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ABSTRACT

Data from the RV144 HIV vaccine trial indicated that gp120 V2 antibodies were associated with a lower risk of infection; thus,
the mapping of V2 epitopes can contribute to the design of an effective HIV vaccine. We solved the crystal structure of human
monoclonal antibody (MAb) 2158, which targets a conformational V2 epitope overlapping the a437 integrin binding site, and
constructed a full-length model of V1V2. Comparison of computational energy stability to experimental enzyme-linked immu-
nosorbent assay (ELISA) results identified a hydrophobic core that stabilizes the V2 region for optimal 2158 binding, as well as
residues that directly mediate side chain interactions with MAb 2158. These data define the binding surface recognized by MAb
2158 and offer a structural explanation for why a mismatched mutation at position 181 (I181X) in the V2 loop was associated
with a higher vaccine efficiency in the RV144 clinical vaccine trial.

IMPORTANCE

Correlate analysis of the RV144 HIV-1 vaccine trial suggested that the presence of antibodies to the second variable region (V2)
of HIV-1 gp120 was responsible for the modest protection observed in the trial. V2 is a highly variable and immunogenic region,
and structural information on its antigenic landscape will be important for rational design of an effective HIV-1 vaccine. Using

X-ray crystallography, computational design tools, and mutagenesis assays, we carried out a detailed and systematic investiga-
tion of the epitope recognition of human V2 MAb 2158 and demonstrated that its epitope region overlaps the integrin binding
site within V2. In addition, we propose a structure-based mechanism for mismatching of the isoleucine at position 181 and the

increased vaccine efficacy seen in the RV144 vaccine trial.

IV is among the most genetically variable human pathogens,

and it is widely believed that a preventative vaccine must elicit
antibodies that block infection by diverse strains of the virus.
Thus, a detailed understanding of conserved structural elements
of the epitopes recognized by cross-reactive, protective HIV-spe-
cific antibodies is an important step in vaccine design and devel-
opment.

Data from the 2009 phase III RV144 vaccine clinical trial indi-
cated that high levels of antibodies targeting the V2 region corre-
late with a lower risk of infection (1-3), suggesting that informa-
tion about the epitopes in V2 will be important to the design of an
effective vaccine. V2 is an immunogenic region of gp120, yet its
heavy glycosylation and variable length are two reasons that V2 is
known to contribute to increased antibody neutralization resis-
tance (4, 5). Despite these escape mechanisms, antibodies to the
V2 region are known to be highly cross-reactive (6, 7), and V2 is
thought to have structurally and functionally conserved elements
that may be targets for vaccine design (8—10). For instance, though
this is still controversial (11), it has been suggested that during the
early stages of viral infection, 47 integrin, which is highly ex-
pressed in gut-associated lymphoid tissue (GALT), mediates
gp120 binding to host cells through a conserved integrin binding
motif, LDI/V, within V2 (12-14). Recent data on a panel of mouse
monoclonal antibodies (MAbs) targeting a region overlapping the
integrin binding site have demonstrated that they can inhibit
a4B7 binding (15). Therefore, antibodies whose epitopes overlap
the a4B7 binding site in V2 might lower the probability of infec-
tion (16, 17), and the integrin binding mechanism could provide
one explanation for the modest protection afforded in the RV144
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vaccine trial (3, 9). In addition, electron tomography and cryo-
electron microscopy (cryo-EM) studies have revealed that V1V2 is
located at the apex of the unliganded trimer and is accessible to
anti-V2 antibodies, thus suggesting that antibodies to V2 can bind
the Env spike and play a role in inhibiting HIV infection (18-23).

There are three known epitope types in the V2 region. The first
type, the V2q type, is defined by human MAbs, including 2909,
PGY, PG16, CAP256, and CHO1, that target quaternary neutraliz-
ing epitopes (hence the name V2q) preferentially present on the
native trimeric spike (24-27). Crystal structures of scaffolded
V1V2 molecules (from clade C strains CAP45 and ZM109) com-
plexed with MAbs PG9 and PG16 showed that V1V2 can form an
integral four-stranded beta sheet of the Greek key motif (beta
strands A, B, C, and D), with V1 stemming from a disulfide bond
between the two middle strands (strands A and B) (28, 29).
Epitopes recognized by PG9 and PG16 are composed primarily of
main chain positions 167 to 171 in strand C (strain HxB2 num-
bering) of V2. Both MAbs also make large contacts with a highly
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conserved N-linked glycan at residue N160 and another N-linked
glycan, at either N156 (CAP45) or N173 (ZM109). However, a
loop of 14 (for CAP45) or 16 (for ZM109) amino acids in V2,
starting from the a437 integrin binding site (residues 179 to 181),
could not be visualized in the structures of PG9- and PG16-bound
molecules, because of missing electron densities (22, 23).

The second type of V2 epitopes, the V2p type, is defined by two
human MAbs, CH58 and CH59, recently isolated from B cells of
an RV144 vaccinee, which bind V2 peptides (30, 31). The epitopes
for CH58 and CH59 were first mapped via alanine scanning mu-
tagenesis to a region of V2 overlapping the region in beta strand C
of V2 that is also part of the epitope recognized by MAbs PG9 and
PG16. However, unlike the V2q-specific MAbs, both CH58 and
CH59 bind monomeric gp120, are glycan independent, and, as
noted, bind V2 peptides. Crystal structures of antigen-binding
fragments (Fabs) of CH58 and CH59 in complex with a V2 pep-
tide showed that the epitope of CH58 consists of a short a-helix,
while that of CH59 has a coiled region followed by a 3, helical
turn (30). The data demonstrated that the region recognized by
the V2q MAbs and the V2p MAbs includes residues 168 to 173;
however, the conformations that they recognize differ: PG9 and
PG16 bind to this region as a -strand, while CH58 and CH59
bind to this region as an a-helix or a coil.

A panel of conformation-dependent epitope MAbs, including
MAD 2158, define the third type of V2 epitopes, the V2i type (7).
Although a crystal structure of one of these, MAb 697-30D, in its
uncomplexed form, was determined recently, no structures of
V2i-specific MAbs complexed with their cognate epitopes have yet
been published. Mutagenesis studies and competition enzyme-
linked immunosorbent assays (ELISAs) indicate that the epitopes
recognized by this class of MAbs overlap the putative a4f7 integ-
rin binding site motif (‘”’LDI/V'®"), thus the name V2i, and this
motif is spatially located on the opposite side from where the
epitopes of PG9 and CH58 are located, in an unresolved region in
the scaffolded V1V2 crystal structures (7, 22, 23, 32, 33). A recent
study of the immunologic activity of a panel of seven V2i MAbs
(including 2158) with gp120 molecules from 21 HIV strains dem-
onstrated that these MAbs are highly cross-reactive with gp120s
from diverse clades, and they recognize conserved antigenic de-
terminants in V2 despite the sequence variability in the V2 regions
of these molecules (7). To date, little is known about the structure
of the epitopes recognized by the V2i MAbs.

Here we report a crystal structure of the Fab of the anti-V2i
MAD 2158 and a detailed computational and mutagenesis analysis
of its epitope. MAb 2158 was isolated from a subtype B virus-
infected subject and is broadly cross-reactive and capable of neu-
tralizing many tier 1 viruses (5, 7). However, it does not neutralize
tier 2 viruses, even though it can bind quite a few tier 2 gp120s; an
increased length of V2 and increased total number of glycosyla-
tion sites within the hypervariable region are possibilities for the
discordance between 2158 binding and neutralization (7). Our
structural analysis of Fab 2158, in concert with computational
modeling and mutagenesis data, indicate that its binding mode
involves a conformation-dependent epitope which is stabilized by
a hydrophobic core in V2. Our results provide a binding motif
signature for anti-V2i MADb 2158 and other members of the V2i
MADb family and offer a structural explanation for the immuno-
logic pressure on V2 observed in the RV144 clinical trial, i.e., why
replacement of the isoleucine residue at position 181 in V2 is as-
sociated with a higher vaccine efficiency (34).
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MATERIALS AND METHODS

Antibody and Fab preparation. Human MAD 2158 was produced as de-
scribed previously (5, 35). Briefly, peripheral blood mononuclear cells
from an HIV-1-infected individual were transformed with Epstein-Barr
virus; those cells that were producing antibodies reactive with a murine
leukemia virus (MLV) gp70-V1V2,,. 4, fusion protein were fused with
the human X mouse heteromyeloma SHM-D33 (36). The resulting hy-
bridomas were cloned at limiting dilutions until monoclonality was
achieved. MAb 2158 belongs to the IgG1 subclass and bears a kappa light
chain (7).

To produce the antigen binding fragment, papain (Worthington) was
activated with 10 mM cysteine and incubated with MADb 2158 at a 1:20
weight ratio for 1 h at 37°C. The reaction was quenched by adding iodo-
acetamide, and the Fc fragment was removed by passing the digestion
product over a protein A column. The Fab was further purified by size-
exclusion chromatography after dialysis overnight against 20 mM Tris
(pH 6.8), 100 mM NaCl. The resulting Fab was aliquoted, flash frozen,
and stored at —80°C.

Crystallization, data collection, structure determination, and re-
finement. For protein crystallization, Fab 2158 was concentrated to 15
mg/ml and screened against 288 crystallization conditions by usinga TTP
LabTech Mosquito crystallization robot. Final crystals were grown using
the vapor diffusion method at 23°C by mixing 0.15 pl of protein with 0.15
pl of 23.5% polyethylene glycol 4000 (PEG 4000)—0.17 M ammonium
sulfate-15% glycerol. Diffraction data were collected at beamline GM/
CA-CAT at the Advanced Photon Source (APS), Argonne National Lab-
oratory. The data were processed using MosFilm (37), with a high-reso-
lution cutoff of 2.8 A, determined by a combination of statistics, including
I/o, completeness, and correlation coefficients defined by Karplus and
Diederichs (38). The structure was determined by molecular replacement
using the structure of Fab 412d (PDB ID 2QAD) selected by BLAST (39).
A solution was found using Phaser (40), and the model was refined with
iterations of refinement by Phenix Refine (41) and manual adjustment by
Coot (42).

Computational analysis of the antigen binding site of Fab 2158. The
ICM optimal docking area (ODA) function was used to identify regions of
Fab 2158 likely involving in antigen-antibody interactions. The algorithm
identifies surface patches with low levels of desolvation energy based on
atomic solvation parameters adjusted for protein-protein interactions
(43). It has been benchmarked on a panel of nonhomologous proteins
involved in nonobligate protein-protein interactions. The ICM Pocket-
Finder function was used to identify potential binding pockets on the
surface of Fab 2158. The algorithm builds a grid map of the van der Waals
potential, and the position and size of the antigen binding pocket are
determined based on the construction of equipotential surfaces after a
smoothing transformation of the map emphasizes buried continuous re-
gions of low potentials (44).

Computational model building of full-length V1V2. We built full-
length V1V2 models using Rosetta 3.4’s homology and loop-modeling
applications as previously described (45). Briefly, the V1V2 sequences
were threaded over the coordinates of the 1FD6 scaffolded-V1V2 tem-
plate structure (PDB ID 3U4E), with the scaffold region removed, using
the Rosetta 3.4 comparative modeling application. Rosetta 3.4’s loop-
modeling application was then used to model de novo the region missing
in the template structure. Full atom relaxation was performed, resulting in
at least 45,000 to 100,000 decoy models per sequence. The models were
generated without the incorporation of glycans, because the Rosetta en-
ergy score function does not account for large intraresidue interactions
with posttranslational modifications, such as N-linked glycosylation. The
decoy models were scored and clustered according to the root mean
square deviation (RMSD), and a final model for each sequence was chosen
as the lowest-scoring decoy model that was a member of the largest clus-
ter. Structural figures were drawn using PyMol (Schrédinger, LLC).

Computational stability analysis. To computationally calculate the
energy difference between a wild-type V1V2 model (CAP45 sequence)
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FIG 1 Crystal structure of Fab 2158. (A) Ribbon representation of the structure of Fab 2158 in a side view. The light and heavy chains are colored cyan and green,
respectively, and the CDR loops are colored differently. (B) ODA analysis of Fab 2158. ODA uses a desolvation energy calculation to predict the regions on Fab
2158’s surface which are likely to be involved in protein-protein interactions. The redness and size of the spheres are proportional to the most favorable
desolvation score at each particular location. ODA analysis of Fab 2158 suggests that protein-protein interactions are likely to occur predominantly around the
heavy chain. (C) Surface pocket. A single surface pocket, between CDR H1 and CDR H3, was found by ICM PocketFinder. The pocket is created by residue side
chains (residues labeled in black) as well as residue backbones (residues labeled in gray).

and a panel of V1V2 mutant models, we independently replaced every
residue in VI1V2 (positions 132 to 199) with each of the possible 20 amino
acids. We used the Rosetta 3.4 backrub application to minimize both the
side chain of the mutated residue and the local backbone (46). We then
scored the mutant structure and subtracted its energy score by the wild-
type energy score. These data yielded differences in computational Gibbs
energy (AAG) between our panel of mutant models and the wild-type
model that can imply the conformational changes induced by a particular
mutation at each position of V1V2.

Site-directed mutagenesis. The plasmid of VRC8400 containing the
construct of IFD6 scaffolded V1V2 (CAP45 sequence) was obtained from
Peter Kwong (VRC, NIH), and it contains an artificial N-terminal secre-
tion signal and a C-terminal HRV3C recognition site followed by an 8-His
tag and a Streptag-1I marker (28). Point mutations were introduced into
the construct by using a QuikChange II XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA) according to the manufacturer’s instructions.
All mutant constructs were sequenced to confirm the correct amino acid
changes.

Protein production in 293S cells and ELISA. Mutation constructs
were transiently transfected into HEK 293S GnTI /™ cells (47) in 24-well
plates, and the cells were cultured for 72 h (28). The cell culture superna-
tant was collected, equally distributed among 6 wells of a Ni*-coated
96-well plate (Pierce), and incubated overnight. The plates were washed in
phosphate-buffered saline with 0.5% Tween 20 (PBST) three times before
five of the six wells were incubated with MADb 2158 titrations overnight.
The sixth well was incubated with IRDye total protein stain (Licor Biosci-
ences) for 2 h. The plates were washed three times, and the wells coated
with MAb 2158 primary antibody were incubated with an IRDye-800-
conjugated anti-human secondary antibody (Licor Biosciences) for 2 h.
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The plates were washed again in PBST three times, and the fluorescence
signal was read on a Licor Odyssey Clx near-infrared scanner. The 700-nm
channel was used to capture the signals of the wells incubated with IRDye
total protein stain (1 well per sample), and the 800-nm channel was used
to capture the signals of the IRDye-800-conjugated secondary antibody (5
wells per sample). The signals were quantitated with Image] (http:
//rsbweb.nih.gov/ij), and the binding signal for each of the 5 wells per
sample was normalized to the total protein signal for that sample. The
50% effective concentration (ECg) of the titration curve was calculated
using Prism (Graphpad Software, La Jolla, CA). Each mutant was repeated
in triplicate. A wild-type sample was included in every plate as a positive
control. Negative controls with primary antibody only, secondary anti-
body only, and empty wells were included in each 96-well plate used.

Protein structure accession number. Atomic coordinates and struc-
ture factors for the Fab 2158 structure have been deposited in the RCSB
Protein Data Bank under ID code 40AW.

RESULTS

Structure determination and analysis of Fab 2158. The antigen-
binding fragment (Fab) of MADb 2158 was crystallized in its un-
complexed state, and its structure was determined and refined to
2.8-A resolution (Fig. 1A and Table 1). Fab 2158 crystallized in the
trigonal space group P3,, with two Fabs in the asymmetric unit
(ASU); they were highly similar, with an RMSD of 0.22 A when
their C-a atoms were superimposed. For clarity, we refer to only
one of the Fabs, and we follow the Kabat and Wu numbering
conventions, with residue numbers of the heavy and light chains
preceded by “H” and “L,” respectively (48).

Journal of Virology
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TABLE 1 Data collection and refinement statistics

Parameter Value or description for Fab 2158

Data collection statistics

Wavelength (A) 1.033
Space group P3,
Cell dimensions
a,b,c(A) 73.71,73.71, 215.95
B,y (%) 90, 90, 120
Resolution (A) 215-2.8 (2.89-2.8)
Roym 0.23 (0.95)
CC*r 0.95 (0.62)
CCyp 0.98 (0.48)
Ilo 5.6 (1.8)
Completeness (%) 99.6 (99.5)
Redundancy 5.6 (5.5)

Refinement statistics

No. of unique reflections 31,988 (3,227)

Resolution 2.8-54.83 (2.8-2.9)
R/ Riree 0.18/0.25
No. of atoms
Protein 6,786
Ligand 47
Water 164
RMSD
Bond lengths (A) 0.010
Bond angles (°) 1.309
Ramachandran plot statistics (%)
Favorable and allowed regions 99.1
Outliers 0.9

@ Values in parentheses are for the highest-resolution shell.
¥ CC* and CC, , are correlation coefficients defined in reference 38.

The long complementarity-determining region (CDR) H3
loop of Fab 2158 (21 amino acids by the Kabat definition) forms a
sharp, ~90° bend at base residues D"*® and Y"'% resulting in an
overall rounded hydrophobic surface. A four-valine motif
stretches along the N-terminal side of the CDR H3 loop, from
V9 to VIO wyith the backbone of V'°°" making a hydrogen
bond with T™*? in CDR H2, thus helping to hold CDR H3’s con-
formation in a laid-back rounded presentation (Fig. 1). The side
chain of I"'%%¢ also helps to stabilize the positioning of the CDR
H3 loop by participating in hydrophobic packing with Y™,
P19 and part of Y'. The aforementioned four consecutive
valines align on one side of the CDR H3 loop, and they, together
with three residues from the adjacent CDR H2 loop (I"®?, FF*4
and I"°°), form a hydrophobic patch on the surface of its antigen
binding site (paratope). There are also solvent-exposed amino
acids (D"® and R™'%%f) that may mediate charge interactions be-
tween MAb 2158 and its epitope. This antigen-binding surface is
quite different from those of other MAbs targeting the V2 region.
For instance, the CDR H3 loops of the V2q MAbs PG9 and PG16
contain 25 amino acids and form a “hammerhead” subdomain
(28,49, 50), which is surface exposed and negatively charged. Two
other V2q MAbs, 2909 and 2.5B, also have long, extended, nega-
tively charged CDR H3 loops (51), which, again, are in contrast to
that of Fab 2158. The V2p MAbs CH58 and CH59, derived from
an RV144 vaccinee, lack a long CDR H3 loop but still possess a
highly negatively charged surface (30).

Computational tools were used to analyze the paratope of MAb
2158 and to predict its modes of interaction with its epitope. First,
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we used the ICM ODA tool to predict regions of protein-protein
interactions (43). ODA had previously correctly identified the
paratope of anti-V3 antibodies (51). Application of ODA to MAb
2158 indicated that the hydrophobic patches of the H2 and H3
CDR loops dominated the antigen-antibody interactions (Fig.
1B). Individual residues contributing the highest binding poten-
tials included CDR H1 residues $™*° and $"™**, CDR H2 residues
2% 1% and 1"°°, and CDR H3 residues V%, VH19% and
TH109% (data not shown).

Potential binding pockets in the paratope of MAb 2158 were
identified using the ICM PocketFinder algorithm (44), which
searches the surface for binding pockets by calculating the van der
Waals potential along the antibody surface and then applying a
smoothing function to visually identify pockets. PocketFinder lo-
cated one pocket, between CDRs H1 and H3. This pocket has a
volume of ~220 A® and is flanked by residues from CDR H1
(VH27, THZS, SHZQ, SH31) YHSZ’ and THSS) and CDR H3 (RH94’ DH95’
KMo, gHO7 DHO8 yH9 yHI00 and VHI09) “While the residues
comprising the sides of the pocket are primarily hydrophobic, the
base of the pocket is formed by a positively charged arginine, R™*
(Fig. 1C); thus, this pocket can accommodate the side chain of a
negatively charged V2 residue.

Recently, we solved the Fab structure of another V2i MAD,
697-30D (7), which has several structural similarities with MADb
2158. Both MADs present a convex antigen binding region, and
structural alignments of the backbone of the 697-30D heavy chain
with that of the 2158 heavy chain showed a pairwise RMSD of 1.9
A (excluding CDR H3). ODA analysis of 697-30D also suggests
that the heavy chains dominate interactions with its epitope (7).
These data suggest that MAbs 2158 and 697-30D belong to the
same family of antibodies and interact with V1V2 through hydro-
phobic interactions, in direct contrast to the binding modes of
V2q MAbs PG9 and PG16 and V2p MAbs CH58 and CH59.

Computational modeling of the V1V2 structure. Because
previous data have suggested that the epitopes recognized by V2i
MADs involve a discontinuous matrix of residues, including five
amino acids (7, 32, 33) within the unresolved region in the V1V2
crystal structures (28), we employed computational homology
and loop-modeling methods to build de novo this region for the
CAP45 V1V2 sequence (Fig. 2A and B). We generated this model
by taking into account the conditions of de novo loop modeling:
longer loops require larger conformational sampling space due to
an increase in the conformational degrees of freedom. Our full
V1V2 model required modeling of loops ranging from 14 amino
acids, so we extended the sample space by generating 100,000
Rosetta decoy models (52, 53). In addition to the full-length V1V2
model for strain CAP45, we also generated one for ZM109 and
another 20 sequences of strains tested in a previous study (7), and
the results are consistent with what we present here for the CAP45
model (data not shown).

The minimum energy conformation for our model with the
fully de novo modeled loop (residues 177 to 191) shows that this
loop connects B-strands C and D in an elongated fashion, with the
sequence-variable region (residues 188 to 190e) forming a short
loop extending into the solvent. The F176 side chain orients to-
ward the structural hydrophobic core of V1V2, and the side chain
of Y177 orients toward the solvent (Fig. 2C). The side chain of
D180 also orients toward the solvent, while the side chain of V181
points toward the hydrophobic core. Previous data suggested that
both Y191 and L193 affect the reactivity of MAb 2158 and other
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V2i MAbs (32, 33), and our model has these two residues’ side
chains pointing toward the hydrophobic core of the V2 loop.
Thus, our model suggests that there are two groups of residues
that can affect the antigen binding of 2158: (i) contact residues,
whose side chains mediate direct antibody-antigen interactions;
and (ii) noncontact residues, which stabilize V2 in the optimal
conformation for MAb 2158 binding.

Computational energy analysis of V2 point mutations. In or-
der to gain guidance for our experimental mutagenesis investiga-
tion of the epitope recognized by MAb 2158, we first carried out
systematic in silico mutagenesis analyses. Using our CAP45 V1V2
model (Fig. 2), every residue in V1V2 was computationally mu-
tated to each of the 20 amino acids, and the computational energy
differences between the mutant models and the wild-type model
were calculated (AAG = AGyyeant — AGwitd-type) (Se€ the supple-
mental material for details). A large AAG value for a point muta-
tion indicates that the structure will likely undergo a conforma-
tional change relative to the wild type. Conversely, a small AAG
value suggests that the mutant structure will maintain a confor-
mation similar to that of the wild type (46). Several residues had
small mutation AAG values. For example, all mutations of D180,
the second residue of the integrin-binding tripeptide, had small
AAG values, ranging from —1.5 to +1.3 Rosetta energy units
(REU), with the exception of the D180P mutation (which never
occurs in nature in HIV-1 sequences; AAG = 12.3 REU). This
suggests that the structure is energetically stable with all nonpro-
line mutations. Likewise, mutations with low AAG values at posi-
tion 179, the first residue of the integrin binding site, also suggest
structural stability for this position. Similarly, when V181 was
mutated to isoleucine, a common amino acid at position 181, the
AAG value was 0.1, suggesting structural stability. However, there
were mutations that resulted in large AAG values. Several muta-
tions, including those at F176, V181, Y191, and L193, had consis-
tently high AAG values for all in silico mutations, and their side
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FIG 2 Computational model of V1V2. A full-length V1V2 model of the CAP45 sequence was built, based on the crystal structure in complex with PG9 (28), by
de novo modeling of the loop region missed in the crystal structure. (A) Residue numbering of CAP45. The sequence was aligned with that of HxB2 and numbered
accordingly. (B) Cartoon representation of the V1V2 model. The de novo-modeled region from Y177 to Y191 is colored gray, with the side chains shown as sticks.
(C) Stereoview of the hydrophobic core in the V1V2 model. All residues are shown as green sticks, except for the residues of the hydrophobic core, i.e., F176,
V181, Y191, and L193, which are colored purple (black arrows), and residues P179 and D180, part of the integrin binding site, which are colored red.

chains are all oriented toward the hydrophobic core of V2 in our
model (Fig. 2C). Mutations of such residues likely alter the con-
formation of V1V2 and may disrupt the epitope presentation for
MAD 2158. Using these data, a panel of mutations to be tested in
vitro was designed (Table 2).

Experimental mapping of MAb 2158’s epitope through site-
directed mutagenesis. To further map the epitope of MAb 2158,
we performed a series of site-directed point mutations on scaf-
folded V1V2 (CAP45 sequence) (28) and compared the mutants’
ELISA binding to MAb 2158 with that of the wild type. Mutations
were initially chosen from our list of computational AAG ener-
gies, with additional mutations made based on other factors (Ta-
ble 2). For clarity of discussion, we have grouped the V2 mutations
into four categories according to their structural locations (Fig. 3):
(i) strands B and C (positions 160 to 171), (ii) strand C tail (posi-
tions 172 to 175), (iii) the integrin binding site (positions 179 to
181), and (iv) the sequence-variable region and strand D (posi-
tions 183 to 193).

Point mutations made in the strand B-C region had varied
effects on MAb 2158 binding. We first tested MAb 2158’s binding
dependency on N160 and 1161, located at the N terminus of this
region, by independently introducing N160K and N160K/1161V
mutations. Both mutants showed no loss of binding compared to
the wild type. When we introduced a charge opposition at position
168, in the middle of this region, by using the K168E mutation,
only 6% of binding was retained compared to that of the wild type,
whereas K168L and K168V mutants retained 48% and 52% of
wild-type binding, respectively. When the positive charge was
kept by use of a K168R mutation, MAb 2158 binding almost
matched the wild-type binding level. Mutation of K169 to methi-
onine did not change the binding of MAb 2158 relative to that of
the wild type, but when K169L and K169G mutations were intro-
duced independently, the binding was reduced to 53% and 42%,
respectively. Mutations at the end of this region, i.e., Q170K,
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TABLE 2 V1V2 mutations and their rationales

Binding Modes of V2 MAbs

Position CAP45 residue Mutated residue AAG (REU) Commonality (%)" Rationale
160 N K 0.22 2.28 Loss of glycan; SF162 sequence at this position
160 + 161 NI KV 0.81 Loss of glycan; double mutation
168 K E 0.23 0.75 Charge opposition
L —0.11 0.03 Stable amino acid substitution®
A% 0.44 0.08 Stable amino acid substitution
R 0.56 10.94 Same charge; stable amino acid substitution
Q —-0.07 0.46 Stable amino acid; common at position 169
169 K M —0.14 9.89 Common amino acid in clade B
L 1.82 1.55 Loss of charge
G 3.03 0.31 Loss of side chain
Q 2.12 5.97 Common amino acid in clade AE
170 Q K 1.03 28.03 Common amino acid
171 K S —0.12 0.83 Stable amino acid substitution
R 0.45 7.90 Stable amino acid substitution
172 A E 0.96 44.10 Common amino acid; stable amino acid substitution
173 Y N 1.91 2.57 Introduction of glycan when L175T mutation is present
R 2.06 2.35 Introduction of charge
174 A L 1.95 0.00 Larger side chain; less stable
175 L T 1.79 1.34 Introduction of glycan when T173N mutation is present
173 + 175 Y/L N/T 0.06 Introduction of glycan at N173
179 P L 0.48 79.95 Most common amino acid
Q 0.41 0.23 Naturally occurring but uncommon amino acid
R 0.25 0.00 Charge introduction
180 D S 0.13 0.00 Loss of charge; stable amino acid substitution
E 0.86 0.00 Same charge as aspartic acid; stable amino acid substitution
G —0.26 0.00 Loss of side chain; stable amino acid substitution
181 \4 G 4.67 0.00 Loss of side chain; large instability
R 5.69 0.00 Introduction of a charge; large instability
I 0.10 6.79 Most common amino acid; stable amino acid substitution
183 P D 3.86 0.03 Introduction of a charge; large instability
185 N D 4.08 40.89 Large instability
R —0.54 0.54 Stable amino acid substitution
186 K D 0.16 17.18 Stable amino acid substitution
190b N Y —0.44 0.00 Stable amino acid substitution
T 4.56 0.00 Large instability
S190d S A 2.23 0.00 Loss of preceding N-linked glycan
191 Y G 7.27 0.00 Loss of side chain; repeat mutation from reference 32
193 L G 5.15 0.00 Loss of side chain; repeat mutation from reference 32

@ Occurrence of mutation within the Los Alamos National Laboratory HIV sequence database.

> With small AAG values.

K171S, and K171R mutations, did not abrogate 2158 binding, and
in the case of Q170K and K171R mutations, binding was increased
over that of the wild type, to 157% and 126%, respectively
(Fig. 3A).

We then introduced mutations in the strand C tail segment of
V2, which again mediated variouslevels of influence on MAb 2158
binding. The Y173N and L175T point mutations resulted in min-
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imal changes in MAb 2158 binding, retaining 71% and 86% of the
wild-type binding level, respectively, while A172E and A174L mu-
tants displayed decreases in binding, to 34% and 7%, respectively.
Although an N-linked glycan at position 173 occurs in approxi-
mately 1% of sequences (http://www.hiv.lanl.gov/), we saw that
introducing a glycosylation signal at this position (by introducing
combined Y173N and L175T mutations) in the CAP45 construct
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FIG 3 MAb 2158 binding of V2 mutants. Point mutations were introduced into the 1FD6 scaffolded V1V2 (CAP45 sequence) and tested for binding with MAb
2158. Mutants were made to interrogate positions in the strand B-C region (residues 160 to 171) (A), the strand C tail region (residues 172 to 175) (B), the integrin
binding site (residues 179 to 181) (C), and the variable sequence region (residues 183 to 193) (D). The ELISA result for each mutation is shown as a percentage

of binding relative to that of the wild type (WT).

did not change MAD 2158’s binding pattern relative to that of the
wild type (Fig. 3B).

In contrast, point mutations at the integrin binding site of V2
drastically reduced binding. We first tested the commonly occur-
ring amino acids. When P179 (an amino acid found in strain
CAP45 but found infrequently in other strains) was mutated to
the common amino acid leucine (P179L) and another naturally
occurring HIV amino acid, glutamine (P179Q), binding with
MAD 2158 was found to be 117% and 101% that of the wild type,
respectively. However, P179R mutation (a nonnatural mutation
which introduces both a charge and a non-HIV amino acid) re-
duced the binding to 34% of the wild-type level. We then looked at
the highly conserved aspartic acid at position 180. When it was
mutated to three different amino acids, by D180S, D180E, and
D180G mutations, the binding was radically reduced, to 7%, 9%,
and 17%, respectively. Likewise, V181G and V181R point muta-
tions, located at a position recently noted to be important by the
RV 144 sieve analysis (34), also showed reductions in binding, to
13% and 10%, respectively, whereas mutation to the commonly
occurring amino acid at this position, isoleucine (V181I), resulted
in a binding level similar to that of the wild type (94% of wild-type
level) (Fig. 3C).

The V2 region between amino acids 183 and 193 is highly vari-
able (8), and mutations in this region had varied effects on MAb
2158 binding (Fig. 3D). A P183D mutation that introduced a neg-
atively charged residue at this position reduced the binding to
25% of the wild-type level. However, position 185 had a better
tolerance for charged residues, with N185D and N185K mutations
resulting in 50% and 92% binding, respectively. Similarly, the
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K186D mutant displayed a minimal reduction, to 72%. When the
potentially glycosylated asparagine at position N190b was mu-
tated to either tyrosine or threonine, the binding was reduced to
20% or 47%, respectively. We then mutated S190d, the third po-
sition of the tripeptide required for glycosylation at N190b, to
alanine (S190dA), which showed a 53% retention of binding.
These data suggest that 2158 binding is sensitive, but not critically,
to the glycan at N190b. The mutations that we made at the N
terminus of the D strand of the V2 beta sheet, i.e., YI91G and
L193G mutations, also showed drastic decreases in 2158 binding,
to 13% and 22%, respectively (Fig. 3D).

Taken together with our AAG analysis, these mutagenesis data
suggest that the binding of MAb 2158 is influenced by residues
overlapping the integrin binding site, as well as a discontinuous set
of residues throughout V2 (Fig. 4), although direct «4p7-binding
competition assays have not been performed. These residues can
be separated into two groups. The first group consists of V2 resi-
dues with small AAG values in computational mutagenesis (Table
2; see the supplemental material) and a loss of binding when
probed by experimental mutagenesis, suggesting that amino acids
at these positions make direct contact with MAb 2158 through
side chain interactions. The representative residue in this group is
D180, in the integrin binding site. The second group consists of V2
residues that, when mutated, show large computational AAG val-
ues (Table 2; see the supplemental material), together with a loss
ofbinding to MAb 2158, indicating that these residues stabilize the
conformation of V2 and provide optimal exposure of the V2 con-
tact residues which bind to MADb 2158; the latter residues may or
may not also have direct contact with MAb 2158. The representa-
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Binding Modes of V2 MAbs

Back

Integrin
Binding

FIG 4 Mapping of mutagenesis binding data. A surface representation (partially transparent) of V1V2 is shown in three views: side (A), front (B), and back (C).
The surfaces of the de novo-modeled amino acids at V2 positions 177 to 191 are shown in white, while the rest of the molecule is colored gray. Residues
interrogated by mutagenesis were labeled and colored according to their mutants’ ELISA binding to 2158: red for less than 15% binding relative to that of the wild
type, and yellow for binding levels between 15% and 50%. Residues with mutations that showed minimal to no binding changes relative to the wild type were left
uncolored. (D) V1V2 schematic diagram based on the crystal structure of the 1FD6 scaffolded V1V2 (CAP45 sequence) in complex with Fab PG9 (28). The four
antiparallel beta sheets (blue arrows) are labeled A, B, C, and D, with V1 stemming from a disulfide bond between beta strands A and B. Amino acids of the
residues interrogated in our mutagenesis study are shown with their sizes reflecting the mutation effects on 2158 binding, i.e., larger labels indicate that at least
one mutation resulted in a larger inhibition of MAb 2158 binding to the mutated V1V2-scaffold protein, whereas smaller residue labels indicate no change
relative to wild-type binding. For comparison, locations of the PG9 epitope are marked with yellow pluses, and those of the CH58 epitope are marked with green

circles.

tive residue in this group is the integrin binding site residue 181,
which is shown in our models to participate in forming the hydro-
phobic core of V2 (Fig. 2).

Model of integrin binding. Our model of the integrin binding
motifin V2 is consistent with a recently published crystal structure
of the a4B7 headpiece in complex with an I/LD mimetic,
RO0505379 (1,6-dimethyl-2-oxo-4-trifluoromethyl-pyridine) (54).
The structure shows that the molecule binds to a cleft between a4
and B7, with its carboxyl group mimicking an aspartic acid side
chain, one oxygen coordinated by a bound metal (Mg>*), and the
other oxygen coordinated by the backbone of Y143 of B7 (Fig.
5A). The leucine mimic (or other small hydrophobic or polar
residue) binds to a small hydrophobic pocket in 37. We docked
our CAP45 V1V2 model in silico with the crystal structure of the
a4B7 headpiece (Fig. 5B and C), showing that our de novo-mod-
eled integrin binding motif fits into the groove between a4 and 7,
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with shape complementarity. Residues P179 and D180 make the
largest contacts with the a437 headpiece, and the other residues
between residues 179 and 187 make additional, minor contacts.
Moreover, the positive charge at Arg"*> of Fab 2158, which forms
the base of the primarily hydrophobic pocket, may partially mimic
the positive charge of the Mg>" ion seen binding to the aspartic
acid mimic in the 437 headpiece crystal structure.

DISCUSSION

The V2 region of gp120 has gained attention recently because the
RV 144 correlate analysis suggested that the presence of anti-V2
antibodies reduces the risk of infection (2, 3). Unlike the case for
several other immunogenic regions of gp120, structural informa-
tion about V2 is only beginning to come to light, and additional
structural information is necessary for the design of an effective
vaccine targeting the V2 region. Here we solved the crystal struc-
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FIG 5 Docking of V1V2 model onto the a437 headpiece. (A) A small molecule, RO0505379 (purple), which mimics the common Ile/Leu-Asp amino acid motif
(equivalent to '"?LD"'®), in complex with the a4f7 integrin headpiece (green/dark green) and the Fab fragment of MAb Act-1 (PDB ID 3V4V). (B) The
7SpDV'¥ fragment (cyan) of our CAP45 V1V2 model (Fig. 2) was superimposed over the position of RO0505379, showing that the '7*PDV'® motif in CAP45
can interact with the «4B7 integrin headpiece in the same manner as that for RO0505379. (C) Side view of our full CAP45 V1V2 model docked in silico into the
47 integrin headpiece (the a4 subunit is shown in green, and the 37 subunit is shown in dark green) complexed with Fab Act-1 (gray and light gray; used in
the crystallization to lock the a47 headpiece in the open conformation). The integrin binding site of V2 (black arrows) docks into the same conformation as the

superposition of the PDV fragment with RO0505379 shown in panel B.

ture of the Fab fragment of human MADb 2158, specific for an
epitope of the V2i type overlapping the integrin binding site, and
used these data along with existing crystallographic data and mod-
eling techniques to compare the different categories of V2-di-
rected MAbs and the epitopes they recognize. The V2i-specific Fab
2158 displayed several properties in stark contrast to those of V2q
MAbs, e.g., PG9, and V2p MAbs, e.g., CH58. The long CDR H3
loop of 2158 makes a sharp bend to form a convex hydrophobic
surface. In contrast, V2q MADbs have a large, negatively charged,
“hammerhead” CDR H3 subdomain, and V2p MADs also have a
negatively charged surface. Our analysis of Fab 2158 suggests that
MADb 2158 binds V2 with residues mainly from the heavy chain,
and a small pocket located between CDRs H1 and H3 may be
involved in binding of a negatively charged side chain of an
epitope residue. Thus, MAb 2158 binds V2 by using a surface
comprised primarily of hydrophobic side chains. The nonspecific
nature of these hydrophobic contacts may explain why MAb 2158
can react with gp120s from multiple clades (7).

Our structural modeling of the unresolved V2 region of resi-
dues 177 to 191 in the V1V2 crystal structures shows a hydropho-
bic core formed by F176, V181, Y191, and L193. To examine this
further, we systematically calculated the computational energy
differences between our V1V2 model and an array of computa-
tional mutants (see the supplemental material), allowing us to
predict mutations that might either alter or retain the V2 confor-
mation. This information was then used to choose structurally
relevant mutants to clone, express, and test for binding by MAb
2158. The binding data (Fig. 3) and previously published data (32,
33) show that mutations in the same four residues, identified with
high AAG differences (residues 176, 181, 191, and 193), radically
decrease binding by MAb 2158; the side chains of all four of these
residues orient toward the core of the V2 structure (Fig. 2C). Our
V1V2 model shows that F176 has a 135-A% buried surface area in
the V2 core, and the high AAG value for its alanine mutant also
indicates the likeliness that V2 may alter its conformation with the
F176A mutation, correlating with a loss of binding shown in pre-
vious data (32, 33). Additionally, the loss of the large hydrophobic
side chain of Y191, whose buried surface area was 112 A* in our
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model, in the Y191G mutation resulted in almost complete MAb
2158 binding abrogation. Similarly, L193 has a 112-A* buried sur-
face area in the V2 core, and the loss of its side chain abrogated
binding, again suggesting that L193 is a critical residue in stabiliz-
ing MAb 2158’s epitope. Thus, both the modeling and binding
data strongly suggest that residues 176, 181, 191, and 193 form a
hydrophobic core essential for the structure and availability of the
residues to which MAb 2158 binds.

These data are relevant to understanding the results of the sieve
analysis of the V2 sequences of the breakthrough viruses in the
RV144 clinical vaccine trial, which indicated that the vaccine was
most effective if the isoleucine at position 181 of the vaccine was
mismatched; a mismatch at position 181 resulted in a 78% esti-
mated vaccine efficacy (34). In our structural model, the valine
side chain that exists at position 181 in CAP45 contributes to the
hydrophobic core, along with the side chains of F176, Y191, and
L193. Residue V181 has a 94-A buried surface area, and our com-
putational stability (AAG) analysis suggests that only smaller hy-
drophobic residues at position 181 are likely to maintain a stable
structure (see the supplemental material). In particular, an in silico
mutation of the commonly occurring amino acid, V1811, resulted
in almost no change in computational energy over the wild-type
valine in CAP45 (AAG = 0.1). Substituting an isoleucine at posi-
tion 181 in our model showed that the mutant has a 122-A buried
surface area in the hydrophobic core, representing a 28-A* in-
crease in the buried surface area. However, replacing residue 181
with a larger hydrophobic amino acid, such as leucine or methio-
nine, was predicted not to be as stable (AAG = 2.8 for leucine and
3.4 for methionine). This suggests that the proportion of con-
tacted surface area from an isoleucine at position 181 may be ideal
for maintaining a tightly packed V2 conformation, and thus may
be advantageous for the virus. In the case of RV144, when residue
181 is an amino acid mismatching the vaccine isoleucine residue,
the V1V2 core will be loosely packed, potentially making the
epitopes targeted by V2p antibodies more accessible. Thus, the
virus became more vulnerable to antibodies induced in the RV144
study, and the structural modeling and binding data presented
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FIG 6 Alternative conformation of strand C region of V1V2. (A) We used Rosetta 3.4 homology and loop-modeling applications to build de novo a region
between residues F159 and L175 in our V1V2 CAP45 model (gray arrows; partial strand B and full strand C), without bias from the original PG9-bound starting
template. The remodeled region contains an a-helix between residues K168 and L175 (magenta). (B) The helical conformation between residues K168 and L175
complexed with Fab CH58 (30) was superimposed with our remodeled-strand-C full V1V2 (dotted box in panel A). While the side chains presented small
differences in their chi angles, the overall backbone conformation between the crystallized peptide (tan) and our model (magenta) superimposed well. (C)
Surface representation of the remodeled V1V2 and mapped epitope residues (Fig. 4). Note that in the helical conformation, residues K168 and K169 would be
located on the same face and in sufficient proximity to the integrin binding site that the V2i mAbs might be able to form direct contacts with them.

here assist in understanding the importance of maintaining par-
ticular hydrophobic amino acids at position 181.

The V2 integrin binding motif at positions 179 to 181 (LDI in
most gpl20 strains, but PDV in CAP45) has been proposed to
bind a4B7 integrin on host cells in the early stages of viral infec-
tion (13, 17, 55), although this issue remains controversial (11).
Our mutational data and those of Mayr et al. (33) suggest that the
epitope of MAb 2158 and other V2i MAbs overlaps the integrin
binding motif (Fig. 4) and that mutations at position D180
(D180G, D180S, and D180E) abrogate binding to MAb 2158. The
experimental data, together with our computational analysis, sug-
gest that most mutations of this residue do not induce conforma-
tional changes of the V2 structure. Taken together, these data
indicate that the D180 side chain likely mediates direct contact
with MAb 2158.

Current data have demonstrated that strand C of V1V2 can
adopt different conformations. The crystal structures of the V2q
MAbs PG9 and PG16 in complex with a scaffolded V1V2 have
shown that the region between residues 170 and 176 forms strand
C of the 4-stranded beta sheet (28). In contrast, recent epitope-
complexed structures of V2p-specific MAbs CH58 and CH59,
which were isolated from an RV 144 vaccine recipient, suggest that
this region also exists as a helix or a coil (30). There are several
possible explanations for these differences: one is that the beta
strand conformation is preferentially present in trimeric gp120,
while the helical conformation preferentially exists in monomeric
gp120 (30). We computationally constructed another model of
V1V2, in which we removed all the atoms from the strand B-C
region (positions 159 to 175) and built de novo a loop without the
bias of any template structure (Fig. 6A). The remodeled region
forms a helix between residues K168 and L175, which superim-
poses well with the helical epitope recognized by MAb CH58 (Fig.
6B). This alternative conformation shifts the position of K169 to
the same exposed surface as that of the integrin binding site, which
brings K169 to within 15 A of V181, potentially part of the epitope
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recognized by MAb 2158, an intriguing possibility given that a
match at position 169 was a correlate of reduced risk in RV144
(34). Another possibility is that tier 1 viruses preferentially harbor
the helical conformation, while tier 2 viruses prefer the beta
strand, a hypothesis which is consistent with the preferential neu-
tralization of tier 2 viruses by MAb PG9 (24). Itis also possible that
inserting V1V2 into the protein G beta subunit (PDB entry 1FD6)
scaffold stabilized its conformation for optimal binding to MAbs
PGY and PG16. In examining the crystal structures of the scaf-
folded V1V2, one finds that K168 can form a salt bridge with a
glutamic acid on the 1FD6 scaffold. This contact with the scaffold
may stabilize VIV2 in the PG9/PG16 binding conformation. Tri-
meric gp120 on the native virion may have such stabilizing factors,
such that it preferentially harbors the epitopes recognized by V2q
MAbs PG9 and PG16 in the quaternary Env structure (21, 22).
When such stabilizing constraints are removed, the region for
strand C in V1V2 may prefer the helical structure found in the
complex of MAb CH58 with a V2 peptide, concurring with our
computational modeling (Fig. 6). Together, these data suggest
that strand C of V2 may adopt alternative conformations, and the
loss of binding to MAb 2158 reported with the introduction of
mutations at residues 168 and 169 in strand C may be due to
conformational changes rather than direct antibody contacts.
Understanding the structural contributions of each residue in
V2, the various conformations that V2 can assume, and the iden-
tities of the amino acids that interact with V2 antibodies will con-
tribute to the selection and design of immunogens that can induce
V2 antibodies with protective functions. Such immunogens
may be trimeric envelopes, monomeric gp120, or recombinant
epitope-scaffold immunogens, such as scaffolded V1V2s. The data
presented above provide both modeling and binding data that
address issues of structure, conformation, and antigenicity, and
they provide a possible explanation for the findings from the
RV144 sieve analysis that a mismatch of 181 in V2 leads to en-
hanced vaccine efficacy (34) and that different families of MAbs
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specific for regions in strand C of V2 can recognize multiple con-
formations (28, 30). Together, these studies may help to lay the
foundation for designing immunogens capable of inducing pro-
tective V2 antibodies.
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