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Introduction

Summary

Compared with HLA-DR molecules, the specificities of HLA-DP and HLA-
DQ molecules have only been studied to a limited extent. The description
of the binding motifs has been mostly anecdotal and does not provide a
quantitative measure of the importance of each position in the binding
core and the relative weight of different amino acids at a given position.
The recent publication of larger data sets of peptide-binding to DP and
DQ molecules opens the possibility of using data-driven bioinformatics
methods to accurately define the binding motifs of these molecules. Using
the neural network-based method NNAlign, we characterized the binding
specificities of five HLA-DP and six HLA-DQ among the most frequent in
the human population. The identified binding motifs showed an overall
concurrence with earlier studies but revealed subtle differences. The DP
molecules revealed a large overlap in the pattern of amino acid preferences
at core positions, with conserved hydrophobic/aromatic anchors at P1
and P6, and an additional hydrophobic anchor at P9 in some variants.
These results confirm the existence of a previously hypothesized supertype
encompassing the most common DP alleles. Conversely, the binding
motifs for DQ molecules appear more divergent, displaying unconven-
tional anchor positions and in some cases rather unspecific amino acid
preferences.
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binding motifs are poorly characterized and understood.
The scarcity of binding data for DP and DQ molecules is

The MHC performs an essential role in the cellular
immune system, and regulates immune responses through
presentation of processed antigens to T lymphocytes. The
MHC is also widely studied because of its association with
many autoimmune and inflammatory diseases, including
type 1 diabetes, rheumatoid arthritis, multiple sclerosis
and Crohn’s disease, and certain MHC alleles have been
linked to susceptibility to infectious diseases such as
malaria and HIV (reviewed in ref. 1).

Unlike MHC class I, which samples peptides from cyto-
solic proteins, MHC class II molecules present short pep-
tide sequences derived from extracellular proteins.
Human MHC class II molecules are heterodimers consist-
ing of an o-chain and a f-chain encoded on chromosome
6 in one of three HLA loci: DR, DP and DQ. Compared
with DR molecules, the specificities of DP and DQ mole-
cules have only been studied to a limited extent, and their

mainly the result of the relative difficulty, compared with
HLA-DR, of obtaining experimental binding data for
these molecules, but the common assumption that DR
molecules are more important in mediating immune
responses has exacerbated the lack of information on DP
and DQ. However, a growing number of reports associate
certain DP and DQ alleles with several diseases, such
as type I diabetes and coeliac disease,' as well as in
cancer.*™®

This gap in knowledge between DR and the other class
II molecules has only recently begun to be filled, with the
publication of larger sets of binding data for HLA DP and
DQ molecules. In particular, a recent study by Wang
et al.” describes the release of an unprecedentedly large set
of measured MHC class II binding affinities covering 26
allelic variants, including a total of about 17 000 affinity
measurements for five DP and six DQ molecules. The
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same study also compared the predictive performance of
some of the best available bioinformatics methods on
these data, and found that it was possible to obtain reli-
able binding predictions for DP and DQ at levels compa-
rable to those for DR molecules. The same group, in two
additional publications®® attempted to characterize the
binding specificities of a number of DP and DQ molecules
using a matrix method called ARB (average relative bind-
ing).'” However, this method has been shown to perform
significantly worse than other comparable approaches for
MHC class II binding prediction, such as the NN-align
method.'" In this report, we applied the latest version of
the NN-align algorithm, implemented as the NNAlign
web-server,'? to exploit the newly available large data sets
of peptide binding affinity to DP and DQ molecules and
finely characterize the binding specificities of 11 DP and
DQ molecules.

Materials and methods

NNAlign is a neural network-based method specifically
designed to identify short linear motifs contained in large
peptide data sets. As a direct result of the method, it
identifies a core of consecutive amino acids within the
peptide sequences that constitutes an informative motif.
The method has been shown to perform significantly bet-
ter than any other publicly available method for MHC
class II binding prediction, including HLA-DP and HLA-
DQ molecules.” One of the strengths of this approach is
the use of multiple neural networks, trained with different
architectures and initial conditions, to reduce stochastic
factors and at the same time combine information from
the different networks in the ensemble to obtain a predic-
tion that is better than what can be obtained from the
individual networks. Although this ensemble approach
has earlier proved to be highly effective in terms of
improving the accuracy for binding affinity predictions,''
it has been demonstrated that the use of network ensem-
bles could lead to a loss in accuracy when it comes to
identification of the motif binding core.'> However, using
an offset correction algorithm implemented in NNAlign,
this problem is resolved allowing not only improved pre-
dictive performance for network ensembles but also a
more accurate representation of the identified sequence
motif.

In this report, we applied NNAlign to peptide-MHC
class II binding data for five HLA-DP and six HLA-DQ
molecules to characterize their specificities and binding
motifs. The binding data were obtained from the publica-
tion by Wang et al.” They comprise a total of 17 092
measured peptide-MHC affinities, with an average of over
1500 measurements per allelic variant. Each data set was
split in five random subsets and, each time excluding one
subset, a network was trained on the remaining four sub-
sets. We set the motif length to nine amino acids, and for
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all the remaining parameters we used the default values
of the NNAlign web server: sequences were presented to
the networks using BLosum encoding,'” hidden layers were
composed of three neurons, training lasted 500 iterations
per training example, starting from five different initial
configurations for each cross-validation fold, subsets for
cross-validation were created using a homology clustering
at 80% to reduce similarity between subsets, using the
best four networks for each cross-validation step.

The resulting 20 networks in each ensemble, trained on
different subsets of the data and from alternative initial
conditions, capture motifs that can be different from each
other to some extent. They often place the alignment core
in a different register, and might disagree on the exact
boundaries of the motif. The offset correction algorithm
described by Andreatta et al.'*> proved extremely efficient
in correcting for this disagreement, allowing re-alignment
of different networks to a common core. This alignment
procedure creates a position-specific scoring matrix (PSSM)
representation of the motif of each network, and then
aligns the matrices to maximize the information content
of the combined core. We used a slightly modified ver-
sion of the algorithm described in detail in a previous
publication,’? where PSSMs are extended at both ends
with background frequencies before alignment, so allow-
ing the PSSMs to be aligned on a window of the same
length as the matrices. This process assigns to each PSSM,
and its relative network, an offset value that quantifies
the shift distance from other networks. Note that the
alignment procedure does not guarantee that the final
combined register corresponds to the biologically correct
register (in the case of peptide-MHC binding, the nine-
amino-acid stretch bound in the MHC binding cleft), but
rather to the window with the maximum information
content. In most of the cases informative positions are
also biologically important positions, so the core register
would be in the correct place. However, if either terminal
of the core has very weak information content (i.e. no
particular amino acid preference at terminal positions),
the sequences might possibly, although aligned correctly,
all be shifted by one or more positions with respect to
the biologically correct core register. This is an aspect to
keep in mind when interpreting the results, and possibly
adjust the register based on previous knowledge about the
location of the motif anchors.

An effective way of visualizing the receptor-binding
motif is by using sequence logos. Sequence logos were
introduced by Schneider and Stephens'® to graphically
represent the sequence motif contained in a set of aligned
sequences, where at each position, the frequency of all
amino acids is displayed as a stack of letters. The height
of a column in the logo is given as the information con-
tent in bits of the alignment at that particular position,
and the relative height of individual letters is proportional
to the frequency of the corresponding amino acid at that
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position. In this paper, we use such sequence logos to dis-
play the HLA-DP and HLA-DQ binding specificities iden-
tified by NNAlign.

Results and discussion

HLA-DP

The five HLA-DP allelic variants were chosen by Wang
et al.” to cover a high percentage of the human popula-
tion. Only considering the f-chain, more polymorphic
than the a-chain and the main determinant for HLA-DP
binding,'>'® the allele choice provides coverage of about
92% of the average population at the DPBI locus.’

The sequence motifs identified by NNAlign for the five
HLA-DP molecules are shown in Fig. 1. In general, all vari-
ants share a common pattern characterized by anchors at
positions P1 and P6, with strong preferences for phenylala-
nine (F) and other aromatic or hydrophobic amino acids.
Additionally, some molecules appear to have a hydropho-
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bic preference at P9 especially for leucine (L). This P9
anchor was previously described for DPB1*04:02,'” but
here we observe it also for other variants such as
DPA1*02:01-DPB1%01:01 and DPA1*02:01-DPB1*05:01.
In some instances, and notably for DPA1*03:01-
DPB1*04:02, the residues at position P7 appear to have
influence on the binding specificity of the molecule. This
has not been described in previous reports. Another small
exception to the P1-P6 hydrophobic/aromatic pattern is
observed in the allelic variant DPA1*02:01-DPB1*05:01,
where the positively charged amino acids R and K are
moderately preferred at P1 together with hydrophobic
ones, as was also previously noted.’

Taken as a whole, there appears to be a large overlap in
the peptide-binding specificities of the five DP molecules,
characterized by strong hydrophobic/aromatic anchors at
P1 and P6, with the few exceptions noted above. Consis-
tent with these observations, previous studies have found
considerable overlaps in the peptide repertoires that can
bind different DP alleles, and suggested the existence of a
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Figure 1. Sequence logos for five HLA-DP molecules. Hydrophobic amino acids are shown as black, acidic amino acids as red, basic amino acids
as blue, neutral and polar amino acids as green and pink. All variants appear to share two main hydrophobic/aromatic anchors at P1 and P6,

with an additional P9 anchor for some variants.
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DP supertype encompassing the most common vari-
ants.”!” Greenbaum et al.,,'® on the basis of shared binding
repertoires, suggested the presence of two DP supertypes:
a ‘main DP’ supertype (composed of DPB1*01:01,
05:01 and 04:02) and a DP2 supertype (DPB1*02:01 and
04:01). These two subgroups correspond, in our analysis,
to molecules with a strong P9 anchor (main DP) as
opposed to molecules with weak or no P9 hydrophobic
preference (DP2).

HLA-DQ

Most efforts in characterizing HLA-DQ binding specifici-
ties have been directed towards a few selected molecules,
such as DQA1*05:01-DQB1%*02:01 (also known as DQ2) or
DQA1*03:01-DQB1*03:02 (DQS8) because of their associa-
tion with disease.'” ' The data published by Wang et al.”
aim to be more comprehensive in terms of human popula-
tion coverage, and they include binding data for the six
most common allelic variants across different ethnicities.
The HLA-DQ sequence motifs identified by NNAlign
are shown in Fig. 2. In contrast to the DP variants, which
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appear to share a common supertypical pattern, the DQ
molecules show very little overlap in specificity. There do
not appear to be common amino acid preferences, and the
anchors are found at different positions within the 9-mer
core. In particular, DQA1¥01:01-DQB1*05:01 shows a
strong preference for aromatic residues (F, W, Y) at P5,
and secondary anchors at P6 and P7. The only previous
report addressing the binding motif of this molecule® also
found a dominant anchor characterized by a preference
for W and F, but placed this anchor at P4, and is gener-
ally in disagreement with our findings on other positions.
The binding motif for DQA1*01:02-DQB1*06:02 appears
loose, with several amino acids allowed at most positions.
Previous reports*>* identified mainly a P4-P6-P9 anchor
spacing, with small and hydrophobic residues at P4,
hydrophobic/aliphatic amino acids such as I, L, M, V at
P6, and small residues like A and S at P9. Similar amino
acid preferences are reflected in the binding motif
detected by NNAlign, with additional anchors at P3 and
P7. The only pair of molecules that appear to have a
somewhat similar specificity is composed of DQA1*03:01-
DQB1*03:02 and DQA1%04:01-DQB1*04:02. Both show a

DQA1*03:01-DQB1*03:02

Figure 2. Sequence logos for six HLA-DQ molecules. Most of the variants display unique anchor positions and spacing, and very diverse amino

acid preferences.
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dominant anchor at P9, with preference for the acidic resi-
dues E and D. Additionally, they both show a preference
for hydrophobic amino acids at P6, and mainly for A or
E at P8. The strong acidic anchor at P9 was observed
before.'”** In the case of DQA1*05:01-DQB1*02:01, pre-
vious studies describe a motif with P1 and P9 binding
pockets with hydrophobic/aromatic preferences, and
acidic residues in the centre of the core, particularly at
P4, P6 and P7.%**?® Besides the hydrophobic/aromatic
P1-P9, NNAlign places the strongest anchor at P7, but
with preferences for glutamic acid (E) also at P6 and
P8. Finally, the somewhat peculiar sequence motif of
DQA1*05:01-DQB1%03:01 seems to just prefer small
amino acids such as A, G and S, especially on the central
positions of the core, in agreement with the motif previ-
ously suggested for this molecule.®

It is evident that the peptide-binding specificities for
HLA-DQ variants are much more diverse than for HLA-
DP variants. In particular, the strong hydrophobic/
aromatic P1 anchor that generally characterizes all known
HLA-DR and DP molecules is not observed here. There
appears to be no general pattern in the spacing of the
anchors, as well as in the kinds of permitted amino acids.
In particular, we find a preference for acidic amino acids
close to or at the C-terminal of the binding motif for
three of the six molecules, and generally, the motifs seem
rather promiscuous, with several residues allowed in the
binding groove of the MHC.

Conclusions

In this report, we applied a state-of-the-art neural net-
work-based method, NNAlign, to characterize the binding
specificities of five HLA-DP and six HLA-DQ molecules.
The allelic variants are among the most common human
MHC class II molecules at the two HLA loci DP and DQ,
covering a large percentage of the human population.®’
For what concerns HLA-DP, there appears to be a
common pattern in all the five variants under consider-
ation, with primary anchor positions at P1 and P6 with
preference for hydrophobic and aromatic residues. Some
variants show an additional hydrophobic anchor at P9
and other minor differences, but in general there appears
to be a consistent overlap in the binding specificities of
all five molecules. The same cannot be said for HLA-DQ,
where most of the molecules have very different anchor
positions, anchor spacing and amino acid preferences.
Hence, there does not seem to be a supertypical mode of
binding for DQ, and each variant appears to be character-
ized by a distinct binding specificity. The most striking
observation for the DQ loci binding motifs is the prefer-
ence for acidic amino acids close to or at the C-terminal
of the binding groove. Such an amino acid preference has
not, to the best of our knowledge, previously been
described for any HLA class I molecules, and has only

sporadically been reported for HLA class II molecules.
Binding predictions (including identification of the bind-
ing core) for any peptide sequence to all the alleles
described in this report can be obtained at the NetMHCII
server (http://www.cbs.dtu.dk/services/NetMHCII).

The binding motifs described in this work confirm
most of the observations brought up by previous studies,
but also highlight some interesting differences. Impor-
tantly, the sequence logo representation provides a quan-
titative measure of the relevance of each position in the
binding core, and the relative importance of each amino
acid, in determining the specificities of a given molecule,
a differentiation that was not obtained in previous stud-
ies. The study first and foremost demonstrates the power
of the NNalign method to, in a fully automated manner,
identify and characterize the receptor-binding motif from
a set of peptide-binding data. Second, it underlines the
importance of generating such peptide data sets to carry
out receptor-binding motif characterizations, gain insights
into the peptide-binding repertoire of MHC molecules
and reveal details about which amino acids and amino
acid positions are critical for binding and, potentially, for
peptide immunity.
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