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ABSTRACT

The identification of immunogenic regions on the surface of antigens, which are able to stimulate an immune response, is a
major challenge for the design of new vaccines. Computational immunology aims at predicting such regions—in particular
B-cell epitopes—but is far from being reliably applicable on a large scale. To gain understanding into the factors that con-
tribute to the antigen—antibody affinity and specificity, we perform a detailed analysis of the amino acid composition and
secondary structure of antigen and antibody surfaces, and of the interactions that stabilize the complexes, in comparison
with the composition and interactions observed in other heterodimeric protein interfaces. We make a distinction between
linear and conformational B-cell epitopes, according to whether they consist of successive residues along the polypeptide
chain or not. The antigen—antibody interfaces were shown to differ from other protein—protein interfaces by their smaller
size, their secondary structure with less helices and more loops, and the interactions that stabilize them: more H-bond, cat-
ion—7, amino—m, and -~ interactions, and less hydrophobic packing; linear and conformational epitopes can clearly be dis-
tinguished. Often, chains of successive interactions, called cation/amino-n and m—m chains, are formed. The amino acid
composition differs significantly between the interfaces: antigen—antibody interfaces are less aliphatic and more charged,
polar and aromatic than other heterodimeric protein interfaces. Moreover, paratopes and epitopes—albeit to a lesser
extent—have amino acid compositions that are distinct from general protein surfaces. This specificity holds promise for
improving B-cell epitope prediction.

Proteins 2014; 82:1734—1746.
© 2014 The Authors. Proteins: Structure, Function, and Bioinformatics Published by Wiley Periodicals, Inc.

Key words: immunoinformatics; antigen—antibody interactions; protein—protein interactions; B-cell epitope; paratope; salt
bridge; hydrogen bond; hydrophobic contacts; cation—= interactions; n—m interactions.

INTRODUCTION tional epitopes consist of residues from different regions
of the sequence, that come spatially close upon protein
folding. Although the distinction between these two cate-
gories of epitopes is not totally well-defined, since linear
epitopes may sometimes be interrupted by a few residues
that are not in contact with the antibody, we may never-
theless state that the majority of B-cell epitopes are con-

formational (about 90%).3

Humans and other animals are constantly exposed to a
wide variety of pathogens and infectious agents, and the
role of the immune system is to protect them against these
infections. A crucial element of the humoral immune
responses is played by the B-cells, which secrete antibodies
against antigens. Antibodies bind to antigens at sites called
B-cell epitopes. The identification and characterization of
epitope regions on the antigen surface, which are capable
of inducing an efficient immune response, is one of the
key goals for the development of new vaccines.!

This is an open access article under the terms of the Creative Commons Attribu-
tion-NonCommercial License which permits use, distribution and reproduction
in any medium, provided that the Contribution is properly cited and is not used
for commercial purposes.

Additional Supporting Information may be found in the online version of this

B-cell epitopes are classified into two classes: linear or
continuous epitopes, and conformational or discontinu-
ous epitopes, depending on whether the amino acids
included in the epitope are contiguous in the polypep-
tide chain or not.2 Specifically, linear epitopes are com-
posed of residues that correspond to a single segment of
the amino acid sequence of a protein, while conforma-
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Antigen-Antibody Interactions

As experimental approaches for B-cell epitope identifi-
cation? are highly time, money, and resource consuming,
the use of alternative, computational, strategies is
increasingly used for facilitating epitope recognition.
More precisely, these computational techniques are uti-
lized for proposing, on a rational basis, a small number
of potential epitope candidates, which remain to be vali-
dated experimentally. Several computational methods
have been developed in recent years,5 for both linear and
conformational B-cell epitopes.

The majority of available in silico methods for predict-
ing B-cell immunogenic regions focus on linear epitopes,
and are based on several amino acid-based propensity
scales, including hydrophilicity, solvent accessibility, sec-
ondary structure, flexibility, and antigenicity.6-11 The
predictive performance of approaches using a single pro-
pensity scale has been systematically assessed on the basis
of the correlation between the score peaks obtained from
484 amino acid propensity scales and the epitope loca-
tion within a data set of 50 proteins.!2 It was found that
even the best set of scales and parameters performed
only marginally better than random. In addition, several
groups investigated the combination of multiple amino
acid propensity scales to predict linear B-cell epitopes,
such as PREDITOP,13 BEPITOPE,14 PEOPLE,!> and
BcePred, 10 with no significant improvement in the pre-
diction success rate. This suggests the need for designing
more sophisticated approaches for predicting linear B-
cell epitopes.

Recently, machine learning methods, such as hidden
Markov models, artificial neural networks, and support vec-
tor machines, have been used in developing new
approaches for linear B-cell epitope predictions.!”—24 These
methods yield better, but still insufficient, performances.

With the increase in publicly available, good resolution,
and antigen—antibody crystal structures, it has become
possible to perform reliable structural analyses and to
devise structure-based B-cell epitope predictions. However,
the number of such analyses remains limited.2>~28 Several
groups have investigated various physicochemical, struc-
tural, and geometrical features of epitopes in order to
determine which of them significantly distinguish epitope
from nonepitope antigen residues.29-36 Unfortunately,
the prediction performance of these approaches is not yet
satisfactory.

Most of the existing prediction tools are based on
studies indicating that protein—protein interfaces differ in
their features (e.g., amino acid composition) from the
remaining protein surface.37>38 It is also generally
assumed that antigen—antibody interfaces are different
from other protein—protein interfaces.3%40 However, it
is often stated that no difference is seen between epitopes
and general protein surfaces.2841-43 To further investi-
gate these issues, we compiled nonredundant data sets of
experimentally resolved antigen—antibody and other het-
erodimeric protein complexes, and performed a compre-

hensive analysis of the differences in amino acid
composition and secondary structure between antigen,
antibody, and other protein surfaces, as well as between
epitopes, paratopes, and other protein—protein interfaces.
The observed variations were correlated with differences
in residue-residue contacts across the interface, in partic-
ular salt bridges, hydrogen bonds, hydrophobic contacts,
as well as cation—m, amino—n, and 7—7 interactions. Our
goal here is to gain understanding of the specific features
of B-cell epitopes that ensure their recognition by anti-
bodies. Our next goal will be to use these features to
design more efficient B-cell epitope prediction tools.

MATERIALS AND VMIETHODS

Preparation of the data sets

Data sets of the antigen-antibody complexes

To study the antigenic properties of proteins, a prelim-
inary data set of experimentally determined antigen—anti-
body structures was obtained from the structural
component of the Immune Epitope Database (IEDB-
3D).44 This data set was then filtered using several crite-
ria: (i) only the antibody—antigen complexes with resolu-
tion better than 2.5 A were considered; (ii) for complexes
represented by more than one 3D structure, the structure
with the best resolution was selected as the representative
structure; (iii) structures in which the antibody binds the
antigen but involves no residues from complementarity
determining regions (CDRs) have been excluded from
the analysis; (iv) all complexes in which the antibody
does not contain both the light and heavy chains were
discarded; (v) if a structure contained several complexes
in one asymmetric unit and there was no structural dif-
ference observed between these complexes, only one com-
plex was selected; and (vi) to obtain a nonredundant data
set, the sequences were pairwise aligned using the program
ClustalW,45 and two sequences were considered similar if
their sequence identity was higher than 70%. Since anti-
body sequences are highly similar to each other, the simi-
larity criterion was determined on the basis of the CDRs
only. In addition, similar antigens were kept if they were
in complex with different antibody CDR sequences. After
this procedure, 105 antibody—antigen complexes were
selected and the corresponding coordinate files were col-
lected from the Protein Data Bank (PDB).46

The complexes were then separated into two groups
on the basis of the epitope segmentation. Epitopes
(defined in the next subsections) consisting of successive
residues along the sequence, with gaps of three nonepi-
tope residues at most, were considered as linear epitopes.
The others were defined as conformational epitopes.
Based on this definition, antigens containing conforma-
tional epitopes were included in the data set denoted as
Scont (Supporting Information Table S1) and those with
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linear epitopes, in the data set Sjye.. (Supporting Infor-
mation Table S2). Complexes containing small antigen
fragments bound to the antibody were also included
in Sjipea With these definitions, the data sets S.,,¢ and
Shinear contain 58 and 47 antigen—antibody complexes,
respectively.

Reference data set of protein-protein complexes

A data set of protein—protein heterodimers with pair-
wise sequence identity <20% was built from the server
3D complex and denoted as Sgime, (Supporting Informa-
tion Table $3).47 Antigen—antibody complexes were
excluded from this set, so that both sets have no overlap.
This data set was used for comparison and reference.

Definition of surface residues

It is generally agreed that epitopes are located on the
surface of the protein.25’29’48 In the present study, an
amino acid was considered as exposed to the solvent if
its solvent accessibility is higher than 5%. The accessibil-
ity of a residue X is defined as the sum of the accessible
surface area (ASA) of its atoms, multiplied by 100 and
divided by its maximal (theoretical) ASA in a GXG tri-
peptide in extended conformation, where G denotes gly-
cine.4? The 5% accessibility cutoff38 can seem quite low,
but ensures that all epitope residues are surface residues
in the absence of the paratope.

Definition of epitopes

To determine the epitopes, we calculated the solvent
accessibility values of the antigen residues without taking
the antibody into account (ACC,pouna) and compared
them with the accessibility of antigen residues in the
complex (ACCpouna)- All antigen residues with a solvent
accessibility variation of 5% at least upon antibody bind-
ing (ACCunbound — ACChound = 5%) were considered as
epitope residues.

Computation of solvent accessibility and
secondary structure

We have developed a program to compute the solvent
accessible surface and the solvent accessibility of protein
atoms and residues from their Cartesian coordinates, as
well as the secondary structure. It is based on the DSSP
algorithm,”0 with some notable differences regarding the
data used from the PDB, some definitions and running
options.

In the default mode, information coming from PDB
files is carefully processed to take into account only resi-
dues that are part of the polypeptide chain, which
implies the omission of all ligands (even if these are nat-
ural amino acids). Furthermore, modified residues in the
polypeptide chain are included, with all their side chain
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atoms. Finally, alternate location and occupancy infor-
mation are managed: the selected atoms are those that
have the maximum electronic density. These new features
allow a more accurate computation of the solvent acces-
sible surface and secondary structure.

During computation, residues with missing atoms
(even in the backbone) are taken into account to keep
the results as close as possible to reality. Furthermore,
when assigning the secondary structure, a maximum of
two different H-bond partners per residue is imposed
(one involving the CO group and the other the NH
group); the partners that are closest in space are selected.

Finally, additional running options are available to add
flexibility to the program:

e All atomic van der Waals radii can be user-defined,
and ditto for the solvent radius; for example, using a
solvent radius of zero allows the detection of atomic
contacts.

e A subset of polypeptide chains can be selected; it is
thus possible to compute the solvent accessibility of
one monomer without taking into account its interac-
tion with another monomer.

e The hydrogen atoms are in general reconstructed geo-
metrically; however, the hydrogen atoms present in the
PDB file can be considered instead.

Antigen-antibody interactions

Information regarding the residues involved in hydro-
gen bonds and salt bridges were obtained using the web-
server PISA.>! Hydrophobic interactions were calculated
using the webserver Protein Interactions Calculator.>2

Cation—m, amino—m, and 7m—m interactions were
obtained by in-house programs.®3 Cation—-t and amino—
7 interactions link an aromatic residue (Trp, Tyr, Phe,
and His) to a positively charged residue (Arg, Lys, and
His) and to a residue carrying a partial positive charge
on its side-chain amino group (Gln and Asn), respec-
tively. They are defined geometrically by a distance crite-
rion and an angle criterion. The distance criterion
requires that at least one of the atoms of the aromatic
ring is located no further than 4.5 A from one of the
atoms carrying the net or partial positive charge. The
angle criterion requires this atom to be situated above
the plane defined by the aromatic ring, more precisely,
inside a cylinder of height 4.5 A, whose base includes the
ring and has a radius equal to twice the ring’s radius.

The m—n interactions between two aromatic residues
(Trp, Tyr, Phe, and His) were defined in much the same
way, with a distance and angle criterion. The distance
criterion requires that at least one of the atoms of the
first aromatic ring be separated by 5 A at most from at
least one atom of the second aromatic ring. The angle
criterion requires this second atom to be located above
the plane defined by the first aromatic ring, more
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precisely, inside a cylinder of height 5 A, whose base
includes the ring and has a radius equal to three times
the ring’s radius.
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Note that all the m—m interactions between the aro-
matic residues Tyr, Trp, and Phe are also identified as
hydrophobic contacts. The converse is not true, as the
angle criterion makes the m—m interactions more specific
than the hydrophobic contacts. To avoid any overlap
between these interactions, we exclude all m—m interac-
tions from the set of hydrophobic interactions.

Our in-house programs for detecting cation-T,
amino-n, and m—n interactions have several advantages
compared to other programs. First, they are not only
based on a distance criterion but also an angle criterion,
which makes them more accurate. Second, amino—=
interactions are in general not considered. Finally, our
programs also identify chains of successive cation/
amino—nt and m—7 interactions, which have been shown
to be quite interesting in other contexts.”4

The statistical significance of the differences in calcu-
lated interaction frequencies in the different protein sets
was evaluated with a z-test, using the common threshold
of statistical significance, that is a P value <0.05.

Amino acid composition

Investigation of enrichment or depletion of amino
acids between epitope and nonepitope surface residues,
as well as the evaluation of their statistical significance
on the basis of a t-test and a threshold P value < 0.05,
was carried out using the Composition Profiler server.>>
The same tool was used to analyze the antibodies and
the protein—protein complexes.

RESULTS AND DISCUSSION

Amino acid composition in epitopes and
antigen surfaces

A frequently investigated characteristic of the B-cell
epitopes is the amino acid composition. We deepen this
analysis here by comparing systematically the amino acid
composition of linear epitopes, conformational epitopes,
nonepitope antigen surfaces, paratopes, nonparatope
antibody surfaces, other protein—protein interfaces, and
noninterface surfaces. We used for that purpose a defini-
tion of surface residues that consistently includes all epi-
topes and paratopes, as described in Materials and
Methods section. The results are given in Figure 1.

Figure 1

Amino acid frequencies of linear and conformational epitopes, para-
topes, and protein—protein interfaces. (A) Conformational epitopes of
set Seonf and (B) linear epitopes of set Sjijear compared with nonepitope
antigen surfaces of set S, (C) paratopes compared with nonparatope
antibody surfaces of sets Sconf and Sjipears (D) protein—protein interfaces
compared with the remaining protein surfaces of set Sgime,- Statistically
significant differences of frequencies using a z-test are marked with an
asterisk. The amino acids are sorted by their physical chemical features.
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The first trend we observe is that the overall amino
acid composition on the surfaces of antigens and hetero-
dimeric proteins differ, but much less than the composi-
tion on the antibody surfaces, where some residues are
extremely frequent or almost absent. In particular, Tyr in
paratopes and Ser and Thr on the remaining antibody
surface reach frequencies of 10-20%. This reflects the
fact that antibodies form a class of quite particular pro-
teins, with some conserved features, whereas antigens are
more variable.

Conformational epitopes are enriched, compared to
the nonepitope antigen surface, in positively and nega-
tively charged residues (Lys, Arg, His, Glu, and Asp), in
residues carrying a partially charged side chain amino
group (Gln and Asn) and in the aromatic residues Trp
and especially Tyr, but not Phe [Fig. 1(A)]. In contrast,
they are depleted of Cys residues, and of the aliphatic
amino acids Ile, Val, and especially Leu and Ala [Fig.
1(A)].

Linear B-cell epitopes differ in amino acid composi-
tion from conformational epitopes, as seen from the
comparison between Figure 1(A,B): less charged residues,
and especially negatively charged ones, less Asn and Gln
with a partially charged amino group, much more Pro
and Gly residues, and somewhat more aliphatic hydro-
phobic residues. The amount of aromatic residues Trp
and Tyr is roughly the same.

These characteristics were compared with the amino
acid composition in other types of protein heterodimers
[Fig. 1(D)]. Clearly, protein—protein interfaces are
depleted of polar residues, in particular Ser, Thr, Gln,
and Asn and of charged residues Lys, Glu, and Asp, com-
pared with the rest of the protein surface. In contrast,
they are enriched in hydrophobic residues, in particular
in the aliphatic residues Ile, Val, and Leu, and the aro-
matic residues Trp, Tyr, and Phe. Thus, compared with
the conformational epitope regions, the protein—protein
interfaces contain more hydrophobic residues and less
polar and charged residues; the amount of aromatic resi-
dues remains comparable, with the notable difference
that Phe is abundantly present in protein—protein but
not in antigen—antibody interfaces. The case of linear
epitopes is somewhat intermediate: more aliphatic and
less positively charged residues than in conformational
epitopes, and less hydrophobic and more positively
charged residues than in protein—protein interfaces.
Moreover, the linear epitopes exhibit fewer negatively
charged residues and more Pro residues than all other
interfaces.

Finally, the paratope amino acid composition was
found to be very different from the other interfaces [Fig.
1(C)]: very few Pro and aliphatic residues, and a huge
amount of Trp and Tyr aromatic residues. Moreover, par-
atopes contain very few Lys and Glu and many Asp resi-
dues, and a normal amount of Arg. They also contain an
unusually large amount of Ser, albeit less than on the
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rest of the surface. This result indicates that, though the
paratope region is highly variable among antibodies, this
variation is nevertheless limited. This result is not sur-
prising at all. If it were not so, antibodies would be able
to bind basically all protein surfaces, which is obviously
(and fortunately for us) not the case.

These results are in overall agreement with previous
results, although the exact comparison is difficult.
Indeed, no other analysis has compared the composition
among linear and conformational epitopes, protein—pro-
tein interfaces, and the noninterface surfaces of antigens,
antibodies and heterodimeric proteins. To summarize,
other groups found epitopes to be depleted in aliphatic
amino acids and enriched in polar amino acids and often
in the aromatic amino acids Tyr or Trp.22=29:56,57 Gey.-
eral groups have also investigated the amino acid compo-
sition in paratopes. The amino acids Asn, Trp, and
especially Tyr were systematically found to be overrepre-
sented, and so were sometimes Ser, Asp, and His accord-
ing to whether the comparison was with proteins in
general, protein—protein interfaces, or antibody surfa-
ces.26,28,43,57-59

A related issue is whether significant differences in
amino acid composition are observed between the differ-
ent types of interfaces and general protein surfaces. This
question is quite important for prediction purposes.
Indeed, if B-cell epitopes were indistinguishable from
protein surfaces, it would be impossible to predict them
on the basis of their composition. Such indistinstability
has been reported carlier. 4143 However, the use of our
nonredundant data sets, our relaxed definition of surface
residues, and the differentiation between linear and con-
formational epitopes allowed us to identify statistically
significant differences, as can be seen in Figure 2.

The differences between paratopes and general protein
surfaces are clearly the most obvious ones: less Pro, less
positively and negatively charged residues, less aliphatic
residues, more Ser and Thr, and above all, more Trp and
especially Tyr. However, conformational B-cell epitopes
also present statistically significant differences compared
to protein surfaces: more positively charged residues,
more aromatic residues Trp and Tyr, and less of the most
hydrophobic residues (aliphatic, Phe, and Met). Linear
epitopes have more Pro and less negatively charged resi-
dues. Protein—protein interfaces show less negatively
charged residues, less Ser, Thr, Asn, and Gln, and more
aromatic and other hydrophobic residues.

Secondary structure of epitopes

To test whether the secondary structure of the epitope
regions is distinct from that of the antigen surface, we
assigned each amino acid to three secondary structure
classes: (i) helices that group a-, 3;o-, and m-helices, (ii)
strands, that is, isolated P-bridges and extended @3-
strands, and (iii) loops, consisting of turns, bends, and
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irregular structures. We compared the secondary struc-
ture composition of linear and conformational epitopes
with that of the nonepitope antigen surfaces, paratopes,
nonparatope antibody surfaces, protein—protein interfa-
ces, and noninterface surfaces. The results are given in
Figure 3.

Analysis of the results reveals that linear epitopes and
paratopes essentially interact through loop regions. So do
conformational epitopes albeit to a lesser extent. In con-
trast, all protein—protein interfaces, and all nonparatope,
nonepitope, and noninterface surfaces have almost the
same secondary structure content. The major presence of
loops in the epitope—paratope interface suggests an
important flexibility of these regions, in agreement with
previous studies.2>>20 This is in general not the case for
other types of protein—protein interfaces.

The helix content of paratope and nonparatope anti-
body surfaces is vey low, and their strand content very
high especially on the nonparatope surface. This reflects
the fact that antibodies are all-B proteins. The linear epi-

topes have quite a low content in both helices and
strands, which is not surprising as they are in general
too short to be very structured. The conformational epi-
tope and nonepitope regions have a higher helical con-
tent and lower strand content than antibody surfaces and
paratopes, but a lower helical content and slightly higher
strand content than usual protein surfaces and protein—
protein interfaces. So, antigens may be a-, af3-, and -
proteins, but are more often B-proteins than average.

Analysis of the epitope-paratope
interactions

All the interactions across the epitope—paratope inter-
face, that is, salt bridges, hydrogen bonds, hydrophobic
interactions, disulfide bonds, cation—-m, amino—mn, and n—
m contacts, were recorded and analyzed. We considered
three types of interfaces: (i) conformational epitope—par-
atope interfaces, (ii) linear epitope—paratope interfaces,
and (iii) protein—protein interfaces. The detailed results
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g os Ustrand
Y 02
- Y loops
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Conformational Linear epitopes  Paratopes Protein Antigen surface  Antibody  Protein surface
epitopes interfaces surface
Figure 3

Secondary structure content of conformational and linear epitopes, paratopes, protein—protein interfaces, antigen (nonepitope) surfaces, antibody

(nonparatope) surfaces, and protein (noninterface) surfaces.
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Table |

Frequency of Different Types of Interaction Across the Interfaces

Interface

Conformational
epitope—paratope

Linear epitope—paratope

Protein—protein

Statistical
Interactions Occurrence Frequency (%) Occurrence Frequency (%) Occurrence Frequency (%) significance®
1. Salt bridges 99 1.3 14 9.0 410 74
2. Hydrogen bonds 661 48.7 356 43.2 1888 34.2 OmA
3. Hydrophobicb 468 345 334 40.5 2970 53.9 OlA
4. Cation/amino—n 75 5.5 32 39 102 19 VAN
5. m—m contacts 54 4.0 29 35 134 24 | |
6. Disulfide bonds 0 0 0 0 9 0.2
Total 1357 825 5513

“The symbols O, M, and A stand for the statistical significance, computed with the z-test, of the difference in average interaction frequency between conformational
and linear epitopes, conformational epitopes and protein—protein interfaces, and linear epitopes and protein—protein interfaces, respectively.

r—m contacts are not included.

for all the complexes are listed in Supporting Informa-
tion Tables S4-S6, and a summary of the interactions
across the interfaces is shown in Tables (I-V).

The most frequent interactions across the interfaces
are obviously hydrogen bonds and hydrophobic contacts,
which represent together about 85% of all interactions
(Table I). These interactions thus bring the largest contri-
bution to the stability of the complexes. However, the
relative weight of the hydrophobic and H-bond contacts
vary among the complexes, as well as the contribution of
the other types of interactions which, albeit less frequent,
add to the specific recognition of the complexes. We will
focus on these differences in what follows.

The differences in contact preferences between the
three types of interfaces are seen in Table I. A significant
preference for hydrophobic contacts is observed in linear
epitope—paratope interfaces and even more in protein—
protein interfaces, when compared with conformational
epitope—paratope interfaces. Protein—protein interfaces
are thus much more stabilized by hydrophobic contacts
than conformational epitope—paratope interfaces; linear
epitope—paratope interfaces are intermediary.

In contrast, hydrogen bonds, cation/amino-n, and n—n
interactions are found to be significantly more frequent

Table Il
Average Number of Interactions Per Interface Residue, Multiplied by 100

in conformational epitope—paratope interfaces, and less
frequent in protein—protein interfaces; again linear epi-
tope—paratope interfaces are intermediary.

Disulfide bonds are never observed across both confor-
mational and linear epitope—paratope interfaces, and
only very rarely across protein—protein interfaces.

Salt bridges are observed in all types of interfaces, but
are somewhat more frequent in linear epitope—paratope
interfaces.

Another important difference, shown in Table II, is the
size of the interfaces. Obviously, the smallest interfaces
are the linear epitopes with 9 residues on the average,
followed by the conformational epitopes with 18 residues
on the average. The protein—protein interfaces are much
larger and involve 29 residues on the average. Note that
the standard deviation on the latter value is equal to 20
and is thus very high, which indicates the large variabili-
ty in size of the heterodimeric protein interfaces.

Furthermore, the residues that are part of linear epi-
topes make many more contacts across the interface than
those in conformational epitopes and in heterodimeric
protein interfaces (Table II). Indeed, the number of inter-
actions per residue is equal to 1.9 for the linear epitopes,
and to 1.3 for the conformational epitopes and protein

Cation/ Disulfide Cation—nt
N Salt bridges H-bonds Hydrophobic® amino—mn -7 bonds chains n—n chains r
Conformational 17.6 (9.0) 8.7 57.8 40.9 6.6 47 0 17 14 1.28
epitopes
Linear epitopes 9.4 (2.2) 16.7 80.6 75.6 7.2 6.6 0.0 2.1 43 1.93
Proteins 28.6 (20.4) 9.8 44.9 70.6 24 32 02 0.3 2.1 1.34
Significance® OA OmA OmA HA HA HA OmA

“Average number of residues per interface, with the standard deviation in parentheses.

-7 contacts are not included.
“Average number of contacts per residue

9The symbols O, M, and A stand for the statistical significance, computed with the z-test, of the difference in mean number of interactions per interface residue
between conformational and linear epitopes, conformational epitopes and protein—protein interfaces, and linear epitopes and protein—protein interfaces, respectively.
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Table 11l

Frequency of Salt Bridge Interactions Across the Interfaces

Conformational epitope—paratope

Linear epitope—paratope

Protein—protein

Ag Ab Occurrence % Ag Ab Occurrence % Pr Pr Occurrence %
R D 29 29 K D 23 31 R E 115 28
K D 17 17 R D 15 20 R D 101 25
E R 12 12 E R 8 1 K E 86 21
R E 10 10 D R 7 9 K D 73 18
D R 10 10 R E 4 5 H E 19 5
D K 4 4 D K 3 4 H D 16 4
E H 4 4 E H 3 4
H D 4 4 H D 3 4
K E 4 4 K E 3 4
E K 3 3 D H 2 3
D H 2 2 E K 2 3
H E 0 0 H E 1 1

interfaces. This can be understood as follows: the linear
epitopes are small peptides, which do not possess a core.
All their residues try therefore to make contacts with the
paratope, whereas in conformational epitopes and other
protein interfaces, part of the interface residues make sta-
bilizing contacts with the core. This implies that the
number of interactions per residue—that is, of salt
bridges, H-bonds, hydrophobic contacts, cation/amino—
n, and m—7m interactions—is higher in linear epitopes
than in other interfaces.

In Table II, the number of cation/amino—n and of n—=
chains, consisting of several successive cation/amino—m or
m—7 interactions, respectively, is also indicated. Clearly,
the frequency of this type of interactions is higher in
conformational and linear epitopes than in heterodimeric
complexes. An illustration of these interactions in anti-
gen—antibody interfaces is shown in Figure 4.

We detail hereunder the different types of interactions
across the interface.

Table IV

Frequency of m—r Interactions Across the Interfaces

Salt bridges

All types of salt bridges across the different interfaces
are listed in Table III. Strikingly, the positively charged
amino acid is located in the antigen and the negatively
charged in the antibody in the majority of the cases, that
is, 65% for both conformational and linear epitopes.
This result is consistent with the finding that the epitope
is enriched in positively charged residues and the para-
tope in negatively charged residues (Fig. 1).

The Arg-Asp pair constitutes the most frequent salt-
bridge pair in conformational epitopes (29% of the
pairs) and Lys-Asp the most frequent pair in linear epi-
topes (31%). Considering the Arg-Asp and Asp-Arg pairs
together yields a frequency of 39% in conformational
epitopes and 29% in linear epitopes, whereas this pair
constitutes only 25% in protein—protein interfaces. The
combined Lys-Asp and Asp-Lys pairs exhibit a frequency
as high as 35% in linear epitopes, 21% in conformational
epitopes, and only 18% in protein—protein interfaces.

Conformational epitope—paratope

Linear epitope—paratope

Protein—protein

Ag Ab Occurrence % Ag Ab Occurrence % Pr Pr Occurrence %
H Y 10 19 Y w 9 31 F Y 33 25
F Y 8 15 F W 3 10 F F 20 15
H w 8 15 F Y 3 10 F H 19 14
Y Y 7 13 W F 2 7 F W 17 13
W Y 5 9 H H 2 7 W Y 13 10
F F 3 6 H W 2 7 H Y " 8
H F 3 6 w w 2 7 Y Y 8 6
W w 2 4 Y Y 2 7 H W 5 4
Y H 2 4 H F 1 3 w w 4 3
Y w 2 4 Y H 1 3 H H 3 2
F H 1 2 H Y 1 3

F W 1 2 w Y 1 3

W F 1 2

w H 1 2
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Table V

Frequency of Cation—mt and Amino—nr Interactions Across the Interfaces
—_________________________________________________________________________________|

Conformational epitope—paratope Linear epitope—paratope Protein—protein

o
=
o
—

Ag Ab Occurrence % Ab Occurrence % Occurrence %

=
7<)

Cation—= interactions

K Y n 23 K Y 8 36 R Y 22 27
R Y 1" 23 R Y 4 18 R F " 13
H Y 5 n H Y 2 9 R W 9 1
H W 3 6 W K 2 9 K W 8 10
K w 3 6 H F 1 5 K Y 7 8
Y R 3 6 H K 1 5 H F 6 7
H F 2 4 H w 1 5 H Y 6 7
R w 2 4 K W 1 5 K F 6 7
F R 1 2 R H 1 5 R H 4 5
H K 1 2 W R 1 5 K H 2 2
H R 1 2 H W 2 2
K F 1 2

R F 1 2

W H 1 2

Y H 1 2

Amino—r interactions

N Y 10 36 N Y 3 30 N Y 7 37
Q Y 7 25 N W 2 20 N F 4 21
N w 4 14 w N 2 20 Q W 4 21
N F 2 7 N F 1 10 N W 2 1
Q w 2 7 Y N 1 10 Q F 1 5
Y N 1 4 H N 1 10 Q Y 1 5
W N 1 4

Y Q 1 4

This is in agreement with the finding that the paratopes charged and polar residues of the linear and conforma-
are enriched in Asp (Fig. 1). tional epitopes to interact with the paratope residues Tyr,
Ser, Thr, and Asn. Specifically, there is a predominance
of Tyr among the paratope residues: it represents almost
one-third (31%) of the total number of paratope resi-

The analysis of the hydrogen bond pairs (Supporting dues that form hydrogen bonds with conformational epi-
Information Table S7) revealed a preference of the topes (Supporting Information Table S9). The frequency

Hydrogen bonds

Figure 4

Selected views of antigen—antibody interfaces that show cation/amino—n and m—n chain motifs. Protein chains are displayed as ribbons, and the
side chains of interest as sticks. (A) Chains of cation/amino—r interactions in the interface between the major respiratory grass pollen allergen Phl
p 2 and specific human immunoglobulin E (PDB code: 2vxq). Epitope residues are shown in purple, the heavy chain residues of the antibody in
lime and its light chain residues in blue. The two cation/amino-rn chains involve the residues W41/Y32-R67-Y102 and N76-Y33-R98. (B) Chain of
n—T interactions in the interface between the intermediate affinity I domain of integrin LFA-1 and its antibody AL-57 (PDB code: 3hi6). Epitope
residues are shown in purple and the heavy chain residues of the antibody in lime. The m—n chain involves the residues W52-H264-W103-F102.
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of Ser in paratopes that are hydrogen bonded with con-
formational epitope residues is also high compared with
protein—protein interfaces. In conformational epitopes,
only 5% of Tyr is involved in H-bonds. The majority of
the H-bonds involve positively or negatively charged resi-
dues as well as Asn and Gln. In linear epitopes, the pref-
erence is less marked. In conformational and especially
linear epitopes, some main chain H-bonds are observed.

Hydrophobic contacts

The interactions between hydrophobic residues, from
which we exclude the m-7 interactions between two aro-
matic residues, play a critical role in protein—protein
interfaces, but are less present in linear epitope—paratope
interfaces and even less in conformational epitope—para-
tope complexes (Table I). The most common hydropho-
bic residue pairs for the three types of interfaces are
presented in Supporting Information Table S8. From the
side of both linear and conformational epitopes, the resi-
dues involved in hydrophobic packing are first of all Pro,
then the aliphatic residues Val, Ile, Leu, and finally aro-
matic residues. From the side of the paratopes, the main
residue involved is undoubtedly again Tyr, with a fre-
quency of 47% and 33% for conformational and linear
epitopes, respectively.

In protein—protein interfaces, the majority of the hydro-
phobic packing is between aliphatic residues. Aromatic
residues are less often involved, and Pro even less. So the
difference in hydrophobic packing between antigen—anti-
body and protein—protein interfaces is twofold: there are
much less hydrophobic contacts in the former interfaces,
and moreover they involve different kinds of residues.

n=-n contacts

The occurrence of hydrophobic interactions involving
two aromatic rings was investigated in all types of interfa-
ces (Table IV). Such interactions are categorized as parallel
or edge-to-face, according to the relative orientation of
the aromatic planes. Their importance in molecular recog-
nition has been the subject of intensive study in recent
years.60 Note that we considered here His both as an aro-
matic residue capable of forming m—m contacts and as a
(sometimes) positively charged residue that can make cat-
ion—7 interactions. The importance and peculiarities of
histidine-aromatic residues have been shown earlier.61

Table IV indicates a striking preference for Phe in n—n
pairs in protein—protein interfaces (at least one partner is
a Phe in 67% of the interacting pairs), while Tyr is pre-
ferred in epitope—paratope interfaces (64% for conforma-
tional epitopes and 57% for linear epitopes). Like for salt
bridges, there is an asymmetry between paratopes and
epitopes: His is preferred in conformational epitopes
(40% of the m—m contacts) and Tyr in the associated
paratopes (46%); Tyr is preferred in linear epitopes
(41%) and Trp in the associated paratopes (55%).

Cation-n and amino-n interactions

An increased number of experimental and theoretical
studies have emphasized the existence of favorable inter-
actions between groups carrying a net or partial positive
charge and aromatic systems.02:03 These interactions
have proven to be important in protein structures and
biomolecule associations,?3>4,64-66 They appear to be
an important stabilizing factor of antigen—antibody com-
plexes. They represent 5.6 and 3.9% of the interactions
in conformational and linear epitope—paratope interfaces,
respectively, against only 1.9% in protein—protein interfa-
ces (Table I). The average number of such interactions
per 100 interface residues is 7 for linear and conforma-
tional epitope—paratope and only 2 for protein—protein
interfaces (Table II). Note that cation—m interactions are
roughly twice more frequent than amino—n interactions
in epitope—paratope interfaces, whereas they are about
four times more frequent in protein—protein interfaces.
This indicates that amino—m interactions are perhaps
even more important than cation—m interactions in the
stabilization of the antigen—antibody interfaces.

The most frequent cation—n and amino—m pairs are
listed in Table V. Due to the marked preference for Tyr
in paratopes, the cation—m pairs Arg:Tyr, Lys:Tyr, and
His:Tyr, with the positive charge in the epitope and the
aromatic moiety in the paratope, are the most frequent
both in conformational and linear epitope—paratope
interfaces (57 and 63% of the cation—m pairs, respec-
tively). Similarly, the amino—mn pairs Asn:Tyr and Gln:Tyr
are the most frequent in antigen—antibody complexes. As
suggested earlier,7 the ability of the phenolic OH group
of Tyr to form a hydrogen bond could help positioning
the phenolic ring properly and participate in favorable
cation—T or amino—m contacts.

The most frequent pairs in protein—protein interfaces
are the Asn-Tyr amino-m pair (37%) and the Arg-Tyr
cation—7 pair (27%), an observation that is in agreement
with previous studies stating that Arg:Tyr pair is the
most abundant in cation—7 interactions.06:68 These find-
ings are supported by an earlier study claiming that the
larger and less well water-solvated side chain of Arg is
likely to benefit from better van der Waals interactions
with aromatic rings.66 Also, quantum chemistry calcula-
tions have shown that Arg contributes to cation—m inter-
actions through electrostatic forces but also through
dispersion forces due to the delocalization of the charge
on the guanidinium group, whereas Lys has basically
only the electrostatic contribution.04 There are however
slightly more Lys- than Arg-containing cation—m pairs in
linear epitopes, but the number is too small to yield reli-
able statistics.

Cation/amino-r and n-rn chain motifs

All the interfaces were searched for chain motifs that
involve three or more interacting partners. Cation/
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amino—n chains occur when an amino acid is involved
simultaneously in two cation/amino—n interactions: either
the aromatic ring is sandwiched between two side chains
that carry a net or partial charge, or the side chain with a
totally or partially charged group is sandwiched between
two aromatic rings.>4 Similarly, 7—n chain motifs consti-
tute another type of chain motif extension, where three or
more aromatic rings interact. As shown in Table II, the
average number of cation/amino—n and n—n chains per
interface for both the conformational and linear epitope—
paratope interfaces is significantly higher than for pro-
tein—protein interfaces. We observe indeed 0.3 cation/
amino—T chains per 100 interface residues in protein—pro-
tein interfaces, and as much as 1.7 and 2.1 in conforma-
tional and linear epitope—paratope interfaces, respectively.
For m—m chains, 2.1 per 100 interface residues are found
in protein—protein interfaces, against 7.4 and 4.3 in con-
formational and linear epitope—paratope interfaces, respec-
tively. These observations suggest that cation—n and m—n
chain motifs play an important role in the stability of
antigen—antibody complexes. Two examples of such inter-
actions are depicted in Figure 4.

CONCLUSIONS

The amino acid composition and secondary structure of
the interfaces of antigen—antibody and other heterodimeric
protein complexes, as well as the type of residue-residue
contacts that stabilize them, were analyzed and compared
on the basis of high quality X-ray structures. The goal of
this study was to identify the amino acid features and
interactions that allow distinguishing the different types of
interfaces. These features will be used in a subsequent
study for predicting potential B-cell epitope regions.

The first result is that antigen—antibody complexes are
significantly different from other protein—protein com-
plexes. Antibodies are all-B proteins that make interac-
tions through specific loop regions (CDRs). Antigens
have a higher than average B-strand content and a lower
than average helix content. They also have the tendency
to interact with the antibody through loop regions, espe-
cially in the case of linear epitopes but also in conforma-
tional epitopes. The epitope enrichment with loops
seems to be important for the antibodies to recognize
and bind them.2® Other protein—protein interfaces have
on the average a lower loop and a higher helix content.

Moreover, protein—protein interfaces are significantly
larger on the average than conformational epitopes
(with, however, a high standard deviation), which them-
selves are larger than linear epitopes. Roughly speaking,
linear epitopes are about two times smaller than confor-
mational epitopes and three times smaller than heterodi-
meric protein interfaces.

H-bonds and hydrophobic contacts are, as usual, the
most frequent stabilizing interactions, but their relative
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abundance varies according to the type of interfaces. H-
bond interactions are found to be much more frequent
in conformational epitope—paratope interfaces than in
other protein—protein interfaces, whereas the opposite is
observed for hydrophobic packing. This is related to the
fact that the former interfaces are enriched in residues
that are able to make H-bond interactions and depleted
of nonaromatic hydrophobic residues. The case of linear
epitopes is intermediary. Note that the latter epitopes
contain an unusually high number of Pro involved
hydrophobic contacts. Also, the number of interactions
per residue in much higher in linear than in conforma-
tional epitopes: the protein core is inexistent and thus all
residues tend to interact tightly with the paratope. Salt
bridges are the only interactions that are roughly as fre-
quent in all types of interfaces. Note that, again, the
number of salt bridges per residue is higher in linear epi-
topes, because of their tight packing on the paratope.
These interactions are directional in the case of antigen—
antibody complexes: the positively charged residue is
usually at the antigen side and the negatively charged
residue at the antibody side. This is related to the higher
frequency of these residues in their respective proteins.

A striking result is the significantly higher number of
cation—7, amino—m, and m—7 interactions across the anti-
gen—antibody interfaces than across other heterodimeric
protein interfaces. In 82% of the conformational epi-
tope—paratope interfaces, there is at least one cation-m,
amino-m, or m-T interaction. For linear epitopes, which
are much smaller, this percentage drops down to 64%,
whereas for heterodimeric protein interfaces, which are
much larger, it is also equal to 66%. Per interface resi-
due, the number of cation/amino—n and m—7 interactions
is almost equal in conformational and linear epitopes
and two to three times higher than in other protein
interfaces.

Moreover, these interactions are directional in anti-
body—antigen complexes: Tyr is preferred in the antibody
for both cation—n, amino-n, and 7—m interactions,
whereas the charged amino acids Lys or Arg for cation—n
interactions, Gln or Asn with a partially charged amino
group for amino—7 interactions, and any aromatic group
for m—m interactions, are situated in the antigen. Note
that His also often appears in this context, with the dou-
ble role of aromatic and positively charged residue, able
to form both cation-1 and - interactions.6!

Successive cation—m, amino—m, or T—7 interactions can
combine and form chains of cation/amino-n and n—7
interactions, as illustrated in Figure 4. The number of
such chains is significantly larger—two to seven times—
in linear and conformational epitopes than in other het-
erodimeric protein interfaces. This result suggests that
such motifs make a strong contribution to antigen—anti-
body complex formation.

Note also that the particularly high occurrence of Tyr
in paratopes may be explained by its capability to form
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all types of interactions except salt bridges: H-bonds,
hydrophobic packing, cation—n, amino—n, and m—m inter-
actions. Tyr can thus accommodate various types of inter-
action partners and appears to play a privileged role in
antigen recognition and binding. However, in spite of the
high versatility in possible interactions, the antibodies do
not seem capable of recognizing any protein surface. The
amino acid composition of B-cell epitopes is indeed sig-
nificantly different from general protein surfaces, which is
in contradiction with some previous results.41=43 They
contain more positively charged residues, more aromatic
residues Trp and Tyr, less aliphatic residues and less Phe.

This leads us to the conclusion that though the CDR’s
of antibodies are hypervariable and can mutate to
accommodate many antigens, they cannot adapt to all
possible exogenous proteins. There is indeed a strong
bias in epitopes toward certain types of amino acids and
certain types of interactions. Of course, this could be due
to the limited data sets, which contain 58 antigen—anti-
body complexes with conformational epitopes and 47
with linear epitopes. But it could also reflect a more fun-
damental issue: antigens are in a first stage bound with
relatively low affinity by antibodies that are not totally
specific for them. These antibodies then undergo affinity
maturation through extensive mutation, become highly
specific for the antigen and able to bind them with high
affinity. Antigens thus need to be recognized by existing
antibodies in a first step, with however lower affinity. This
obviously limits the types of exogenous proteins that can
be recognized as antigens by the immune system.
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