SOCIETY FOR

L] AMERICAN Journal of
MICROBIOLOGY Virology®

Histidine 375 Modulates CD4 Binding in
HIV-1 CRFO1_AE Envelope Glycoproteins

Daria Zoubchenok,2® Maxime Veillette,>P Jérémie Prévost,>P Eric Sanders-Buell, <9
Kshitij Wagh,¢ Bette Korber,© Agnés L. Chenine,~¢ Andrés Finzi®bf

Centre de Recherche du CHUM? and Department of Microbiology, Infection and Immunology,? Université de
Montréal, Montreal, QC, Canada; U.S. Military HIV Research Program, Walter Reed Army Institute of Research,
Silver Spring, Maryland, USA<; Henry M. Jackson Foundation for the Advancement of Military Medicine, Inc.,
Bethesda, Maryland, USAd; Los Alamos National Laboratory, Los Alamos, New Mexico, USAe; Department of
Microbiology and Immunology, McGill University, Montreal, QC, Canadaf

ABSTRACT The envelope glycoproteins (Envs) from human immunodeficiency virus
type 1 (HIV-1) mediate viral entry. The binding of the HIV-1 gp120 glycoprotein to
CD4 triggers conformational changes in gp120 that allow high-affinity binding to its
coreceptors. In contrast to all other Envs from the same phylogenetic group, M,
which possess a serine (S) at position 375, those from CRFO1_AE strains possess a
histidine (H) at this location. This residue is part of the Phe43 cavity, where residue
43 of CD4 (a phenylalanine) engages with gp120. Here we evaluated the functional
consequences of replacing this residue in two CRFO1_AE Envs (CM244 and 92TH023)
by a serine. We observed that reversion of amino acid 375 to a serine (H375S) re-
sulted in a loss of functionality of both CRFO1_AE Envs as measured by a dramatic
loss in infectivity and ability to mediate cell-to-cell fusion. While no effects on pro-
cessing or trimer stability of these variants were observed, decreased functionality
could be linked to a major defect in CD4 binding induced by the replacement of
H375 by a serine. Importantly, mutations of residues 61 (layer 1), 105 and 108 (layer
2), and 474 to 476 (layer 3) of the CRFO1_AE gp120 inner domain layers to the con-
sensus residues present in group M restored CD4 binding and wild-type levels of in-
fectivity and cell-to-cell fusion. These results suggest a functional coevolution be-
tween the Phe43 cavity and the gp120 inner domain layers. Altogether, our
observations describe the functional importance of amino acid 375H in CRFO1_AE
envelopes.

IMPORTANCE A highly conserved serine located at position 375 in group M is re-
placed by a histidine in CRFO1_AE Envs. Here we show that H375 is required for effi-
cient CRFO1_AE Env binding to CD4. Moreover, this work suggests that specific resi-
dues of the gp120 inner domain layers have coevolved with H375 in order to
maintain its ability to mediate viral entry.
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uman immunodeficiency virus type 1 (HIV-1) has a very high genetic variability

owing to the error-prone reverse transcriptase (lacking a proofreading function),
the many rounds of replication allowing a high viral turnover rate, and significant
immune pressure from the host during the chronic infection (1-6). The vast genetic
variability of HIV-1 resulted into its classification into 4 major groups, M, N, O, and P. The
HIV-1 group M is responsible for the majority of cases in the global pandemic. It
comprises 9 major subtypes (A1, A2, B, C, D, F1, F2, G, H, J, and K) and circulating
recombinant forms (CRFs) (7-11). These recombinant forms initially result from multiple
infections within the same individual, which favors recombination between two differ-
ent genomic RNA copies upon coinfection of the same cell and production of heterozy-
gous virions (12); CRFs are recombinants that are transmitted and repeatedly sampled
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(13-15). The utilization of the two distinct alternating templates by the reverse trans-
criptase allows the generation of a chimeric DNA molecule and in major instances
results in the creation of a new HIV-1 intersubtype recombinant virus (13, 16, 17).

Southern Asia is particularly affected by the CRFs. CRFO1 was originally established
in central Africa, where it had undergone diversification by the time the Asian CRFO1
epidemic began in the late 1980s in Thailand (14, 15). During the past decade, an
increasing prevalence of the CRFO1_AE subtype was observed, and it accounted for
42.5% of all national infections in China in 2007 (18) and 95% of those in Thailand in
2004 (19). CRFO1_AE has a mosaic genome composed of the gag-pol region, most of
the accessory genes from clade A, and the env gene from clade E (20). No parental clade
E strain matching the CRFO1_AE Env has been identified (20). Altering or exchanging
fragments of genes encoding crucial proteins such as the envelope can have a sizeable
impact on viral fitness (21, 22), virulence, and ability to evade the host immune system,
thus providing evolutionary advantages to the virus (8).

Host cell entry is the first step of the HIV-1 replication cycle and requires the mature
viral envelope glycoproteins, which result from the proteolytic cleavage of gp160 viral
protein into exterior gp120 and transmembrane gp41 subunits. These subunits are
linked by noncovalent links allowing conformational changes of the trimer during the
entry process (23-25). The gp120 exterior subunit is important for the initial interaction
with the CD4 receptor. The Phe43 cavity, located at the interface of the inner and outer
domains of gp120, allows the engagement to CD4 via its Phe43 residue (26). Then,
rearrangement of the variable regions V1 and V2 exposes the binding site for the
coreceptors (CCR5 and CXCR4) (27). A major conformational change occurs in gp41,
where a six-helix bundle structure, composed of three N-terminal heptad repeat (HR1)
and three C-terminal heptad repeat (HR2) regions, brings together the viral envelope
and the target cell membrane (28, 29).

It has been shown that some of these conformational rearrangements could be im-
pacted by large alterations in the Phe43 cavity. Replacement of the well-conserved group
M serine at position 375 by a large hydrophobic residue such as tryptophan alters Env
conformation by predisposing gp120 to spontaneously assume a state closer to the
CD4-bound conformation (30). In agreement with an important role played by Env con-
formation on CD4 interaction (23, 30-32), a recent study using the simian-human immu-
nodeficiency virus (SHIV) model in rhesus macaques showed that replacing residue 375 by
larger hydrophobic or basic amino acids enhanced Env affinity to rhesus macaque CD4
(rhCD4) and allowed a better entry into rhCD4 lymphocyte T cells, in vivo (33), highlighting
the importance of this residue and its context for viral replication.

In addition to the Phe43 cavity, other gp120 elements play a role in CD4 interaction
and Env conformation. For example, it has been described that three topological layers
located in the inner domain of gp120 affect CD4 interaction and subsequent confor-
mational changes. These three layers (layer 1, layer 2, and layer 3) of the inner domain
secure CD4 binding by helping to expose the CD4-binding site (layer 3) (31, 34) and
then by keeping CD4 in place by decreasing the off-rate (layers 1 and 2) (23). It has been
suggested that the gp120 inner domain layers have evolved to accommodate for
changes occurring in the Phe43 cavity (32, 34).

Despite high genetic diversity, some functional glycoprotein domains in HIV-1
envelope have been preserved over time, such as the Phe43 cavity. However, CRFO1_AE
Envs appear to have evolved differently from other subtypes. Their envelope glyco-
proteins possess a histidine at position 375. Here, we investigate the functional
relevance of 375H residue in the Phe43 cavity of CRFO1_AE Envs and its interplay with
the inner domain layers.

RESULTS

Comparison of residues at position 375 in the Phe43 cavity among HIV-1
strains. The sequence comparison of CRFO1_AE strains 92TH023 and CM244 to all the
other HIV-1 types highlights the differences in the amino acids at position 375 in the
Phe43 cavity (Fig. 1A). CRFO1_AE sequences have a conserved histidine at this position,
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FIG 1 Phe43 cavity and inner-domain layer HIV-1 Env sequences. (A) Primary sequence alignment of gp120 residues form the Phe43 cavity, layer 1, layer 2, and
layer 3 from a single sequence from each clade: HIV-1 A (accession number ABB29387.1), HIV-1 B (accession number K03455), HIV-1 C (AAB36507.1), HIV-1 D
(P04581.1), HIV-1 F (ACR27173.1), HIV-1 G (ACO91925.1), HIV-1 H (AAF18394.1), HIV-1 J (ABR20452.1), HIV-1 K (CAB59009.1), HIV-1 N (AAT08775.1), HIV-1 O
(AAA99883.1), HIV-1 P (GQ328744), and two studied viruses, CRFO1_AE CM244 (AY713425) and CRFO1_AE 92TH023. Residue numbering is based on that of the

(Continued on next page)
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whereas the other clades have a serine (Fig. 1B). Since it was previously suggested that
the inner domain layers have coevolved with the Phe43 cavity to accommodate the
residue located at position 375 (32), we investigated whether residues located in the
gp120 inner domain layers were enriched in sequences with residue H375 and by
extension in CRFO1_AE relative to other HIV-1 clades. Visual inspection of an initial
alignment of Env protein sequences suggested differences between CRFO1_AE and the
rest of group M strains at positions 61 (layer 1), 105 and 108 (layer 2), and 474 to 476
(layer 3) (Fig. TA). This was further supported by a more extensive exploration of
distinctive subtype variation in these sites, by determining the frequency of amino
acid variants at each of these positions independently (Fig. 1B), based on the Los
Alamos database curated Env alignment, which contained one sequence per per-
son; the 2016 database alignment contained 4,632 sequences, 433 of which were
from CRFO1_AE. It is interesting that HIV groups O and P share this histidine at
position (H375 (Fig. 1) and group N has a unique form with a methionine in this
position (M375). Each of these groups arose from separate zoonosis events, from
chimpanzee or gorilla into humans (35), and position 375 is highly variable among
SIVcpz viruses isolated from chimpanzees (Fig. 1B). These groups share some of the
amino acids that are enriched in CRFO1 along with H375, in particular Q105,
highlighting its likely importance (Fig. 1C).

The histidine at position 375 (H375) was found in greater than 99% of the 433 CRFO1
sequences. The other inner domain amino acids were more than 75% conserved within
CRFO1_AE. We found two H375S mutations in the context of the CRFO1_AE lineage in
the HIV-1 database, as well as a small number of S375H substitutions in other M groups,
clades, and subtypes. When H375S naturally arose in CRFO1, it tended to be accom-
panied by some of the inner domain substitutions commonly found in the M group,
and when S375H arose naturally in other clades, it was generally accompanied by some
of the inner domain amino acids commonly found in CRFO1, indicative of coevolution.
These occurrences suggest that distinct mutations in the inner domain preferentially
accompany the shifts at position 375 but that not all changes are simultaneously
required in all contexts.

To more explicitly explore the associations between position 375 and the other sites
that we identified to be of interest within the inner domain, we statistically character-
ized the frequency of association between amino acid variants in position 375 and the
other positions. A simple Fisher’s test yields very highly significant associations with
the sites of interest that we identified in the inner domain (Table 1), as expected given
the profound associations with well-sampled clades illustrated in Fig. 1B. In such cases,
founder effects and functional constraints are difficult to disentangle, and hence, it is
not possible to resolve whether or not the associations observed are due to direct
functional constraints or whether both amino acids are simply associated with the
CRFO1_AE lineage. Thus, we also used phylogenetic strategies to explore whether
particular mutational events were more like to occur in the context of either H or S at
position 375 (Table 1). All but one (residue 105) of the sites of interest had significant
phylogenetically supported associations, and some of the less common amino acids at
each position were implicated as well as the consensus forms of the M group and
CRFO1 (Table 1). Of note, residue 105 was not associated toward the polymorphism

FIG 1 Legend (Continued)

Journal of Virology

HXBc2 strain of HIV-1. The shading highlights residues that are similar to those of CRFO1_AE from the other subtype from group M. (B) A Logo depiction of
the frequency of each amino acid in the positions that we originally noted by eye, based on the data shown in panel A, to be correlated with 375 H and 375
S/T. The height of the letter indicates its frequency. CRFO1_AE has >99% 375 H, and the amino acids that are shown to be enriched among CRFO1_AE
sequences, therefore also associated with 375 H, are shown in green. Black indicates amino acids that are favored in other clades or are rare variants. Logos
for sequences from the following subtypes and groups are shown: HIV-1 M group major subtypes A1, B, C, D, F1, and G; M group CRFs 01 and 02; HIV-1 groups
N, O, and P; and Envs isolated from chimpanzees (CPZ). Subtype and groups are noted above each Logo, followed by their count. The 2016 Los Alamos database
curated Env alignment was used as the basis for this figure, which contains 4,632 HIV-1 and related SIVcpz sequences. (C) Alignment of the positions of interest
in the inner domain, ordered as described for panel B. The two instances of an H375S being found in CRFO1_AE are indicated, and the 10 naturally occurring
sequences from other M group major subtypes with the S375H mutation are also shown. As in panel B, CRFO1_AE common amino acids are shown in green,
the positions are indicated above the alignment, and the number of times the pattern was found (N) and the clade in which the variant arose are noted on

the right.
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TABLE 1 Summary of amino acids in positions within the inner domain layers that covary with amino
acids found in Env position 3759

HXB2 AA at  Query Odds
Test Position 375 AA p-value rici ric2 r2c1 r2c2 q-value Ratio
T12 61 H H 5.00E-103 44 142 785 27 6.40E-102 0.011
T1 61 H | 0.021 186 0 783 20 0.061 Inf
T2 61 H 1 0.021 0 186 20 771 0.13 0
T1 61 H P 0.035 184 2 813 0 0.098 0
T2 61 H P 0.035 2 184 0 813 0.18 Inf
T2b 61 H Q 2.10E-09 13 169 1 812 2.00E-07 62
™ 61 H Q 8.10E-11 169 15 812 1 3.40E-10 0.014
T 61 H Y 3.30E-102 162 24 68 734 3.50E-101 72
T2 61 H Y 0.00058 5 160 7 24 0.0092 0.11
T1 61 S H 2.90E-72 689 20 140 149 1.40E-71 36
T 61 S Q 1.60E-09 710 0 271 16 6.90E-09 Inf
T2 61 S Q 2.00E-08 0 710 14 271 1.50E-06 0
i 61 S N 2.90E-72 51 649 179 109 1.40E-71 0.048
T2 61 S Y 0.0026 5 14 7 170 0.03 8.5
T1 105 H H 4.70E-79 158 28 110 693 2.60E-78 35
T1 105 H Q 2.10E-91 29 155 735 76 1.50E-90 0.02
T1 105 S H 8.40E-50 93 608 175 113 3.40E-49 0.099
T1 105 S Q 4.60E-59 645 63 119 168 1.90E-58 14
T2 108 H 1 0.0028 9 154 9 32 0.03 0.21
T1 108 H | 4.40E-84 157 27 97 704 3.10E-83 42
T 108 H \Y 2.00E-91 30 156 737 76 1.40E-90 0.02
T2 108 H Y 0.033 0 184 18 771 0.10 0
T1 108 S | 1.00E-52 82 617 172 114 4.10E-52 0.088
T1 108 S V 3.40E-58 646 64 121 168 1.40E-57 14
T1 474 H D 2.60E-47 160 26 232 567 1.00E-46 15
T1 474 H N 2.40E-54 29 155 623 189 9.90E-54 0.057
T1 474 H R 0.029 185 1 770 28 0.09 6.7
T2 474 H R 0.029 1 184 28 756 0.19 0.15
T 474 S D 3.50E-29 199 499 193 94 1.20E-28 0.19
T1 474 S N 2.70E-32 546 163 106 181 1.00E-31 5.7
T 475 H | 8.80E-100 56 128 799 13 9.20E-99 0.0072
T3¢ 475 H 1 3.10E-05 22 124 7 1 0.00092 0.026
T2 475 H | 0.0044 4 34 12 792 0.043 7.7
T1 475 H M 4.30E-80 136 50 51 747 2.50E-79 40
T2 475 H M 8.50E-08 19 130 12 3 5.50E-06 0.038
T3 475 H M 0.029 6 31 48 735 0.14 3
T1 475 H Y 0.047 182 2 763 34 0.13 4.1
T2 475 H Y 0.047 2 179 34 748 0.23 0.25
T 475 S | 3.70E-69 699 10 156 131 1.60E-68 58
T3 475 S 1 0.00018 5 0 24 125 0.0036 Inf
T2 475 S 1 0.034 10 694 6 132 0.18 0.32
1 475 S M 3.10E-54 42 655 145 142 1.30E-53 0.063
T2 475 S M 5.70E-06 8 1 23 132 0.00017 44
T2 476 H E 0.031 2 183 34 749 0.19 0.24
T1 476 H E 0.048 184 2 764 34 0.13 4.1
T1 476 H K 1.50E-57 24 162 611 200 6.30E-57 0.049
T1 476 H M 0.035 184 2 813 0 0.098 0
T2 476 H M 0.035 2 184 0 813 0.18 Inf
T1 476 H R 3.00E-52 166 20 239 562 1.20E-51 19
1 476 S K 8.30E-38 541 168 94 194 3.00E-37 6.6
T2 476 S K 0.018 65 530 19 77 0.13 0.5
T 476 S R 2.90E-34 201 498 204 84 1.10E-33 0.17
T3 476 S R 0.026 93 484 24 68 0.13 0.54

aThe test “T1" is just a simple Fisher’s exact test using a 2 X 2 contingency table with no phylogenetic correction (see
footnote d below). It cannot resolve whether correlations between amino acids in position 375 and other sites are due to
functional dependence or founder effects.

bTo determine whether or not a given association could have resulted from a phylogenetic artifact due to a founder effect, we

also did a phylogenetically corrected association analysis. For the H375-H61 T1 association, the H61 and H375 are both very

common in CRFO1_AE, and so this could be just a founder, or lineage-based, association. In this case, the association was not

supported by a phylogenetically corrected analysis, thus leaving the possibility that there may be a functional constraint or
that the association may simply result from CRFO1_AE being enriched for both H375 and H61. On the other hand, several

other amino acids at position 61 were statistically robust even after a phylogenetic correction, strongly supporting a
covariation pattern between the two sites. To do the phylogenetic correction, maximum likelihood was used to estimate the

probability of a given amino acid at each ancestral node in a phylogenetic tree. The most probable amino acid in a given
position in the last node prior to a leaf is considered to be the most likely ancestral amino acid in that position, given the

tree and the evolutionary model. This approach is described in detail in reference 59. Changes to and from a given ancestral
(Continued on next page)
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more commonly found with residue 375 (H or S) in CRFO1_AE, thus highlighting the
limitation of visual inspection in identifying phylogenetic associations.

Effects of gp120 Phe43 cavity changes on processing and subunit association
of CRFO1_AE 92TH023 and CRF01_AE CM244 envelope glycoproteins. To evaluate
the role of H375 on CRFO1_AE Env function, we replaced histidine 375 by a serine (H375S),
which is the most common form in the remaining group M. These mutations were
introduced into CRFO1_AE 92TH023 and CM244 Envs. Site-directed mutagenesis was also
used to modify the CRFO1_AE Env residues 61, 105, 108, and 474 to 476; these mutations
(H61Y, Q105H, V108I, NIK474-476DMR) correspond to the most prevalent amino acids that are
found in non-CRFO1_AE subtypes and are further referred to as the layer mutations (LM).

We then evaluated the effects of these substitutions on processing and stability of
the Env trimer. All mutants were efficiently expressed (Fig. 2A to D), and the introduc-
tion of a larger amino acid (histidine [H] or tryptophan [W]) in the Phe43 cavity did not
affect the processing of Yu2 Env (clade B) or 92TH023 and CM244 (clade CRFO1_AE)
Envs relative to the corresponding wild-type Env (Fig. 2B). Similar levels of gp120 in the
cell supernatant and the cell lysate were also observed in mutants harboring H or S at
position 375 (Fig. 2A), suggesting that these mutations do not impact the association
between the two subunits (gp41 and gp120). Furthermore, a loss of association of the
Yu2, 92TH023, and CM244 Env subunits was observed for 375W mutants (Fig. 2C). We
also evaluated the effects of the LM in the presence of a serine or histidine at position
375. Introduction of the LM described above increased the processing of Envs inde-
pendently of the residue present at position 375 (Fig. 2E) and decreased by almost 75%
the association between the gp120 and the gp41 subunits (Fig. 2F).

Effects of gp120 Phe43 cavity changes on CRFO1_AE 92TH023 and CRF01_AE
CM244 envelope glycoprotein function. We then evaluated the role of H375 and LM
on Env function. The entry phenotype was assessed by measuring the relative infec-
tivity and cell-to-cell fusion ability of the variants described above. Briefly, relative
infectivity was assessed by incubating Cf2Th-CD4/CCR5 cells with normalized amounts
of recombinant HIV-1 virions pseudotyped with wild-type and mutant 92TH023 or
CM244 Env variants. Cell-to-cell fusion was assessed by coincubation of 293T cells

TABLE 1 Continued

state in the query position, given the amino acid at 375, were tallied and then used as a basis for Fisher's
exact test. An example of a “T2" corrected table can be found in row 6; T2 tests when the ancestral state is
not the query amino acid. In this case, position 61 is much more likely to change to Q if there is an H at
375 than if there is not (P = 2.1799).

“The third kind of comparison we evaluated is test T3; it determines, when the query amino acid is present
in the ancestral state, the frequency with which it mutates away from that state associated with the amino
at 375. The first example of a T3 test is 1475 (raw 32), in association with H375. In this case, 1475 remains |
124/125 times when H is present at 375, while 1475 mutates away from | much more frequently when an
amino acid other than H is found at 375.

dFor position 375, starting with either H or not-H (or S or not-S), we tallied the number of times the position
375 amino acid is present in association with each amino acid found in each other position in the alignment;
thousands of tests were done. The signature analysis identified amino acids that covaried with amino acids at
position 375: either H375, the common amino acid in CRFO1, or S375, the most common amino acid at position
375 in HIV-1 sequences from all other subtypes. We prioritized Env positions within the inner domain. T1 is a
simple Fisher's test that tests for correlations between amino acids in position 375 and amino acids in other
positions. It cannot resolve whether correlations are due to functional dependence or founder effects. Therefore,
a phylogenetically corrected signature analysis (59, 60) was also used for mutational events that were enriched in
the sites of interest in the context of either H375 or S375 (tests T2 and T3, shown in boldface). These tests
evaluate whether amino acids tend either to mutate or to stay the same in the context of either H375 or S375,
and these tests correct for overt clade effects. Query amino acids (AA) are blue if they are enriched in the
context of the given AA at 375 and red if they are negatively associated. ric1, r1c2, r2c1, and r2c2 are the rows
() and columns (c), i.e, the elements in a 2 X 2 contingency table; for example, in the first row, an H in position
375 is found 142 times in conjunction with an H at position 61 (r1c2) and 44 times with other amino acids at
position 61 (r1c1), and H375 is significantly enriched for an H in position 61. P values are 2-sided Fisher’s exact
test based on this table. g values, or false-positive rates, were calculated as described in references 59 and 60) to
address multiple-test issues, and only associations with g values of <0.20 are included here. Comparisons with
H375 are white, and those with S375 are lightly shaded. All amino acids in all positions in the Env alignment
were evaluated for associations with the amino acids at position 375, H375 and S375. The g values to address
multiple tests were calculated based on comparisons of each amino acid in all Env positions, and associations
with a g value of <0.20 were deemed of interest.
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FIG 2 Effects of position 375 changes on processing and subunit association of CRFO1_AE 92TH023 and CM244 Envs. Cell lysates and supernatants (SN) of
35S-labeled cells transiently expressing the HIV-1,,,,, HIV-1cqeo1 ae 921H023 OF HIV-1cy544 Wild-type and the indicated mutant envelope glycoproteins were
precipitated with HIV* sera. The precipitated proteins were loaded onto polyacrylamide gels (A, D, and G) and analyzed by autoradiography and
densitometry (B, C, E, F, H, I). Processing index (B, E and H) and association index (C, F, and 1) values of each envelope, calculated as described in Materials
and Methods. Data represent the averages * standard errors of the means (SEM) from 3 independent experiments. Statistical significance was tested using
unpaired t test (ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

expressing the envelope glycoprotein variants with the reporter TZM-bl cells for 6 h at

37°C as described in Materials and Methods.

The introduction of a serine at position 375 in CRO1_AE Envs significantly decreased
the infectivity of HIV-1 viral particles (Fig. 3A) and presented lower ability to mediate
cell-to-cell fusion (Fig. 3B). Interestingly, introduction of the LM variants partially
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FIG 3 Infectivity and cell-to cell fusion of CRFO1_AE variants. (A) Relative infectivity was assessed by incubating
Cf2Th-CD4/CCR5 cells with recombinant HIV-1 pseudotyped with wild-type and mutant CRFO1_AE envelope
glycoproteins, normalized according to reverse transcriptase. Data shown represent the means = SEM obtained
from three independent experiments. (B) Cell-cell fusion ability was assessed by coincubation of 293T cells
expressing the envelope glycoprotein variants with the reporter TZM-bl cells for 6 h at 37°C. The activities of the
mutant envelope glycoproteins were normalized to that of the wild-type (wt) envelope glycoproteins. The results
shown represent the means = SEM obtained from four independent experiments. Statistical significance was
tested using unpaired t test (ns, not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001).

restored the ability of H375S to mediate viral entry and cell-to-cell fusion (Fig. 3 and
Table 2), suggesting that the LM compensate for the H375S phenotype. Of note, we
noticed that LM variants, on their own, enhanced viral entry and cell-to-cell fusion for
CM244 but not 92TH023 Env, suggesting that some structural differences between
these two strains exist.

Ability of mutant envelope glycoproteins to interact with CD4 and suscepti-
bility to soluble CD4 (sCD4) neutralization. Since residue 375 is known to modulate
Env affinity for CD4 (23, 30, 33), we first evaluated the ability of 92TH023 LM and 375
mutants to interact with CD4 both by immunoprecipitation and by surface plasmon
resonance (SPR). For immunoprecipitation analysis, normalized amounts of radiola-
beled wild-type and mutant gp120 glycoproteins were incubated with human CD4-Ig.
The precipitates were washed, run on SDS-polyacrylamide gels, and analyzed by
densitometry. For SPR analysis, purified gp120 variants were evaluated using a sensor
chip where CD4-lg was immobilized.

Interestingly, replacing H375 by a serine dramatically decreased the affinity for CD4 (Fig.
4A). Introduction of the LM alone did not significantly affect CD4 binding compared to the
wild-type Env but partially rescued CD4 binding for the H375S variant. A detailed analysis
of the interaction by SPR indicated that the decreased recognition by the H375S variant was
due to an enhanced off-rate compared to that of the wild-type protein (Table 3). Interest-
ingly, introduction of the LM variants restored CD4 binding of the H375S Env by decreasing
the off-rate (Table 3). This is reminiscent of the role played by gp120 inner domain layer 1
residues (such as H66 and W69), which were previously shown to maintain CD4 binding by
decreasing the off-rate, despite being located far from the CD4-binding site (23).

As expected from decreased affinity for CD4 (Fig. 4A), viruses bearing the H375S
variant were resistant to sCD4 neutralization (Fig. 4B and C). While introduction of the
LM alone increased sCD4 sensitivity, introduction in the context of the H375S variant
restored wild-type levels of sCD4 neutralization. Thus, these results indicate that in the
context of CRFO1_AE Envs, sCD4 neutralization correlates with Env affinity for CD4.

DISCUSSION

Since the first emergence of CRFO1_AE in Africa and its subsequent spread to Asia,
where it established a major epidemic, these viruses have become the dominant strains
in many Asian countries, including Southern China and Thailand, where they have the
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TABLE 2 Phenotypes of CRFO1_AE gp120 variants?

CRFO1_AE gp 120 Amino acid or mutation Processing Association Relative Cell-to-cell fusion
variant at position 375° indexc index9 infectivitye ability” CD4-Ig9
CRFO1_AE 92TH023 375H (wt) 1h 1h 1 = 0.06590 1 = 0.02257 1h
H375S 0.8369 = 0.07743 1.004 = 0.07331 0.0671 = 0.007230 0.3739 = 0.0181 0.1478 = 0.06188
H375W 0.9534 + 0.06886 0.4035 * 0.1356  0.8202 = 0.1556 1.514 + 0.06388 ND
LM 1.828 * 0.3201 0.3493 *= 0.05255 0.2824 = 0.02690 0.8793 *+0.02617 1.039 = 0.2101
LM-375S 1.632 = 0.1865 0.2786 = 0.06254 0.2090 = 0.01721 0.7412 = 0.01638  0.6248 + 0.1039
CRFO1_AE CM244  375H (wt) 1 1h 1+ 0.05814 1+ 0.05007
H375S 0.9751 = 0.04242 1.014 = 0.06434  0.02800 = 0.002716 0.1619 = 0.00874
H375W 1.051 = 0.2340 0.4974 = 0.1355  0.8026 *= 0.2523 0.8326 = 0.05030
LM 1.144 + 0.1963 0.4709 = 0.06737 3.876 = 0.2968 1.1534 + 0.05501
LM-375S 1.057 = 0.1890 0.3363 = 0.03885 0.2464 = 0.02595 0.6263 = 0.03909
YU2 375S (wt) 1h 1h 1 = 0.0558 1+0.01773
S375H 0.9599 = 0.1636  0.5956 = 0.1735  1.205 * 0.3382 0.9529 * 0.06498
S375W 0.7885 = 0.1457  0.3427 = 0.1062  0.9868 = 0.3191 0.9605 = 0.02366

9Values represent the means = SEM of results from at least three independent experiments.

bThe numbering of the CRFO1_AE and Yu2 gp120 envelope glycoprotein amino acid residues is based on that of the prototypic HXBc2 strain of HIV-1, where 1 is the
initial methionine (54). The mutations result in the replacement of the amino acid residue shown on the left by the amino acid residue shown on the right of the
number; for example, H375S indicates a substitution of a serine residue for the histidine residue at position 375. LM represents the combination of the following
mutations: H61Y, Q105H, V108I, and NIK474-476DMR.

“The processing index is a measure of the conversion of the mutant gp160 envelope glycoprotein precursor to mature gp120 relative to that of the wild-type
envelope glycoproteins. The processing index was calculated by the following formula: processing index = ([total gp120],,,, X [gp160],,.)/(lgp160],,; X [total
gp120],,), where mt is mutant and wt is wild type.

9The association index is a measure of the ability of the mutant gp120 molecule to remain associated with the envelope glycoprotein complex on the expressing cell
relative to that of the wild-type envelope glycoproteins. The association index is calculated as follows: association index = ([mt gp120].e; X [Wt gp120], pernatant)/
(Imt gp120]5ypernatant X [Wt gp120]y), where mt is mutant and wt is wild type.

¢Relative infectivity was assessed by infecting Cf2Th-CD4/CCR5 cells with similar amounts of recombinant HIV-1 pseudotyped with wild-type and mutant CRFO1_AE
envelope glycoproteins, normalized according to reverse transcriptase (see Materials and Methods). The ratio of mutant/wild-type virus infectivity is reported.

Cell-cell fusion ability was assessed by coincubation for 6 h at 37°C of 293T cells expressing the 92TH023 or CM244 envelope glycoprotein variants with the reporter
TZM-bl cells, as described in Materials and Methods.

9Normalized amounts of radiolabeled wild-type and mutant gp120 glycoproteins were incubated with 13 nM CD4-Ig for 1 h at 37°C. The immunoprecipitates were
washed, run on SDS-polyacrylamide gels, and analyzed by densitometry. ND, not determined.

hFor association/processing indexes and CD4-lg immunoprecipitation, no SEM are reported for wt, since values were normalized to 1 for the wt.

highest prevalence (18, 36, 37). Why this lineage of viruses was able to spread so rapidly
is unclear at the moment; it did not spread particularly rapidly in Africa (14). Higher viral
loads and shorter survival times than in people infected in western countries have been
associated with CRFO1_AE infections (38-40).
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FIG 4 CD4 interaction and sCD4 neutralization of CRFO1_AE variants. (A) Normalized amounts of radiolabeled wild-type and mutant gp120
glycoproteins were immunoprecipitated with CD4-lg as described in Materials and Methods for 1 h at 37°C. The precipitates were washed, run
on SDS-polyacrylamide gels, and analyzed by densitometry. Fold increase in the binding of gp120 variants to ligands was normalized to wt. Data
shown represent the means = SEM from four independent experiments. Statistical significance was tested using the unpaired t test (ns, not
significant; *, P < 0.05; ***, P < 0.001). (B) Normalized amounts of recombinant HIV-1 virions expressing luciferase and bearing different Env
mutations were incubated with serial dilutions of sCD4 for 1 h at 37°C before infecting Cf2Th-CD4/CCR5 cells. Luciferase activity in cell lysates
was measured to determine the infectivity. Infectivity was normalized to 100% in the absence of the ligand. Data shown are representative of
results from at least three independent experiments, performed in quadruplicate. ns, not significant; ****, P < 0.0001.
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TABLE 3 Ability of HIV-1 CRFO1_AE 92TH023 gp120 variants to interact with CD4-Ig by
surface plasmon resonance®

CRFO1_AE 92TH023 On-rate constant Off-rate Kp (M)

gp120 variant (M-1s—1) constant (s—') (fold change)
wt 3.34E+03 9.76E—04 2.92E—07 (1.00)
H375S 2.71E+03 1.89E—03 6.95E—07 (2.38)
LM 1.10E+04 1.49E—-04 1.35—08 (0.05)
LM + H375S 8.59E+03 3.22E-04 3.74E—08 (0.13)

aCD4-lg was immobilized directly onto a CM5 sensor chip, and the binding of the indicated gp120 protein
was evaluated as described in Materials and Methods. K, equilibrium dissociation constant; wt, wild type;
LM, inner-domain mutants H61Y, Q105H, V108I, and NIK474-476DMR.

Interestingly, we noticed that from all group M subtypes present in the NIH Los
Alamos HIV database, only CRFO1_AE has a highly conserved histidine at position 375.
Since it has been previously shown that replacement of serine 375 by a histidine
modified the Env conformation toward a state closer to the CD4-bound conformation
(30), we evaluated whether histidine 375 affected Env function in the CRFO1_AE Env
context.

Besides the Phe43 cavity, additional gp120 elements have been shown to play a role
in the transition to the CD4-bound conformation (23, 41-45). Interestingly, potential
coevolution between certain gp120 inner domain layer residues and the Phe43 cavity
has been suggested (32, 34). Therefore, we evaluated whether additional residues of
the gp120 inner domain might be associated with H375. Comparisons of the CRFO1_AE
Env sequences to sequences from other subtypes allowed the identification of six
residues of the gp120 inner domain layers (residues 61, 105, 108, and 474 to 476) that
were conserved in CRFO1_AE but not in other subtypes; these were likely candidates to
compensate for the presence of a large residue at position 375 (H375) in CRFO1_AE.
Replacement of residue 375 by a tryptophan but not a histidine decreased the
association between gp120 and gp41 both in the clade B Yu2 and in CRFO1_AE Envs;
however, no effect on Env processing was observed for all the variants tested. Replace-
ment of H375 by a serine did not result in a significant decrease of Env stability or
processing.

Mutating the six residues that were initially identified by eye but then confirmed to
be important by phylogenetically corrected signature analysis in 5/6 cases in the inner
domain layers had a significant impact on the association and processing of the Env,
and this was independent of the amino acid (His or Ser) at position 375. Inner domain
layer variants enhanced the processing of the Env and decreased the association of
gp120 and gp41. CRFO1_AE Envs had a better overall stability without the layer
mutations. Our results indicate that the Phe43 cavity and the inner domain layers
modulate the stability of CRFO1_AE Envs. Of note, none of the individual inner domain
layer mutations present in the LM variant restored the phenotype of H375S on their
own, indicating that the combination of all mutations is required to compensate for the
Phe43 cavity change (data not shown).

It is well known that HIV-1 Env is a metastable and highly flexible protein (46).
Therefore, functional Env trimers need to maintain a balance between the envelope
stability, the magnitude of the conformational changes, and binding affinity to CDA4. In
fact, premature triggering of the Env complex to downstream conformations results in
functional inactivation (47), the exposure of nonneutralizing epitopes (48), and rapidly
decaying intermediate states (47, 48). We observed that the capacity of CRFO1_AE Envs
to interact with CD4 depends on the presence of a histidine at position 375. Interest-
ingly, the poor recognition of CD4 by CRFO1_AE Envs with the H375S mutation could
be compensated by restoring the nature of 6 layer residues conserved in the majority
of non-CRFO1_AE M group strains. Decreased CD4 interaction correlated with a lack of
Env function as measured by infectivity and the ability to mediate cell-to-cell fusion.
Moreover, decreased CD4 interaction explained a dramatic loss in sCD4 sensitivity of
the H375S mutant Envs, which was restored upon introduction of these inner domain
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mutations. Our results suggest that CRFO1_AE strains have evolved to secure CD4
binding with the presence of a bigger amino acid in the Phe43 cavity and that
additional changes in the inner domain layers coevolved to compensate for the
presence of H375.

Unlike the majority of HIV-1 Envs, some SIV groups have larger residues than a serine
at Env position 375 (methionine, histidine, tyrosine, tryptophan). In several cases, the
strains with these larger amino acids successfully made the transition from primates
into humans (the P, N, and O groups). Since the presence of larger amino acids at 375
is known to enhance the affinity of Env for CD4 (23, 30, 33), it is possible that their
presence in simian immunodeficiency virus (SIV) strains is required to infect cells that
express lower levels of CD4 on their surface, as has been shown for rhesus macaques
macrophages (49-51). However, why a histidine was selected for in subtype CRFO1_AE
at position 375 for a virus infecting human cells is not clear. Additional work is needed
to assess the evolutionary pressures that resulted in the fixation of a histidine at
position 375 in this rapidly spreading HIV-1 subtype.

MATERIALS AND METHODS

Cell lines. 293T human embryonic kidney, Cf2Th canine thymocytes (American Type Culture Col-
lection), and TZM-bl cell lines (NIH AIDS Research and Reference Reagent Program) were grown at 37°C
and 5% CO, in Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% fetal bovine serum
(Sigma) and 100 ug/ml of penicillin-streptomycin (Mediatech). Cf2Th cells stably expressing human CD4
and CCR5 (Cf2Th-CD4-CCR5) (52) were grown in medium supplemented with 0.4 mg/ml of G418
(Invitrogen) and 0.15 mg/ml of hygromycin B (Roche Diagnostics). The TZM-bl cell line is a HeLa cell line
stably expressing high levels of CD4 and CCR5 and possessing an integrated copy of the luciferase gene
under the control of the HIV-1 long terminal repeat (53).

Site-directed mutagenesis. Mutations were introduced individually or in combination into the
pcDNA3.1 vector (Invitrogen) expressing the CRFO1_AE 92TH023 and CRFO1_AE CM244 envelope gly-
coproteins. Site-directed mutagenesis was performed using the QuikChange Il XL site-directed mutagen-
esis protocol (Stratagene). The presence of the desired mutations was determined by automated DNA
sequencing. The numbering of the CRFO1_AE 92TH023 and CRFO1_AE CM244 envelope glycoprotein
amino acid residues is based on that of the prototypic HXBc2 strain of HIV-1, where 1 is the initial
methionine (54).

Immunoprecipitation of envelope glycoproteins. For pulse-labeling experiments, 3 X 10° 293T
cells were transfected with pcDNA3.1-HIV-1 Yu2, CRFO1-AE 92TH023, or CM244 gp160 variants using a
standard calcium phosphate method. One day after transfection, cells were metabolically labeled for 16
h with 100 uCi/ml [**S]methionine-cysteine (3°S protein labeling mix; Perkin-Elmer) in Dulbecco’s
modified Eagle’s medium lacking methionine and cysteine and supplemented with 5% dialyzed fetal
bovine serum. Cells were subsequently lysed in radioimmunoprecipitation assay (RIPA) buffer (140 mM
NaCl, 8 mM Na,HPO,, 2 mM NaH,PO,, 1% NP-40, and 0.05% sodium dodecyl sulfate [SDS]). Precipitation
of radiolabeled Yu2, 92TH023, and CM244 envelope glycoproteins from cell lysates or medium was
performed with a mixture of sera from HIV-infected individuals.

The association index is a measure of the ability of the mutant gp120 molecule to remain associated
with the Env trimer complex on the expressing cell relative to that of the wild-type Env trimer. The
association index is calculated as follows: association index = ([mt gp120] o, X [wt gp120],permatand/(IMt
9p120] permatant X Wt gp120] ), where mt is mutant and wt is wild type. The processing index is a
measure of the conversion of the mutant gp160 Env precursor to mature gp120 relative to that of the
wild-type Env trimer. The processing index was calculated by the following formula: processing index =
([total gp120],,. X [gp160],,.)/([gp160],, X [total gp120],,), where mt is mutant and wt is wild type.

Alternatively, medium containing radiolabeled gp120 variants was immunoprecipitated with CD4-Ig
for 1 h at 37°C in the presence of 50 ul of 10% protein A-Sepharose (General Electric). All samples were
loaded onto polyacrylamide gels and analyzed by autoradiography using Phosphorimager (Molecular
Dynamics).

Recombinant luciferase viruses. Recombinant viruses containing the firefly luciferase gene were
produced by calcium phosphate transfection of 293T cells with the HIV-1 proviral vector pNL4.3
Env-Luc and the plasmid expressing the wild-type or mutant Yu2, 92TH023, or CM244 envelope
glycoproteins at a ratio of 2:1. Two days after transfection, the cell supernatants were harvested and
centrifuged for 5 min at 3,000 rpm to pellet cell debris. The reverse transcriptase activity was
measured for all viral preparations as described previously (55). The virus-containing supernatants
were stored in aliquots at —80°C.

Cell-to-cell fusion. To assess cell-to-cell fusion, 3 X 10° 293T cells were cotransfected by the calcium
phosphate method with an HIV-1 Tat-expressing plasmid, pLTR-Tat, and the Yu2, 92TH023, or CM244
envelope glycoproteins in an expression vector. Two days after transfection, 3 X 104 293T cells were
added to TZM-bl target cells that were seeded at a density of 3 X 10* cells/well in 96-well
luminometer-compatible tissue culture plates 24 h before the assay. Cells were coincubated for 6 h
at 37°C, after which they were lysed by the addition of 30 ul of passive lysis buffer (Promega) and
three freeze-thaw cycles. An LB 941 TriStar luminometer (Berthold Technologies) was used to
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measure the luciferase activity of each well after the addition of 100 wl of luciferin buffer (15 mM
MgSO,, 15 mM KPO, [pH 7.8], 1 mM ATP, and 1 mM 170 dithiothreitol) and 50 ul of 1 mM p-luciferin
potassium salt (Prolume).

Purification of recombinant 92TH023 and CM244 gp120 glycoproteins. To produce soluble
gp120, 10 X 106 293T cells were transfected with a plasmid expressing wild-type or mutant 92TH023 or
CM244 gp120 using PEI MAX 40000 as directed by the manufacturer (Polysciences). Three days after
transfection, supernatant was collected and cells were pelleted and discarded. The supernatants were
filtered (0.22-um filter; Corning), and soluble gp120 was purified by lectin affinity columns. Briefly,
agarose-bound Galanthus Nivalis Lectin (Vector Laboratories) was added to the filtered supernatant and
the mixture was incubated overnight on a shaking platform. The mixture (supernatant-containing beads)
was then passed through columns (for washing with cold phosphate-buffered saline [PBS]), and proteins
were eluted with methyl-a-p-pyranoside (0.5 M), which was followed by fast protein liquid chromatog-
raphy (FPLC) purification of monomeric gp120, as described previously (56). gp120 preparations were
dialyzed against PBS and stored in aliquots at —80°C. To assess purity, recombinant proteins were loaded
on SDS-PAGE polyacrylamide gels and stained with Coomassie blue.

SPR biosensor analysis. Surface plasmon resonance biosensor data were collected on a Biacore 3000
optical biosensor (General Electric). CD4-Ig was immobilized onto separate flow cells within the same sensor
chip (CM5; GE) to a surface density of around 500 response units (RU) using standard amine coupling
chemistry (57). The binding capacities of CD4 surfaces were kept low to avoid mass transport effects and steric
hindrance. Flow cell 1 or 3 was left blank as a control for nonspecific binding and refractive index changes.
With the instrument operating in a parallel sensing mode, soluble gp120 was injected over flow cells 1 and
2 or 3 and 4 at different concentrations ranging from 100 to 750 nM at a flow rate of 30 wl/min for 3 min. This
was followed by a 10-min dissociation phase to allow an estimation of off-rates and binding affinities. Sensor
data were prepared for kinetic analysis by subtracting binding responses collected from the blank reference
surface. The association and dissociation phase data were fitted simultaneously with BlAevaluation, version
3.2, RC1 software using a 1:1 Langmuir model of binding.

Infection by single-round luciferase viruses. Cf2Th-CD4-CCR5 target cells were seeded at a density
of 2 X 10* cells/well in 96-well luminometer-compatible tissue culture plates (PerkinElmer) 24 h before
infection. Recombinant viruses in a final volume of 100 ul were then added to the target cells containing
different dilutions of antibodies followed by incubation for 48 h at 37°C. The medium was then removed from
each well, and the cells were lysed by the addition of 30 ul of passive lysis buffer (Promega) and three
freeze-thaw cycles. An LB 941 TriStar luminometer (Berthold Technologies) was used to measure the luciferase
activity of each well after the addition of 100 ul of luciferin buffer (15 mM MgSO,, 15 mM KPO, [pH 7.8], 1
mM ATP, and 1 mM 170 dithiothreitol) and 50 ul of 1 mM p-luciferin potassium salt (Prolume).

Sequence analyses. The Logo plots (58) for HIV were made using the Analyze Align tool at the
HIV database and are based on the LOGO program (https://www.hiv.lanl.gov/content/sequence/
ANALYZEALIGN/analyze_align.html) and the HIV-1 database global curated and filtered alignment circa
October 2016, including 1 HIV-1 protein Env sequence per person Env from 4,632 individuals.

Signature analyses (59, 60) were used to track amino acids that covaried with either H375 or S375.
A subset of 1,000 M group sequences from the more than 4,500 M group sequences were sampled from
the full Los Alamos database alignment to use as input, reducing the data set size to facilitate
computationally intensive phylogenetic analyses and ancestral state reconstruction. To make the analysis
more informative, the 1,000 sequences were picked after first narrowing the field to include only
subtypes and recombinant forms that had at least some sequences with H375, to enable identification
of covariation patterns across the M group. Because of their structural proximity, we were most
interested in evaluating signature associations within the inner domain layer, and so we present these
fully in Table 1. Other phylogenetically corrected associations were found in other regions of Env;
however, that may be of interest to explore in future studies. In particular, H375 was positively associated
with A101, K231, N289, V341, A430, 1519, and H629 and negatively associated with 1307 and V430 (all with
very low P values in phylogenetically corrected tests, ranging from 10-7° to 10~"9), raising the possibility
that these sites may also somehow functionally interact with position 375.
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