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ABSTRACT

Delineation of the antigenic site, or epitope, recog-
nized by an antibody can provide clues about func-
tional vulnerabilities and resistance mechanisms,
and can therefore guide antibody optimization and
epitope-based vaccine design. Previously, we devel-
oped an algorithm for antibody-epitope prediction
based on antibody neutralization of viral strains with
diverse sequences and validated the algorithm on
a set of broadly neutralizing HIV-1 antibodies. Here
we describe the implementation of this algorithm,
NEP (Neutralization-based Epitope Prediction), as
a web-based server. The users must supply as in-
put: (i) an alignment of antigen sequences of di-
verse viral strains; (ii) neutralization data for the
antibody of interest against the same set of anti-
gen sequences; and (iii) (optional) a structure of
the unbound antigen, for enhanced prediction ac-
curacy. The prediction results can be downloaded
or viewed interactively on the antigen structure (if
supplied) from the web browser using a JSmol ap-
plet. Since neutralization experiments are typically
performed as one of the first steps in the charac-
terization of an antibody to determine its breadth
and potency, the NEP server can be used to predict
antibody-epitope information at no additional exper-
imental costs. NEP can be accessed on the internet
at http://exon.niaid.nih.gov/nep.

INTRODUCTION

The determination of epitopes targeted by antibodies is
useful for understanding virus escape (1), antibody opti-
mization (2,3) and epitope-based design of vaccines (4).
Structure determination (by, e.g. X-ray crystallography) of
antibody–antigen complexes can provide epitope informa-
tion at the atomic level (5), but in many instances, atomic-

level complex structures can be challenging to obtain. Ad-
ditional experimental methods for epitope delineation are
also available, although they are characterized with lower
accuracy and typically require substantial experimental ef-
fort (5–7). Computational methods for epitope prediction
have traditionally aimed at predicting antigen residues that
could be part of any antibody epitope, and are thus not an-
tibody specific (8–11). More recently, computational meth-
ods for antibody-specific epitope prediction (the predic-
tion of the epitope targeted by an antibody of interest)
have been developed (7,12–15). Specifically, we and others
have focused on combining antibody–antigen neutraliza-
tion data with antigen sequence information in order to pre-
dict residues that may be part of the epitope for antibodies
of interest (7,12,13).

Antibody neutralization assays, which measure the re-
duction of viral infectivity mediated by antibody, are often
performed as one of the first steps in the characterization
of an antibody to determine its breadth and potency. Pre-
viously, we developed a neutralization-based epitope pre-
diction method that is applicable to antigens that exhibit
substantial sequence diversity, such as human immunode-
ficiency virus 1 (HIV-1) and influenza (7). The algorithm,
named NEP for neutralization-based epitope prediction, is
based on the premise that sequence variation of epitope
residues is more likely to have an effect on antibody neu-
tralization than variation of non-epitope residues. For each
antigen residue position, NEP estimates the association be-
tween sequence variation and changes in antibody neutral-
ization for a given set of diverse viral strains. A structure
of the unbound antigen, if available, can be used for fur-
ther improvement in the prediction accuracy. NEP has been
validated on a set of HIV-1 antibodies targeting a num-
ber of different epitopes on the virus: both for retrospec-
tive epitope prediction [for 19 antibodies with known com-
plex structures, with a true positive (TP) rate of 0.403 at a
0.05 false positive (FP) rate level] and for prospective epi-
tope prediction (for HIV-1 antibody 8ANC195, with a pre-
viously uncharacterized epitope) (7). Similar methods for
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neutralization-based antibody-epitope prediction were also
described recently (12,13).

In this paper, we describe the implementation of the NEP
algorithm as a web-based server. The NEP server allows the
user to predict the epitope for an antibody by using anti-
gen sequence alignment for diverse viral strains, antibody–
antigen neutralization data over the same set of strains and
(optionally) a structure of the unbound antigen. The results
can be downloaded or viewed interactively in a web browser
via the JSmol Applet. NEP is the first publicly available
server for antibody-epitope prediction using antigen struc-
ture and neutralization data of diverse viral strains.

MATERIALS AND METHODS

Epitope-prediction algorithm

For each residue position in an antigen, the NEP algorithm
computes a mutual information score (16) between amino
acid variation at that position and changes in sensitivity
to virus neutralization. Two method variants were imple-
mented in this server, based on our previously published
study (7).

(i) ‘Neutralization + sequence’: each antigen residue i is
ranked by the normalized mutual information between
amino acid types and neutralization IC50 values. The
score for residue i is defined as follows:

Scorei = nMI(Xi ; Y) = MI(Xi ; Y)
H(Xi )

=
∑

y∈Y

∑
x∈Xi

p(x, y) log
(

p(x,y)
p(x)p(y)

)

−∑
x∈Xi

p(x) log (p(x))
,

where Xi is a variable that covers the possible amino
acid types at position i (the 20 natural amino acid types
and a gap in the sequence alignment). Y is a binary
variable defined by a user-specified IC50 cutoff value
that divides strains into a resistant and a sensitive class.
MI(Xi;Y) is the standard mutual information (16) de-
fined between Xi and Y, and H(Xi) is the Shannon en-
tropy of the amino acid types at each residue position
(17).

(ii) ‘Neutralization + sequence + structure’ (if an unbound
antigen structure is supplied by the user): the solvent
accessible area of each residue is calculated using NAC-
CESS (18); residues with solvent accessible area of less
than 5 Å2 are considered as non-solvent-accessible and
are excluded from further analysis. The score for each
of the remaining residues is then taken to be the nor-
malized mutual information of the residue as calculated
in (1) plus a distance-dependent sum of the normalized
mutual information of surrounding (in space) residues:

Scorei = nMI(Xi ; Y) + 0.031 ∗ PSi +
∑

j∈A; j �=i ;ri j <9

((
1 − ri j

9

)
∗ 0.8 + 0.2

)

(
nMI(Xj ; Y) + 0.031 ∗ PS j

)
,

where A is the set of all antigen solvent-accessible
residues and rij is the shortest distance (in Å) between
any pair of side-chain heavy atoms (or C� for glycine)
for residues i and j. An epitope propensity score (PS), a
score that estimates the likelihood for each amino acid
type to be part of an antibody epitope (11), is also in-
corporated in the scoring function as a weighted term.

For each calculated residue score, Scorei, an empirical P-
value (Pi) is determined by performing permutation tests
similar to those performed in (19) and (20). Briefly, the
score for each residue position is recalculated 500 times us-
ing the same scoring function while permuting the residue
types across the viral strains, resulting in 500 scores: Si,p,
p ∈ {1,2,. . . ,500}. The empirical P-value can thus be cal-
culated as Pi = ∑500

p=1 I(Si,p ≥ Scorei )/500, where I() is the
indicator function. For example, if Scorei is greater than 495
Si,p but less than 5 Si,p from the permutation test, then Pi is
5/500 = 0.01.

Server implementation

The epitope prediction protocol consists of a combination
of Java code, Perl code, and Linux shell scripts. MAFFT ver-
sion 7 (21) (FFT-NS-2 method) was incorporated for per-
forming multiple sequence alignment. The server was de-
veloped using the Google Web Toolkit (GWT) v2.5 frame-
work, hosted by an Apache Tomcat 6.0 application server
running on Red Hat Linux 4. Additionally, the client utilizes
the JSmol javascript/HTML5 libraries for molecular struc-
ture visualizations. The application architecture is primar-
ily a two-tier system consisting of the client front end and a
logical tier comprised of shell-based processes for analysis.
Supported platforms for the NEP Server are Chrome, Sa-
fari, Firefox and Internet Explorer 9+. More information
on GWT may be found at http://www.gwtproject.org/ and
on JSmol at http://jsmol.sourceforge.net/.

Comparison with other servers

The prediction accuracy of the two method variants im-
plemented as part of the NEP server was compared
to two web servers for identifying specificity-determining
positions, SPEER (19) and SigniSite (22). A set of 19
HIV-1 antibodies with available antibody–antigen struc-
tures and neutralization data on a panel of ∼180 viral
strains (7) was used for the comparison. The true epi-
tope residues were defined as antigen residues for which
any heavy atom was within 5 Å of any heavy atom in
the given antibody, as observed in the structures. The
gp160 amino acid sequences for the different strains were
aligned using HIVAlign (http://www.hiv.lanl.gov/content/
sequence/VIRALIGN/viralign.html). Since one of the two
NEP method variants requires a structure of the unbound
antigen as input, only antigen residues present in the com-
plex structure for the respective antibody were used in the
analysis (7). For SPEER, the relative entropy term for each
residue position was used to rank the predictions. For both
NEP and SPEER, a threshold of 50 �g/ml was used to
classify the neutralization potency into two classes. For Sig-
niSite, which assigns a Z-score for each residue type at each
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position, the maximum of the absolute Z-scores was chosen
as the score for each residue position. A two-tailed paired t-
test was used to evaluate the significance of the differences
in prediction accuracy (based on the TP rates at the 0.05
FP rate level) between the different methods; computed P-
values were further adjusted using the Bonferroni method
implemented in R (http://www.r-project.org/) (a total of six
t-tests were performed). A P-value threshold of 0.01 was
used to determine if the prediction accuracy of one method
was (P < 0.01) or was not (P > = 0.01) significantly differ-
ent from another method.

RESULTS

Using the server

The workflow for using the NEP server is shown in Fig-
ure 1. The required input is: 1) antibody–antigen neutral-
ization data on a set of diverse viral strains and 2) the se-
quence alignment for the same set of strains. The users have
the option to upload the files directly or copy and paste
the content to an input text box. For neutralization data
input, the antibody neutralization potency (e.g. IC50) val-
ues against different antigen strains must be supplied. Our
previous analyses on HIV-1 antibody-epitope prediction
demonstrate that strain diversity plays an important role in
prediction accuracy (7), so the user should try to increase
strain diversity in the input neutralization panel. The users
must also specify a threshold value that classifies all the in-
put neutralization values into two classes (sensitive and re-
sistant). For example, if an IC50 of 50 �g/ml is specified as
the threshold, then all neutralization values of less than 50
�g/ml will be considered sensitive, while all neutralization
values equal to or greater than 50 �g/ml will be considered
resistant. The antigen sequence alignment of all the strains
in the neutralization input must also be supplied, in FASTA
format (http://www.ncbi.nlm.nih.gov/BLAST/blastcgihelp.
shtml). Since the sequence length of the different strains
will likely vary, a reference strain must also be selected for
specifying residue numbering in the output. If the input se-
quences are not aligned, the user can request the server to
generate a multiple sequence alignment using MAFTT ver-
sion 7 (FFT-NS-2 method) (21). Once the input is supplied,
the users select one of the two method variants for predic-
tion. If the ‘neutralization + sequence + structure’ method
is selected, a structure of the unbound antigen [in PDB for-
mat (23)] must be provided. The residue numbering in the
PDB file has to correspond to the residue numbering of the
selected reference strain, and the analysis will only be per-
formed for the residues found in the antigen structure file.

For typical problems, NEP requires generally ∼1 (with-
out supplying antigen structure) or 2 min (when supplying
antigen structure) for the analysis. Based on the user’s in-
put and method selection, NEP ranks each input antigen
residue using the method’s scoring function. Higher scores
indicate higher likelihood that the respective residue is part
of the epitope for the given antibody. An empirical P-value
based on a permutation test (see the Materials and Methods
section) is also provided for each residue score. Two differ-
ent residue numbering systems are displayed in the output:
(i) the residue numbering in the alignment (gaps included)
and (ii) the residue numbering of the reference strain (gaps

excluded). The user also has the option to download the
results in a CSV (Comma-Separated Values) format and
the multiple sequence alignment file in FASTA format. The
residue median score and 95-percentile score are also com-
puted. Our previous analysis suggested that there is a sig-
nificant relationship between residue score distribution and
prediction accuracy for a given epitope: the larger the ratio
of the 95-percentile score to the median score, the higher the
prediction accuracy (7). The server therefore implements a
warning of low prediction confidence when this ratio is less
than a threshold (five for the ‘neutralization + sequence’
method and two for the ‘neutralization + sequence + struc-
ture’ method). When using the ‘neutralization + sequence +
structure’ method, the antigen structure is displayed in the
JSmol viewer. The user can map top-scoring residues on the
antigen structure by checking on or off residues from the
control panel. The user can further adjust the structural ap-
pearance using the JSmol functionalities.

Case studies

Epitope prediction for HIV-1 antibody VRC01. VRC01 is a
broadly neutralizing HIV-1 antibody targeting the receptor
binding site on the HIV-1 Env glycoprotein (24–26). Based
on VRC01 neutralization data and sequence alignment of
181 HIV-1 strains (7), and using an unbound gp120-core
antigen structure as input [PDB:3TGT (27)], all top nine
residues predicted by NEP (residues 279–280, 456–461, 466;
Figure 2) were part of the VRC01 epitope as defined by the
gp120/VRC01 complex structure [PDB:3NGB, (28)] (with
at least one antigen heavy atom within 5 Å of any antibody
heavy atom).

Epitope prediction for HIV-1 antibody PG9. Antibody
PG9 is a member of a group of glycopeptide-reactive an-
tibodies that targets the V1/V2 region of the HIV-1 Env
glycoprotein and potently neutralizes the majority of cir-
culating strains of HIV-1 (29). Based on PG9 neutraliza-
tion data and sequence alignment of 174 HIV-1 strains (7),
and using the V1/V2 region of a scaffolded V1/V2 struc-
ture [PDB:3U4E (30)] as antigen structure input, all top six
residues predicted by NEP (residues 160, 162–163, 169–171)
were part of the PG9 epitope as defined by the scaffolded
V1/V2–PG9 complex structure [PDB:3U4E (30)]. Specif-
ically, NEP ranked residue 160 as the top predicted epi-
tope residue (Figure 3), in agreement with the known de-
pendence of PG9 neutralization on the presence of N-linked
glycan at residue position 160 (30,31).

More case studies can be found online at http://exon.
niaid.nih.gov/nep/#examples.

Comparison with other servers

We compared the epitope prediction accuracy of our meth-
ods to two state-of-the-art web servers, SPEER (19) and
SigniSite (22), that are not specifically designed for pre-
dicting antibody epitopes but provide the ability to iden-
tify specificity-determining positions within a protein. For
the comparison, we used a benchmark set of 19 HIV-1 an-
tibodies used in our previous study (7). In particular, we fo-
cused on the TP rate at low FP rate levels (specifically, at an
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Figure 1. Overview of the NEP server workflow. The user first inputs the antibody neutralization data, the sequence alignment of the antigen strains and
(optionally) an unbound structure of the antigen. Next, one of the two method variants for epitope prediction is selected. The result of the analysis is
output as a table with residues ranked according to their NEP score, and the prediction can be visualized on the antigen structure (if provided).

FP rate = 0.05). The ‘neutralization + sequence’ NEP vari-
ant did not have a significantly different accuracy compared
to the other two servers (Figure 4). The ‘neutralization +
sequence + structure’ NEP variant, however, significantly
outperformed both other servers (P < 0.01).

DISCUSSION

The NEP server predicts antibody epitopes based on an-
tibody neutralization data of diverse viral strains. With-
out supplying the antigen structure (the ‘neutralization +
sequence’ method variant), the algorithm aims at identi-

fying residue positions where amino acid variation is as-
sociated with changes in neutralization potency. In prin-
ciple, this method predicts the ‘functional epitope’ for an
antibody rather than the ‘structural epitope’, and can be
used to identify resistance mutations. One limitation of
this approach is that for residue positions that are con-
served in the sequence alignment, the mutual information
between amino acid variation at the given residue position
and the neutralization data is zero. As a result, the method
is not able to identify conserved residue positions as epi-
tope residues. In contrast, when the antigen structure is sup-
plied (the ‘neutralization + sequence + structure’ method
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Figure 2. Epitope prediction for HIV-1 antibody VRC01. (a) Predictions from the NEP server, with the top nine residues highlighted in yellow on a
structure of the antigen (an unliganded HIV-1 gp120 core, PDB:3TGT). (b) Crystal structure of a gp120/VRC01 complex (PDB:3NGB), with the HIV-1
gp120 antigen in green, the VRC01 heavy chain in cyan and the VRC01 light chain in magenta. The top nine residues predicted by NEP (yellow spheres)
are all part of the VRC01 epitope as defined by the crystal structure.
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Figure 3. Epitope prediction for HIV-1 antibody PG9. (a) Predictions from the NEP server, with the two top-scoring residues 160 and 169 highlighted in
yellow on a structure of the antigen [residue 126–196 of a scaffolded HIV-1 V1/V2 (PDB:3U4E)]. (b) Crystal structure of a scaffolded HIV-1 gp120 V1/V2
region in complex with PG9 (PDB:3U4E), with the HIV-1 gp120 V1/V2 region in green, the PG9 heavy chain in cyan and the PG9 light chain in magenta.
The top six residues predicted by NEP (yellow spheres) are all part of the PG9 epitope as defined by the crystal structure. Glycan-160 (stick representation)
makes contact with both the heavy and light chains of PG9.
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Figure 4. Comparison of epitope prediction accuracy for NEP versus
other methods. The accuracy of the NEP server was compared to SigniSite
and Speer, based on a benchmark set of 19 HIV-1 antibodies. (a) The aver-
age TP-rates at different FP-rate levels (0.05, 0.10, 0.15, 0.20 and 0.25) for
each method. (b) The TP-rate at an FP-rate level of 0.05 for each of the 19
antibodies, with the average (long black horizontal bar) and standard error
(black vertical bar) shown for each method; P-values of less than 0.01 are
displayed on top.

variant), the algorithm aims to predict the antibody struc-
tural epitope based on the assumption that epitope residues
are more likely to cluster, rather than be isolated, on the
antigen surface. Thus, with ‘neutralization + sequence +
structure’, a conserved residue could still be predicted as an
epitope residue if there are many other high-scoring spa-
tially proximal residues. The improved prediction accuracy
from adding the antigen structure as input was also evident
when comparing NEP with SPEER and SigniSite: without
supplying a structure of the antigen, the performance of
NEP was not significantly different from the performance
of SPEER or SigniSite, which use different techniques to
quantify the relationship between residue type at each po-
sition and neutralization potency; when a structure of the
antigen was supplied as input, NEP significantly outper-
formed the other two servers. To address the potential is-
sue that the computation of the mutual information scores
may be affected by the observed amino acid diversity at each
residue position, we (i) normalized the mutual information
score with the Shannon entropy of the amino acid composi-
tion at each residue position and (ii) calculated an empirical
P-value based on permutation tests to give a statistical con-
fidence for each score.

The NEP server was designed to extract antibody-epitope
information from neutralization data. The NEP algorithm
in theory, however, could also extract information from
other sources of quantitative functional data, such as bind-
ing affinity (e.g. KD values). In addition to antibody-epitope
prediction, the server could also potentially be used for the

identification of small-molecule binding sites and resistance
mutations, provided that such functional data on diverse vi-
ral strains are available. NEP should also be applicable to
antibody-epitope prediction for other viruses that exhibit
substantial sequence diversity, such as influenza, and can
be of general utility for efficient initial screening of antibody
epitopes.

CONCLUSIONS

We have implemented a web-server, NEP, that utilizes an-
tibody neutralization potency data of diverse viral strains
to predict epitope residues. In addition to antigen sequence
information, the users have the option of supplying a struc-
ture of the free antigen, for improved prediction accuracy.
The results from NEP can be downloaded from or viewed
interactively in the web-browser. NEP is publicly accessible
with no registration or login requirements.
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