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Abstract
The binding of antigens to antibodies is one of the key events in an immune response against
foreign molecules and is a critical element of several biomedical applications including vaccines
and immunotherapeutics. For development of such applications, the identification of antibody
binding sites (B-cell epitopes) is essential. However experimental epitope mapping is highly cost-
intensive and computer-aided methods do in general have moderate performance. One major
reason for this moderate performance is an incomplete understanding of what characterizes an
epitope. To fill this gap, we here developed a novel framework for comparing and superimposing
B-cell epitopes and applied it on a dataset of 107 non-similar antigen:antibody structures extracted
from the PDB database. With the presented framework, we were able to describe the general B-
cell epitope as a flat, oblong, oval shaped volume consisting of predominantly hydrophobic amino
acids in the center flanked by charged residues. The average epitope was found to be made up of
~15 residues with one linear stretch of 5 or more residues constituting more than half of the
epitope size. Furthermore, the epitope area is predominantly constrained to a plane above the
antibody tip, in which the epitope is orientated in a −30 to 60 degree angle relative to the light to
heavy chain antibody direction. Contrary to previously findings, we did not find a significant
deviation between the amino acid composition in epitopes and the composition of equally exposed
parts of the antigen surface. Our results, in combination with previously findings, give a detailed
picture of the B-cell epitope that may be used in development of improved B-cell prediction
methods.
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1. Introduction
One of the key events in the clearance of pathogens and foreign molecules by the immune
system is the interaction between antibodies and antigens. Antibodies bind to antigens at
sites known as antigenic determinant regions, which are also called B-cell epitopes since
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antibodies are produced by B-lymphocytes (B-cells). Identification of sites on the antigen
surface capable of binding to antibodies is essential in several biomedical application such
as; rational vaccine design, disease diagnostic and immune-therapeutics (Gershoni et al.,
2007; Irving et al., 2001). Experimental identification of B-cell epitopes is costly and time
consuming, and use of in silico screening methods is therefore an appealing alternative. The
performance of methods for B-cell epitope prediction is however not optimal, with a
significant proportion of the predicted epitopic sites being false positives and visa versa for
the negative predictions. One important reason for this relative low predictive performance
is our poor understanding of the properties that characterize a B cell epitope. Thus, a
detailed description of the epitope area in terms of sequence composition and structural
characteristics could potentially greatly contribute to development of improved methods for
B cell epitope identification. Only in resent years has the number of publicly available
structures of antigen:antibody complexes increased to a level where sound statistical
characterization of B-cell epitopes can be accomplished and only a limited number of
publications has focused entirely on B-cell epitope characterization. Studies on the broader
field of protein-protein interactions either exclude antibody-antigen complexes (Bordner and
Abagyan, 2005; Neuvirth et al., 2004) or fail to acknowledge antigen-antibody complexes as
a special group of protein interactions (Bickerton et al., 2011; Bogan and Thorn, 1998;
Chakrabarti and Janin, 2002; Keskin et al., 2005; Li et al., 2012; Lo Conte et al., 1999). This
last point might be important as earlier work suggests that the physico-chemical and, to
some extent, the structural composition of B-cell epitopes are different from the general
composition of sites involved in protein-protein interactions (Ofran et al., 2008).

One of the most cited characteristics of the epitope is that they reside on the surface of the
protein. This feature was first described in the work of Novotný et al. (1986) by calculating
the solvent accessible surface area of residues involved in antigen-antibody binding from the
3-dimensional structures of lysozyme, myoglubin, myohemerythrin and cytochrome c.
Furthermore, from the same set of structures, Thornton et al. (1986) demonstrated that
antigenic areas protrude from the surface of the antigen. They approximated the shape of the
proteins as an ellipsoid and observed that amino acids involved in antibody binding were
predominantly located outside the ellipsoid surface. Recently, Lollier et al. (2011)
challenged the general assumption that epitopes are confined to the protein surface. They
were unable to establish a relationship between residues in continuous and discontinuous
epitopes (data obtained from IEDB database, Vita et al., (2010)) and relative solvent
accessibility (RSA), or the protrusion index (PI). However, the results might have a high
degree of uncertainty, due to the fact that most epitopes in the data used were linear epitopes
obtained by B-cell assays, which do not explicitly determine the residues in contact with the
antibody (for a review of methods see Van Regenmortel, (2009)). Furthermore, other studies
exclusively based on 3-dimensional structures conclude that epitope residues are more
surface exposed compared to antigen residues in general (Andersen et al., 2006; Ofran et al.,
2008; Rubinstein et al., 2008; Sun et al., 2011).

Another frequently investigated feature of the B-cell epitope is the amino acid composition
(Andersen et al., 2006; Ofran et al., 2008; Rubinstein et al., 2008; Sun et al., 2011; Zhao and
Li, 2010). It is generally agreed that epitopes are enriched in charged and polar amino acids
and depleted of aliphatic hydrophobic amino acids, when comparing the epitope amino acid
distribution to either the entire PDB database (Ofran et al., 2008) or amino acid composition
of the antigen as a whole (Andersen et al., 2006; Zhao and Li, 2010) Furthermore, by
recognizing that epitopes usually reside on the protein surface, Rubinstein et al. (2008)
suggested that the amino acids Tyr and Trp are significantly over-represented in epitopes
and that Val is significantly depleted. Besides individual amino acid preferences in epitopes,
specific amino acid pairs have been observed more frequently in both linear (sequence based
studies) (Chen et al., 2007) and conformational (structural based studies) (Rubinstein et al.,

Kringelum et al. Page 2

Mol Immunol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2008; Sun et al., 2011; Zhao and Li, 2010) epitopes than in non-epitope areas, suggesting
that some amino acid pairs work cooperatively in mediating antibody binding. The concept
of amino acid cooperatively has been adopted from studies on protein:protein interfaces,
where pairs of hydrophobic and polar amino acids have been argued to play an important
role in the binding formation (Lijnzaad and Argos, 1997; Ma et al., 2003; Neuvirth et al.,
2004). This pattern is only to some extent supported in epitopes, where pairs of Tyr:Tyr,
Cys:Pro, Asn:Tyr, Asp:Pro, Thr:Tyr and Arg:Tyr according to Rubinstein et al. (2008) and
pairs of Asn:Try His:Tyr and His:Met according to Sun et al. (2011) appear more frequently
compared to the antigen surface in general. Furthermore, expanding the definition of
neighbor cooperatively to one position beyond the immediate neighbor reveals a different
pattern, and especially pairs including charged amino acids, Asn and Gln, are found more
often in epitopes (Zhao and Li, 2010).

The secondary structure of epitopes has been investigated by several authors (Liang et al.,
2010; Ofran et al., 2008; Rubinstein et al., 2008), and epitopes are in general reported to
have significantly less secondary structures (strands and helices) and significantly more
loops compared to the remaining antigen. The over-representation of loops is small but
significant and in agreement with the perception that protein-protein binding sites are
flexible regions (Neuvirth et al., 2004). Furthermore, the overall secondary structure of
epitopes has been reported to deviate from both that of protein-protein interfaces, and
proteins in the PDB database in general (Ofran et al., 2008).

When comparing results from different publications, it is striking to observe, that authors to
some degree reach different conclusions as to what defines the amino acid composition,
amino acid cooperativeness and secondary structure of a B cell epitope. Besides the constant
increase in the number of antigen-antibody complex structures in the PDB database, the
inconsistencies in the conclusions from different studies most likely originate from
deviations in three critical steps involved in defining the epitope data sets: 1) differences in
data redundancy processing, e.g. removal of homologous entries, 2) different definitions of
epitopes and epitope residues, and 3) different definitions of the non-epitope area and the
non-epitope amino acid distribution, in particular the definition of surface (if defined at all).
Given these observations, it remains clear that caution must be taken when comparing
results and conclusions from different analyses.

Besides the multiple investigated epitope features presented above, Rubinstein et al. (2008)
have established that the epitope area is significantly flatter and more convex (rugged),
compared to equally sized patches on the antigen surface, and undergoes a small
compression upon antibody binding.

In the later years, features of B-cell epitopes have extensively been utilized in computational
mapping of B-cell epitopes (Andersen et al., 2006; Chen et al., 2007; Huang et al., 2007;
Liang et al., 2010; Ponomarenko et al., 2008; Rubinstein et al., 2009; Sweredoski and Baldi,
2009, 2008; Zhao and Li, 2010). However, the performance of these methods has in general
been moderate, thus stressing the importance of more detailed description of the B-cell
epitope area. The objective of the work presented here was therefore to employ and develop
methods for analyzing the antigen-antibody interface, especially the epitope area, with the
purpose of identifying novel features that may be used in improvement of B-cell prediction
methods. We present an analysis of B-cell epitope/paratope amino acid composition, the
epitope size, shape and direction relative to the antibody and determine the epitope spatial
amino acid distribution.
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2. Methods
2.1 Data processing

Using antibody conserved residues as template (template residues are listed in
Supplementary material Table S2), 801 antibody structures were identified from the PDB
database (www.pdb.org) distributed with the MOE 2009.10 release (contains data from PDB
up to August 24, 2009, http://www.chemcomp.com/software.htm). 376 of the 801 structures
were protein antigen:antibody complexes. As some entries were duplicates or mutation of
the same antigen, a subset of 224 structures with unique antibody sequences were retrieved
and used for further data processing. Only the antigen chain interacting with the antibody
was kept for further analysis. All other antigen chains were discarded. 26 of the 224 antigen
structures (1BJ1, 1CZ8, 1I9R, 1KB5, 1KEN, 1NOX, 1OB1, 1OTS, 1QFW, 1QGC, 1RVF,
1TZH, 1W72, 1XIW, 1YNT, 2BC4, 2DQF, 2FJG, 2FX8, 2H2P, 2J6E, 2JIX, 2NR6, 2OTU,
2QR0, 3CSY) contained multiple chains in the vicinity of the antibody CDR loops. For
these complexes, the chain with the main interaction with the antibody was identified and
used in the study. If more than one asymmetric unit were present in the structure files, the
antibody:antigen complex with the first occurrence was selected. Each residue in the 224
antigen:antibody structures was annotated as either epitope or non epitope (for the antigen)
or paratope or non-paratope (for the antibody), based on a 4Å distance (between any pair of
heavy atoms of two residues) threshold argued to give the best correlation to manual
annotation (Andersen et al., 2006; Van Regenmortel, 2009). The annotation of epitope and
paratope residues was used throughout this work in all analysis carried out. The dataset of
224 structures was further processed by first removing all complexes with antigen sizes
below 20 amino acids resulting in 162 complexes, secondly by removing similar antigen-
antibody interfaces. Similar entities were identified by defining a 400 dimensional
“interaction vector” for each complex, holding the frequency of each contacting amino acid
pair i.e. the first dimension was assigned the observed number of alanines in the epitope in
contact with alanines in the paratope, the second dimension the observed number of alanine-
valine contacts and so forth. Two entities were then defined as similar if the angle between
the vectors was below 0.8 radians. The threshold was set based on the angle distribution in
the data, which separated the data in two groups; below and above 0.8 radians (data not
shown). Based on this similarity criterion, a hobohm2 algorithm (Hobohm et al., 1992) was
employed to filter similar structures in the developed dataset of 162 structures, which
resulted in 109 non-redundant antibody-antigen interactions. Additional two complexes:
PDB ID: 1TZI and PDB ID: 1TZH (both from the same study (Fellouse et al., 2005)) were
removed as very few (<4) amino acids were involved in complex formation and the entries
were constantly identified as outliers in the analyses carried out. The remaining 107
complexes were structural superimposed to the antibody heavy chain. As the linker region
between the two immunoglobulin folds of the antibody heavy chain is flexible, using the
entire antibody FAB as template for superimposing structures is not feasible. Hence, only
the antibody Fv region was used for superimposing. The PDB entry 1A2Y was used as
template, as this structure only contains the antibody Fv region. From the superposition, a 3
dimensional visualization of the combined set of epitope amino acids was created which
demonstrated that that the epitope residues form a homogeneous skewed disk-shaped
distribution, with a few amino acids placed outside the disk (Supplementary materials Figure
S1). As this study aims at finding common antigen-antibody features, amino acids outside
the disk were treated as outliers and identified using a distance-based outlier algorithm
(Knorr et al., 2000). In total, 70 residues (4.2%) were identified as outliers divided between
17 structures. The 107 PDB entries are listed and described in supplementary materials
Table S1.
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2.2 Surface measures
Surface accessibility for each residue was calculated using DSSP (Kabsch and Sander,
1983). Relative surface exposure values were obtained by normalizing the surface
accessibility value against the maximum surface accessibility for the amino acid in question.
The maximum exposure was computed by replacing X with the amino acid in question in a
GGXGG sequence, where G is glycine. Upper half-sphere exposure (HSE) (Hamelryck,
2005) values were calculated using the biopython software package (Hamelryck and
Manderick, 2003) and normalized according to the most buried (highest value) amino acid
in question found in 1000 randomly extracted structures from the PDB database.

2.3 Comparison of amino acid distributions by log-odds scores
Two amino acid distributions were compared, by comparing the frequency of each amino
acid. Log-odds scores (Sa) were calculated as the base 2 logarithm to the ratio between the
frequencies of amino acid a in distribution A and B as described in (Lund et al., 2005).
Negative log-odds scores indicate under-representation of a given amino acid and vice versa
for positive log-odds scores.

2.4 Epitope and paratope amino acid composition
Epitope and paratope amino acid preferences were assessed by comparing the frequencies of
amino acids in epitopes and paratopes to frequencies in non-epitope/paratope distributions.
To eliminate the bias towards surface versus non-surface exposed residues, the following
procedure was used to obtain the non-epitope and non-paratope amino acid distributions: 1)
The epitope/paratope residues were divided into 12 bins of 0.1 intervals (0–0.1,0.1–0.2,…,
1.1–1.2) based on their surface exposure (RSA or HSE) resulting in ni (i = 1,2,..,12)
observations in each bin. 2) The pool of non-epitope and non-paratope residues were
likewise divided into 12 bins based on their surface exposure and ni amino acids were
randomly drawn from each corresponding bin, resulting in a distribution matching the
epitope/paratope distribution in size and surface exposure profile. The epitope/paratope
distribution was then compared to the ‘sampled’ non-epitope/paratope distribution by means
of log-odds scores (Sa) as described in section 2.3. Statistical significance of log-odds scores
being different from zero was obtained by bootstrapping using the following procedure: 1)
10,000 bootstrapped datasets were produced by sampling the epitope/paratope amino acid
distribution with replacements N times (N being the number of residue in the distribution),
2) for each dataset the non-epitope/paratope distribution was obtained as described above
and log-odds scores were calculated. In total 10,000 bootstrapped log-odds scores per amino
acid (n = 10,000) were obtained, 3) a p-value indicating if a given amino acid is significant
over or under-represented was calculated as

where n(statement) is the number of log-odds scores for which the alternative hypothesis
was untrue. That is, the p-value for being overrepresented for an amino acid that in 9,900 of
the 10,000 re-samplings has a positive log-odds score will be 100/10,000 = 0.01.

2.5 Fitting axis of inertia to epitopes
To get an accurate description of the antigen:antibody interface, the spatial representation of
each epitope was defined as the antibody contacting points i.e. the coordinates of the subset
of antigen heavy atoms in contact with the antibody (within 4Å of any antibody atom).
Hence, each epitope was represented as a contact matrix of atom coordinates Xc,j

m×3 where
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m is the number of contacting atoms in the epitope and j = {1,2,…107} defines the
individually epitopes. Axes of inertia were fitted to the each epitope individually, by
centering Xc,j and subsequently compute the singular value decomposition (SVD) of Xc,j:

where the rows of U contain the left eigenvectors (eigenvectors to ), V = [v1;v2;v3]

the right eigenvectors (eigenvectors to ) and D is a diagonal matrix holding the
singular values; s1,s2,s3 (eigenvalues to the squared matrixes) to the corresponding
eigenvectors. The axes of inertia (also referred to as principle components (PCs)) were then
defined as the right eigenvectors and ranked according to the singular values (s1 > s2 > s3).
As the singular values are related to the point variance on each axis (stdev =√ (s)), the first
PC points in the direction of most point variation, the second, orthogonal to the first, points
in the direction of second most point variance and the third PC is orthogonal to PC1 and
PC2. To ensure that the rotated coordinate system spanned by the PCs is right-handed, PC1
were constrained to point into the positive space of the x-axis, PC2 to point into the positive
space of the y-axis and PC3 to point into the positive space of the z-axis. The length of each
PC was set to |PCi| = 2.5√ (si), for i = 1,2,3 as the resulting ellipse plane spanned by PC1 and
PC2 enclosed 90% of the epitope contact points when projected onto the plane, and PC3
enclosed 95% of the contacts when projected onto the axe. Approximating the epitope as an
ellipsoid spanned by the PCs included on average 75% of the epitope contact points.

2.6 Statistical test of epitope shape
It was investigated if the data in the plane spanned by PC1 and PC2 formed an ellipse or was
better described by a rectangle. For each epitope, the density of the epitope plane was
calculated approximating the plane as an ellipse or a rectangle using the following
procedure: 1) for each epitope in the dataset, the half-axis of an ellipse was defined by PC1
and PC2 respectively (see section 2.5) and a rectangle by ±PC1 and ±PC2, 2) epitope
contact points were then projected onto the PC1-PC2 plane and the number of contacts
enclosed by the ellipse and the number of contacts enclosed by the rectangle was calculated
and divided by the area spanned by the ellipse and rectangle respectively, 3) a paired t-test
was used to assess if the density of the ellipse was higher than the density of the square,
hence testing if the data are best approximated by a square or an ellipse.

It was then investigated if the epitope plane was best described as an oblong ellipse or as a
circle. The null-hypothesis of |PC2|/|PC1| = 1 was tested against the alternative hypothesis of
|PC2|/|PC1| < 1. As the first PC is deliberately chosen to be larger than the second PC, and
variation observed on the two axes is not strictly independent (data is drawn from the same
population constrained to same biological patterns) statistics based on variance was not
helpful (e.g. using a test of variance). Instead a random dataset was generated emulating the
real dataset under the null-hypothesis and compared to the true dataset, using the following
procedure: 1) For each epitope in the dataset a random “epitope”, comprising the same
number of points in space, was drawn from a disk shaped uniform distribution. To emulate
the epitope under the null-hypothesis the proportion of the disk shape distribution
(determined by the halfaxis rx,ry,rz) was important. rx = ry were set to 1 to ensure a disk
shape, and rz to the ratio between the length of PC3 and the average length of PC1 and PC2:
rz = 2*|PC3|/(|PC1|+|PC2|). The definition of rz ensures that the ratio between rz and the
ellipse area spanned by rx and ry equals the ratio between |PC3| and the ellipse area spanned
by PC1 and PC2, thereby transferring the internal proportion of an ellipsoid fitted to the real
epitope to the disk shape distribution, 2) axes of inertia were fitted to the each data point as
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described in section 2.5, 3) the |PC2|/|PC1| ratio was computed and compared to that of the
true data point, counting the number of epitopes, for which the random ratio was lower than
the real ratio as unsuccessful, and 4) a p-value was then obtained by using a binomial
distribution with the assumption that, if the null hypothesis was true for all epitopes the
frequency of unsuccessful events would be 0.5.

2.7 Statistical test for direction of epitopes
The direction of the common epitope was assessed by analyzing the direction of the primary
axis of inertia (PC1) fitted to each epitope as described in section 2.5. As antibody heavy
chains of the 107 antigen:antibody complexes were superimposed before axis of inertia were
fitted to the epitopes, the direction of PC1 describes the epitope direction relative to the
antibody.

The immunoglobulin fold of the antibody light and heavy chain gives the tip of antibody
(the antigen binding site) a flat oblong shape, which constrains the directions of epitopes to
lie in a narrow plane above the antibody tip. Hence, variation in PC1 directions
perpendicular to the antibody tip were of less interest and to be able to describe the epitope
directions accurately, the PC1s were projected onto a plane above antibody tip defined by
the average plane spanned by the first and second principle components for all epitopes i.e.
the normal vector to the plane was calculated as the mean of the normalized PC3s. As a
measure of PC1 alignment we calculated the average angle between all 107 PC1s and tested
the alternative hypothesis of a preferred direction by comparing this value to the average
PC1 angle of a randomly obtained dataset. The random dataset were obtained as described in
section 2.6 for statistical test of epitope shape, hence using disk shapes to emulate the
epitopes under the null-hypothesis of no preferred direction. 1000 random datasets were
obtained in this manner and the p-value for accepting the alternative hypothesis was
calculated as number of random datasets with a lower average PC1 angle than the true
dataset divided by 1000. Like the true data, PC1 of the random datasets were projected onto
the average plane spanned by PC1 and PC2 of the random epitopes.

2.8 Spatial distribution of amino acids in epitopes
To assess the common spatial amino acids distribution in epitopes, the 107 epitopes in the
dataset were first “structurally aligned” by superimposing the PCs fitted to each epitope
(described in section 2.5). The PCs were used for epitope superposition rather than
conventional structural alignment, as epitopes are highly diverse in sequence and structure,
hence making conventional structural alignment unfeasible (e.g. using combinatorial
extension (CE) alignment (Shindyalov and Bourne, 1998)). To avoid bias towards large
amino acids, each residue was represented by only one coordinate; the centroid of the subset
of residue heavy atoms in contact with the antibody. Hence each epitope were represented as
the epitope residue matrix Xr,j

w×3, where w is the number of residues in the epitope and j =
{1,2,…107} defines the individually epitopes. The superposition of PCs was computed by
centering the individually epitope residue coordinate matrixes Xr,j and subsequently
transform the coordinates into the space spanned by the PCs fitted to the contact matrix Xc,j,
(described in section 2.5) resulting in a new residue coordinate matrix Xr,j*. Each Xr,j* was
then rescaled by dividing the transformed x*,y*,z*-coordinates by |PC1|, |PC2| and |PC3|
respectively and all 107 Xr,j* were pooled to yield one epitope residue coordinate matrix:
Xr*N×3 (N is the total number of epitope residues). Hence, the data was effectively
transformed into a cubic orthogonal space. The spatial distribution of amino acids was
assessed in 2-dimension by projecting the data onto the plane spanned by the primary and
secondary PCs (effectively only using the first and second column of Xr*), dividing the
plane in G ring-shaped bins, bx, determined by the radius; bx*sqrt(2)/G and calculating the
log-odds scores (see section 2.3) for finding amino acid a in bx compared to the finding a in
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the epitope in general. Likewise, the spatial amino acid distribution in one-dimension were
examined by projecting data onto PC3 (effectively using the third column of Xr*), dividing
the axis in G bins and calculate the log-odds scores for each bin. G = 4 were used for both
one and two-dimensional statistics. Statistical inference was accomplished by bootstrapping
using the following procedure: 1) 10,000 bootstrapped XB* matrixes were produced by
sampling the rows of Xr* with replacement, 2) Log-odds score for finding amino acid a in bx
compared to finding a in XB* was calculated for each XB*. Log-odds values for amino acids
absent from a bin were set to 0, 3) a p-value was calculated as described in section 2.4 for
the epitope/paratope amino acid composition analysis. As data was relative scarce (only
1609 epitope residues), individually amino acids were often depleted from one or more bins
when bootstrapping Xr*, thus complicating statistical inference. To overcome this
shortcoming amino acids were grouped based on chemical properties as described in (Lund
et al., 2005): i) Hydrophobic [ACFILMPVW], ii) hydrophilic [GNQSTY], iii) negatively
charged [DE] and iv) positively charged [HKR]. Hence, the analysis was limited to
investigate the spatial distribution of these 4 groups of amino acids.

2.9 Development of amino acid density heatmaps
Two dimensional heatmaps describing the density of a group of amino acids in a specific
position in the plane were generated using a running average in 2-dimensions as follows; 1)
The positions for each residue in the epitope were superimposed and rescaled as described
above, 2) for each position (pixel) on a grid in the plane, the number of amino acids
projected onto the plane within a radius of r from the position was computed, 3) each
position was given a color on a scale from blue to yellow according to this number (density)
of amino acids within r, normalized against the maximum density in data, 4) density
heatmaps were plotted in Pymol using the Compiled Graphics Objects (CGO) file format. A
value of r equal 0.3 was used corresponding to area of approximately 7% of the 2D
projected and rescaled epitope area.

2.10 Identification of Complementary Determining Regions in antibodies
CDR regions were identified as described in (Ofran et al., 2008). In short, antibodies were
structurally superimposed as described above and structurally aligned residues were
identified as residing in the CDR region if above 10% were in contact with antigen residues.

3. Results
3.1 Data development

The basis for this study was a dataset of 107 unique non-similar antigen-antibody complexes
available from the PDB database (www.pdb.org). Initially 224 unique antigen antibody
complexes were identified, which by removing complexes with antigens shorter than 20
amino acids, resulted in a dataset of 162 complexes. The 162 complexes were subjected to a
similarity analysis based on contacting amino acid pairs in the antigen-antibody interface
(see methods), leading to the additional removal of 53 entries. The remaining complexes
(107) were superimposed using the antibody heavy chain as template, as illustrated in Figure
1. The present study focuses on general features of the antigen-antibody binding side, hence
interactions not mediated by the antibody variable regions, or in proximity of these, were of
limited interest. An outlier algorithm was employed to identify such antigen amino acids,
and 70 epitope-annotated residues (4.2%) were identified as outliers and removed from the
epitope amino acid pool. PDB id, protein name, epitope length and antigen length are
available in supplementary materials Table S1
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3.2 The antigen antibody interaction at a glance
In total 1609 of 15797 (~10%) antigen residues in the data were identified as epitope
residues, in contact with 1858 residues in the paratope. Of these, 985 interacted with the
antibody heavy chain, 389 with the antibody light chain and 235 with both chains. The
observed preference for heavy chain interactions was a general observation across antigens,
and is a consequence of the heavy chain CDR regions being longer than the light chain CDR
regions (~1.4 times longer in average in data, CDR regions defined as in Ofran et al., (2008),
data not shown). These findings are in agreement with previous findings (Collis et al., 2003;
MacCallum et al., 1996; Ofran et al., 2008). As a consequence of the high degree of
diversity in the antibody CDR regions (Igawa et al., 2011), the size of epitopes were
likewise highly diverse, with an average of ~15 residues and a standard deviation of ~4
residues (Figure 2A). However, neither the size of antibody CDR regions, nor the antigen
size were found to correlate with the number of contacting amino acids in epitopes (data not
shown). None of the epitopes included in the dataset were purely linear epitopes, however
60% of the epitope-annotated residues were found in a linear stretches of 3 amino acids or
more (Figure 2B). The maximum linear stretch in each epitope varied from 2 to 12 residues
(Figure 2C) and covered on average 40±16% of the residues in each epitope (where ±
indicates the standard deviation). Expanding the definition of linear epitopes to allow for
one non-epitope annotated residue between two linear stretches, demonstrated that more
than 85% of the epitopes where characterized by a maximum linear stretch of 5 or more
residues constituting on average 51±20% of the residues in each epitope (Figure 2D) and
that 78% of the epitope residues reside in a linear stretch of 3 or more residues. Hence, the
conformational epitope can in general be characterized as a sum of linear stretches with
some amino acids not contributing in binding antibodies, and where a long linear stretch of 5
or more residues in general covers more than half the epitope residues. These findings are
consistent with previously published results (Rubinstein et al., 2008; Sun et al., 2011).

3.3 Amino acid preferences in epitopes and paratopes
Previous work suggests that amino acid preference of epitopes and paratopes differs from
the general composition of the antigen and antibody surface (Andersen et al., 2006; Ofran et
al., 2008; Rubinstein et al., 2008; Sun et al., 2011; Zhao and Li, 2010). Epitopic (and
paratopic) residues reside for the vast majority of cases exposed on the protein surface.
Observed differences in amino acid composition between epitopic and non-epitopic residues
then depend crucially on the explicit definition applied to define the antigen (and antibody)
surface. Depending on the method used for defining surface residues, different conclusions
in relation to epitopic amino acid prevalences have been reported. In the present work, the
surface exposure parameter was eliminated by comparing the composition of the epitope
amino acid population, to a population similar in size and relative surface accessibility
(RSA) profile, drawn from the pool of non-epitope antigen residues. The frequency of each
amino acid in epitopes was compared to the frequency of amino acids in non-epitopes, by
means of log-odd scores (Figure 3), and statistical inference was obtained by bootstrapping
(see Methods). When correcting for multiple testing in a strict Dunn-Bonferroni fashion
none of the 20 amino acids were found to be significantly over- or under-represented in
epitopes. However, there is a tendency for epitopes to be depleted of small hydrophobic
amino acids (ALA, VAL, LEU), and enriched by tyrosines, which aligns with previous
findings (Ofran et al., 2008; Rubinstein et al., 2008; Sun et al., 2011). Tryptophan is found
to have a large, but insignificant, log-odds score, which is related to the fact that tryptophan
is a rare amino acid in proteins. To test the influence of the surface exposure measure used,
the analysis was repeated using half-sphere exposure. The result further validates the
presented findings and suggests that alanine and valine are significantly under-represented in
epitopes (p<0.001 in both cases, data not shown).
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Similar to the epitope amino acid composition, the composition of amino acids in the
paratope was compared to the composition of the antibody surface (Figure 4). 5 amino acids
were significantly over-represented and 9 amino acids significantly under-represented, and
the deviation from the overall antibody surface amino acid composition was in general more
pronounced than what was found for epitopes. Interestingly, the 5 positively selected amino
acids possess diverse chemical properties with at least one representative from each of the
four chemical groups; hydrophobic (trp), hydrophilic (tyr and asn), negatively charged (asp)
and positively charged (his).

3.4 The epitope size and shape
The shape and size of epitopes were quantified by fitting axes of inertia (also referred to as
principle components (PCs)) to individual epitopes using atoms in contact with antibody as
representative for the epitope shape. As illustrated in Figure 5B and supplementary materials
Figure S2, the primary and secondary axis spanned a plane parallel to the antibody tip,
describing the planer shape and size of the epitope, whereas the tertiary axis is perpendicular
to the antibody and describes the depth (thickness) of the epitope. By projecting the epitope
atoms in contact with antibody onto the epitope plane (spanned by PC1 and PC2), it was
evident that the plane in general had an ellipse like shape (data not shown). This impression
was supported by the findings that the density of contacting atoms in the plane (atom per
Å2) was significantly higher when fitting an ellipse to data compared to a rectangular fit (p <
10−16, paired t-test). Approximating the epitope plane by an ellipse resulted in an average
epitope plane of 401±133Å2 when the ellipse enclosed ~90% of the epitope atoms projected
onto the plane. The general epitope thickness (PC3) was found to be 8.2±2.0Å when
enclosing on average 95% of epitope atoms. The size of the epitope plane was strongly
correlated to the number of contacting residues in the epitope (Pearson correlation
coefficient: PCC = 0.775±0.047, 95% confidence interval found by bootstrapping), whereas
the thickness of epitopes had a much lower correlation (PCC = 0.374±0.095, same method
used). The tertiary axis was found to be significantly shorter than both the primary and
secondary axis (p < 10−15 for both axes, one-tailed paired T-test), supporting previous
findings, describing the epitope area as a flat rugged surface (Rubinstein et al., 2008). It was
investigated if the shape of the plane was best described by a circle or an oblong ellipse, by
comparing the |PC2|/|PC1| ratio for each epitope to the ratio of a random “epitope” generated
from a uniform 3-dimensional disk-shaped distribution (see methods section 2.6). A
binomial distribution was used to assess the number of times the true |PC2|/|PC1| ratio was
lower than the randomly obtained ratio, and the results clearly demonstrated that the ratios
of epitopes in general were lower than random (p < 10−11), thus suggesting that the epitope
is best described as an flat oblong ellipse shape.

3.5 Spatial orientation of epitopes in relation to antibodies
The immunoglobulin fold of the antibody light and heavy chain gives the tip of the antibody
an oblong flat squircle-like shape (shape with properties between a circle and a square),
which might force the epitope to bind in a specific direction. The oblong shape of the
epitope described above, enabled us to represent the epitope direction by the direction of
first principle components. The superposition of antibodies (Figure 1) prior to fitting axis of
inertia ensures that PC1 described the epitope direction relative to the antibody. As a
consequence of the flat shape of the antibody tip (antigen binding site), the spatial
orientation of epitope relative to the antibody is constrained to a narrow plane above the
antibody tip, which is also evident when inspecting the spatial distribution of PC1s (Figure
5B). Hence, assuming that the PC1 could have any direction in space would lead to wrong
conclusions and the analysis of epitope spatial orientation was therefore limited to PC1
directions in the plane above the antibody tip, defined as the average epitope plane spanned
by the first and second principle components (see methods section 2.7). The PC1s were
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projected onto the plane and the orientation of epitopes relative to the antibody was
calculated as the angle between the PC1s and a vector pointing in the antibody light to heavy
chain direction (see Figure 6A). Histograms of the angles are illustrated in Figure 6B, from
which it is evident that no directions are disallowed. However, directions perpendicular to
the antibody light to heavy chain direction are less preferred, and directions between −0.5 to
1 radians are overrepresented in the data, with a pronounced peak close to an angle of 0.8
radians. To test if the orientation of epitopes in the data indeed had a non-random preferred
direction relative to the antibody, we calculated the average angle between all PC1s as a
measure of PC1 alignment and compared it to the average PC1 angle obtained from a dataset
of ‘random’ epitopes drawn from a disk shaped uniform distribution (same method as the
test for epitope shape in section 3.4). The disk shape of the random epitope mimics the null-
hypothesis of no preferred direction and the distribution of average PC1 angles under the
null-hypothesis were estimated by generating 1000 random datasets and calculate the
average PC1 angle for each set. Using this distribution the alternative hypothesis could be
accepted with a p-value of 0.001, thus indicating that the epitope direction relative to the
antibody indeed are not random.

3.6 Spatial distribution of amino acid in epitopes
The above mentioned epitope characteristics describe the epitope amino acid composition,
shape and orientation but do not describe how amino acids are distributed spatially within
the epitope. To address this, the spatial amino acid distribution in the epitope area was
investigated by expanding the amino acid preference concept described in section 3.3 to 2-
dimensions. The principle components fitted to each epitope were used as a point of
reference for “aligning“ and rescaling epitopes (see methods section 2.8), thereby providing
a framework for investigating common spatial patterns in amino acids across epitopes
regardless of size and orientation in space.

The amino acid dispersion in the epitope plane was examined by projecting positions
(centroid of contacting atoms) of epitope-annotated amino acids, onto the plane spanned by
the primary and secondary principle components. As data were scarce, amino acids were
grouped based on chemical properties in order to enhance the signal to noise ratio in the
analysis (see methods section 2.8). Heatmaps illustrating amino acid density for the 4 groups
of amino acids are presented in Figure 7, from which it is evident that there is a tendency for
hydrophobic amino acids to reside in the center of the epitope, flanked by charged amino
acids. Furthermore, hydrophilic amino acids are dispersed in the entire plane, although less
commonly in the center of the epitope.

To further investigate the dispersion of amino acids, a statistical test was designed by
expanding the concept of over- and under representation of amino acids presented in section
3.3 to 2 dimensions. The epitope plane was divided into rings (bins) from the center of the
plane, and the over- or under-representation of amino acids in each ring, relative to the
amino acid population in epitopes in general, were computed in means of log-odds scores.
Note, that this test does not explicitly describe the dispersion of specific amino acids, but
describes the environment in specific areas of the epitope plane (rings or bins). Statistic
inference of over- or under-representation of amino acids was determined by bootstrapping
as described in methods section 2.8.

The results presented in Table 1 clearly support the visual impression from the density
heatmaps displayed in Figure 7, as hydrophobic amino acids are significantly over-
represented in the center of the epitope plane and depleted further away, whereas charged
residues have a significantly opposite distribution.
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The spatial distribution of amino acids in the depth of the epitope, i.e. the direction pointing
towards the antibody, was likewise analyzed by projecting amino acid position onto the
tertiary PC and performing a statistically test for differences in amino acids dispersion
similar to the one used for the epitope plane. The results are presented in Table 2. Positively
charged amino acids are significantly under-represented close to the antibody and over-
represented further away, hydrophilic amino acids are over-represented in the middle of the
antibody depth and under-represented further away and hydrophobic amino acid are over-
represented close to the antibody. Negatively charged amino acids seem to be equally
dispersed along the length of the tertiary axis.

4. Discussion
The aim of this study was to develop a framework for describing the antigen:antibody
interface, in particular the epitope area. With the presented framework, we were able to
describe the shape, direction, and spatial amino acid distribution of epitopes and compare
the amino acid composition of the epitopes and paratopes to that of the remaining antigen
and antibody surface respectively. Combined with previous findings, our results give a
detailed picture of the epitope area and constitute a general framework for analyzing
structures that are neither sequentially nor structurally similar.

Table 3 summarize the findings presented here and compares them to earlier studies of B
cell epitope properties.

All through the analysis, the specific traits of the epitopes investigated were statistically
tested against the hypothesis that the trait was obtained by random, and we able to establish
that the epitope area is a flat, oblong, oval shaped area, that binds predominantly to the
antibody tip in a −30 to 60 angle relative to the light to heavy chain antibody direction.
Furthermore, the common epitope consists of hydrophobic amino acids in the center and
charged residues on the edge and prefers hydrophobic amino acids close to the antibody,
positively charged further away and hydrophilic amino acids in between hydrophobic and
positively charged amino acids.

Contrary to previous findings, no particular amino acid was found to be significantly over-
or underrepresented in epitopes compared to non-epitope surface residues. The difference
between our results and previously studies originates from fundamental differences in the
definition of non-epitope residues. Previously, non-epitope residues have been defined as
either all non-interacting residues in antigens (Andersen et al., 2006), all residues in the PDB
database (Ofran et al., 2008) or antigen residues with a relative surface accessibility above
5% (Rubinstein et al., 2008). These definitions do not fully reveal peculiarity of amino acids
in epitope areas compared to remaining antigen surface but do, to some extent, describe
surface/non-surface peculiarity. Here, the epitope amino acid composition was compared to
a non-epitope antigen distribution with the same level of surface exposure, thus comparing
epitope amino acid composition to sites at the antigen surface equally exposed to antibody
binding. Hence, our findings demonstrate that the epitope amino acid composition deviates
from the antigen composition as a whole, but not significantly from the surface of the
antigen. However, more data might reveal significantly enrichment of tyrosine, depletion of
valine and general depletion of small hydrophobic amino, as these amino acids in our study
were in the vicinity of significantly deviating from the antigen surface.

The paratope was found to have a more distinct amino acid distribution than the epitope, as
the paratope amino acid composition reflects the recombination and somatic hypermutations
of the VDJ/VJ germline genes whereas the epitope originates from non-homologous genes.
Predominately 5 amino acids; Trp, Asn, Tyr, Asp and His, were found to be over-
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represented in the paratope. CDR regions have previously been found to be generally
enriched by Trp, Tyr and Ser (Collis et al., 2003; Martin, 2010; Ofran et al., 2008). Ofran et
al., (2008) furthermore suggested that heavy chain CDRs are enriched in Asp and light chain
CDRs are enriched in His and Asn and depleted of Asp. However, Collis et al., (2003)
reported Asp to be depleted from CDRs and Asn and His to be non-significant over-
represented. Note, that the work conducted by Ofran et al., (2008) and Collis et al., (2003)
analyzed the CDR amino acid composition, whereas we here present the amino aced
composition only of the paratope (residues interacting with the antigen). Interestingly, the
five overrepresented amino acids found in this study posses diverse chemical properties with
representatives from each of the four chemical groups: Hydrophobic (trp), hydrophilic (tyr
and asn), positively (his) and negatively charged (Asp), suggesting that antibody diversity
and binding to a very high degree can be accomplished by these 5 amino acids alone. Note,
that the paratope amino acid pattern might be different for other classes of antigens than
proteins utilized in this study, as the amino acid composition of CDRs in antibodies raised
against lipids, sugars etc. deviates from CDRs raised against proteins (Collis et al., 2003).

The epitope area was found to have a significantly flat and oblong oval shape (ellipse),
which adds to earlier findings, that the epitope area is a flat rugged area protruding from the
antigen surface (Rubinstein et al., 2008; Thornton et al., 1986). The protrusion of epitopes
was further supported by the observation that the size of the epitope (number of amino
acids) was mainly determined by the size of the flat epitope plane, and to less degree by the
depth of the epitope. Furthermore, the oblong tip of the antibody was not found to determine
the oblong shape of the epitope, as the preferred epitope orientation relative to the antibody
tip (−30 – 60 degrees) deviates from the light to heavy chain direction.

Neuvirth et al. (2004) observed a small, but significant non-random dispersion of
hydrophobic amino acid in protein-protein interfaces, and suggested that patches of
hydrophobic amino acids is important for protein binding. The present study supports this
finding, and expands the concept of non-random amino acid disparity in antigen-antibody
interfaces to specific patterns. In particular, epitopes are characterized by hydrophobic
amino acids residing in the center of the antigen-antibody interface, flanked by charged
amino acids. Results were obtained by normalizing the 3-dimensional amino acid
distribution according to epitope shape and size. Hence, the observed patterns are generally
applicable and independent of epitope shape and size, suggesting that antibodies bind
specifically to areas comprising a hydrophobic core surrounded by charged amino acids.
These findings aligns with the O-ring (Bogan and Thorn, 1998) theory, the recently
proposed wet-rim-dry-core (Li et al., 2012) theory and the work of Chakrabarti and Janin,
(2002) and Bickerton et al., (2011) for protein-protein interactions in general suggesting that
the core of the interface predominantly consist of hydrophobic amino acids and the
periphery of charged and hydrophilic amino acids. Hence, the spatial distribution of amino
acids in the epitope to some extent mimics that of regular protein binding sites. Furthermore,
the magnitude of the hydrophobic effect (the exclusion of water) at the center of the
antigen:antibody interface has been experimentally shown to be twice that at the periphery
(Li et al., 2005), thus suggesting that the role of hydrophobic residues in the epitope core is
to mediate and stabilize complex formation, whereas the role of charged/hydrophilic
residues residing on the edge is to exclude water from the interior of the antigen:antibody
interface (Bogan and Thorn, 1998; Lo Conte et al., 1999). This perception of the
antigen:antibody binding mechanism aligns with studies on antibody affinity maturation,
which suggest that the increase in buried apolar surface at the expense of polar surface
correlates with increased binding affinity (Li et al., 2003; Sundberg et al., 2003). However,
exceptions to the wet-rim-dry-core epitope anatomy exist (Bhat et al., 1994).
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Because the data used in this study was obtained from publicly available antigen-antibody
complex structures, it bears some inherent limitations: 1) although all antigen-antigen
complexes in the PDB database were extracted, data might be biased towards specific
proteins of general interest, 2) 106 out of 107 complexes were solved by crystallization,
which might induce an unnatural lattice like environment potentially introducing artificial
contacts. However, contrary the biological patterns deduced from the data, it has been
reported that such artificial contacts do not show any significantly patterns (Valdar and
Thornton, 2001), 3) as non-antibody bound antigen structures were rarely available, the
analyses were performed on epitopes obtained from complex bound antigens, which have
been reported to slightly deviate from the nature of the unbound epitopes (Rubinstein et al.,
2008).

Besides enhancing our understanding of antigen-antibody interaction, the position specific
log-odds scores obtained in the epitope plane and depth and the deduced epitope shape,
offers novel insights that potentially can aid our understanding of which antigen surface
areas are more likely to host B cell epitopes. Integrating these features might therefore be
very useful in a patch-searching algorithm that identifies patches on the protein surface,
similar in shape and amino acid distribution, to the common epitope area. The B-cell epitope
prediction server, Epitopia (Rubinstein et al., 2009) works much in this way, but does
(naturally) not utilize the characteristics found here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The B-cell amino acid composition does not deviate from the antigen surface

• B-cell epitopes are flat oblong (ellipse) shaped areas

• B-cell epitopes consists of a hydrophobic core flanked by charged amino acids

• New method for superimposing protein structures unrelated in structure and
sequence
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Fig. 1. Alignment of data used in the study
Antibody:Antigen complexes were structural superimposed using the antibody heavy chain
as template. For illustrative purpose the number of structures displayed in the figure is
limited to 60.
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Fig. 2. Size and segmentation of discontinues epitopes used in the study
A) Distribution of epitope size. B) Distribution of epitope residues segmented by sequential
stretches of residues. C) Distribution of maximum sequential stretches of residues in each
epitope. D) Same as C, but allowing one non-binding residue in the sequential stretch.
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Fig. 3. Epitope amino acid composition
P-values are stated beneath each amino acid.
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Fig. 4. Paratope amino acid preferences
Log-odds scores significantly different from zero are colered blue, and unsignificant red. P-
values are stated beneath each amino acid.
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Fig. 5. Illustration of principle components fitted to epitopes
A) The three principle components (axis of inertia) fitted to the antigen heavy atoms
(marked red) in contact with the antibody. Primary axes are shown in green, secondary axes
in purple and tertiary axes in yellow. B) Spatial orientation of principle components relative
to the antibody. Refer to supplementary materials Figure S2 for an animation of B.
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Fig. 6. Directions of epitope relative to the antibody
A) Cartoon drawing represents the antibody and the red line indicates the antibody light to
heavy chain direction. Directions of epitopes are represented by the first principle
component fitted to the epitope (see methods) and colored from blue to yellow based on the
number of other epitopes pointing in roughly the same direction (within an angle of 0.2
radian). Blue indicates that the epitope points in a less preferred direction and yellow that
the epitope points in a preferred direction. B) Histogram of angles between epitope direction
and the antibody light to heavy chain vector.
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Fig. 7. Density heatmaps of amino acid position in the epitopes plane above the antibody tip
Areas are colored on a scale from yellow (high density) to blue (low density) (see methods).
The antibody structures display are included to enhance visualization.
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Table 3
Characteristics of the epitope area

The table lists both previously described characteristics and characteristics described in this study. Refer to
results for detailed description of characteristics labeled ‘Present study’ in the reference list.

Epitope characteristics Reference

Size • 10–25 residues is involved in binding

• 15±4 residues is involved in binding

• 22±8 residues is involved in binding

• 600–1000 Å2 is buried upon binding

• 847±279 Å2 accesible surface area

• The epitope plane (see results): 401±133Å2 when
approximated by an ellipse

• Thickness (see results): 8.2±2.0Å

• Van Regenmortal (2009)

• Present study

• Sun et al., (2011)

• Rubinstein et al. (2008)

• Sun et al., (2011)

• Present study

• Present study

Shape • Flat rugged area

• Flat oblong (ellipse) shaped area

• Rubinstein et al. (2008)

• Present study

Segmentation • Above 60% epitope residues exists in linear
stretches of 3 or more residues

• 85% of epitopes has a linear stretch of 5 or more
residues

• Rubinstein et al. (2008) and
present study

• Sun et al., (2011) and present
study

Secondary structure • Enriched by loops

• Depleted of strands and helixes

• Rubinstein et al. (2008) and
Ofran et al. (2008)

Epitope position on the antigen • Epitopes are more surface exposed than the
remaining antigen

• Epitopes protrude from the antigen surface

• Andersen et al. (2006) and
Rubinstein et al. (2008)

• Thornton et al. (1986)

Orientation relative to the
antibody

• Epitopes bind predominantly in a −30 to 60
degrees angle relative to the light to heavy
antibody chain direction

• Present study

Amino acid composition • Enriched by polar and charged amino acids and
depleted of hydrophobic amino acids compared
to non-epitope antigen residues, surface exposed
antigen residues or general protein composition

• No significant deviation from the non-epitope
antigen surface, however a tendency for depletion
of small hydrophobic amino acids is observed

• Andersen et al. (2006);
Ofran et al. (2008);
Rubinstein et al. (2008);
Zhao and Li (2010) and Sun
et al., (2011)

• Present study

Amino acid coorporativeness • Pairs of Tyr:Tyr, Cys:Pro, Asn:Tyr, Gly:Tyr,
Asp:Pro, Thr:Tyr and Arg:Tyr are more
frequently observed in epitopes compared to the
remaining antigen surface

• Pairs of Asn:Tyr, His:Tyr and His:Met are more
frequently observed in epitopes

• Rubinstein et al. (2008)

• Sun et al., (2011)

Spatial amino acid composition • Hydrophobic core flanked by charged amino
acids

• Present study*

• Present study
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Epitope characteristics Reference

• Preferable; hydrophobic amino acids closes to the
antibody, then hydrophilic and furthest away
positive charged amino acids

*
Studies on the broader field of protein-protein interactions have revealed similar patterns (see text).
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