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To determine the factors governing inactivation and neutralization, physical, chemical, and biological assays were
performed on a molecular clone of human immunodeficiency type 1 (HIV-1HXB3). This included quantitative electron
microscopy, gp120 and p24 enzyme-linked immunosorbent assays, reverse transcriptase assays, and quantitative
infectivity assays. For freshly harvested stocks, the ratio of infectious to noninfectious viral particles ranged from 10~
to 1077 in viral stocks containing 10° to 10" physical particles per milliliter. There were relatively few gp120 knobs per
HIV particle, mean = 10 when averaged over the total particle count. Each HIV particie contained amean =~ 5% 1077 g
of p24 and ~2 X 107'® g of RNA polymerase, corresponding to about 1200 and 80 molecules, respectively. The
spontaneous shedding of gp120 envelope proteins from virions was exponential, with a half-life =~ 30 hr. The loss of
RNA polymerase activity in virions was also exponential, with a half-life = 40 hr. The physical breakup of virions and the
dissolution of p24 core proteins were slow (half-life > 100 hr) compared to the gp120 shedding and polymerase loss
rates. The decay of HIV-1 infectivity was found to obey superimposed single- and multihit kinetics. At short preincuba-
tion times, the loss of infectivity correlated with spontaneous shedding of gp120 from virions. At longer times, an
accelerating decay rate indicated that HIV requires a minimal number of gp120 molecules for efficient infection of CD4*
celis. The blocking activity of recombinant solubie CD4 (sCD4) and phosphonoformate (foscarnet) varied with the
number of gp120 molecules and number of active RNA polymerase molecules per virion, respectively. These results
demonstrate that the physical state of virions greatly influences infectivity and neutralization. The knowledge gained
from these findings will improve the reliability of in vitro assays, enhance the study of wild-type strains, and facilitate the

evaluation of potential HIV therapeutics and vaccines.

INTRODUCTION

Human immunodeficiency viruses (HIV) are struc-
turally and functionally labile. Four mechanisms are
known to contribute to this property. These include the
spontaneous dissociation of gp120 proteins from the
viral envelope (Gelderblom et af., 1985; Modrow et af.,
1987), the physical breakdown of the lipid membrane
covering viral particle (Nara et al., 1987a), the dissolu-
tion of p24 core proteins encasing viral RNA (McDou-
gal et al, 1985), and the spontaneous loss of RNA
polymerase activity (Lori et al., 1988; Goff, 1990). At
present, there is little information on the kinetics of
these chemical reactions, their rate constants, and
how these reactions influence the activities of antiviral
agents that attack extracellular or intracellular events
in the viral life cycle {Looney et al., 1990; Layne and
Dembo, 1992; Lu et al,, 1992). Furthermore, there is
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scant knowledge of how widely these rates vary be-
tween laboratory strains and wild-type isolates under
physiologic conditions. To start elucidating such is-
sues, we undertook an extensive study of these basic
reactions with HIV-1HXB3, a molecularly cloned labora-
tory strain (Shaw et al., 1984). HIV-1HXB3 was chosen
over others because it was easy to grow and store in
large volumes. Also, recombinant gp120, p24, and
RNA polymerase proteins were available for the abso-
lute calibration of chemical assays.

The strategy of this study was to perform a variety of
physical, chemical, and biological assays on the same
viral stock, permitting correlations between the differ-
ent types of data. Physical measurements of the actual
number of particles and the number of gp120 knobs
per particle were carried out by electron microscopy
(EM). Quantitative determinations of gp120 envelope
and p24 core proteins were carried out by ELISA. Bio-
chemical measurements of RNA polymerase activity
were performed by quantitative enzymatic assays. Bio-
logical measurements of viral titer, spontaneous viral
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inactivation, and the activities of antiviral agents were
performed by quantitative infectivity assays with trans-
formed cells and primary blood mononuclear cells. To
determine basic kinetic parameters, such as half-lives
and reaction orders, assays were repeated on viral
stocks that were preincubated for various time inter-
vals at 37°, To investigate how the perturbation of
virus—cell binding was influenced by thermal treat-
ment, sCD4 was used as a blocking agent at concen-
trations not facilitating spontaneous shedding of
gp120 (Moore et al., 1990; Hart et a/., 1991; Layne et
al., 1991; Dimitrov et al., 1992). To investigate how
virion-associated reverse transcriptase activity in-
fluenced infectivity, trisodium phosphonoformate (fos-
carnet) was used as an inhibitor of viral RNA polymer-
ase (Majumdar et a/., 1978; Oberg, 1983).

Previous studies found that the blocking activity of
sCD4 was inversely related to the density of CD4" cell
in viral infectivity assays (Layne et a/., 1991). For “‘un-
saturated” assays at low target cell densities, the bio-
logical blocking activity of sCD4 corresponded to the
gp120-sCD4 association constant (K,ee.c) from chemi-
cal measurements. That is, the inhibition of infection
was proportional to the formation of gp120-sCD4
complexes (Layne et al., 1990). For ‘'saturated’ infec-
tivity assays at high target cell densities, on the other
hand, the biological blocking activity of sCD4 fell far
below the chemical K, ... This decline occurred be-
cause the CD4 receptors on cell surfaces, which me-
diated infection, competed successfully with the sCD4
molecules in solution for viral-associated gp120 mole-
cules (Layne et al., 1989, 1991). To permit direct com-
parisons between chemical and biological measure-
ments, the sCD4 blocking assays in this study were
carried out at low target cell densities.

Also, previous studies indicated that HIV requires a
minimal number of free {(unblocked) gp120 molecules
for efficient infection of CD4* cells (Byrn et al., 1989;
Layne et al., 1990). When more than this minimal num-
ber were present on a virion, the rate of infection was
proportional to free gp120. When less than this num-
ber were present, the rate of infection was significantly
reduced. These studies did not, however, estimate the
actual size of this threshold. Further goals of this study
were to determine the minimal number of gp120s for
HIV-1HXB3 by utilizing the relevant physical, chemical,
and biological data and to see whether this number
varied for primary and transformed human CD4* cells.

MATERIALS AND METHODS
Viral stocks

H9 cell cultures (American Type Culture Collection,
CRL 8543) were inoculated with HIV-1HXB3 as previ-

ously described (Layne et al., 1991). After 2 days, in-
fected H9 cultures (1000 ml total volume) were clarified
by centrifugation (20°, 20 min, 10,000 g) and frozen
(=70°) in 10-ml aliquots. Also to monitor and optimize
the titer of HIV-1HXB3 stocks, infected H9 cultures
were incubated for periods of 4 to 6 days. At daily inter-
vals, 5-ml aliquots of supernatant were removed, clari-
fied by centrifugation, and frozen. Subsequently, these
samples were assayed in parallel for infectious units.

Quantitative infectivity assays

Human peripheral blood mononuclear cells (H-
PBMC) were isolated by centrifugation through Ficoll-
Paque (Pharmacia). H-PBMC were washed twice [sus-
pended in 50 ml of phosphate-buffered saline (PBS)
and centrifuged for 10 min at 300 gj, red cells were
disrupted with 256 ml of ammonium chloride lysis buffer
(Biofluids, Inc.), and H-PBMC were again washed
twice. H-PBMC were cultured (37°, 5% CO,) in media
[RPMI 1640 and 10% fetal bovine serum] containing 2
ug ml~! phytohemagglutinin. After 2 days, nonadher-
ent cells were centrifuged and placed in fresh media
containing 32 units mi~ of IL-2. The next day, these
stimulated H-PBMC were used as target cells.

H-PBMC target cells, and CEM-SS target cells as
previously described (Nara et al., 1987b; Layne et al.,
1990, 1991), were suspended in 50 nM DEAE—dextran
for 30 min. After the DEAE-dextran was removed, a
fixed number of target cells were added to 2-ml micro-
centrifuge tubes containing media with different sCD4
concentrations. To hold the inoculum-to-volume ratio
constant, identical aliquots of HIV stock were added to
each tube. Particular ratios (either 10 or 20%) were
selected to give an m.o.i. less than 0.1, a total gp120
concentration less than 0.1 X K. @nd a satisfactory
statistical count of infectious units. Tubes were placed
on a roller apparatus during the 1-hr infection period at
37°. To remove cell-free virus and sCD4, infected tar-
get cells were washed (1 min at 10,000 g, suspended
in 1 ml of PBS and centrifuged) and suspended in fresh
media. Indicator cell monolayers were made by adding
3.5 X 10* CEM-SS cells to microplate wells as previ-
ously described (Layne et a/., 1990, 1991). Infected
cell monolayers were made by adding a small number
{from 1250 to 5000) of H-PBMC or CEM-SS target cells
1o indicator cell monolayers. Eight replicate wells were
plated per time point and sCD4 concentration. Syncy-
tial forming units (SFU) representing the infection of
individual target cells by cell free virus were counted 3
to 6 days following plating (Nara et al., 1987b; Nara and
Fischinger, 1988).

Viral decay assays

Frozen HIV-1HXB3 stock (260 ml) was thawed,
pooled, and incubated with gentle mixing at 37°. At
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regular intervals (1 to 2 hr), quantitative infectivity as-
says were performed with H-PBMC and CEM-SS target
cells {1.4 X 10* cells mI™", 1.8-ml reaction volumes,
and 10% inoculum-to-volume ratio) in media contain-
ing 0 and 0.5 nM sCD4. Also at regular intervals (4 or
12 hr), a “‘prespin’’ sample of viral stock was frozen
(=70°) for subsequent assays. At the same time, 8-ml
aliquots of stock were ultracentrifuged (20°, 40 min,
155,000 g) and the resuiting ‘‘postspin supernatants”
were frozen for subseguent assays. After all remaining
supernatant was swabbed from the ultracentrifuge
tubes, viral “‘pellets’ were suspended in fresh media
and frozen for subsequent assays.

gp120 ELISA

Frozen samples from viral decay assays were
thawed and lysed with Nonidet P40 (NP40), final con-
centration 0.5%. Immulon-Il microplate wells {Dyna-
tech) were coated with D7324 capture antibody (Aalto
Bioreagents), washed, and blocked as previously de-
scribed (Moore and Jarrett, 1988; Moore et al., 1989).
Next, 100 ul of each sample was added to six replicate
wells and incubated for 3 hr at room temperature. Un-
bound protein was removed by washing twice with 200
u! of solution containing 144 mM NaCl and 256 mM Tris
{pH 7.6). Bound gp120 was detected with a pool of
HIV-1-positive human serum, an alkaline-phospha-
tase-conjugated antibody to human IgG (Seralab), and
an AMPAK ELISA {Novo Nordisk) amplification system
{(Moore et al., 1990). Reactions were stopped with 50 ul
of 0.5 M HCI and optical densities at 492 nm were
measured. Protein concentrations were determined
against recombinant HIV-11IB gp120 derived from
CHO cells {Celitech). The purity (>95%) and concen-
tration of the recombinant protein were measured by
SDS electrophoresis and amino acid analysis, respec-
tively (data not shown). The gp 120 standards were in-
cluded on all microplates (three replicates in serial
threefold dilutions).

p24 ELISA

Frozen samples from decay assays were thawed
and lysed with Triton X-100, final concentration 0.5%.
One hundred microliters of each sample was added to
four replicate wells in commercial microstrips (NEK-
060A, DuPont). All subsequent steps were performed
in accordance with the manufacturer's instructions.
The optical density (492 nm) of developed wells was
determined by an automated plate reader (Vmax Ki-
netics, Molecular Devices). Protein concentrations
were determined against recombinant HIV-11lI1B p24
supplied with the ELISA kits. p24 standards were in-

cluded on ali microplates (three replicates in serial two-
fold dilutions).

Quantitative RNA polymerase activity assays

Frozen samples from decay assays were thawed
and lysed with Triton X-100, final concentration 0.5%.
Six microliters of each sample was added to four repli-
cate wells containing 20 ul of 50 mM Tris {pH 7.6), 100
mM NaCl, 8 mM MgCl,, 10 mM dithiothreitol, 4 ug
mi~" oligo(dT),,_15, 40 ug M~ poly(A), 0.12 mCi mi™’
BHITTP, and 0.25% NP40 (Baltimore and Smoler,
1971; Goodman and Spiegelman, 1971). The micro-
plates were then incubated for 1 hrat 37°. Next, 150 ul
of stop solution containing 40 mM sodium pyrophos-
phate and 15 mM NaCl was added. Radioactive prod-
ucts were then precipitated with 20 ul of 60% trichloro-
acetic acid (TCA) on ice for 30 min. The 196 ul in each
well was transferred (Micro Cell Harvester, Skatron) to
0.45-um filter papers with 5.0 ml of wash solution con-
taining 6% TCA and 40 mM sodium pyrophosphate.
Filter papers were dried, placed in scintillation fluid,
and counted for beta activity (LKB Betaplate, Model
1205). Viral RNA polymerase activities were quantified
against recombinant HIV-1IIB polymerase derived
from Escherichia coli (p66/p51 heterodimer, American
Bio-Technologies). The purity (>95%) and concentra-
tion of the recombinant protein were measured by SDS
electrophoresis and amino acid analysis, respectively
(data not shown). Recombinant standards were in-
cluded on all microplates (four replicates in serial two-
fold dilutions). For 2.0 X 1078 and 1.6 X 107'° g of
recombinant protein, beta counts were 4.8 X 10%and 3
X 10%, respectively. The total counts were proportional
to the protein weight and background counts were ap-
proximately 1 X 10°,

RNA polymerase inhibition assays

Trisodium phosphonoformate (foscarnet) was used
as a noncompetitive enzymatic inhibitor of RNA poly-
merase (Majumdar et al., 1978; Oberg, 1983). This an-
tiviral agent was selected over others because the par-
ent compound was active, readily penetrated cells,
and was nontoxic at concentrations of less than 500
uM (Helgstrand et a/., 1978; Sandstrom et al., 1985).
Prespin samples with preincubation times of 0, 8, 16,
and 24 hr were thawed. Quantitative infectivity assays
were carried out on these four samples with 0, 25, 50,
and 100 uM phosphonoformate in the media. To en-
sure that phosphonoformate was in equilibrium in
these assays, it was added to the target cells 4 hr prior
to adding the viral inoculum. After a 1-hr infection pe-
riod, CEM-SS target cells (b X 10* mi~") were washed,
suspended in media, and added to indicator cell mono-
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layers. For all steps, the media contained the same
concentration of phosphonoformate. To evaluate the
side effects of phosphonoformate on syncytia forma-
tion, three tubes without phosphonoformate in the me-
dia were inoculated with prespin samples without
preincubation. Subsequently, the indicator cell mono-
layers contained 25, 50, and 100 uM phosphonofor-
mate.

Quantitative electron microscopy

At regular intervals (4 or 12 hr) during the viral decay
assays, 9.9-ml aliquots of viral stock were thoroughly
mixed with 0.1 mi of polystyrene spheres (1490 + 40 A
diam from Duke Scientific or 25600 + 130 A diam from
Polysciences), resulting in 1 X 10? spheres mi~'. An
8-ml aliquot of this mixture was ultracentrifuged (20°,
40 min, 155,000 g), the supernatant was decanted,
and the pellet was fixed with 2.5% glutaraldehyde.
Next, the glutaraldehyde-fixed peliets from the decay
assays (containing cosedimented beads and virus par-
ticles) were embedded in Epon either in the tips of the
centrifuge tubes (in situ) or after being divided into
pieces using standard procedures (Gelderblom et af.,
1987). For contrast enhancement, in particular to im-
prove the detectability of the viral glycoprotein knobs in
the electron micrographs, the specimens were post-
fixed (60 min, 4°) with osmium tetroxide, treated (30
min, 4°) with 0.1% tannic acid (No. 1764, Mal-
finckrodt), and stained en bloc with 2% uranyl acetate
{90 min, 4°). Sections of about 50-nm thickness were
mounted on 300-mesh copper grids, poststained with
lead citrate (Venable and Coggeshall, 1965), and evalu-
ated in Zeiss electron microscopes EM902 or EM10.
From pellets embedded in situ, ultrathin sections were
cut at different depths of the pellet to evaluate the dis-
tribution of beads and virus particles. From the pellets
divided before embedding, two to three individual
pieces were similarly evaluated. From one particular
depth of the in situ or one piece of the divided pellets,
10 to 15 randomly selected regions were photo-
graphed at 12,000X and 30,000X magnification,
strictly avoiding the overlap of consecutive sections.
For each micrograph, the total numbers of virus parti-
cles, polystyrene spheres, and gp120 knobs per virus
particle were counted. To avoid bias, the pellets were
identified by a code, which was broken only after the
evaluation of micrographs. For subsequent statistical
analyses of the data, only micrographs with more than
five spheres and five virus particles were used.

Statistical analysis of data

“Normalized SFU'" was defined as the mean number
of SFU without sCD4 in the media divided by the mean

number of SFU with sCD4 in the media (Layne et al.,
1989). To facilitate the analysis of sCD4 blocking, the
slope of a normalized SFU versus sCD4 concentration
plot, {(normalized SFU) ~ 1] + (sCD4 concentration),
was defined as the ‘‘biological blocking activity'’ of
sCD4 (Layne et al., 1991). Biological blocking activities
have units of inverse molar (M), which permits com-
parison to gp120-sCD4 association constants derived
from chemical measurements (Layne et al., 1990). Bio-
logical blocking activities were calculated by minimiz-
ing fla, b) = Z{ly; — (ax; + b)] + ¢}, which gave a
weighted least-squares fit to the data. y; was the mean
value of 1/SFU at the ith sCD4 concentration, ¢; was
the standard deviation of 1/SFU, and x; was the sCD4
concentration at the ith data point. For normalized SFU
plots, the weighted least-squares fit gave biological
blocking activities (slopes) of a + b. Half-lives and dou-
bling times were calculated by minimizing fia, b). In this
case, y; was the mean value of log,(SFU) at the ith
preincubation time, ¢; was the standard deviation of
log,4(SFU), and x; was the preincubation time at the ith
data point. For log-linear plots, the weighted least-
squares fit gave a half-life (or doubling time) and inter-
cept of a and b, respectively. Unweighted least-
squares fits were obtained by setting o; = 1. The 95
and 68% confidence limits were calculated by a stan-
dard bootstrap algorithm (Efron and Tibshirani, 1991).

RESULTS
Replication characteristics of HIV-1HXB3

Figure 1 shows the exponential replication of in-
fectious HIV-1HXB3 from two separate H9 cultures.
The cultures were prepared with the same continuous
H9 cell line, inoculated with the same frozen viral stock
and m.o.i., and rapidly harvested by the same method
(Layne et al., 1991). For the first 24 hr, the first culture
{O) produced new virus at a rapid exponential rate
(doubling time ~ 2 hr). From 24 to 72 hr, however, the
replication rate of this culture decreased and after 72
hr, the viral titer declined. For the first 96 hr, the second
culture (O) produced new virus at a somewhat slower
exponential rate (doubling time ~ 7 hr). For this cul-
ture, samples were not taken for growth times longer
than 96 hr. Thus, the inevitable effects of target cell
cytolysis and depletion on viral expression were not
observed. These two sets of data were selected for
presentation because they bracketed typical doubling
times and durations of exponential growth. Since H9
cultures always produced HIV-1HXB3 exponentially for
the first 48 hr in these studies (data not shown), all viral
stocks used in this study were harvested after 48 hr of
viral replication.
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Fig. 1. Exponential growth of infectious HIV-1HXB3 in two sepa-
rate H9 cultures ([Jand O). At 24-hr intervals, aliquots of supernatant
were removed, clarified by low-speed centrifugation, and frozen.
Subsequently, the frozen samples were thawed and assayed for
SFU. Each time point is an average of eight replicate microtiter wells.
Error bars signify =1 SD. Doubling times are unweighted least-
squares fits to the data.

Effects of ultracentrifugation on viral infectivity

To determine the effects of ultracentrifugation on
HIV-1HXB3 infectivity, a viral stock was preincubated
at 37°. An 8-ml aliguot of stock was ultracentrifuged
(20°, 40 min, 155,000 g), and the resulting postspin
supernatant and pellet were assayed for SFU, along
with a prespin sample of viral stock. Table 1 shows the
results of this procedure at three preincubation times.
The complete recovery of SFU in the viral peliets was
independent of preincubation time. In addition, at all
preincubation times, no SFU were detected in postspin
supernatants. This demonstrated that manipulations
such ultracentrifugation and suspension did not per-

turb HIV-1THXB3 infectivity and that sedimentation of
HIV-1HXB3 was independent of viral aging.

Quantifying virion density by electron microscopy

The absolute number of HIV particles was deter-
mined by adding a known concentration of iatex
spheres to viral stocks and then ultracentrifuging the
mixture. Since spheres and virions had similar sedi-
mentation coefficients, ~1000 S (Sharp and Beard,
1950; Anderson, 1968; Salmeen et al., 1976), they mi-
grated to the bottom of the centrifuge tube in equal
proportion. With thin-section electron microscopy (Fig.
2a), the ratios of spheres to virions in the pellets were
evaluated. Table 2 summarizes the results of this pro-
cedure for an HIV-1HXB3 stock used throughout this
study. At all four preincubation times, the average par-
ticle density of 3.7 X 10'® mi~" was constant to within
experimental uncertainty. Three other HIV-1HXB3
stocks grown similarly had particle densities ranging
from 1 X 10°to 5 X 10° ml™' (summarized in Table 4).
For these additional stocks, the densities remained
constant for preincubation times ranging from 24 to 60
hr (data not shown). These results demonstrated that
the lipid membrane covering viral particles and cores
were stable (at 37°) compared to other decay pro-
cesses.

Quantifying gp120 knob loss by electron microscopy

The number of gp120 knobs on cell-free virions was
evaluated by thin-section electron microscopy (Fig.
2b). Individual virions were examined on EM negatives
and the total number of visible knobs was recorded. A
total of 20 to 30 negatives were evaluated at each
preincubation time, resulting in the examination of 100
to 500 virions per time point. Figure 3 shows the re-
sults of this procedure for one EM evaluation that was
particularly successful. The straight line fit to the data
(solid line) had a correlation coefficient of 0.99, half-life

TABLE 1

EFFECTS OF ULTRACENTRIFUGATION ON INFECTIVITY AS A VIRAL STOCK AGES

Preincubation time Prespin SFU Supernatant SFU Pellet SFU Pellet + prespin ratio
(hr) (mean + SD) (mean + SD) (mean + SD) (mean + 3SD)
2 459 + 17 0 468 * 45 1.02 +£0.14
9 279 13 0 234 + 19 0.84 £ 0.11
17 83+6 0 787 0.94 £ 0.15

Note. CEM-SS target cell density was 1.6 X 10% mi™'. SFU were averaged from eight microtiter wells. After the preincubation period, the
processing times (from starting ultracentrifugations to inoculating infectivity assays) ranged from 105 to 110 min. At 9 h of preincubation, the
spontaneous decay of viral infectivity was quite rapid {for example, see Fig. 7A). Thus, small differences in processing times can lead to large
differences in prespin and pellet SFU.
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Fia. 2. Electron micrographs of ultrathin sections of cosedimented HIV and latex spheres. (a) Micrograph showing a typical distribution of HIV
and latex spheres (arrows), along with membranous and macromolecular debris. Calculating the viral particle to sphere ratio from muitipie
micrographs gave the absolute viral particle concentration (Table 2). Magnification was 40,000X and bar equaled 1 um. (B) At higher magnifica-
tion (86,000%), some HIV particles clearly showed envelope knobs (arrows). Evaluating the number of knobs with preincubation time permitted

measurement of the gp120 shedding rate. The bar equals 100 nm.

of 67 hr, and 95% confidence limits of 38 to 144 hr
(dotted lines). Counting the loss of viral-associated
knobs was not precisely equivalent to measuring the
chemical loss of viral-associated gp120 {data shown

TABLE 2

QUANTIFYING PHYSICAL PARTICLE CONCENTRATIONS
8y ELECTRON MICROSCOPY

Number Particle
Preincubation of EM Particle to density
time negatives sphere ratio (ml™")
{hr) evaluated (mean = SD) (mean + SD)

0 17 29 +10 (2.9 £ 1.0) x 10"

4 4 42 + 14 (4.2 +1.4)x 10"

12 4 42+ 5.3 (4.2 £0.5)x 10

36 13 42+ 5.3 (4.3 £2.2)x 10"

Average — 37 £ 16 (3.7 +1.8)x 10"

Note. For this particular study, there were means of 560 physical
particles and 15 latex spheres per electron micrograph.

below). For example, it was possible that structures
resembling knobs might be observed even when there
was no gp120 present, i.e., false positives. On the
other hand, any attempts to purify the virus would have
caused additional loss of knobs.

Quantifying gp120 and p24 losses by ELISA

To further examine the kinetics of viral decay, an
HIV-1HXB3 stock was harvested after 48 hr of expo-
nential growth (Fig. 1) and incubated at 37° as previ-
ously described (Layne et al., 1991). At regular inter-
vals, prespin, supernatant, and pellet samples were
prepared (see Materials and Methods). To quantify the
concentrations of envelope and core proteins, gp120
and p24 ELISAs were performed in parallel. Results
from these ELISAs are shown in Figs. 4 and b, respec-
tively.

The concentration of viral-associated gp120 in the
pellets (O in Fig. 4A) decreased with increasing prein-
cubation time and reached a baseline level (O*) by 168
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Fig. 3. Determining the gp120 shedding rate by electron micros-
copy. The number of gp120 knobs on viral particles was evaluated
after preincubation of a viral stock for 0, 12, and 60 hr at 37°. The
mean number of knobs and standard deviation were calculated at
each time point. The half-life (solid line) was an unweighted least-
squares fit to the data; 95% confidence limits (dotted lines) were
calculated by a bootstrap algorithm. Error bars show 1 SD.

hr. A least-squares fit to the data (from 0 to 48 hr, lower
solid line) yielded a half-life of 40 hr and 95% confi-
dence limits of 35 to 45 hr. In conjunction, the concen-
tration of soluble gp120 in the supernatant (A in Fig.

4B) increased with time. Adding the gp120 concentra-
tions in the pellet and supernatant together gave a total
({din Fig. 4A) that was constant during the entire exper-
iment and matched the gp120 concentration in the
prespin samples (@ in Fig. 4B). At very long times, all
the gp120 was lost from the pellet and a small back-
ground remained. A variety of phenomena could ex-
plain this result. For example, gp120 could be present
on nonviral material, such as fragments of cell mem-
branes (micelles). Alternatively, there could be subpop-
ulations of viruses or knobs that did not shed. In either
event, after the average gp120 concentration in the
pellet at 168 hr (O* in Fig. 4A) was subtracted from the
data at earlier times, results that were disentangled
from the background were obtained (@ in Fig. 4A). A
least-squares fit to the data (from O to 48 hr, dotted line)
yielded a half-life of 30 hr and 95% confidence limits of
27 to 33 hr. This corrected gp120 shedding rate
agreed with direct EM measurements, to within a fac-
tor of 2, and agreed with gp120 ELISA measurements
from two other decay experiments (summarized in Ta-
ble 5).

The concentration of viral-associated p24 in the pel-
lets (O in Fig. bA) remained constant with preincuba-
tion time. In spite of this, the concentration of soluble
p24 in the supernatant (A in Fig. BA) increased approxi-
mately twofold with time. This discrepancy in the data
resides within experimental uncertainty. Alternatively,
it could indicate that a small fraction (~20%) of viral
particles *‘dissolved’’ over the 48-hr interval. Adding
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FIG. 4. gp120 ELISA data from an HIV-1HXB3 stock that was preincubated at 37°. Symbols denote prespin samples (®), postspin superna-
tants (A), viral pellets (O), corrected viral pellets (@), and summed data ({). Results are the mean of six replicate wells per time point. Half-lives
(solid lines) are unweighted least-squares fits to the data. The 95% confidence limits (reported with the half-life) were calculated by a bootstrap

algorithm. Error bars show 1 SD.
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the p24 concentrations in the pellet and supernatant
together gave a total (O in Fig. 5A) that was constant
with time and matched the p24 concentrations in pre-
spin samples (W in Fig. 6B). These p24 core protein
data were consistent with electron microscope particle
counts (Table 2), indicating that the envelope and core
of HIV were relatively stable. The results also demon-
strated that p24 was lost from viral pellets at a much
slower rate than gp120 was shed. Therefore, the dis-
solution of intact viral particles was an insignificant fac-
tor contributing to the rate of gp120 shedding (O and @
in Fig. 4A).

Quantifying RNA polymerase loss at 37°

Reverse transcription is a necessary step in the life
cycle of HIV (Goff, 1990). Quantitative RNA polymer-
ase-activity assays were performed on the prespin,
postspin, and pellet samples, with the goal of deter-
mining whether loss of polymerase activity influenced
HIV infectivity. As shown in Fig. 6A, the activity of viral-
associated RNA polymerase in the pellets (O) de-
creased with increasing preincubation time. A least-
squares fit to the data (upper line) yielded a half-life of
40 hr and 95% confidence limits of 35 to 45 hr. In
addition, the activity of soluble polymerase in the su-
pernatant (A in Fig. 6B) decreased with time. A least-
squares fit to these data (lower line) yielded a half-life of
90 hr and 95% confidence limits of 30 to 150 hr. Add-
ing the polymerase activities in the pellet and superna-
tant together gave a total (O in Fig. 6B) that also de-

creased during the experiment. The half-life of the sum
was 40 hr, with 95% confidence limits of 36 to 44 hr.
To within experimental uncertainty, the summed data
matched the total polymerase activity in the prespin
samples (min Fig. 6B). The half-life of the prespin sam-
ple was 100 hr, with 95% confidence limits of 30 to 170
hr. These results demonstrated that the loss of viral-
associated RNA polymerase activity was exponential
and that the time constant was comparable to that of
gp120 shedding. Similar results were obtained for an-
other HIV-1HXB3 stock (data not shown).

Spontaneous viral inactivation at 37°

To correlate measurements of gp120 envelope
shedding, p24 core dissolution, and RNA polymerase
loss with the spontaneous inactivation of HIV, a series
of quantitative infectivity assays were performed on
preincubated HIV-1HXB3 stock. At each time point,
the assays were conducted with CEM-SS and PHA-
stimulated H-PBMC target cells, both in the presence
and in the absence of 0.5 nM sCD4 in the media. As
shown in Fig. 7, this amounted to four different assays
at each time point.

Spontaneous multihit inactivation of HIV was ob-
served with both CEM-SS (Fig. 7A) and H-PBMC (Fig.
78B) target cells. At the start of the experiment, both
target cell types scored a comparable number of SFU
(216 + 7 for CEM-SS and 241 + 8 for H-PBMC). After
24 hr at 37°, the magnitude of viral inactivation was
also similar (approximately 100-fold) for the four differ-



FACTORS UNDERLYING HIV 703

4 i I i T N T 1N T T T T
A Pellet + Supernatant half life = 40 + 4 hrs B
61 F 61 p £Ah 3
E ¢ Pellet half life = 40 £ 5 hrs - 7
6.3 1 6.3 F A
= []
€ 3 E
> - 3 3
;-,g 65F 65 F Prespin half life = 100 + 70 hrs 3
o
=
= - - 3
K
Z 67F Supernatant half life = 90 + 60 hrs 67 F ]
& L i g
S8
69 F 6.9 | E
_71 1 I | | 1 1 _71 L . L F— J I i
0 5 10 15 20 25 0 5 10 15 20 25

Preincubation Time (brs)

Preincubation Time (hrs)

Fic. 6. RNA polymerase activity from an HIV-1HXB3 stock that was preincubated at 37°. Symbols denote prespin samples (), postspin
supernatants {A), viral pellets (O), and summed data {0J). Results are the mean of four replicate wells per time point. Half-lives {solid lines) were
unweighted least-squares fits to the data; 95% confidence limits (reported with the half-life) were calculated by a bootstrap algorithm. Error bars

show =1 SD.

ent assays. As shown in Figs. 7A and 78, the profile of
inactivation for both target cell types was three-
phased. There was an initial slow phase (less than 7
hr), followed by a fast phase {from 10 to 20 hr), and
then another slow phase (greater than 22 hr). The pro-
cesses responsible for generating this sigmoidal inac-
tivation profile are considered under Discussion. Also,
as shown in Figs. 7C and 7D, the blocking activity of
sCD4 with CEM-SS and H-PBMC target cells was com-
parable in its overall profile. During the fast phase of
viral inactivation {from 10to 18 hr), sCD4 blocking activ-
ity increased significantly above baseline levels.

In spite of these similarities, there were still some
observable differences in viral inactivation and sCD4
blocking. The duration of the initial slow phase of inac-
tivation (plateau) was shorter for assays with CEM-SS
cells (~6 hr) than for assays with H-PBMC (~9 hr).
Preincubation times required for the 100-fold drop in
infectivity were twofold shorter for CEM-SS cells (~18
hr) than for H-PBMC (~36 hr). For CEM-SS assays, the
initial sCD4 blocking activity (0 to 10 hr in Fig. 7C)
corresponded to the gp120-sCD4 K, from chemi-
cal measurements (dotted line). For H-PBMC assays,
however, the initial sCD4 blocking activity was nearly
absent, falling far below the expected chemical K4
(dotted line). At longer preincubation times, the excur-
sions in sCD4 blocking activity were more pronounced
for CEM-SS assays than for H-PBMC assays. In other
words, compared to CEM-SS cells, H-PBMC were
more difficult to protect with sCD4 in the media. These
results indicated that CEM-SS assays were unsatu-

rated at a target cell density of 1.4 X 10* ml™', whereas
the H-PBMC assays appeared partially saturated at
this same target cell density. These observable differ-
ences in spontaneous viral inactivation (Figs. 7A and
7B) and sCD4 blocking (Figs. 7C and 7D) were consis-
tent with the hypothesis that, compared to CEM-SS
cells, HIV-1HXB3 required a smaller minimal number of
unblocked gp120 molecules for efficient infection of
H-PBMC. The rationale for this notion is considered
under Discussion.

sCD4 blocking activity with viral preincubation at 37°

To further study how sCD4 blocking activity de-
pended on spontaneous viral inactivation, a series of
guantitative infectivity assays were performed with
preincubated HIV-1HXB3 stock. In these assays, em-
phasis was placed on a larger number of sCD4 con-
centrations rather than on many sequential time
points. To generate comparable data, assays were
conducted with CEM-SS and H-PBMC target cells,
under the same conditions as those in Fig. 7. As
shown in Figs. 8A and 8B, this amounted to seven
different assays at each of the three time points.

For CEM-SS assays without preincubation (O in Fig.
8A), the initial slope was linear and yielded a biological
blocking activity of (1.5 + 0.2) X 10° M™'. At sCD4
concentrations greater than 0.76 nM, there was a posi-
tive synergy in blocking. For assays with 8 hr of prein-
cubation ({J), the initial slope was linear and yielded a
slightly increased blocking activity of (1.8 = 0.2) x 10°
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M™'. Atthe 1.25 and 1.5 nM sCD4, there were observ-
able increases in the positive synergy. For assays with
16 hr of preincubation (A), the initial slope was again
linear but yielded a fourfold increase in blocking activ-
ity, (6.8 £ 0.7) X 10° M~". At the 1.0 and 1.25 nM
sCD4, there were correspondingly large increases in
the positive synergy and at 1.5 nM sCD4, SFU were
completely abolished. In the assays without preincu-
bation (O), sCD4 blocking activity corresponded to the
gp120-sCD4 K, from chemical measurements

(Layne et al., 1990). The mechanism for the increasing
positive synergy is considered in the Discussion.

For H-PBMC assays without preincubation (O in Fig.
8B), the linear slope vielded a biological blocking activ-
ity of (2.4 + 0.9) X 10® M™", indicating partial satura-
tion. For assays with 8 hr of preincubation (), the lin-
ear slope yielded an eightfold increase in blocking activ-
ity, (2.0 = 0.2) X 10°® M~*. This number corresponded
to the gp120-sCD4 K, from chemical measure-
ments (Layne et al,, 1990). For assays with 16 hr of
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preincubation (A), the linear slope yielded a twofold
decrease in blocking activity, (1.1 + 0.1) X 10° M,
The increasing-and-decreasing slopes with preincuba-
tion time (Fig. 8B) were similar to the up-and-down pro-
file of sSCD4 blocking (Fig. 7D). However, in contrast to
the CEM-SS assays (Fig. 8A), the H-PBMC assays
showed no evidence of positive synergy (Fig. 8B). The
explanation of these results is considered under Dis-
cussion.

Phosphonoformate inhibitory activity with viral
preincubation at 37°

The shedding of gp120 envelope proteins (Figs. 3
and 4) and the loss of RNA polymerase activity (Fig. 6)
occurred at rates that resembled the initial rate of HIV
inactivation {from 0 to 6 hr in Figs. 7A and 7B). Since
these rates were at least threefold faster than the dis-
solution of p24 core proteins (Fig. 5), it appeared likely
that either one or both of these processes governed
initial HIV decay. The observation that sCD4 blocking
varied with viral preincubation (Fig. 8) has already im-
plicated gp120 shedding in HIV inactivation (Layne et
al., 1991). It thus remained to be settled how the loss of
virion-associated RNA polymerase activity contributed
to spontaneous viral decay.

To make this assessment, a series of RNA polymer-
ase inhibition assays were performed. As explained
under Materials and Methods and shown in Fig. 9, this

amounted to four assays at 0 (O}, 8 (O), 16 (A), and 24
(O} hr of preincubation, plus three side-effect assays
(®@). When phosphonoformate was added after the tar-
get cells were infected and washed, there was no ob-
servable inhibition of infectious events (@ in Fig. 9).
Thus, the presence of this antiviral agent in microtiter
wells did not alter the number of SFU. For assays with
phosphonoformate in the media during infection, there
were observable inhibitions in SFU compared to the
relevant controls (Fig. 9). For assays with 25 uM phos-
phonoformate, the inhibition of SFU ranged from 1.9-
to 2.8-fold. The slight differences in inhibitory activity
among the four preincubation times, however, resided
within experimental uncertainty and did not reveal any
strong trends. For assays with 50 uM phosphonofor-
mate, on the other hand, the inhibition of SFU ranged
from 1.9- t0 5.9-told and were correlated with preincu-
bation time. For assays with 100 uM phosphonofor-
mate, the inhibition of SFU ranged from 15- to 34-fold
and were strongly correlated with preincubation time.

The half-life of RNA polymerase activity in intact viri-
ons was 40 % 5 hr (Fig. 6). Thus, during the viral inacti-
vation assays shown in Fig. 7, approximately half of the
RNA polymerase activity was lost. Figure 9 shows that
when half of the RNA polymerase activity was inhibited
by 25 uM phosphonoformate, there was no observable
difference among the four preincubated HIV-1HXB3
stocks. Therefore, for preincubation times less than 40
hr, the resuits clearly demonstrated that spontaneous
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Fig. 9. The graph shows the inhibitory action of phosphonofor-
mate on an HIV-1HXB3 stock that was preincubated at 37°. Infectiv-
ity assays with CEM-SS target cells were conducted on stocks that
were preincubated for (O) 0, (O) 8, (A} 16, and (O} 24 hr. At each
preincubation time, the ordinates (normalized SFU) were calculated
by dividing the assays without phosphonoformate by the assays
with phosphonoformate. To evaluate the side effects of phosphono-
formate on syncytium formation, three additional assays were con-
ducted without viral preincubation and without phosphonoformate in
the media. Subsequently, phosphonoformate was added to the me-
dia after infecting, washing, and plating of the target cells. Normaliz-
ing these three assays by the relevant control assay without phos-
phonoformate (O) yielded ordinates ranging from to 0.99 and 1.03
(®@). This result demonstrated that phosphonoformate did not inhibit
the formation of syncytia in the microtiter wells. For all assays, re-
sults are the mean of eight replicate wells per data point. Error bars
show +1 SD.

HIV inactivation was independent of RNA polymerase
activity. In other words, virions contained a surplus of
active RNA polymerase. For much longer preincuba-
tion times, however, the loss of RNA polymerase activ-
ity appears to contribute to HIV inactivation (see Dis-
cussion).

Calculating the protein content per virion

Data from the foregoing physical, chemical, and bio-
logical assays permitted direct calculation of the num-
ber of p24 molecules per virion, gp120 molecules per
virion, and active RNA polymerase molecules per vi-
rion. These results are summarized in Table 3.

Between 0 and 48 hr of preincubation, p24 concen-
trations in the viral pellets were conserved (O in Fig.
BA). Averaging all the data (40 ELISA determinations)
gave the p24 concentration reported in Table 3. Using
the average virus particle concentrations from Table 2
yielded a mean of 5 X 1077 g of p24 core protein per

particle. Converting this number with a molecular
weight of 2.4 X 10* g mol™’' yielded a mean of 1200
p24 molecules per virion. Similar results were also ob-
tained for two independent HIV-1HXB3 stocks (data
not shown).

Between 0 and 48 hr of preincubation, gp120 con-
centrations in the viral pellets (O and @ in Fig. 4A) de-
clined at a rate that was exponential. Table 3 shows
the gp120 concentrations in the viral pellets at 0 and
48 hr of preincubation, with the background gp120
concentration at 168 hr subtracted (O* in Fig. 4A). Us-
ing the average virus particle concentrations from Ta-
ble 2 yielded means of 2 X 107'® and 7 X 107'¢ g of
gp120 envelope protein per particle at 0 and 48 hr,
respectively. Converting these numbers with a molecu-
lar weight of 1.5 X 10°% g mol™ yielded a mean of 10
and 4 gp120 molecules per physical particle, respec-
tively. Electron microscopy revealed that approxi-
mately 90% of the physical particles were devoid of
knobs (data not shown). Thus, the average number of
gp120 molecules on infectious virions may be as much
as 10-fold larger (see Discussion). Similar results were
also obtained for another independent HIV-1HXB3
stock (data not shown).

Between 0 and 24 hr of preincubation, RNA polymer-
ase activity in the viral pellets (O in Fig. 6A) declined at
an exponential rate. Table 3 shows the RNA polymer-
ase concentration in the viral pellets at 0 and 24 hr of
preincubation. Using the average virion density from
Table 2 yielded means of 1.6 X 1077 and 1.1 X 107" g
of active RNA polymerase per particle at 0 and 48 hr,
respectively. Converting this number with a molecular
weight of 1.17 X 10® g mol™* yielded means of 80 and
55 active molecules per virion, respectively. Similar re-
sults were also obtained for duplicate assays on the
same HIV-1HXB3 stock (data not shown).

Calculating infectious to noninfectious virion ratios

For viral stocks without preincubation (at 0 hrin Figs.
7A and 7B), quantitative infectivity assays with CEM-
SS and H-PBMC target cells detected 216 + 7 and 241
+ 8 SFU per microtiter well, respectively. To convert
the number SFU per well to the number SFU per milli-
liter of viral stock, a multiplicative factor of 565.6 was
used. These converted data are shown in the first two
rows in Table 4. Next, dividing this number by the aver-
age virion density {from Table 2) yielded a SFU to physi-
cal particle ratio of approximately 3 X 1077 for both
target cells types. That is, about one in three million
particles were infectious.

Table 4 shows converted data for quantitative infec-
tivity assays with three other HIV-1HXB3 stocks. For all
stocks, the ratio of infectious to noninfectious virion
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TABLE 3

PROTEIN CONTENT OF HIV-1HXB3 PARTICLES

707

Preincubation

Protein in viral

Virion density

Protein content

No. of molecules

time ¢hr) pellet (g mI™") (mlI™") per virion (g) per virion

Core p24

0~48 average (1.6 £0.2) x 107® (3.7 £1.6) x 10" (4.4 +26)x 107" 1200 + 700
Envelope gp120

0 (6.9+0.4)x 1078 (3.7 £ 1.6)x 10" (1.9+0.9)x 1078 105

48 (2.7 +0.2) x 107® 3.7+ 1.8) X 10" 7.4+38) x107"° 4+72
RNA polymerase

0 (6.1 +0.3)x 1077 (3.7 £1.8) X 10" (1.6 £0.8) x 107" 80 % 40

24 (4.1 +0.1)x 1077 (3.7 £ 1.6) x 10" (1.1 +05)x 107" 55 + 27

Note. All data are reported as the mean = 1 SD.

ranged from a low of 3 X 1077 to a high of 1 X 107*.
These resuits demonstrated that ratios depended on
target cell density. Lower target cell densities (unsatu-
rated assays) were associated with smaller ratios, and
higher target cell densities (saturated assays) were as-
sociated with larger ones (Layne et al., 1989).

Comparing the results from three decay assays

Table 5 summarizes the results of gp120 ELISA, p24
ELISA, and RNA polymerase activity assays for three
separate HIV-1HXB3 stocks. Stock 1 was already ex-
amined in detail (see Figs. 4-6). Stocks 2 and 3 provide
useful comparisons for evaluating the reproducibility
and uncertainty in the data. The results from all three
stock demonstrate that the total amounts {prespin and
summed data) of p24 and gp120 protein in the assays
were conserved with time. The half-lives for gp120
shedding in the viral pellets were remarkable similar
{mean of 28 hr) among all three stocks. The results also
demonstrate that the p24 half-lives in the viral pellets

were three- to fourfold larger than the half-lives of
gp120 and RNA polymerase activity.

DISCUSSION

In this study, a variety of physical, chemical, and bio-
logical data on HIV-1 stocks growing exponentially in
transformed cell cultures were collected. This permit-
ted correlations between different types of data and
determinations of the number of gp120 envelope, p24
core, and RNA polymerase molecules per virion. To our
knowledge, such investigations have not been previ-
ously reported for HIV, nor for other related lentiviruses
and retroviruses.

Direct measurements of the envelope shedding rate
by electron microscopy (Fig. 3) and gp120 ELISA {Fig.
4) were comparable to within a factor of 2. In conjunc-
tion, we found that the loss of virion-associated RNA
polymerase activity (Fig. 6) took place at rate similar to
the rate of gp120 shedding. A twofold diminution of
RNA polymerase activity by 25 uM phosphonoformate,

TABLE 4

RATIO OF INFECTIOUS TO NONINFECTIOUS PARTICLES

Target

cell Target cell SFU (mI™) Virion density (mi™") SFU to virion ratio

type density (m!~") (mean + SD) {mean + SD) (mean x SD)
CEM-SS 1.4 X 10* (1.2 £0.04) x 10* (3.7 £ 1.6) x 10" 3.2+ 1.5)x 1077
H-PBMC 1.4 X 10* (1.3+0.04) x 10* 36+1.7)x 1077
CEM-SS 1.6 X 10° (1.6 +0.04) x 10° (4.9 +2.3)x 10° (3.0 +1.5)x 107®
CEM-SS 4.0X% 108 (1.9 £ 0.07) X 10° (3.9+1.9)x10™*
CEM-SS 5.0 X 10° (8.5 +£0.4) x 10* (2.6 +0.8) x 10° (3.3+1.2)x10°°
CEM-SS 2.0 X 108 (2.6 £0.1) x 10° (1.0+0.4)x 107
CEM-SS 2.0 X 10°¢ (6.0 £ 0.24) X 10° (1.2 +0.6) x 10° (41 £22)x 1074

Note. The table shows results for four separate HIV-1HXB3 stocks. All the stocks were assayed without preincubation. SFU were averaged
from eight microtiter wells.
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TABLE 5

HALF-LiFe OF p24, gp120, AND RNA POLYMERASE ACTIVITY

p24 core protein

gp120 envelope protein

RNA polymerase activity

Stock Prespin Summed Pellet Prespin Summed Pellet Prespin Summed Pellet
No. 1 >270 No loss No loss >280 >1000 303 100 £ 70 40+ 4 40+ 5
No. 2 >170 430 + 60 100 £ 20 No loss >500 25+56 — — —
No. 3 No loss No loss >110 >240 60 = 10 29+ 5 — — —

Note. Summed data are the postspin supernatant and pellet data added together. No loss corresponds to least-squares fit to the data having
either zero or positive slope with preincubation time. All data are reported as the mean * 2 SD. Half-life measured in hours.

however, did not distinguish the infectivity of viral
stocks with 24 hr preincubation from those without
preincubation (Fig. 9). Thus, the loss of RNA polymer-
ase activity did not contribute significantly to HIV inac-
tivation at short preincubation times. In addition, we
found the lipid envelope covering virions (Table 2) and
p24 core proteins within virions (Fig. 5) were stable
compared t0 shedding and loss of RNA polymerase
activity. This demonstrated that the physical breakup
of viral particles did not contribute significantly to the
rates of envelope shedding and polymerase loss.
When considered together, the data demonstrate that
the initial loss of HIV-1 infectivity was most closely
correlated with the spontaneous shedding of gp120
(Gelderblom et al., 1985; McKeating et al., 1991). The
kinetics of HIV inactivation at longer preincubation
times is considered below.

For independent and equivalent gp120 molecules,
mathematical models of HIV infection predicted that
plots of normalized SFU versus sCD4 concentration
should yield a straight line (Layne et al., 1989). When
the data for such plots came from unsaturated infectiv-
ity assays, the initial slopes were both expected and
found to equal the gp120-sCD4 K, from chemical
measurements {Layne et al., 1990). Upward curvature
in normalized SFU plots indicated blocking greater
than proportional to gp120-sCD4 complex formation
(positive synergy). Conversely, downward curvature in-
dicated blocking less than proportional to complex for-
mation (negative synergy). In Fig. 8A, the initial linear
slopes (at preincubation times of 0 and 8 hr) were simi-
lar to the sCD4-gp120 K, 40 from chemical measure-
ments. For sCD4 concentrations less than 0.75 nM,
this result demonstrated that sCD4 blocking activity
was proportional to complex formation and verified that
the viral infectivity assays were indeed unsaturated. At
higher concentrations, however, the positive synergy
and its increase with preincubation time support the
hypothesis that HIV required a minimal number of un-
blocked gp120 molecules for efficient infection of
CD4* cells. The increasing positive synergy appeared

with time because gp120 shedding acted as a surro-
gate for sCD4 blocking (Layne et al., 1991).

For unsaturated infectivity assays, mathematical
models predicted that the initial slope of a viral decay
plot should correspond to the combined rates of
gp120 shedding and particle dissolution (Layne et al.,
1989). In agreement with this, the initial rates of viral
decay (0 to 6 hrin Figs. 7A and 7B) were similar to the
combined rates to within a factor of 2. After this initial
phase, however, the multihit inactivation rate was
much faster than expected from simple assumptions
of independent and equivalent gp120 molecules. This
finding further corroborated the minimal number hy-
pothesis, because virions falling below a threshold
would accentuate the observed rate of multihit inacti-
vation. During the final phase of viral decay (preincuba-
tion times greater than 20 hr), there was a slowing in
the rate for both types of target cells. This slowing was
consistent with the single-hit inactivation of virions that
were far below the minimal number threshold. In this
case, the inactivation rate of these minimally infectious
particles should equal the combined rates of gp120
shedding, particle dissolution, and loss or RNA poly-
merase activity. The data in Figs. 7A and 7B were cer-
tainly consistent with this prediction, but their large un-
certainties did not permit reliable calculations of half-
lives and confidence limits.

As HIV infectivity decreased with time, there was a
peculiar up-and-down profile in the blocking activity of
sCD4 (Figs. 7C and 7D). The upward portion of this
profile was analogous to an increasing positive syn-
ergy with preincubation time (Fig. 8A). To understand
the downward portion, however, we must consider
how sCD4 blocking was affected by the distribution of
gp120 molecules in the viral population. At short prein-
cubation times, there was a ‘"homogeneous’’ popula-
tion of virions with more than the minimal number of
free gp120 molecules. The small amounts of sCD4 in
the infectivity assays (® in Figs. 7A and 7B) did not
push the population below threshold. Thus, relative to
the infectivity assays without sCD4 (O in Figs. 7A and
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7B), blocking was proportional to gp120-sCD4 com-
plex formation. At intermediate preincubation times,
there was a “‘heterogeneous’ population of virions
that were both above and below the minimal number.
fn this case, sCD4 pushed a larger fraction of the popu-
lation below threshold. Thus, relative to infectivity as-
says without sCD4, blocking was greater than propor-
tional to complex formation. At long preincubation
times, there was a homogeneous population of virions
with less than the minimal number of free gp120 mole-
cules. The sCD4 in the assays acted on a viral popula-
tion that was already below threshold. Thus, relative to
infectivity assays without sCD4, blocking was again
proportional to complex formation. By this reasoning,
sCD4 blocking activity would be expected to subside
with preincubation times. As shown in Fig. 8B, the
sCD4 blocking activity indeed declined by twofold be-
tween preincubation times of 8 and 16 hr.

At long preincubation times (Fig. 7), both the re-
duced rate of HIV decay and the up-and-down blocking
profile were most consistent with the notion of mini-
mally infectious particles that were below threshold.
For completeness, however, two alternative explana-
tions for these data were considered. The first was that
there was a subfraction of virions (about 1072 of the
infectious population) that were highly resistant to
blocking by sCD4. This resistant population became
evident only after the disappearance of the more labile
and susceptible population. Since higher sCD4 con-
centrations (5 nM) blocked infection by more than 500-
fold (data not shown), this explanation seemed un-
likely. The second was that there was a subfraction of
target cells (about 1072 of the total population) that
were highly susceptible to infection. Since the overall
magnitude of HIV inactivation was similar for both
CEM-SS and H-PBMC target cells, however, this latter
explanation also seemed unlikely.

At short and long preincubation times, both CEM-SS
and H-PBMC target cells detected similar numbers of
SFU (Figs. 7A and 7B). Also both cell types had sigmoi-
dal profiles of HIV decay, reflecting the influence of a
threshold for efficient infection. There were, neverthe-
less, several noteworthy differences in these infectivity
assays. First, the time interval in which the 100-fold
loss of viral infectivity took place was nearly twofold
tonger for H-PBMC (~ 36 hr) than for CEM-SS (~18 hr)
target cells, For the H-PBMC assays, the initial phase
of slow inactivation was several hours longer and the
intermediate multihit phase had a slower rate. Second,
for identical cell densities and assay conditions, the
blocking activity of sCD4 was less for H-PBMC target
cells than for CEM-SS target cells (Figs. 7C and 7D).
For H-PBMC assays, the initial sCD4 blocking activity
was below the gp120-sCD4 K. (dotted line), indi-

cating the effects of saturation (Layne et a/., 1991). For
CEM-SS assays, the initial sCD4 blocking activity
equaled K. indicating unsaturated conditions.
Third, the up-and-down profile of sCD4-blocking activ-
ity was less pronounced for assays with H-PBMC tar-
get cells than for assays with CEM-SS target cells. All
these seemingly incongruent observations are consis-
tent with the ideas that HIV-1HXB3 required a smaller
minimal number of gp120 molecules for efficient infec-
tion of H-PBMC than for infection of CEM-SS target
cells. This follows because the effects of multihit inac-
tivation are directly related to the minimal number.
Smaller thresholds have less pronounced effects on
viral decay and vice versa. Also the effects of assay
saturation are inversely proportional to the minimal
number. Thus, at a particular density, target cells with
a smaller threshold are more likely to underestimate
the gp120-sCD4 K, ... The results in Fig. 8 provide
further support for these ideas. Compared to assays
with CEM-SS target cells (Fig. 8A), assays with H-
PBMC target cells (Fig. 8B) yielded lower sCD4 block-
ing activities with preincubation time and showed no
signs of positive synergy with increasing sCD4 con-
centration.

The surfaces of both HIV and CD4" cells are stud-
ded with adhesion molecules and covered by a diffuse
coat of sugar molecules {(glycocalyx) that are nega-
tively charged (Fenouillet et a/., 1989; Springer, 1990).
This similar feature suggests that the initial binding of
HIV to a target cell is, in many ways, parallel to the
adhesive interaction between two immune cells. For
such cell~cell interactions, it was shown that adhesion
between two surfaces represents a first-order thermo-
dynamic phase transition which takes place only when
a certain threshold number of interactions between ad-
hesion molecules is exceeded (Bell et al, 1984
Dembo and Beli, 1987). If the density of adhesion mole-
cules is below this critical number, the cellular sur-
faces will simply not adhere (Plunkett et a/., 1987). The
exact value of the critical number is a function of sev-
eral variables, most importantly the strength of the re-
pulsive electrostatic potential between the surfaces
and the association constant of the adhesion mole-
cules for their complementary receptors. This view-
point suggests that the critical number of gp120 mole-
cules for efficient infection arises from repulsive forces
between viral and cellular glycocalyces and attractive
ones between gp120 and CD4. in order to overcome
the protective barrier enshrouding the CD4* cells, a
critical number of gp120-CD4 interactions must form.
Once the amount of gp120 falls below the critical num-
ber, a virion may still penetrate a cell (for example, by
colliding with cells or at regions on cells having thinner
barriers) but the odds will be slim. For the H-PBMC and
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CEM-SS assays (Figs. 7 and 8), the observed differ-
ences in the sigmoidal profile of HIV decay and sCD4
blocking appear to be caused by smaller and larger
cell-surface barriers, respectively. This view suggests
that a variety of cell-surface interactions are important
factors in infectivity (Layne and Dembo, 1992; Lu et al,,
1992).

From this study, there were sufficient data for esti-
mating the minimal number of gp120 molecules for
efficient infection of CEM-SS target cells. When more
than 0.756 nM sCD4 was added to infectivity assays
with CEM-SS target cells, there was a positive synergy
(Fig. 8). Using a gp120~sCD4 K, Of 1.5 X 10° M~
and the sCD4 concentration at which upward curva-
ture began permitted us to directly estimate the mini-
mal fraction of unblocked gp 120 molecules. Forequilib-
rium blocking conditions (Layne et al., 1990}, this esti-
mate gave a free gp120 fraction of [1 + (1.5 X 10° M)
X (7.5 X 107" M)~ =~ 0.47, or approximately 50% for
the minimal fraction. At zero preincubation time, gp120
ELISA detected a mean of 10 £ 5 gp120 molecules per
viral particle (Table 4). Since electron microscopy re-
vealed that approximately 90% of all viral particles
were devoid of knobs {(data not shown), this mean must
be multiplied by a factor of 10 to normalize the data.
Thus, for the subpopulation of particles with knobs,
there were ag many as 100 + 50 gp120 molecules per
viral particle. Multiplying the normalized data by the
minimal fraction of 50% yields a minimal number of 50
+ 25 gp120 molecules. Since HIV-1 can have up to 72
knobs on its surface (Ozel et al., 1988) and since these
knobs are either trimers or tetramers (Gelderblom et
al., 1988; Schawaller et al., 1989; Earl et al., 1990), we
estimate a maximum of 210 to 280 gp120 molecules
per virion. Therefore, compared to HIV-1HXB3 parti-
cles with all their knobs, we estimated a minimal frac-
tion of 10 to 30% for CEM-SS cells. Since H-PBMC
showed no signs of positive synergy at the highest
sCD4 concentrations (1.5 nM) used in this study, it
appeared that the minimal number of knobs for these
“physiologic'’ target cells was smaller.

For viral stocks without preincubation, we found that
there were 80 * 40 active RNA polymerase molecules
per virion (Table 3). This result was based on the enzy-
matic activity of a known amount of recombinant RNA
polymerase from HIV-1llIB, which closely resembles
the HIV-1HXB3 clone. The recombinant enzyme was a
highly purified p66/p51 heterodimer, resembling the
native enzyme found in virions {Veronese et al., 1986;
Furman et al.,, 1991). For other retroviruses, such as
Moloney murine leukemia virus (Panet et al., 1978),
Rauscher mouse leukemia virus (Krakower et al,
1977), and avian myleoblastosis virus (Panet et al.,
1975; Bauer et al., 1980; Kacian et al., 1971), the RNA

polymerase contents were found to range between 17
and 110 molecules per virion. Thus, the number of poly-
merase molecules per HIV particle was similar to that
for avian and murine type C retroviruses.

To our knowledge, the half-life of viral-associated
RNA polymerase activity at 37° has not been previ-
ously reported for HIV. Temperature-sensitive RNA
polymerases have been characterized from Moloney
leukemia virus (MLV) but they were selected from mu-
tant viral strains rather than from a cloned laboratory
isolate (Goff et al., 1981). For MLV, previous studies
also found that RNA polymerase activity was highly
labile at 44° and that the loss of RNA polymerase activ-
ity correlated with the spontaneous decay of infectivity
at 44° (Gerwin and Levin, 1977). In addition, inhibiting
the incorporation of RNA into virions by actinomycin D
had no measurable effects on thermolability. It was
thus concluded that the thermal properties of MLV
RNA polymerase were independent of the viral ge-
nome. Since the loss of polymerase activity and its de-
cay were investigated at elevated temperatures, how-
ever, the relevance of these MLV findings to the pres-
ent ones must await further clarification. Other studies
with HIV-1 have found that recombinant RNA polymer-
ase was not autolytic in vitro {Mizrahi et al., 1989) and
that recombinant protease did not degrade heterodi-
meric p66/p51 RNA polymerase in vitro (Meek et al.,
1989). Thus, for HIV-1, several plausible mechanisms
for the loss of RNA polymerase activity have already
been ruled out by the investigations of others. The
mechanisms responsible for the spontancous loss of
RNA polymerase activity in virions remain undefined at
present.

The phosphonoformate inhibition assays demon-
strated that a twofold perturbation of RNA polymerase
activity did not distinguish viral stocks with 24 hr prein-
cubation from those without preincubation (25 uM in
Fig. 9). Thus, at short preincubation times, we found
that virions possessed redundant amounts of RNA
polymerase activity. At higher phosphonoformate con-
centrations (50 and 100 uM), there were clear differ-
ences in the preincubated viral stocks. As shown in
Fig. 9, the inhibitory activity of phosphonoformate was
directly correlated with preincubation at 37°. This re-
sult suggested that the loss of RNA polymerase activity
contributed to HIV decay at preincubation times
greater than the polymerase half-life (about 40 hrin Fig.
8). This additional mechanism of HIV inactivation helps
to account for the small ratio of infectious to nonin-
fectious virions in viral stocks that were grown expo-
nentially (Table 4). From the limited number of phos-
phonoformate inhibitions assays, though, we cannot
tell whether HIV inactivation was proportional to the
loss of virion-associated RNA polymerase activity or
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whether there was a threshold number of polymerase
molecules for efficient infection. Further experiments
will be required for clarifying this matter.

In this study, the ratios of infectious to noninfectious
virions ranged from 107* to 1077 and were correlated
with the density of CD4™ target cells in the infectivity
assays (Table 4). At the lower cell densities, the ratios
were smaller and vice versa. Four of the viral infectivity
assays were carried out at CD4% cell densities that
were 10- to 100-fold smaller than those of blood,
where typical densities are around 5 X 10° cells mI™".
These particular results (Table 4} may underestimate
the infectious-to-noninfectious ratios that are charac-
teristic of blood. In lymph and lymph nodes, typical
CD4* cell densities are 107 to 10° cells ml™’, respec-
tively. It therefore remains unclear whether a signifi-
cantly larger fraction of the so-called '‘noninfectious”
virions would infect at higher target cell densities. Re-
cently, it was suggested that HIV burdens in flymphoid
organs (i.e., the fraction of PCR-positive cells) were ap-
proximately 10-fold larger than the ones in blood (Pan-
taleo et al.,, 1991). With this finding, it is tempting to
speculate that larger ratios of infectious-to-nonin-
fectious virions in lymphoid organs may contribute to
this elevated burden.

Thin-section immunoelectron microscopy (Gelder-
blom, 1987) and electron microscope tomography
(Héglund et al., 1991) of HIV-1 indicated that a p24
shell covers the viral genome. The volume of this shell
was approximately 3 X 107 A3, which correspondsto a
hollow cylinder with a length of 1200 A, a diameter of
200 A, and a thickness of 50 A. Since proteins have a
mean density of 1.23DA2and 1D = 1.67 X 107 g
(Barrow, 1974), we estimated that an individual virion
contains approximately 4 X 107" g of p24. This esti-
mate resembles those of other investigators, ~107'¢ g
(Vogt, 1965; Luftig et a/., 1990). In this study, it was
found that HIV-1 contains approximately 5 X 1077 g of
p24 per virion {Table 3), which agrees closely with the
above estimates. This measurement is based on p24
ELISA, which was calibrated against a recombinant
p24 standard. Uncertainties in the concentration of this
particular standard and differences in the capture and
detection efficiency of recombinant and native viral
proteins will contribute to errors in this measurement.

The remarkable stability of the p24 core (Table 5) and
lipid membrane covering HIV-1 (Table 2) suggested
that these data may have some use in ascertaining the
stability of virions in the plasma of infected persons. In
some cases, clinical studies found correlations be-
tween the viral titers and p24 concentrations in plasma
(Ho et al, 1989; Coombs et al., 1989; Clark et al.,
1991; Daar et al., 1991). In these instances, the viral
titers ranged from 10" to 10* TCIDg, mI™" and the

corresponding p24 concentrations in plasma ranged
from 10 to 1000 pg mI™". Based on 5 X 107" g of p24
per virion, these plasma p24 concentrations corre-
spond to 2 X 10%to 2 X 107 virions ml™", respectively.
Thus, in the plasma of infected individuals, we esti-
mate that the ratio of infectious to noninfectious virions
varied from 5 X 1078 to 6 X 107* These ratios were
comparable to0 the ones shown in Table 4, suggesting
that human plasma does not contain surface-active
factors with pronounced viricidal activities.

Among HIV researchers, there has been some de-
bate on how to produce *‘optimal” viral stocks for use
in antiviral screening assays and vaccine trials in ani-
mals. Resolving this debate is important because the
physical state of viral particles can greatly influence the
activities of antiviral agents that attack extracellular
(Fig. 8) and intracellular (Fig. 9) targets. We believe that
the close correlation between gp120 shedding (Fig. 4)
and initial HIV decay (Fig. 7) provides a straightforward
method for judging whether stocks are indeed optimal.
To achieve this, two pieces of information are required.
The first is a measure of the doubling time for viral
stocks replicating exponentially in cell cultures. A good
method for making such an estimate is illustrated in
Fig. 1. The second is a measure of the half-life of gp120
shedding. Such a determination can come from physi-
cal measurements with electron microscopy (Fig. 3},
from chemical measurements with gp120 ELISA (Fig.
4), or from unsaturated infectivity assays (see the initial
slopes in Figs. 7A and 7B). From these data, it is simple
to see whether the doubling time to half-life ratio is
smaller or larger than one. If this ratio is smaller than
one, then new virions are expressed at a rate that out-
paces their spontaneous decay. Conversely, if this ra-
tio is larger than one, then new virions are expressed at
a rate that lags behind their spontaneous decay. From
this perspective, it is easy to recognize that the mean
number of gp120 molecules per virion will be larger in
stocks with smaller growth-to-decay ratios. Therefore,
to maximize the number gp120 molecules per virion,
HIV stocks must be grown such that the doubiing time
is much smaller than the half-life for spontaneous
shedding. Based on a gp120 half-life of 30 hr (Fig. 4),
we calculate grow-to-decay ratios of 0.067 and 0.23
for the fastest and slowest HIV-1HXB3 stocks, respec-
tively (Fig. 1). For growth times less than 48 hr, both
viral stocks meet our criteria for optimization. In pre-
vious growth studies in vitro (Fenyd et al., 1989), HIV
straing were categorized as rapid-high or slow-low.
Because of its simplicity, this classification still has
some utility for growth characteristics and tropism. We
believe, however, that doubling times, half-lives, and
growth-to-decay ratios provide a more complete classi-
fication of viral characteristics.
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In this study, we found that the processes governing
the decay of HIV infectivity were exponential. Whether
this simple behavior is particular to HIV-1HXB3 or appli-
cable to other viral strains and isolates must await fu-
ture studies. For a number of wild-type strains, the re-
lationships between the rates of particle lysis, p24 dis-
solution, gp120 shedding, RNA polymerase loss, and
spontaneous HIV decay require determination. The
minimal number of gp120 molecules for efficient infec-
tion of CD4* cells also requires determination. This
number is particularly important because an inverse
relationship between immunoglobulin blocking activity
and the critical number is perceivable. Larger critical
numbers will require correspondingly smaller humoral
responses and vice versa. To determine whether this
relationship influences the development of HIV vac-
cines with broad efficacy, it will be important to see
how the critical number varies between divergent wild-
type strains and CD4* cells from a number of individ-
uals.
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