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Abstract
Background: Precise determination of conformational epitopes of neutralizing antibodies represents a key step in the rational design 
of novel vaccines. A powerful experimental method to gain insights on the physical chemical nature of conformational epitopes is the 
selection of linear peptides that bind with high affinities to a monoclonal antibody of interest by phage display technology. However, 
the structural characterization of conformational epitopes from these mimotopes is not straightforward, and in the past the interpretation 
of peptide sequences from phage display experiments focused on linear sequence analysis to find a consensus sequence or common 
sequence motifs.

Results: We present a fully automated search method, EpiSearch that predicts the possible location of conformational epitopes on the 
surface of an antigen. The algorithm uses peptide sequences from phage display experiments as input, and ranks all surface exposed 
patches according to the frequency distribution of similar residues in the peptides and in the patch. We have tested the performance of 
the EpiSearch algorithm for six experimental data sets of phage display experiments, the human epidermal growth factor receptor-2 
(HER-2/neu), the antibody mAb Bo2C11 targeting the C2 domain of FVIII, antibodies mAb 17b and mAb b12 of the HIV envelope 
protein gp120, mAb 13b5 targeting HIV-1 capsid protein and 80R of the SARS coronavirus spike protein. In all these examples the 
conformational epitopes as determined by the X-ray crystal structures of the antibody-antigen complexes, were found within the highest 
scoring patches of EpiSearch, covering in most cases more than 50% residues of experimental observed conformational epitopes. Input 
options of the program include mapping of a single peptide or a set of peptides on the antigen structure, and the results of the calculation 
can be visualized on our interactive web server.

Availability: Users can access the EpiSearch from our web server http://curie.utmb.edu/episearch.html

Contact: webraun@utmb.edu

Keywords: conformational epitopes, peptides, phage display

http://www.la-press.com
http://www.creativecommons.org/licenses/by/2.0
http://www.la-press.com
http://www.la-press.com
mailto:webraun@utmb.edu


negi and Braun

72 Bioinformatics and Biology Insights 2009:3

Introduction
The identification of conformational epitopes in 
antibody-antigen interaction is a crucial step for 
the rational design of novel drugs and vaccines. 
The most direct experimental method to accurately 
define an epitope is to determine the 3D structure 
of the antibody-antigen complex by X-ray 
crystallography1–5 however these methods are time-
consuming and need purified protein complexes. An 
alternative approach makes use of screening biological 
peptide libraries with antibodies to identify peptides 
that mimic conformational epitopes.6–8 A library of 
peptides is generated by filamentous phages that 
display a random set of peptides on their surfaces. 
The antigen binding site on the antibody, used in 
the screening, will select those peptides from the 
random phase libraries that have a subset of similar 
residues in common with the conformational epitope 
of the antigen. In iterative procedures of biopanning 
the libraries with the antibody of interest, residues 
important for binding can then be enriched in the 
phage sequences. Phage display methods have been 
shown to experimentally identify residues critical for 
antigen-antibody interactions.6–14 It has been shown 
that the peptides obtained from random phage libraries 
can mimic conformational epitopes, thus they are also 
referred as mimotopes.9,13–17 The peptide sequences of 
mimotopes are found quite often be different from 
those of the natural antigen, thus the assignment of 
conformational epitopes from the peptide sequences 
can not be done by sequence alignment of the 
selected peptides with the sequence of the antigen. 
Conformational epitopes are formed in most cases by 
a small group of amino acid residues scattered along 
the protein sequence yet form contiguous clusters of 
residues on the protein surface.9,17,18 Methods using 
only the linear sequence of the antigen are thus not 
applicable in most cases.

In the current work, we developed a fully 
automated computational method, EpiSearch 
(http://curie.utmb.edu/episearch.html) to map a 
conformational epitope on the antigen protein surface 
from phage display sequences without manual 
intervention. EpiSearch is based on a patch analysis 
that identifies spatial contiguous clusters of residues 
on the surface of the antigen with similar physical-
chemical properties as found in the phage display 
sequences. Similarity of residues is measured by a 

physical-chemical property distance that was derived 
from five descriptors of amino acid residues.19–24 The 
performance of the EpiSearch algorithm has been 
tested for six experimental data sets of phage display 
experiments and compared to the conformational 
epitopes as found by the X-ray crystal structures of 
the corresponding antibody-antigen complexes. The 
highest-scoring patch of EpiSearch was found in all 
the test cases overlapping with the experimentally 
observed conformational epitopes, and the predicted 
conformational epitopes cover in most cases more 
than 50% residues of the conformational epitopes. 
In the online version of  the EpiSearch method, users can 
map a single consensus sequence or up to thirty peptide 
sequences at a time. The output results from EpiSearch 
are displayed in a table and automatically mapped on 
the 3D structure using Jmol molecule viewer.25

Methods
The conformational epitopes on the protein surface 
are predicted by an automated sequence analysis of 
all phage display sequences and a comparison to the 
distributions of amino acids on three-dimensional 
patches on the protein surface. The amino acid 
compositions of the linear and 3D profiles are 
compared and quantified in a score function for each 
patch on the protein surface. The highest scoring 
patches are listed in the output files and are also 
displayed on the surface of the protein. An overview 
of the implemented procedure in EpiSearch is given 
in Figure 1.

Amino acid composition in the phage 
display sequences
The input of EpiSearch uses the set of M sequences 
from phage display experiments (labeled j = 1, ..., M) 
that mimic the surface residues of an antibody binding 
sites and the 3D structure of the antigen. The frequency 
distributions of residues for these peptide sequences 
are stored in a matrix mat1 (M, 20) with M rows and 
20 columns.

Amino acid composition  
of the surface patches
The protein surface of the antigen is decomposed 
in overlapping surface patches around each solvent 
accessible amino acid residue. Therefore, in a protein 
with N solvent accessible residues, we have N number 
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of surface patches, labeled k = 1, ..., N. The solvent 
accessible surface area of each residue is calculated 
by GetArea26 with a probe radius of 1.4Å. A residue 
is considered to be solvent exposed if its solvent 
accessible surface area is greater than 10Å2 otherwise 
the residues are considered as buried in the protein.22,24 
The surface exposed residues are represented by their 
Cβ atom (Cα atom in case of Gly residue). Using 
the Cβ position of each residue (Cα atom in case of 
Gly residue), a surface patch of radius R is drawn 
around each surface exposed residues. The frequency 
distribution of amino acid residues in each patch 
is calculated and saved into a second matrix mat2 
(N, 20). A patch size of radius 12Å was used for all 
calculations with EpiSearch. Empirically, a patch size 
of radius 12Å was chosen to cover the surface area of 
all the residues present in the input peptide sequences 
(in most of the test cases the input peptide sequence is 
12 residues long). An increase of the patch size may 
increase the sensitivity of the method but at the same 
time it will also decrease the precision of the method. 

On other hand a decrease in patch size may predict 
a smaller number of  residues and therefore decrease 
the sensitivity of the method.

Criterion for matching residues
In order to map a peptide on the protein surface, we 
calculate the property distance PD (A, B) of residues 
A in the peptide sequences and residues B in each 
patch as:

 PD A B E A E Bi
i

i i( , ) ( ( ) ( ))= −∑λ 2
 (1)

where the Ei (i = 1,5) are five quantitative descriptors 
representing physicochemical properties of 
amino acids and λi are the eigen values of the ith 
component of E.19,21 If two amino acid residues are 
identical, their PD value is zero, and similar amino 
acid residues have small PD values. We used a 
cutoff value of PD = 8.0 as the criterion to have 
matching residues between phage display sequences 

Figure 1. Flow chart of the episearch method used to map peptide sequences obtained from phage display experiment onto 3D protein structure.
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and surface patches. We found empirically that this 
PD value represents a good threshold for residues 
with similar properties. The number of matching 
residues in each peptide j and patch k are then stored 
in a new matrix Xj

k.

score function of surface patches
Finally, for a given peptide j, the total number of 
predicted residues in each patch k is normalized 
using

 SIM
X X

X X
k nj

k j
k

j

j j

=
−

−
=min

max min

, , ,for 1 2 …  (2)

where, Xminj
 and Xmaxj

 are the minimum and maximum 
number of matching residues present in all patches 
for a given peptide sequence j. This normalization 
transforms the number of matching residues for each 
peptide j to a uniform range; i.e. a SIMj

k value of 
1 represent a patch k with the maximum number of 
matching residues for a given peptide j, and a SIMj

k 
value of 0 represent a patch k with the minimum 
number of matches. The process is repeated over 
all input peptide sequences j. We then select only 
patches as potential candidates for conformational 
epitopes if they have SIMj

k values greater than 0.5 for 
all peptides j; i.e. patches have a reasonable good 
match with all peptides. The final score, Scorek, of 
each selected patch k is then calculated as the average 
over all M peptides,

 Score
M

SIMk
j
k

j

M

=
=

∑1
1

 (3)

The highest scoring patch is selected as the 
predicted patch, and those individual residues 
within the predicted patch that match at least one 
of the peptide sequences are predicted as part of the 
conformational epitope.

Definition of the observed conformational 
epitope derived from the X-ray structure 
of the antibody-antigen complex
A residue is considered as part of the observed 
epitope in the X-ray crystal-structure of the 
antibody-antigen complex, if the residue changes its 

solvent accessible surface area by more than 10Å2 in 
complex formation.

Results
Mapping of trastuzumab peptides
As a first test for the performance of our procedure we 
selected the trastuzumab epitope. Trastuzumab, also 
known under the trade name Herceptin, is a humanized 
monoclonal antibody that inhibits growth of Her-2/
neu expressing tumor cells, and has been approved 
as immunotherapy for breast cancer patients.27–30 
The group of E. Jensen-Jarolim has isolated five 
peptides each 12 residue long from phage display 
experiments to characterize the epitope of the antibody 
trastuzumab on the human epidermal growth factor 
receptor-2, Her-2/neu.28,29 The conformational epitope 
of trastuzumab on Her-2/neu has also been determined 
by a co-crystal structure of a trastuzumab Fab 
fragment with the extra cellular domain of the HER2 
receptor, PDB id: 1N8Z.30 Main residues representing 
the conformational trastuzumab epitope are located in 
the C terminal of domain-IV with the three segments 
of amino acids 557–561, 569–573 and 591–603 
respectively. Multiple sequence alignment shows no 
consensus region between the sequences of the phage 
display peptides and the HER-2/neu sequence.28

High scoring patches on Her-2/neu were predicted 
by EpiSearch in two locations ranging from residues 
200 to 300 and 550 to 600 (Fig. 2A). The patch with 
the highest score (0.910) was found with the center 
at residue C565, and the second highest score was 
found centered at residue C214 (Score: 0.882). The 
individual score profiles for all 5 peptides are shown 
in a close-up views in Figure 2B and Figure 2C. 
Patches at the third and fourth rank were found at 
K569 with a score 0.774 and at Y568 (Score: 0.766) 
overlapping with the patch at C565. Other high 
scoring patches at residues 272 and 283 are near the 
patch centered at C214 on the surface of Her-2/neu.

The patch at residue C565 with the highest score 
coincides to a large extent with the experimentally 
determined epitope of the antibody—Her-2/neu 
complex which is shown in red in Figure 3A. 
A detailed view of the predicted patch site at 
C565 shows residues on the surface of Her-2/neu 
that match residues in the peptide sequences, i.e. 
these are the predicted residues within the patch 
(in green) and other residues of the patch are shown 
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in orange (Fig. 3B). Most of these predicted residues 
are correct, as shown in red in Figure 3C, and only 
a few residues of the experimentally determined 
epitope are not predicted (shown in blue). The second 
highest scoring patch at residue C214 was located 
on the other face of the HER-2, and is not part of 
the interface of the antibody—Her-2/neu complex. 
However both the patches share a large fraction of 
amino acids present in the input peptide sequences. 
This patch is also predicted as one of the top rank 
cluster in Mapitope analysis.17

Mapping of mAb Bo2C11 epitopes
Next, we compared the performance of the EpiSearch 
method to map the epitopes recognized by mAb 
Bo2C11 on the C2 domain of coagulation factor VIII 
(FVIII). Bo2C11 is a human anti FVIII monoclonal 
antibody that binds to C2 domain of FVIII, an 
essential cofactor in the intrinsic pathway of blood 
coagulation. Deficiency of FVIII results in bleeding 
disorder commonly known as hemophilia A.9,31–33 We 
used a list of 27 peptides each 12 residue long selected 
against mAb Bo2C11 targeting the C2 domain of 
FVIII.31 Using the X-ray crystal structure of the C2 
domain of FVIII34 (PDB id:1IQD), EpiSearch method 
predicted a potential epitope on the C2 domain of 

FVIII that correspond to a patch centered at the residue 
R2220 with the highest score (0.937). The predicted 
residues form a large part of the conformational 
epitope as determined by the X-ray crystal structure 
of the Bo2C11 mAb-C2 domain (Fig. 4A). The residue 
R2220 is completely buried at the Fab interface 
and forms a salt bridge with the residue D102 on 
the Fab Bo2C11 while residues H2315 and Q2316 
play an important role in polar interactions at the 
antibody interface.34 Other three patches predicted 
by EpiSearch method are centered on the residues 
P2205 (Score: 0.881), E2228 (Score: 0.804) and 
Y2195 (Score: 0.769) respectively. The residues 
predicted in these patches are also present in the 
Bo2C11 binding site. The predicted residues from the 
highest scoring patch are shown in Figure 4B, and 
to a large extent correctly predicted to be part of the 
interface are shown in Figure 4C.

Mapping of mAb b12 and mAb 17b 
epitopes
In order to map the conformational epitopes of 
mAb b1213 onto the crystal structure of gp120 
(PDB id: 2NY7) we selected nineteen 12-mer 
cysteine looped peptides. Using default value of 
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Figure 2. A) Average score profile of five trastuzumab peptides CQMWAPQWGPDC, CKLYWADGELTC, CKLYWADGEFTC, CVDYHYEGTITC, and 
CVDYHYEGAITC in each patch centered on the surface exposed residues of HER2 protein surface is shown. B–c) shows the score profile for the five 
peptides at the two high scoring patches centered at residues 214 and 565, respectively.
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Figure 3. Comparison of the genuine epitope site on her2 surface 
obtained from X-ray crystallography with the epitope site predicted by 
the episearch method. A) The amino acids at the genuine epitope site 
on her-2 surface (red). B) The amino acids predicted by the episearch 
method present in the highest scoring patch centered on C565 and also 
present in the input peptide sequences (green), while the residues not 
present in the input peptide sequences are shown in orange. c) Amino 
acids correctly predicted and present in the genuine epitope binding site 
on her2 surface (red), while the residues present in the epitope site and 
not predicted are shown in blue.

parameters, EpiSearch method predicted a high 
scoring patch centered on residue T283 (Score: 0.943). 
A comparison between the residues located in the 
predicted patch with those located at the interface of 
gp120-mAb b12 complex revealed that the EpiSearch 
method correctly predicted the residues N280, A281, 
K282, R469, T455, G472, G473 and M475 as part 
of the conformational epitope. We also observed that 
the residues D279, N280, A281, K282 and T283 
predicted in the high scoring patch coincide with the 
CD4 binding site in the gp120.13,35 When the analysis 
was repeated after removing the terminal cysteine 
residues from the peptide sequences, a high scoring 
patch centered at T283 (Score: 0.911) was predicted. 
This indicates that the method is able to predict the 
location of the conformational epitope correctly with 
or without the terminal cysteine residue.

We also mapped the conformational epitopes of  mAb 
17b onto the crystal structure of gp12036 using eleven 
12-mer cysteine looped peptides of the mAb 17b.18 The 
EpiSearch analysis predicted two high scoring patches 
centered on residues L116 (Score: 0.780) and L122 
(Score: 0.683). The patches partially overlap with each 
other and share more than 70% of the residues present 
in the input peptide sequences. We observed that the 
accuracy of the method was lowered by removing the 
terminal cysteine residues from the peptide sequences. 
This may be attributed to the presence of cysteine 
residue in the epitope binding site which has been 
shown critical for stabilizing the gp120 core.35–37

Mapping of mAb 13b5 epitopes
A list of fourteen 12-mer cysteine-loop peptides of 
mAb 13b518 that bind HIV-1 capsid protein (p24)38,39 
(PDB id: 1E6J) were selected. Using default value 
of the parameters, EpiSearch method predicted 
two top scoring patches centered on residues M214 
(Score: 0.813) and R100 (Score: 0.805). The patch 
M214 was located in the C-terminal while the patch 
centered at R100 was located in the N-terminal region 
of p24. Earlier, the crystal structure of  HIV-1 p24-mAb 
13b5 shows that the antibody recognizes a region in the 
C-terminal domain of p24 between the residues L205 
to E213.39 However, the dimeric structure of  the p24, as 
observed in the type II crystal, shows a dimer interface 
between N-terminal domain of one molecule with the 
C-terminal domain of two fold related molecule.38 
This observation brings the locations of  both predicted 
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patches in a close proximity in the dimer structure. 
Both high scoring patches centered at M214 and R100 
were also obtained when the analysis was repeated 
after removal of the terminal cysteine residues from 
the input sequences. The location of the predicted 
patch M214 on HIV-1 p24 surface corresponds to the 
experimentally observed conformational epitope.

Mapping neutralizing epitope 80r 
on SARS CoV spike protein
In this example, we selected a list of eighteen peptide 
sequences each fifteen residues long derived from the 
libraries of random linear peptides40 and mapped them 
onto the surface of SARS Coronavirus Spike protein 
receptor binding domain 2 (PDB id: 2AJF).41 Using 
the default value of input parameters, we obtained 
two high scoring patches centered at residues F460 
(Score: 0.844) and L443 (Score: 0.804). The amino 
acids predicted by the EpiSearch method were 
observed at the interface site of the spike protein and 
its receptor ACE2, and may represent the possible 
binding site for anti-SARS monoclonal antibody, 
80R. When the peptide sequences were tested 
independently, we found that with the exception of the 
peptide no 12 and 16, ten peptides mapped correctly 
in the interface region while five mapped in a patch 
centered at residue L355, a site also predicted by 
Tarnovitski et al40 on SARS Coronoavirus. Very low 
sequence identity among the input peptide sequences 
may be responsible for the prediction of multiple 
binding sites. However, all the peptide sequences 
satisfying the criteria defined by equation (3) were 
found in a patch centered at residue F460.

performance of the Method
The EpiSearch method was successfully validated 
using six independent test cases where input peptide 
sequences from phage display experiments as well as 
the X-ray co-crystal structures of antigen-antibody were 
available. Table 1 gives an overview of the accuracy of 
EpiSearch method and shows that the method correctly 
predicted the location of conformational epitopes. 
Despite the low sequence similarity among the input 
peptide sequences, the residues in the highest scoring 
patch shared approximately 70% sequence identity 
with the residues in the input peptide sequences. In 
our analysis, we observed that, though all the residues 

Figure 4. A) Amino acids in C2 domain of FVIII (red) complex with 
Bo2C11 Fab. B) The residues predicted by the episearch method in 
the highest scoring patch and present in the input peptide sequences 
are shown in green while the residues not present in the input peptide 
sequences are shown in orange. c) Amino acids correctly predicted and 
present in the Bo2C11 binding site (red), while the residues present in 
the Bo2C11 binding site and not predicted are shown in blue.
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in the input peptide sequences were not present in the 
epitope binding sites, a highest scoring patch correctly 
predicted the location of the conformational epitopes 
as found in the crystal structure. Except in case of 
mAb 17b peptides, the extent of coverage to locate the 
conformational epitope site in all the test cases was 
found to be more than 50% (Table 1). In case of mAb 
17b the second high scoring patch performed better than 
the top scoring patch. The second high scoring patch 
partially overlapped with the top scoring patch and 
contained seven of the eleven residues present in the 
mAb 17b interface. In case of Trastuzumab, mAb 17b, 
mAb b12 and mAb 13b5 peptides, we also determined 
the influence of terminal cysteine (Cys) residues on 
the quality of the results. Experimentally, the terminal 
cysteine residues were introduced to constrain the 
peptides to a cyclic structure and might influence the 
selection process. We observed that in most of the cases 
the result was not sensitive to the presence of the Cys 
as terminal residues. However, in the case of mAb 17b 
bound gp120 the constrained loop peptides gave a better 
result than the analysis performed without the terminal 
Cys residues, which is evident from the presence of a 
Cys residue in the epitope binding site of gp120.35,36

The performance of the EpiSearch method was 
compared with the online version of the PepSurf 
method (http://pepitope.tau.ac.il/),42 see Table 2. 

We observed that PepSurf method groups the input 
peptide sequences based on their sequence identity 
and maps the high scoring group on to antigen surface. 
However in case of the EpiSearch method all input 
peptide sequences satisfying equation 2 were mapped 
on the antigen surface.

Discussion and conclusions
It is generally believed that not all amino acids in a 
protein interface contribute to the affinity of binding 
of a protein complex in a uniform way, and major 
contributions to the binding energies of a protein 
complex are composed from a small fraction of 
amino acids present in the protein surface, known as 
hot spots.22,43–47 However, flexible peptides that bind 
to the antigen binding site of an antibody can use 
different binding modes not necessarily identical to a 
relatively rigid protein surface. The EpiSearch method 
assumes that all peptides that are selected during the 
bio-panning process use a subset of the actual antigen-
antibody interactions, and that the ensemble of all 
sequences sample most of favourable interactions 
in the protein-antibody interface. Therefore only 
surface patches that have a relative high number 
of matching residues for all peptide sequences 
are selected in our prediction process. We also 
assume that some of the physical pair interactions 

Table 1. Performance of the EpiSearch method for six independent test cases. Results are shown for the highest scoring 
patch, for the gp120-mAb 17b complex we also include the data for the second scoring patch. In all six cases the highest 
scoring patches overlap with the experimentally known epitopes as shown in the number of correctly predicted residues 
(column 6). This number is then compared to the number of all residues in the epitope sites (column 4), given as coverage, 
TP/(TP + Fn), in column 7, and also compared to the number of all predicted residues in that patch, given as overlap ratio, 
TP/(TP + FP), in column 8. TP = correctly predicted amino acids, Fn = amino acids not predicted and FP = amino acids 
predicted incorrectly on the protein surface.

name  
of antibody

number 
of input 
peptides

Highest 
patch 
score

number  
of interface 
residues*

number  
of residues 
in a patch

number  
of correctly 
predicted 
residues

extent  
of coverage

Overlap 
ratio

cpU Time 
(second)

Trastuzumab 5 0.91 14 27 9 0.64 0.33 62
mAb Bo2C11 27 0.93 14 20 7 0.50 0.35 43
mAb b12 19 0.94 18 26 8 0.44 0.31 46
mAb 17b†1 11 0.78 11 27 2 0.18 0.07 29
mAb 17b†2 11 0.68 11 19 7 0.64 0.37 29
mAb 13b5 14 0.81 12 21 12 1.00 0.57 21
80r 18 0.84 16 22 6 0.38 0.27 24
†Both first1 and second2 high scoring patches are shown.
*Interface residues are calculated if the change is AsA more than 10Å2 in complex formation.
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in the protein-antibody interface can be replaced by 
residue pairs with similar physicochemical properties, 
e.g. hydrophobic interactions, polar-polar or charge-
charge interactions. Thus our method does not only 
match residues of identical types, but also residues 
with similar physicochemical properties, i.e. with low 
PD values.

The number of antigen-antibody complexes that are 
experimentally determined by X-ray crystallography 
is continuously increasing in the protein data bank,48 
however mapping the conformational epitopes by 
phage display experiments is an alternative method to 
the 3D-structure determination in case a high affinity 
complex can not be isolated. The phage display 
technique first introduced by G. Smith49 has been 
successfully used to screen a large peptide libraries 
that binds to a specific antibody. Simple comparison 
of the linear sequences of the selected peptides to the 
sequence of the antigen is in most cases not possible, 
as the peptides selected from the phage display 
experiment represent discontinuous fragments 
of amino acids that may not have a high sequence 
homology to the antigen. The test cases we present 
here show that our EpiSearch method is a reliable 
technique to help in the interpretation of the peptide 
sequences.

A number of computational methods used to 
identify the epitopes on the antigen structure have 
been reported earlier.9,13,15–18,33,37,42,50–52 Most of these 
methods are either computationally expensive 
or unable to process a large number of peptide 

sequences at a time as discussed in detail by 
Mayrose et al.37 EnShell-Seijffers et al18 described a 
method that can be used to find the most frequent 
tandem pairs of amino acids selected from the phage 
display peptide library. The algorithm defines the 
statistically significant pairs of amino acids (AAP) 
by calculating the distance between two Cα atoms 
of adjacent residues. The AAP can be considered if 
the distance between to consecutive Cα is less than a 
given threshold value, D (the distance between alpha 
carbon of any given pair). Each peptide sequence 
obtained from the phage libraries are deconvoluted 
into AAPs and the most significant pairs were mapped 
on the protein surface. A new version of Enshell et al 
algorithm known as Mapitope,17 is available which 
depends on the selection of the distance between Cα 
atoms of any given pair and the statistical threshold 
values. Other methods, Findmap,53 3DEX16 and 
MIMOX33 uses one peptide sequence (or a consensus 
peptide sequence) at a time while PepSurf 37,42 
becomes highly CPU time intensive when longer 
peptides are used37 and the performance of the 
MIMOP9 relies on the multiple sequence alignment 
of peptide sequences. The ability of the EpiSearch 
method to predict genuine epitope binding site on 
the antigen surface was also tested using a single 
peptide sequence as well as a group of three, five 
and if possible nine, fourteen and twenty sequences. 
As shown in Table 1, the EpiSearch method correctly 
mapped the location of conformation epitopes. 
However, subtle differences were observed when 

Table 2. Performance of the PepSurf method using five independent test cases is shown. In case of trastuzumab epitope a 
third high scoring cluster on her2 surface in contact with the trastuzumab was selected.

name 
of antibody

number 
of input 
peptides

Highest 
patch 
score

number  
of interface 
residues*

number  
of residues 
in a patch

number  
of correctly 
predicted 
residues

extent  
of coverage#

Overlap 
ratio1

cpU Time 
(second)

Trastuzumab† 5 10.567 14 11 4 0.29 0.36 –
mAb Bo2C11 27 771.98 14 22 2 0.14 0.09 –
mAb b12 19 745.45 18 39 3 0.16 0.10 –
mAb 17b 11 306.38 11 29 6 0.55 0.20 –
mAb 13b5 14 635.15 12 26 11 0.92 0.42 –
80r$ – – – – – – – –
†result from correctly predicted cluster (third) is shown.
#Relative to actually observed in epitope TP/(TP + Fn) (extent of coverage), 1Relative to total predicted residues TP/(TP + FP) (overall ratio) as defined in 
table 1.
$No results available from PepSurf web server as PepSurf can not accept peptide sequences longer than 14 amino acids.
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the input peptide sequences shared a low sequence 
identity.16,17,33,42

Major advantages of EpiSearch are its flexibility 
for handling a single peptide sequence or a group of 
peptide sequences and its efficiency to process a large 
number of  peptide sequences in a very short time. Based 
on tested examples shown here the average processing 
time is about one minute which may vary depending 
on the size of the input protein data file used. Also the 
EpiSearch method is flexible enough and allows the 
user to vary the cut off value for solvent accessible 
surface area of amino acids and the patch size. For 
example, in the case of  Trastuzumab peptides, the 
method correctly predicts six residues using a 10Å 
patch size and three residues using a patch size of 8Å 
compared to nine residues using a patch size of 12Å. 
Similarly, in the case of mAb Bo2C11, the method 
correctly predicts five residues using a patch size of 
10Å compared to seven residues using a patch size of 
12Å. A further decrease in patch size predicts only four 
residues. A patch size below 10Å can accommodate 
fewer residues present in the 12-mer peptide and 
therefore recommends to use peptide sequences 
up to seven (7-mer) or nine (9-mer) residues long. 
The results obtained from the web server are shown 
interactively in a tabular form as well on the protein 
surface using JMOL molecular viewer.25 In addition, 
using the information about the surface exposed 
residues, EpiSearch method can be used to design 
peptides that might interfere with protein-protein 
interactions. Also, we hope that the results obtained 
from the EpiSearch method in combination with the 
information available from site directed mutagenesis 
will provide a vital resource to understand the nature 
of the antigen-antibody interaction in greater details. 
An automated version of the method is freely available 
online at http://curie.utmb.edu/episearch.html.

Authors’ contributions
SSN implemented the method and wrote the 
manuscript. WB formulated the problem, directed the 
work and corrected the manuscript.

Acknowledgements
We thank Dr. Randall M Goldblum, Department 
of Pediatrics, Division of Infectious Disease and 
Immunology at The University of Texas Medical 
Branch, Galveston for discussions. This work is 

supported by a contract from the U.S. Food and Drug 
Administration (HHSF223200710011I), and grants 
from the National Institute of Health (R01 AI 064913), 
and the U.S. Environmental Protection Agency under 
a STAR Research Assistance Agreement (No. RD 
833137). The article has not been formally reviewed 
by the EPA, and the views expressed in this document 
are solely those of the authors.

Disclosure
The authors report no conflicts of interest.

References
 1. Mirza O, Henriksen A, Ipsen H, et al. Dominant Epitopes and Allergic 

Cross-Reactivity: Complex Formation Between a Fab Fragment of a 
Monoclonal Murine IgG Antibody and the Major Allergen from Birch 
Pollen Bet v 1. J Immunol. 2000;165:331–8.

 2. Padavattan S, Schirmer T, Schmidt M, et al. Identification of a B-cell 
Epitope of Hyaluronidase, a Major Bee Venom Allergen, from its Crystal 
Structure in Complex with a Specific Fab. Journal of Molecular Biology. 
2007;368:742–52.

 3. Padlan EA. X-ray crystallography of antibodies. Adv Protein Chem. 
1996;49:57–133.

 4. Spangfort MD, Mirza O, Ipsen H, van Neerven RJJ, Gajhede M, Larsen JN. 
Dominating IgE-Binding Epitope of Bet v 1, the Major Allergen of Birch 
Pollen, Characterized by X-ray Crystallography and Site-Directed 
Mutagenesis. J Immunol. 2003;171:3084–90.

 5. Li Y, Li H, Yang F, Smith-Gill SJ, Mariuzza RA. X-ray snapshots of the 
maturation of an antibody response to a protein antigen. Nat Struct Mol 
Biol. 2003;10:482–8.

 6. Sidhu SS, Fairbrother WJ, Deshayes K. Exploring protein-protein 
interactions with phage display. Chembiochem. 2003;4:14–25.

 7. Diaz J, Howard B, Neubauer M, Olszewski A, Weiss G. Exploring 
biochemistry and cellular biology with protein libraries. Curr Issues Mol 
Biol. 2003;5:129–45.

 8. Sidhu SS, Lowman HB, Cunningham BC, Wells JA. Phage Display for 
Selection of Novel Binding Peptides. Methods Enzymol. 2000;328:333–63.

 9. Moreau V, Granier C, Villard S, Laune D, Molina F. Discontinuous 
epitope prediction based on mimotope analysis. Bioinformatics. 2006;22: 
1088–95.

10. Smothers JF, Henikoff S, Carter P. Tech.Sight. Phage display. Affinity 
selection from biological libraries. Science. 2002;298:621–2.

11. Sidhu SS. Full-length antibodies on display. Nat Biotechnol. 2007;25:537–8.
12. Schramm G, Bufe A, Petersen A, Haas H, Schlaak M, Becker WM. Mapping 

of IgE-binding epitopes on the recombinant major group I allergen of 
velvet grass pollen, rHol I 1. Journal of Allergy and Clinical Immunology. 
1997;99:781–7.

13. Bublil E, Yeger-Azuz S, Gershoni J. Computational prediction of the cross-
reactive neutralizing epitope corresponding to the monoclonal antibody b12 
specific for HIV-1 gp120. FASEB J. 2006;20:1762–74.

14. de Bruin R, Spelt K, Mol J, Koes R, Quattrocchio F. Selection of high-
affinity phage antibodies from phage display libraries. Nature Biotechnology. 
1999;17:397–9.

15. Ganglberger E, Grunberger K, Sponer B, Radauer C, et al. Allergen 
mimotopes for 3-dimensional epitope search and induction of antibodies 
inhibiting human IgE. FASEB J. 2000;14:2177–84.

16. Schreiber A, Humbert M, Benz A, Dietrich U. 3D-Epitope-Explorer 
(3DEX): localization of conformational epitopes within three-dimensional 
structures of proteins. J Comput Chem. 2005;26:879–87.

17. Bublil E, Freund N, Mayrose I, et al. Stepwise prediction of conformational 
discontinuous B-cell epitopes using the Mapitope algorithm. Proteins: 
Structure, Function, and Bioinformatics. 2007;68:294–304.

http://www.la-press.com


Automated detection of conformational epitopes using phage display peptide sequences

Bioinformatics and Biology Insights 2009:3 81

publish with Libertas Academica and 
every scientist working in your field can 

read your article 

“I would like to say that this is the most author-friendly 
editing process I have experienced in over 150 

publications. Thank you most sincerely.”

“The communication between your staff and me has 
been terrific.  Whenever progress is made with the 
manuscript, I receive notice.  Quite honestly, I’ve 
never had such complete communication with a 

journal.”

“LA is different, and hopefully represents a kind of 
scientific publication machinery that removes the 

hurdles from free flow of scientific thought.”

Your paper will be:
• Available to your entire community 

free of charge
• Fairly and quickly peer reviewed
• Yours!  You retain copyright

http://www.la-press.com

18. Enshell-Seijffers D, Denisov D, Groisman B, et al. The Mapping and 
Reconstitution of a Conformational Discontinuous B-cell Epitope of HIV-1. 
Journal of Molecular Biology. 2003;334:87–101.

19. Venkatarajan M, Braun W. New quantitative descriptors of amino acids 
based on multidimensional scaling of a large number of physical–chemical 
properties. J Mol Model. 2001;7:445–53.

20. Ivanciuc O, Schein CH, Braun W. Data mining of sequences and 3D 
structures of allergenic proteins. Bioinformatics. 2002;18:1358–64.

21. Mathura VS, Schein CH, Braun W. Identifying property based sequence 
motifs in protein families and superfamilies: application to DNase-1 related 
endonucleases. Bioinformatics. 2003;19:1381–90.

22. Negi SS, Braun W. Statistical analysis of physical-chemical properties and 
prediction of protein-protein interfaces. J Mol Model. 2007;13:1157–67.

23. Negi SS, Kolokoltsov AA, Schein CH, Davey RA, Braun W. Determining 
functionally important amino acid residues of the E1 protein of Venezuelan 
equine encephalitis virus. J Mol Model. 2006;12:921–9.

24. Negi SS, Schein CH, Oezguen N, Power TD, Braun W. InterProSurf: a web 
server for predicting interacting sites on protein surfaces. Bioinformatics. 
2007;23:3397–9.

25. JMOL. An open-source Java viewer for three-dimensional molecular 
structures. http://www.jmol.org/.2007.

26. Fraczkiewicz R, Braun W. Exact and efficient analytical calculation of the 
accessible surface areas and their gradients for macromolecules. J Comp 
Chem. 1998;19:319.

27. Riemer AB, Klinger M, Wagner S, Bernhaus A, et al. Generation of Peptide 
Mimics of the Epitope Recognized by Trastuzumab on the Oncogenic 
Protein Her-2/neu. J Immunol. 2004;173:394–401.

28. Riemer AB, Kraml G, Scheiner O, Zielinski CC, Jensen-Jarolim E. 
Matching of trastuzumab (Herceptin(R)) epitope mimics onto the surface 
of Her-2/neu—a new method of epitope definition. Molecular Immunology. 
2005;42:1121–4.

29. Riemer AB, Jensen-Jarolim E. Mimotope vaccines: Epitope mimics induce 
anti-cancer antibodies. Immunology Letters. 2007;113:1–5.

30. Cho HS, Mason K, Ramyar KX, et al. Structure of the extracellular 
region of HER2 alone and in complex with the Herceptin Fab. Nature. 
2003;421:756–60.

31. Villard S, Lacroix-Desmazes S, Kieber-Emmons T, et al. Peptide decoys 
selected by phage display block in vitro and in vivo activity of a human 
anti-FVIII inhibitor. Blood. 2003;102:949–52.

32. Pittman DD, Alderman EM, Tomkinson KN, Wang JH, Giles AR, 
Kaufman RJ. Biochemical, immunological, and in vivo functional 
characterization of B-domain-deleted factor VIII. Blood. 1993;81:2925–35.

33. Huang J, Gutteridge A, Honda W, Kanehisa M. MIMOX: a web tool for 
phage display based epitope mapping. BMC Bioinformatics. 2006;7:451.

34. Spiegel PC Jr, Jacquemin M, Saint-Remy JMR, Stoddard BL, Pratt KP. 
Structure of a factor VIII C2 domain-immunoglobulin G4{kappa} Fab 
complex: identification of an inhibitory antibody epitope on the surface of 
factor VIII. Blood. 2001;98:13–9.

35. Zhou T, Xu L, Dey B, et al. Structural definition of a conserved neutralization 
epitope on HIV-1 gp120. Nature. 2007;445:732–7.

36. Kwong PD, Wyatt R, Majeed S, et al. Structures of HIV-1 gp120 envelope 
glycoproteins from laboratory-adapted and primary isolates. Structure. 
2000;8:1329–39.

37. Mayrose I, Shlomi T, Rubinstein ND, et al. Epitope mapping using 
combinatorial phage-display libraries: a graph-based algorithm. Nucleic 
Acids Research. 2007;35:69–78.

38. Berthet-Colominas C, Monaco S, Novelli A, Sibaï G, Mallet F, Cusack S, 
et al. Head-to-tail dimers and interdomain flexibility revealed by the crystal 
structure of HIV-1 capsid protein (p24) complexed with a monoclonal 
antibody Fab. EMBO J. 1999;18:1124–36.

39. Monaco-Malbet S, Berthet-Colominas C, Novelli A, et al. Mutual 
conformational adaptations in antigen and antibody upon complex formation 
between an Fab and HIV-1 capsid protein p24. Structure. 2000;8:1069–77.

40. Tarnovitski N, Matthews LJ, Sui JH, Gershoni JM, Marasco WA. 
Mapping a neutralizing epitope on the SARS coronavirus spike protein: 
Computational prediction based on affinity-selected peptides. J Mol Biol. 
2006;359:190–201.

41. Li F, Li W, Farzan M, Harrison SC. Structure of SARS Coronavirus 
Spike Receptor-Binding Domain Complexed with Receptor. Science. 
2005;309:1864–868.

42. Mayrose I, Penn O, Erez E, et al. Pepitope: epitope mapping from affinity-
selected peptides. Bioinformatics. 2007;23:3244–246.

43. Bogan AA, Thorn KS. Anatomy of hot spots in protein interfaces. J Mol 
Biol. 1998;280:1–9.

44. Jones S, Thornton JM. Protein-protein interactions: a review of protein 
dimer structures. Prog Biophys Mol Biol. 1995;63:31–5.

45. Jones S, Thornton JM. Prediction of protein-protein interaction sites using 
patch analysis. Journal of Molecular Biology. 1997;272:133–43.

46. Glaser F, Pupko T, Paz I, et al. ConSurf: Identification of Functional 
Regions in Proteins by Surface-Mapping of Phylogenetic Information. 
Bioinformatics. 2003;19:163–4.

47. Neuvirth H, Raz R, Schreiber G. ProMate: A structure based prediction 
program to identify the location of protein-protein binding sites. Journal of 
Molecular Biology. 2004;338:181–99.

48. Berman H, Henrick K, Nakamura H, Markley JL. The worldwide Protein 
Data Bank (wwPDB): ensuring a single, uniform archive of PDB data. Nucl 
Acids Res. 2007;35:D301–D3.

49. Smith GP. Filamentous fusion phage: novel expression vectors that display 
cloned antigens on the virion surface. Science. 1985;228:1315–7.

50. Castrignano T, De Meo P, Carrabino D, Orsini M, Floris M, Tramontano 
A. The MEPS server for identifying protein conformational epitopes. BMC 
Bioinformatics. 2007;8:S6.

51. Pizzi E, Cortese R, Tramontano A. Mapping epitopes on protein surfaces. 
Biopolymers. 1995;36:675–80.

52. Kulkarni-Kale U, Bhosle S, Kolaskar AS. CEP: a conformational epitope 
prediction server. Nucleic Acids Res. 2005;W168–W71.

53. Mumey BM, Bailey BW, Kirkpatrick B, Jesaitis AJ, Angel T, Dratz EA. 
A New Method for Mapping Discontinuous Antibody Epitopes to Reveal 
Structural Features of Proteins. Journal of Computational Biology. 2003; 
10:555–67.

http://www.la-press.com
http://www.la-press.com

