 2A). This result
is consistent with the strong conservation of Ile at position 559 among natural
virus isolates (36).

The HIV-1 I559P mutant evolves through first-site pseudoreversion
To obtain a better understanding of why the I559P and I559G mutant viruses were
not able to replicate, we performed forced evolution experiments (3,26,44). Multi-
ple independent cultures of SupT1 cells were transfected with the molecular clone
of I559G or I559P. The mutant codons creating the I559G or I559P changes were
designed such that first-site reversion to the wt sequence was possible only by
means of at least two nucleotide changes, which is an unlikely event (Fig. 1B). The
transfected cells were maintained in culture for a prolonged period. After 24 days
of culturing, we identified a replicating virus in a single I559P culture. The infec-
tivity of this virus variant was then directly compared with the original I559P
mutant, demonstrating that the variant had a significantly increased replication
capacity (Fig. 2B). The replication of the variant virus did not further improve in
more extended cultures (results not shown). No virus evolution was ever detected
in other I559P and I559G cultures.

Total cellular DNA was extracted from cells infected with the evolved virus.
The gp41-coding region of the proviral env gene was PCR-amplified and
sequencing of the viral quasispecies at day 24 revealed the occurrence of a first-
site pseudo-reversion P559L via a single C-to-T transition (Fig. 1B). We did not
detect other mutations in gp41e. Although leucine is biochemically similar to
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Fig. 2. Replication of the I559G/
I559P mutant and the P559L
revertant viruses. A. 3 x 105

SupT1 cells were infected with
the wt and mutant viruses (20 ng
CA-p24) and virus spread was
monitored by CA-p24 ELISA for
14 days. B. Infection of SupT1
cells with the evolved I559P virus
harvested at day 24 (quasi-
species directly isolated from the
evolution culture), the parental
I559P mutant virus and the
P559L virus (20 ng CA-p24). 



isoleucine, it is never found at this position in natural virus isolates (36). To
exclude the possibility that additional mutations in the viral genome caused or
contributed to the revertant phenotype, we constructed a molecular clone contain-
ing only the P559L change. Virus stocks were generated and the replication
capacity was evaluated in infection experiments. The P559L virus replicated effi-
ciently, confirming that the first-site pseudo-reversion was sufficient to account
for the variant phenotype (Fig. 2B). Similar results were obtained in other T cell
lines (results not shown). We could not readily observe differences in replication
between the wt and P559L viruses in competition experiments (results not
shown).

The severe replication defect of the gp41 mutants probably arises at the level
of virus-cell fusion and entry. To assess this, we used a single cycle infection
assay in which the target cell contains an LTR-luciferase reporter construct that
is activated by newly synthesized Tat protein encoded by the incoming virus.
First, we made stocks of the wt, mutant and revertant viruses by transfection of
C33A producer cells. There was no significant difference in the production of the
three viruses in these cells: this was expected because virus assembly and bud-
ding is essentially Env-independent (Fig. 3A). We next tested equal amounts of
the three viruses in an infection assay, measuring luciferase activity after 2 days
(Fig. 3B). Consistent with the replication results, we measured no entry for the
I559G and I559P mutant viruses, whereas entry of the revertant virus was
restored to levels comparable to that of the wt virus.

Env production and virion incorporation
To investigate whether Env biosynthesis, incorporation into the virion and/or
gp120 shedding were affected by the I559G and I559P substitutions, we quanti-
fied the gp120 content of virus-producing cells, pelleted virions and the super-
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Fig. 3. The P559L reversion restores
viral entry. A. Virus stocks were pro-
duced by transient transfection of
C33A cells and the amount of virus
was quantitated by CA-p24 ELISA. B.
3 x 105 LuSIV cells were infected with
100 ng CA-p24 in the presence of 200
nM Saquinavir. Viral entry was quan-
tified by measuring the luciferase
activity 48 h after infection.



natant from the virion pellet that contained dissociated gp120. To do this, C33A
cells were transfected with a molecular clone of either the wt virus or one of the
I559G, I559P or P559L mutants. The cell fraction was separated by centrifuga-
tion and the virions were collected by ultracentrifugation. The amount of CA-p24
in the various fractions was quantified for the wt virus and the three mutants, then
used to normalize the gp120 content of each fraction. Each of the four viruses
produced a similar amount of CA-p24 in each fraction (results not shown). The
I559G and I559P mutants accumulated gp120 intracellularly, while low amounts
of gp120 were shed into the medium and incorporated onto virions (20% and
41% incorporation compared to wt; Fig. 4), indicating that these mutants have
biosynthesis problems. The P559L reversion is able to restore Env incorporation
onto virions to 63% compared to wt, while the gp120 content of the supernatant
is comparable to wt (105%), indicating that relatively more gp120 is shed from
the virus and/or cell surface.

Together, the above results indicate that the replication defects of the I559P
and I559G mutants can be attributed to problems with Env biosynthesis and Env
incorporation onto virions. The P559L reversion partially overcomes these prob-
lems, but causes an increase in gp120 shedding. Nevertheless, although gp120
was virtually absent from virions of the I559G mutant, a considerable amount of
Env (41% of wt) was present on the I559P mutant virions. Thus, other defects
may contribute to the overall reduction in the fusion capacity of the latter mutant.

The P559L reversion restores the α-helical content of gp41e
We next investigated the effects of the P559L reversion on the structure and sta-
bility of the gp41 ectodomain core formed by the recombinant polypeptide
N36(L6)C34 (Fig. 1B). The P559L substitution was introduced into N36(L6)C34
and its biophysical properties were compared to those of the wt peptide and the
I559P mutant. Circular dichroism was used to measure the extent of the α-heli-
cal structure. The wt peptide is >95% α-helical at 4ºC as indicated by the typical
wavelength dependency pattern shown in figure 5A. In contrast, the I559P mutant
is only ~75% α-helical (Fig. 5A, table 1 and ref (39)). The revertant P559L pep-
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Fig. 4. The P559L reversion
restores Env incorporation into
virions. The gp120 content of
cells, virus and supernatant frac-
tions of virus-producing cells
were measured. gp120 and CA-
p24 contents were measured by
ELISA. The gp120 amounts were
standardized for CA-p24 input
and the gp120 content of the
mutants is presented relative to
that of wt gp120. The respective
residues at position 559 are indi-
cated at the bottom of the figure.
The experiment was performed
in triplicate and the standard
errors of deviation are indicated
by error bars. Similar results
were obtained in three independ-
ent experiments.



tide is >95% α-helical and its wavelength dependency is similar to that of the wt
peptide, indicating that the Pro-to-Leu reversion restores the wt α-helical struc-
ture. Under these conditions, the mid-point of thermal denaturation (Tm) of the wt
peptide is 78ºC, the Tm for the I559P and P559L peptides are 34ºC and 76ºC,
respectively (table 1, Fig. 5B and ref (39)). The pre- and post-transitional slopes
and the steepness of the main transition are very similar for the wt and P559L
peptides (Fig. 5B). In contrast, the I559P peptide displays broad thermal unfold-
ing transitions (39). Sedimentation equilibrium experiments indicate that the
P559L peptide forms discrete trimers over a ten-fold range of peptide concentra-
tion (10 to 100 µM) (table 1, Fig. 5C). In conclusion, these data indicate that the
I559P substitution disrupts α-helical structure and thus reduces six-helix bundle
stability. Both these effects probably contribute to the fusion-defective phenotype
of the I559P mutant virions. The P559L reversion, however, restores both α-hel-
ical structure and six-helix bundle stability.

Discussion

We have studied viral replication and evolution of viruses that have substitutions
at position 559 in the gp41e core. These substitutions stabilize the oligomeric
state of disulfide-linked gp120-gp41 complexes (39). In the context of soluble
gp140 with a disulfide (SOS) bond between gp120 and gp41e, the I559P substi-
tution increases trimerization, but does not seem to have any adverse conse-
quences. The I559G substitution reduced expression of SOS gp140, but it too
increased gp140 trimer stability. The mechanism of trimer stabilization by the
substitutions at position 559 is incompletely understood, but we think that the
introduction of helix-breaking residues blocks a transition of a non-helical seg-
ment to an α-helical structure (39). This conformational change could be neces-
sary for the formation of the pre-hairpin intermediate, in which the N-terminal
fusion peptides are directed towards the target membrane. A similar conforma-
tional change is required for membrane fusion mediated by the influenza hemag-
glutinin, and the introduction of prolines in an analogous non-helical segment
blocks the transition to the fusion-active state (33). Thus, the inherently instable
native conformation of the Env complex can be stabilized by blocking a confor-
mational change that is normally necessary for function.

The I559G and I559P viruses are both replication defective. The defect in the
I559G mutant is probably explained by the absence of Env from virions, but it is
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Table 1. Summary of circular dichroism and sedimentation equilibrium data for the HIV-1
gp41 core mutants 

————————————————————————————————————————————————————————————————————————————————————
-[θ]222

a Tm
a Molecular mass

N36(L6)C34 peptide (deg cm2 dmol-1) (°C) (kDa)
————————————————————————————————————————————————————————————————————————————————————
wt b 32,500 78 27.6
P559L 32,700 76 26.8
I559Gb 32,300 46 25.9
I559Pb 25,600 34 NAc

————————————————————————————————————————————————————————————————————————————————————
a All scans and melts were performed at 10 µM protein concentration.
b Data derived from ref (39)
c NA, aggregated.



unlikely that the defect in the I559P mutant is solely attributable to the observed
59% reduction of Env incorporation or retention in virions. In general, the effect of
these substitutions in the context of infectious virus seems to be more severe and
complicated than when they are present in soluble SOS gp140. This is consistent
with previous reports on the adverse impact of the I559P change on protein expres-
sion, cleavage and gp120 association (9,10). In the context of SOS gp140, the
I559P mutation does not affect expression and cleavage, which may not be entirely
unexpected since we reported elsewhere that the SOS disulfide bond can rescue
the folding and cleavage of otherwise misfolded Env variants (37). 

The Env biosynthesis defect imposed upon infectious viruses by the I559G
and I559P substitutions implies that the integrity of the gp41 N-terminal helix is
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Fig. 5. The P559L peptide folds as a sta-
ble α-helical trimer.  A. Circular dichro-
ism (CD) spectrum of wt N36(L6)C34,
I559P and P559L peptides at 4°C. B.
Thermal melts of wt N36(L6)C34 (open
triangles) and P559L (open circles) pep-
tides monitored by CD at 222 nm at 10
µM protein concentration in PBS (pH
7.0). C. Representative sedimentation
equilibrium data (20 krpm) of the P559L
peptide collected at 20°C in PBS (pH
7.0) at ~30 µM protein concentration.
The natural logarithm of the absorbance
at 280 nm is plotted against the square
of the radial position.  The random dis-
tributions of the residuals indicate that
the data fit well to an ideal single-
species model.  The slope of the plotted
data indicates the P559L peptide is a
trimeric species. The calculated data for
dimeric and tetrameric models are indi-
cated by solid and dashed lines, respec-
tively. Note that the data on the I559P
peptide are reproduced from ref (39) for
clarity.



important not only for the post-fusion structure, as shown by our biophysical
experiments, but also for the formation of a different gp41 configuration that is
required for Env biosynthesis in the first place. One explanation is that the N-ter-
minal helix in gp41 is important for the structure of a folding intermediate of the
nascent Env protein, or of the uncleaved gp160 precursor. There is evidence that
gp41e in the uncleaved precursor protein shares some characteristics with the
post-fusion gp41e structure. For instance, cluster I and II non-neutralizing epi-
topes are exposed both on uncleaved protein and on the six-helix bundle, but not
on the native pre-fusion complex (5,17,19,40,43). Thus, the I559P substitution
causes Env to fold in a structure that is not easily cleaved (9,10). The P559L
reversion restores this defect, but results in a weakened gp120 - gp41 interaction.
Hence this residue may play an important role in the interaction of gp41 with
gp120. Consistent with this supposition, we and others have found that other
residues in this gp41 domain are also involved in the gp120-gp41 interaction
(chapter 4.3)(5,7,9,25,32,36). Why, however, is a leucine residue never found at
position 559 in natural isolates? The increased gp120 shedding associated with
the P559L variant apparently has little or no impact on virus replication in vitro,
but there may be less obvious disadvantages in vivo. 

Although we did not test the P559L substitution in our previous studies on sta-
bilizing disulfide-linked soluble gp140 trimers through substitutions at position
559, we did test the similar I559V substitution (39). In contrast to the helix-
breaking I559G and I559P substitutions, the I559V substitution had no trimer sta-
bilizing effect, so it is unlikely that the I559L substitution will have such an
effect. Apparently, stabilizing the native trimer is not advantageous for virus
replication, since a metastable, spring-loaded Env complex is required to trigger
receptor-mediated fusion. Overall, a better understanding of Env conformation
and, in particular, of how sequence changes affect Env folding, structure and
function, may help in the design of future modifications intended to improve Env
immunogenicity. 
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Chapter 6

Concluding remarks

The work presented in this thesis encompasses several aspects of HIV-1 biology,
with a particular focus on the envelope glycoprotein complex (Env). Although
some studies may seem unrelated, only a complete integration of Env science
from different disciplines may tackle the HIV vaccine problem. Almost all
aspects of Env research have consequences for Env vaccine design. Not only Env
immunology, but also Env biochemistry and biophysics to study protein struc-
ture, folding and function have important implications for Env vaccine design.
This is particularly true because unmodified Env has no prospect as an HIV vac-
cine and Env thus has to be modified, perhaps extensively. Modifications of Env
may affect its folding, structure, glycosylation and function, but also the type of
antibody responses it elicits in vaccinated individuals. Thus, a differently folded
Env immunogen may alter the elicitation of neutralizing antibodies, non-neutral-
izing antibodies and enhancing antibodies. A better understanding on the bio-
chemical and functional properties of Env in combination with an understanding
of the antibody response against Env should eventually lead to the design of Env
immunogens that can elicit protective antibody responses. 

To get a better understanding of Env-mediated transmission by dendritic cells
(DC) and to identify which molecules besides Env are involved in this process,
we studied HIV-1 transmission by different subsets of mature DC that differen-
tially express surface molecules involved in HIV-1 transmission and infection
(chapter 2 (25)). The experiments revealed that the ICAM-1 – LFA-1 interaction,
which plays an important role in the immunological contact between DC and T
cells, also plays a key role in the transfer of HIV virus particles from DC to the
T cell. The relevance of this study became apparent in a recent article published
in Science by McDonald et al. (18), in which the authors describe the visualiza-
tion of DC-mediated HIV transmission by time-lapse microscopy. They elegant-
ly show that an ’infectious synapse’ is formed between DC and T cell, analogous
to the immunological synapse between the two cell types, which facilitates trans-
fer of the virion due to clustering of relevant receptors and adhesion molecules.
Among the molecules on the T cell surface that cluster at the infectious synapse
are CD4, CXCR4, CCR5 and LFA-1, the latter of which we proposed to facili-
tate HIV transmission by an interaction with its counterpart ICAM-1 on the donor
DC (see chapter 2.1, Fig. 6).

One aspect that is relevant to several chapters in this thesis is the interaction
between gp120 and gp41. This interaction is important for vaccine design for
several reasons. The interactive regions form the non-neutralizing decoy epitopes
that are exposed in the dissociated subunits and immature gp160. Stabilization of
the intersubunit interactions is important to create a stable mimic of the function-
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al trimer that does not expose these decoy epitopes. During the work presented
in this thesis, we acquired more knowledge on the interaction between gp120 and
gp41. It was previously known that the C1 and C5 regions in gp120 and the loop
and HR1 regions in gp41 were involved in the intersubunit interactions (see
appendix and (26)). We show here that the C5 region has its contact site in the
gp41 loop region. More precisely, position 501 in gp120 has to be in close prox-
imity to position 605 in gp41 in order to form the SOS intermolecular disulfide
bond (chapters 5.1 and 5.2). We also showed that gp41 residues 591 and 593 can
influence the interaction between 501 and 605 (chapter 5.4). Furthermore, it
became apparent that residue 559 affects the interaction with gp120, although we
can not point to a specific interaction domain in gp120 (chapter 5.7). The results
presented in chapter 4.3 show that reversion in the C1 region or in the leader pep-
tide in combination with reversion in HR1 in gp41, specifically at residues 567
and 573, contribute to the restoration of folding and viral replication of a virus
that lacks a disulfide bond in the C1 region. This strongly suggests that the C1
region contacts HR1 and that this interaction is important at some stage during
folding. The above mentioned results are summarized in the structure model of
the gp41 ectodomain (Fig. 1), in which the suggested contact regions for the C1
and C5 regions are indicated. The gp41 loop region contacts C5, HR1 contacts
C1, the fusion peptide (not shown) may contact gp120 or may be buried in the
hydrophobic core of the complex. 

Glycosylation of Env is important for many reasons. First, glycans are very
important for proper folding in the ER (chapter 4). Second, they have a function-
al role in binding DC-SIGN and other lectins to facilitate DC-mediated transmis-
sion (chapter 2.1). Third, they are important for immune evasion (chapters 1 and
3.1). Strikingly, they are also the target of the broadly neutralizing antibody
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Fig. 1. Residues in gp41 that are described in this thesis are highlighted in the post-fusion
structure model of gp41 (8). Panel A represents a side view of trimeric gp41 oriented such
that the 2F5 epitope and the membrane would be at the bottom. Panel B gives a top view
of the loop region. The glycans (cyan) were modeled by dr. Mark Wormald (Oxford Glyco-
biology Institute, Oxford, UK). Residues 591, 593 and 605 (chapters 5.1 and 5.4) that are
involved in the interaction with the gp120 C5 region are coloured in red. Residues 567 and
573 (chapter 4.3) that are involved the interaction in the gp120 C1 region are marked green,
and residue 559 (chapters 5.6 and 5.7) is in yellow. The contact site of residue 559 is not
known. Note that the structure model represents the post-fusion conformation of gp41, not
the gp120 bound conformation, which is currently unknown.  
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2G12. It is relevant to vaccine design to dissect which glycans are important for
which function, since one important modification strategy will be the removal of
specific glycans in order to unshield potential neutralizing epitopes and to
increase the elicitation of neutralizing antibodies. Thus, it seems reasonable to
leave intact the glycans that are directly and indirectly involved in 2G12 binding,
to give the immune system an opportunity to elicit 2G12-like antibodies. The
results from our analysis of the 2G12 epitope (chapter 3)(28) were recently con-
firmed in a Science article by Calarese et al. (9), which describes the crystal struc-
ture of a dimeric Fab fragment of 2G12. Docking of the dimeric antigen binding
site of the 2G12 Fab onto gp120 revealed that the carbohydrates attached to
asparagines 332 and 392 are key to 2G12 binding with some direct or indirect
contribution of other glycans. These conclusions largely confirm our findings.
Interestingly, Hong and co-workers recently showed that the epitope of 2G12
does not overlap with the binding site of DC-SIGN (12).

An understanding of Env folding is of importance for vaccine design. In par-
ticular, knowledge of oxidative folding of Env in the ER and the role of disulfide
bonds in this process (chapter 4) is of importance when changing the disulfide
bonded architecture as in our SOS modified Env variants (chapter 5). We found
that Env is relatively flexible in changing this architecture. First of all, we could
remove certain disulfide bonds without effects on oxidative folding. Two disul-
fide bonds were even dispensable for Env function. Furthermore, some disulfide
bonds (54/74 (chapter 4.3) and 385/418 (chapter 4.2)) could be replaced by other
means through virus evolution. The addition of an appropriately positioned non-
native disulfide bond between gp120 and gp41 also did not have a negative effect
on oxidative folding, although incorrectly placed cysteines actually did have
adverse effects (chapter 5.1). In contrast, SOS Env is fully functional upon reduc-
tion of the disulfide bond (1,3). Thus, Env displays a remarkable flexibility in its
disulfide bonded architecture, and this can be used in the design of novel
immunogens.

Our ongoing work on the design of novel Env immunogens is presented in
chapter 5 (4,5,27,29,30). Although we and others have deployed sophisticated
vaccine strategies, combinations of various strategies used by different groups
are probably required to significantly improve the elicitation of neutralizing anti-
body responses. In the SOSIP gp140 protein, we have combined several modifi-
cations. First, we ensure complete cleavage, either by the co-expression of furin
during the production of soluble SOSIP gp140 or by introduction of an improved
cleavage site in the context of SOSIP gp160 DNA immunizations (chapter 5.5).
Second, the gp120-gp41 is stabilized by the SOS disulfide bond (chapter 5.1).
Third, the trimer interactions are stabilized by the I559P substitution in gp41
(chapter 5.6). At this moment we do not know whether the elicitation of neutral-
izing antibodies by SOSIP immunogens is improved compared to conventional
Env subunit vaccines, but we anticipate that additional modification will be nec-
essary. There are several options to combine our work with that of other groups
to improve SOSIPs immunogenicity (see chapter 1). For example, we could sta-
bilize the gp120 subunits in the CD4-bound state or the pre-CD4-binding state
(32). We could also increase the affinity for the neutralizing antibody b12 (22).
Furthermore, we could uncover the receptor binding sites by deletion of variable
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loops (chapter 5.2) and/or elimination of selected glycans that shield the receptor
binding sites, but that do not contribute to the neutralizing 2G12 epitope (chap-
ter 3.1)(2,6,7,10,13-15,17,19,21,24,27,31).

Thus, SOS gp140 and SOSIP gp140 are interesting reagents not only for
immunogenicity studies, but also for structural, antigenic and functional studies.
These reagents have already been of value for studies by us and others, for exam-
ple for the characterization of neutralizing antibodies to gp120 and gp41, the
delineation of the location of gp41 relative to gp120 in the three-dimensional
structure, and the characterization of fusion intermediate conformations
(1,3,11,16,20,23,30,33). In collaboration with Ian Wilson, Robyn Stanfield and
Dennis Burton at the Scripps Research Institute, we have initiated attempts to
crystallize SOSIP trimers in complex with CD4 and various combinations of neu-
tralizing antibodies to gp120 and gp41. So far, these attempts were unsuccessful,
but we hope that in the future, an increase in structural information on various
Env variants and neutralizing antibodies can assist in the design of improved
SOSIP variants.
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The HIV-1 envelope glycoproteins mediate viral attachment and release of the
viral core in susceptible target cells. A single gp160 precursor protein is
processed intracellularly to yield the native form of the envelope complex, con-
sisting of three gp120 and three gp41 molecules associated through non-covalent
interactions. Upon receptor and co-receptor binding to the surface subunit gp120,
conformational changes within the envelope glycoprotein complex enable the
insertion of the hydrophobic fusion peptide of the transmembrane subunit gp41
into the target membrane. Subsequent rearrangements within gp41 allow fusion
of viral and cellular membranes. These late structural alterations are targeted by
the entry inhibitor T-20 (for reviews see 13, 20, 21, 24, 46, 75).

A considerable body of mutagenesis data on structure-function relationships
within the HIV-1 gp41 ectodomain (gp41e) has been published over the years.
The value of this data-set has been increased considerably by the determination
of the structure of the gp41e core, allowing some of the mutational effects to be
interpreted and at least partially understood (9, 12, 38, 41, 68, 71). The native,
pre-fusion structure of gp41e in the trimeric gp120-gp41 complex on the virion
surface prior to receptor engagement is not known, however, and the various tran-
sitional structures of gp41 during the virus-cell fusion process are still ill-defined.
Consequently, the structural and functional consequences of many amino acid
substitutions in gp41e remain unclear.

Here, we have summarized the results of published mutagenesis studies on
gp41e (see the accompanying table). The HXB2 reference strain has been used as
a basis for numbering individual amino acid residues (Figure 1). This information
should facilitate the research of those who study the HIV-1 envelope glycopro-
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teins as fusogens or vaccine antigens. In general, we have tabulated only data for
single mutants, but several publications contain information on the effects of
multiple amino acid substitutions (25, 43, 44, 49, 56, 57, 62). The table does not
include information on every naturally occurring gp41e sequence variant, as the
variation is extensive. However, a summary of natural variability in clades B and
C is presented in Figure 2. Also, the last two columns in the table present the
entropy scores for gp41e positions that have a defined impact on Env function,
for both the B clade and the C clade. Not surprisingly, positions identified
through mutational analysis as those where substitutions can abrogate key func-
tions, also tend to be highly conserved among the natural variants. The clearest
example is provided by positions where substitutions essentially eliminate cell-
cell fusion (i.e., where fusion efficiencies in syncytium assays or reporter gene
assays have been reduced to less than 3% of the wild-type value). Sites at
which substitutions can abrogate cell-cell fusion tended to be more invariant
among 123 B clade sequences (26/44, 59%), compared to those sites where
amino acid changes did not dramatically reduce fusion (11/39, 28%, Fisher’s
exact test p = 0.004). Some unusual gp41e variants found in neutralization-resist-
ant isolates are also included in the table, as are variants that arise in response to
selection pressure, both in vitro and in vivo, from the entry inhibitor T-20, which
targets gp41e.

The precision with which the available data could be analyzed was sometimes
limited because different viral clones, isolates and assays were used to obtain the
experimental data. We have therefore chosen to summarize quantitative parame-
ters using the grading system —, +, ++ and +++, as indicated in the footnotes. In
some cases these grades had to be deduced from the primary reports, so readers
are encouraged to consult the original papers for quantitative details; we regret
any errors of interpretation we may have made during this estimation process.
Not surprisingly, perhaps, different studies sometimes yielded conflicting results.
We have recorded the conflicting data sets but shall leave it to the readers to judge
which are the more plausible.

The natural variability of residues in clade B and C isolates was analyzed and
mapped on the structure of gp41 (see Figure 2 and Figure 3). A focus of variable
residues in clade B sequences is located in the upper part of the C-terminal helix
centered around the highly variable leucine-glutamate-glutamine (LEQ) triplet,
indicating that this region is under selective pressure. However, it is also possible
that certain changes in residues in this region have little impact on Env function,
particularly if there is some flexibility in Env structure(s) around this region. This
relatively variable region also contains four glycosylation sites, which could be
involved in immune evasion (30). Indeed, mutations that affect glycosylation in
this region can modulate neutralization sensitivity (65). Of note is that no CTL or
antibody epitopes have been mapped to this region despite the intense positive
selection. One interpretation of this observation is that the selection pressure is
exerted indirectly on distant antibody epitopes elsewhere in gp41e or even in
gp120 (32). Another is that some neutralizing antibodies remain as yet undiscov-
ered in this region of gp41e. In clade C viruses the variability is somewhat shift-
ed towards the 2F5 epitope, compared to clade B. Furthermore, certain residues
are significantly more variable in clade C viruses compared to clade B, and vice
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versa, suggesting that subtly different selection pressures may operate on viruses
from the two clades.
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Fig. 1.  The HXB2 reference strain and the numbering of positions in the gp41 sequence.
Only information on the ectodomain (residues 512-684) is incorporated in subsequent
analyses.
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gp41 start, position 512 of HXB2 gp160
|
AVGIGALFL GFLGAAGSTM GAASMTLTVQ ARQLLSGIVQ 550

QQNNLLRAIE AQQHLLQLTV WGIKQLQARI LAVERYLKDQ QLLGIWGCSG 600
KLICTTAVPW NASWSNKSLE QIWNHTTWME WDREINNYTS LIHSLIEESQ 650
NQQEKNEQEL LELDKWASLW NWFNITNWLW YIKLFIMIVG GLVGLRIVFA 700
VLSIVNRVRQ GYSPLSFQTH LPTPRGPDRP EGIEEEGGER DRDRSIRLVN 750
GSLALIWDDL RSLCLFSYHR LRDLLLIVTR IVELLGRRGW EALKYWWNLL 800
QYWSQELKNS AVSLLNATAI AVAEGTDRVI EVVQGACRAI RHIPRRIRQG 850
LERILL 856
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Fig. 2. Variability of gp41e. The relative entropies of residues were mapped onto a 2D rep-
resentation of the HXB2 gp41e (adapted from 29, 61). The variability of residues in clade B
isolates (left panel) and clade C isolates (right panel) is indicated according to their entropy
values. The entropy is a simple measure of variation in each position based on a sequence
alignment (33). Not surprisingly, entropy values for each amino acid were highly correlated
with the ratio of the nonsynonymous/synonymous substitution rates, a measure which is
indicative of selective pressure, calculated using PAML (76) (Spearman’s rank correlation
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tests gave z = 7.3, p = 2 x 10-13 for the B clade, and z = 7.5, p = 5 x 10-14 for the C clade). We
used the entropy scores as our measure of variability here because they lent themselves to
testing for differences in variability between the B clade and C clade (33). The color coding
for the sites is as follows: white, invariant (entropy score of zero); light blue, very conserved
(entropy score below the median, corresponding to only one observed substitution); medi-
um blue, variable (entropy score above the median: 2 or more observed substitutions); dark
blue, highly variable (highest 10% of entropy scores: > 0.8 for clade B and > 0.75 for clade
C). Residues that are significantly more variable in clade B than in clade C or vice versa (p
value <= 0.03 after a Bonferroni correction for multiple tests, using a Monte Carlo scheme
and randomizing the B and C clade data 10,000 times) are indicated by red circles. 123 clade
B sequences and 48 clade C sequences were used for the analyses. The four glycans and
the major antibody epitopes (non-neutralizing clusters I and II and the neutralizing
2F5/4E10/z13 cluster) are also indicated, as are regions labelled “indel” where insertions
and deletions are frequently observed in natural variants.

Fig. 3. The residues with the highest 10% of entropy
scores in clade B are indicated in red on the 3D structure
model of Caffrey (pdb accession number 1IF3, (8)).
These residues are only indicated in one monomer. The
other two monomers are shown in grey for orientation
purposes.
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Summary

The HIV-1 envelope glycoproteins (Env) mediate viral entry into cells that
express the appropriate receptors: the CD4 receptor and either CCR5 or CXCR4
as a coreceptor. Env is arranged on the virus particle in trimeric spikes, compris-
ing three gp120 (SU) and three gp41 (TM) molecules, and is anchored within
the viral membrane through the gp41 transmembrane domain. Since the Env
complex resides in the lipid membrane that constitutes the outside of the virus
particle, it is the major target for virus-neutralizing antibodies. Currently, our
knowledge on Env folding, structure and function and the implications for
immunogenicity is insufficient. Fundamental research in combination with
rational vaccine design may contribute to a better understanding of Env and the
immune responses raised against it. Hopefully, this will eventually lead to the
design of Env immunogens that are capable of inducing potent neutralizing anti-
bodies to prevent transmission or to clear infection. Chapter 2, 3 and 4 describe
our fundamental research on various properties of Env. The current knowledge is
used in chapter 5 to modify Env for vaccine purposes.

Dendritic cells (DC) support HIV-1 transmission by capture of the virus parti-
cle in the mucosa and subsequent transport to the draining lymph node, where
HIV-1 is presented to CD4+ T helper (Th) cells. Virus transmission involves an
interaction of the DC-specific surface molecule DC-SIGN or other lectins with
gp120 and subsequent internalization of the virus, which remains infectious. The
mechanism of viral transmission from DC to T cells is currently unknown. Sen-
tinel immature DC (iDC) develop into Th1-promoting effector DC1 or Th2-pro-
moting DC2, depending on the activation signals. We studied the ability of these
effector DC subsets to support HIV-1 transmission in vitro. Compared with iDC,
virus transmission is greatly upregulated for the DC1 subset, whereas DC2 cells
are inactive. Increased transmission by DC1 did not correlate with increased sur-
face expression of the HIV-1 receptors CD4, CXCR4 or CCR5. Furthermore, the
expression of DC-SIGN, which binds mannose residues on gp120 and facilitates
HIV-1 transmission, was not upregulated. In contrast, we found that the increased
transmission by DC1 correlates with increased expression of ICAM-1, and block-
ing studies confirm that ICAM-1 expression on DC1 is important for HIV trans-
mission. The ICAM-1 – LFA-1 interaction is known to be important for immuno-
logical cross-talk between DC and T cells, and our results indicate that this cell
– cell contact is exploited by HIV-1 for efficient transmission.

We have analyzed the unique epitope for the broadly neutralizing human mono-
clonal antibody 2G12 on gp120. Sequence analysis, thereby focusing on the con-
servation of relevant residues across multiple HIV-1 isolates, refined the epitope
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that was previously defined by substitutional mutagenesis. In a biochemical study,
we digested recombinant gp120 with various glycosidase enzymes with known
specificity, and showed that the 2G12 epitope is lost when gp120 is treated with
mannosidases. Computational analyses were used to position the epitope in the
context of the virion-associated Env complex, to determine the variability of the
surrounding surface, and to calculate the surface accessibility of possible glycan-
and polypeptide-epitope components. Together, these analyses suggest that the
2G12 epitope is centered around the high mannose/hybrid glycans of residues 295,
332 and 392, with peripheral glycans from 386 and 448 on either flank. The epi-
tope is mannose-dependent and composed primarily of carbohydrate, with proba-
bly no direct involvement of the gp120 polypeptide surface. It resides on a face
orthogonal to the CD4 binding face, on a surface proximal to, but distinct from,
that implicated in coreceptor binding. Its conservation amidst an otherwise highly
variable gp120 surface suggests a functional role for the 2G12 binding site, per-
haps related to the mannose-dependent attachment of HIV-1 to DC-SIGN or
related lectins that facilitate DC-mediated virus transmission.

The strict conservation of the ten disulfide bonds in Env suggests that they are
important for the oxidative folding in the endoplasmic reticulum (ER) or for Env
function in viral entry. To investigate the role of individual disulfide bonds, we
systematically replaced cysteines by alanines. We found that five disulfide bonds
are essential for both folding and viral entry. Surprisingly, two disulfide bonds
could be mutagenized without abrogating folding or function. The remaining
three disulfide bonds are elementary for viral fitness despite their dispensability
for folding. Thus, approval from the quality control to leave the ER is based on
‘foldedness’, which in turn does not necessarily warrant protein functionality. We
describe evolved Env variants lacking the disulfide bond in the N-terminal C1
domain of the gp120 subunit. Compensatory changes were found both locally
near the leader cleavage site and distally in the gp41 ectodomain. The results sug-
gest that these two Env domains interact during folding.

Protein folding is studied at several levels. First, the formation of secondary
structure elements such as α-helices and β-sheets can be investigated. Second,
the acquisition of tertiary structure and disulfide bonds during oxidative folding
in the endoplasmic reticulum (ER) in vivo can be studied. Third, one can analyze
the results of a completed folding process as a protein is secreted or expressed at
the cell surface, the ultimate test being the analysis of function. The correlates of
these different levels of protein folding are mostly unclear. We generated a gp120
variant through virus evolution that is functional despite the lack of the disulfide
bond at the base of the V4 domain that is otherwise required for virus replication
and gp120 activity. Biochemical and computational analyses indicate that virus
replication is restored through the improvement of local hydrogen bonding and
stabilization of a local β-sheet fold. This study provides proof that a critically
important disulfide bond can be functionally replaced by an alternative protein
structure motif. It also provides evidence for the proposal that local protein sta-
bility is an important factor in escape from ER quality control during protein
biosynthesis. Furthermore, our data indicate that β-sheet preference is a determi-
nant in directing protein stability and protein folding in vivo and that β-sheet rules
deduced from experiments with small model proteins also hold for the intricate
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chaperone-assisted folding of a complicated glycoprotein such as gp120.
In the second part of this thesis, we describe Env modifications that may

improve immunogenicity. The few antibodies that potently neutralize HIV-1 rec-
ognize a limited number of Env epitopes exposed on the functional Env complex
on infectious virions. These native Env complexes comprise three gp120 subunits
noncovalently and weakly associated with three gp41 moieties. The individual
subunits induce neutralizing antibodies rather inefficiently but raise mainly non-
neutralizing antibodies. Consequently, recombinant Env does not elicit strong
antiviral antibody responses, particularly against primary isolates. To develop
recombinant proteins that are better antigenic mimics of the native Env complex,
we have introduced a disulfide bond between the C-terminal region in gp120 and
the immunodominant segment in the gp41 ectodomain. The resulting gp140 pro-
tein, termed SOS gp140, is processed efficiently and produces a properly folded
Env complex. The association of gp120 with gp41 is now stabilized by the sup-
plementary intermolecular disulfide bond. Importantly, the SOS gp140 protein
has antigenic properties that resemble those of the virion-associated complex. 

We describe the generation and characterization of gp140 variants that have
deletions in the first, second and/or third variable loops. We observed that dele-
tion of the third variable (V3) loop interferes with the proteolytic processing of
gp140, leading to the production of proteins in which gp120 remains linked to the
gp41 ectodomain by a peptide bond. However, V3 loop-deleted SOS gp140 pro-
teins were proteolytically processed efficiently. Thus, the introduction of the
intermolecular disulfide bond reverses the cleavage defect created by deletion of
the V3 loop. An Env variant that combines the V1, V2 and V3 loops deletions
could not be stabilized by the intermolecular disulfide. Antigenic characterization
of the variant SOS gp140 proteins revealed that deletion of the variable loops
uncovers cryptic, conserved neutralization epitopes overlapping with the core-
ceptor binding site on gp120. 

SOS gp140, proteolytically uncleaved gp140 (gp140UNC) and gp120 were
expressed in stably transfected Chinese hamster ovary (CHO) cells and analyzed
for antigenic and structural properties before and after purification. Compared
with gp140UNC, SOS gp140 reacted more strongly in surface plasmon resonance
and radioimmunoprecipitation assays with the neutralizing monoclonal antibod-
ies 2G12 (anti-gp120), 2F5 (anti-gp41) and 17b (directed to a CD4-induced epi-
tope that overlaps the CCR5 binding site). In contrast, gp140UNC displayed
greater reactivity with non-neutralizing anti-gp120 and anti-gp41 antibodies.
Immuno-electron microscopy studies suggested a model for SOS gp140 wherein
the gp41 ectodomain (gp41ECTO) occludes the non-neutralizing face of gp120,
consistent with the antigenic properties of this protein. We also report the appli-
cation of Blue Native polyacrylamide gel electrophoresis (BN-PAGE), a high-
resolution molecular sizing method, to the study of viral envelope proteins. BN-
PAGE and other biophysical studies demonstrated that SOS gp140 is monomeric,
whereas gp140UNC comprised a mixture of non-covalently associated and disul-
fide-linked dimers, trimers and tetramers. The oligomeric and antigenic proper-
ties of SOS gp140 and gp140UNC were largely unaffected by purification. An
uncleaved gp140 protein containing the SOS cysteine mutations (SOS gp140UNC)
was also oligomeric. Surprisingly, variable-loop-deleted SOS gp140 proteins
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were expressed as cleaved, non-covalently associated oligomers that were signif-
icantly more stable than the full-length SOS gp140.

We have investigated whether HIV-1 would be able to accept the engineered
SOS disulfide bond by spontaneous adaptation and optimization through evolu-
tion in cell culture infection. This approach may provide information on the inter-
action between gp120 and gp41. Identifying compensatory mutations that would
accommodate the SOS disulfide bond in a replicating virus might also be useful
for the design of improved Env immunogens. An HIV-1 molecular clone contain-
ing the SOS Env gene was only minimally replication competent, indicating that
the engineered disulfide bond substantially impaired Env function. Virus escape
mutants could be selected, but virus evolution eventually always led to elimina-
tion of the intermolecular disulfide bond. During these evolution experiments, we
identified additional and unusual second-site reversions at position 591 and 593
within gp41. These changes highlight residues that may play an important role in
the interaction between gp120 and gp41. 

In virus-infected cells, the Env precursor gp160 is cleaved by cellular proteas-
es into a fusion-competent gp120/gp41 heterodimer in which the two subunits are
non-covalently associated. However, cleavage can be inefficient when recombi-
nant Env is expressed at high levels, either as a full-length gp160 or as a soluble
gp140 truncated immediately N-terminal to the transmembrane domain. We have
explored several methods for obtaining fully cleaved Env for use as a vaccine
antigen. We tested whether purified Env could be enzymatically digested with
purified protease in vitro. Plasmin efficiently cleaved the Env precursor, but also
cut at a second site in gp120, most probably the V3 loop. In contrast, a soluble
form of furin was specific for the gp120/gp41 cleavage site, but cleaved ineffi-
ciently. Co-expression of Env with the full-length or soluble forms of furin
enhanced Env cleavage but also reduced Env expression. When the Env cleavage
site (REKR) was mutated to see if its use by cellular proteases could be
enhanced, several mutants were identified that are indeed processed more effi-
ciently than the wild-type protein. The optimal cleavage-site sequences are
RRRRRR, RRRRKR and RRRKKR. These mutations do not significantly alter
the capacity of the Env protein to mediate fusion and do not radically perturb the
Env structure. Furthermore, unlike wild-type Env, expression of the cleavage-site
mutants is not significantly reduced by furin co-expression. The co-expression of
Env cleavage site mutants and furin is therefore a useful method for the high-
level expression of processed Env. 

Although SOS gp140 is an antigenic mimic of the functional Env complex, the
gp41–gp41 interactions are too weak to maintain the protein in a trimeric config-
uration. Consequently, the purified SOS gp140 protein is a monomer. We
describe modifications of the SOS gp140 protein that increase its trimer stability.
A variant SOS gp140 protein, designated SOSIP gp140, contains an isoleucine-
to-proline substitution at position 559 in the N-terminal heptad repeat region of
gp41. This protein is fully cleaved, has favorable antigenic properties and is pre-
dominantly trimeric. SOSIP gp140 trimers are non-covalently associated and can
be purified by gel-filtration chromatography. These gp140 trimers are dissociat-
ed into monomers by anionic detergent or heat, but are relatively resistant to non-
ionic detergents, high salt concentrations or exposure to mildly acidic pH. 
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To provide more insight into how helix-breaking substitutions at position 559
affect Env structure and function, we evaluated their effects on wild-type Env in
the context of replicating virus. Viruses containing an isoleucine-to-proline or
isoleucine-to-glycine substitution at this position replicate poorly, but an evolu-
tion route is described that restores replication competence. Both substitutions
adversely affect Env expression, Env incorporation into virions and the interac-
tion between gp120 and gp41. Biophysical studies show that the isoleucine-to-
proline mutation essentially disrupts the folding of a recombinant gp41
ectodomain core model into a six-helix bundle structure. In the escape virus,
which contains a proline-to-leucine first-site pseudo-reversion, most of these
properties are restored. 

Thus, we managed to overcome several problems in Env vaccine research,
while increasing our knowledge of Env. First, complete precursor cleavage can
be ensured, either by co-transfection of furin when producing recombinant pro-
teins, or by optimization of the cleavage site. Second, the weak intermolecular
interactions between gp120 and gp41 can be stabilized by the introduction of a
disulfide bond. Third, the trimer interactions can be stabilized by the introduction
of helix-breaking residues in gp41. Fourth, variable loops can be deleted to
uncover the receptor binding sites. The resulting proteins may be useful reagents
for structural and immunogenicity studies, although it seems likely that further
modification is necessary to address other aspects of Env-related immune evasion
by HIV.   
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Samenvatting

Introductie
Het humaan immunodeficiëntie virus (HIV) is de veroorzaker van AIDS. Het
envelop eiwitcomplex van HIV, dat zich aan de buitenkant (de “envelop”) van het
virus bevindt, is verantwoordelijk voor het binnendringen van het virus in een
menselijke gastheercel. Cellen van het menselijk immuunsysteem die geïnfec-
teerd kunnen worden door HIV, brengen de CD4 receptor en een van de corecep-
toren CCR5 en CXCR4 tot expressie op hun oppervlak. De envelop eiwitten heb-
ben deze receptoren nodig om de fusie van de virale membraan met de
celmembraan te bewerkstelligen, met als gevolg entree van het virale erfelijk
materiaal. Het functionele envelop eiwitcomplex op een virusdeeltje bestaat uit
zes glycoproteïnen (suikereiwitten), te weten drie oppervlakte (gp120) molecu-
len, en drie transmembraan (gp41) moleculen. De transmembraan domeinen in
de gp41 moleculen verankeren het complex in de virale membraan. Omdat de
envelop eiwitten gp120 en gp41 zich aan de buitenkant van het virusdeeltje
bevinden, zijn zij het belangrijkste doel voor antilichamen die kunnen verhinde-
ren dat het virus de cel binnenkomt, de zogenaamde virus-neutraliserende antili-
chamen. Daarom zijn de envelop eiwitten zeer belangrijk voor vaccinonderzoek.
De huidige kennis over de vouwing, structuur en functie van het envelop eiwit-
complex en de implicaties voor de immuunrespons, waaronder antilichamen, die
het eiwitcomplex opwekt, is niet genoeg om een werkzaam vaccin te ontwerpen.
In de  hoofdstukken 2, 3 en 4 beschrijven we ons fundamentele onderzoek naar
een aantal aspecten van het envelop eiwitcomplex en de huidige kennis hebben
we gebruikt om nieuwe envelop eiwitvarianten te ontwerpen die gebruikt kunnen
worden in vaccins.

Een opvallend kenmerk van HIV is het enorme vermogen zich aan te passen
aan een veranderende omgeving. Dit komt onder andere omdat het virale rever-
se transciptase enzym, dat verantwoordelijk is voor omzetting van het virale
genetisch materiaal van RNA in DNA, veel fouten maakt. Gemiddeld bevat ieder
nieuw virusdeeltje één fout in het erfelijk materiaal. Als deze “fout” een evoluti-
onair voordeel oplevert onder nieuwe omstandigheden, bijvoorbeeld de aanwe-
zigheid van een medicijn, worden virussen met deze fout geselecteerd. Hierdoor
kan HIV snel resistent worden tegen medicijnen. Ook kan HIV zo gemakkelijk
ontsnappen aan het immuunsysteem, bijvoorbeeld aan neutraliserende antilicha-
men. In het laboratorium gebruiken we de veranderlijkheid van HIV om dingen
te leren over het virus. We laten een virus met een bepaald defect zich een aantal
weken of maanden vermenigvuldigen en bekijken dan hoe het virus het door ons
geïntroduceerde probleem oplost. De compensatoire veranderingen geven vaak
veel inzicht in bepaalde aspecten van de virale levenscyclus. In de hoofdstukken
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4.2, 4.3, 5.4 en 5.7 hebben we gebruikt gemaakt van deze techniek, die we
“gedwongen virusevolutie” noemen omdat we het virus dwingen een oplossing
te vinden voor een door ons geïntroduceerd probleem.

De envelop eiwitten worden als een voorloper gp160 eiwit gemaakt, en gp160
is zoals alle eiwitten opgebouwd uit aminozuren, die in een keten aan elkaar
gezet worden. Aminozuurketens vouwen ingewikkelde eiwitstructuren. Tijdens
de synthese van een aminozuurketen wordt deze naar het endoplasmatisch reti-
culum (ER) verplaatst, de eiwitfabriek van de cel. In eerste instantie vouwen ami-
nozuurketens hier in secundaire structuren, waarvan α-helices en β-sheets de
belangrijkste voorbeelden zijn. Ook worden in het ER cysteïnebruggen gevormd.
Een cysteïnebrug is een stevige verbinding tussen twee cysteïne aminozuren en
kan gevormd worden tussen twee cysteïnes in dezelfde aminozuurketen of in een
andere aminozuurketen, en deze brug vergemakkelijkt het ontstaan van de terti-
aire structuur van het eiwit. Uiteindelijk vormen drie voorloper envelop eiwitten
(gp160) de quaternaire structuur: het trimeer complex. Ook worden in het ER sui-
kerketens aan de eiwitketen gekoppeld. De envelop eiwitten bestaan voor bijna
de helft uit suiker, vandaar de benaming glycoproteïnen (suikereiwitten).

Nadat het goed gevouwen voorloper gp160 eiwit toestemming krijgt om het
ER te verlaten, komt het terecht in het Golgi complex. Hier wordt gp160 geknipt
in de afzonderlijke onderdelen gp120 en gp41, die labiel aan elkaar blijven zit-
ten. In het Golgi complex worden ook de suikers gemodificeerd. Daarna wordt
het functionele envelop eiwitcomplex, dat nu dus bestaat uit trimeren van drie
gp120 en drie gp41 moleculen, naar het celmembraan getransporteerd waar het
samen met andere virale eiwitten en het genetisch materiaal nieuwe virus deeltjes
vormt die de cel verlaten en een nieuwe cel kunnen gaan infecteren.

Van de twintig natuurlijk voorkomende aminozuren zijn er drie van belang
voor dit proefschrift. De eerder genoemde cysteïne kan dus met een andere cyste-
ïne een sterke binding vormen, een cysteïnebrug. Het normale envelop eiwitcom-
plex heeft tien cysteïnebruggen en de rol van deze cysteïnebruggen wordt
beschreven in hoofdstukken 4.1, 4.2 en 4.3. In hoofdstuk 5.1 beschrijven we een
variant met een extra, elfde cysteïnebrug, namelijk tussen gp120 en gp41, zodat
deze stabiel aan elkaar verankerd worden. Van belang is ook het proline amino-
zuur, omdat dit secundaire structuren destabiliseert. In hoofdstuk 5.6 hebben we
hier gebruik van gemaakt. We hebben een extra proline ingebouwd in een α-
helix, waardoor deze helix niet meer gevormd kan worden. Asparagine is het
derde aminozuur dat van speciaal belang is, omdat de suikerketens aan asparag-
ines worden vastgemaakt. Deze suikerketens zijn van belang voor eiwitvouwing
(hoofdstuk 4), voor binding aan receptoren (hoofdstuk 2)  en als afscherming
tegen antilichamen (hoofdstukken 1 en 3).

Verschillende facetten van het envelop eiwitcomplex dragen bij aan de eigen-
schap dat het nauwelijks neutraliserende antilichamen opwekt, zowel in een
natuurlijke infectie als in gevaccineerde personen. Ten eerste worden de domei-
nen die aan de receptor en aan de coreceptor binden - mogelijke doelwitten voor
neutraliserende antilichamen - beschermd door variabele domeinen en suikerke-
tens. Variabele domeinen kunnen via evolutie gemakkelijk veranderd worden
zodat de neutraliserende antilichamen niet meer kunnen binden. Suikers worden
door het immuunsysteem niet herkend als lichaamsvreemd en wekken daardoor
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nauwelijks specifieke antilichamen op. Een uitzondering is het 2G12 antilichaam
(hoofdstuk 3). Daarnaast leiden de envelop eiwitten het immuunsysteem om de
tuin met behulp van domeinen die niet-neutraliserende antilichamen opwekken.
gp120 en gp41 vallen gemakkelijk van elkaar en gp160 wordt niet altijd geknipt.
Beiden eigenschappen leiden tot de expositie van domeinen die op het functione-
le eiwitcomplex niet toegankelijk zijn. Deze domeinen zijn erg goed in het
opwekken van antilichamen, maar deze kunnen het virus niet neutraliseren. Een
aantal van deze eigenschappen die het envelop eiwitcomplex beschermen tegen
het immuunsysteem hebben we proberen te doorbreken (hoofdstuk 5). 

Het envelop eiwit en HIV transmissie (hoofdstuk 2)
Seksuele transmissie van HIV wordt mogelijk gemaakt door dendritische cellen
die virusdeeltjes binden in de mucosa en vervolgens naar de lymfeknopen ver-
voeren waar deze virusdeeltjes T cellen kunnen infecteren. Dendritische cellen
binden HIV via een molecuul op hun oppervlak, DC-SIGN, dat bind aan gp120,
waarna het infectieuze virus wordt opgenomen in de dendritische cel. Tijdens de
tocht van mucosa naar lymfeknopen differentiëren de dendritische cellen. Afhan-
kelijk van de activeringsignalen die deze cellen krijgen zijn er twee typen gedif-
ferentieerde dendritische cellen te onderscheiden. We hebben bestudeerd of deze
gedifferentieerde dendritische cellen verschillen in hun vermogen HIV transmis-
sie te bewerkstelligen. Het blijkt dat dendritische cellen van type 1 heel erg effec-
tief zijn in HIV transmissie, terwijl type 2 cellen inactief zijn. Er is geen correla-
tie tussen de verhoogde transmissiecapaciteit van type 1 cellen en de expressie
van de HIV receptoren CD4, CXCR4, CCR5 of DC-SIGN. We hebben wel een
correlatie kunnen aantonen met een verhoogde oppervlakte expressie van ICAM-
1, een adhesiemolecuul dat normaal gesproken verantwoordelijk is voor de bin-
ding van dendritische cellen aan T cellen, en HIV misbruikt volgens ons deze
binding voor efficiënte transmissie. Het blokkeren van deze interactie verhindert
transmissie van HIV door dendritische cellen.

Envelop eiwitbinding aan het 2G12 antilichaam (hoofdstuk 3)
We hebben het bindingsdomein op gp120 bestudeerd van het 2G12 antilichaam,
een van de weinige antilichamen die HIV wel neutraliseren. Uit onze analyses
komt naar voren dat het 2G12 bindingsdomein is opgebouwd uit de suikerketens
die aan de asparagines 295, 332 en 392 vastzitten, met een kleine en/of indirecte
bijdrage van de suikerketens aan de asparagines 386 en 448. 2G12 binding aan
gp120 is afhankelijk van de aanwezigheid van mannose, één van de bouwstenen
waaruit suikerketens opgebouwd kunnen zijn. Waarschijnlijk bestaat het bin-
dingsdomein geheel uit suiker en is er geen eiwitbijdrage. De locatie van het
2G12 bindingsdomein is orthogonaal ten opzichte van het CD4 bindingsdomein,
en dichtbij het coreceptor bindingsdomein. Dit verklaart het mechanisme van
2G12 neutralisatie: 2G12 blokkeert binding van gp120 aan de coreceptor, een
binding die noodzakelijk is voor het virus om een cel binnen te komen. Het feit
dat veel virusstammen het 2G12 bindingsdomein bezitten, suggereert dat het
domein een functie heeft in de levenscyclus van het virus. Wellicht zijn de sui-
kerketens die het 2G12 bindingsdomein vormen van belang voor binding van
gp120 aan dendritische cellen en dus voor HIV transmissie.  
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Envelop eiwitvouwing en cysteïnebruggen (hoofdstuk 4)
De conservering van de tien cysteïnebruggen in gp160 in alle HIV stammen sug-
gereert dat deze belangrijk zijn voor vouwing van het eiwit in het ER of voor
functie van de envelop eiwitten in virus replicatie. Om de rol van individuele
cysteïnebruggen te bestuderen, hebben we deze systematisch verwijderd en vou-
wing en functie van deze gemuteerde eiwitten bekeken (hoofdstuk 4.1). We von-
den dat vijf cysteïnebruggen onmisbaar zijn voor een goede vouwing. Opvallend
was dat twee cysteïnebruggen niet belangrijk bleken te zijn voor vouwing of
functie. De overige drie cysteïnebruggen zijn niet belangrijk voor vouwing in het
ER, maar wel voor functie en virusreplicatie. Dus, toestemming om het ER te
verlaten vereist een bepaalde mate van vouwing, maar dit resulteert niet per se in
een functioneel eiwit.

Met behulp van “gedwongen virusevolutie” experimenten hebben we een
functionele gp120 variant geïdentificeerd die een cysteïnebrug mist welk normaal
gesproken essentieel is voor envelop eiwitvouwing, namelijk de cysteïnebrug aan
de basis van het vierde variabele domein (hoofdstuk 4.2). Onze studies tonen aan
dat de vouwing van deze variant hersteld wordt door stabilisering van een plaat-
selijke β-sheet. Dit bewijst dat een essentiële cysteïnebrug vervangen kan wor-
den door een alternatieve eiwitstructuur. Het geeft ook aan dat eiwitstabiliteit een
belangrijke factor is voor toestemming om het ER te verlaten tijdens eiwitbiosyn-
these. Daarnaast suggereren onze proeven dat de voorkeur van aminozuren om
een β-sheet te vormen een belangrijke factor is voor eiwitstabiliteit en voor het
aansturen van eiwitvouwing in het ER. Tevens blijkt dat de simpele β-sheet voor-
keuren van aminozuren, zoals die vastgesteld zijn voor kleine modeleiwitten, ook
gelden voor vouwing in het ER van een gecompliceerd eiwit zoals gp120. In
“gedwongen virusevolutie” met een mutant virus dat de eerste cysteïnebrug in
gp120 mist zijn naast lokale veranderingen in gp120, ook aanpassingen in gp41
gevonden (hoofdstuk 4.3). Dit resultaat geeft aan dat er tijdens gp160 vouwing
een belangrijke interactie is tussen de gp120 en  gp41 delen.

Envelop eiwitaanpassingen voor vaccinontwerp (hoofdstuk 5)
In het tweede deel van dit proefschrift (hoofdstuk 5) beschrijven we modificaties
van de envelop eiwitten die nuttig kunnen zijn voor vaccins. Er zijn maar weinig
antilichamen die HIV kunnen neutraliseren. Deze herkennen een paar eiwitdo-
meinen die toegankelijk zijn op het functionele envelop eiwitcomplex zoals dat
aanwezig is op infectieuze virusdeeltjes. Dit complex bestaat uit drie gp120
moleculen die labiel verbonden zijn met drie gp41 moleculen. De labiliteit van
deze interactie is problematisch, omdat de individuele moleculen vrijwel geen
neutraliserende antilichamen opwekken, maar wel veel antilichamen die niet in
staat zijn HIV te neutraliseren (niet-neutraliserende antilichamen). Een gevolg
hiervan is dat gp120 vaccins geen sterke antivirale antilichaamrespons opwek-
ken. Om een envelop eiwit te maken dat meer lijkt op het functionele complex
zoals dat aanwezig is op virusdeeltjes, hebben we een extra cysteïnebrug inge-
bouwd tussen gp120 en gp41 (hoofdstuk 5.1). In het resulterende SOS eiwit zijn
gp120 en gp41 stabiel aan elkaar verbonden.

In hoofdstuk 5.2 beschrijven we varianten van het SOS eiwit waarvan een deel
van de variabele domeinen verwijderd zijn, om zo de receptor bindingsdomeinen
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meer zichtbaar te maken voor het immuunsysteem. Uit onze studies blijkt dat het
mogelijk is om het eerste en tweede variabele domein van gp120 te verwijderen.
Het is ook mogelijk om het derde variabele domein te verwijderen. Dit resulteert
inderdaad in een betere toegang tot de receptor bindingsdomeinen. Het is echter
onmogelijk om de drie variabele domeinen tegelijk te verwijderen. In dat geval
wordt de extra SOS cysteïnebrug niet gevormd en worden gp120 en gp41 dus niet
stabiel aan elkaar verankerd.

In hoofdstuk 5.3 bekeken we de eigenschappen van gezuiverd SOS eiwit in
meer detail en vergeleken het met gp120 en ongeknipt envelop eiwit, d.w.z. eiwit
waarbij de knip tussen gp120 en gp41 niet heeft plaatsgevonden. Het SOS eiwit
blijkt sterker te binden aan een aantal neutraliserende antilichamen, waaronder
het eerder beschreven 2G12 antilichaam. We konden ook aantonen dat gp41 bindt
aan de zijde van gp120 waar de niet-neutraliserende antilichamen binden. Deze
kunnen dus niet aan het SOS eiwit binden, omdat de aanwezigheid van gp41 dat
verhindert. Met diverse technieken hebben we de quaternaire structuur van het
SOS eiwit bekeken. Terwijl ongeknipt envelop eiwit een mix van dimeren (twee
gp120 moleculen en twee gp41 moleculen), trimeren en tetrameren vormt, vormt
SOS alleen monomeren (één gp120 molecuul plus één gp41 molecuul). Beide
eiwitvormen wijken dus af van het envelop eiwitcomplex op virusdeeltjes dat tri-
meren vormt. Verrassend genoeg worden wel stabiele trimeren gevormd door
SOS eiwitten waarvan het eerste en tweede variabele domein verwijderd zijn.

We hebben gekeken of HIV de SOS cysteïnebrug zou kunnen accepteren en
wellicht optimaliseren door “gedwongen virusevolutie” (hoofdstuk 5.4). Com-
pensatoire mutaties die er voor zouden zorgen dat HIV de SOS cysteïnebrug kan
accepteren in een levend virus, zouden waardevol kunnen zijn voor vaccinont-
werp. We verkregen een virus dat minimaal infectieus was, terwijl de SOS cyste-
ïnes nog steeds aanwezig waren. Dit leek een goede kandidaat voor vervolg evo-
lutieproeven. Echter, in deze vervolg evolutieproeven verloor het virus altijd de
SOS cysteïnebrug. Blijkbaar is de aanwezigheid van de SOS cysteïnebrug niet
verenigbaar met efficiënte virusreplicatie. Wel vonden we tijdens deze studies
interessante compensatoire mutaties die ons inzicht verschaffen in de interactie
tussen gp120 en gp41. 

De knip van gp160 in de individuele onderdelen gp120 en gp41 is niet altijd
efficiënt (hoofdstuk 5.5). Dit kan een probleem zijn als men een volledig geknipt
envelop eiwit als vaccin wil maken. Om dit probleem op te lossen hebben we
getracht het envelop eiwit te knippen met plasmine, een protease enzym dat het
juiste knipmotief in gp160 herkent. Dit resulteerde inderdaad in een efficiënte
knip, maar er werd nog een tweede keer geknipt, waarschijnlijk in het derde vari-
abele domein. De knip kan ook verbeterd worden met furine, een ander protease
enzym, maar furine vermindert de hoeveelheid geproduceerd envelop eiwit.
Daarna hebben we gekeken of we het knipmotief (bestaande uit de aminozuren
arginine-glutamaat-lysine-arginine) in gp160 konden vervangen door knipmotie-
ven die efficiënter gebruikt worden. Verschillende varianten bleken efficiënter
geknipt te worden. De beste zijn  arginine-arginine-arginine-arginine-arginine-
arginine,  arginine-arginine-arginine-arginine-lysine-arginine, en  arginine-argi-
nine-arginine-lysine-lysine-arginine. Deze mutaties hebben geen negatieve
invloed op de eiwitstructuur en virusreplicatie. Een bijkomend voordeel is dat de
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productie van deze varianten niet verminderd wordt door furine.
Het SOS eiwit lijkt op het functionele envelop eiwit zoals dat op virusdeeltjes

voorkomt, maar de trimeer interacties bleken te zwak om de trimeer bij elkaar te
houden, met als gevolg dat gezuiverd SOS eiwit een monomeer is met één gp120
en één gp41 molecuul. In hoofdstuk 5.6 beschrijven we aanpassingen van het
SOS eiwit die de trimeer interactie stabiliseren. Het resulterende eiwit, het SOSIP
eiwit, waarin een isoleucine op een specifieke positie in gp41 is vervangen door
proline, lijkt op het SOS eiwit met dit verschil dat het stabiele trimeren vormt.
Deze trimeren kunnen gezuiverd worden en zijn resistent tegen sommige deter-
gentia, hoge zout concentraties, matige hitte en zuren. 

Om te begrijpen hoe de vervanging van een isoleucine door een proline in
gp41 SOS trimeren kan verstevigen, hebben we het effect van deze mutatie beke-
ken op het envelop eiwit in de context van replicerend virus (hoofdstuk 5.7). De
mutatie bleek de envelop eiwitproductie, de incorporatie in virusdeeltjes en de
gp120 - gp41 interactie negatief te beïnvloeden, met als resultaat dat een virus
met deze mutatie niet functioneert. Biofysische proeven gaven aan dat het mutant
gp41 niet goed kan vouwen in een α-helix structuur. Echter na “gedwongen viru-
sevolutie” konden we een virus identificeren dat weer repliceert door herstel van
de α-helix structuur. De proline die wij in het virus hadden aangebracht was ver-
wijderd door een verandering naar een leucine.

We hebben dus verschillende problemen in envelop eiwitvaccin onderzoek
kunnen oplossen, terwijl onze kennis over het eiwit is toegenomen. Ten eerste
kunnen we de gp160 knip verbeteren, door het toevoegen van furine en/of door
de introductie van een beter knipmotief. Ten tweede hebben we de zwakke inter-
actie tussen gp120 en gp41 weten te verstevigen door de introductie van de extra
SOS cysteïnebrug. Ten derde hebben we de trimeer interacties in het SOS eiwit-
complex kunnen stabiliseren door de specifieke introductie van een proline in
gp41. Ten vierde kunnen we SOS eiwitvarianten produceren waarvan meerdere
variabele domeinen verwijderd zijn om zo de receptor bindingsdomeinen toegan-
kelijk te maken voor antilichamen. De resulterende eiwitten zijn interessante rea-
gentia voor vaccinonderzoek, alhoewel er hoogstwaarschijnlijk nog meer aanpas-
singen nodig zijn om een effectief vaccin te ontwikkelen. 
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