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One proposed HIV vaccine strategy is to induce Gag-specific CD8* T-cell responses that can corner the
virus, through fitness cost of viral escape and unavailability of compensatory mutations. We show here that the
most variable capsid residues principally comprise escape mutants driven by protective alleles HLA-B*57,
-5801, and -8101 and covarying HLA-independent polymorphisms that arise in conjunction with these escape
mutations. These covarying polymorphisms are potentially compensatory and are concentrated around three
tropism-determining loops of p24, suggesting structural interdependencies. Our results demonstrate complex
patterns of adaptation of HIV under immune selection pressure, the understanding of which should aid vaccine

design.

CDS8™ T cells play a pivotal role in the control of HIV-1
infection (3, 21, 29). In particular, increased breadth of Gag-
specific CD8" T-cell responses is strongly associated with
lower viral loads (18, 20). Although the selection of viral mu-
tations allows escape from these responses, which can lead to
loss of control of viremia (1, 11, 16), the detrimental effects of
specific escape mutations on viral replicative capacity are now
well documented (4, 6, 9, 10, 24, 31, 36). Furthermore, accumu-
lation of HLA-B-associated Gag escape mutations is linked with
lowered viral loads (25). However, escape mutations that reduce
viral fitness drive the selection of variants that compensate for
reduced function (5, 10, 14, 28, 30, 35). These compensatory
mutations can occur in the same epitope (10, 31) or at sites both
proximal and distal to the epitope (5, 22, 24, 31). Defining the
Gag residues that cannot vary without significant cost to viral
replicative capacity, or for which adequate compensatory mutants
are not available, is relevant to determining which CD8" T-cell
responses an effective HIV vaccine needs to induce.
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One such compensatory mutation is H219Q in HIV-1 p24 Gag.
This mutation is not consistently seen in the context of one par-
ticular HLA allele, but previous studies of HIV-1 B-clade infec-
tion have noted a significant association with the T242N escape
mutation in the HLA-B*57 and -5801 (HLA-B*57/5801)-re-
stricted epitope TW10 (Gag HXB2 240 to 249) (5, 22, 24) and
with escape mutations in the HLA-B*27-restricted epitope KK10
(Gag HXB2 263 to 272) (30, 31). In addition, this mutation was
found to recover reduced replicative capacity caused by drug
resistance mutations in HIV-1 protease (14). Thus, the H219Q
substitution may represent a generic strategy by which HIV can
compensate for reductions in viral fitness, rather than a specific
association with selection by a particular HLA allele.

H219 sits within the cyclophilin A (CypA)-binding loop that
spans Gag residues 214 to 225. This region is one of three
“tropism-determining loops” in the N-terminal domain (NTD;
HXB?2 residues 133 to 279) of p24 Gag that have been defined
as nonconserved regions on the outer surface of the capsid,
which interact with host cellular factors (17). These three loops
undergo coincident conformational shifts, suggesting that they
may operate as a structural and functional unit (33). Further-
more, sequencing studies have revealed clusters of mutations
in these regions that arise in the context of HLA-B*57 CD8™
T-cell escape mutations but do not fall in known HLA-B*57
epitopes (5, 24).
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133 150 175 200 225 250 275
< p24 Gag NTD >
HXB2 Position
B HXB2 HLA P value for Position in p24 % HLA in % sequences
osition p— Entropy T Epitope polymorphism N-terminal subjects in cohort with
P & HLA domain sequenced variation
Residues s
5 B*57 ISW9 2.5x107 8.7
with a-n HLA 146 0.897 B*1510 VLIO 3.7x10° Loop 1 19.8 27.7
association
147 0.756 B*57 ISW9 7.7x10° Loop 1 8.7 31.8
163 0.443 B*5703 KF11 14x10™ Be'wclcg,‘ Tl'm 6 1.7
182 Q 0.541 B*8101 TL9 3.6x10° Helix 3 11.6 11
242 T 0.567 B*57/5 801 TWIO 43x10™" Be'w‘;c';‘ }:l'ccs 2 19.7
260 D 0.646 B*3501 PY9 1.1x107 Helix 7 4.8 33.1
Residues
without an HLA 138 L 0.592 Loop 1 12.4
association
215 L 0.844 Loop 2 227
219 H 0.389 Loop 2 10.7
223 1 1.141 Loop 2 52.0
Between loop 2
228 M 0.669 & helix 5 19.8
248 A 0.581 Loop 36& helix 13.5
252 S 1.164 Loop 3 47.4
256 1 0.746 Between loop:3 472

& helix 7

FIG. 1. Amino acid variability in Gag p24 NTD. (A) Shannon entropy of p24 NTD amino acid sequences from 662 C-clade HIV-1 isolates. The
three exposed tropism-determining loops are shown (gray bars). The shaded area represents entropy scores of =0.389 (entropy equal to or greater
than that of position 219). Eight high-variability residues not statistically associated with any HLA class I allele are marked with an asterisk; six
of these fall within the three loops. (B) Fourteen high-variability residues in p24 NTD (entropy score, =0.389). Top, six residues at which
polymorphism is strongly associated with one or more HLA class I alleles. Bottom, eight residues at which polymorphism is not associated with
HLA. HLA associations are previously described (25); for all associations, g was <0.05.

These observations prompted us to investigate the extent to
which amino acid polymorphisms in the p24 NTD represent
HLA-driven escape mutants or are “HLA-independent” poly-
morphisms, potentially capable of compensating for the fitness
hit of escape mutations. (These HLA-independent changes are
independent, conditioned on direct associations; that is, they
are not directly selected by CD8" T cells).

We studied two cohorts of antiretroviral therapy-naive study

subjects with chronic HIV-1 C-clade infection, recruited from
outpatient clinics in Durban, South Africa (n = 662 patients), as
previously described (22, 24, 25) and from the Zambia-Emory
HIV Research Project cohort, Lusaka, Zambia (n = 87 patients),
as previously described (9). Research protocols were approved by
the ethics committees in Durban, South Africa, and Lusaka,
Zambia, and by Oxford and Emory University Institutional Re-
view Boards. All study subjects gave written informed consent.
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133-PIVQNLQG QMVHQAISPR TLNAWVKVIE EKAFSPEVIP
MFTALSEGAT PQDLNTMLNT VGGHQAAMOM LKDTINEEAA
EWDRLHPVHA GPIPPGQMRE PRGSDIAGTT STLQEQIAWM

TSNPPTIPVGD IYKRWIILGL NKIVRMYSP-279 248 9 260
252 256
C First Gag residue Second Gag residue Distance (angstroms)
P q p24- p24
Position Consensus Position Consensus CypA hexamer
complex

138 L 143 Y 1.88x107* 0.04 9.37 10.01
138 L 182 Q 7.44x10°° 0.00 22.11 24.20
138 L 200 M 4.95x107° 0.02 41.53 41.98
215 L 256 I 1.82x107* 0.04 13.77 14.16
215 L 260 D 1.71x107 0.00 16.54 16.67
219 H 218 Y 1.16x10°° 0.00 5.67 5.76
219 H 228 M 9.14x107"°  0.00 12.70 12.30
219 H 230 E 4.92x107 0.00 6.83 6.57
219 H 252 S 9.29x107° 0.02 16.38 16.99
223 I 224 P 2.24x107 0.00 5.80 5.65
223 I 256 I 8.17x10°° 0.02 14.33 13.88
228 M 182 Q 3.57x10°° 0.01 15.81 16.33
228 M 248 A 1.16x107%  0.00 6.60 6.18
228 M 252 S 2.62x10"  0.00 8.97 6.17
228 M 256 1 6.90x107° 0.02 9.32 7.47
248 A 173 T 2.08x107° 0.01 22.76 22.78
248 A 256 I 1.49x107% 0.00 8.36 8.39
252 S 250 M 1.77x107°  0.00 6.85 7.30
252 S 255 P 1.01x10™ 0.03 4.06 5.45
256 I 207 E 4.55x107° 0.01 19.89 20.64

FIG. 2. Location and covariation of high-variability amino acid residues in Gag p24 NTD. (A) Ribbon diagram of CypA (turquoise) bound to
the HIV-1 Gag p24 NTD (green). The three loops are shown in yellow; eight high-variability residues, including H219, are shown in pink with side
chains. Adapted from reference 12 (Protein Data Bank [PDB] code 1AK4). C-clade LANL consensus sequence is shown. (B) Phylogenetic
dependency network for eight high-variability p24 residues (HXB2 positions 138, 215, 219, 223, 228, 248, 252, and 256) in 662 sequences from
Durban, South Africa. Gag p24 is drawn counterclockwise, with the first NTD residue (HXB2 position 133) at the 3 o’clock position. Arcs indicate
associations between amino acids (covariation). All associations are statistically significant (g < 0.05); the colors of the arcs correspond to g values.
(C) Covariation of eight high-variability HLA-independent residues (in bold) with other Gag residues (for all covarying pairs, g was <0.05; P values
are as shown). Consensus C-clade amino acid sequence derived from LANL (http://www.hiv.lanl.gov). Minimum distances between the carbon
atoms (C-beta distance) of covarying residues in the folded p24 protein structure, determined by nuclear magnetic resonance (NMR) spectroscopy,
are shown. For any amino acid, C-alpha is the carbon atom next to the carbonyl group. In the side chain of an amino acid, the first carbon atom
branching from C-alpha in the backbone is called C-beta; the C-beta distance is the distance between two C-beta atoms.

For South African subjects, genomic DNA was extracted from described (9). Sequences were analyzed using Sequencher 4.8
peripheral blood mononuclear cells (PBMC); amplification and (Gene Codes Corp.). HLA class I typing was performed from
population sequencing were undertaken as previously described genomic DNA as previously described (7, 34). Plasma viral loads
(19, 22). Longitudinal sequence data were generated from RNA  were determined using an Amplicor HIV-1 monitor test, version
sequences from acutely infected Zambian subjects as previously 1.5 (Roche).
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TABLE 1. Significant associations between costly HLA-selected escape mutations and high-variability HLA-independent polymorphisms

HXB?2 position

STLA. Epitope Selecting HLA-B P value for indicated HXB2 position of HLA-independent polymorphism*®
o - o electing -
selected escape (posmo_n of allele
mutation mutation) 138 215 219 223 228 248 252 256
146 ISWO (1) 1510/5702/5703 — — — — 2.0x 1073 — — —
147 ISW9 (1) 5702/5703 — — — 1.6 X 1073 — — — 0.001
177 TL9 (—3) 81(01) — — — — — — — —
182 TL9 (3) 4201/8101 7.4 x107° — — — 3.6 X107° — 9.1 x107* 22x1073
186 TL9 (7) 8101 — R — — — — — 6.7 X 1073
242 TW10 (3) 5702/5703/5801 — — — — — — — —
247 TW10 (8) 5703 — — — — — — 7.0 X 107* 40x%x 108
“ g was <0.2 for all associations reported as significant. —, not significant.

In the South African cohort, H219X (X is Q, P, or R) was
seen in 11% of sequences in an analysis of 633 subjects for
whom viral loads were available. We found no statistical asso-
ciation between H219X and HLA-B*57/5801 (H219X oc-
curred in 9% of HLA-B*57/5801-positive individuals and in
12% of individuals without HLA-B*57/5801). Individuals with
H219Q had higher viral loads, irrespective of HLA type (me-
dian viral load was 78,850, versus 29,200 copies/ml; P = 0.004,
Mann-Whitney U test; data not shown), consistent with a fitter
virus in the presence of this polymorphism.

In order to locate other putative HLA-independent com-
pensatory mutations, we identified “high-variability” positions
in the p24 NTD by analyzing amino acid sequences using
the Los Alamos National Laboratory (LANL) database Shan-
non entropy tool (http://www.hiv.lanl.gov/content/sequence
/ENTROPY/entropy) (Fig. 1A). We defined high variability as
residues with entropy at least as great as that of position 219
(entropy score, =0.389) (Fig. 1B). Of 14 high-variability resi-
dues identified in this way, 12 were situated in or flanking (*£6
amino acids) the three tropism-determining loops in Gag (loop
1, HXB2 137 to 147; loop 2, 214 to 225; loop 3, 248 to 254) (17)
(Fig. 1A). Indeed, significantly higher entropy scores were
found for all residues in the three tropism-determining loops
than in the rest of p24 NTD (P = 0.0038, Mann-Whitney U
test; data not shown). However, not all residues within this
region are variable: the crucial proline residues at positions 217
and 222 are conserved in 100% of cases in our cohort of 662
subjects. Therefore, these outer loops contain residues that are
either unchangeable (to ensure correct interactions and struc-
ture that are vital to replication) or malleable, within limits (to
restabilize the capsid when necessary).

An independent analysis of p24 sequences from 350 chron-
ically infected C-clade Zambian individuals revealed an iden-
tical entropy pattern, with the same 14 residues displaying the
highest entropy scores in this protein (data not shown).

Six of the 14 high-variability residues we identified have
previously been associated with selection by HLA alleles in this
cohort (¢ < 0.05) (25) and are situated in defined CD8" T-cell
epitopes (Fig. 1B, top panel). The high entropy of these spe-
cific residues compared to the low or zero entropy scores for
the rest of the epitope suggests that there are constraints on
permitted mutations. Of note, in 5 of 6 cases, these polymor-
phisms are well-described escape mutants within CD8" T-cell
epitopes restricted by the protective HLA alleles B*57/5801/
8101 (10, 19, 22), highlighting the strong selection pressure

operated by these alleles to drive viral polymorphisms (25). Of
the eight high-variability residues where variation was not
HLA driven (Fig. 1B, bottom panel), six (L138, L215, H219,
1223, A248, and S252) were situated in the three tropism-
determining loops; the remaining two (M228 and 1256) were
located three and six residues downstream of loops 2 and 3,
respectively (Fig. 1B and 2A).

In order to determine whether these eight high-variability
HLA-independent polymorphisms might covary with each
other and with described CD8" T-cell escape mutations, and
thereby represent putative compensatory substitutions, we in-
vestigated the relationship between these eight residues and
other residues in the NTD of p24 Gag. We used a computa-
tional method to construct phylogenetic dependency networks
to screen for associations with all NTD residues (8). We iden-
tified 20 statistically significant associations (¢ < 0.05) between
the variation at these eight residues and the variation at other
positions (Fig. 2A and B), which may indicate coevolution of
this variability (2, 15). Of these 20 associations, eight represent
a covariation of residues within the group of eight HLA-inde-
pendent, high-variability positions (Fig. 2B). We also observed
significant associations between the covarying cluster of eight
HLA-independent polymorphisms and five of seven HLA-se-
lected mutations in the NTD that have previously been re-
ported (25) to impose a cost on viral replicative capacity (a
fitness cost was inferred by detecting reversion) (Table 1).
These polymorphisms in the NTD of p24 Gag thus statistically
occur in a cluster that includes the known compensatory mu-
tation H219X and covary with fitness-reducing escape muta-
tions.

We next investigated the spatial proximity of these eight
high-variability HLA-independent residues on the three-di-
mensional p24 NTD protein structure using MacPyMOL
(DeLano Scientific LLC) (Fig. 2A). There is a likely structural
basis for the covariation in Gag, reflected by the fact that 10 of
the 20 associations are between residues that are within 12 A
of each other (the maximum distance to permit hydrophobic
interactions [33, 37]), both in the p24-CypA complex (12) and
in the p24 hexameric protein structure (27) (Fig. 2B). In ad-
dition, distances between residues in these 20 pairs were found
to be significantly shorter than distances between all non-co-
evolving pairs in the NTD (for the p24-CypA complex, the P
value was 2.45 X 1075; for the p24 hexamer, the P value was
3.20 X 107° [Mann-Whitney U test]). It should be noted,
however, that distances of >12 A do not necessarily mean that
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TABLE 2. Evolving or transmitted mutations at Gag 219 and covarying sites in nine Zambian adults with acute HIV-1 infection

Polymorphism® HLA-B*57 epitope HLA-B*81
Ti . epitope Viral load
ime since HLA- HLA-
Subject infection Index B*57 B*81 (RNA
] . o Covarying mutation ISW9 KF11 TWI10 TL9 copies/ml
(mo) mutation status  status plasma)’
219H 218V 228M 230E 2528 ISPRTLNAW KAFSPEVIPMF TSTLQEQIAW TPQDLNTML

Z1573F 0 — — I — — - e I----= === T- ——===—=—= >750,000
6 — — I — — mmmmmmmee e I--=-= ———————o T- =—-—————- 29,200
26 q i I d —  mmmmmmmem ——- I----= === T- ——===—=—= 19,700
28 Q — I D — mmmmmmmee e I--=-= ———————o T- =—-—————- 15,900
Z195M¢ 0 — — — — A = — Le-=-===- -G-N----=-= -- N-----om mmmmmme 352,902
7 — — — — A L-—————== -G-N-=--==--= -- N--===-= === 429,474
13 q — — — A L-——————~ -G-N------- -- N------- -——————--= >750,000
Z1043M 0 — — — N = —  Le-—m-mmmm mmmmmmmmeme memeeeeo T- ——-—————- 68,399
9 — — 1 — N Lmmmmmmmm mmmmm e —m e T- ——=—=—=—= 52,900

25 q — I — N T i T- ——-—————- ND
ZA403F 0 — — L — N - - mmmmmmm—= ——— - I--=== —————mm— = —— 73,400
4 — — L — N e —ee I-—=== —mmmmmmmmm —m - 99,100
9 q — — — —  mmmmmeee —mee I--=== —————mm— = —— 17,300

26 q — — — — —a-—-—=-== ———=- I-—=== —mmmmmmmmm —m - ND
Z322F¢ 0 — — I — — + e T --N-----T- -—=---———- 67,063
6 — — I — — Le—mmmmmm —mmm - --N-----T- -——-----—- 49,500
13 — — I — — Le—mmmmmm —mm e --N-----T- -—=---———- 28,500
25 q — I — G Le—mmmmmm —mmm - --N-----T- -——-----—- 93,500
Z1166M° 0 Q — I — — - — L= mmmmmmmm e N------= ——————=—- >750,000
6 Q — I — — Lemmmmmmm mmmmm e - N--===-= === 248,000
24 Q a I — n P e T e eI P P LT 39,100
Z1788F¢ 0 Q P I D — - = e mmmmm e —m e T- --A------ 513,000
7 Q P I D — mmmmmmmmm e —ee e T- --A------ 99,500
18 Q P I — — mmmmmmmmm e —m e T- --A------ 80,200
Z1317M 0 Q A — — — - T mmmmm e m mmmmmm—m—m i mmmmm s —m 256,395
7 Q A — — — mmmmmmmm e e e 65,200

25 Q A — g mmmm e e s ND
Z634F 0 P — — D — = —  Le=mmmemm= mmmmmmmmmem mmmmmmmeee mmmmemee 120,756
5 P — — D — Lmmmmmmmm mmmmmmmm e mm e 52,200

17 P — i —_ - R el ettt L ND
22 — — I — — Lmmmmmmmm mmmmmmmm e mm e 278,000

“Time point at which mutation was first detected.

b Lowercase letters indicate a mixture of amino acids, including the wild type. —, wild type.

¢ HLA-B*57-positive donor.
4 HLA-B*81-positive donor.
¢ ND, not determined.

residues cannot interact; long-range effects are possible (26),
or two covarying residues may be in close spatial proximity at
the interface of two p24 monomers when they are packaged
into conical cores (23, 28).

To investigate the dynamics of coselection of mutations in
this cluster, we studied longitudinal sequence data, focusing on
the best-characterized residue of this group, H219 (Table 2).
We identified nine subjects in whom the H219X polymorphism
was either transmitted or selected, in conjunction with changes
at its four covarying sites (218V, 228M, 230E, and 252S) (Fig.
2B). In five subjects, H219Q was selected between 9 and 27
months posttransmission, following earlier changes at other
covarying sites (M228I, S252A/N). In four subjects, H219P/Q
was detected at baseline and covarying mutations subsequently

arose (V218A/I/P, M228I/L, E230D, S252G/N). H219 substi-
tutions were associated with changes in HLA-B*57- and/or
-B*81-restricted epitopes in 8 of 9 subjects, although only one
of these was HLA-B*57/81 positive (Table 2).

In summary, these studies highlight a cluster of covarying
high-variability polymorphisms concentrated within three tro-
pism-determining loops in the NTD region of p24 Gag. We
postulate a compensatory role for the HLA-independent poly-
morphisms, based first on their covariation with one another
and with CD8" T-cell escape mutations, second on their close
spatial proximity in the three-dimensional structure of p24
Gag, and third on cross-sectional and longitudinal sequence
data from two independent cohorts showing that they arise in
conjunction with escape mutations. Compensatory mutations
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may preferentially be selected in the three loops because cer-
tain residues in these regions are more likely to tolerate sub-
stitutions without a detriment to replicative capacity.

Indeed, in other studies, the same covarying residues have
been shown to be beneficial: the results of the present analysis
are consistent with reported in vivo covariation in HLA-B*57-
positive subjects (5, 24) and with in vitro evidence that H219Q,
1223V, M228I, and G248A in a B-clade T242N escape variant
are associated with increased replicative capacity (5). It is pos-
sible that this cluster of Gag polymorphisms compensates for
mutations in certain regions that destabilize or alter the capsid
structure (5, 24, 30). A study of mother-to-child transmission
noted a similar beneficial effect of this compensatory cluster,
demonstrating that these polymorphisms can increase viral
fitness, while also abrogating the benefit of HLA-B*57 (32).

Our data substantiate the view that polymorphisms at H219
and other high-variability residues in Gag p24 NTD are not
specifically associated with one particular HLA allele or escape
mutation but arise in conjunction with a variety of mutations
that are detrimental to viral replicative capacity (Tables 1 and
2). Indeed, in these C-clade data sets, H219X is not statistically
associated with any individual CD8™ T-cell escape mutation in
the p24 NTD. Thus, the association of H219X with variability
at multiple residues obscures covariation with any one site.
Interestingly, escape mutations selected by HLA-B*8101
(which, like HLA-B*57 and -B*27, is associated with favorable
control of viremia) are also found to be strongly associated
with four of eight putative compensatory mutations.

Our studies of H219 raise a question: if H219Q is even
marginally beneficial to the virus, why is it not selected over the
wild type in every HIV-infected individual? Indeed, this mu-
tation results in increased replicative capacity independent of
changes in HLA-B*57 epitopes (4, 13). It is possible that other
substitutions in p24 are necessary before H219Q and associ-
ated polymorphisms can be selected, due to conformational
changes or interactions affecting the loops. The HLA-B*57-
associated T242N mutation, situated in helix 6, potentially
changes the conformation of this helix and alters its interac-
tions with the CypA-binding loop (24). Other evidence that
compensatory mutations may be selected only in the context of
pre-existing escape mutations comes from studies in which
compensatory mutations had deleterious effects on the wild-
type virus after experimental reversion of costly escape muta-
tions (26). Our longitudinal data show that covarying muta-
tions at positions H219, V218, M228, E230, and S252 arise in
no consistent order but are observed in the presence of HLA-
B*57- and/or -B*81-selected mutations.

Our findings demonstrate that HIV polymorphisms may
arise in the context of a complex set of interrelated substitu-
tions that reflect structural dependencies among amino acids.
Codon covariation can be a confounding effect in the identifi-
cation of sources of selection pressures on the virus, highlight-
ing the importance of factoring this into HIV-HLA association
studies. Our results emphasize the value of examining amino
acid sequences not only in their linear form but also in their
three-dimensional physiologically relevant form. Future stud-
ies are required to identify which of the HLA-independent
sites of polymorphism truly act to compensate for a fitness cost
of CD8" T-cell escape mutations, since determining which
escape mutations might corner the virus by imposing an un-
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compensated fitness cost is a desirable goal for future vaccine
strategies.
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