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The effect of weak bases (NH4Cl and amantadine) and
carboxylic ionophores (monensin) on the infection of CD4
(T4) positive human cell lines by HIV-1 is examined.
These reagents, which raise the pH of acidic intracellular
organelles, fail to inhibit HIV-1 entry and the events
leading to viral protein synthesis at concentrations inhibi-
tory for low pH-dependent fusogenic enveloped viruses.
The infectivity of VSV (HIV-1) pseudotypes is unaffected
by weak bases at concentrations causing 95% plaque
reduction of VSV in its own envelope. HIV-1 dependent
cell-cell fusion (syncytium formation) occurs in medium
maintained at pH 7.4-7.6, and virions are not irrever-
sibly inactivated by incubation in acid medium. Our
results show that HIV-1 entry and membrane fusion do
not require exposure to low pH. The production of in-
fectious HIV-1 particles, however, is inhibited in cells
treated with NH4Cl.
Key words: HIV/infection/pH/membrane fusion/AIDS

Introduction
Enveloped animal viruses enter their host cells by membrane
fusion (Poste and Pasternak, 1978; White et al., 1983;
Marsh, 1984; Kohn, 1985; Haywood, 1988). For many
viruses, including representatives of the alpha-, rhabdo-,
flavi-, orthomyxo- and murine retroviruses, the fusion reac-
tion is pH-dependent (White et al., 1983; Gollins and Porter-
field, 1986; Redmond et al., 1984). The entry mechanism
has been established in detail for Semliki Forest virus (SFV)
and influenza virus. With these viruses mildly acidic condi-
tions (pH 5.3 -6.5) induce conformational changes in the
viral glycoproteins that render them fusogenic (Skehel et al.,
1982; Kielian and Helenius, 1985; Doms et al., 1985). The
fusion and penetration of the viral nucleocapsid into the
cytoplasm occurs in acidic endocytic vesicles (endosomes)
following the receptor-mediated endocytosis of intact virions
(Helenius et al., 1980; Marsh et al., 1983; Yoshimura and
Ohnishi, 1984). For other viruses, such as Sendai virus (a
paramyxovirus), however, the fusion reaction is pH-indepen-
dent and occurs in acidic, neutral and mildly alkaline con-
ditions (White et al., 1983; Haywood, 1988), and fusion
may occur either at the cell surface or within endocytic
organelles.
Weak bases, such as NH4Cl, chloroquine and amanta-

dine, and carboxylic ionophores, such as monensin and
nigericin, reversibly raise the pH of acidic organelles in-
cluding endosomes and lysosomes (Ohkuma and Poole,

1978; Galloway et al., 1983; Mellman et al., 1986). Because
pH-dependent viruses require exposure to acid conditions,
these reagents effectively block infection. SFV virions, for
example, in the presence of either NH4Cl or monensin,
bind to the cell surface and are internalized but, since they
do not encounter a low pH environment, they fail to undergo
fusion and are not infectious (Helenius et al., 1982; Marsh
et al., 1982; Kielian and Helenius, 1985).
The human immunodeficiency virus (HIV-1), the aetio-

logical agent for acquired immunodeficiency syndrome
(AIDS), is a retrovirus of the lentivirus subfamily (Barre-
Sinoussi et al., 1983; Gao et al., 1984; McClure and Weiss,
1987). The virion envelope contains one predominant species
of membrane glycoprotein, the gp4l -gp 120 complex en-
coded by the viral env gene. The CD4 (T4) antigen, which
plays a role in immune cell recognition (Gay et al., 1987;
Sleckman et al., 1987), acts as the cell surface receptor for
HIV-l on T lymphocytes (Dalgleish et al., 1984; Klatzmann
et al., 1984; McDougal et al., 1986), monocytes (Clapham
et al., 1987), and other cells in which CD4 is expressed
following gene transfer (Maddon et al., 1986). CD4 pro-
vides the cell surface binding sites recognized by the viral
gpl2O envelope antigen (McDougal et al., 1986; Maddon
et al., 1986), and the epitopes of CD4 required
for HIV-binding are becoming increasingly well defined
(Sattentau et al., 1986; McClure et al., 1987). As with other
enveloped viruses, the entry of HIV-1 following binding is
presumed to occur by membrane fusion, and fusogenic ac-
tivity has been demonstrated for the HIV-1 envelope glyco-
protein (Lifson et al., 1986; Sodroski et al., 1986), with
a putative fusogenic domain in gp4l (Kowalski et al., 1987).
We have investigated the pH dependency for HIV-1 en-

try and show here that HIV-1 infection is not inhibited by
weak bases or carboxylic ionophores. However, our results
indicate that the release of infectious virus from HIV-1 pro-
ducing cells is inhibited by weak bases.

Results
Cell fusion at pH 7.6
HIV-1 infects human CD4+ lymphocytic and monocytic
cells in vivo and in culture the infection can be assayed by
the formation of large multinucleate syncytia (Montagnier
et al., 1984; Dalgleish et al., 1984; Clapham et al., 1987).
The syncytia form as a consequence of cell -cell fusion,
induced by the interaction of the viral membrane glycoprotein
(gp4l -gpl20) with CD4 on adjacent cells (Dalgleish et al.,
1984; Sodroski et al., 1986). The human T cell and mono-
cytic lines, H9, C8166 and U937, express cell surface CD4
antigen and are highly susceptible to HIV-mediated cell
fusion (Dalgleish et al., 1984; Asjo et al., 1987; Clapham
et al., 1987). When cells were infected with HIV-1 at a

multiplicity of infection (m.o.i.) of three infectious units (IU)
per cell, syncytia (Figure 1) were observed within 24 h.
These results indicate that HIV-1-induced cell -cell fusion
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Fig. 1. Giant syncytial cell induction in CD4+ cell culture by HIV-1 at pH 7.5. C8166 T cells were exposed to HIV-1 (m.o.i. 3) for 24 h. Cells
were incubated in bicarbonate-free medium buffered to pH 7.6 with 25 mM Hepes throughout the culture period, and pH measurement at the
beginning and end of each experiment confirmed that the pH did not fall below pH 7.4. Incubation of H9 T cells and U937 monocytes gave similar
results (not shown). (A) Uninfected C8166 cells, x 120; (B) HIV-1 infected C8166 cells.

can occur in slightly alkaline conditions. The result implies
that exposure to low pH is not required for entry of HIV- 1.
To examine this question we determined the effect of weak
bases and monensin on HIV-1 entry into C8166 cells.

Effect of NH4CI on HIV- 1 replication
HIV-1 infectivity was titrated in C8166 cells in the presence
or absence of 30 mM NH4Cl as described in Materials and
methods (Table I). The CD4+ C8166 cell line is highly
sensitive to HIV-l replication and may be used for HIV- 1
titration. The appearance of syncytia correlates with viral
antigen expression and reverse transcriptase (RT) activity
(Clapham et al., 1987). Table I shows that large syncytia
were observed in cells cultured with the highest virus con-
centration, while smaller, less frequent syncytia were observ-
ed in NH4Cl treated cells. Although the NH4Cl was
removed at 18 h, the number and size of syncytia were still
reduced at 60 h, though by 84 h large syncytia were observed
up to 10-3 virus dilution. In untreated cells, the HIV-1 end
point titre was 105 IU/ml. These results indicate that the
presence of NH4Cl during the first 18 h of HIV-1 infection
inhibits early syncytium formation and reduces the final titre
of virus.

In cells treated with 30 mM NH4Cl for 18 h, the viable
cell count (by trypan blue exclusion) was reduced by 22%
and [35S]methionine incorporation in a 15 min pulse was
down by 12% compared with non-treated control cultures.

Effect of weak bases and monensin on HIV- 1 entry
To distinguish between early and late effects of NH4Cl,
amantadine and monensin on HIV-1 infection, cells were
infected in the presence of the drugs and, after removal of
free virus, were drug-treated for a further 5 h before being
returned to normal medium. None of the drugs diminished
the titre of HIV-1 (Table II), implying that early stages of
infection are not dependent on the low pH of endocytic
organelles.

Table I. Effect of NH4Cl on HIV replication

HIV-1 Time post-infection (h)
dilution 18 60 84

Control NH4CI Control NH4Cl Control NH4Cl

10-, +++ + +++ + +++ +++
lo-2, _ +++ + +++ +++
lo-3 - - +++ + +++ +++
1o-4 _ +- ++ -

o-5 - - - - +++

10-6 - - - - - -

C8166 cells were infected with serial dilutions of HIV-1, in the
presence or absence of 30 mM NH4Cl, for 1 h and subsequently
incubated for 17 h in medium containing 30 mM NH4Cl or in control
medium. The cells were then transferred to NH4Cl free medium and
the development of syncytia determined immediately or at 60 and 84 h
after infection. Syncytium size and number did not change after 84 h.
Cultures were scored on a semi-quantitative scale, where + + +
denotes the inclusion of almost all nuclei (>90%) into syncytia, +
denotes c 10% syncytia and - denotes the absence of syncytia (see
Figure 1).

Effect of weak bases on pseudotype infection
The role of HIV- 1 envelope glycoproteins in virus entry was
investigated further by examining the effect of weak bases on
infection by vesicular stomatitis virus (VSV) particles bearing
the envelope glycoproteins of HIV- 1. Such VSV pseudotype
virions depend on the functional properties of the retrovirus
glycoproteins for early stages of infection, as first demon-
strated for VSV pseudotypes of avian and murine retro-
viruses by Zavada (1972). VSV(HIV-1) pseudotypes plate
only on CD4+ cells (Dalgleish et al., 1984; Clapham et al.,
1987), and are specifically neutralized by HIV-1 antisera
(Weiss et al., 1986). Following penetration and uncoating,
however, VSV pseudotypes replicate to produce wild-type
VSV which infects neighbouring cells to produce cytopathic
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Table II. Effect of weak bases and monensin on the early stages of
HIV- I infection

Inhibitors End-point titre
of HIV-1

None 5 x 105
NH4Cl (30 mM) 5 x 105
Amantidine (2 mM) 2.5 x 105
Monensin (10 /AM) 5 x 105

C8166 cells were infected with serial dilutions of HIV-1 in the
presence of NH4Cl, amantadine or monensin for 1 h. The cells were
then washed and re-incubated in medium containing the drugs for a
further 5 h. Subsequently the cells were transferred to inhibitor-free
medium and infection was scored 5 days later by the appearance of
syncytia. Results are shown for the highest concentrations of reagents
without apparent toxic effects.

Table III. Effect of weak bases on VSV and VSV(HIV-1) pseudotype
infectivity

Inhibitor P.f.u. of
VSV VSV(HIV-1)

None 2x 108 2x 104
NH4CI (30 mM) 1 x l07 3 x 104
Amantadine (2 mM) 8 x 106 2.5 x 104

Adherent CD4+ CEM cells were infected with serially diluted VSV
harvested from H9 cells producing HIV-1. The non-pseudotype VSV
represents the total p.f.u. whereas the VSV(HIV-1) pseudotype fraction
bearing HIV-1 envelope antigens represents the p.f.u. surviving anti-
VSV treatment. Virus was adsorbed for 1 h inhibitor and, after
washing, the cells were overlaid with mink lung cells in the presence
of inhibitor. The mink cells do not express HIV-1 receptors but
provide a sensitive monolayer for plaque formation following
secondary infection by VSV progeny released from the CEM cells.
After 2 h further incubation, the medium was replaced with medium
containing 1.8% agar and no inhibitor. Plaques were counted after
48 h. The specificity of the VSV(HIV-1) envelope was confirmed by
the absence of p.f.u. when anti-VSV-treated stock was plated on
CD4- cells (not shown). Similar results were obtained for non-
pseudotype VSV whether propagated in HIV-l-infected H9 cells
(shown here) or in uninfected H9 cells (not shown).

plaques. Thus plaque formation by VSV(HIV-1) pseudotypes
provides a quantitative assay for testing whether agents can
inhibit early steps of infection dependent on HIV envelope
functions, such as receptor binding, membrane fusion, virion
penetration and uncoating.

Table III shows the effect of NH4Cl on the plaque form-
ing efficiency of wild-type VSV and of VSV(HIV-1) pseudo-
type. Whereas the infectivity of VSV particles bearing the
VSV G-protein envelope was reduced by 95% in the pres-
ence of NH4C1, the infectivity of the VSV(HIV-1) pseudo-
types was not significantly affected. Thus pseudotypes of
VSV bearing the envelope glycoproteins of HIV-1 enter
CD4+ cells in a pH-independent manner. Similar results
were obtained using 2 mM amantadine.

Low pH treatment does not irreversibly inactivate
HIV-1
For influenza and SFV, incubation in low pH medium trig-
gers an irreversible conformational change in the fusion
proteins (Skehel et al., 1982; Doms et al., 1985; Kielian
and Helenius, 1985). In association with cellular membranes
the conformational change leads to fusion and infection,

Table IV. Effect of pH on HIV-1 and SFV infectivity

pH HIV-1 SFV

RT (c.p.m.) IU [3H]uridine
(c.p.m.)

No virus 7.4 924 6515
NH4CI 7.4 NT NT 7392

(30 mM) 7.4 168 000 5 x 105 17 600
6.8 171000 5 x 105 NT
6.0 165 000 5 x 105 NT
5.0 174000 5 x 105 6813
4.6 164 000 5 x 105 NT

Medium containing 5 x 105 IU/ml HIV-1 was brought to the indicated
pH for 1 min at 20°C, then readjusted to pH 7.4 and serially diluted
to titrate for surviving IU in C8166 cells. Before dilution aliquots were
taken for RT activity. Medium containing 2 x 107 p.f.u./ml SFV was
similarly treated at pH 5.0 and infectivity in BHK-21 cells was
assayed by [3H]uridine incorporation. Trace amounts of
[35S]methionine-labelled SFV were added and the specific activities of
the input suspension remained the same before and after low pH
treatment (not shown) indicating that SFV viral antigen was not lost at
low pH by non-specific adsorption to plastic.
NT, not tested.

while in the absence of cells the virions are irreversibly
inactivated.
HIV- 1 was treated at the pH values indicated in Table IV

for 1 min and subsequently re-neutralized. Aliquots were
assayed for RT activity as a particle count and the virus
stocks were titrated in C8166 cells for surviving infectivity.
Equivalent titres were observed for HIV-1 treated at all pH
values, indicating that the HIV-1 is not inactivated at low
pH. In contrast, when SFV was treated at pH 5.0 for 1 min,
there was no evidence of surviving infectivity, as background
levels of uridine incorporation, equivalent to uninfected cells
or cells infected in the presence of NH4C1, were observed
(Table IV).

Synthesis of viral glycoprotein in the presence of
NH4CI
Amantadine, NH4C1 and monensin appear to have no effect
on the early stages of HIV-1 infection. However, changes
in the pH of acidic organelles induced by weak bases and
carboxylic ionophores are rapid and reversible (Ohkuma and
Poole, 1978; Marsh et al., 1982); thus virus remaining in
the cultures following the washes and removal of NH4C1
might be infectious. We therefore examined the synthesis
of HIV-1 specific proteins following infection, in the con-
tinuous presence or absence of NH4Cl. To establish the
time course of viral protein synthesis in the absence of
NH4Cl, C8166 cells were infected with HIV-1 for 1 h at
37°C, washed, and at various times aliquots of cells were
removed and analysed for HIV-1 gag and env gene products
by SDS-PAGE and Western blotting. From 13 h post-infec-
tion increasing amounts of viral antigens were detected (not
shown). We therefore used 16 h post-infection as the earliest
time to probe for newly synthesized viral antigens.
C8166 cells were infected with HIV-1 in the presence of

NH4Cl, azidothymidine (AZT) or control medium. After
16 h the cells were labelled with [35S]methionine and [35S]_
cysteine, harvested, lysed and the gpl60 immunoprecipitated
with antiserum to HIV-1 env antigens. SDS-PAGE analysis
shows (Figure 2) that newly synthesized viral env precursor
protein, gpl60, is detectable in cells infected with virus in
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Fig. 2. Synthesis of viral gpl20 following HIV-1 infection of cells in
the presence of NH4Cl. C8166 cells were infected (m.o.i. 3) with
HIV-1 in control medium, the presence of 30 mM NH4CI, or
10 Ag/ml AZT. After 1 h the cells were washed and retumed to
culture with or without the respective inhibitor for 16 h, when the
cells were incubated for 1 h with [35S]methionine and [35S]cysteine.
Proteins from pelleted and lysed cells were immunoprecipitated with
human serum with a high anti-gpl2O titre prior to SDS-PAGE
and radioautography. Lane 1, control medium; lane 2, NH4CI
containing medium; lane 3, AZT containing medium.

the presence or absence of NH4Cl, but is absent from cells
infected in the presence of the RT inhibitor, AZT. Actin
which is precipitated non-specifically is observed in all three
lanes. These results indicate that the synthesis of the viral
antigens following infection is not inhibited by NH4Cl.

Inhibition of infectious HIV- 1 release by NH4CI
Our experiments indicate that weak bases do not inhibit the
entry of HIV-1 or subsequent viral protein synthesis. How-
ever, when infected cells were maintained in NH4Cl for
18 h syncytium formation was inhibited and the end point
titration was two logs lower than the untreated cells (Table
I). We therefore examined the possibility that weak bases
affect late steps in viral replication.
Three cell lines (H9 T cells, Ramos B cells and U937

monocytic cells) chronically infected with HIV-1 produce
infectious virus in culture. The CD4 antigen is 'down-
regulated' following the initial infection, and while the cells
fail to form syncytia, they readily do so when mixed with
uninfected CD4+ cells (Dalgleish et al., 1984; Clapham et
al., 1987). The cells from each of the three lines were wash-
ed and resuspended in medium with or without NH4Cl, and
were incubated overnight when the medium was harvested
and assayed for RT activity and infectivity. Table V shows
that following incubation with NH4Cl there is a 10-15%
reduction in RT activity in the supernatant medium, this
being in the same range as the reduction in viable cell number
and protein synthesis (see above). In contrast, there was a
95% reduction in the titre of infectious virus in the NH4Cl-
treated cultures compared with the untreated controls.

Table V. Effect of NH4Cl on HIV-1 production in chronically infected
cells

HIV-1 producing cells NH4Cl treatment Virus production
RT activity IU/ml

H9 (T cell) none 148 946 1 x 106
30 mM 136 872 5 x 104

U937 (monocyte) none 345 936 2 x 106
30 mM 282 630 8 x 104

Ramos (B cell) none 17 413 5 x 103
30 mM 15 722 1 x 102

The cells were washed and incubated for 18 h in control medium or
medium containing 30 mM NH4Cl maintained at pH 7.4 in a C02-free
atmosphere. Then 4 ml of medium was assayed for RT activity
(c.p.m.) and 1 ml was serially diluted for end-point infectivity titration
in C8166 cells.

The results indicate that NH4Cl reduces the infectious
titre of HIV-1. However, the drop in RT activity does not
correspond with the loss of infectivity, suggesting that virus
particle release is not inhibited but that released particles have
lower infectivity. The reason for this loss of infectivity is
not known but it could arise as a result of NH4Cl-induced
changes in the post-translational processing of viral mem-
brane glycoproteins.

Discussion
Enveloped animal viruses enter their host cells by mem-
brane fusion, either at neutral pH (e.g. paramyxoviruses) or
in the acidic environment of the endosome (White et al.,
1983; Haywood et al., 1988). We have sought to determine
whether HIV-1 uses either of the pathways outlined for other
enveloped viruses following binding to the CD4 receptor.
Our results indicate that entry and the steps in replication
leading to viral protein synthesis are not inhibited by the
weak bases NH4Cl and amantadine or by the carboxylic
ionophore monensin. These endosomal pH modulators have
been used at concentrations which block the entry of several
viruses, including influenza, VSV, SFV and West Nile virus,
all of which undergo pH-dependent fusion in the pH range
5.3-6.5. Furthermore, our results show that cell-cell
fusion leading to syncytium formation occurs in media main-
tained at pH 7.4-7.6, and that virions are not inactivated
by incubation at low pH. Thus the functional entry of HIV- 1
into cells does not require exposure to low pH and does not
involve an irreversible acid-induced conformational change
in the viral envelope proteins.
During the completion of our experiments Stein et al.

(1987) reported that entry of HIV-1, measured by the syn-
thesis of proviral DNA, is not inhibited by NH4Cl, chloro-
quine or monensin, and that fusion of the HIV-1 envelope
with the plasma membrane could be visualized by electron
microscopy. Our studies, using different assay procedures,
conform with and extend these findings. Maddon et al.
(1986), however, suggested that NH4Cl inhibits HIV-I rep-
lication. A possible explanation for this discrepancy is our
finding that weak bases inhibit the release of infectious
HIV- 1. Weak bases and carboxylic ionophores increase the
pH in all acidic compartments of the cell. Compartments
of the exocytic pathway, including the trans Golgi network
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(TGN), are known to be acidic (Anderson and Pathak, 1985;
Mellman et al., 1986). Furthermore, weak bases and car-
boxylic ionophores are known to affect viral and cellular
protein transport through the exocytic pathway (Matlin,
1986). Our experiments indicate that the budding and release
of HIV-1 virions is not itself affected by NH4Cl treatment,
because there is no significant reduction of particles con-
taining RT, but that the virions released in the presence of
NH4Cl have reduced infectivity. The specific nature of the
defect remains to be elucidated.
Although our results demonstrate that low pH is not re-

quired for entry, they do not rule out the possibility that
endocytosis is important for infection. The results reported
here show that HIV-l fuses at neutral pH, but do not indicate
whether fusion also occurs at acid pH as is the case for Sendai
virus. Stein et al. (1987) have demonstrated that HIV-l can
fuse at the cell surface and in the presence of sufficient virus,
may also lead to cell fusion from without. However, it has
not been demonstrated that this route leads to productive in-
fection.
The attachment of HIV-1I to CD4 antigen at the cell surface

may not be sufficient to trigger cell fusion or infection.
Maddon et al. (1986) transfected the gene encoding the
human CD4 molecule into human and murine cells of lymph-
oid and non-lymphoid origin. While cell surface expression
of CD4 rendered the human cells susceptible to HIV-1 in-
fection, none of the mouse cells became susceptible to HIV-1
infection or to HIV-l induced cell fusion. The murine cells
expressing CD4 bind HIV-1 virions and, as exposure to low
pH is not required for entry, the block to infection remains
unresolved. The replication defect does not appear to be a
post-entry event because VSV(HIV-1) pseudotypes fail to
plate on CD4+ mouse cells, even though wild-type VSV
infects these cells (Maddon et al., 1986). In addition, mouse
cells transfected with full length HIV-1 provirus produce in-
fectious virus (Adachi et al., 1986; Levy et al., 1986).
The infectivity of pH-dependent viruses, by fusion at the

cell surface with acid medium, varies according to the
virus and cell under study. SFV is permissive on fusion with
BHK-21 cells (Helenius et al., 1982), but not when fused
to the surface of CHO cells (M.Marsh and S.Swift, un-
published). Similarly, when VSV or fowl plague virus are
fused with MDCK cells, or when West Nile virus is fused
with murine macrophage-like cells, infection does not occur
(Matlin et al., 1981, 1982; Gollins and Porterfield, 1986).
CD4 is known to internalize under certain conditions such
as treatment by tumour promoters (Delia et al., 1982; Hoxie
et al., 1986; Clapham et al., 1987) and we have observed
anti-CD4-immunogold complexes in the endocytic vesicles
of HeLa-CD4 cells (unpublished). Perhaps the human CD4
molecule expressed in NIH-3T3 cells is unable to function
fully as a virus receptor, because its internalization is in-
hibited. However, evidence favouring a role for receptor-
mediated endocytosis in HIV-1 infection will require a more
detailed biochemical and morphological analysis of the inter-
actions between HIV-1 and its host cells.

Materials and methods
Cells and viruses
The human T leukaemic, CD4+, non-adherent cell lines C8166 and H9,
and the adherent line CEM were maintained in RPMI-1640 containing 2 mM
glutamine, 10% fetal calf serum (FCS), penicillin and streptomycin as

described (Clapham et al., 1987). Three infected cell lines chronically pro-

ducing HIV-1 (H9 infected with HTLV-IIIRF, Ramos B cells producing
HTLV-IIIB, and the U937 monocyte line infected with HTLV-IIIRF) were
grown as suspension cultures in the same media. Baby hamster kidney cells
(BHK-21) were grown in Glasgow-modified minimal essential medium
(GMEM) supplemented with 10% FCS, 10% tryptose phosphate broth
(TPB), penicillin, streptomycin and 2 mM glutamine. CCL-64 mink lung
fibroblasts (MLF) were grown in Dulbecco-modified Eagle's medium
(DMEM) containing 2 mM glutamine, 10% FCS, penicillin and
streptomycin.
HIV-1, strain HTLV-IIIRF, was propagated in chronically infected H9

cells, adding uninfected H9 cells to increase virus production 5 days before
harvest. The supematant was collected, clarified by centrifugation (2000
r.p.m. for 10 min at 4°C) and stored in aliquots in liquid nitrogen. HIV-1
stocks contained approximately 1 x 106 IU in C8166 (Clapham et al.,
1987) and H9 cells. SFV and [35S]methionine-labelled SFV were grown
in BHK-21 cells as previously described (Helenius et al., 1982). VSV
(Indiana strain) was propagated in MLF cells (Clapham et al., 1987).

Viral assays
HIV-1 infectivity was assayed by serial dilution and plating on C8166 cells
and scored by the appearance of syncytia (Clapham et al., 1987) and RT
activity (Hoffman et al., 1985). SFV infectivity in BHK-21 cells was assayed
by incorporation of [3H]uridine into newly synthesized viral RNA as pre-
viously described (Helenius et al., 1982). All experiments with weak bases
and monensin were carried out in RPMI-1640 medium lacking bicarbonate
and buffered with 25 mM Hepes at pH 7.6. The medium was monitored
throughout the experiments to ensure the pH did not drop below 7.4.

Preparation of VSV(HIV-1) pseudotype viruses
VSV and VSV(HIV-1) pseudotype viruses containing the VSV nucleocapsid
and the envelope glycoproteins of HIV-1 were prepared and assayed as
described previously (Clapham et al., 1987) using HIV-1 infected H9 cells
for pseudotype propagation.

Low pH treatment of HIV- 1 and SFV
HIV-1 stock virus was diluted 1:10 in RPMI-1640, containing 0.2% bovine
serum albumin (BSA) and 10 mM Hepes, pH 7.4. SFV was diluted in the
same medium and [35S]methionine-labelled SFV was added as a tracer. The
virus suspensions were adjusted to various pH values between 7.4 and 4.5
by addition of predetermined amounts of 1 M HCI, and incubated at room
temperature for 5 min. The pH was readjusted to pH 7.4 by addition of
an appropriate volume of 1 M NaOH. The virus samples were assayed for
[35S]methionine (SFV) or RT (HIV-1) activity to ensure that virions had
not been lost by adsorption to the plastic surfaces during the pH adjustment,
and for infectivity by [3H]uridine incorporation into BHK-21 cells (SFV,
10 p.f.u./cell for control pH 7.4) and syncytium induction in C8166 cells
(HIV- 1) respectively.

Immunological detection of viral proteins
For immunoprecipitation, C8166 cells infected with HIV-1 were incubated
in methionine-free medium for 10 min at 37°C and then transferred to
methionine-free medium containing 500 ltCi [35S]methionine and 500 yCi
[35S]cysteine (Amersham International). After 1 h at 37°C the cells were
spun down, washed three times in ice-cold PBS, and disrupted in 1 ml lysis
buffer containing 1% Triton X-100 for 10 min on ice and then centrifuged
at full speed in an Eppendorf microfuge for 15 min. The clarified super-
natants were preadsorbed with a non-specific mouse immunoglobulin, fol-
lowed by a goat anti-mouse immunoglobulin (Tago) and Protein A conjugated
Sepharose (Sigma Chemical Co.) Subsequently the supematants were in-
cubated with human serum containing antibodies to HIV- env proteins, and
then Protein A Sepharose beads. The immunoadsorbent beads were wash-
ed and the adsorbed proteins analysed by SDS-PAGE on 10% gels.
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