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ARTICLE INFO ABSTRACT

Keywords: The antigenic epitope regions of pathogens (e.g., viruses) are recognized by antibodies (Abs) and subsequently
Epitopes cleared by the host immune system, thereby protecting us from disease. Some of these epitopes are conserved
Paratopes

among different variants or subgroups of pathogens (e.g., Influenza (FLU) viruses, Coronaviruses), hence can be
targeted for potential broad-neutralization. Here we report a web-based tool, Epitope Analyzer (EA), that rapidly
identifies conformational epitope and paratope residues in an antigen—antibody complex structure. Furthermore,
the tool provides the ways and means to analyze broadly neutralizing epitopes by comparing the equivalent
epitope residues in similar antigen structures. The similarity in the epitope residues between (multiple) pairs of
similar antigen molecules suggest the presence of conserved epitopes that can be targeted by broadly neutralizing
antibodies. These details can be used as a guide in developing effective treatments, such as the design of novel
vaccines and formulation of cocktail of broadly neutralizing antibodies, against multiple variants or subgroups of

Epitope conservation
Broadly neutralizing antibodies
Vaccine design

viruses. The web application can be freely accessed from the URL, http://viperdb.scripps.edu/ea.php.

1. Introduction

Human and animal viruses undergo continuous evolution to counter
host immune pressures particularly directed against the surface exposed
regions of viruses (Smith et al., 2004). While these regions belong to the
surface glycoproteins (e.g., Envelope (Env), Hemagglutinin (HA) and
Spike glycoproteins) in the case of enveloped viruses (e.g., HIV, FLU and
Coronaviruses, respectively), they correspond to viral coats in the case
of non-enveloped or naked viruses (e.g., Picornaviruses). Interestingly,
some of these regions involve receptor binding domains as well as those
important for other aspects of viral function (e.g., fusion machinery of
enveloped viruses). Remarkably, however, these functionally important
regions evade immune surveillance and the critical residues responsible
for the specific viral function are often preserved. Furthermore, these
functionally important regions are conserved in terms of their sequence
and local structure across different subtypes of viruses (e.g., FLU type A).
Such regions are of particular interest for developing the broad-
spectrum antivirals and structure-based vaccine design (Corti et al.,
2011; Dreyfus et al., 2012; Laursen and Wilson, 2013; Whittle et al.,
2011; Wu and Wilson, 2020; Yoshida et al., 2009). The antibodies that

target the conserved regions across different subtypes of viruses are
known as broadly neutralizing antibodies (bNAbs) (Barba-Spaeth et al.,
2016; Cockburn et al., 2012; Laursen and Wilson, 2013; Wu and Wilson,
2020). Acquisition of “passive immunity” through the infusion of bNAbs
effectively protects the recipients against the corresponding viral in-
fections (Morris and Mkhize, 2017).

To identify and analyze conserved epitopes across a group of similar
antigens, which can be targeted by bNAbs, we developed a web-based
tool, namely Epitope Analyzer (EA) (http://viperdb.scripps.edu/ea.
php). This application locates the conformational (non-linear) epitope
residues from a chosen Antigen (Ag) and Antibody (Ab) complex
structure from PDB or a user uploaded pdb/cif file and compares them
with other user specified antigen structures.

2. Results

Firstly, for any selected or uploaded Ag-Ab complex structure (PDB-
1), the EA-utility identifies and displays the epitope and paratope resi-
dues (Fig. 1). Users can select a preferred distance cutoff (default: 4 ;\) to
identify epitope and paratope residues from the interacting antigen and

Abbreviations: VIPERdb:, VIrus Particle ExploreR database; EA:, Epitope Analyzer; bNAb:, Broadly neutralizing antibody.
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Epitope Analyzer flowchart
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Fig. 1. Flowchart description of Epitope
Analyzer (EA) tool (http://viperdb.scripps.
edu/ea.php). There are 4 main components in
the EA tool that overlap with each other: 1) Ag-
Ab interaction analysis, 2) analysis of epitope
conservation, 3) network analysis and 4) graph-
ical user interface (GUI), identified blue, orange,
green and pink colored areas. PDB-1 is the
reference structure file of an antigen-antibody
complex that can either be downloaded directly
from PDB by specifying PDB-ID (e.g., 3gbn) or
uploaded by the user from his/her computer. The

Read PDB/CIF |«
v

PDB-2
Compare Structure

molecular entities of PDB-1 and their sequences
are displayed in the Web-GUI window. The [in-
teractions] module calculates the non-covalent
interactions between the selected chains using a
chosen distance cutoff. The identified epitope and
paratope residues are listed in one of the side
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!

Structural comparison

panels and displayed on demand in the Web-GUI
window. The antigen structure to be compared
(PDB-2) is uploaded in [Structural comparison]
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Identification

Remove antibody
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panel. The results of the structure comparison
and similarity in epitope residues are displayed in

one of side the panels. The [Interaction Network]
panel calculates and displays the network of in-
teractions between the selected chains in the

[Interactions] I
Epitope/Paratope

Structural
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reference structure (PDB-1). Finally, the lists of
epitope residues and sequence alignments can be
downloaded in “CSV” and “FASTA” formats,
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respectively from the hyperlinks provided. JSMol
is an open-source HTML-5 viewer for 3D molec-
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ular  structures  (http://wiki.jmol.org/index.
php/JSmol).
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antibody molecules, respectively. This information on interactions along
with the details of molecules involved (e.g., PDB-ID, antigen, and anti-
body) are stored in a behind-the-scenes MySQL database for reuse when
the same structure (PDB-ID) is chosen again. Subsequently, the
conserved conformational epitope residues are identified by super-
imposing the 2nd chosen or uploaded antigen structure (in PDB-2) onto
the 1st Ag molecule (in PDB-1) using Kpax program (Ritchie, 2016;
Ritchie et al., 2012) and comparing the equivalent epitope residues in
terms of their sequence and structural conservation. The equivalent
epitope residues in the 2nd antigen structure (PDB-2) are identified by
rigid docking (translocation) of the antibody molecule from the refer-
ence structure (PDB-1) onto the 2nd structure after superposition of the
two antigen molecules. It is not required that PDB-2 contain coordinates
for an antibody molecule. If PDB-2 does contain coordinates for an

antibody molecule, they will not be considered by the EA-utility. If the
user desires the antibody coordinates in PDB-2 to be considered, a
separate run must be performed with this coordinate file designated as
PDB-1. It is important to note that the reference structure (PDB-1)
should have coordinates for an antigen and antibody, while the second
structure (PDB-2) only needs to have coordinates for an antigen
molecule.

Additionally, while the structural similarities are calculated as
RMSDs between the aligned C-alpha atoms, the sequence similarities
(not identities) are estimated based on the similar properties of the
structurally aligned a.a. residues. Of note, the 20 a.a. residues are
categorized into 7 groups based on the similarity in their properties: 1)
small hydrophobics (A, G, P, V); 2) large hydrophobics (I, L, M); 3)
positively (+) charged (H, K, R); 4) negatively (-) charged (D, E); 5)
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Table 1
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RMSDs and sequence similarities between the equivalent epitope residues in HA and bNAb complexes.

Antigen-Antibody complex* 3gbm' CR6261 3gbn' CR6261

5c0s' CR6261 6uyn’ CR6261 4fgi' CR9114 3sdy” CR8020

HA (H5N1) - CR6261; 3gbm 100" (0.0)* 83.4 (0.93)
HA (H1IN1) - CR6261; 3gbn 84.2" (0.98) 100 (0.0)

HA (Gen4-HA-SS) — CR6261; 5¢0s 63.2 (0.92) 83.4 (1.05)
HA (A/Ohio/09/2015) - CR6261; 6uyn 84.2 (0.81) 94.4 (0.38)
HA (H5N1) - CR9114; 4fqi 100.0 (0.41) 83.3 (1.01)
“HA (HK68/H3) — CR8020; 3sdy 63.2 (2.12) 55.6 (2.51)

79.0 (0.97) 85.0 (0.78) 100.0 (0.42) 62.0 (2.44)
94.7 (1.04) 95.0 (0.38) 74.0 (1.09) 62.0 (2.70)
100 (0.0) 75.0 (0.92) 58.0 (0.75) 62.0 (1.48)
89.5 (1.04) 100 (0.0) 74.0 (0.91) 67.0 (2.61)
79.0 (1.05) 85.0 (0.91) 100 (0.0) 48.0 (2.81)
63.0 (1.06) 65.0 (2.41) 37.0 (2.54) 100 (0.0)

Estimated
§ Name of the antibody in the complex.
T Group-1 FLU viruses,
# Group-2 FLU virus

Y sequence similarity and ‘RMSD (root mean square deviation) in A between the equivalent pairs of epitope residues.
* The sequence similarities and RMSDs listed in the table were calculated by considering the structures (PDBs) indicated in the 1st row as PDB-1 and those in the 1st

column as PDB-2 (see Fig. 1 for details).

small polar (C, S, T); 6) large polar (N, Q) and 7) aromatics (F, Y, W). The
aligned a.a. residues that belong to the same group are considered
equivalent (similar). It is notable that one can obtain two sets of RMSDs:
1) using all the aligned C-alpha atoms in the two superimposed antigen
molecules from the [Aligned residue pairs] tab in the EA-tool and 2)
using only the aligned epitope residues from the [Aligned epitope resi-
dues] tab. The RMSDs of the aligned epitope residues are listed in
Table 1 for the case study described below.

Despite the differences in the surface exposed loops, the overall
structures of similar antigens are highly conserved (e.g., HAs of FLU,
Envs of HIV and protomers of Picornaviridae). This allows one to obtain
proper structure-based sequence alignments by superimposing the
overall antigen structures from the same virus family, even when the
overall sequence identity between different antigens is small (<20%)
(Montiel-Garcia et al., 2016). One of the known limitations of the EA-
tool is that currently there is no direct way to consider the molecular
symmetry defined in the BIOMT matrices within the EA-tool. A work
around is to generate the full molecule outside of the tool and upload the
expanded pdb file to analyze the interactions.

In a case study, we calculated the similarity between the epitope
residues, which occur in the stem region of HA from multiple strains of
FLU viruses that bind to different (known) bNAbs, CR6261, CR8020, and
CR9114 (Laursen and Wilson, 2013; Wu and Wilson, 2020). Table 1
shows the sequence and structural similarities between the epitope re-
gions of selected pairs of HA-Ab complexes. Of note, the upper half and
lower half of the comparisons in Table 1 correspond to same pair of
antigens. However, the statistics are not identical for the equivalent
pairs (e.g., 3gbm:5c0s vs. 5c0s:3gbm) because the epitope residues
being compared will be different depending on the chosen reference
antigen molecule (PDB-1). Four of the Ag-Ab coordinate sets in the case
study involve bNAb CR6261 in complex with HA of various group-1 FLU
viruses. It is notable that when these four coordinate sets are compared
with each other, the identified epitope RMSDs (0.38-1.05 [o\) are rela-
tively small, and the epitope sequence similarities that range from
63.2% to 95.0% are relatively high. Thus, if it were not already known
that a bNAD exists for this region of HA, it might be concluded from the
EA analysis with one Ag-Ab coordinate set and multiple antigen-only
coordinate sets that this region would be a good target for a bNAb.

However, not surprisingly the epitope RMSDs based on group-2
specific bNAb:CR8020 are relatively higher (1.48 to 2.81 A), and the
epitope sequence similarities (48.0% to 67.0%) are lower between
group-1 and group-2 FLU viruses. Interestingly, the group-1 epitope
residues associated with CR9114 antibody, which supposedly neutral-
izes both group-1 and group-2 viruses (Laursen and Wilson, 2013),
correlate well with those of group-1 viruses but poorly with the one
group-2 virus in the case study. As shown in Table 1, when the HA -
CR9114 coordinates (PDB-ID: 4fqi) are designated as PDB-1, the other
group-1 HA antigens (PDB-IDs: 3gbm, 3gbn, 5c0s, 6uyn) are found to
have relatively low epitope RMSDs (0.42 to 1.09 A) and high epitope

sequence similarities (58.0% to 100.0%). These EA results are consistent
with our knowledge that the CR9114 antibody targets a similar epitope
as targeted by the bNAb CR6261. In contrast, the same reference
structure (PDB-ID: 4fqi) compared to one group-2 HA antigen (PDB-ID:
3sdy) results in a higher epitope RMSD (2.54 A) and lower epitope
sequence similarity (37.0%). These results suggest that while CR9114
may neutralize some group-2 viruses, perhaps it does not neutralize
HK68/H3. As expected, when both the PDB-1 and PDB-2 antigens are
from the same FLU virus (e.g., H5N1), the EA-utility finds a low epitope
RMSD (0.41-0.42 A) and 100% sequence similarity.

3. Conclusions and outlook

The EA-tool is a web-based application (http://viperdb.scripps.
edu/ea.php) that aims to assist researchers to analyze the conserved
epitope residues targeted by bNAbs. Even though it was originally
designed to analyze the Ag-Ab interactions, the EA-tool can also be used
to evaluate protein—protein interactions between any sets of two chains
in a pdb file. Moreover, user can upload and analyze the coordinates that
are not yet deposited in PDB. Going forward, we plan to analyze all the
available antigen-antibody complex structures in PDB and store this
information in a relational database so that researchers can search for
the antigens or antibodies of interest and associated broadly neutralizing
epitopes.
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