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Abstract
Understanding antibody function is often enhanced by knowledge of the specific binding epitope.
Here, we describe a computer algorithm that permits epitope prediction based on a collection of
random peptide epitopes (mimotopes) isolated by antibody affinity purification. We applied this
methodology to the prediction of epitopes for five monoclonal antibodies against the West Nile
virus (WNV) E protein, two of which exhibit therapeutic activity in vivo. This strategy was
validated by comparison of our results with existing F(ab)-E protein crystal structures and
mutational analysis by yeast surface display. We demonstrate that by combining the results of the
mimotope method with our data from mutational analysis, epitopes could be predicted with greater
certainty. The two methods displayed great complementarity as the mutational analysis facilitated
epitope prediction when the results with the mimotope method were equivocal and the mimotope
method revealed a broader number of residues within the epitope than the mutational analysis. Our
results demonstrate that the combination of these two prediction strategies provides a robust
platform for epitope characterization.
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1. Introduction
Structural assessment of target epitopes can provide important insight into antibody (Ab)
function. As an example, studies using a panel of mouse monoclonal antibodies (mAbs) to
the West Nile virus (WNV) E protein have revealed that Abs which bind to a specific site in
domain III (DIII) provide the greatest neutralizing activity in vitro and in vivo (Oliphant et
al., 2007). Interestingly, while the E protein is the dominant target for humoral immunity
following exposure to WNV, the major response in humans is not targeted to the most
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potently neutralizing DIII-specific epitope (Throsby et al., 2006; Oliphant et al., 2007). In
this regard, knowledge of specific epitopes is useful to understand and manipulate humoral
responses. Indeed, epitope mapping studies have uncovered novel neutralizing targets for
hepatitis C virus (HCV) and HIV, which possess broad activity across multiple virus
genotypes (Johansson et al., 2007; Gustchina et al., 2007).

For targeted vaccine development, structural characterization of Ab recognition sites
provides an opportunity to construct immunogens that generate epitope-specific immunity
(Meloen et al., 1991; Petrakou et al., 1998). For example, as a result of mapping of the HIV-
specific 2F5 monoclonal antibody (mAb) epitope, an immunogen was designed that
contained a conformational epitope mimic which successfully elicited a broadly neutralizing
anti-HIV-1 antibody response (Ho et al., 2002). The development of epitopespecific
vaccines may be particularly important for viruses, such as flaviviruses, where antibody-
mediated immune enhancement of infection may contribute to pathogenesis. Development
of such vaccines, however, is dependent upon accurate characterization of the mAb epitope.

Several methods have been developed for mapping of Ab epitopes including antigen
mutagenesis, screening of random peptide libraries, antibody-antigen co-crystallography and
nuclear magnetic resonance spectroscopy (Carter, 1994; Chan et al., 2006; Kwong et al.,
1998; Meloen et al., 2003; Oliphant et al., 2006; Scott and Smith, 1990; Shiota et al., 2007;
Smith, 1991). Previously, we have mapped large panels of neutralizing and non-neutralizing
anti-WNV mAbs using libraries of yeast expressing random E protein mutants on their
surface (Oliphant et al., 2005) (Oliphant et al., 2006). However, interpretation of the results
from mutational studies can be complicated by conformational effects on distal protein
elements (Chien et al., 1989; Huang et al., 2007; Kotik and Zuber, 1993; Nall et al., 1989).
To corroborate and extend the findings of our mutational analysis, we employed an alternate
mapping strategy that defines epitopes using affinity-selected random peptides (Smith,
1991). Manipulation and identification of random peptides is facilitated by the use of phage
display libraries where random 10-mer peptides flanked by cysteine residues are presented
as circularized peptides on the phage surface (Scott and Smith, 1990).

Assignment of the random peptides to specific regions on the target protein requires the
development of sophisticated computer algorithms that identify unique characteristics within
the peptide sequences and the target protein. In this manuscript, we describe a computer
algorithm that facilitates epitope mapping using sequence data from affinity-selected
random peptides (mimotopes). We have applied this novel algorithm to the prediction of
epitopes for five mAbs against the WNV E protein that were previously mapped by yeast
surface display and/or X-ray crystallography.

2. Materials and methods
2.1. Monoclonal antibodies

Five monoclonal antibodies were characterized in this manuscript: E16, E24, E60, E113 and
E121 (Oliphant et al., 2005) (Oliphant et al., 2006). The antibodies were harvested from
hybridoma supernatants, precipitated using NH4SO4, and purified by protein A affinity
chromatography, as described previously (Oliphant et al., 2005).

2.2. Screening of phage display epitope library with mAbs
To define mAb epitopes, we screened a library of circularized 10-mer peptides for high-
affinity binding to random peptides that were specific for individual mAbs. We used a phage
display library presenting random peptides with the structure XC(X)10CX inserted into N-
terminus of pVIII major coat protein of filamentous bacteriophage, where X represents any
amino acid (kindly provided by Dr. J. Scott, Simon Fraser University) (Bonnycastle et al.,
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1996). Screening of phage library was performed according to the method described by
Smith (Smith, 2006). Candidate peptides were selected by two rounds of iterative affinity
selection and specificity of phage for individual mAbs was assessed by dot blot. Briefly,
phages were immobilized onto nitrocellulose membrane, the membranes were blocked with
5% non-fat milk in Tris-buffered saline (TBS, pH 7.4) and probed with mAbs (1 μg/ml in
TBS/0.5% non-fat milk) followed by incubation with horseradish peroxidase conjugated
goat anti-mouse IgG (Jackson Immunoresearch Laboratories Inc. West Grove, Pennsylvania,
U.S.A.) and development using ECL (Amersham Biosciences, New Jersey, U.S.A.). Phages
that specifically bound individual antibodies were purified and the random inserts were
sequenced.

2.3. Molecular modeling
Molecular modeling was performed using Chem3D Ultra10 (CambridgeSoft, Cambridge,
Massachusetts U.S.A.) and Swiss-Pdb viewer (GlaxoSmithKline, Brentford, Middlesex,
United Kingdom). Three-dimensional models were created by RasMol (http://
www.bernstein-plus-sons.com/software/rasmol/doc/ rasmol.html).

2.4. Computer algorithm
Amino acid sequences of affinity-selected phages were used as a database for the computer
algorithm to predict mAb epitopes. The original version of our algorithm has been described
(Enshell-Seijffers et al., 2003). The rationale of the algorithm is based on the assumption
that affinity-selected peptides must share key contact residues with the true epitope in the
native protein. In the three-dimensional structure of a protein, amino acids creating the
epitope can be discontinuous and become juxtaposed at the surface of the antigen through
protein folding. Therefore, we assume that neighboring amino acids within the selected
phage-displayed peptides may represent pairs of juxtaposed yet non-linear amino acid
residues on the protein surface. Additionally, we assume that the most frequently observed
amino acid sequence pairs within a given set of affinity-selected peptides likely represent the
contact amino acids within the epitope.

Epitope prediction using the original method is based on statistical considerations and,
therefore, a large collection of affinity-selected peptides is required. Furthermore, the
predictions from this method were often equivocal. Parameters such as cluster size (number
of amino acid pairs predicted to be in the cluster) and diversity (number of discrete amino
acid pairings) are very helpful to identify the most probable epitopes. Diversity is a
particularly important parameter of the cluster since this parameter reflects epitope
complexity and reveals a greater number of discrete residues within the epitope. However,
this method typically predicts only a fraction of the epitope. To extend our prediction and
encompass a greater fraction of the epitope, we designed a novel algorithm that “fills” the
clusters with amino acids located on a protein surface around the amino acid residues
predicted by the original algorithm. This second step creates an additional set of amino acid
pairs for every predicted cluster based on the mimotope sequences, which includes all amino
acids identified in the “filling” step and separated by distance ≤8 Å. This new dataset is then
compared to the total amino acid pair composition of the affinity-selected mimotopes. The
cluster analysis is then repeated using the new pairs that were present in the original
database but were not selected initially because they did not meet the statistical threshold.
Finally, the epitope is defined based on the largest predicted clusters that match the pair
composition within the complete database of mimotopes. A scheme of this novel algorithm
is presented in Fig. 1.

Denisova et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.bernstein-plus-sons.com/software/rasmol/doc/rasmol.html
http://www.bernstein-plus-sons.com/software/rasmol/doc/rasmol.html


3. Results and discussion
3.1. Epitope prediction for mAbs E16 and E24

Our previous mapping studies using yeast surface display predicted that E16 and E24 would
bind to a similar region within the lateral ridge of domain III (DIII) of WNVE protein. In
particular, three amino acids K307, T330 and T332 were predicted as essential for E16 and
E24 recognition. These two mAbs are of significant interest because they rapidly neutralize
WNV infection in vitro and in vivo. The epitope target of E16 was further defined by X-ray
crystallography, validating the results of the yeast display (Nybakken et al., 2005); in
addition to the amino acid residues identified by yeast display that accounted for ~80% of
hydrogen bond interactions, crystallography defined additional 12 contact residues revealing
a discontinuous structural epitope that spans four loops.

Given the available high-resolution structural data, we chose to initially map the epitope for
E16 to confirm the utility of our novel strategy. Immunoaffinity purification of phages using
E16 yielded 22 different peptides following exhaustive library screening (Fig. 2A). The
epitope prediction based on these sequences was elucidated initially using our original
algorithm to identify statistically significant amino acid “pairs” located within close
proximity on the surface of the folded protein (an example of the results is presented in Fig.
2B). Cluster analysis revealed that the majority of these pairs fell into the same region of the
protein (Fig. 2B, Cluster 1) and this region coincides with the predicted epitope defined by
X-ray crystallography. At this stage we identified significant pairs in only 15 of the 22
peptides (Fig. 2A, red letters). Interestingly, all of the significant pairs in this cluster
involved one of three proline residues (P335, P339, and P360). Although prolines were not
shown to be involved in antibody contact, these residues may have an important indirect role
in maintaining the epitope structure.

Even though the cluster analysis successfully identified the correct region for the epitope,
we only uncovered three of the contact residues defined by crystallography [Q328, Q391,
I393]. Many of the residues within the collection of affinity-selected mimotopes are likely to
provide important geometric and physico-chemical (charge and polarity) properties to the
epitope but are difficult to assign using our original algorithm. Given this limitation, we
developed a novel algorithm, which refines the prediction. In this second step, the area
around the predicted cluster is “filled” with the neighboring amino acids by calculating the
distance between the amino acids predicted by the original algorithm and spatially-proximal
neighbors (≤8 Å away). By applying this novel algorithm to the collection of E16 peptides,
we identified additional residues (listed in Fig. 2C and shown as blue letters in Fig. 2A;
asterisks denote contact residues defined by crystallography), which did not satisfy the strict
statistical requirements of the original algorithm. We now find that 21 of the 22 peptides
(Fig. 2A) carry relevant amino acids for epitope prediction. Using this additional set, we can
more accurately predict the epitope and we confirmed most of the contact residues predicted
by the X-ray structure: T300, Y302, S306, K307, A308, K310, T330, T332, D333, G334,
A365, A367, N368, Q391, and I393 (Fig. 2D) were also predicted by our second step
algorithm (Fig. 2E). Nevertheless, there were a few amino acids (F309, T366 and E390) that
were defined by crystal-lography but not predicted using either prediction strategy (i.e.
mimotope selection or presentation of random mutants by yeast display).

With mAb E24, only 7 different peptides were isolated following exhaustive library
screening (Fig. 3A). Interestingly, one of the peptides was overrepresented in our database
(MCNTDASYPHVPCD) and appeared more than 30 times during the screening process.
The high frequency of this peptide was not due to overrepresentation of a single phage
because multiple phages were isolated which expressed this peptide but with distinct
nucleotide sequences. In the first step of our prediction method, only two clusters were
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identified (not shown). Cluster 1 contained greater numbers of significant pairs than Cluster
2 (15 vs. 6) and greater diversity (6 generalized pairs compared to 2 generalized pairs). The
first step again successfully predicting the region in which the epitope was found (residues
predicted by the first stage are displayed in red in Fig. 3). However, only a limited number
of residues within the epitope (Y302, Q391) were identified, similar to the results with E16.
By applying the second step of our algorithm, we identified additional amino acids that
contributed to the E24 epitope: T332, D333, A365, A367 (displayed in Fig. 3 using blue
lettering). Notably, T330 and T332 were previously identified as key constituents of the E24
epitope using mutational analysis (Oliphant et al., 2005). By contrast, the mimotope method
did not identify K307 as part of the epitope although mutation of this residue strongly
abrogates binding by E24. Consistent with our previous results, our novel algorithm mapped
the E24 epitope to the same area as the E16 epitope. Similar to the results with E16, all the
significant pairs identified by our first step included proline residues, further emphasizing an
important role for proline in maintaining the scaffold of the neutralizing epitope.

It is noteworthy that E16 and E24 immunoselection did not identify any common phages;
this is consistent with our prediction that these two mAbs bind the same region on DIII but
not the exact same epitope. The predicted epitope for E24 and the known epitope for E16 are
shown side-by-side in Fig. 4 for comparison. The main contact residues are situated on the
turns connecting eight β-strands (Fig. 4). Some of the predicted residues are not likely to be
involved in antibody contact, such as hydrophobic amino acids (V338, I393) and prolines
(P335, P339, P360), but may contribute to maintaining epitope conformation.

3.2. Epitope prediction for mAb E121
Immunoselection with E121 identified 21 different peptides (Fig. 5A). Based on these
sequences, two clusters were predicted that were similar in size. However, Cluster 1 had
greater diversity of amino acid residues and, therefore, provided a stronger prediction.
Indeed, Cluster 1 matched the region predicted to contain the E121 epitope by yeast display
and included residues previously determined to be important for E121 binding (S175, E191,
R193, S194) (Oliphant et al., 2006). Again, a greater number of residues within the epitope
were defined following the second step (Fig. 5A and B; blue letters) including one a critical
residue for E121 binding (R193), reinforcing the value of this second step to the overall
prediction. The algorithm suggests that E121 mAb epitope lies within the hinge region
between DI and DII and its amino acid residues are located on four β-strands (Fig. 5E);
similar structures have been defined for a number of different epitopes (Housset et al., 1997;
Kwong et al., 1998). Some of the predicted amino acids within the epitope satisfy conditions
for typical β-sheet regularity (n, n + 2): E185, T187, D189, S175, T177, S168, and S170.
Amino acids S193 and R194 are situated on a linker with random coil structure between DI
and DII.

3.3. Epitope prediction of mAb E113
Ten different peptide sequences were discovered following exhaustive screening of the
library with mAb E113 (Fig. 6A). While seven unique sequences were sufficient to
accurately predict the epitope for E24, the 10 E113-specific sequences failed to yield a
conclusive prediction. Rather, two clusters were identified with similar attributes that were
spatially adjacent to each other (Fig. 6C and F). In this instance, affinity-selected random
peptides failed to produce a single epitope prediction. The first cluster Fig. 6(A–C) spanned
a region formed by four β-strands (Fig. 6G) and included E49 and K280 which were shown
to be important for E113 binding (Oliphant et al., 2006). Furthermore, a number of sites
predicted within the second cluster (W217, N222, and R236) were mutated in our previous
report (Oliphant et al., 2006) and did not influence E113 binding; thereby reducing our
confidence that this second cluster accurately predicts the epitope. Therefore, in
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consideration of the data with directed mutagenesis, we believe that the epitope predicted by
the first cluster represents the most likely target. This example reveals the complementarity
of the methods we have employed for epitope prediction; mutational analysis facilitates the
selection of otherwise equivocal predictions and the mimotope method reveals a broader
number of discrete residues within the epitope (our previous work did not identify N277,
N47, K136, or S168) and provides a better prediction of the epitope structure (four β-
strands).

3.4. Epitope prediction for mAbs E60
The results with mAb E60 are an additional excellent example of the importance of
combining the random mutational screening method described in our previous manuscripts
(Oliphant et al., 2006) and the analysis of affinity-selected mimotopes. With E60, 14 unique
peptides were isolated (Fig. 7A). The initial epitope predicted by our algorithm did not
overlap with the region identified using mutational analysis (data not shown). The epitope
for E60 was previously predicted to lie within the fusion loop as mutations of amino acids
W101, G106, and L107 abrogated binding of E60 (Oliphant et al., 2006). However, unlike
the predictions described above, none of these key residues were predicted in our initial
cluster analysis. E60 exhibited strong reactivity for the selected mimotopes, so we were
confident that the selected peptides were of sufficient affinity for E60 to be used in our
analysis. Interestingly, molecular modeling of the E60 mimotope which was most
commonly isolated by affinity selection revealed a structure that it is similar to the fusion
loop but with some deviations in atomic coordinates (Fig. 7B). Indeed, similar modeling
with 2 other mimotopes from this collection also revealed comparable structures (data not
shown). Therefore, it seemed likely that the affinity-selected mimotopes were characteristic
of the fusion loop however our algorithm was unable to identify these qualities.

We hypothesized that there may be differences between the atomic coordinates defined by
X-ray crystallography and the actual protein conformation recognized by E60 in solution. As
a result, our computer algorithm, which makes predictions based on the distances between
amino acid side chains, would not provide an accurate prediction. To accommodate this
possibility, we modified the conditions to accept a maximal distance between amino acid
neighbors of 9 Å to reduce the stringency of our analysis. We also included pairing with all
possible amino acid neighbors, regardless of their accessibility of the protein surface. To
avoid prediction of huge clusters, we only used amino acid pairs with very high statistical
probability after the first step of the algorithm. The results of the prediction are presented in
Fig. 7C. We identified three small clusters using these modifications to our selection criteria
(data not shown). The clusters were small due to the high stringency applied to the selection
of significant residues. Nevertheless, a cluster was defined that contained two of the amino
acids previously identified by our mutational method (W107, L107) and one additional
residue within the fusion loop (F108) (Oliphant et al., 2006). Following the second step of
the algorithm, we also predicted that G106, the third key residue defined by mutational
analysis, lies within the E60 epitope. Most of the highly statistically significant amino acid
pairs identified through the algorithm included residues P75 and C74 (both located outside
the fusion loop). C74 makes disulfide bond with C105 thus stabilizing local conformation of
the loop. Proline is often important for sustaining protein conformation and P75 was actually
determined to be important for the epitope integrity through mutational analysis (Oliphant et
al., 2005). It is of interest that E60 is a flavivirus cross-reactive antibody and binds strongly
to Dengue virus E protein, which contains conserved residues identified in our prediction
(C74, P75, E79, W101, G106, L107). Predicted residues T76, G102, N103, G104 and K110
are also conserved in Dengue virus E protein and any, or all, of these amino acids could
contribute to antibody contact. Thus, the case of E60 clearly demonstrates the importance of
combining random mutagenesis screening of epitope binding sites with the mimotope
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methodology. A ribbon diagram of the predicted structure is shown in Fig. 7E. The epitope
structure seems to be stabilized by a single disulfide bond and multiple hydrogen bonds
(shown in Fig. 7E).

Overall, the results of this study indicate that our novel computer algorithm for epitope
prediction is functional and provides useful insight into the nature of the antibody
recognition. Screening of the random peptide libraries for epitope analysis yielded
information that was not previously defined by crystallographic or mutational studies. For
example, an important role for proline residues in maintaining the scaffold of the E16
epitope was suggested. Although further investigations will be required to fully define the
role of the non-contact residue identified by our approach, the method provides a useful tool
for hypothesis generation regarding epitope structure and the data provide an important
blueprint for the development of epitope-specific vaccines. Our results demonstrate that
while both yeast display of randomly mutated domains and phage display of random
peptides are effective methods for epitope prediction, the combined methodologies provide
greater information and confidence in epitope prediction. Whereas random mutagenesis may
not reveal all of the residues within a particular epitope, it allows the operator to pinpoint
key regions without a priori knowledge of the epitope location. Such a tool is highly
complementary to the mimotope method, which can define many residues within an epitope
but commonly returns equivocal predictions that require validation through mutagenesis.
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Fig. 1.
Scheme of the computer algorithm.
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Fig. 2.
Prediction of the E16 epitope. (A) Peptide sequences found by phage library screening.
Amino acids predicted at the first stage are shown in red and those predicted at the second
step are shown in blue. (B) Amino acid clusters predicted by the algorithm. Gen. code =
generalized code (Enshell-Seijffers et al., 2003)]. (C) List of amino acids added at the
second step. Contact residues are indicated by asterisk. (D) E16 epitope estimated by X-ray
crystallographic analysis (Nybakken et al., 2005), amino acids of the epitope are shown in
red. (E) Epitope predicted by our affinity-selected mimotopes. Amino acids predicted at the
first stage are shown in red and those predicted at the second step are shown in blue. (For
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interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 3.
Prediction of the E24 epitope. (A) Peptide sequences found by phage library screening.
Amino acids predicted at the first stage are shown in red and those predicted at the second
step are shown in blue. (B) Amino acids predicted by the algorithm (red) and added at the
second step (blue). Amino acids found by mutational analysis are indicated by asterisk. (C)
Epitope predicted by our affinity-selected mimotopes. Amino acids predicted at the first
stage are shown in red and those predicted at the second step are shown in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 4.
Structural comparison of the E16 epitope and predicted E24 epitope. (A) 3D model of
domain III of envelope protein. β-strands connecting E16 epitope amino acid contact
residues are shown in red. (B) 3D model of epitope E16. (C) 3D model of epitope E24.
Colours—red: acidic amino acids, green: hydrophobic amino acids, blue: basic amino acids,
orange: serine and threonine. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 5.
Prediction of the E121 epitope. (A) Peptide sequences found by phage library screening.
Amino acids predicted at the first stage are shown in red and those predicted at the second
step are shown in blue. (B) Amino acids predicted by the algorithm (red) and added at the
second step (blue). Amino acids found by mutational analysis are indicated by asterisks. (C)
Epitope predicted by our affinity-selected mimotopes. Amino acids predicted at the first
stage are shown in red and those predicted at the second step are shown in blue. (D) Folding
of predicted E121 epitope. Colours—red: acidic amino acids, green: hydrophobic amino
acids, blue: basic amino acids, orange: serine and threonine. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the
article.)
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Fig. 6.
Prediction of the E113 epitope. (A) Peptide sequences found by phage library screening and
modeled on Cluster 1. Amino acids predicted at the first stage are shown in red and those
predicted at the second step are shown in blue. (B) Amino acids associated with Cluster 1
(red) and added at the second step (blue) Amino acids found by mutational analysis are
indicated by asterisk. (C) Epitope predicted by Cluster 1. Amino acids predicted at the first
stage are shown in red and those predicted at the second step are shown in blue. (D) Peptide
sequences found by phage library screening and modeled on Cluster 2. Amino acids
predicted at the first stage are shown in red and those predicted at the second step are shown
in blue. (E) Amino acids associated with Cluster 2 (red) and added at the second step (blue).
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(F) Epitope predicted by Cluster 2. Amino acids predicted at the first stage are shown in red
and those predicted at the second step are shown in blue. (G) Folding of predicted E113
epitope. Colours—red: acidic amino acids, green: hydrophobic amino acids, blue: basic
amino acids, orange: serine and threonine. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

Denisova et al. Page 16

Mol Immunol. Author manuscript; available in PMC 2013 December 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Prediction of the E60 epitope. (A) Peptide sequences found by phage library screening.
Amino acids predicted at the first stage are shown in red and those predicted at the second
step are shown in blue. (B) 3D Molecular models of E60 mimotope and the fusion loop of
envelope protein. (C) Amino acids clusters predicted by the algorithm (red) and added at the
second step (blue). (D) Ribbon diagram of the E60 epitope. Colours—red: acidic amino
acids, green: hydrophobic amino acids, blue: basic amino acids, orange: serine and
threonine. Hydrogen and disulfide bonds are shown in dotted lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the
article.)
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