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Fig. 2 - Development of a cleavage activity assay for XMRV PR using the luminescent assay AlphaScreen. A. Schematic diagram
of the substrate construction of XMRV PR and detection system for the cleavage activity of XMRV PR by luminescent analysis.
Substrate was designed as XMRV Gag capside (CA) and nucleocapside (NC) flanked by N-terminal FLAG and C-terminal biotin
(FLAG_CA-NC_biotin). PR was incubated with the substrate, for 1 h at 37 °C. Subsequentily, protein A-conjugated acceptor beads
with anti-FLAG antibody and streptavidin coated donor beads were added and bound to the tagged substrate. Upon laser
excitation, Donor beads convert ambient oxygen to a singlet oxygen. In the case of non-activity PR, singlet oxygen transfers
across to activate Acceptor beads and subsequently emit light at 520-620 nm. In the case of active PR, no light is produced
because the singlet oxygen can not transfer from Donor beads to Acceptor beads due to the distance (>200 nm). B,C,D. Cleavage
activity of XMRV PR was quantitated by the luminescent assay (Fig.2B). Actual cleavage of XMRV Gag substrate was also
confirmed by immunoblotting with streptavidin-HRP (Fig.2D). The arrow indicates the band for the non-cleaved substrates

(FLAG_GA/NC_biotin).

remains controversial [31], XMRV can however proliferate in
other human prostate cancer cells such as LNCaP or PC3
without severe cytopathic effects [32]. Such conditions of
persistent infection without cell death could conceivably lead
to prolonged exposure of host cell proteins to XMRV PR,
increasing their susceptibility to cleavage with oncogenic
consequences. The important question remains, however, as to
whether this virus has indeed tumorigenic capability. Previous
reports have indicated that XMRV integration is characterized by
a strong preference for transcriptional start sites, CpG islands,
and DNase-hypersensitive regions, all features that are frequent-
ly associated with structurally-open transcription regulatory

regions of the chromosome in prostate cancer cells [33].
Integration of XMRV occurs preferentially in actively-transcribed
genes and gene-dense regions within the chromosome [33].
Oncogenic properties of XMRV have been investigated in cell
culture models. Although XMRV has been reported to lack direct
transforming activity, the virus is able to induce low rates of
transformation in cultured fibroblast cells {34]. Therefore, the
molecular link between XMRV infection and cell transformation
merits further investigation.

Our cumrent data demonstrates that APV is a potent
antagonist of XMRV PR. During the preparation of this manu-
script, Li et al. reported the crystal structure of complexes
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D. Dose-response curve of XMRV PR with HIV Pis using AlphaScreen {(upper panel). ICs, values were calculated for each
inhibitor (lower panel). E. Dose-response curve of XMRV PR and HIV-1 PR with APV using AlphaScreen (upper panel).

ICso values were calculated for each protease (lower panel).

formed between XRMV PR and several protease inhibitors,
including APV [24,35]. In the current study we moved a step
closer to clarifying the molecular interactions between XMRV PR
and APV during drug-resistance, by developing an effective cell-
free in vitro protease assay for XMRV PR. This assay revealed that
an Ala57Val substitution induced significant drug-resistance to
APV regardless of the integrity of the protease activity. The data

indicates that this cell-free assay is useful for analyzing the drug-
resistance properties of retroviral proteases.

Proteases often modify the activities of their target substrates
[36]. Identification of the specific substrates cleaved by viral PR is
of great significance for understanding the molecular etiology of
virus infection. Proteomic studies with mass spectrometry could,
theoretically, exhaustively identify the cellular proteins cleaved
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Fig. 6 - Comparative analysis of host proteins cleaved by XMRV PR and HIV-1 PR. The recombinant host proteins flanking FLAG
and biotin (FLAG-X-biotin) were incubated with either XRMV PR or HIV-1 PR at 37 °C for 2 h followed by SDS-PAGE. The proteins
were detected using anti-FLAG-Alexa592 antibody (green) and Alexa488-conjugated streptavidin (red). Full-length protein is

seen as a yellow band. Arrows depict the cleavage producis.

by retroviral proteases in infected cells. However, this cell-based
will run into difficulty identifying individual substrates if several
host proteases act simultaneously on the substrate. To circum-
vent this potential problem we developed the cell-free in vitro
method for the identification of substrates cleavable by XMRV PR.
Wheat extracts purified rarely include endogenous proteases that
can interfere with the proteolytic reaction, making them suitable
for the cell-free protease assay.

Tumor suppressor proteins play a major role in preventing
tumor initiation. Our current results demonstrate that XMRV PR
can cleave PTEN and BAX tumor suppressors as well as the
intrinsic substrate XMRV Gag. It has been reported that the
C-terminal region of PTEN is important for the protein’s
stability, and the C-terminal deletion mutant is degraded
rapidly in cells [37]. Since XMRV cleaves within the C-terminal
region, the native function and stability of PTEN might be
abrogated by XMRV infection. The N-terminal region of BAX has
been demonstrated to mediate its activity in apoptosis {38]. We
demonstrated in the present study that XMRV PR can cleave the
N-terminal region of BAX, suggesting that XMRV infection
might affect the activity of BAX protein.

A biochemical approach to the evaluation of PR-inhibitor
susceptibility has been attempted previously using several
related methods {39,40]. The essence of each of these pro-
cedures is the synthesis of catalytically-active PR and sub-
strate peptide and inhibitor in vitro, and measurement of the
amount of substrate cleavage. The advantage of this approach
is that it can directly detect the catalytic activity of PR. However,
it is often difficult to produce sufficient quantities of enzymat-
ically active viral PR in conventional cell-based protein expres-
sion systems such as E. coli or insect cells. In our current study,
we successfully created catalytically-active XMRV PR in a cell-
free system that, when mixed with a reporter substrate flanked
with N- and C-terminal fluorophores, substrate cleavage could
be assayed by AlphaScreen or 2-color IB. This approach directly
evaluates the cleavage activity of the PR and, in addition,
cleavage sites can be estimated by the size of cleavage products.
The current availability of full-length ¢cDNA libraries, derived

from higher eukaryotes, will facilitate the in vitro synthesis of
full-length proteins, making this cell-free system approach
could further be applicable to the assay of a broad range of, not
only viral, but also host proteases.

5. Conclusion

We have delineated the molecular and enzymatic character-
istics of XMRV PR by utilizing wheat-germ cell-free protein
synthesis and AlphaScreen. Furthermore, we have devel-
oped an in vitro cleavage assay for drug screening based on
the enzymatic activity. Our results suggest that XMRV-
protease cleavage of certain host proteins and inhibited by
APV. Further in vivo studies with XMRV-infected cells will be
necessary to confirm a molecular link between XMRV and
human diseases.
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Introduction

The third variable (V3) element of the human immunodefi-
ciency virus type 1 (HIV-1) envelope gpl20 protein is usually
composed of 35 amino acids. The element forms a protruding
loop-like structure on the gp120 outer domain [1], is rich in basic
amino acids, and has aromatic amino acids for the aromatic
stacking interaction with proteins. The V3 loop participates in
direct binding to the entry coreceptor [2] and constitutes the
most critical determinant for the coreceptor use of HIV-1
[3,4,5,6]. In addition, the tip of V3 is highly immunogenic and
contains neutralization epitopes for antibodies [7,8,9], although
the epitopes can be inaccesible in the gp120 trimer on a virion of
the HIV-1 primary isolates {10,11] or HIV-1 recombinants with
less positively charged V3 [12,13]. Moreover, the V3 is reported
to be the major determinant of HIV-1 sensitivity to neutraliza-
tion by the soluble form of CD4 [14,15,16], a recombinant
protein that binds to the cleft of the gp120 core [17]. Thus, the
V3 loop plays a key role in modulating biological and
immunological phenotypes of HIV-1. However, the molecular
mechanisms underlying these modulations remain poorly
understood.

It has been reported that the net charge of the V3 loop is tightly
linked to the phenotype of HIV-1. The V3 loops of CCR5 tropic

“E). PLoS ONE | www.plosone.org

HIV-1s are usually less positively charged than those of CXCR4
tropic HIV-1s [18,19,20,21]. An increase in the V3 net charge can
convert GCR5 tropic viruses into CXCR4 tropic viruses
[4,22,23,24], and antibody resistant viruses into sensitive viruses
[12,18]. Thus the V3 loop may be viewed as an electrostatic
modulator of the structure of the gpl20 interaction surface, an
assumption that is largely unexamined.

Increasing evidence has indicated that the dynamics property
of molecules in solution is critical for protein function and thus
for many biological processes [25,26,27]. Molecular dynamic
(MD) simulation is a powerful method that predicts the structural
dynamics of biological molecules in solution, which is often
difficult to analyze by experiments alone [28,29,30]. Recent
advances in biomolecular simulation have rapidly improved the
precision and application performance of this technique
[28,29,30]. We have previously applied this technique to
investigating the structural factors that regulate biological
phenotype of viruses [13,31,32]. In this study, by combining
MD simulations with antibody neutralization experiments and
diversity analysis of the viral protein sequences, we studied a
structural basis for the regulation of HIV-1 phenotype by V3
loop.

May 2012 | Volume 7 | Issue 5 | 37530
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Results

Molecular dynamics simulation study

To address the potential role of the V3 net charge in modulating
the structure and dynamics of the gpl20 surface, we performed
MD simulations of the identical gp120 outer domains carrying
different V3 loops with net charges of +7 or +3 (Fig. 1A). The
initial structures for the simulations were constructed by homology
modeling using the crystal structure of HIV-1 gp120 containing an
entire V3 loop as the template. Due to the perfect identity of the
outer domain sequences of the V3 recombinant gp120s, the outer
domain structures of the initial models for the MD simulations
were identical before the simulations. The modeling targets in this
study belong to HIV-1 subtype B and had a sequence similarity of
about 87.3% to the modeling template. This similarity was high
enough to construct high-accuracy models with an RMSD of
~1.5 A for the main chain between the predicted and actual
structures in the tested cases with homology models and x-ray
crystal structures [33]. These initial models were lacking in V1/V2
loops and glycans on the gpl120. The recombinant models are
therefore suitable for exploring the potency of the structural
regulation that is intrinsic to the V3 loop.

Using these models as the initial structures, we analyzed the
structural dynamics of the gp120 outer domains in the absence of
soluble CD4 by MD simulation. It was expected that the MD
simulations would eliminate initial distortions in the template
crystal structure, which could be generated during crystallization,
and search for the most stable structures of unliganded gp!20
outer domains at 1 atm at 310 K in water. The simulations
showed that the same gp120 outer domains, carrying different V3
loops with net charges of +7 or +3, exhibited marked changes in
conformations and fluctuations at several functional loops at 1 atm
at 310 K in water (Figs. 1 and 2).

To quantitatively monitor the overall structural dynamics of the
outer domain during MD simulation, the RMSDs between the
initial model and models at given times of MD simulation were
measured. The RMSD sharply increased soon after heating of the
initial model and then gradually reached a near plateau after 10 ns
of the MD simulations (Fig. 1B). The results suggested that most of
the backbone heavy atoms of the outer domain reached a
thermodynamic equilibrium after 10 ns of the simulation under
the conditions employed. However, fluctuations of the RMSDs
were still detectable even at around 30 ns of the simulations,
suggesting that some regions of the outer domains continued to
fluctuate.

To map the heavily fluctuating sites in the gp120 outer domain,
we calculated the RMSF of the main chains of individual amino
acids during the MD simulations. The RMSFs, which provide
information about the atomic fluctuations during MD simulations
[34], were found to be much greater in the amino acids
constituting loops than those of the structured regions, such as
helixes and B-sheets (Figs. 1C and 1D). These results are consistent
with the general observations of proteins in solution, and indicate
that the loops of the gpl20 outer domain intrinsically possess
structural flexibility in water. Notably, the RMSFs in some loops
were markedly different between the two V3 recombinant gp120s.
For example, the RMSF in the 20-B21 loop was much greater in
the Gpl20par-tHoovs (Fig. 1CG). Conversely, those in the D loop
were greater in the Gpl20parNm1vs.

HIV-1 gpl20 V3 loop often has a motif for the N-linked
glycosylation that is usually preferentially conserved in R5 viruses
(Fig. 1A). To address potential impacts of the glycan on the MD
simulations, we performed MD simulation in the presence of a
high mannose oligosaccharide in the V3 loop. We observed any
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significant differences in the structure and dynamics of gpl120
outer domain in the presence or absence of the glycan (data not
shown). This is reasonable because the glycosylation site is exposed
toward an opposite direction from the gp120 core (Fig. 1D).

To clarify structural differences between the Gpl20parNm1vs
and Gpl20; ar-THoovs, wWe constructed their averaged structures
using the 40,000 snapshots obtained from 10-30 ns of MD
simulations using ptraj module in Amber 9. Superposition of the
averaged structures showed that the relative configuration of the
V3 loops and P20-B21 was markedly different between the two
outer domains: the V3 tip protruded a greater distance from the
B20~B21 loop in the Gpl20parTHoovs than in the Gpl20p.;
~nuivs (Fig. 2A). The superposed structures also revealed
differences in a region around the CD4 binding site (Fig. 2A,
right panel with enlarged CD4 binding site). The relative
configuration of the CD4 binding loop to the exit loop is critical
for the gp120 binding to the CD4, a primary infection receptor of
HIV-1 [17]. Therefore, we analyzed the distance between the
CD4 binding and exit loops by measuring the distance (Dy15.99;)
between the Co of Glyl15 and the Co of Gly221 as an indicator
(Fig. 2B). As expected from the fluctuations of the CD4 binding
loop, the Dy;5.991 fluctuated during the MD simulations (Fig. 2C).
However, the D599, was significantly smaller in the Gp1201.
THoovs than in the Gpl20parNmivs (Fig. 2D; p<0.001, Student’s
ttest): the Dyy5.09; ranged from 415 A with an average of ~8 A
for the Gpl120parTHO9vs and from 7-17 A with an average of
~10 A for the Gpl120parnm1vs. These data suggest that the CD4
binding loop tended to be positioned more closely to the exit loop
and thus tended to be sterically less exposed in the Gpl20pa1
THo9v3 than the Gpl20par.nm1vs.

Neutralization study

The above structural data raised the possibility that the
reduction in the V3 net charge might reduce HIV-1 neutralization
sensitivity by the anti-CD4 binding site antibodies. To address this
possibility, we performed a neutralization assay using the two
isogenic HIV-1 recombinant viruses, HIV-1y ap.nm1vs and HIV-
ILAI—THOQVS [35}, which carry the GPIQOLALNHIVS and GplQOLAI,
THoovs, Tespectively. These viruses were pre-incubated with
various human MAbs against the CD4 binding site, and the
reductions in viral infectious titers were measured using a HelLa-
cell-based single-round viral infectivity assay system [36].

Table 1 summarizes the results of the neutralization assay. As
expected, the two viruses exhibited markedly distinct neutraliza-
tion sensitivities to the three human MAbs against the CD4
binding site. HIV-11 a1.nm1vs was consistently neutralized with all
three MAbs against the CD4 binding site (49G2, 42F6, and 0.58),
with NDsg values ranging between 0.224 and 0.934 pg/ml. In
marked contrast, HIV-lparrHoovs was highly resistant to
neutralization by these MAbs, and 10 pg/ml of antibodies failed
to block the viral infections. The two viruses were equally resistant
to an anti-Gpl20 antibody (4Cl1) that recognizes the Gpl20
structure after CD4 binding. The result indicates that the CD4-
induced gpl20 epitope of the 4C11 are not preserved in the V3
recombinant viruses used in the present study. Conversely, they
were equally sensitive to another ant-Gp120 antibody (4301 [37])
whose epitope is located outside of the CD4 binding site. A human
MADb 8D11 used as a negative control had no effect on the viral
infectivity in this assay.

Diversity study

Host immunity is a driving force behind the antigenic diversity
of envelope proteins of the primate lentiviruses that establish
persistent infection in hosts [23,38,39,40,41]. The above and
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Figure 1. MD simulation of the identical gp120 outer domain carrying a V3 loop with net charge of +7 or +3. (A) Schematic
representation of the gp120 open reading frame along with the amino acid sequences. The net charge indicates the number of positively charged
amino acids (R, K, and H) minus the number of negatively charged amino acids (D and E) in the V3 loop. A light blue box indicates the outer domain
used for the MD simulations. A pink box indicates the V3 loop. The numbers indicate amino acid positions at the outer domain (amino acids 1 to 233
in Figure 1A correspond to amino acids 256 to 489 in the gp120 of HIV-1;4)) or the V3 loop. An open black box in the V3 loop sequence indicates a
potential site for the N-linked glycosylfation. (B-D) Left panels: Gp120; a..nHivs; Right panels: Gp120 ) tHosvs. +7 and +3 indicate the net charges of V3
loops of the recombinant proteins. (B) Time course of RMSD during MD simulations. The RMSD values indicate the structural fluctuations of the outer
domain in aqueous solution. The numbers in the horizontal axes indicate the time of MD simulation. (C) Distribution of RMSF in the gp120 outer
domain. The RMSF values indicate the atomic fluctuations of the main chains of individual amino acids during 10-30 ns of MD simulations. The
numbers in the horizontal axes indicate amino acid positions at the outer domain. (D) Superimposition of Gp120 models at 10, 15, 20, 25, and 30 ns
of MD simulation. A green asterisk indicates approximate position of a potential N-glycosylation site at the V3 stem. A green arrow indicates the site

of the disulfide bond at the V3 base.
doi:10.1371/journal.pone.0037530.g001

previous [12,13,14,15,16] neutralization studies raised the possi-
bility that the gp120 surface might be less heterogeneous in gp120
subpopulations that have a less positively charged V3 loop, due to
greater magnitudes of resistance to the antibody neutralization. To
address this possibility, we performed an information entropy
study using sequences in the public database. We extracted full-
length gp120 amino acid sequences of HIV-1 subtype CRFO1_AE
that has the same evolutionary origin and is spread throughout
southeast Asia [42]), and divided them into subgroups on the basis
of the net charge of V3 loop (+2, +3, +4, +5, +6, +7, and +8). The
sequences were used to calculate the Shannon entropy scores, /(1)
[1], to denote the diversity of individual amino acids within each
subpopulation.

Figure 3 shows the 3-D distribution of the H(i) scores of
individual amino acids plotted on the HIV-1 gpl20 crystal
structure (PDB code: 2B4C [1]), where the green to orange regions
were suggested to have more variable amino acids than the blue
ones. In the gp120 subpopulation that has +7 V3 loop, the H(j)
scores often exceeded 2.0 bits at many residues, reaching close to
the maximum value of 4.4, i.e., the diversity was maximal, at the
V5 region (Fig. 3A, left panel). Regions with high H(i) scores
included the functional sites, such as the V3 loop and the regions
around the CD4 binding site. In marked contrast, in the gp120
subpopulation carrying the +3 V3 loop, the H(i) scores were
almost zero, i.e., the diversity was minimal, at many amino acids,
but not at those in the V4, V5, and LE regions (Fig. 3A, right
panel). Importantly, relatively high levels of conservation were also
detected with amino acids in the otherwise highly variable V3
loop. Moreover, a region adjacent to the CD4 binding loop was
also less heterogeneous compared with those of the gpl20
subpopulation carrying +7 V3 loop (Figs. 3B). In the gpl20
subpopulations carrying the +2, +3, 4, and +5 V3 loops, the H(3)
scores were indistinguishable from each other: they were less
heterogeneous than the subpopulations carrying the +6, +7, and
+8 V3 loops. Similar results were obtained with HIV-1 subtype C
that represents the most predominated HIV-1 in the world (data
not shown).

Discussion

The ability of HIV-1 to rapidly change its phenotype greatly
complicates our efforts to eradicate this virus. Elucidation of
structural principles for the phenotypic change may provide a clue
to control HIV-1. In this study, by combining MD simulations
with antibody neutralization experiments and diversity analysis of
the viral protein sequences, we studied a structural basis for the
phenotypic change of HIV-1 by V3 mutations. To address this
issue, we used a V3 recombinant system; we performed a
computer-assisted structural study and an infection-based neutral-
ization assay using gp120 proteins whose amino acid sequences are
identical except for V3 loop. In combination with an informatics
study, we obtained evidence that the HIV-1 V3 loop acts as an
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electrostatic modulator that influences the global structure and
diversity of the interaction surface of the gpl20 outer domain.

Using MD simulation, we first examined whether the V3 net
charge could affect the structural dynamics of the HIV-1 gpl20
outer domain surface. Initial structures of the outer domain of the
two gplQOS, Gpl2OLAI-NH1V3 and GplQOLA].Tﬂogvg, were identi-
cal before MD simulations, because the domains were both
derived from HIV-1y,; strain. Remarkably, however, the two
molecules with distinct V3 loop exhibited markedly distinct
structural dynamics following MD simulations (Figs. 1 and 2).
These data strongly suggest that the V3 net charge can act as an
intrinsic modulator that influences the structural dynamics of the
interaction surface of the gp120 outer domain. Such a global effect
on structure by a local electrostatic change has been reported with
bacteriorhodopsin [43]. In general, the long-range effects of non-
electrostatic contributions are negligible, whereas those of the
electrostatic contributions are not [34]. Therefore, it is reasonable
that the changes in overall charge of the V3 loop element caused
the global effects on the gpl20 structure via alteration of the
electrostatic potentials of the gp120 surface.

We next studied biological impact of the structural changes
predicted by MD simulations. The MD simulations suggested that
the CD4 binding loop was less exposed in the Gpl20parNm1vs
than the Gpl20painmivs (Fig. 2). The finding predicted that
reduction in V3 net charge could cause reduction in neutralization
sensitivity to the anti-CD4 binding site antibodies. This possibility
was assessed by neutralization assay. We used infectious HIV-1y 41
clones having the GplQOLA[.NHlvg or the GplQOLAI.TH()gvg to
assess their neutralization sensitivities to the anti-CD4 binding site
MAbs. Notably, we indeed observed marked reduction in the
neutralization sensitivity in HIV-1p4; having Gpl20partioovs
(Table 1). The results are consistent with the structural changes
predicted by MD simulations, as well as previous findings on
neutralization sensitivity of HIV-1s to soluble CD4 [14,15,16].

We further studied evolutionary impact predicted by MD
simulations and the neutralization studies. These studies predicted
that reduction in V3 net charge could cause reduction in sequence
diversity around the CD4 binding site due to reduced sensitivity to
positive selection pressures of antibodies. Notably, we indeed
observed marked reduction in the gp120 diversity: our Shannon
entropy data show that otherwise variable surfaces of gp120, such
as V3 and a region around the CD4 binding loop, are less
heterogeneous in the gp120 subgroups carrying a V3 loop with a
+3 charge (Fig. 3).

Previous cryo-electron microscopy studies have indicated that
gp120 forms a trimer on an HIV-1 virion, where the CD4 binding
sites are exposed on the outside surface in the solution [44,45,46].
Therefore, it is reasonable that gpl20 with +3 V3 with less
exposed CD4 binding loop is less sensitive to neutralization by
anti-CD4 binding site antibodies (Table 1) and less heterogeneous
around the CD4 binding site (Fig. 3). Collectively, our results
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Figure 2. Comparison of the averaged 3-D models during MD simulation. (A) Superposition of the averaged structures obtained with the
40,000 snapshots obtained from 10-30 ns of MD simulations using ptraj module in Amber 9. Red and Blue ribbons: loops of Gp120,z.nH1vs and
Gp120,a1-THoov3 With V3 net charges of +7 and +3, respectively. (B-D) Configuration and structural dynamics of the CD4 binding loop. The distance
between the Co of Gly115 and the Ca of Gly221 in the CD4 binding loop was calculated to monitor configurational changes (B). The distance was
monitored during the 10-30 ns of MD simulation (C) and the average distance with variance was plotted (D). +7: Gp120arnH1va: +3: GP120; arTHosv3-

doi:10.1371/journal.pone.0037530.g002

obtained with all three approaches agree with each other and
suggest that V3 net charge is an intrinsic factor that influences
structural property, antibody sensitivity, and sequence diversity of
CD4 binding site.

The HIV-1 gpl20 outer domain has several functional or
immunogenic loops involved in binding to CD4, coreceptor and
antibodies. Our MD simulations predicted that V3 net charge
influences fluctuation and conformation of these loops (Figs. 1 and
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2). The V3-based structural modulation of the gp120 surface loops
may be an effective mechanism to alter effectively the phenotype
and relative fitness of HIV-1. For example, a change in the V3 net
charge by mutations may induce changes in V3 conformation
(Figs. 1D and 2A) [13], which in turn may influence intra- or inter-
molecular interactions among gpl20 monomers and thus global
structure of gpl20 trimer on a virion. Generation of a swarm of
structural variants by V3 mutations could help generating the best-
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Table 1. Neutralization sensitivity of the isogenic V3 recombinant HIV-1 to anti-gp120 monoclonal antibodies.

NDso (ug/mi)®

Antibody ID g subtype Epitopes on Gp120

human IgG1

CD4 binding site”

42
0.55 [59) human 1gG1

#Neutralization epitope in the Gp120 outer domain before CD4 binding.
*Neutralization epitope induced in Gp120 after CD4 binding.

*Epitopes outside of the CD4 binding site [37].

®The effect of each antibody on viral infectivity was tested in duplicate.
doi:10.1371/journal.pone.0037530.t001
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Figure 3. Diversity of the gp120 subpopulations carrying a V3 loop with net charge of +7 or +3. Full-length gp120 sequences of the HIV-1
CRFO1_AE [42] were extracted from a public database, and divided into subgroups on the basis of the net charge of the V3 loop (+2~+8). The divided
sequences were used to calculate the Shannon entropy, H(i) [63], within each subpopulation, and the H(i) values were plotted on the 3-D structure of
gp120 (PDB code: 2B4C [1]). The results for the gp120 subgroups that have V3 loops with +7 (left panel) and +3 (right panel) charges are shown as
representative. The numbers of sequences used to calculate the H(i) were 9 and 81 for +7 and +3, respectively. (A) Distribution of H(i) in the gp120
monomer. (B) Distribution of H(i) around the CD4 binding site.

doi:10.1371/journal.pone.0037530.g003
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fit variants under changing environments during persistent
infection of HIV-1 in vive. Further study is necessary to address
above issue.

Thus far fine structures of neither the intact gpl20 monomer
nor trimer are available. However, recent crystal structure study
disclosed a structure of V1/V2 domain [47], which had been the
major gpl20 region lacking structural information. The V1/V2
domain is located on the outer surface of gpl20, as is V3, and can
participate in phenotypic changes of HIV-1 [48,49]. In this regard,
Kwon et al [50] have found an intriguing role of gp120 variable
loops; gpl20 core has an intrinsic preference to form the CD4-
bound conformation, whereas the variable loops, such as V1/V2
and V3 loops, play key roles in preventing conformational
transitions into the CD4-bound state that is sensitive to
neutralization. Thus it is conceivable that configurational changes
of V3 loop by V3 mutations play roles in modulating structural
dynamics of the unliganded gpl20 core and neutralization
sensitivity of HIV-1. Availability of the V1/V2 loop structure will
promote structural study of the whole gp120 monomer containing
V3 loop, V1/V2 domain, and glycans. Our findings will provide a
structural basis to elucidate intra-molecular interactions of these
elements, which in turn will allow the study of structure, function,
and evolution of gp120 trimer. Incorporation of MD simulation
into these studies will help understanding structural dynamics with
which HIV-1 adjusts its relative replication fitness in nature.

Materials and Methods

Characteristics of the gp120 proteins and HIV-1s used
We used two isogenic recombinant gpl20 proteins, termed
GPIQOLAI-NHIV3 and GpIQOLAI.TH()g\/g [35], for the present
structural and neutralization studies. They differ only in their
V3 IOOpS, The GplQOLAI.NHI\zg and Gpl?OLAI.THQQV?, have the
35-amino-acid-length V3 loops from HIV-I-infected individuals in
the gp120 backbone of the HIV-1 s strain [35]. The net charges
of the V3 loops are +7 and +3 for the Gpl20parnmivs and
Gp120pa1-THo9VS, Tespectively (the V3 net charge represents the
number of positively charged amino acids (R, K, and H) minus the
number of negatively charged amino acids (D and E) in the V3
lOOp). The HIV']LAI carrying the GPIQOLAI-NHlVB (HIV-ILAI.
~Hivs) 1s the GXCR4 tropic virus, whereas that carrying the
GplQOLAI_THogvg (HIV'ILAI_TH()gvg) is the CCR5 monotropic
virus [35]. The HIV-1{arnu1vs Is sensitive to neutralization by
antibodies with the ability to bind to the peptides containing the
autologous V3 tip sequences, whereas HIV-1parTHooys is highly
resistant to antibodies targeting the autologous V3 tip sequences

[13].

MD simulation

As the initial structures for the MD simulation, we first
constructed three-dimensional (3-D) models of the outer domains
of the GPIQOLAI-NHIVS and GplQOLAI_TH()g\/g by the Comparative
(homology) modeling method (reviewed in [33,51,52]), as
described previously [13]. We used the crystal structure of HIV-
1 gp120 containing an entire V3 region at a resolution of 3.30 A
(PDB code: 2B4C [1]) as the modeling template. The gp120 core is
in complex with the CD4 receptor and the CD4 induced structure
(CD4i) antibody X5 [1]: it represents the structure after the CD4
binding. We deleted the structures of the CD4 receptor and the
X5 antibody from the 2B4C complex structure to construct the
free gpl20 outer domain models of HIV-1;4; V3 recombinant
viruses by homology modeling. Then the models were subjected to
the MD simulations to analyze structure and dynamics of the
gp120 outer domain in the absence of the CD4 receptor and the
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X5 antibody interactions. The homology modeling was performed
using tools available in the Molecular Operating Environment
(MOE) program (MOE 2008.10; Chemical Computing Group
Inc., Montreal, Quebec, Canada). The 186 amino-terminal and
27 carboxyl-terminal residues were deleted to construct the gp120
outer domain structure. We optimized the 3-D structure
thermodynamically via energy minimization using an MOE and
an AMBERO9 force field [53]. We further refined the physically
unacceptable local structure of the models based on a Ramachan-
dran plot evaluation using MOE. MD simulations were performed
as described previously [13] using the Sander module in the
Amber 9 program package [54] and the AMBER99SB force field
[55] with the TIP3P water model [56]. Bond lengths involving
hydrogen were constrained with the SHAKE algorithm [57], and
the time step for all MDD simulations was set to 2 fs. A nonbonded
cutoff of 12 A was used. After heating calculations for 20 ps to
310 K using the NVT ensemble, the simulations were executed
using the NPT ensemble at 1 atm at 310K for 30 ns.
Superimpositions of the Gpl20parxmivs and Gpl20parTHosvs
structures were done by coordinating atoms of amino acids along
the B-sheet at the gpl20 outer domain. We performed two
independent MD simulations with distinct MD codes and
obtained similar results. Therefore, we present here the data set
from one of the MD simulations as a representation.

Calculation of the root mean square deviation (RMSD)

and root mean square fluctuation (RMSF)

The RMSD values between the heavy atoms of the two
superposed proteins were used to measure the overall structural
differences between the two proteins [34]. We also calculated the
RMSF to provide information about the atomic fluctuations
during MD simulations [34]. In this study, we calculated the
RMSF of the main chains of individual amino acids using the
40,000 snapshots obtained from MD simulations of 10~30 ns. The
average structures during the last 20 ns of MD simulations were
used as reference structures for the calculation of the RMSF. Both
the RMSD and RMSF were calculated using the ptraj module in
Amber 9 [34].

Monoclonal antibodies (MAbs) ,

The 49G2, 42F9, 0.58 and 4Cl1l antibodies used for the
neutralization assay were the human MAbs established from an
HIV-1l-infected patient with long-term non-progressive illness.
Human blood samples were collected after signed informed
consent in accordance with study protocol and informed consent
reviewed and approved by Ethics committee for clinical research
& advanced medical technology at the Faculty of Life Science
Kumamoto University. B cells from the patient’s peripheral blood
mononuclear cells were transformed by EBV, followed by cloning
as described previously [58]. The culture supernatant from an
individual clone was screened for the reactivity to gp120gpy by an
enzyme-linked immunosorbent assay (ELISA). The specificity of
antibodies was determined by gpl20 capture ELISA and FACS
analysis as described previously [59]. Briefly, reactivity of the
mAbs against monomeric gp120 of HIV-1gps was measured with a
gpl120 capture assay in the absence or presence of soluble CD4
(0.5 pg/ml). Decrease in the binding activity was observed for the
mAbs 0.58, 49G2, and 42F9 in the presence of soluble CD4,
whereas enhancement in the reactivity was detected for the mAb
4C11. Reactivity of the mAbs against envelope protein on the cell
surface was measured with a FACS analysis of PMI1 celis
chronically infected with JR-FL in the absence or presence of
soluble CD4 (0.5 pg/ml). No significant difference was observed
for the binding profiles of 0.58, 49G2, and 42F9 in the presence of
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soluble CD4, whereas marked enhancement of binding was
observed for the 4C11 in the presence of soluble CD4. Based on
these binding data, we classified 49G2, 42F9, and 0.56 as CD4
binding site Mabs, and 4C11 as a CD4-induced epitope. All MAbs
used in this study were purified by affinity chromatography on
Protein A Sepharose. A human MAb 8D11 was used as a negative
control for the neutralization assay. Mouse MAb 4301 was
purchased from Advanced BioScience Laboratories, Inc. (Ken-
sington, MD). The 4301 was raised with a mixture of purified
gpl20 of HIV-1yp and HIV-1lyy and broadly reactive with the
gp120 of different HIV-1 isolates [37].

Neutralization assay

We used the two above-described V3 recombinant HIV-1s,
HIV-11arnm1vs and HIV-1pa11H00vs [35], for the neutralization
study. The HIV-1 cell-free viruses were prepared by transfection
of the plasmid DNAs into Hela cells as described previously
[24,35,60]. The neutralization activities of antibodies were
measured in a single-round viral infectivity assay using
CD4"CXCR4"CCR5" Hela cells [36] as described previously
[13]. Briefly, equal infectious titers of viruses (300 blue-cell-
forming units) were incubated with serially diluted MAb prepa-
rations (0.03-10 pg/ml) for 1 hour at 37°C. The cells were
infected with the virus-antibody mixture for 48 hours at 37°C,
fixed, and stained with 5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside. Each antibody dilution was tested in duplicate, and
the means of the positive blue cell numbers were used to calculate
the 50% inhibition dose of viral infectivity (NDs).

Analysis of amino acid diversity

Amino acid diversity at individual sites of the HIV-1 gpl120
sequences was analyzed with Shannon entropy scores as described
previously [13,61,62]. Full-length gp120 amino acid sequences of
the HIV-1 subtypes CRFO1_AE and C were obtained from the
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at the position, and the number of the position, respectively. An
H(i) score of zero indicates absolute conservation, whereas 4.4 bits
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Introduction

Cytotoxic T lymphocytes (CTLs) play a crucial role in HIV
replication control by eliminating virus-infected cells by recogniz-
ing class I Human Leukocyte Antigen (HLA) molecule-viral
peptides (= epitope) complex. This response is thought to be a
major determinant of the viral set point, and consequent disease
progression [1]. However the efficacy of the CTL response is
affected by the extent of polymorphisms in HLA loci and viral
sequences. The HLA region is found on chromosome 6 and is the
most polymorphic loci in the human genome [2]; each individual
expresses up to six different class I alleles out of a vast pool of
allelic variants, the reported number of which reaches 5,399 for
class I HLA molecules (1,757 of HLA-A, 2,338 of HLA-B, and
1,304 of HLA-GC alleles) [3]. In addition, the extensive diversity of
HIV-1 owing to its extreme capacity to mutate has led to a
reported 13 prototype clades and 43 circulating recombinant

@ PLoS ONE | www.plosone.org

forms (CRFs) [4]. Despite such HLA polymorphism and HIV viral
diversity environment, recent genome wide association study
(GWAS) reported the best contribution of class I HLA for viral
control, suggesting the importance of CTL epitope mapping with
responsible HLA information [5]. Several major HIV-1 epitopes
and their restricting HLA alleles have been defined through fine
epitope mapping; 1,344 epitopes and their restricting HLA alleles
have been reported as of February 2012 (CTL Epitopes. Los
Alamos National Lab. http://www.hiv.lanl.gov/). The limitation
of the dataset currently available however, is that the majority of
these epitope/HLA combinations are derived from subtype B-
infected Caucasians or C-infected Africans, and epitope informa-
tion from other subtypes or ethnicities is rare.

The traditional, # vitro method of epitope detection involves
using a matrix of overlapping peptides (OLPs) encoding viral
proteins in Enzyme-Linked Immunospot (ELISpot) assays to

July 2012 | Volume 7 | Issue 7 | 41703

— 210 —



identify a single candidate peptide, from which the 8-1lmer
epitope is mapped down. This is typically followed by the
confirmation of the restricting HLA alleles using tetramers or in
a °'Cr release assay using peptide-specific lines [6,7]. It is a
difficult and labor-intensive process, particularly time-consuming
in the case of epitopes restricted by rare HLA alleles because of the
limited number of samples available.

Recently, alternative, i sifico models for epitope prediction have
been developed [8]. These can broadly be divided into two
models; the first is an algorithm based on the peptide-binding
motif, and the second is a structural algorithm model based on the
crystal structure of HLA molecules. The former is characterized by
the use of motif matrices deduced from refined motifs based on the
pool sequence, enlisting optimal amino acid sequences at anchor
positions in specific HLA alleles. An example of such an algorithm
is the SYFPEITHI [9] database, which predicts the HLA-binding
affinities of peptides by ranking them according to the presence of
primary and secondary anchor amino acids. However these
models are based on reported epitopes and their restricting HLA
alleles, so their predictions are powerful in the context of well-
published HLA alleles but not suitable against rare or novel alleles
with little previous information. Another model of epitope
prediction is the binding affinity model, which calculates the
peptides’ binding affinity and scores it using quantitative matrices
(QMs), a well-known example being the NetMHC [10,11] or the
HLArestrictor [12]. This model scores binding strength as binding
affinity with thresholds to differentiate strong binding peptides and
weak ones in each calculation.

On the other hand, the structural algorithm model does not
require binding motif information, which is advantageous for the
definition of epitopes restricted by HLA alleles with less published
epitope information. Recently, a docking simulation model (DSM)
which takes into consideration binding energy such as electrostatic
interactions and van der Waals (vdw) interactions, together with
the crystal structure of HLA alleles, has been developed [13-17].

Our objectives here are 1) to evaluate the novel i sifico DSM in
predicting previously reported best-defined epitopes in comparison
with existing binding motif-based program, and 2) to apply the
model to predict optimal size of the epitopes and restricting HLA
alleles using results obtained from our previous study in a HIV-1
CRFO01_AE-infected Thai cohort.

Materials and Methods

Ethic Statement

This study was approved by Thai Ministry of Public Health
Ethics Committee. Written informed consent was obtained from
all patients after explaining the purpose and expected conse-
quences of the study.

Computational program and calculation

We used the commercial softwares Molecular Operating
Environment® (MOE) (CCG Inc, Montreal, Canada) and
MOE-ASEDock® (Ryoka System Inc., Tokyo, Japan) for the
molecular binding affinity calculation [18]. HLA’s 3D models
were obtained from the X-ray crystallography database in MOE’s
library (1OGA for HLA-A*02:01, IQ94 for HLA-A*11:01, 2BCK
for HLA-A*24:02, 1XR9 for HLA-B*15:01, 1JGE for HLA-
B*27:05, 2CIK for HLA-B*35:01, 1E27 for HLA-B*52:01, 2RFX
for HLA-B*57:01, and 1EFX for HLA-C*03:04). In cases where
the original X-ray crystallography information was unavailable,
we generated a 3D structural model using highly homologous
HLA alleles as template, using rotamer explorer or homology
modeling to reconstruct their structures by changing sequential
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difference sites, a method originally used in the point mutation
program attached in MOE AMBER99 [19] for force field,
calculations. For solvent effect energy calculation, a generalized
Born model [20], were introduced. As an indicator of the affinity
between epitope candidate peptides and the class I HLA allele, we
measured the U_dock score [U_ele (electric energy+U_vdw (van
der Waals energyy+U_solv (Solvation energy)+U_strain (Strain
energy)] (kcal/mol) [18]. We calculated the U_dock score of four
residues at each N- and C-terminal, spanning the anchor position
at each of the terminals, and scored the sum of them as binding
affinity. A lower score indicates a higher affinity between the HLA
molecule and peptides.

Evaluation of the novel DSM through an analysis of best-
defined HIV CTL epitopes and their restricting HLA alleles

For the quality evaluation of this novel program, we first
calculated the U_dock score for 52 best-defined HIV epitopes
restricted by the alleles HLA-A*02:01, HLA-A*11:01, HLA-
A*24:02, HLA-B*15:01, HLA-B*27:05, HLA-B*35:01 and HLA-
B*57:01 as enlisted in Los Alamos database (CTL Epitopes. Los
Alamos National Lab. http://www.hiv.lanl.gov/). We calculated
the U_dock score between the restricting HLA alleles and the 8 to
11-mer peptides within 15-mer peptides of the viral strain HXB2,
in which best-defined epitopes were included. 26 variants of 8 to
11-mer peptides were calculated in one HLA and 15-mer peptide
combination, then the lowest U_dock score was ranked as the Ist
and the highest score as the 26th in each calculation (Figure 1).
Combinations that ranked within the top five were regarded as
positive. In parallel with our DSM, we also performed epitope
prediction using the latest artificial neural network (ANN) model,
the HLArestrictor [12], using the affinity thresholds of Strong
Binder (SB), Weak Binder (WB), Combined Binder (CB) and Non-
binder (NB), according to their definitions.

We evaluated the sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) for each best-defined
epitope prediction using the DSM, HLArestrictor, as well as those
defined as dual positive by both models.

Analysis of in vitro HIV-1 CRFO1_AE Gag epitope
candidates by using both in silico epitope prediction
models

We then applied both the DSM and the HLArestrictor to
predict the optimal size of epitopes, based on results obtained from
our previous study [21], in which 31 candidate epitopes were
detected by ELISpot assays using Gag 15-mer OLPs and their
HLA associations detected by Fisher’s exact test in a cohort of 137
(107 female and 30 male) HIV-1 CRF01_AE-infected Thais. All
were chronically infected and treatment naive, with median 461/
ul CD4+T cell count (range 204-1,191) and 4.2 log copies/ml
viral load (2.6-5.9).

Epitope prediction for the immunogenic Gag OLP
P24,76_285 MYSPVSILDI using a °'Cr release assay and
both in silico models

In our previous study [21], the 15-mer peptides Gag p2497) 985
NKIVRMYSPVSILDI (NI15) and p24g976.200 MYSPVSIL-
DIRQGPK (MKI15) induced the largest responses in terms of
both breadth and magnitude, and were statistically associated with
the alleles HLA-A*02:07, HLA-B*46:01, and HLA-C*01:02,
which were under linkage disequilibrium (LD) association [21].
Presuming that the optimal epitope resides in the overlapping
amino acid sequence between NI15 and MK15, that is, p24976_0g5
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HLA B*27.05
Seq. Gag p24 258-272 VGEIYKRWHLGLNK
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LGLN  GLNK

Rank 1
[o C2 C3 C4 C5 (3 C7 C8
YKRW KRWI  RwWiL WL G HLGL
U dock -38.54 4844 2689 3430 3547 -1634 4904 5504
N1 VGEl  -19.61
N2 GEIY 4894
N3 EIYK -B7.38
N4 YKR 8212
N5 YKRW 6869
NS KRW| -81.07
N7 RWit  -57.68
N8 Wi, 5508

8-mer
S-mer
10-mer
11-mer

KRWHLGLNK = -137.11kcalfmol and the 1st rank {the lowest score amonyg 26 variations)

Figure 1. Example of epitope prediction using the novel in silico docking simulation model. U_dock scores of the N-terminal (Row N1-N8)
and C-terminal (Column C1-C8) was calculated and their sum was scored as the U_dock score (kcal/mol) of each 8 to 11-mer peptide’s. The lower
score indicated stronger binding between the peptide and HLA. In this example, Gag p24,63-272 KRWILGLNK (KK10), well-known as one of the best-
defined epitopes, scored —137.11 kcal/mol against HLA-B*27:05 and was the lowest (ranked as the 1st) among 26 variants in 15-mer peptide of Gag

P24555_272 VGEIYKRWIILGLNK.
doi:10.1371/journal.pone.0041703.g001

MYSPVSILDI (MI10), we conducted a >'Cr release assay as
previously described [22].

Results

Prediction of best-defined epitopes by the DSM and the
peptide binding motif model

We have evaluated the predictive power of our DSM by testing
its ability to predict epitopes within 52 15-mer peptides spanning
the epitopes for seven HLA alleles enlisted in the Los Alamos
database as best-defined epitopes. Overall, DSM ranked 43/52
(82.7%) of the best-defined epitopes correctly within the top five
candidates, within which 14 epitopes ranked as the 1st, 11 as the
2nd, 7 as the 3rd, 3 as the 4th, then 8 as the 5th (Table S1). This
was comparable to the HLArestrictor, where 37/52 (71.2%, 43/
52 vs 37/52, p=0.24 by Fisher’s exact test) best-defined epitopes
scored within the threshold of binding affinity without having 4 or
more other candidate epitopes: 20 as SB, 10 as WB and 7 as CB.
Table 1 summarizes the performance on epitope prediction by
each model and dual positives by both models, according to their
sensitivity, specificity, PPV and NPV. The performance of the
DSM is similar to that of HLArestrictor. Interestingly, by
introducing both models, specificity increased with significance
(p<<0.001), and an additive effect was seen in the PPV. We believe
this is the first study to report a structure-based epitope prediction
model with comparable or greater predictive power than a
peptide-binding motif based model.

32/52 (61.5%) epitopes were detected as a significant epitope
candidate by both models. 11/52 (21.2%) epitopes were detected
only by the DSM, while 5/52 (9.6%) were detected only by
HLArestrictor. 4/52 (7.7%) epitopes were not detected by either
methods. Within the 14 epitopes not correctly predicted by
HLArestrictor, incorrect epitopes were predicted in 7 epitopes. It
is noteworthy that two epitopes, Nef;5 g0 PLRPMTYK (PKS8)
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restricted by HLA-A*11:01 and Nef},7-197 TOGYFPDWQNY
(TY11) restricted by HLA-B*15:01 were detected as a NB by
HLArestrictor, whereas they were ranked as the 2nd in PK8 and
the Ist in TY1! in the DSM. Integrase;sg_158 AVFIHNFKRK
(AK10) restricted by HLA-A*11:01 was predicted as a SB, but
because there were 5 other SB candidates, 3 WB candidates and 1
CB candidate, this prediction was regarded as failure.

A striking feature of the DSM was that it had a high detection
rate of best-defined epitopes independent of the peptide’s length.
The prediction rate of shorter epitopes (8 and 9-mer) was 27/31
(87.1%) while the rate for longer epitopes (10 and 11-mer) was 16/
21 (76.2%), between which we found no significant difference by
Fisher’s exact test (p=0.46). In contrast, the ability of HLAr-
estrictor to accurately predict best-defined epitopes was highly
dependent on epitope length, as the prediction rate of longer

Table 1. Evaluation of best-defined epitope prediction
among docking simulation model, HLArestrictor, and
positives in dual models.

P (mxn
Fisher's exact
DSM  HLAvestrictor Dual positives  test)
Senstvity. 883 071 ge T pase
Specificity 0.83 0.94 0.97 <0.001
W ew e o goss
NPV 0.99 0.99 0.98 0.46

Evaluation of best-defined epitope prediction among each model and positives
in dual models were statistically evaluated, according to their sensitivity,
specificity, positive prediction value (PPV) and negative prediction value (NPV)
by maximum Fisher’s exact test. DSM: Docking simulation model.
doi:10.1371/journal.pone.0041703.t001
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epitopes (11721, 52.3%) was significantly lower than that of
shorter ones (26/31, 83.9%) (p=0.027).

Successful prediction with the DSM was dependent on the HLA
allele and its peptides: in HLA-B*15:01, HLA-B*27:05 and HLA-
B#35:01, all of the best-defined epitopes were ranked within the
top 5th. However, four best-defined epitopes restricted by HLA-
B*57:01 and HLA-A*02:01 scored within the worst 5th candi-
dates: Nef] 20--128 YFPDWQNYT, p154334442 FLGKIWPSYK,
RTs34) ALVEICTEM, and p2461-179 KAFSPEVIPMF.

Optimal epitope prediction to analyze HIV-1 CRFOT_AE
Gag ELISpot assay data using two in silico models

We next applied the model to predict optimal epitopes against
HIV-1 CRFO01_AE Gag based on our previously obtained results
in a Thai HIV cohort study [21]. In total, 31 peptide-HLA
associations were analyzed: 5 in HLA-A, 13 in HLA-B, and 13 in
HLA-C (Table S2). Among these, 10 overlapping peptides
spanned previously reported epitopes (6 were best-defined epitopes
and 4 were published but not enlisted as best-defined epitopes). In
the DSM, 9/10 (90%) reported epitopes were successfully ranked
within the 5th as significant epitope candidates, and all of the six
best-defined epitopes ranked either the Ist or 2nd. In HLAr-
estrictor, 8/10 (80%) epitopes were predicted as significant
binders; 3 as SB, 4 as WB, and 1 as CB, but 2 epitopes (best-
defined epitopes HLA-A*02:07-restircted YL9, and HLA-B15-
restricted KIL9) were not predicted as significant binders.
HLArestrictor also predicted another 16 sequences as potential
epitope candidates: 1 as SB, 12 as WB, and 2 as CB. Intriguingly
only one WB candidate was ranked within the top five by the
DSM, reflecting a considerable degree of discrepancy between the
two prediction methods.

8 previously unreported peptides were predicted by both
models: HLA-B*38:02-restricted p2498-205 MOMLKETT (rank
Ist in DSM and WB in HLArestrictor), HLA-B*40:01-restricted
p24311-321 QEVEKNWMTETL (2nd and SB), HLA-B*46:01-
restricted p24'275—283 RMYSPVVSIL (Sth and SB), HILA-
B*58:01-restircted pl779-g6 YNTVVTLW (Ist and WB), HLA-
B*58:01-restricted p1777.g6 SLYNTVVTLW (4th and WB), HLA-
C*01:02-restricted p24977-085 YSPVSILDI (2nd and WB in
p24971985 and 3rd and WB in p24576.990), HLA-C*01:02-
restricted  p24976-285 MYSPVSILDI (4th and WB both in
P24971.085 and  p24976.900), and HLA-C*01:02-restricted
P24296—304 YVDRFYKTL (1St and WB)

Application of the in silico DSM to define the restricting

HLA molecule

We conducted a °'Cr release assay with a truncated peptide
titration spanning the overlapping region between Gag p24971-9g5
NKIVRMYSPVSILDI (NIL5) and p24976-990 MYSPVSIL-
DIRQGPK (MKI15). These induced the largest responses both
in breadth and magnitude in our previous study, and were
statistically associated with HLA-A*02:07, HLA-B*46:01, and
HLA-C*01:02, which we calculated to be under LD association
[21]. We found strong killing against HLA-B¥*46:01 and HLA-
C*01:02-matched p24976.085 MYSPVSILDI (MII0)- and
24977285 YSPVSILDI (YI9)-pulsed target cells but not in any
other condition (Figure S1). However, we could not further specify
the restricting HLA molecule because a single HLA-matched
target cell was not available due to the strong LD between them.
Therefore, we conducted i sifico analysis in order to identify the
responsible HLA. Table 2 shows the results of the DSM between
these two peptides (MI10 and YI9) and three candidate HLA
alleles (HLA-A*02:07, HLA-B*46:01 and HLA-C*01:02). Firstly,
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with the DSM, none of these two peptides were predicted within
the top five candidate epitopes when binding to HLA-A*02:07 or
HILA-B*46:01, and neither scored significant binding using the
HLArestrictor, eliminating these as the restricting HLA molecules.
However in the model with HLA-C*01:02, both two peptides
ranked within the 5th; MI10 ranked as the 3rd in NI15 and the
4th in MK 15, while YI9 was ranked as the 2nd in NI15 and the
3rd in MKI15. Significant binding affinity of MI10 and YI9 to
HLA-C*01:02 was also predicted by HLArestrictor. Secondly, in
the binding motif of HLA-C*01:02 (x[AL][P]xxxxx[L]), both
MI10 and YI9 encoded compatible or similar hydrophobic amino
acids with the binding motif x[Y]xxxxxxx[I] in MII0 and
xx[P]xxxxx[I] in YI9. Together, these results indicate that the
optimal epitopes MI10 and YI9 are equally likely candidates
recognized by HLA-C*01:02, with YI9 ranking slightly higher in
the DSM.

Discussion

In this study, we demonstrated that the structure-based DSM
can predict the peptide binding affinity with various HLA
molecules, independently of peptide binding motif information.
To our knowledge, this novel DSM is the first model of its kind
that succeeded in predicting HIV-1 CTL best-defined epitopes,
with better or at least equivalent accuracy to the latest binding
motif-based program. We also found a high detection rate of best-
defined epitopes independent of peptide size in the DSM, while
the detection rate significantly decreased with longer epitopes in
the other model.

Historically, comparisons of epitope prediction methods has
generally shown that peptide-binding motif based methods
outperform structure-based methods [23]. However, the increased
availability of crystal structures of MHC-peptide complexes is
enabling the development of prediction methods using such
structural models and the calculation of free energy of binding
[23,24]. In the review by Liao et al [23], their comprehensive
comparison of structure-based models and peptide-binding motif
models in epitope prediction showed that the structure-based
model was able to outperform all other methods except the ANN
model, which performed equally well. In our novel program, we
use a measure of the binding affinity between the HLA molecule
and the peptides at four residues spanning the N- and C-terminal.

Table 2. Prediction of the HLA restriction of Gag p24;76_285
MYSPVSILDI (MI10) and p24,,7.,85 YSPVSILDI (YI9) using in
silico methods.

U_dock rank

HLA  Binding motif Peptide NI15  MK15 HLArestrictor

A*02:07 x[L][DIxxxxx[L] MI10 13 13
e g 16
B*46:01  x[M(1)Ixxxxxx[YF] Mi10 15 20
C*01:02  x[AL}PIxxxxxx[L] M'I 10 3 ' 4 ‘ WB
' ' is [ o0 3

HLA restriction prediction against two reactive Gag peptides, Gag p24,76-285
MYSPVSILDI (MI10) and p24,77_3gs YSPVSILDI (Y19) was performed by the
docking simulation model, and the binding motif HLArestrictor 1.2. The U_dock
rank by the docking simulation model against MI10 and YI9 was analyzed in the
original 15-mer peptides of Gag p24,71-285 NKIVRMYSPVSILDI (N115) and
P24376-200 MYSPVSILDIRQGPK (MK15). SB: Streng Binder, WB: Weak Binder.
doi:10.1371/journal.pone.0041703.t002
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This covers not only the anchor position sites but also their
flanking sites, which have a considerable effect on peptide-HLA
binding; this may also have led to the high detection rate of best-
defined epitopes independent of epitope size. Together with
precise HLA crystal structure information, we have also incorpo-
rated a fine calculation model for binding affinity [18], giving the
DSM a high detection rate of best-defined epitopes equivalent to
that of the latest binding motif-based program.

Intriguingly there was a considerable degree of discrepancy
between the two methods: 21.2% of the 52 best-defined epitopes
were detected as significant epitope candidates only by the DSM,
while 9.6% was detected only by the HLArestrictor. Furthermore,
two epitopes which ranked within the bottom five by DSM were
successfully predicted as a single candidate by HLArestrictor,
whereas five epitopes which were not detected by HLArestrictor,
were successfully predicted as the best candidates by the DSM.
This result highlights the importance of combining programs with
different approaches, for example those based on peptide binding
motif information and those that do not require peptide binding
motif information, consistent with previous report in class II HLA
peptide binding prediction model [25].

We therefore applied both models to predict optimal epitopes in
HIV-1 CRF01_AE Gag and found 8 previously unreported
optimal epitopes supported by both models. These potential
epitopes need to be further confirmed ex wivo that they are true
epitopes capable of stimulating T cell responses with either a ey
release assay or tetramer assay. However, since the DSM alone
predicted 11 other candidates that were not predicted by the
HLArestrictor, combining both models would be important to
reduce the cost of such experiments. Furthermore a substantial
number of OLPs were recognized using an ELISpot assay but
within the peptides that induced a response, no epitope was
predicted by the HLArestrictor. This DSM would save the cost of
experiments by reducing 26 potential candidate peptides to five.

The ability of the DSM model to accurately predict peptides
was dependent on the HLA molecule in question, and our results
suggest that this is due to variations in the C-terminal binding
groove. Four best-defined epitopes restricted by the alleles HLA-
A*02:01 and HLA-B*57:01 ranked among the worst from the
22nd up to the 26th in our program. In HLA-A*02:01, both FK10
and AM9 coded Leucine (L) at the 2nd position of sequence,
compatible with the HLA-A*02:01 binding motif at the B pocket
and scored a low and therefore strongly binding U_dock score at
the N-terminal site [—47.8 kcal/mol in FKI10 (5th in NI1-N8
terminal) and —54.4 kcal/mol in AM9 (2nd)]. However, the
sequences did not match with the HLA-A*02:01 binding motif at
the C-terminal which contains a Valine (V) at the F pocket, and
they scored the worst U_dock scores [—14.1 kecal/mol in KF10
(8th) and —48.5 kcal/mol in AM9 (8th)]. A similarly low score at
the C-terminal was also found in HLA-B*57:01-restricted KF11
[—24.5 kcal/mol (8th)] and YT9 [—23.8 kcal/mol (8th)]. The
importance of the C-terminal for peptide-binding stability has
been previously reported [26], and with respect to structural
differences between the B and F pockets, it is generally known that
the B pocket has a rather round shape while the F pocket has a
deep cleft-like shape, suggesting stricter peptide binding restriction
at the F pocket compared to the B pocket among HLA-A*02:01
and HLA-B*57:01. In contrast, HLA-B*27:05 and HLA-B*35:01
had none or only one variant of their binding motif at C-terminal:
x[R(K)]xxxxxxx or x[R]xxxxxx[LFYRHK(MI)] in HLA-B*27:05
and x[P(AV)]xxxxxxx or x[PAVYRD)]xxxxxx[YFMLI] in HLA-
B*35:01. In these two alleles, all of the best-defined epitopes
ranked within the 5th. These results strongly suggest that the

@ PLoS ONE | www.plosone.org

A Novel in silico CTL Epitope Prediction Program

diversity of peptide binding at the F pocket defines the accuracy or
difficulty of epitope prediction by DSM.

Recent studies have highlighted the importance of HLA-C alleles
for HIV viral control, for instance in the population-based study from
Africa [27], existence of dominant HLA-C*04-restricted epitopes
[28], stimulation of NK cells through HLA-C and Killer-cell
Immunoglobulin-like receptors (KIRs) [29,30], and HLA-C expres-
sion control by 35 kb upstream genotype of HLA-C allele and HIV
viral control [31]. However, epitope mapping of HLA-C antigens has
been held back for several reasons. Firstly, in i vitro studies it has been
difficult to find target and effector cell combinations with singly
matched HLA alleles which are not under LD association, as we
found in our *'Cr release assay. In silico, in contrast to HLA-A or B
alleles, epitope prediction programs against HLA-C alleles have been
sparse [9-11]. This can be attributed to the lack of reported epitopes
information from HLA-C alleles, since binding motif-based models
were originally programmed based on such reported data. Further-
more, LD of HLA-C alleles, especially with HLA-B alleles, hinders
the confirmation of HLA-C alleles as the restricting alleles in statistical
analyses. In our previous study, among 13 HLA-C-associated epitope
candidates, nine were reported with HLA-A or B alleles which were
under LD association [21]. Novel DSM could contribute to epitope
detection by bypassing such obstacles to epitope prediction against
HLA-C alleles.

This study had several limitations. First, we could not define the
threshold of the U_dock score degree itself in novel program as
defined in HLArestrictor. Related with this limitation, considering
the HLA polymorphism, reported epitope number, and compar-
ison between alleles with/without original crystal structure
information, further calculations will be warranted for the quality
evaluation of DSM. Second, this is a computational epitope
prediction model whose algorithm is solely based on the binding
between the peptide and the HLA molecule. Although peptide-
HLA binding is the most selective event for epitope determination
[32], CTL activation is a multi-step process involving the
processing of viral peptides by proteasome [22,33,34] and the
recognition of the peptide-HLA complex by T cell receptors
(TCRs) [35], both of which are not accounted for in the model.

In conclusion, we have shown here a novel i sifico DSM which
can be used for epitope mapping, and combined with a binding
motif-based model, this will significantly reduce the required
experimental burden for epitope identification in the development
of a CTL-based vaccine for HIV.

Supporting Information

Figure S1 Identification of HILA-B*46:01/C*01:02-re-
stricted Gag p24276—285 MI10 and p24277_235 YI9 by a
31Cr release assay. °'Cr release assays under HLA-B*46:01/
C*01:02-matched conditions were performed for each peptide.
Significant % lysis was found in target cells pulsed with Gag
p24’2767285 MI10: MYSPVSILDI and p24277_235 YI19: YSPVSILDI.
(PPTX)

Table S1 Predicted best-defined epitopes using the
docking simulation model and a comparison with
HILArestrictor. The docking simulation model was applied to
predict epitopes within 15-mer peptides spanning best-defined
epitopes and compared with those predicted with the HLAr-
estrictor. The U_dock score and their rank were calculated for
each peptide in the docking simulation model, while with
HLArestrictor the affinity thresholds of SB: Strong Binder, WB:
Weak Binder, and CB: Combined Binder, and Non-binder were
given, according to their definitions.

(XLS)
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