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SUMMARY

Binding of the HIV-1 envelope glycoprotein gp120 to the CCR5 coreceptor reduces constraints on
the metastable transmembrane subunit gp41, thereby enabling gp41 refolding, fusion of viral and
cellular membranes, and infection. We previously isolated adapted HIV-1;rcsE Variants that more
efficiently use mutant CCR5s, including CCR5(A18) lacking the important tyrosine sulfate-
containing amino terminus. Effects of mutant CCR5 concentrations on HIV-1 infectivities were
highly cooperative, implying that several may be required. However, because wild-type CCR5
efficiently mediates infections at trace concentrations that were difficult to accurately measure,
analyses of its cooperativity were not feasible. New HIV-1;rcsr variants efficiently use CCR5
(HHMH), a chimera containing murine extracellular loop 2. The adapted virus induces large syncytia
in cells containing either wild-type or mutant CCR5s and has multiple gp120 mutations that occurred
independently in CCR5(A18)-adapted virus. Accordingly, these variants interchangeably use CCR5
(HHMH) or CCR5(A18). Additional analyses strongly support a novel energetic model for allosteric
proteins, implying that the adaptive mutations reduce quaternary constraints holding gp41, thus
lowering the activation energy barrier for membrane fusion without affecting bonds to specific CCR5
sites. In accordance with this mechanism, highly adapted HIV-1s require only one associated CCR5
(HHMH), whereas poorly adapted viruses require several. However, because they are allosteric
ensembles, complexes with additional coreceptors fuse more rapidly and efficiently than minimal
ones. Similarly, wild-type HIV-1;rcsr is highly adapted to wild-type CCR5 and minimally requires
one. The adaptive mutations cause resistances to diverse entry inhibitors and cluster appropriately
in the gp120 trimer interface overlying gp41. We conclude that membrane fusion complexes are
allosteric machines with an ensemble of compositions, and that HIV-1 adapts to entry limitations by
gp120 mutations that reduce its allosteric hold on gp41. These results provide an important foundation
for understanding the mechanisms that control membrane fusion and HIV-1’s facile adaptability.
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INTRODUCTION

HIV-1envelope glycoproteins are trimers with two subunits, a surface subunit gp120 that binds
to receptors and a transmembrane subunit gp41 that mediates membrane fusion L2 In native
virions, gp41 is in a metastable conformation and is constrained by the gp120 cap. Binding of
gp120 to CD4 and then to a coreceptor (usually either CCR5 or CXCR4) reduces the constraint
and enables gp41 to refold into a fusion-active conformation at an accelerated rate. After CD4/
CCRS5 hinding, the gp41 trimers extend their amino termini in a harpoon-like manner to form
a three-stranded coil (3SC) that embeds the hydrophobic amino terminal fusion peptides into
the target cell membrane 15 3, Membrane fusion is driven by folding of the 3SC into the more
energetically stable six-helix bundle (6HB) as C-terminal helices from gp41 heptad repeat 2
pack in an antiparallel orientation into the grooves of N-terminal helices from heptad repeat 1
L4 This pulls the virus closer to the cell membrane and is irreversibly blocked by the 36
amino acid peptide enfuvirtide (T-20), which binds into the grooves of the 3SC 1 Sensitivity
to T-20 is dictated by the 3SC half-life, which is influenced by CCR5 mutations and
concentrations, and by sequences of gp120 and gp41 5, 6: 7 These results suggest that gp120
and CCRb5 are present throughout gp41 refolding, in agreement with the idea that gp120
controls the magnitude of the activation energy barrier that constrains gp41 as well as the degree
to which those constraints are reduced by gp120-CCR5 interactions. Optimal control by gplzo
is important because premature gp41 refolding inactivates the virus and damages cells ©.
Nevertheless, successful infection depends upon winning a race in which resolution of the 3SC
coil with subsequent membrane fusion must occur before a competing inactivation or
dissociation process eliminates the virus 6,

HIV-1 mutants resistant to small molecule CCR5 antagonists (SMCAs) have adaptive gp120
mutations in variable regions including V3 910 Similarly, adaptations to other entry
limitations and shifts to CXCR4 are principally determined by V3 and V3 also affects
sensitivities to T-20 2 11 12, Although V3 interacts with coreceptors, the mechanisms by
which this interaction modulates gp41 and controls infection are substantially unknown.

The tyrosine sulfate-containing amino terminus and extracellular loop 2 (ECL2) regions of
CCR5 are most critical for its coreceptor activity 13,14 Nevertheless, we isolated
HIV-1;rcsr variants that efficiently use CCR5(A18) that lacks the amino terminus, and others
that efficiently use CCR5(G163R), which has a partially inhibitory mutation in ECL2 12,15,
All adapted viruses had mutations in V3, and some also had single mutations in V2 and V4.
Surprisingly, viruses adapted to CCR5(A18) efficiently used CCR5(G163R) but not the double
mutant, implying that they can employ the CCR5 amino terminus but no longer depend on it.
They accomplished this by infecting more rapidly as indicated by increased resistances to T-20.

During the latter investigations, we made panels of HeLa-CD4 cell clones that express wild-
type or mutant CCR5s in discrete quantities 12;16; 17, Wild-type CCR5 mediates HIV-1 entry
efficiently at trace concentrations (e.g., ~6000/cell) that could not be accurately measured, and
this prevented us from analyzing the precise relationship between cell surface CCR5
concentrations and HIV-1 infectivities. In contrast, the mutant coreceptors CCR5(Y14N) and
CCR5(G163R) bound gp120-CD4 complexes weakly and mediated infections only at much
higher concentrations that were easily measured. The relationships between cell surface
concentrations of these mutant CCR5s and infectivities were sigmoidal in shape, indicating a
high degree of cooperativity in their mediation of infections. Our analyses of this cooperativity
for wild-type and adapted viral variants were consistent with the idea that infections require
assembly of complexes with a uniform stoichiometry of 3-6 CCR5s 16 However, the viruses
analyzed were not fully adapted, and there were indications in the data that the most adapted
viruses might require fewer coreceptors. This evidence was compatible within experimental
error with the generally accepted hypothesis that viral and cellular membrane fusion complexes
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are uniform assemblages with multiple subunits from each membrane that form a fusion pore

Here we extend these studies using a CCR5 mutant with a more severely damaged ECL2.
Surprisingly, the adaptive mutations had been obtained independently in viruses adapted to
CCR5(A18), which strongly suggested that they do not compensate for the entry limitation by
increasing viral dependency on undamaged region(s) of CCR5. In addition, while the damaged
CCR5s induce wild-type HIV-1;rcse infections only weakly and in a highly cooperative
manner, they induce infections of the adapted viruses much more efficiently at lower
concentrations and with less cooperativity. These results imply that the adaptive mutations
make the coreceptor-induced conformational changes more energetically favorable, thus
enabling damaged CCR5s to mediate infections efficiently. Specific predictions of this
mechanism, confirmed by our evidence, were as follows: (i) Because the adapted viruses are
more easily triggered, they should more efficiently use damaged CCR5s regardless of the sites
of damages and should also cause larger syncytia. (ii) The adaptive mutations should cluster
in a region of gp120 important for constraining gp41. (iii) By enabling the conformational
changes in the envelope trimers to occur more readily, the adaptive mutations should reduce
the cooperativity of CCR5 binding and the numbers and concentrations of CCR5s required for
infection 19; 20; 21; 22, 23 (jy) The adaptive mutations would be expected to reduce viral
susceptibilities to entry inhibitors including SMCAs and T-20. Considered together, our
analyses suggest that HIV-1 entry is limited energetically by an adjustable allosteric rheostat
that is centered in the V3 region of the gp120 trimer interface overlying gp41, and that adaptive
mutations in this region reduce the activation energy barrier that limits gp41 refolding, thus
enabling infections to occur more efficiently.

Isolation and characterization of CCR5(HHMH)-adapted HIV-13rcsE

CCR5(HHMH), a chimera containing ECL2 from an NIH/Swiss mouse, was less active as a
coreceptor for HIV-1;rcse than other ECL2 mutants that we tested (see Fig S1 in the
Supplementary material online). Indeed, titers of HIV-1;rcsk were extremely low in cells
containing CCR5(HHMH) compared to our optimally susceptible reference cell clone JC.53
that contains a large amount of wild-type CCR5 (i.e., e values were ~.003). Adapted viruses
were isolated in a stepwise manner by first obtaining a variant that replicated efficiently in
HelLa-CD4/CCR5(HHMH)-med cells that contain 1x10° CCR5(HHMH)/cell and then
selecting for rapid replication in CCR5(HHMH)-low cells (2x10% CCR5(HHMH)/cell). The
adapted viruses were unable to infect HeLa-CD4 cells that contain CXCR4 but lack CCR5
(results not shown), and they used CCR5(HHMH) almost as efficiently as they used wild-type
CCR5 (Fig 1A). They also formed large syncytia in HeLa-CD4 cells that expressed either wild-
type CCR5 or CCR5(HHMH)(Fig 1B), consistent with evidence described below that the
adaptations facilitate membrane fusion and are not specific to the CCR5 mutation used for the
selection. They were also highly sensitive to inactivation by soluble CD4, implying that their
gp120-gp41-sCD4 complexes undergo irreversible conformational changes more readily than
unadapted HIV-1;rcse 12 (also, results not shown)

Interestingly, there were only four functionally significant adaptive mutations, and they all
occur ingpl120 rather than gp41 (Fig 1C). Mutations that accumulated during selection in CCR5
(HHMH)-med cells were F313L in V3, N403S in V4 that eliminates a site for N-linked
glycosylation, and A428T in conserved region 4 (C4). Subsequent adaptation in CCR5
(HHMH)-low cells resulted in retention of F313L and N403S, loss of A428T, and emergence
of the V3 mutation S298N. Thus, the most adapted virus had only three mutations.
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We examined the contributions to CCR5(HHMH) use of each gp120 mutation (Fig 1C). The
mutations had additive effects in most combinations. More specifically, S298N, F313L and,
N403S made major contributions to CCR5(HHMH) use, while A428T was very weak and
contributed most significantly when F313L and/or N403S were present (Fig 1C). The mutant
envelope glycoproteins were expressed, processed, and incorporated into virions to the same
extents as the wild-type glycoprotein (Fig S2, which is in the Supplementary material online).
Interestingly, these and other adaptive mutations described below all cluster in the gp120 trimer
at the intersubunit interface that directly overlies gp41l (Fig 2).

Surprisingly, the mutations S298N, F313L, and N403S that were present in the CCR5
(HHMH)-low-adapted virus were previously found in HIV-1;rcse variants selected for
replication in HeLa-CD4/CCR5(A18) cells 12 This strongly suggested that these mutations
facilitate use of CCR5(HHMH) and CCR5(A18) by a common mechanism. We emphasize,
however, that the CCR5(A18)-adapted virus contains several additional adaptive mutations in
gp120 V3 including N300Y, which enhances use of CCR5s with damaged amino termini but
inhibits use of CCR5s with damaged ECL2 15 Therefore, while some mutations facilitate use
of mutant CCR5s regardless of the site of damage, N300Y is more specific. Additionally, the
CCR5(A18)-adapted virus contained 1307M and T315P. In accordance with these
considerations, the CCR5(HHMH)-low adapted virus used CCR5(A18) efficiently when it was
coexpressed with CD4 in transiently transfected 293T cells, whereas wild-type HIV-13rcse
was completely inactive (Fig 3A). Thus, although the CCR5(HHMH)2adapted virus contains
only three of the gp120 mutations that contribute to CCR5(A18) usage, S298N, F313L, and
N403S clearly enhance use of both CCR5(HHMH) and CCR5(A18). Whereas both wild-type
HIV-1;rcse and the CCR5(HHMH)-adapted virus used CCR5(G163R) efficiently in the
conditions of this experiment, neither used murine CCR5 or a CCR5(A18;G163R) double
mutant damaged in both its amino terminus and ECL2 (Fig 3A). In this context we note that
attempts to use the CCR5(A18;HHMH) double mutant were uninformative because we could
not detect it on cell surfaces. Consistent with these results, the CCR5(A18)-adapted virus that
lacked N300Y used CCR5(HHMH) very efficiently (Fig 3B) implying that S298N, 1307M,
F313L, T315P, and N403S all facilitate use of both CCR5(HHMH) and CCR5(A18).

Although the CCR5(HHMH)-adapted virus is less dependent on the CCR5 amino terminus
than the wild-type virus, it counterintuitively uses the amino terminus much more efficiently
when ECL2 is damaged (Fig 3A and B). This is substantiated in Fig 3C, which shows effects
of a tyrosine sulfated amino terminal peptide on infection of HeLa-CD4/CCR5(A18) cells. The
CCR5(HHMH)-adapted virus infected the cells efficiently when low concentrations of the
peptide were present, whereas the wild-type virus was weakly infectious only when much larger
concentrations were used. Single adaptive mutations also increased the ability of the virus to
use the amino terminal peptide (results not shown). As expected, the CCR5(A18)-adapted virus
was infectious in the absence of the peptide. Considered together, these results imply that the
adaptive mutations do not increase gp120 binding to specific sites in the damaged CCR5s used
for selection. Rather, they alter the virus so that it fuses more readily in a manner that is less
dependent on any specific region of CCR5.

Role of allostery in the adaptive mechanism

(a) Effects of CCR5(HHMH) concentrations on viral infectivities—We analyzed
infections using HeLa-CD4/CCR5(HHMH) clones that express discrete amounts of CCR5
(HHMH). The wild-type and adapted mutant viruses were normalized to the same titers in the
optimally susceptible HeLa-CD4/CCR5(wild-type) cell clone JC.53 and the relative titers were
then measured in the CCR5(HHMH)-containing cells (Fig 4A). Although the wild-type and
partially adapted viruses had low infectivities in these cell clones at all CCR5(HHMH)
concentrations compared to the fully adapted virus, their titers were nevertheless highly
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significant and were accurately measured using less diluted virus samples. The curves,
normalized relative to their maximum values, differ in positions on the CCR5(HHMH)
concentration axis and in their shapes (Fig 4B). Specifically, the data for the highly adapted
virus more closely resembles a simple saturation curve that extrapolates through the origin,
whereas the data for the less infectious partially adapted and unadapted viruses have
progressively more sigmoidal shapes suggestive of increasingly strong cooperative effects of
CCR5(HHMH) concentrations. The differences in the curve shapes in Fig 4B and our other
evidence (Figs 1-3) strongly imply that CCR5 activates gp120-gp41 trimers by a cooperative
allosteric mechanism and that the adaptive mutations enable the allosteric transition to occur
more readily. Thus anroposed in the model of Monod et al 23 and supported by subsequent
mvestlgatlons , the above data suggest that quaternary interactions between gp120
subunits in the CD4-asso<:|ated envelope trimers constrain the CCR5 binding sites and prevent
gp41 refolding. Conversely, by enabling the gp120s in the trimers to adopt a less constrained
conformation, the adaptive mutations would enhance gp120 affinities for damaged CCR5s
regardless of the sites of dama%e and would simultaneously reduce the activation energy barrier
that prevents gp41 refoldlng 20; 21 The clustering of adaptive mutations in the trimer
interface between gp120 subunits (Fig 2) supports the idea that this interface forms a barrier
that must be breached for infection to occur.

(b) Quantitative modeling of the allosteric mechanism—In order to better understand
the HIV-1 entry mechanism, we derived an activation energy model of allostery that
incorporates issues specifically relevant to virus infection (see Materials and Methods and Figs
S3and S4 in the Supplementary information onllne) In this context, it is notable that previous
allosteric models including that of Monod et al 19: 20; 215 22 23 455ume an equilibrium
between two conformations of the allosteric protein, a predominating and functionally inhibited
taut or constrained conformation that binds activating ligands relatively weakly, and a more
relaxed functionally active conformation. Because activating ligands bind more strongly to the
relaxed conformation, they shift the equilibrium in that direction. Although this concept is
likely to be relevant to HIV-1 infection, the CCR5-induced conformation of the envelope trimer
is unknown and the presumptive equilibria cannot be directly measured. Moreover, evidence
in this field strongly suggests that the key CCR5-mediated process involves an irreversible
breachment of gp120’s hold on gp41, and this breachment cannot be readily explained as an
equilibrium between alternative conformations. Our model focuses on the activation energy
barrier that constrains gp41 and indicates how the magnitude of this barrier would control the
rate of irreversible gp41 conformational change. As in other allosteric models, we assume that
the activating ligand forms an equilibrium assemblage with the protein of interest, in agreement
with previous evidence concerning HIV-1 virion interactions with cell surface CD4 and CCR5
in our experimental system 6 1n particular, the lag phase required for assembly of viral fusion
complexes is very short compared to the time required for adsorbed virions to enter cells, and
following this assembly phase the cohort of virions fuse in a stochastlc manner consistent with
an activation energy limitation rather than in a synchronous wave 6,2 (see Discussion).
Although our derivation would potentially be applicable to an allosteric protein with any
number of subunits, we initially assumed a process involving trimers based on the HIV-1
envelope structure. We considered the possibility that the fusion complexes might contain
several cooperating trimers, but we found as shown below that a model involving single trimers
best fit our data. While this was somewhat surprising, it is compatible with other evidence
25 , and we believe it is robustly supported by our data (see Discussion).

The infectivity data in Fig 4B were highly consistent with the hypothesis that gp120-gp41
trimers have three coreceptor binding sites and function by an allosteric mechanism in
accordance with our model. We illustrate this for the most adapted virus in Fig 5A, which
shows the close correspondence between the infectivity data and a theoretical curve based on
equation 4 of our activation energy model. As deconvoluted in this analyses, the viral
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complexes with one or two CCR5(HHMH)s substantially contributed to the infections,
especially at low CCR5(HHMH) concentrations. Even at high concentrations the complex with
three CCR5(HHMH)s was responsible for only approximately 80% of the infectivity. Although
it has a different theoretical basis, the allosteric model of Monod et al 23 also fit the data and
gave similar estimates for the contributions to infectivity of viral complexes with different
CCR5(HHMH) stoichiometries (Fig 5A). Thus, these models are quantitatively compatible
with each other and with our data. However, the activation energy model is more useful for
this analysis because the parameters quantitated by the curve fitting provide information
concerning the effects of each CCR5(HHMH) addition on the gp120-imposed free energy
barriers that limit infection (see Table 1). Thus, the viruses infect with different maximum
efficiencies because the residual activation energy barriers that remain after formation of the

saturated complexes (i.e., the AGf;e, values) differ. The wild-type gp120-gp41 trimer is highly

constrained in the absence of a coreceptor as indicated its relatively large AG:fm, and this large
activation energy barrier is efficiently eliminated by binding wild-type CCR5 but not CCR5
(HHMH). Consequently, wild-type HIV-1 efficiently uses wild-type CCR5 but inefficiently

uses CCR5(HHMH). In contrast, the adapted viruses have lower AG(fre. indicating that they are
less constrained in the absence of coreceptors and this weaker barrier is substantially overcome
by binding even a single CCR5(HHMH), thus enabling infections to ensue. As expected for a
cooperative process, our results suggest that the first CCR5(HHMH) that binds has to push
against a larger constraint than subsequent CCR5(HHMH)s (i.e., f{<fp<f3 in equation 4).
Consequently, this first CCR5(HHMH) has a relatively low binding affinity but makes a
correspondingly large contribution to reducing the energy barrier. Analogously, the first
oxygen that binds to hemoglobin has a relatively low affinity but makes a correspondingly
large energetic contribution to switching the quaternary structure from a taut to a relaxed
conformation 2L, In this context, we note that the allosteric models were not useful for
analyzing the wild-type and only slightly adapted viruses because their native conformations
are very constraining and they consequently bind CCR5(HHMH) and undergo conformational
changes needed for infection in a highly concerted manner without significant contributions
by complexes that have only one or two CCR5(HHMH)s. These results suggest that the
adaptive mutations shift the gp120-gp41 complex from a concerted form that requires three
CCR5(HHMH)s toward a more flexible form that mediates infection when fewer CCR5
(HHMH)s are bound. It should be understood that these activation energy estimates pertain
only to the allosteric barriers imposed by gp120 rather than to the total free energy barrier
required for membrane fusion (see “Implications of our activation energy measurements” in
Supplementary information online). The conformational energy released during gp41 refolding
makes a major energetic contribution to the fusion of the lipid bilayers 4,

As shown above, relatively low concentrations of the CCR5 amino terminal peptide strongly
enhance infectivity of the CCR5(HHMH)-adapted virus in HeLa-CD4/CCR5(A 18)-high cells
(Fig 3C). In contrast, much larger concentrations weakly stimulated wild-type HIV-1jrcse
infection, and the concentration dependency of this infectivity was reproducibly more
sigmoidal in shape, implying a much stronger degree of peptide cooperativity. Since the
concentration of the amino terminal peptide can be varied independently of CCR5(A 18), it
provided a relatively stringent system to analyze our interpretations. Moreover, we had two
clones of HeLa-CD4/CCR5(A 18) cells that express low versus higher amounts of CCR5(A
18) (i.e., 2.7 x 10% versus 6.6 x 10* CCR5(A 18)/cell, a difference of 2.4-fold), and we compared
their abilities to mediate entry of the CCR5(HHMH)-adapted virus in the presence of different
peptide concentrations. If our allosteric model is correct, the difference in CCR5(A 18)
concentration should change the apparent microscopic dissociation constant k for the peptide
by a factor of 2.4 without affecting other variables (i.e., the f; factors) in equation 4 (see
Materials and Methods). The curves in Fig 5B left panel, which were based on this prediction,
precisely fit the data points for both cell clones. Results in the adjacent panels deconvolute this
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analysis, indicating how complexes with one, two, or three peptides contributed to infections.
Table 1 analyzes these results and shows how the peptide influenced affinities and residual
activation energies of the viral entry complexes. Importantly, this close correspondence
between our theoretical and experimental evidence strongly supports the idea that the viral
fusion complexes contain one envelope trimer. If multiple trimers were required to form a
fusion complex and/or if individual virions on cells simultaneously formed several independent
fusion complexes, the precise correspondence between our calculated curves and these data
would not have been expected.

Effects of adaptive mutations on entry inhibitor sensitivities

TAK-779 is a SMCA that binds to CCR5 irrespective of ECL2 mutations and prevents
association of gp120 26; 27 TAK-779 sensitivities of infections mediated by CCR5(HHMH)
are strikingly different for the wild-type and adapted variant HIV-1s, with the adapted virus
being approximately 500-times more resistant (Fig 6A). In contrast, the viruses use wild-type
CCRS5 much more efficiently and similarly, with the displacement between the TAK-779
inhibition curves being only 3-4-fold. The ICsq values in the left versus right panels imply that
the viruses bind more strongly to wild-type CCR5 than to CCR5(HHMH). As described above,
the wild-type virus requires more associated CCR5(HHMH)s than the adapted virus, and this
factor dramatically influences these TAK-779 sensitivities (see Fig S3 in Supplementary
information online).

The adaptative gp120 mutations reduce viral sensitivities to T-20 in the CCR5(HHMH)-
containing cells by a factor of approximately five, implying that they accelerate the 3SC-
to-6HB conformational change in gp41 (Fig 6B). Although the adapted virus is also more
resistant than wild-type virus to T-20 in cells containing wild-type CCR5, the difference is
smaller, confirming that the viruses use wild-type CCR5 more similarly than they use CCR5
(HHMH). Moreover, the T-20 inhibition curves have significantly different 1Csq values and
shapes in cell clones that contain low or high amounts of wild-type CCR5. At low CCR5
concentrations, T-20 sensitivities are greater because each virus in the equilibrium ensemble
spends only a fraction of its time associated with sufficient CCR5s to resolve its 3SC into a
6HB 6: 28 1n this condition, the 3SC-to-6HB transition occurs slowly compared to the rate of
CCR5 exchange between the complexes and the shape of the T-20 inhibition curve is therefore
compatible with a uniform susceptibility of the viruses. In contrast, at high CCR5
concentrations the largest complexes fuse rapidly compared to the equilibration rate and these
are relatively resistant to T-20. The shape difference in these inhibition curves is consistent
with the idea that the fusion complexes are heterogeneous in composition. A similar analysis
using cells with a small amount of CCR5(HHMH) was not feasible because the wild-type virus
requires a large concentration of this coreceptor.

DISCUSSION

Our results, which are concordant with analyses of other multisubunit allosteric proteins 19;
20; 21, strongly support the simple idea that gp120 forms a restraining cap on gp41 that is
relieved by association with CCR5, and that gp120-gp41 trimers function by a cooperative
mechanism. An allosteric rheostat or regulator in gp120 that principally involves its V3 region
and appropriately overlies gp41l (Fig 2) enables HIV-1 to dramatically alter its tropism for cells
with different amounts of receptors (Figs 1, 3 and 4) and to overcome diverse entry limitations
by a facile generic mechanism (Fig 6). The adaptive mutations cluster in a central channel
above gp41 and at adjacent sites involved in gp120 subunit interactions, and our measurements
strongly suggest that they reduce gp120’s hold on gp41 (Table 1). By folding back or loosening
its grip, the V3 region would control a central passage for extension of the gp41 amino terminal
3SC coiled coil and for subsequent formation of the 6HB.
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It has been widely assumed that type-1 membrane enveloped viruses assemble a uniform
membrane fusion complex containing several envelope glycoprotein trimers and associated
receéators and that similar compositional uniformity occurs in other membrane fusion systems

However, itis important to note that there is no agreement concerning the composition
of any membrane fusion machine, and this uncertainty occurs even in the well-studied case of
the low pH-triggered influenza virus hemagglutinin (HA) 0331532, 33, Indeed, this HA binds
to sialic acids on diverse glycolipids and glycoproteins, and this rece tor and
microenvironmental heterogeneity can influence the fusion process 43 perhaps by
affecting the pK, values of critical HA residues or the requisite activation energies. Moreover,
the influenza HA and rabies viral G proteins are commonly studied in complex artificial
systems with erythrocytes or liposomes, and in these systems a rocess of hemifusion competes
with full fusion, further complicating the analyses 7 Recent evidence has implied
that the viral glycoprotein complexes that mediate fuII fu5|on in these assays may differ in
compositions or in microenvironments from those that cause only hemifusion 35,3637 Thus,
there is substantial heterogeneity in the fusion processes mediated by these viral glycoproteins.
Although our data are compatible with the hypothesis that HIVV-1 membrane fusion complexes
have a uniform composition of envelope glycoprotein trimers (see below), our results suggest
that these complexes differ substantially in their stoichiometries of the allosteric activator
CCRY5, and that these diverse fusion complexes function quantitatively as expected for a
trimeric allosteric ensemble in equilibrium with CD4 and coreceptors (Fig 5 and Table 1).
Accordingly, we infer that the HIVV-1 fusion complexes contain a compositionally uniform
central core of envelope glycoproteins that associate in physiologic conditions with a diverse
equilibrium ensemble of activating allosteric ligands that strongly influence the overall process.
Although we believe that similar mechanisms may regulate membrane fusion systems that are
activated by other ligands such as protons or calcium ions, in these cases the ligands are likely
to alter the membranes by multiple mechanisms, which would make the fusion complexes more
difficult to analyze. Further investigations will be needed to evaluate these issues.

In contrast to Brewous allosteric models that consider only ligand binding and conformational
equmbna 3, we believe that our model has important advantages for analyzing
processes such as mfectlons or signaling cascades that are irreversibly triggered by activating
ligands. In particular, our model better explains infectivity differences between adapted and
unadapted viruses (e.g., see Figs 4 and 5 and Table 1). Specifically, the adapted viruses have
lower activation energy barriers that are substantially overcome by association with damaged
CCRb5s, whereas unadapted viruses are more constrained and they consequently bind damaged
CCR5s less avidly in a manner that only partly reduces the barriers (Table 1). Because our
model is based solely on chemical principles, the parameters quantified by the curve fitting
(i.e., fq, T, f3 and k in equation 4) provide important information about the energetics and
mechanism of membrane fusion. In contrast, the parameters quantified using other allosteric
models make predictions about quaternary structure equilibria that cannot easily explain
irreversible processes and are often difficult to rigorously test 20; 2122, 23 e emphasize,
however, that these models are complementary rather than mutually exclusive, and that
structural (Fig 2) as well as energetic perspectives (Figs 4, 5 and Table 1) have contributed to
our interpretations. Consequently, we consider our model an adjunct rather than an alternative
to others.

We emphasize that our allosteric model contains several assumptions and that it provides only
an initial framework for analyzing the infection process. Like previous allosteric models, we
assume that the cell associated virus-CD4-CCRS5 fusion complexes reach an equilibrium that
depends on the concentrations and structures of its components. In strong support of this idea,
in the conditions of our experiments the lag phase required for assembly of viral fusion
complexes is very short compared to the time required for entry, and following this assembly
phase the cohort of virions fuse in a stochastic manner consistent with an activation energy
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limitation rather than in a synchronous wave 6,24, Although nonequilibrium processes
including viral inactivation certainly occur during the time virions reside on the cell surfaces,
our analyses suggest that this is not a confounding issue in the conditions of our experiments
(see further discussion pertaining to Figs S3 and S4 in the Supplementary information online).
In this context, it should be noted that assembly of fusion complexes often occurs relatively
slowly in syncytial assays and in those systems cooperative processes also occur that may not
be relevant to our experiments. For example, in syncytial assays, cells with viral glycoproteins
adhere to receptor-bearing cells, and this causes the slow accretion and concentration of these
components at the adherent surfaces with corresponding depletions elsewhere on the cells
38 Because these adhering surfaces are relatively large and form cooperatively and slowly,
and because many fusion complexes accumulate in these regions, the assembly and fusion
processes differ substantially from that occurring at the small virus-cell junctions. HIV-1
virions have only a small number of envelope trimers 39, and these cannot all contact the cells
simultaneously. CD4 and CCR5 can diffuse rapidly in and out of these tiny contact sites, further
suggesting that the viral fusion complexes are likely to reach equilibrium relatively quickly.

Our data implies that one diffusible CCR5 can mediate infections of highly adapted HIV-1s
(Fig 5), but does not indicate whether that diffusible entity is a monomer or dimer™".
Specifically, the infectivity versus coreceptor concentration curves for the CCR5(HHMH)-
adapted virus in Figs 5A and B extrapolate through the origin and are only slightly sigmoidal
in their shapes, strongly suggesting that fusion complexes containing one associated CCR5 are
at least partially able to mediate infection. If more CCR5s were required, the curves would be
much more sigmoidal implying a more cooperative process. Moreover, this interpretation of
these curves is robust and is relatively independent of our modeling assumptions. While
differences in dimerization efficiencies might conceivably occur in cell clones that express
different amounts of CCR5s, this also could have only minor effects on our results or
interpretations because the dramatic viral differences in CCR5 cooperativities, ECsgs, and drug
sensitivities that we detected were determined by gp120 mutations in assays that used the same
cell clones (Figs 1 and 3-6).

A closely related matter concerns the envelope glycoprotein composition of the fusion site.
Our mathematical analyses suggest that at least three CCR5s can contribute to entry, implying
that membrane fusion complexes must contain at least three cooperating gp120s with accessible
CCRS5 binding sites. Although these could conceivably occur within a single glycoprotein
trimer or in several juxtaposed trimers, our evidence discussed above suggests that highly
adapted HIV-1s can infect to a significant degree when they are associated with only one CCR5
(Fig 5). Because one associated coreceptor would probably be incapable of simultaneously
inducing conformational changes in several gp120-gp41 trimers, we conclude that entry of
HIV-1;rcsE can be mediated in ogtimal conditions by one gp120-gp41 trimer, in agreement
with a recent study of HIV-1yy2 S, These considerations strongly support the assumption in
equation 4 of our allosteric model that the HIVV-1 membrane fusion complex contains three
coreceptor binding sites. In further agreement with this conclusion, equation 4 closely predicted
the experimental data in Fig 5B.

Although wild-type HIV-1jrcsk uses CCR5(HHMH) inefficiently and requires the
cooperative binding of several in order to infect cells, it is highly adapted to wild-type CCR5
and uses the latter very efficiently even at trace concentrations that are too low to accurately
measurel8. Moreover, our analyses using TAK-779 and T-20 imply that wild-type
HIV-1;rcsk and the adapted virus use wild-type CCR5 with similar efficiencies (Fig 6). Since
the adapted virus can infect cells when associated with one CCR5(HHMH) (Fig 5) and
functions several times more efficiently when employing wild-type CCR5 (Figs 4, 6, and Table
1), we infer that it must also be able to mediate infections when associated with only one wild-
type CCR5 and it follows from these considerations that this is also true for wild-type
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HIV-1jrcsE. Thus, although the wild-type virus requires the concerted binding of several
cooperating CCR5(HHMH)s to weakly infect cells, these results suggest that it can infect cells
to a significant extent when complexed with a single wild-type CCR5. Further investigations
are needed to more directly analyze this important issue.

In summary, our results identify a novel mechanism by which a few mutations in gp120 enable
HIV-1 to overcome diverse entry limitations. The adaptive mutations cluster on the gp120
subunit interfaces in a VV3-containing region that forms a lid over gp41 and may be critical for
transducing effects of CCR5 binding into other portions of the gp120-gp41 complex (Fig 2).
HIV-1 variants resistant to SMCAs are also fusogenic and have adaptive mutations in the same
gp120 regions that we have implicated in allosteric control 9,10, Importantly, HIV-1s form
an equilibrium ensemble of fusion-competent complexes with CD4 and CCR5 even when the
virus and target cells are clonal (Fig 5), and this stoichiometric diversity can strongly influence
entry inhibitor sensitivities (Fig 6 and Figs S3 and S4, which are in the Supplementary material
online). Viruses that escape from inhibitors by allosteric adjustment enter cells more readily
and are more fusogenic and infectious for cells that have low concentrations of CCR5.
Interestingly, viruses with this constellation of pr%erties are also relatively pathogenic and
they accumulate in patients with advanced disease 142 Further understanding of these issues
may be helpful for the design and evaluation of improved entry inhibitor and vaccine strategies
for AIDS.

MATERIALS AND METHODS

Cells and viruses

HeLa-CD4 cells (HI-J) and derivative clones expressing wild-type or mutant CCR5s were
propagated as described 12; 17; 43 as were HEK293T and COS7 cells®: 43, Hela-CD4
clones expressing a chimeric CCR5 with a NIH/Swiss mouse ECL2 [CCR5(HHMH)] were
generated by transduction of HI-J cells with the pSFF-CCR5(HHMH) retroviral vector 16;

4, Cell surface CCR5 antigen densities were measured by flow cytometry using the Dako
Qifikit (Dako Corporation, Carpenteria, CA) according to the manufacturer’s instructions as
previously described with additional standardization based on [*251]Mip-1p binding to cells
with wild-type CCR516. Briefly, Qifikit calibration beads contain known concentrations of
antigen and are incubated with the same goat anti-mouse FITC-conjugated secondary antibody
as HeLa-CD4/CCRS cells previously incubated with an anti-CCR5 monoclonal antibody. The
2D7 monoclonal antibody, which recognizes an epitope in ECL2, was used to determine
coreceptor concentrations in cells expressing wild-type CCR5 or CCR5(A 18). Cells expressing
CCR5(HHMH) lacks the 2D7 epitope, and in this case we used the CCR5 amino terminal
specific monoclonal antibody CTC8 (R&D Systems, Minneapolis, MN), with normalization
based on results using this antibody to assay cells with known amounts of wild-type CCRS5.
Propagation of virus produced from the HIV-1;r_csg molecular clone, pYK-JRCSF, that was
obtained from the NIH AIDS Research and Reference Reagent Program (ARRRP) Division
of AIDS, NIAID, contributed by I. Chen and Y. Koyanagi, was described previously 15
Adapted isolates of HIV-1;r.csg able to grow in HeLa-CD4 cell clones expressing small
amounts of CCR5(G163R) or CCR5(A 18) have been described 12,15 The CCR5(G163R)-
adapted isolate was used to generate HeLa-CD4/CCR5(HHMH)-adapted viruses by forced
passage of high titer virus on a cell line expressing 1.0 x 10°> mutant CCR5s/cell. Infections
were initiated by inoculating 5.0 x 10° — 1.0 x10° cells seeded 24 hours previously in T-75
flasks with 2.0 x 108 ffu/ml CCR5(G163R)-adapted virus; cells were inoculated 2 times in an
8 h period, with the 3 inoculation incubating overnight. The virus containing medium was
passaged every 3 to 4 days onto fresh cultures of HeLa-CD4/CCR5(HHMH) cells. After 7
passages, syncytia became apparent. This CCR5(HHMH)-adapted virus population was also
subjected to a more stringent selection in HeLa-CD4 cells that expressed a low concentration
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of CCR5(HHMH) (~2.0 x 10* molecules/cell). Syncytia in the cell cultures appeared after 6
passages. After syncytia formation became evident viruses were titered and dilute
concentrations used to infect CCR5(HHMH) cells from which genomic DNA was harvested
using the Easy-DNA reagents and protocol from Invitrogen (Carlsbad, CA).

and construction of expression vectors for adapted envelope genes

Sequences were obtained from cloned PCR products generated from genomic DNA as
previously described or from direct sequencing of PCR products 15 Gp120 mutations were
introduced into pcDNA3.0-based envelope expression vectors using the QuickChange
(Stratagene, La Jolla, CA) mutagenesis method according to the manufacturer’s instructions.
The envelope genes were sequenced in their entirety to insure that only the desired mutations
were introduced.

Construction, expression, and coreceptor activity of mutant CCR5s

Coreceptor constructs used in this study including the NIH/Swiss mouse CCR5, CCR5(A 18),

CCR5(G163R), and CCR5(A 18, G163R) have been characterized and described previously
12;14;15; 16; 44

Infectivity assays

Wild-type and CCR5(HHMH)-adapted replication comgetent HIV-1;r_csk Was titered using
the focal infectivity assay as previously described 17545 some infections with replication
competent wild-type JR-CSF, CCR5(A 18) and CCR5(HHMH) adapted viruses were
performed using CCR5(A 18) target cells in the presence of an amino-terminal CCRS5 peptide.
The 22 amino acid peptide MDY QVSSPIYDINYYTSEPSQK in which cysteine 20 was
replaced by serine and tyrosines 10 and 17 (underlined) were sulfated was synthesized to 95%
purity by the American Peptide Company (Sunnyvale, CA). The lyophilized peptide was
resusspended in 100 mM sodium bicarbonate (pH 9.0) to concentration of 20 mg/ml (~7.2 x
107° M).

The contribution of adaptive mutations in gp120 to CCR5(HHMH) use was ascertained using
HIV-gpt pseudotyped viruses. Infections of the HeLa-CD4/CCR5(HHMH) panel by
pseudotyped HIV-gpt viruses with wild-type and adapted envelopes were used to investigate
the effect of CCR5(HHMH) cell surface concentrations on titers and CCR5(HHMH)
stoichiometries. Pseudotyped viruses were generated and used in infectivity assays as
previously described 12743 some infectivity assays using pseudotyped viruses were
performed in the presence of the fusion inhibitor T-20 or the entry inhibitor TAK-77946. Both
inhibitors were obtained from the ARRRP with Roche contributing the T-20 fusion inhibitor.

Structural modeling of the trimeric gp120/CD4 complex

The structure of HIV-1 JR-FL gp120 core protein containing the third variable region (V3)
was used to generate the trimeric model [protein data base (PDB) accession code 2B4C]. The
two membrane-distal domains of CD4 (D1D2) were superimposed onto the corresponding
D1D2 domains (residues 1 to 168) of the structure of the four-domain extracellular region of
CD4 (PDB accession code 1WI0). The superposition gave an RMS deviation of 1.1 A for all
atoms in residues 1to 168. The superpositions, model rotations and translations were performed
using Pymol (version 0.99), while energy minimization was performed using the CHARMM
module (version c31b2) within Insightll (version 2005). The gp120 trimer was built using
SymmDock 47 which uses an algorithm for prediction of complexes with Cn symmetry by
geometry based docking. Since gp41 is a symmetric trimer in its isolated form and as a complex
with gp120, the model of gp120 portion of the HIV-1 envelope glycoprotein was constrained
to adopt a threefold-symmetry (n=3 in SymmDock). The residues involved in the trimer
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interface were those identified earlier by Kwong et al48, using clustering analysis and solvent
accessibility of residues that were conserved across all HIV-1 isolates A More specifically,
the residues chosen for the constraining criteria were 102, 103, 113, 114, 204, 205, 207, 209,
211, 213, 214, 216, 221, 250, 297, 439, 491. When given the structure of the asymmetric unit
of the multimer complex, SymmDock predicts the structure of the entire complex. The resulting
trimer is a complex with rotational symmetry of order 3 about a symmetry axis and the rotation
angle alpha is 120 degrees. The output of the method is a list of complexes that fulfill the cyclic
symmetry constraints. Given these constraints, the SymmDock provided 14 plausible three-
dimensional models for the gp120 portion of the trimeric HIV-1 envelope glycoprotein
complex. These models were screened on the basis of the following conditions. (i) The surface
of gp120 that is occluded in the trimer should maximize carbohydrate exclusion, (ii) be
sterically compatible with binding of the 17b and X5 antibodies, and (iii) minimize the exposure
of the conserved residues. The individual monomers were rotated 45° in the X-axis, —15° in
the Y and Z axes. The models were then minimized using CharmM force fields 50 and
visualized using Pymol, and were concordant with other evidence 39,

An allosteric-activation energy model for protein function

Refolding of gp41 is constrained by a gp120-imposed barrier. If gp120 is highly constraining,
CCRS5 will have to push harder in order to bind and in order to force gp120 to reduce its hold
on gp41. Since gp41 refolding requires alleviation of the same allosteric constraints that are
counteracted by CCRS5 binding, these processes are coupled mechanistically and energetically.
Because the result accurately simulates our data and is consistent with the trimer structure of
gpl120-gp41 complexes, we formulate this model assuming three binding sites for CCR5 in the
viral fusion complexes although the derivation could apply to any number. Consistent with
previous allosteric models, we also assume that the adsorbed virus associates with CD4 and
CCRS to form an equilibrium mixture of fusion complexes. Although many processes occur
on the cell surfaces, we believe that this equilibrium assumption is valid for virus infections in
the conditions of our experiments (see Discussion). Based on simple sequential binding
equilibria and using microscopic dissociation constants and the binomial theorem as described
elsewhere 19, it follows that

V1=3V[ CCR5]/kq (Eq 1.1)
V,=3V,[ CCR51%/k k> (Eq 1.2)
V3=V[ CCR5®/k kok3 (Eq 1.3)

where Vj are concentrations of the viral complexes with i CCR5s and kq kj and k3 are the
microscopic dissociation constants for the first, second, and third CCR5s that associate. For
cooperative binding, k1>k,>> k3, and we define them as kqi=k/f1, ko=k/f,, and k3=k/f3 where
f; are fractional terms that show how the allosteric constraints reduce the binding affinities of
the CCR5 that is being used and k is the dissociation constant that would occur if the f value
were 1.0. Defining a=[CCR5]/k, gives

Po=1/(1+3af;+3a>f fr+a>f >f3) (Eq 2.1)
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Pi=3af; /(1+3af; +3a>f1 £+ f 1 >f3) (Eq 2.2)
P,=30>f1£5/(1+3af+3a*f 1 fr+a i ff3) (Eq 2.3)
P3=afyf5f3/(1+3af +30°f £+ f1 £513) (Eq 2.4)

where Pj is the probability that the fusion complex contains i CCR5s.

According to the transition state theories of Eyring and Kramer 21, the rate constant of a
reaction is given by v= pexp(—~AG#/RT), where AG¥ is the activation free energy barrier and
B is a preexponential factor that differs for the Eyring and Kramer formulations but cancels
outinouranalyses. As described in the Supplementary information online, for HIV-1 infections
in the conditions of our assays, the efficiency of infection of any virus complex is Ej=v,P;/
kg, where kg is the uniform rate constant for inactivation of all virus complexes on the HelLa
cell surfaces 6. When the concentration of the coreceptor is saturating, Emax=vs/ky. We
measure infectivities (i values) relative to titers measured in optimally susceptible JC.53
cells that have a saturating excess of wild-type CCR5 17 The infectivity at saturating

concentrations of the test coreceptor is ireimax=Emax/E;cs;=€xp(AG} , — AG] ). Therefore,
by using the iy max Values for different virus variants, we can estimate the differences in the
activation energy barriers that limit infections of their saturated complexes (see Table 1), and
this data supports our hypothesis that adaptation reduces the activation free energy barrier for
infection. Therefore,

3 3
E/Emax =irel /irel max:ZPiv, /V3:ZPiexp((AG§ ~ AG))/RT)=Pofy ,f1 ,f5 4 +Pif] ,f; 3 +Paf; 3+P3
i=0 i=0 (Eq 3)

where the £, 1, factors in equation 3 express the fact that the activation energy barrier that
limits infection changes as the size of the complexes increase. This derivation relied on the
relationships,

exp(-AG])/RT)/exp(-AG})/RT)=exp((AG} — AG])/RT)=exp((AG} — AG])/RT) x exp((AG] — AG3})/RT)=f; .
, etc.

A substantial simplification in this derivation occurs because the f; factors described above
derive from free energy costs that occur because the CCR5s have to force themselves into an
allosterically constrained gp120 structure. However, because the pathway for refolding of gp41
requires the same changes in gp120 that are forced by CCR5 binding, these processes are
energetically coupled. Consequently, the free energy cost for opposing the allosterically
constrained gp120 structure in the binding reaction reduces to the same degree the free energy
barrier that constrains gp41. Note that the affinity perturbations caused by the allosteric
constraints can be written in the form fi=exp(—A Gi/RT)/exp(—A Ggtandarg/RT) and that the

fi*_(i+1) factors can conversely be written as fractional perturbations of dissociation constants.
It follows that f;=f; ,.f=f; ,, and f3=f, ;. Equation 3 can be rewritten as
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irel /irel max=f1263(1+@)* /(1+3af; +32f1£5 + 1 fof3). (Eq. 4)

In some assays we varied the concentration of the amino terminal CCRS5 peptide (P) and used
cells that express constant amounts of CCR5(A 18). Accordingly, [CCR5] in the above
equations was replaced by [CCR5(A 18)][P]. This made a=[CCR5(A 18)][P]/k=P/Kzpp,
where Kapp=k/[CCR5(A 18)] is an apparent dissociation constant of the peptide that is
inversely proportional to the CCR5(A 18) concentration on the specific test cell clone. The
data in Fig 5B was modeled using this modified form of Eq 4 based on the known CCR5(A
18) concentrations in the two CCR5(A 18)-containing cell clones.

The fj factors in this analysis refer only to constraints that are imposed on the CCR5 binding
sites by allosteric interactions between the gp120s and that are alleviated by the wild-type or
mutant CCRS5 used in the assay. We assume that the free energy differences that distinguish
the sequential binding steps result from changes in the allosteric protein rather than the ligand.
However, because the constraints imposed on the ligand depend on stoichiometry, the ligands
might differ somewhat in these sequential complexes. This would cause small differences

between f; and f;_;, ; terms in the derivation of equation 4. However, allosteric proteins have
evolved to maximize the transfer of these effects between its subunits, and it has been assumed
as a first approximation in all allosteric models that the ligands are energetically identical in
sequential complexes. Graphical analyses and curve fitting employed Kaleidagraph version
3.6.2 (Synergy Software, Reading, PA). This process optimally fits the curves generated using
Eq 4 to the experimental data, thereby obtaining estimates for the factors f; and a(and thus k)
indicated in Table 1 legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Properties of CCR5(HHMH)-adapted viruses. (A) Infectivities of CCR5(HHMH)-adapted
HIV-13r.csk. Viruses adapted to grow in HeLa-CD4 clones expressing medium or low
amounts of CCR5(HHMH) were titered in these same cells and compared to wild-type HIV-1.
Relative infectivities were obtained by dividing the titer obtained in CCR5(HHMH) cells by
those obtained in JC.53 cells (N=5). Error bars are S.E.M. (B) Syncytia formation by unadapted
and adapted viruses. The average numbers of nuclei per focus of infection were counted in
cells with wild-type CCR5, HHMH-med, or HHMH-low. The data were obtained by examining
50-200 foci from a representative experiment. Error bars are S.E.M. N.D., (not done) due to
the low titers on these cells. (C) Contributions of adaptive gp120 mutations to CCR5(HHMH)
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use. Viruses pseudotyped with single adaptive mutations or combinations thereof were used
to infect HeLa-CD4 cells containing low, medium, or high amounts of CCR5(HHMH).
Relative infectivity values (iye) were measured. The data represent the average of four
independent experiments performed in duplicate. Error bars are S.E.M. Inset: Schematic
showing locations of CCR5(HHMH)-adaptive mutations in JRCSF gp120. Variable regions
are shown in gray (V1-V5), while branched structures denote glycosylation sites. Virus
initially adapted in cells expressing medium amounts of CCR5(HHMH) had adaptive
mutations in V3 (F313L), V4 (N403S) and C4 (A428T) (red). After further adaptation in cells
awith low amount of CCR5(HHMH), the C4 A428T mutation disappeared and the V3 mutation
S298N accumulated (blue).
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Fig 2.

Structural modeling of the trimeric gp120/CD4 complex showing the adaptive mutations as
space-filling objects. The structure of HIV-1 JR-FL gp120 core protein containing the third
variable region (V3) was used to generate the trimeric model in accordance with previous
evidence. Frame A, side view of the gp120 trimer (green shaded) with associated CD4s (in
grey) and indicating positions of the adaptive mutations near the top and gp41 at bottom. Frame
B shows a top view in low magnification, with adaptive mutations clustered at the gp120
interfaces overlying the central channel above gp41. Frame C shows the top view at a higher
magnification. This clustering of adaptive mutations supports the hypothesis that they
collaboratively control allosteric changes in quaternary structure that prevent gp41 refolding.
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Fig 3.

Facile use of CCR5 domains by adapted HIV-1. (A) HIV-1 infections mediated by wild-type,
mutant and murine CCR5s. Wild-type HIV-1;rcse and the variant adapted to a low amount of
CCR5(HHMH) were compared for abilities to infect 293T cells transiently expressing CD4
and murine CCR5 (mu CCR5), CCR5(A18), CCR5(G163R) or the double mutant CCR5(A18,
G163R). The data are means of two independent experiments performed in triplicate. Error
bars are S.E.M. (B) CCR5(A18) and CCR5(HHMH) use by HIV-gpt viruses containing
adaptive gp120 mutations. Pseudotyped viruses were used to infect HeLa-CD4 cells expressing
CCR5(A18) (2.7 x 10* molecules/cell), CCR5(HHMH)-low, or CCR5(HHMH)-high.
Adaptive gp120 mutations in the virus pseudotypes were as follows: CCR5(HHMH)-Ad:
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S298N/F313L/N403S; CCR5(A18)-Ad minus N300Y: S298N/1307M/F313L/T315P/N403S;
CCR5(A18)-Ad:S298N/N300Y/1307M/F313L/T315P/N403S. The data are from 2
independent experiments performed in duplicate. Error bars are S.E.M. (C) Infections mediated
by CCR5(A18) plus sulfated N-terminal CCR5 peptide. HeLa-CD4 cells expressing 2.7 x
10* CCR5(A18) molecules/cell were infected in the presence of varying concentrations of
CCRS5 peptide (0, 25, 100, and 200 uM), and infectivities (i) Were measured relative to JC.
53 cells. The replication competent CCR5(A18)-adapted, CCR5(HHMH)-adapted, and wild-
type JRCSF (blue, green, and red curves, respectively) isolates were tested. The graph shows
a representative experiment performed in duplicate. Error bars are the range.

J Mol Biol. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 23

A —s— WT JRCSF B —s— WT JRCSF
—=—F313L —a—F313L
—=a—F313L/N403S —=a—F313L/N403S
—a— S298N/F313L/N403S/A428T _ —a— S298N/F313L/N403S/A428T
06 : ; ; : E 14 . . : .
°

05 [ ] \-;,_, 12 | * ]
-~ 1 =
_ > L
=3 ] = 1L ——
> 04 ] 2
= ] £ i
S
= Q o8| ]
8 £ b/
9 o3[ ] < ;
£ > o6 / ]
o s % /
2 o2f 1 <
g 1 2/ ]
e 3 /

01 1 T 02l / ]

E
] 2 Ve
0 o I c 0 L . L L -
510° 110°  1510° 210°  2510° 0 510°  110° 1510° 210° 2510°
[CCR5(HHMH)] [CCR5(HHMH)]

Fig 4.

Relationship of CCR5(HHMH) concentrations and viral infectivities. (A) Infectivities of wild-
type and CCR5(HHMH)-adapted viruses in a HeLa-CD4 panel expressing distinct amounts of
CCR5(HHMH). The infectivities of HIV-gpt viruses pseudotyped with wild-type envelopes
or envelopes with the adaptive mutations designated in the figure were tested. Relative
infectivities compared to JC.53 cells were plotted versus CCR5(HHMH) concentrations. The
data represents the average of three independent experiments performed in triplicate. Error
bars are S.E.M. (B) Normalization of the infectivity data in panel A to iy max Values. The
infectivity data for each virus was normalized to its maximum value, and the curves were drawn
using Kaleidagraph (version 3.6) employing the least squares method. The infectivity data for
wild-type virus with low titers on CCR5(HHMH) cells were easily measured using
concentrated virus samples (average colony numbers on the highest expressing CCR5(HHMH)
cell line ranged from 30 to 70 per well at a 1/5 virus dilution).
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Fig 5.

Role of allostery in HIV-1 infections. (A, left panel) Activation Energy Model. The activation
energy model (Eq 4) was fit to the infectivity data (Fig 4) for the virus with S298N/F313L/
N403S/A428T that is highly adapted to CCR5(HHMH). (A, right panel) Monod-Wyman-
Changeux Model. The latter model also fit to the same infectivity data. Both models closely
fit the data and gave similar estimates for the contributions to infectivity of the viral complexes
with different CCR5(HHMH) stoichiometries, of 1 (N=1, Ry), 2 (N=2, Ry), or 3 (N=3, Ry3).
(B) Infection triggered by a tyrosine sulfated N-terminal CCR5 peptide. The N-terminal CCR5
peptide induced infections of HeLLa-CD4 cells expressing low (2.7 x 104 or high (6.6 x 10%)
amounts of CCR5(A18) by the virus highly adapted to use CCR5(HHMH)-low. (B, left
panel) Fit of infectivity data (i, Values) using the activation energy allosteric model equation
4. The ire] max Values for both cell clones were 0.5. (B, middle and right panels)
Deconvolution analysis of the peptide triggering data for cells with high (middle panel) and
low (right panel) CCR5(A18), showing how complexes with 1, 2, or 3 peptides contributed to
infection. Parameters obtained by fitting the data using equation 4 are given in Table 1.
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Fig 6.

TAK-779 and T-20 sensitivities of HIV-gpt viruses pseudotyped with envelopes containing
wild-type gp120 or gp120 highly adapted to use CCR5(HHMH). (A) TAK-779 inhibition
curves. Left: TAK-779 dose response assays performed using HeLa-CD4 cells expressing a
high amount of CCR5(HHMH) (1.4 x 10° molecules/cell). Right: TAK-779 dose response
assays using HelL.a-CD4 cells expressing large amounts of wild-type CCR5 (1.9 x 10°/cell).
(B) T-20 inhibition curves. Left: T-20 dose response assays using HeLa-CD4 cells expressing
high amounts of CCR5(HHMH). Right: T-20 dose response assays using HeLa-CD4 cells
expressing high (1.9 x 10° molecules/cell) or low (6.0 x 103 molecules/cell) amounts of wild-
type CCRS. Data are averages of 3 independent experiments performed in duplicate. Error bars
are S.E.M.
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