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ABSTRACT

During human immunodeficiency virus (HIV-1) entry into host cells, binding to the
receptors, CD4 and CCR5/CXCR4, triggers conformational changes in the metastable
envelope glycoprotein (Env) trimer ((gp120-gp41)s3). CD4 binding induces Env to make
transitions from its pretriggered conformation (PTC) to more “open” conformations that
are sensitive to inhibition by antibodies, CD4-mimetic compounds (CD4mcs) and
exposure to cold. Changes in functional membrane Envs have been identified that
either stabilize or destabilize the PTC. Here, we investigate the stoichiometric
requirements for the PTC-stabilizing and -destabilizing changes in the Env protomers.
To this end, we generated viruses bearing Envs with mixed protomers exhibiting
different degrees of PTC stability and determined the sensitivity of the viruses to cold
(0°C) and, in some cases, to a CD4mc. The number of stabilized Env protomers
required to achieve stabilization of the PTC was inversely related to the degree of PTC
stabilization that resulted from the introduced Env change. For strongly stabilizing Env
changes, modification of a single protomer was sufficient to achieve PTC stabilization;
given adequate stability, the modified protomer can apparently constrain the
conformation of the other two protomers to maintain the PTC. Weakly stabilizing Env
changes needed to be present in all three protomers to achieve efficient stabilization of
the PTC. In many cases, the PTC was disrupted when destabilizing changes were
present in only a single protomer. These complementary results suggest that
conformational symmetry among the protomers of the functional Env trimer is conducive

to the integrity of the PTC.
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IMPORTANCE

The human immunodeficiency virus (HIV-1) envelope glycoprotein (Env) trimer consists
of three protomers. In response to receptor binding, the flexible Env changes its
conformation to mediate virus entry into host cells. The shape-shifting ability of Env also
contributes to HIV-1’s capacity to evade the host immune system. The pretriggered
(State-1) conformation (PTC) of Env is an important target for virus entry inhibitors and
host antibodies, but is unstable and therefore incompletely characterized. Changes in
Env amino acids that either stabilize or destabilize the PTC have been identified. Here,
we define how many Env protomers need to be modified by these changes to achieve
stabilization or destabilization of the PTC. These results can guide the placement of
changes in the HIV-1 Env protomers to control the movement of the Env trimer from the
PTC, allowing better characterization of this elusive conformation and testing of its utility

in vaccines.
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INTRODUCTION

The human immunodeficiency virus (HIV-1) envelope glycoprotein (Env) trimer is
composed of three protomers, each of which consists of a gp120 exterior Env and a
gp41 transmembrane Env (1-4). During HIV-1 entry into host cells, gp120 binds the
receptors, CD4 and CCR5/CXCR4, and gp41 mediates the fusion of the viral and target
cell membranes (1,2,5-10). The Env trimer is metastable and CD4 binding induces
conformational changes from the pretriggered (State-1) conformation (PTC) to more
“open” default intermediate (State-2) and full CD4-bound (State-3) conformations (11-
13). CCR5/CXCRA4 binding to the full CD4-bound state triggers additional
conformational changes that lead to the formation of a very stable gp41 six-helix bundle
(1,2,14-16). The free energy difference between the metastable PTC and the six-helix

bundle is used to drive the fusion of the viral and target cell membranes (1,2,16).

Many HIV-1 biological properties are determined by Env triggerability or
reactivity, defined as the propensity of Env to undergo transitions from the PTC to
States 2/3 (12,17,18). The metastable pretriggered Env resides in a local energy well
and the height of the activation energy barrier separating the PTC and the default
intermediate state is inversely related to Env triggerability (12,17,18). Env triggerability
governs the virus requirements for levels of CD4 on target cells, sensitivity to soluble
CD4 and CD4-mimetic compounds (CD4mcs), and susceptibility to inactivation by
prolonged exposure to cold (0°C) (12,17-19). Primary HIV-1 strains exhibit a range of
Env triggerabilities (12,17,18). Some natural polymorphisms in Env amino acid residues

stabilize or destabilize the PTC (12,17,20-30). In several cases, combinations of these
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individual amino acids result in additive viral phenotypes (20,24,25,28,29). This additive
property has allowed the creation of HIV-1 Env variants that are stabilized in the PTC to
a degree beyond that of natural virus strains (25). These extreme examples exhibit very
stable Env trimers that are resistant to activation/inactivation by sCD4 and CD4mcs and

are less efficient at supporting cell-cell fusion and virus entry (25).

Here, we address the following question: How many Env protomers must be
modified by PTC-stabilizing or -destabilizing changes for the functional Env trimer to
achieve stabilization or destabilization, respectively, of the PTC? By evaluating the
phenotypes of viruses with mixed Env trimers, we find that the number of protomers that
need to be modified to achieve PTC stabilization depends upon the degree of PTC
stability achieved by the introduced Env change(s). Strongly PTC-stabilizing Env
changes need to be present in only a single protomer to stabilize the pretriggered Env
trimer, revealing interprotomer cooperativity in regulating PTC stability. On the other
hand, weakly PTC-stabilizing changes must be present in all three protomers to achieve
stabilization of the PTC. The presence of most destabilizing Env changes in a single
protomer was sufficient to disrupt the functional pretriggered Env. These
complementary results provide valuable insights into the symmetric nature of the
functional pretriggered Env conformation and the interprotomer relationships that

govern its maintenance and conversion into downstream conformations.

RESULTS

HIV-1aps Env mutants with alterations in the stability of the PTC
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HIV-1 Env triggerability/reactivity is a continuous variable, inversely related to the
activation energy required to move Env from its metastable pretriggered conformation
(PTC) (12,17,18). We assembled a panel of well-characterized HIV-1aps Env mutants
exhibiting a range of triggerabilities, including those with unusually low triggerability
(high PTC stability) and those with high triggerability (low PTC stability) (Table 1)
(20,22,24,25). In this set of closely matched HIV-1aps mutants, virus resistance to cold
(0°C) exposure and to CD4mcs has been shown to correlate closely with the degree of
PTC stabilization (20,24,25). Cold resistance is a particularly useful surrogate measure
of PTC stability for these stoichiometric studies, as the assay avoids the use of an Env
ligand whose binding could potentially be affected by the introduced Env amino acid
changes (see Fig. 1A for example). The HIV-1aps Env variants selected for study exhibit
a wide range of sensitivities to cold inactivation and inhibition by a CD4mc, BNM-III-170
(Table 1). The pretriggered Env stability index, which correlates directly with PTC
stability and inversely with Env triggerability (20,24,25), is the product of the half-life of
the viral infectivity at 0°C and the 1Cso values for BNM-III-170. In Table 1, the PTC-
stabilized and PTC-destabilized Env variants are ranked according to their pretriggered
Env stability indices, which exhibit >1500-fold variation in this panel. The diversity of this
panel of HIV-1aps Env variants will allow evaluation of the impact of differences in the

pretriggered Env stability index on Env protomer stoichiometry.

Most of the Env mutants selected for this study were expressed and processed
at least as well as the wild-type HIV-1aps Env (Table 1 and Fig. 1B). Some of the Envs

(Tri, Tri FPPR, N332T and Q3-N332T) were processed more efficiently than the wild-


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

type HIV-1aps Env. Only one mutant (FPPR N136E/D325Q) was processed less
efficiently than the wild-type HIV-1aps Env. The potential impact of differences in Env

processing will be considered in the interpretation of the results (see below).

Generation of recombinant HIV-1 with mixed Env trimers

We generated recombinant single-round viruses expressing luciferase that were
pseudotyped with mixed Env trimers. The Envs were composed of the wild-type HIV-
1aps Env mixed with either PTC-stabilized or PTC-destabilized mutant Envs in varying
proportions. We predict that the phenotype (P) of viruses with mixed Envs, relative to
the phenotypes of viruses with 100% wild-type or 100% mutant Envs, is determined by
the percentage of Env trimers with a stabilized (or destabilized) PTC in the mixture. P is
a function of the fraction (f) of mutant Envs in the mixture and the number of mutant Env
protomers (Np) required to achieve the PTC-stabilized or -destabilized phenotype (Fig.
2). We assume: 1) a random mixing of Envs according to a binomial distribution; and 2)
all-or-none Env stabilization/destabilization. Given these assumptions, the ideal curves
on a graph of P versus f are shown in Fig. 2. Fitting the empirical plot of the viral
phenotype versus f to these ideal curves, which qualitatively differ for Np=1, 2 and 3,

allows us to deduce the value of Np.

Protomeric stoichiometry of Envs with PTC-stabilizing changes
Recombinant viruses with mixtures of the wild-type HIV-1aps Env and PTC-stabilized
variant Envs were generated. The infectivity of these viruses was measured after

incubation on ice (0°C) for a period of time that resulted in maximal differences between
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the infectivities of the viruses with 100% wild-type HIV-1aps Env and 100% mutant Env.
Plots of P (in this case, residual virus infectivity after cold exposure) as a function of f
(the fraction of mutant Envs) revealed three patterns (Fig. 3). Convex upward f-P curves
were observed for three Env variants, Q114E, Tri and Tri FPPR. The Tri and Tri FPPR
Envs have multiple PTC-stabilizing changes, one of which is Q114E (20,24,25). The
shapes of these f-P curves is consistent with Np=1, indicating that the presence of these
PTC-stabilizing changes in a single protomer is sufficient to achieve cold resistance. For
three of the Env variants (FPPR-N136E/D325Q, A582T and FPPR), the f-P curves were
consistent with Np=2, suggesting that the presence of these PTC-stabilizing changes in
two protomers was sufficient to confer cold resistance. A third pattern of concave
upward f-P curves was observed for half (6 out of 12) of the PTC-stabilizing changes.
These f-P curves indicate that the PTC-stabilizing changes need to be present in all
three Env protomers to achieve cold resistance (Np=3). These results indicate that the
number of Env protomers that need to be modified to achieve cold stability of the virus

differ for various PTC-stabilizing Env changes.

High levels of expression and processing of mutant Envs relative to those of wild-
type Env could hypothetically lower our estimate of Np. As some PTC-stabilized Env
mutants like Tri and Tri FPPR exhibit relatively efficient processing and low estimated
Np values (20,25) (Fig. 1B, Fig. 3 and Table 1), we wished to evaluate whether mixing
these mutants with wild-type HIV-1aps Env might have biased the outcome. We
examined the Envs in pseudoviruses produced by titrating increasing amounts of Tri

and Tri FPPR Envs into the wild-type HIV-1aps Env (Fig. 4A). The levels and processing
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of the mixed Envs with increasing proportions of Tri and Tri FPPR Envs were similar,
particularly when these values were normalized to the levels of Gag p24 capsid protein
in the virions. These observations argue against systematic alterations of virion Env
levels or processing as a result of mixing the Tri and Tri FPPR Envs with the wild-type

HIV-1aps Env.

Notably, for our panel of PTC-stabilizing Env changes, the Np values deduced
from the analysis of the f-P curves inversely correlated with the pretriggered Env
stability indices (Spearman rs = —0.865, two-tailed P = 0.0006) (Fig. 4B). Thus, the
number of Env protomers that need to be modified to achieve stabilization of the PTC is
inversely related to the degree of PTC stabilization that results from the Env change.
Weakly and moderately PTC-stabilizing changes need to be present in multiple
protomers (Np=3 or 2, respectively) to achieve cold resistance. Strongly PTC-stabilizing
Env changes efficiently stabilize the functional PTC against the effects of cold exposure

when present in a single protomer.

Protomeric stoichiometry of Envs with PTC-destabilizing changes

Recombinant viruses with mixtures of wild-type HIV-1aps Env and PTC-destabilized Env
mutants were generated and tested for cold sensitivity. For most of the Env mutants, the
presence of the destabilizing changes in a single protomer was sufficient to destabilize
the PTC and render the viruses sensitive to incubation at 0°C (Fig. 5). A protomer
stoichiometry of Np=1 was deduced from the cold sensitivity plots of the Q3alt, N301E,

F317W and N332T Env mutants. Of interest, three of these PTC-destabilizing changes
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(Q3alt, N301E and N332T) involve the loss or shift of an N-linked glycosylation site in

gp120 (24). The F317W change alters the tip of the gp120 V3 loop (30).

Another PTC-destabilizing change, S546D, needed to be present in two Env
protomers to destabilize the Env trimer and render it sensitive to cold (Fig. 5). Serine
546 is located in the gp41 heptad repeat (HR1n) region and the S546D change does not
alter a potential N-linked glycosylation site. Thus, the S546D change differs from the
other destabilizing Env mutants tested in subunit location in the Env trimer, protomeric

stoichiometry and, in some cases, effect on glycosylation.

To evaluate potential relationships between the degree of PTC destabilization
and the protomeric stoichiometry (Np) of the S546D and the other tested Env variants,
we compared the sensitivity of viruses with these Envs to cold, CD4mcs, sCD4-Ig and
antibodies. The results are shown in Tables 1 and 2, where the PTC-destabilized Env
mutants are arranged in order of decreasing pretriggered Env stability indices. The
sensitivity of viruses with these Envs to sCD4-Ig exhibits the same rank order (Table 2);
PTC destabilization is expected to increase Env triggerability and inactivation by sCD4-
lg (12,17,19,23-25). The F317W virus exhibited a two-fold increase in sensitivity to
sCD4-Ig, but was neutralized by the antibodies tested comparably to the wild-type HIV-
1aps virus. Viruses with the other PTC-destabilized Envs (N332T, N301E and S546D)
were more sensitive than the wild-type virus to CD4BS bNADbs, the 10E8.v4 MPER
bNAb and the 447-52D anti-V3 pNAb. The S546D virus was not only more sensitive to

these antibodies than the N332T and N30L1E viruses, but also was neutralized by the

10
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19b anti-V3 and 17b CD4i pNAbs. Thus, compared with the other PTC-destabilizing Env
changes, the S546D change results in the highest degree of PTC destabilization, based
on the viral pretriggered Env stability indices and sensitivities to antibody/sCD4-1g
neutralization. In this set of PTC-destabilized Env variants, greater PTC destabilization

is associated with a higher Np requirement.

The deduced protomer stoichiometries (Np values) and the relationship of the
observed phenotypes to the degree of PTC stabilization/destabilization for the panel of

studied Env variants is summarized in Figure 6.

Combination of PTC-stabilizing and -destabilizing changes in Env trimers
We wished to examine the effect of PTC-destabilizing Env changes in the context of an
Env trimer that has PTC-stabilizing changes in some or all of its protomers. Several

variations were tried:

a) Q3+ Q3-N332T — In the background of the wild-type HIV-1aps Env, the N332T
change in one protomer (Np=1) is sufficient for destabilization of the PTC and
increased cold sensitivity (Fig. 5). The magnitude of the cold sensitivity
phenotype resulting from the N332T change was reduced when the N332T
change was introduced into an Env where all three protomers had the PTC-
stabilizing Q3 change (Fig. 7A). Nonetheless, the shape of the f-P curve

indicated that the protomer stoichiometry remained at Np=1.

11
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b) Tri FPPR + AD8-N301E - In the wild-type HIV-1aps background, the N301E
change destabilizes the PTC when present in a single protomer (Fig. 5).
Likewise, when the AD8-N301E Env was mixed with the Tri FPPR Env, one
protomer of AD8-N301E was sufficient to destabilize the PTC of the Env trimer
(Fig. 7A).

c) Tri FPPR + AD8-Q3alt — In the wild-type HIV-1aps background, the Q3alt change
in a single protomer is sufficient to destabilize the PTC (Fig. 5). This was also the
case when the AD8-Q3alt Env was mixed with the Tri FPPR Env (Fig. 7A).

d) Tri FPPR + AD8-S546D — In the wild-type HIV-1aps background, two S546D
protomers are required to destabilize the PTC of Env (Fig. 5). However, when the
AD8-S546D Env was mixed with the Tri FPPR Env, one AD8-S546D protomer

was apparently able to bring about PTC destabilization (Fig. 7A).

In all four examples above, the presence of a single protomer with a PTC-
destabilizing change apparently resulted in PTC destabilization of Env trimers with at
least two protomers containing PTC-stabilizing changes. This is not surprising in the
case where the PTC-stabilizing change is Q3, which even when present in all three
protomers only weakly stabilizes the Env PTC. However, it is unexpected in the three
instances with the strongly PTC-stabilizing Tri FPPR changes that, when mixed with
wild-type HIV-1aps protomers, stabilize the PTC when present in a single protomer
(Np=1) (Fig. 7B). Instead, when Tri FPPR protomers are mixed with Env protomers with
PTC-destabilizing changes, Env trimers with one or two Tri FPPR protomers are cold

sensitive. Apparently, the Np=1 stoichiometry of the PTC-destabilizing changes is

12
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dominant over the Np=1 stoichiometry of the PTC-stabilizing Tri FPPR change. The
above examples also demonstrate that the Env background in which PTC-destabilizing

changes are introduced may preserve or alter the protomer stoichiometry (Np).

Sensitivity of Env chimeras to CD4mcs

The measurement of viral cold sensitivity affords a ligand-free means of evaluating the
HIV-1 Env conformational state, thus providing insight into the spontaneous
triggerability of Env. Virus sensitivity to CD4mc inhibition provides a second surrogate
for the stability of the PTC, allowing an assessment of induced triggerability. Measuring
the protomer stoichiometry of Env changes in the latter case is more technically
challenging, as multiple CD4mc concentrations must be empirically evaluated to
achieve detectable but different levels of infection for the wild-type and mutant viruses.
We determined the protomer stoichiometry of three PTC-stabilizing Env changes
(Q114E, Tri FPPR and FPPR-N136E/D325Q), using virus inhibition by the CD4mc
BNM-111-170 as a phenotypic readout. None of these PTC-stabilizing changes overlaps
with the known gp120 binding site of the CD4mcs (31-33). We mixed HIV-1aps Envs
containing each of these changes with the wild-type HIV-1aps Env and tested the
susceptibility of the viruses to inhibition by different concentrations of BNM-111-170. As
expected (20,25), compared with viruses with the wild-type HIV-1aps Env, the viruses
with 100% PTC-stabilized Envs were relatively resistant to BNM-111-170 inhibition. For
the strongly PTC-stabilized Q114E and Tri FPPR Envs, the f-P curves exhibited mild
shape changes as the BNM-III-170 concentration varied; these may reflect the effects of

CD4mc occupancy of the gp120 subunits on the stoichiometric requirements for the

13
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PTC-stabilizing changes (Fig. 7A and B). However, the f-P curves for both Envs
deviated only modestly from the Np=2 theoretical curve at all CD4mc concentrations. An
Np=2 stoichiometry was also supported by the f-P curve observed for the PTC-
stabilizing Tri FPPR changes when a more potent CD4mc, CJF-I11-288 (33), was used
(Fig. 7C). For the moderately PTC-stabilizing FPPR-N136E/D325Q Env, the f-P curves
were consistent with Np=3 at multiple BNM-111-170 concentrations (Fig. 7D). Thus, for
CD4mc resistance, we assign Np values of 2, 2 and 3 for the Q114E, Tri FPPR and
FPPR-N136E/D325Q Envs, respectively. The respective Np values for the cold
resistance of these mutants were 1, 1 and 2. Apparently, more protomers require PTC-
stabilizing changes to achieve resistance to BNM-III-170 than to increase resistance to
cold. It may be easier for PTC-stabilizing changes to resist spontaneous Env transitions

from the PTC than the transitions induced by CD4mcs.

We also wished to evaluate how the presence of a PTC-destabilizing change in
one or more Env protomers would affect virus sensitivity to BNM-I1I-170. For this
purpose, we mixed HIV-1aps Envs containing the destabilizing N301E change with the
wild-type HIV-1aps Env and tested the susceptibility of the viruses to inhibition by BNM-
[11-170. As expected (24), viruses with 100% AD8-N301E Envs were inhibited to a
greater extent by BNM-111-170, consistent with their increased triggerability. At low
concentrations of BNM-I111-170, the viruses with two or more AD8-N301E protomers
were inhibited (Fig. 7D). At higher BNM-III-170 concentrations, Envs with one protomer
of the AD8-N301E Env were efficiently inhibited. Apparently, the CD4mc-induced

inactivation of Env is more efficient when two protomers contain the PTC-destabilizing
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N301E change. Fewer Env protomers with this PTC-destabilizing change are required

for virus inactivation when CD4mc concentrations are higher.

DISCUSSION

In this work, we determined the number of Env protomers (Np) that must be modified by
particular Env changes that stabilize or destabilize the pretriggered conformation (PTC)
to achieve the viral phenotypes of increased resistance or sensitivity, respectively, to
cold (0°C) or CD4mc exposure. Cold exposure and incubation with CD4mcs drive HIV-1
Env from the metastable PTC by different means: cold inactivation is ligand-free and
spontaneous, whereas CD4mcs bind gp120 and induce changes in Env similar to those
triggered by CD4 binding (11,12,19,23,26,33-36). Increases or decreases in the stability
of the Env PTC result in increased HIV-1 resistance or sensitivity, respectively, to both
cold and CD4mcs (12,17-26,34). The product of the virus half-life on ice and the CD4mc
ICso is the pretriggered Env stability index, which correlates with the stability of the PTC
better than either factor on its own (25). We used the pretriggered Env stability indices
to rank the HIV-1aps Env mutants in this study with respect to the degree of PTC

stabilization or destabilization achieved.

The ligand-free cold inactivation assay allowed us to evaluate the cold sensitivity
of viruses pseudotyped with mixtures of a great variety of Envs and to estimate the
protomer stoichiometry. With respect to cold resistance of the viruses, the number of
Env protomers that must be modified to achieve stabilization of the PTC is inversely

correlated with the degree of PTC stabilization that results from the introduced Env
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changes (Fig. 4B). For strongly PTC-stabilizing Env changes, modification of a single
protomer is sufficient to achieve PTC stabilization (Fig. 6). The latter observation
suggests that given adequate stability, the PTC-stabilized protomer can influence the
conformation of the other two protomers to maintain the PTC. The efficacy of such
cross-protomer cooperativity is dependent on the Env partner that is mixed with the
strongly PTC-stabilized Env. Thus, for the strongly PTC-stabilizing Tri FPPR changes,
Np=1 when mixed with the wild-type HIV-1aps Env, but Np=3 when the Env partner
contains PTC-destabilizing changes (N301E, Q3alt or S546D) (Fig. 7B). In the latter
cases, the presence of even a single protomer with the PTC-destabilizing changes
completely nullified the ability of the Tri FPPR changes to render the mixed Env trimers
cold resistant. Apparently, disruption of the PTC of a single Env protomer is not readily
compensated even by strongly PTC-stabilizing changes in the other protomers. In this

situation, the protomer stoichiometries of PTC-destabilizing Env changes are dominant.

For weakly PTC-stabilizing Env changes, all three protomers required
modification to achieve cold resistance of the virus (Np=3). Thus, symmetrical
placement of weakly PTC-stabilizing changes in three Env protomers is apparently
conducive to the maintenance of the PTC (Fig. 6). A complementary observation is that
the presence of weakly PTC-destabilizing Env changes in one protomer was sufficient
to increase the cold sensitivity of the virus (Np=1). The PTC of the wild-type HIV-1aps
Env can be disrupted by the asymmetric introduction of a PTC-destabilizing Env change
into a single protomer. This PTC-destabilizing Np=1 stoichiometry dominated, even

when strongly PTC-stabilizing changes were present in the other protomers. In current
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Env structures (37-42), several of the strongly PTC-stabilizing changes involve amino
acid residues that are near subunit interfaces. However, PTC-destabilizing changes
often involve changes in N-linked glycosylation sites and are located on the periphery of
the Env trimer (see below). Thus, direct interactions between Env structures involved in
PTC stabilization and destabilization are unlikely explanations for our observations. A
more attractive model explaining these observations is that the PTC represents a C3-
symmetric trimer. In this model, Env changes that stabilize the PTC need to maintain
conformational symmetry among the protomers. Weakly PTC-stabilizing Env changes,
lacking the ability of the strongly PTC-stabilizing changes to act across protomers, must
be present in all three protomers (Np=3). Conversely, PTC-destabilizing Env changes in
one protomer can lead to a significant loss of conformational symmetry among the
protomers, thereby destabilizing the PTC, with consequent increases in virus sensitivity
to cold inactivation and CD4mc inhibition. Supporting this model are the many examples
of weakly PTC-stabilizing Env changes where Np=3 and weakly PTC-destabilizing Env

changes where Np=1 (Fig. 6).

Several of the weakly PTC-stabilizing changes (N136E, T138A, N136E/D325Q
and Q3) involve the loss of a gp120 V1 glycan at Asn 136, which presumably exerts its
effects at the Env surface (24,25). Other weakly PTC-stabilizing changes (Q567K and
D325Q) do not alter a potential Env glycosylation site. Apparently, these changes most
effectively stabilize the PTC when they are present in all three Env protomers,

consistent with the stabilization of a symmetric Env trimer.
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For the group of strongly PTC-stabilizing Env mutants (Q114E, Tri and Tri
FPPR), all of which share the Q114E change, alteration of a single Env protomer is
apparently sufficient to achieve cold resistance. In available Env trimer models (37-42),
GIn 114 is located in the al helix of the gp120 inner domain, near the interface with
gp41. The mechanism whereby a change in GIn 114 to glutamic acid in one protomer
would stabilize the PTC of the entire Env trimer is not apparent in currently available
structures. Detailed structures of the membrane Env PTC may shed light on this gap in

our understanding.

For most of the PTC-destabilizing Env changes, alteration of a single Env
protomer (Np=1) was apparently sufficient to sensitize the virus to cold inactivation. Loss
of a glycan in one protomer (Np=1) destabilized the PTC in the case of the N301E and
N332T changes, which remove glycans that occupy the interprotomer angles of the Env
trimer (24). An Np value of 1 was also deduced for the F317W change in the gp120 V3
tip, which does not alter an N-linked glycosylation site. The protomer stoichiometry of
these Env variants supports the hypothesis that C3 symmetry contributes to the
maintenance of the pretriggered (State-1) Env trimer conformation (Fig. 6). Recent
structural studies suggest that the default intermediate (State-2) Env is an asymmetric
trimer, which presumably derives from a symmetric pretriggered (State-1) Env

(37,38,43).

One PTC-destabilizing change, S546D, needed to be present on two or more

protomers (Np=2) to render the virus cold-sensitive. An obvious structural explanation is
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lacking for this requirement. Serine 546 is located in the highly dynamic gp41 HR1n
region, near the trimeric coiled coil formed by HR1c (37-42). The higher Np value of
S546D, relative to those of other PTC-destabilizing changes, may reflect the magnitude
of PTC destabilization achieved; the global sensitivity of the S546D mutant to antibody
neutralization suggests that significant redistribution into State-3-like Envs results from

this change.

To achieve HIV-1aps resistance to CD4mcs, the PTC-stabilizing changes were
required in more Env protomers than for cold resistance. Apparently, it is more difficult
to resist the direct induction by CD4mcs of entry-related transitions from the PTC than
to withstand the more generally disruptive effects of ice formation on Env trimer integrity
associated with cold exposure (35,36). With respect to CD4mc sensitivity, a PTC-
destabilizing change, N301E, exhibited different protomer stoichiometries at low (Np=2)
and high (Np=1) concentrations of the CD4mc. The increased occupancy of Env at
higher CD4mc concentrations itself promotes Env transitions from the PTC and likely

accounts for the lower protomer requirements for the PTC-destabilizing change.

Our studies of Env protomer stoichiometry will guide future efforts to evaluate the

importance of Env trimer symmetry to PTC integrity and should facilitate the stabilization

and characterization of the pretriggered (State-1) Env conformation.
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MATERIALS & METHODS

HIV-1 Env mutants. The wild-type HIV-1aps env cloned in the pSVlllenv expression
plasmid was used as a template to construct HIV-1 Env mutants in this study (20). The
signal peptide/N-terminus (residues 1-33) and the cytoplasmic tail C-terminus (residues
751-856) of this Env are derived from the HIV-1nxsc2 Env. “Tri” indicates the
Q114E/Q567K/A582T changes, and “FPPR” indicates the A532V/I535M/L543Q
changes. The Q3 and Q3 alt Env mutants were previously reported as Q3 (V1) and Q3
(V1alt), respectively, in reference 24. Env mutants with specific changes were
generated by using the QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies). All the Envs contain a Hiss tag at the carboxyl terminus. The presence of

the desired mutations was confirmed by DNA sequencing.

Cell lines. HEK293T, TZM-bl and HOS cells (ATCC) were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and

100 mg/mL penicillin-streptomycin (Life Technologies).

Env expression. To evaluate Env processing and subunit association, 3x10° HOS
cells were seeded in 6-well plates. After 24 hours of incubation, they were transfected
with plasmids encoding His6-tagged Env variants and Tat at a ratio of 8:1, using the
Lipofectamine 3000 transfection reagent (Life Technologies) according to the
manufacturer’s instructions. Seventy-two hours after transfection, the cells were lysed in
PBS buffer containing 1.0% NP-40 and protease inhibitor (Sigma-Aldrich). Clarified

lysates were harvested, boiled, and analyzed by Western blotting with 1:2,500 goat
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anti-gp120 antibody (Invitrogen) and 1:2,500 HRP-conjugated rabbit anti-goat antibody
(Invitrogen). The intensities of the gp120 and gp160 bands from unsaturated Western
blots were quantified by using ImageJ software. The Env processing index was
calculated by dividing gp120 by gp160 in the cell lysate samples. The processing
indices of Env mutants in this study were normalized to those of the wild-type HIV-1aps

Env.

Seventy-two hours after transfection, the supernatants of the transfected HOS
cells were collected and incubated with Galanthus Nivalis Lectin (GNL)-agarose beads
(Vector Laboratories) for 1.5 h at room temperature. The beads were washed three
times with PBS containing 0.1% NP-40 and processed for Western blotting with 1:2500
goat anti-gp120 antibody (Invitrogen) as described above. The subunit association
index was calculated by dividing gp120 in the cell lysate samples by the gp120 in the
GNL precipitates. The subunit association indices of the Env mutants were normalized

to those of the wild-type HIV-1aps Env.

Virus infectivity. To produce pseudoviruses, HEK293T cells were cotransfected with
the Env-expressing pSVlllenv plasmid (a mixture of wild-type HIV-1aps Env with either
PTC-stabilized or PTC-destabilized mutant Envs in varying proportions), a Tat-encoding
plasmid and the luciferase-encoding pNL4-3.Luc.R-E- vector (NIH HIV Reagent
Program) at a 1:1:3 ratio using polyethyleneimine (PEI, Polysciences). After 8 hours, the
medium was replaced with fresh medium. Seventy-two hours later, the pseudoviruses in

the supernatants were harvested and centrifuged (3500 rpm for 5 min), aliquoted, and
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either used directly to measure pseudovirus infectivity or stored at -80°C until further
use. To evaluate the infectivity of the variants, pseudoviruses were diluted in 96-well
plates and incubated with TZM-bl cells in the presence of 20 ug/mL DEAE-dextran.
After 48 hours incubation, TZM-bl cells were lysed and the luciferase activity was

measured using a luminometer.

Virus sensitivity to cold inactivation. To evaluate the sensitivity of viruses with mixed
Envs to cold inactivation, pseudoviruses were incubated on ice (0°C) for a period of
time. This period of time was chosen to maximize the infectivity difference between
viruses with wild-type HIV-1aps Env and PTC-stabilized/destabilized mutant Envs. After
cold incubation, the infectivity of the pseudoviruses was measured as described above.
The level of infectivity of each virus following incubation on ice was normalized to that of

the same virus preparation that had not been incubated on ice.

Virus inhibition by a CD4mc. The CD4mcs BNM-III-170 and CJF-I111-288 were serially
diluted in triplicate wells in 96-well plates. Then approximately 100 to 200 TCIDso (50%
tissue culture infectious dose) of pseudoviruses was added and incubated at 37°C for 1
h. Subsequently, approximately 2 x 10* TZM-bl cells with 20 pg/mL DEAE-dextran in the
medium were added to each well and the mixture was incubated at 37°C/5%CO: for 48
hours. Then luciferase activity was measured, as described above. The level of
infectivity of each virus with mixed Envs was normalized to that of the same virus

preparation that had not been incubated with CD4mcs.
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Analysis of Env on virus particles. Approximately 1-mL of clarified cell supernatant
containing pseudovirus was centrifuged at 14,000 x g for 1 h at 4°C. The pelleted virus
particles were resuspended in 1x PBS. Equal volumes of the virus suspensions were
then analyzed by Western blotting. Western blots were developed with 1:2,500 goat
anti-gp120 polyclonal antibody (Invitrogen), 1:2,500 4E10 anti-gp41 antibody, and
1:5,000 rabbit polyclonal antibody against Gag p55/p24/p17 (Abcam). The HRP-
conjugated secondary antibodies were 1:2,500 rabbit anti-goat antibody (Invitrogen),
1:2,500 goat anti-human antibody (Invitrogen), and 1:5,000 goat anti-rabbit antibody

(Sigma-Aldrich), respectively.

ACKNOWLEDGMENTS

We thank Ms. Elizabeth Carpelan for manuscript preparation. Antibodies against the HIV-
1 Env were kindly supplied by Dennis Burton (Scripps), Peter Kwong and John Mascola
(Vaccine Research Center, NIH), Susan Zolla-Pazner (Icahn School of Medicine at Mount
Sinai), James Robinson (Tulane) and Hermann Katinger (Polymun). We thank the NIH
HIV Reagent Program for providing additional reagents. This work was supported by
grants from the National Institutes of Health (grant nos. Al145547, Al124982, Al150471,
Al129017, Al164562, Al176904 and Al178833), a grant from Gilead Sciences, by Michael
Siff Funds for Basic Research (Dana-Farber Cancer Institute) and by a gift from the late

William F. McCarty-Cooper.

We declare no conflicts of interest.

23


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

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

2. Chen B. 2019. Molecular mechanism of HIV-1 entry. Trends Microbiol 27:878-891.

3. Allan JS, Coligan JE, Barin F, McLane MF, Sodroski JG, Rosen CA, Haseltine
WA, Lee TH, Essex M. 1985. Major glycoprotein antigens that induce antibodies
in AIDS patients are encoded by HTLV-III. Science 228:1091-1094.

4, Robey WG, Safai B, Oroszlan S, Arthur LO, Gonda MA, Gallo RC, Fischinger PJ.
1985. Characterization of envelope and core structural gene products of HTLV-III
with sera from AIDS patients. Science 228:593-595.

5. Klatzmann D, Champagne E, Chamaret S, Gruest J, Guetard D, Hercend T,
Gluckman JC, Montagnier L. 1984. T-lymphocyte T4 molecule behaves as the
receptor for human retrovirus LAV. Nature 312:767-768.

6. Dalgleish AG, Beverley PC, Clapham PR, Crawford DH, Greaves MF, Weiss RA.
1984. The CD4 (T4) antigen is an essential component of the receptor for the AIDS
retrovirus. Nature 312:763-767.

7. Wu L, Gerard NP, Wyatt R, Choe H, Parolin C, Ruffing N, Borsetti A, Cardoso AA,
Desjardin E, Newman W, Gerard C, Sodroski J. 1996. CD4-induced interaction of
primary HIV-1 gp120 glycoproteins with the chemokine receptor CCR-5. Nature
384:179-183.

8. Trkola A, Dragic T, Arthos J, Binley JM, Olson WC, Allaway GP, Cheng-Mayer C,
Robinson J, Maddon PJ, Moore JP. 1996. CD4-dependent, antibody-sensitive
interactions between HIV-1 and its co-receptor CCR-5. Nature 384:184-187.

9. Feng Y, Broder CC, Kennedy PE, Berger EA. 1996. HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled receptor.
Science 272:872-877.

10.  Alkhatib G, Combadiere C, Broder CC, Feng Y, Kennedy PE, Murphy PM, Berger
EA. 1996. CC CKR5: a RANTES, MIP-lalpha, MIP-1beta receptor as a fusion
cofactor for macrophage-tropic HIV-1. Science 272:1955-1958.

11. Munro JB, Gorman J, Ma X, Zhou Z, Arthos J, Burton DR, Koff WC, Courter JR,
Smith AB lll, Kwong PD, Blanchard SC, Mothes W. 2014. Conformational
dynamics of single HIV-1 envelope trimers on the surface of native virions. Science
346:759-763.

12.  Herschhorn A, Ma X, Gu C, Ventura JD, Castillo-Menendez L, Melillo B, Terry DS,
Smith AB lll, Blanchard SC, Munro JB, Mothes W, Finzi A, Sodroski J. 2016.

24


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Release of gp120 restraints leads to an entry-competent intermediate state of the
HIV-1 envelope glycoproteins. mBio 7:e01598-16.

13. MaX, Lu M, Gorman J, Terry DS, Hong X, Zhou Z, Zhao H, Altman RB, Arthos J,
Blanchard SC, Kwong PD, Munro JB, Mothes W. 2018. HIV-1 Env trimer opens
through an asymmetric intermediate in which individual protomers adopt distinct
conformations. Elife 7:34271.

14. Chan DC, Fass D, Berger JM, Kim PS. 1997. Core structure of gp41 from the HIV
envelope glycoprotein. Cell 89:263-273.

15. Weissenhorn W, Dessen A, Harrison SC, Skehel JJ, Wiley DC. 1997. Atomic
structure of the ectodomain from HIV-1 gp41. Nature 387:426-430.

16.  Melikyan GB, Markosyan RM, Hemmati H, Delmedico MK, Lambert DM, Cohen
FS. 2000. Evidence that the transition of HIV-1 gp41l into a six-helix bundle, not
the bundle configuration, induces membrane fusion. J Cell Biol 151:413-423.

17.  Herschhorn A, Gu C, Moraca F, Ma X, Farrell M, Smith AB Ill, Pancera M, Kwong
PD, Schon A, Freire E, Abrams C, Blanchard SC, Mothes W, Sodroski JG. 2017.
The beta20-beta2l of gp120 is a regulatory switch for HIV-1 Env conformational
transitions. Nat Commun 8:1049.

18. Haim H, Strack B, Kassa A, Madani N, Wang L, Courter JR, Princiotto A, McGee
K, Pacheco B, Seaman MS, Smith AB Ill, Sodroski J. 2011. Contribution of intrinsic
reactivity of the HIV-1 envelope glycoproteins to CD4-independent infection and
global inhibitor sensitivity. PLoS Pathog 7:€1002101.

19. Madani N, Princiotto AM, Zhao C, Jahanbakhshsefidi F, Mertens M, Herschhorn
A, Melillo B, Smith AB Ill, Sodroski J. 2017. Activation and inactivation of primary
human immunodeficiency virus envelope glycoprotein trimers by CD4-mimetic
compounds. J Virol 91:e01880-16.

20. Nguyen HT, Qualizza A, Anang S, Zhao M, Zou S, Zhou R, Wang Q, Zhang S,
Deshpande A, Ding H, Chiu TJ, Smith AB lll, Kappes JC, Sodroski JG. 2022.
Functional and highly cross-linkable HIV-1 envelope glycoproteins enriched in a
pretriggered conformation. J Virol 96:e0166821.

21. Pacheco B, Alsahafi N, Debbeche O, Prevost J, Ding S, Chapleau JP, Herschhorn
A, Madani N, Princiotto A, Melillo B, Gu C, Zeng X, Mao Y, Smith AB Ill, Sodroski
J, Finzi A. 2017. Residues in the gp4l ectodomain regulate HIV-1 envelope
glycoprotein conformational transitions induced by gpl20-directed inhibitors. J
Virol 91:e02219-16.

22. Nguyen HT, Wang Q, Anang S, Sodroski JG. 2023. Characterization of the human
immunodeficiency virus (HIV-1) envelope glycoprotein conformational states on

25


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

infectious virus particles. J Virol 97:e0185722.

23. Kassa A, Madani N, Schon A, Haim H, Finzi A, Xiang SH, Wang L, Princiotto A,
Pancera M, Courter J, Smith AB lll, Freire E, Kwong PD, Sodroski J. 2009.
Transitions to and from the CD4-bound conformation are modulated by a single-
residue change in the human immunodeficiency virus type 1 gp120 inner domain.
J Virol 83:8364-8378.

24. Zhang Z, Wang Q, Nguyen HT, Chen HC, Chiu TJ, Smith AB Ill, Sodroski JG.
2023. Alterations in gp120 glycans or the gp4l fusion peptide-proximal region
modulate the stability of the human immunodeficiency virus (HIV-1) envelope
glycoprotein pretriggered conformation. J Virol 97:e0059223.

25. Zhang Z, Anang S, Nguyen HT, Fritschi C, Smith AB IIl, Sodroski J. 2024.
Membrane HIV-1 envelope glycoproteins stabilized more strongly in a pretriggered
conformation than natural virus Envs. iScience 27:110141.

26. Kassa A, Finzi A, Pancera M, Courter JR, Smith AB Ill, Sodroski J. 2009.
Identification of a human immunodeficiency virus type 1 envelope glycoprotein
variant resistant to cold inactivation. J Virol 83:4476-4488.

27. Kesavardhana S, Varadarajan R. 2014. Stabilizing the native trimer of HIV-1 Env
by destabilizing the heterodimeric interface of the gp41 postfusion six-helix bundle.
J Virol 88:9590-9604.

28. Leaman DP, Zwick MB. 2013. Increased functional stability and homogeneity of
viral envelope spikes through directed evolution. PLoS Pathog 9:€1003184.

29. Gift SK, Leaman DP, Zhang L, Kim AS, Zwick MB. 2017. Functional stability of
HIV-1 envelope trimer affects accessibility to broadly neutralizing antibodies at its
apex. J Virol 91:e01216-17.

30. Anang S, Zhang S, Fritschi C, Chiu T-J, Yang D, Smith AB Ill, Madani N, Sodroski
J. 2023. V3 tip determinants of susceptibility to inhibition by CD4-mimetic
compounds in natural clade A human immunodeficiency virus (HIV-1) envelope
glycoproteins. J Virol 97:e0117123.

31. Melillo B, Liang S, Park J, Schon A, Courter JR, LaLonde JM, Wendler DJ,
Princiotto AM, Seaman MS, Freire E, Sodroski J, Madani N, Hendrickson WA,
Smith AB Ill. 2016. Small-molecule CD4-mimics: Structure-based optimization of
HIV-1 entry inhibition. ACS Med Chem Lett 7:330-334.

32. Courter JR, Madani N, Sodroski J, Schon A, Freire E, Kwong PD, Hendrickson
WA, Chaiken IM, LalLonde JM, Smith AB Ill. 2014. Structure-based design,
synthesis and validation of CD4-mimetic small molecule inhibitors of HIV-1 entry:
conversion of a viral entry agonist to an antagonist. Acc Chem Res 47:1228-1237.

26


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

33.  Fritschi CJ, Anang S, Gong Z, Mohammadi M, Richard J, Bourassa C, Severino
KT, Richter H, Yang D, Chen HC, Chiu TJ, Seaman MS, Madani N, Abrams C,
Finzi A, Hendrickson WA, Sodroski JG, Smith AB Ill. 2023. Indoline CD4-mimetic
compounds mediate potent and broad HIV-1 inhibition and sensitization to
antibody-dependent cellular cytotoxicity. Proc Natl Acad Sci U S A
120:2222073120.

34. McGee K, Haim H, Korioth-Schmitz B, Espy N, Javanbakht H, Letvin N, Sodroski
J. 2014. The selection of low envelope glycoprotein reactivity to soluble CD4 and
cold during simian-human immunodeficiency virus infection of rhesus macaques.
J Virol 88:21-40.

35. Privalov PL. 1990. Cold denaturation of proteins. Crit Rev Biochem Mol Biol
25:281-305.

36. Gulevsky AK, Relina LI. 2013. Molecular and genetic aspects of protein cold
denaturation. Cryo Letters 34:62-82.

37. Zhang S, Wang K, Wang WL, Nguyen HT, Chen S, Lu M, Go EP, Ding H,
Steinbock RT, Desaire H, Kappes JC, Sodroski J, Mao Y. 2021. Asymmetric
structures and conformational plasticity of the uncleaved full-length human
immunodeficiency virus envelope glycoprotein trimer. J Virol 95:e0052921.

38. WangK, Zhang S, Go EP, Ding H, Wang WL, Nguyen HT, Kappes JC, Desaire H,
Sodroski J, Mao Y. 2023. Asymmetric conformations of cleaved HIV-1 envelope
glycoprotein trimers in styrene-maleic acid lipid nanoparticles. Commun Biol 6:535.

39. Julien JP, Cupo A, Sok D, Stanfield RL, Lyumkis D, Deller MC, Klasse PJ, Burton
DR, Sanders RW, Moore JP, Ward AB, Wilson IA. 2013. Crystal structure of a
soluble cleaved HIV-1 envelope trimer. Science 342:1477-1483.

40. Lyumkis D, Julien JP, de Val N, Cupo A, Potter CS, Klasse PJ, Burton DR, Sanders
RW, Moore JP, Carragher B, Wilson IA, Ward AB. 2013. Cryo-EM structure of a
fully glycosylated soluble cleaved HIV-1 envelope trimer. Science 342:1484-1490.

41. Pancera M, Zhou T, Druz A, Georgiev IS, Soto C, Gorman J, Huang J, Acharya P,
Chuang GY, Ofek G, Stewart-Jones GB, Stuckey J, Bailer RT, Joyce MG, Louder
MK, Tumba N, Yang Y, Zhang B, Cohen MS, Haynes BF, Mascola JR, Morris L,
Munro JB, Blanchard SC, Mothes W, Connors M, Kwong PD. 2014. Structure and
immune recognition of trimeric pre-fusion HIV-1 Env. Nature 514:455-461.

42. Lee JH, Ozorowski G, Ward AB. 2016. Cryo-EM structure of a native, fully
glycosylated, cleaved HIV-1 envelope trimer. Science 351:1043-1048.

43. Zhou R, Zhang S, Nguyen HT, Ding H, Gaffney A, Kappes JC, Smith AB III,

27


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

44,

available under aCC-BY-NC-ND 4.0 International license.

Sodroski JG. 2023. Conformations of human immunodeficiency virus envelope
glycoproteins in detergents and styrene-maleic acid lipid particles. J Virol
97:e0032723.

Korber BT, Foley BT, Kuiken DL, Pillai SK, Sodroski JG. 1998. Numbering

positions in HIV relative to HXB2CG. Available from:
https://hfv.lanl.gov/content/sequence/HIV/COMPENDIUM/1998/11l.HXB2.pdf

28


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

TABLE 1 PTC-stabilized and -destabilized HIV-1aps Env variants used in this study

Pretriggered Env

Env

HIV-1aps Env? ty2 at 0°C (days)®  ICso BNM-III-170 (uM)® stability index® processing? Reference
wild-type <1 425+ 147 4.25 +++
PTC-stabilized Envs
N136E <1 3.63 + 2.69 <3.63 +++ 24
Q3 1-2 2.64+2.20 3.96 +++ 24
T138A <1 7.29 + 4.74 <7.29 +++ 24
D325Q <1 8.03 + 2.32 <8.03 +++ 24,25
Q567K 1-2 6.38 + 2.69 9.57 +++ 22
FPPR 1-2 6.87 + 6.07 10.3 +++ 24
N136E/D325Q 1-2 10.03 + 9.19 15.0 +++ 24,25
A582T 3-5 11.75 + 4.67 47.0 +++ 22
Q1l14E >5 >17 >85 +++ 22
FPPR N136E/D325Q >5 >21 >105 ++ 24,25
Tri >5 >39 >195 ++++ 22
Tri FPPR >5 >50 >250 ++++ 25
PTC-destabilized Envs
F317W <1 1.58 + 0.37 <1.58 +++ 30
Q3alt <1 1.10 £ 0.17 <1.10 +++ 24
Q3-N332T <1 0.99 + 0.50 <0.99 ++++ 24
N332T <1 0.48 + 0.39 <0.48 +H++ 24
N301E <1 0.25 + 0.08 <0.25 4+ 24
S546D <1 0.16 + 0.07 <0.16 +++ 22

&The HIV-1aps Env variants used in this study are listed, with the Env residues numbered according to current convention (44).

To ensure an accurate ranking of these mutants, the half-lives of pseudovirus infectivity on ice and the 1Cso values of the CD4mc BNM-111-170 were
determined in side-by-side assays, as described in Materials and Methods.

‘The pretriggered Env stability index is the product of the virus half-life at 0°C and the BNM-111-170 ICso. Where a range of cold half-lives is reported,
an average value was used to calculate the pretriggered stability index. The PTC-stabilized and PTC-destabilized HIV-1aps Env variants are ranked
according to their degree of PTC stabilization or destabilization, respectively.

dEnv processing was evaluated in HOS cells, as described in Materials and Methods.
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TABLE 2 Sensitivity of viruses pseudotyped with PTC-destabilized HIV-1aps Envs to neutralization by antibodies and sCD4-Ig?

bNAbs pNADbs
Antibody
epitope) VRCO01 VRCO03 b12 PGT145 PGT151 10E8.v4 447-52D 19b 17b sCD4-Ig
(CD4BS) (CD4BS) (CD4BS) (V2q) (gp120-gp4l (MPER) (V3) (V3) (CD4i) (CD4)
HIV-1aps Env interface)
wild-type 254+1.12|028+0.10 | 1.42+0.47 | 042 +0.13 | 0.28 + 0.06 >10 >50 >50 >50 30.5 + 5.02
F317wW 3.294+0.05|0.34+£0.02|146+043|0.79+0.30| 0.53+0.29 >10 >50 >50 >50 15.8 £ 0.73
N332T 0.59 + 0.33 | 0.05+ 0.04 | 0.23 +0.16 | 0.15+0.12 | 0.09 + 0.06 | 2.05+ 2.21 >12 >50 >50 6.38 +£ 1.23
N301E 0.58+0.18 | 0.10 £ 0.02 | 0.25+ 0.15 | 0.51 +0.29 | 0.20+0.10 | 5.86+4.44 | 7.37 £ 6.35 >50 >50 325+1.21
S546D 0.56 +0.46 | 0.10 £ 0.09 | 0.04 +0.03 | 0.20 £+ 0.16 | 0.13+0.08 | 0.13+0.12 | 0.07 +£0.07 | 0.03+0.03 | 0.16 £ 0.18 | 0.26 + 0.13

aRecombinant viruses pseudotyped with the indicated Envs were tested for susceptibility to neutralization by the antibodies and sCD4-1g, according to the assay
described in Materials and Methods. The means and standard deviations of the ICso values are reported.
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FIGURE LEGENDS

FIG 1 Cold sensitivity, expression and processing of representative Env
variants. (A) The cold sensitivity of recombinant HIV-1 pseudotyped with the indicated
Env variants is shown. HEK293T cells were transfected with the luciferase-expressing
proviral plasmid, pNL4-3.Luc.R-E-, a Tat-expressing plasmid and pSVlllenv plasmids
expressing the indicated wild-type and mutant HIV-1aps Envs. The pseudoviruses
produced in the cell supernatants were incubated on ice (0°C) for the indicated lengths
of time and then used to infect TZM-bl cells. After two days, the luciferase activity in the
TZM-bl cell lysates was measured. The luciferase activity measured for each virus was
normalized to that observed for the same virus sample that was not incubated on ice.
The results of a typical experiment are shown, with means and standard deviations
derived from triplicate measurements. (B) HOS cells were transfected with plasmids
expressing Tat and the wild-type (wt) and mutant HIV-1aps Envs. Seventy-two hours
later, the cells were lysed and the gp120 glycoprotein in the cell medium was captured
on Galanthus Nivalis Lectin (GNL)-beads. The clarified cell lysates and GNL
precipitates were Western blotted with a polyclonal goat anti-gp120 antibody

(Invitrogen).

FIG 2 Theoretical analysis of Env protomer stoichiometry for PTC stabilization
and destabilization. The left panel considers the random mixing of wild-type Envs
(open circles) and PTC-stabilized/destabilized mutant Envs (filled circles) into trimers
according to a binomial distribution. The percentage of the Env trimers in the population
that determines the PTC-stabilized/destabilized viral phenotype (P) depends on the
number of Env protomers (Np) required to achieve PTC stabilization or destabilization
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and on the fraction of mutant Envs (f). We assume that the percentage of the maximal
phenotype (defined by the phenotype of viruses with 100% mutant Envs) achieved by
the mixed-Env viruses is proportionate to the percentage of PTC-stabilized/destabilized
Env trimers in the virus population. The right panel shows the theoretical graphs of P as
a function of f for the different Np values. Note that the shape of the f-P curve is distinct

for each value of Np.

FIG 3 Cold sensitivity of viruses with mixed wild-type and PTC-stabilized Envs.
HEK293T cells were transfected with the luciferase-expressing proviral plasmid, pNL4-
3.Luc.R-E-, a Tat-expressing plasmid and pSVlllenv plasmids expressing the wild-type
and mutant HIV-1aps Envs in the indicated proportions. The pseudoviruses produced in
the cell supernatants were incubated on ice (0°C) for the indicated times and then used
to infect TZM-bl cells. Two days later, the luciferase activity in the TZM-bl cell lysates
was measured. The luciferase activity measured for each virus was normalized to the
luciferase activity observed for the same virus preparation that had not been incubated
on ice. The means and standard deviations derived from triplicate measurements within
a typical experiment are shown. The PTC-stabilized Env variants are grouped according

to the Np values deduced from the shape of the f-P curves.

FIG 4 Characterization of viruses with mixed wild-type and PTC-stabilized Envs.
(A) Pseudoviruses with the indicated proportions of wild-type and mutant HIV-1aps Envs
were prepared as described in the Figure 3 legend. Clarified cell supernatants were

centrifuged at 14,000 x g to pellet the virus particles. Equal volumes of resuspended

32


https://doi.org/10.1101/2024.10.25.620268
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.25.620268; this version posted October 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

virus particles were Western blotted with a polyclonal goat anti-gp120 antibody (upper
panels), the 4E10 anti-gp41 antibody (middle panels), and a polyclonal rabbit antibody
against Gag p55/p24/p17 (lower panels). The results of a typical experiment are shown.
(B) The inverse relationship between the Np values deduced from the shapes of the f-P
curves in Figure 3 and the pretriggered Env stability indices (Table 1) is shown. The

Spearman rank correlation coefficient (rs) and two-tailed P value are shown.

FIG5 Cold sensitivity of viruses with mixed wild-type and PTC-destabilized
Envs. The cold sensitivity of pseudoviruses with mixed wild-type and mutant HIV-1aps
Envs was evaluated as described in the Figure 3 legend. The means and standard
deviations derived from triplicate measurements within a typical experiment are shown.
The experiments were repeated with comparable results. The PTC-destabilized Env
variants are grouped according to the Np values deduced from the shape of the f-P

curves.

FIG 6 Summary of deduced protomer stoichiometries for PTC-stabilizing and
PTC-destabilizing Env changes. A schematic diagram of the HIV-1 Env trimer is
shown with PTC-stabilizing changes (green dots) and PTC-destabilizing changes (red
dots) in the protomers. The dots are shaded according to the degree of PTC
stabilization or destabilization achieved when the respective PTC-stabilizing or PTC-
destabilizing Env change is present in all three protomers; the pretriggered Env stability
index provides an indication of the degree of PTC stabilization or destabilization

achieved by the introduced changes. The specific Env changes assigned to each Np
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category are listed on the right. Because of the strong relationship between the deduced
Np values and the pretriggered Env stability indices (Fig. 4A), the Env changes are
roughly ranked from highest to lowest pretriggered Env stability index. The deduced
phenotypes of the functional Env trimers are indicated by shading, with cold-resistant
trimers in green and cold-sensitive trimers in red. The intensity of the Env trimer shading

relates to the degree of PTC stabilization or destabilization.

FIG 7 Cold sensitivity of viruses with mixed PTC-stabilized and PTC-destabilized
Envs. (A) The cold sensitivity of pseudoviruses with mixed PTC-stabilized and PTC-
destabilized Envs was evaluated as described in the Figure 3 legend. The means and
standard deviations derived from triplicate measurements within a typical experiment
are shown. The experiments were repeated with comparable results. (B) A schematic
diagram of the HIV-1 Env trimer is shown with the PTC-stabilizing Tri FPPR changes
(green dots) and the PTC-destabilizing (N301E, Q3alt and S546D) changes (red dots)
in the protomers. The Env variants in the mixed virus Envs are shown on the right. The
viral Env mixtures above the horizontal line include the wild-type HIV-1aps Env as a
partner and thus correspond to those depicted in Figure 6. The deduced Np values of
the Tri FPPR Env (green) and the PTC-destabilized Envs (red) are indicated on the left.
The deduced phenotypes of the functional Env trimers are indicated by shading, with
cold-resistant trimers in green and cold-sensitive trimers in red. Wild-type HIV-1aps cold
sensitivity is indicated by white/unshaded trimers. Note that compared to the mixtures

with wild-type HIV-1aps Env, when the Envs with the PTC-stabilized Tri FPPR changes
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are mixed with the PTC-destabilized Envs, Np=1 for the PTC-destabilized Envs and the

Np value of Tri FPPR increases to 3.

FIG 8 CD4mc inhibition of viruses with PTC-stabilized (or PTC-destabilized) Envs
mixed with the wild-type HIV-1aps Env. Pseudoviruses with mixed wild-type and
mutant HIV-1aps Envs were prepared as described in the Figure 3 legend. The viruses
were incubated with the indicated concentrations of the CD4mc BNM-III-170 (A, B, D
and E) or the more potent CD4mc CJF-I11-288 (C) for 1 hour at 37°C. The virus-CD4mc
mixture was then incubated with TZM-bl cells for two days, after which luciferase activity
in the target cells was measured. The measured luciferase activity was normalized to
that observed for the same virus preparation that had not been treated with the CD4mc.
Multiple concentrations of the CD4mc were tested to identify concentration(s) at which
the differences between the wild-type and mutant Envs would permit conclusions about
the Env protomer stoichiometry. In A, B, D and E, the results obtained with different
concentrations of BNM-111-170 are shown. The means and standard deviations derived
from triplicate measurements within a typical experiment are shown. The experiments

were repeated with comparable results.
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