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Zooming into the binding groove of HLA molecules:
which positions and which substitutions change peptide
binding most?
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Abstract Human leukocyte antigen (HLA) genes are the
most polymorphic genes in the human genome. Almost all
polymorphic residues are located in the peptide-binding
groove, resulting in different peptide-binding preferences.
Whether a single amino acid change can alter the peptide-
binding repertoire of an HLAmolecule has never been shown.
To experimentally quantify the contribution of a single amino
acid change to the peptide repertoire of even a single HLA
molecule requires an immense number of HLA peptide-
binding measurements. Therefore, we used an in silico meth-
od to study the effect of single mutations on the peptide rep-
ertoires. We predicted the peptide-binding repertoire of a large
set of HLA molecules and used the overlap of the peptide-
binding repertoires of each pair of HLA molecules that differ
on a single position to measure how much single substitutions
change the peptide binding. We found that the effect of a
single substitution in the peptide-binding groove depends on
the substituted position and the amino acids involved. The
positions that alter peptide binding most are the most poly-
morphic ones, while those that are hardly variable among
HLA molecules have the lowest effect on the peptide reper-
toire. Although expected, the relationship between functional

divergence and polymorphism of HLA molecules has never
been shown before. Additionally, we show that a single sub-
stitution in HLA-B molecules has more effect on the peptide-
binding repertoire compared to that in HLA-A molecules.
This provides an (alternative) explanation for the larger poly-
morphism of HLA-B molecules compared to HLA-A
molecules.
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Introduction

Human leukocyte antigen (HLA) molecules play a central role
in induction of Tcell responses, because a Tcell recognizes an
infected cell only in the context of peptides presented by HLA
molecules. A fascinating aspect of HLA molecules has been
their large polymorphism at the population level. Different
HLA molecules present a different set of peptides to T cells
and to NK cells, and this property has been, most likely, the
main driving force behind the HLA polymorphism.
Substitutions within the peptide-binding groove are expected
to change the binding preference most, leading to a different
peptide-binding repertoire. A novel HLA molecule with a
(slightly) altered peptide-binding repertoire will bemaintained
in the population, if the new binding preference provides fit-
ness advantage to its host.

Because of the high polymorphism and their role in gener-
ating an immune response, it is not surprising that HLA mol-
ecules are associated with more diseases than any other region
of the genome (Horton et al. 2004; de Bakker et al. 2006). The
most intriguing associations are those where one HLA mole-
cule is associated with a disease, while a closely related HLA
molecule is not. For example, HLA-B*27:05 is associated
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with ankylosing spondylitis, in contrast to HLA-B*27:09
(Fiorillo et al. 1998), even though the difference between these
twomolecules is minimal; the substitution of an aspartate with
a histidine on position 116. HLA-B*42:01 is associated with a
better control of HIV, while HLA-B*42:02 is not, despite the
fact that these molecules differ only at position nine
(Kloverpris et al. 2012). Similarly, HLA-B*35:03 is associat-
ed with a fast progression to AIDS, while HLA-B*35:01 is
not; these twoHLAmolecules differ at position 116 only (Gao
et al. 2001). In all these examples, the HLAmolecules differ at
a single position, yet this difference results in a completely
different disease outcome. As the positions mentioned in these
examples are part of the peptide-binding groove, these obser-
vations suggest that different disease associations might be
explained by changes in the peptide-binding repertoire of an
HLA molecule.

To investigate the impact of a single substitution on the
total peptide repertoire of an HLA molecule, one needs to
compare the peptide repertoire of that HLA molecule to the
peptide repertoires of other HLA molecules that differ at a
single position. Obviously, this demands labor-intensive ex-
periments, such as peptide elution assays, involving large set
of HLA molecules. As a consequence, the experimental bind-
ing data to address this question is limited in both the number
of HLA molecules and the number of peptides per HLA mol-
ecule. Therefore, we used the in silico predictor NetMHCpan
(Nielsen et al. 2007; Hoof et al. 2009) to address this question.
Our results showed that the effect of a substitution on the
peptide-binding repertoire depends on both the position that
is substituted and the chemicophysical properties of the amino
acids involved. In general, the most polymorphic positions
have the highest influence on the peptide-binding repertoire,
suggesting that only the substitutions that actually change the
peptide-binding repertoire, and thereby the function of HLA
molecules, have been selected through evolution. Finally, we
show that the effect of a substitution on the peptide-binding
repertoire is significantly larger in HLA-B molecules com-
pared to HLA-A molecules, suggesting that novel HLA-B
molecules could easily evolve through point mutations and,
therefore, approach a larger diversity at the population level.

Materials and methods

Selection of HLA molecules

HLA molecules from the National Marrow Donor Program
database (http://bioinformatics.nmdp.org/, HLA Haplotype
Frequencies, May 2010), where a frequency is reported for
at least one of the four ethnic groups, were included in this
study. Only 34 polymorphic positions in the peptide-binding
groove are used by NetMHCpan method to predict peptide
binding. Therefore, only one of the HLA molecules that have

the exact same combination of amino acids in these 34 posi-
tions is included in our analysis, resulting in 80 HLA-A and
171 HLA-B molecules. The selection was based on the fre-
quency of the molecules; for example, among the HLA mol-
ecules with identical binding predictions, we kept the most
frequent ones in our analysis.

Experimentally verified HLA peptide-binding data

All peptides that were reported to bind to HLA molecules
were downloaded from the IEDB (Vita et al. 2010) and
SYFPEITHI (Rammensee et al. 1999) in March 2013. The
IEDB database provides the binding affinity for each peptide,
and those with an intermediate or high binding affinity were
classified as binders (<500 nM). SYFPEITHI database mainly
contains the ligands identified during peptide elution assays,
and therefore, all the entries downloaded from SYFPEITHI
database are considered as binders.

Generating predicted peptide-binding repertoires

We used NetMHCpan to predict peptide-binding repertoires
of HLA molecules (Nielsen et al. 2007). NetMHCpan is a
neural network-based predictor that is trained on peptide-
binding data to a set of MHC molecules, including most com-
mon HLA-A and HLA-B molecules. The most remarkable
property of this method is its ability to extend predictions to
MHC molecules that were not part of the training set. This is
achieved by coding every MHC molecule by a subset of the
amino acids presenting the binding groove of that MHC mol-
ecules. The residues used for this coding are defined as being
within 4.0 Å of the peptide in any of a representative set of
HLA-A and HLA-B structures (Nielsen et al. 2007). We ran-
domly selected 105 9mer peptides from a large set of 9mers
derived using all protein sequences in the Uniprot database (as
used by Hoof et al. 2009). Subsequently, we used
NetMHCpan version 2.4 (Hoof et al. 2009) to predict binding
affinities of these 9mers for the selected HLA molecules. We
defined the top 1 % of best binding peptides as the peptide-
binding repertoire of a specific HLA molecule.

Comparing peptide-binding repertoires

We used the overlap of the predicted peptide-binding reper-
toires of two HLA molecules as a measure for the functional
similarity of the corresponding HLA molecules. The overlap
is calculated as the percentage of peptides that are among top
1 % best binding peptides of both HLA molecules, i.e., the
percentage of peptides that are present in both peptide-binding
repertoires (see Figure S2). Our results are not depending on
the 1 % threshold we have chosen: the overlaps of peptide-
binding repertoire using the top 2 % are highly correlated to
the overlaps using the top 1 % (r2=0.98, p=0).
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Generating in silico HLA molecules

To generate in silico HLAmolecules, we used the most common
HLAmolecules, i.e., those with a frequency larger than 0.5 % in
one of the four ethnic groups within the National Marrow Donor
Program (http://bioinformatics.nmdp.org/), as a template. An in
silico HLA molecule is generated by mutating one out of 34
positions used as an input for NetMHCpan. We did not use
random substitutions; instead, we replaced the amino acid with
another amino acid occurring in that position in any of the HLA
molecules in the training set of NetMHCpan, thereby keeping the
degree of polymorphism on a specific position in the generated
HLAmolecules similar to naturally occurring ones. By doing so,
we hoped to obtain reliable predictions for peptide binding of
these in silico HLA molecules. The substitutions were locus-
specific; for example, an in silico HLA-A molecule would be
generated by implementing a substitution found only in HLA-A
molecules. This resulted in not having any changes at ten
positions in HLA-A and seven positions in HLA-B (i.e.,
positions 7, 24, 45, 59, 69, 84, 118, 143, 147, and 159
and 7, 59, 73, 84, 118, 150, and 159, respectively).
Using all possible substitutions, we generated 3,072
HLA-A and 5,396 HLA-B molecules.

Simpson reciprocal index

To calculate the degree of polymorphism for each position
within the peptide-binding repertoire, we calculated the
Simpson reciprocal index (SRI; Simpson 1949):

SRI ¼ 1=∑
20

i¼1
f 2i

where fi is the fraction of amino acid i at that specific position.
The SRI is a number between 1 and 20 and defines a weighted
number for the amount of different amino acids observed on a
specific position.

Results

Experimentally verified peptide-binding measurements
suggest that single amino acid substitutions affect HLA
function

A randomly chosen pair of HLA molecules can be different
from each other at several positions. Since it is unclear wheth-
er or not the effect of substitutions is additive, we restricted
ourselves to the effect of single substitutions. Obviously, not
every single substitution would result in a novel peptide-
binding preference. To start with, we focused on the substitu-
tions of the 61 positions, which were shown by Garrett et al.
(1989) to be part of the peptide-binding groove (Fig. 1a).

These positions cover all six peptide-binding pockets
(Fig. 1c).

To analyze the effect of a single amino acid substitution in
the peptide-binding groove, we compared the peptide-binding
repertoires of the corresponding HLA molecules. We com-
bined the peptide-binding data from the IEDB (Vita et al.
2010) and SYFPEITHI (Rammensee et al. 1999) databases,
and found data for 26 pairs of HLA molecules that differ in
only a single position among these 61 positions.
Unfortunately, only for ten pairs of HLA-sufficient binding
data (at least 20 peptides) are reported to reliably compare
the presented peptide repertoires (Table 1). For those pairs,
we calculated the percentage of peptides that bind both HLA
molecules or to neither of them (Table 1). Although very lim-
ited, these data suggest that a specific single substitution can
change the binding repertoire of an HLAmolecule. For exam-
ple, there is only 66 % overlap between the peptide-binding
repertoires of HLA-A*02:01 and HLA-A*02:07, which differ
at position 99 only (Table 1). Clearly, the experimental data is
far from being sufficient to be able to quantify the effect of
single substitutions in different residues of the peptide-binding
groove, but it still demonstrates that single substitutions can
affect peptide-binding drastically.

In silico prediction methods are sufficiently sensitive
to detect the differences between peptide-binding
repertoires of highly similar HLA molecules

To get a better understanding of which residues and which
substitutions affect the peptide binding most, we used the in
silico program NetMHCpan (Nielsen et al. 2007; Hoof et al.
2009) to predict peptide repertoires of several HLAmolecules.
We restricted ourselves to HLA molecules for which the pop-
ulation frequencies are reported and for which NetMHCpan
predicts a unique peptide-binding repertoire, resulting in 251
different HLA molecules that we can further analyze (see
BMaterials and methods^). Using this HLA set, we counted
the number of different amino acids occurring in the 61 posi-
tions that is largely describing the peptide-binding groove
(Fig. 1b). While some positions are conserved among the
251 HLA molecules (e.g., positions 33 and 34), others can
have up to nine different amino acids (e.g., position 97). The
NetMHCpan method uses a subset of the residues in the
peptide-binding groove to predict the peptide binding (indi-
cated in Fig. 1d).

The performance of the HLA peptide-binding prediction
programs has been validated several times. For example,
Peters et al. (2006) demonstrated that the correlation between
the predicted and the measured HLA peptide-binding affinity
is similar to the correlation between the affinity measurements
obtained from two different labs using the same techniques.
Obviously, the efficiency of the predictions differs between
the HLA molecules. For our case, it is essential that
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NetMHCpan can reliably predict the differences in the
peptide-binding repertoires of HLA molecules that are very
similar. To test this, we predicted the peptide-binding reper-
toire of closely related HLA molecules reported in literature,
which were not used to train the NetMHCpan method.

The peptides that are presented by HLA molecules originate
from ER. However, it is rather hard to predict which set of pep-
tides normally would be present in ER, as the amount of peptides
depends heavily on the abundance of cellular proteins. Therefore,
we used 105 randomly chosen peptides from the proteins present
in UniProt database as a possible set of peptides available in ER
for all HLA molecules (see BMaterials and methods^). For each
HLA molecule in our data set, we predicted the peptide binding
to these peptides using NetMHCpan. NetMHCpan produces a
predicted HLA peptide binding for every HLA peptide pair that
is given as input. We ranked the predictions for each HLA mol-
ecule and defined the top 1 % best predicted binders as the
peptide-binding repertoire of the HLA molecule.

Yague et al. (1998) showed that, although HLA-B*39:01
and HLA-B*39:10 differ only at position 67, HLA-B*39:10
has a more hydrophobic B pocket than its closest neighbor
HLA-B*39:01. Since HLA-B*39:10 peptide-binding data
was not used to train the netMHCpan method, we investigated
whether the predicted peptide-binding repertoires of these two
molecules reflect the reported difference. In Fig. 2, we plot the
predicted binders for these two HLA molecules in the form of
a sequence logo. Indeed, our predictions suggest a very dom-
inant preference for Proline on the second anchor residue for
HLA- B*39:10 in contrast to the preference for basic residues
for HLA-B*39:01 (Fig. 2, upper panel). Out of the 1,000
predicted binders for HLA-B*39:10 and those for HLA-
B*39:01, only 318 are present in both peptide-binding reper-
toires, suggesting that the binding preferences of these two
HLA molecules are largely distinct.

Another example from literature is HLA-B*15:10 and
HLA-B*15:18, which differ only at position 116. Prilliman
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Fig. 1 A schematic overview of the binding groove (Adapted fromGarrett
et al 1989. Nature, Macmillan Publishers Ltd., copyright 1989). The
straight lines in the center indicate the platform of β strands, the upper
helix is theα1 helix, and the lower one is theα2 helix. Panel a showswhich
residues can influence peptide binding and T cell recognition according to
Bjorkman et al. (1987). Residues pointing toward the peptide binding site
and can interact with the peptide are colored in green. Those pointing up
from the peptide binding site and can interact with the T cell receptor are
colored in red. Residues 146, 155, and 163 are pointing both up and into the

binding site (purple). Residue 61 points away from the binding site
(orange), and residue 45 is located behind the α1 helix, pointing toward
it (blue). The remaining residues are shown in black. Panel b shows the
polymorphism of every position on theα1 andα2 domains. The number of
different amino acids in our HLA subset (n=251; see BMaterials and
methods^) found at a single position is indicated in the colored bar,
numbers are colored accordingly. Panel c shows pockets A–F as defined
in HLA-A2 (Saper et al. 1991). The positions in red in panel d are used as
input for the in silico predictor NetMHCpan
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et al. (1999) showed that a tyrosine to serine polymorphism at
this position drastically changes the peptide-binding reper-
toire. Even though neither of these two molecules are present
in the training set of NetMHCpan, we predict a distinct
peptide-binding repertoire for these HLA molecules, with a
clear difference in the preferred amino acid in the F pocket
(Fig. 2, lower panel). The overlap between predicted peptide
repertoires of these two molecules remains at 45 %. These
examples demonstrate that NetMHCpan accurately captures
differences in peptide-binding repertoires of very closely re-
lated HLA molecules and, therefore, should be a sufficient
tool to quantify functional differences between HLA
molecules.

The effect of single amino acid substitutions
on the peptide-binding repertoire is highly diverse

Our HLA set contains 138 pairs of HLA molecules with a
single substitution. The positions that differ among these
138 pairs demonstrate which single substitutions occurred in

contemporary HLAmolecules, and thus, have been evolution-
arily selected. Some positions, e.g., 156, 97, or 116, play a
dominant role in peptide binding, as they more frequently
differ among HLA pairs than the other positions (Figure S1).
Moreover, Figure S1 reflects also the higher polymorphism
found in HLA-B molecules compared to HLA-A molecules:
we found more single substitution HLA pairs in B locus than
in A locus.

To see the effect of single substitutions in 138 HLA pairs,
we used the overlap of the predicted peptide-binding reper-
toires (Figure S2) as a measure for the functional similarity of
the corresponding HLA molecules. The overlap is simply de-
fined as the ratio of number of peptides that are predicted to
bind to both HLAmolecules with respect to the total predicted
peptide repertoire of a single HLA molecule (n=1,000 pep-
tides for each HLAmolecule for the sake of simplicity). A low
overlap indicates a large difference in the peptide repertoires
of two HLA molecules. We found the lowest overlap, i.e.,
largest functional difference, for position 63 (Fig. 3a).
Substitutions on positions 67, 9, and 116 also have a large

Table 1 The number of known
binders and nonbinders for the
pairs of HLA molecules that
differ at one position

Position Total Binders Nonbinders %

HLA-A*02:01 HLA-A*02:16 163 581 60 494 95.4

HLA-A*02:04 HLA-A*02:01 97 7 4 2 –

HLA-A*02:05 HLA-A*02:02 9 96 48 40 91.7

HLA-A*02:06 HLA-A*02:01 9 3,313 1,110 1,608 82

HLA-A*02:06 HLA-A*02:10 99 2 0 2 –

HLA-A*02:06 HLA-A*02:14 95 2 0 1 –

HLA-A*02:07 HLA-A*02:01 99 70 22 24 65.7

HLA-A*02:12 HLA-A*02:01 156 820 119 661 95.1

HLA-A*02:14 HLA-A*02:05 156 3 0 2 –

HLA-A*26:01 HLA-A*26:02 116 233 57 146 87.1

HLA-A*33:01 HLA-A*33:03 171 4 1 2 –

HLA-B*15:09 HLA-B*15:10 114 2 2 0 –

HLA-B*27:04 HLA-B*27:10 77 3 2 1 –

HLA-B*27:05 HLA-B*27:03 59 117 16 100 99.1

HLA-B*27:05 HLA-B*27:09 116 29 22 3 86.2

HLA-B*27:10 HLA-B*27:05 152 3 2 1 –

HLA-B*27:20 HLA-B*27:06 114 1 1 0 –

HLA-B*35:01 HLA-B*35:03 116 10 1 6 –

HLA-B*35:01 HLA-B*35:08 156 42 36 4 95.2

HLA-B*39:09 HLA-B*39:01 99 4 4 0 –

HLA-B*41:03 HLA-B*41:01 95 1 1 0 –

HLA-B*41:03 HLA-B*41:02 97 5 5 0 –

HLA-B*44:03 HLA-B*44:02 156 507 140 319 90.5

HLA-B*44:05 HLA-B*44:02 116 4 4 0 –

HLA-B*55:02 HLA-B*55:01 77 1 1 0 –

HLA-B*55:02 HLA-B*56:01 163 1 1 0 –

The total is the number of peptides for which binding data is available for bothHLAmolecules. The% defines the
percentage of peptides that bind to both HLA molecules or to neither one of them, which is not calculated for
cases where we have too few data. Note that only IEDB provides data on nonbinders
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impact on the peptide-binding repertoire. In contrast, chang-
ing positions 7, 24, 59, 69, or 158 hardly changed the peptide-
binding repertoire of the HLA molecule (overlap>93.5 %,
Fig. 3a). Interestingly, although position 156 differed most
often between pairs of HLA molecules (Figure S1), it does
not drastically change the peptide repertoire (median overlap
83.3 %, Fig. 3a). This suggests that other mechanisms might
drive this polymorphism. Indeed, it has been shown that dif-
ferences on position 156 alter CTL recognition (Herman et al.
1999).

As mentioned earlier, the polymorphism of positions in the
binding groove are highly variable (Fig. 1b). Obviously, the
polymorphism per position might on its own explain the var-
iation on peptide repertoire overlap, i.e., positions where sub-
stitutions have a larger effect on peptide binding might be
more polymorphic than the positions with medium or no im-
pact on peptide binding. To test if this is the case, we calcu-
lated the degree of polymorphism for each position in terms of
the reciprocal Simpson index (SRI; Simpson 1949). The SRI
gives a weighted number of different amino acids observed at
a specific position within our HLA set (see BMaterials and
methods^). The median overlap between the peptide reper-
toires of HLA molecules at a position correlates significantly
with the SRI of the that specific position (Fig. 3b, Spearman
correlation, ρ=−0.38, p=0.06). This result suggests that in
general, the residues of the binding groove that heavily affect
the peptide binding are also the residues where most polymor-
phism is found. To our knowledge, this is the first time that a
correlation was found between the functional divergence and
the polymorphism of MHC molecules, although this relation-
ship was suggested right after the biological function of MHC
molecules was discovered (Doherty and Zinkernagel 1975).

Positions 9, 63, 67, 152, and 167 are clear outliers in
Fig. 3b, where a substitution has a larger effect on the
peptide-binding repertoire than expected by the polymor-
phism at that position. Most of these positions are part of the
B pocket (positions 9, 63, and 67) or the F pocket (position
116) (Fig. 1c).

Nevertheless, being part of the B or F pocket does not
necessarily imply that changing these positions would change
the peptide-binding repertoire, because positions 24, 45, 70,
and 99 of the B pocket and 77, 80, and 95 of the F pocket
hardly change the functionality (Fig. 4).

HLA-B*15:18HLA-B*15:10

HLA-B*39:10HLA-B*39:01

Fig. 2 Peptide-binding motifs. For those HLA molecules discussed in
the text, the top 1,000 best predicted binders out of 105 natural peptides
are presented in a sequence logo. These motifs are very similar to the
motifs on the MHC motif viewer website (Rapin et al. 2008), where
motifs from other HLA molecules are also available
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Fig. 3 Substitutions in different positions affect the peptide binding
differently. Panel a shows the percentage of overlap between the
peptide-binding repertoires of two HLA molecules that differ at a single
position in the peptide-binding groove. The positions are ordered accord-
ing to the median overlap within all pairs of HLA molecules. Panel b

shows the correlation between the median overlap of all pairs of HLA
molecules differing at a particular position and the SRI of that position.
The black line represents the linear regression, and the dashed lines rep-
resent the standard error. (Spearman correlation, ρ=−0.38, p=0.06)
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Not only the position but also the nature of the amino acid
substitutions affects the peptide-binding repertoire

The results presented in Figs. 3 and 4 suggest that the specific
position of the substitution has a large effect on the peptide
binding and, therefore, the function of the HLA molecules.
However, within a position, there might be a large variance
in the overlaps we predict as well (Fig. 3a). Position 116 is a
perfect example to demonstrate this effect (Table 2). A few
substitutions at this position lead to hardly any change in
peptide binding, which can be explained by the nature of the
substitutions, e.g., a phenylalanine (F) to tyrosine (Y) substi-
tution (both large and nonpolar), or an aspartate (D) to aspar-
agine (N) substitution (both large and polar). The largest effect
on peptide-binding repertoire is found for the serine (S) to
tyrosine (Y) substitution, which changes a small amino acid
to a larger and more hydrophobic one. In other words,
substituting an amino acid with one that has completely dif-
ferent physicochemical properties seems to have the largest
effect on the peptide-binding repertoire. We tested this hy-
pothesis by making use of the scores of a general amino acid
substitution scoring matrix BLOSUM62 (Henikoff and
Henikoff 1992), where positive scores indicate the more likely
substitutions and negative scores less likely substitutions.
Indeed, the percentage overlap found at position 116
(Table 2) correlates very significantly with the BLOSUM
score (p<0.0003, Spearman’s rank correlation), and similar
results were found for positions 67 and 97 (SRI>3, with
p<0.03 and p<0.008, respectively, data not shown), suggest-
ing that substitutions that are less likely to occur change the
peptide-binding repertoire most. Interestingly, the effect of a
substitution from a serine to a tyrosine is variable, e.g., can

result in an overlap of 31 % as well as 75 % in the peptide-
binding repertoire (Table 2), suggesting that the background
of an HLA molecule determines largely the effect of a
substitution.

HLA-B molecules are more sensitive to substitutions

Although all HLA loci are very polymorphic, the HLA-B
gene is the most polymorphic gene in the human genome
(Mungall et al. 2003). One possible explanation for higher
polymorphism is that amino acid substitutions effect
peptide-binding repertoire much more strongly in HLA-B
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Table 2 The overlap of peptide-binding repertoires of HLA molecules
with a substitution on position 116

HLA aa HLA aa % Overlap BLOSUM62

HLA-B*15:07 S HLA-B*15:45 Y 31.1 −2
HLA-B*15:10 Y HLA-B*15:18 S 45.5 −2
HLA-B*35:01 S HLA-B*35:03 F 57.2 −2
HLA-B*44:02 D HLA-B*44:05 Y 67.8 −3
HLA-B*40:02 Y HLA-B*40:27 N 72.2 −2
HLA-A*68:01 D HLA-A*68:07 H 72.3 −1
HLA-B*07:02 Y HLA-B*07:09 S 75.1 −2
HLA-B*27:05 D HLA-B*27:09 H 77.2 −1
HLA-A*26:01 D HLA-A*26:02 N 90.5 1

HLA-B*39:03 F HLA-B*39:14 Y 92.5 3

HLA-B*35:02 Y HLA-B*35:06 F 93.2 3

HLA-A*02:01 F HLA-A*02:60 Y 95.8 3

Positive BLOSUM62 scores indicate the more likely substitutions, while
negative scores indicate less likely substitutions
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molecules than HLAmolecules from other loci. To investigate
this further, we grouped HLA pairs in our data set according to
their loci and focused on the positions where substitutions are
found in HLA-A (n=41) and HLA-B pairs (n=97). This re-
sulted in total of 11 positions, and we compared the median
percentage of overlap between HLA-A and HLA-B pairs.
There is a trend suggesting that single substitutions affect the
HLA-B peptide-binding repertoire more than that of their
HLA-A counterparts (Fig. 5a, p=0.067, Mann–Whitney U
test). In other words, it might be easier to generate a novel
peptide-binding motif through a single point mutation for an
HLA-B molecule than for an HLA-A molecule. The strength
of the above analysis can be improved if we could analyze all
possible HLA molecules, as so far, we focused on only natu-
rally occurring HLAmolecules, i.e., the molecules where pop-
ulation frequencies are available. To overcome this limitation,
we attempted to generate the set of all possible one amino acid
substitution HLA pairs in silico as the following: we selected
the most commonHLAmolecules (i.e., those that are found at
least in 0.5 % of an American ethnic group, n=102, see
BMaterials and methods^) and generated substitutions at each
of the 34 positions of the HLA molecules that are used by
NetMHCpan method to predict peptide binding. We limited
the substitutions to those amino acids that are present in the set
of HLA molecules used to train the NetMHCpan method, and

hence, we made sure that the prediction method is trained to
handle all the in silico generated substitutions (see BMaterials
and methods^). By using locus-specific amino acids for the
substitutions, we kept the degree of polymorphism in the in
silico HLA-A and HLA-B molecules similar to that in natu-
rally occurring molecules. This procedure led to more than 3,
000 in silico HLA-A and over 5,000 in silico HLA-B mole-
cules and resulted in 22 out of 34 positions, where we can
compare the effect of substitutions in HLA-A and HLA-B
molecules. The peptide-binding repertoires for all in silico
generated HLA molecules were predicted as described before
and the overlaps between the pairs were estimated (see
Fig. 5b).

The overlaps are very similar to those of naturally occur-
ring pairs; for example, in both analysis, positions 63, 67, and
116 seem to be most crucial for peptide binding (compare
Figs. 3a and 5b). A single amino acid substitution in HLA-B
resulted in a significantly lower overlap in peptide-binding
repertoire compared to that in HLA-A molecules in 15 out
of 22 positions (68 %), suggesting that the peptide-binding
groove of HLA-B molecules is more sensitive to single sub-
stitutions. Only at positions 70, 77, 97, and 158 did the sub-
stitutions result in a significantly more different peptide-
binding repertoire in HLA-A molecules compared to that in
HLA-B molecules. In positions 99, 114, and 116 where our

A

B
Fig. 5 The comparison of HLA-A and HLA-B loci with respect to the
sensitivity of the peptide-binding repertoire upon amino acid substitu-
tions. Panel a shows the overlap between pairs of HLA molecules that
naturally occur, i.e., with a known population frequency. Panel b shows
the overlap between a naturally occurring HLA molecule (population
frequency>0.5 %, n=102; see BMaterials and Methods^) and an in silico

generated HLA molecule that has one substitution (as described in
BMaterials and methods^). The p values are calculated using the Mann–
Whitney’sU test with *p<0.05; **p<0.0001. The overall median of over-
laps among HLA-B molecules is lower than that of HLA-A, paired
Mann–Whitney U test, p=0.067 for panel a, and p=0.0027 for panel b
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analysis does not provide a significant difference, the median
overlap of the peptide-binding repertoires in HLA-B pairs is
smaller than that in HLA-A pairs. Taken together, our results
suggest HLA-B molecules are more sensitive to point
mutations.

HLA-B molecules do not only interact with cytotoxic T
cells (CTL), but they are also ligands for KIR receptors on
NK cells (Gumperz et al. 1997) and co-evolve with KIR mol-
ecules (Single et al. 2007). To test whether this evolution is
driving the difference we observed above between HLA-A
and HLA-B molecules, we grouped the HLA-B molecules
into two: (i) ones carrying Bw4 motif and therefore being
possible KIR ligands, and (ii) ones carrying Bw6 motif and
therefore not likely KIR ligands. Surprisingly, HLA-B mole-
cules carrying the Bw6 motifs (i.e., not being ligands of KIR
molecules) are more sensitive to single substitutions compared
to those with the Bw4 motif, which is significant for the indi-
vidual positions 62, 70, 147, and 156 (Figure S3). These po-
sitions, however, are at distinct places within the peptide-
binding groove and do not seem to be related in any way
(Fig. 1c). Because the sensitivity of substitutions was not re-
lated to the Bw4 or Bw6 motifs, we conclude the difference
between HLA-A and HLA-B molecules could not be ex-
plained by the additional pressure imposed on HLA-B mole-
cules to co-evolve with KIR molecules.

Discussion

In this paper, we investigated the impact of substitutions
within the peptide-binding groove on the function of HLA
molecules and found that the functional consequences of a
substitution depends both on the position and on the physi-
cochemical properties of the amino acids involved.
Additionally, the effect of a single substitution also depends
on the sequence of the HLA molecule, i.e., identical substi-
tutions at identical positions can have a different effect on
the peptide-binding preference (Table 2) when expressed on
different HLA molecules, which show a positive correlation
between the functional impact of a position in the peptide-
binding groove of HLA molecules and the population diver-
sity of that position (Fig. 3). In other words, the positions
that hardly change the peptide-binding preferences are al-
most monomorphic at the population level. In contrast, the
positions where a single substitution changes on average 20–
30 % of all peptides that bind to a single HLA molecule are
very polymorphic. Surprisingly, substitutions in HLA-B
molecules change the peptide-binding motif more than those
in HLA-A molecules, suggesting that the higher polymor-
phism of HLA-B molecules can be (partly) due to their
higher sensitivity to point mutations.

The analysis reported in this study was only possible using
the state-of-the-art in silico predictor of peptide–MHC

interactions, NetMHCpan (Nielsen et al. 2007; Hoof et al.
2009), because the experimental data available is far from
being sufficient to reliably study peptide-binding repertoires
of such a broad range of HLA molecules. That is, using ex-
perimental data allows us to compare only at most ten pairs of
HLA molecules (Table 1). The performance of MHC peptide-
binding predictors in identifying T cell epitopes was demon-
strated in several studies (Schellens et al. 2008; Larsen et al.
2010; Tang et al. 2011). For example, Peters et al. (2006)
demonstrated that the correlation between the predicted and
the measured HLA peptide-binding affinity is similar to the
correlation between the affinity measurements obtained from
two different labs using the same experimental techniques.
Additionally, we showed in this study a few case studies
where netMHCpan is able to predict subtle differences be-
tween very closely related HLA molecules. Nevertheless,
HLA-C molecules were excluded from our analysis, because
the predictive performance of NetMHCpan was shown to be
smaller than that of HLA-A and HLA-B molecules, due to the
limited amount of quantitative HLA-C binding data (Hoof
et al. 2009). However, this does not necessarily reflect a short-
age of our study, as HLA-C molecules play a major role as
ligands for natural killer cell receptors (Blais et al. 2011), and
it would be insufficient to view their evolution only in the light
of their peptide-binding properties.

Our analysis focused on the effect of amino acid substitu-
tions on peptide binding. Clearly, some substitutions can alter
CTLs, change the interaction with other players of the antigen
processing and presentation pathway, or change the stability
of the peptide–MHC complex, and therefore affect the func-
tional of an HLA molecule. For example, in the case of posi-
tion 156 (the position where the highest number of substitu-
tions observed among HLA molecules, see Figure S1), the
peptide-binding preferences do not explain why this position
became polymorphic (see Fig. 3). However, it has been shown
that peptides that bind both HLA-B*44:02 and HLA-B*44:03
(which differ at position 156 only, D156L) have different con-
firmations, thereby affecting recognition of CTLs (Herman
et al. 1999; Macdonald et al. 2003). Similar results were re-
ported for HLA-B*35:01 and HLA-B*35:08 (L156R), sug-
gesting that a substitution on position 156 alters CTL recog-
nition (Herman et al. 1999; Beck et al. 1995). Another exam-
ple is B*44:02 and B*44:05 which differ at position 116 only.
While this position is within the F pocket, this polymorphism
hardly changes the peptide binding but affects the interaction
with the peptide-loading cofactor tapasin (Williams et al.
2002) and the conformational flexibility of the empty MHC
proteins (Sieker et al. 2007). All these factors can be very
important in shaping the functional differences between
HLAmolecules: if oneMHCmolecule is loadedwith peptides
within the peptide-loading complex and is dependent of the
tapasin while a closely related MHC I molecule can load pep-
tides independently of tapasin and the peptide-loading
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complex, the resulting peptide repertoires may differ substan-
tially. Unfortunately, at the moment, we do not have any in
silico method that we can use to address any of these impor-
tant factors, and therefore, the current analysis remains bound
to the effect of the substitutions on the peptide binding.

Several diseases are found to be correlated to specific HLA
molecules. In an attempt to discover associations between
HIV-1 and HLA molecules, a large genomewide association
study was performed in a cohort of HIV-1 controllers and
progressors (The International HIV Controllers Study 2010).
Strikingly, SNPs in the HLA region were the only genetic
components associated with successful control of HIV-1 in-
fections. More specifically, three positions in HLA-B, 67, 70,
and 97, showed the strongest association, and it was suggested
that conformational differences in peptide presentation, due to
different amino acids on those positions, contribute to the
protective or susceptible nature of various HLA-B molecules
(The International HIV Controllers Study 2010). The
International HIV Controllers Study (2010) noted that posi-
tion 70 is tightly coupled with positions 67 and 97. In our
results, position 70 hardly changes the peptide-binding reper-
toire (Figs. 3a and 5b), suggesting that position 70 is Bhitch-
hiking^ along with positions 67 and 97 in their ability to
change the peptide-binding repertoire. Only position 77 was
identified as an independent marker in HLA-A (The
International HIV Controllers Study 2010). Also in our re-
sults, position 77 is an exception for HLA-A molecules as it
changes the peptide-binding repertoire more than other posi-
tions (Fig. 5b). All in all, the large agreement between the
study by The International HIV Controllers Study (2010)
and ours suggests that HLA disease associations can be de-
fined much more sensitively at the amino acid level compared
to the classical HLA alleles (which, by definition, refer to the
combination of amino acids).

Our results may also have clinical applications for organ
transplantations. An HLA identical donor is preferred for
transplantation because such a donor decreases the chance
and extent of transplantation-related diseases. However, iden-
tical donors are rarely available, and subsequently, the best
HLA mismatched donor should be selected. This selection is
based on the mismatched locus, the number of mismatched
loci, and the presence of haplotype mismatching (Petersdorf
2008). It is known that specific mismatches lead to more
alloreactivity than others (Kawase et al. 2007); however, it is
still unknown what the reason for these nonpermissible mis-
matches can be. Finding the best mismatched donor is there-
fore challenging. Since our results identify which substitutions
are very important for changing the peptide-binding reper-
toire, an estimated overlap (as we performed in this study) in
peptide-binding repertoire of mismatched donor and recipient
could be used to optimize the HLA match. Some of the posi-
tions that came out of our analysis as the most crucial for
peptide-binding preferences have previously been shown to

be associated with an increased risk of transplantation-
related diseases (positions 9 and 116 in HLA-A and position
116 in HLA-B; Ferrara et al. 2001; Kawase et al. 2007).
Recently, Pidala et al. (2013) showed that amino acid substi-
tutions at the peptide-binding groove increase the risk of
transplantation-related diseases by focusing on positions 9,
77, 99, 116, and 156. They found a significant increase in
the risk for position 9 in HLA-B and positions 99 and 116 in
HLA-C, and no positions in HLA-A. Given the fact that po-
sition 9 is our second most crucial candidate for HLA-B pep-
tide-binding preference (see Fig. 3), this result is in full agree-
ment with our study. We believe that if position 63 was in-
cluded in the study of Pidala et al. (2013), it would be also
related to the high risk of transplantation-related diseases.
Overall, we believe that these case studies demonstrate a pos-
sible application of our approach to compare HLA-peptide
repertoires in the context of the transplantation studies.
Taken together, the analysis presented here strongly suggests
that the Bdistance^ between HLAmolecules at sequence level
does not necessarily correlate with the differences at the func-
tional level. Some positions in the MHC-binding groove seem
to be Bmaster^ determinants of the peptide-binding specifici-
ty; for example, a single substitution at position 9, 67, 63, or
116 has, in general, a large impact on the set of presented
peptides, while substitutions at several other positions barely
change the peptide-binding repertoire. Our attempt to quantify
these effects can have an impact in understanding HLA dis-
ease associations and clinical applications. Most importantly,
we hope that our study will lead to large-scale MHC peptide-
binding measurements, where our conclusions, based on the
prediction methods, can be tested and revised when necessary.
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