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Abstract

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system that has a
notably high incidence in Sardinia. Our study focuses on two HLA class II haplotypes
associated with the disease in Sardinia, the rare predisposing DRB1*15:01-DQB1*06:02 and
the widespread protective DRB1*16:01-DQB1*05:02. This framework enabled the
highlighting of HLA binding pocket specificity and peptide recognition mechanisms, by
employing molecular dynamics simulations of the whole DRB1-DQBI1 haplotype interacting
with MBP- and EBV-derived peptides. We analyzed peptide-protein interaction networks and
temporal evolution of the original complexes and after key amino acid mutations. The
mutation G86V of the protective DRBI1 allele exerted its effect mainly in presence of the
EBV viral peptide, with local and long range outcomes. However, the V38A mutation of the
protective DQB1 showed a long range effect only in the case of the MBP myelin peptide. Our
findings demonstrate also a DRB1/DQB1 complementary molecular recognition of peptides.
This mechanism could provide a robust synergistic action and a differential role of DRB1 and
DQB1 role in tissues and in the time-steps towards autoimmunity. In addition, we
demonstrate that negatively charged residues in pocket 4 and 9 play a role in MS
susceptibility. Our findings are supported by recent experiments of a closely related MS
animal model. Overall, our analysis confirms the role of DRB1-DQBI1 haplotype in
conferring disease predisposition and could provide a valuable aid in designing optimal
therapeutic peptides for MS therapy.

Keywords: Multiple sclerosis; Molecular modeling; HLA antigen presentation; Molecular

mimicry; DR-DQ cooperation.
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1. Introduction

The main objective of the present study is to investigate the structural and dynamical aspects
of peptide-binding characteristics of predisposing (DRB1*15:01-DQB1*06:02) and
protective (DRB1*16:01-DQB1*05:02) haplotypes associated to Multiple Sclerosis (MS) in
Sardinian population.'

MS is a chronic inflammatory disease, characterized by a major malfunction of the immune
system and results in axon demyelination in the central nervous system.” Increasing evidence
suggests that the disease is caused by the interaction of a predisposing genetic pattern and
exposure to largely unknown triggering environmental factors.® This picture is shaped by the
convergence of many low-weight factors. Early genetic studies identified the Human
Leukocyte Antigen (HLA), also known as Major Histocompatibility Complex (MHC) system,
in particular class II, as the main region linked to MS.* Increased certainty about this link was
achieved through genome-wide association and candidate gene studies. This research also led
to the discovery of new linked genes.” The analysis developed in these studies contain
limitations that stem from: small genotype sample size, DNA linkage disequilibrium, small
number of markers and neglect of post-translational and epigenetic effects. In order to expand
on these results it is important to investigate the functional dynamics of the disease at a
molecular level.®

Molecular mimicry has been proposed since many years as a relevant mechanism in the
process leading to many autoimmune diseases, including MS,” which is the focus of our
study. In this light, our aim is to investigate the presence of similar molecular interactions

between specific myelin-derived and viral peptides, with respect to a given MHC
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protein(molecular mimicry), because this can provide a molecular basis for the autoimmune
response.g'11

Recently, a set of MS-resistant and permissive HLA DRB1-DQB1 haplotypes with respect to
MS in Sardinian patients was identified.'> We demonstrated that a polymorphism Gly/Val at
DRBI position 86 for a set of alleles (belonging to DR2 serotype) and the more conservative
polymorphism Val/Ala at DQBI 38, characterized MS protective and predisposing
haplotypes, respectively.'> Unlike DRB1 86, to best of our knowledge, DQBI site 38 has not
yet been investigated in a complete and satisfactory way. In another work, we observed that
eight susceptible DRB1 alleles in Sardinian population cluster in a few groups.1 We had thus
hypothesized that the functional mechanisms linking the HLA proteins to MS could vary in
the different clusters. This observation is confirmed in the present work, and extended to
include the phylogenetic classification of whole DRB1-DQBI1 haplotypes (Fig. 1). This
variability in the functional mechanisms partially explains the difficulties in finding a
common factor that distinguishes between the contrasting allele roles in the disease’s onset
and progression.

Regarding MS immunogenic peptides, clinical research, animal models and immunological
assays indicate that the most important auto antigens are derived from myelin proteins, which
play different roles in distinct MS phases.'" In the context of DR2 serotype group, the human
immunodominant self-epitope is MBP 85-98 (Myelin Basic Protein).” For non-self antigens,
we focused on Epstein Barr Virus (EBV), a candidate widely proposed as a potential
environmental triggering agent.® '* We are here referring specifically to a recent finding of an

immunogenic EBV nuclear protein-derived peptide, EBNA1 400-413, in MS patients."’
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Previously, we employed molecular dynamics simulations in a simplified and controlled
framework'® in order to understand the molecular mechanism underlying MS. We focused on
two DRBI1 alleles belonging to DR2 serotype group, i.e the predisposing DRB1*15:01 and
the protective DRB1*16:01, and observed their interaction networks with myelin- and viral-
derived peptides.'® In the present study, we extend the work to the whole haplotypes and
perform simulations of the following HLA proteins in complex with MBP- and EBNAI-
derived peptides: (i) protective (DQB1*06:02) and predisposing DQB1 (DQB1*05:02), (ii)
mutant of protective (DRB1*16:01 G86V) and predisposing DRB1 (DRB1*15:01 V86QG),
(ii1)) mutant of protective (DQB1*05:02 V38A) and predisposing DQB1 (DQB1*06:01
A38V).

For each peptide-MHC (pMHC) complex (Fig. 2), we have extensively analyzed the local
flexibility and other dynamical features, including H-bond, aromatic stacking, binding free
energy, which highlight the molecular basis of peptide-recognition in antigen presentation in
the context of MS linked proteins. The analysis of pMHC binding cleft width fluctuations in
time, in general, enables the identification of: i) allosteric changes and distinct protein
conformations, particularly relevant for peptide loading, locking and release'’ ii) motifs for
generic or specific peptide anchoring; iii) links between complex flexibility and disease

%1919 role of peptide length and shift register in binding;** v) geometrical and

susceptibility
physicochemical characteristics of the external surface available for TCR recognition and
binding?' vi) small synthetic ligands enhancing or reducing biological peptide binding.'” On
the other hand, H-bond interactions are known to contribute significantly to the stability of

123

pMHC complexes,* and their impact on pMHC transport within the cell.” Finally, stacking

interactions were shown to increase immunogenicity of the pMHC complex for class 1.**
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The connection between pMHC dynamical features, T cell binding affinities and triggering
efficacy for a given pMHC and T cell activation is complex. Nevertheless, a common thread
joining some of these aspects has been recently proposed,'® 2> ** based on enhanced peptide
loading capabilities,”” " reciprocal conformational plasticity of both TCR and pMHC,* '™
conformational adjustment upon TCR binding.** ** We limit ourselves to observe here the
ability of peptides to bind successfully to MHC proteins is the prerequisite for an efficient
recognition of pMHC complexes by T-cells. This is a fundamental step for the initiation of an
immune response.” In general, antigenic peptides have been broadly classified as binders

(ICsp < 1000 nM) and as non-binders (ICso > 1000 nM) to MHC proteins in binding assays

. 36
experiments.

2. Results

2.1 Binding cleft width probability distributions

To study pMHC flexibility, and following a recent approach,3 7 we divided the MHC binding
groove into four compartments (Fig. 3) corresponding respectively to the influence region of
the pockets 1, 4, 7 and 9.'° Next, we analyzed the binding cleft width probability distribution
in each region during extended simulations of wild types and mutated DQB1 and DRBI1
complexes. Note that mutation site 86 in DRBI1 is positioned in region D1/pocket 1 (Fig. 3B),
while mutation site 38 in DQBI is positioned in region D4/pocket 9 (Fig. 3A). We present in
the following sections the results for each allele, according to this general scheme: first wild
type allele with both peptides (MBP, EBNAL1), then wild type allele free and thereafter
mutant allele bound to both peptides.

Protective allele DOQB1*05:02
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For the protective allele DQB1*05:02 in complex to MBP and EBNAT1 peptides, we observe
an interesting feature of width profile in region D1, with both complexes sharing a common
local curve peaked at ~13 A (Fig. 4A), and the MBP complex alone showing a narrower and
less populated configuration centered at ~9 A. For region D2, we note a similar profile across
the whole width range for both peptide complexes (supplementary material, Fig. S1). In
region D3, EBNA1 complex displays a slightly wider distribution profile with smaller peak
value (~1 A) with respect to MBP complex (supplementary material, Fig. S1). In region D4,
MBP complex displays a relatively narrow and tall distance distribution profile with peak
values right shifted by ~1.5 A with respect to the EBNA1 complex (Fig. 4B). Next, for the
unbound protective allele case, we noted that region D1 is very flexible (width fluctuation in
the range 9-21 A), while the width distribution for D2 and D3 regions is left shifted with
respect to the peptide bound cases (supplementary material, Fig. S1). In region D4, the
unbound protective allele displayed a nearly identical distribution profile as the EBNAI1
complex (Fig. 4B), and a moderate difference in height. The effect of mutation V38A (which
belongs to region D4, Fig. 3A) on the protective allele produced a pronounced long-range
effect in region D1 (inset of Fig. 4A), particularly for the MBP complex. More precisely, the
mutated allele in complex with the MBP exhibited a unique distribution peaked at an
intermediate distance of ~10.5 A, with a width of ~2 A, resulting in a less flexible
configuration than the wild type (inset of Fig. 4A). There was also an increase in local cleft
flexibility in the region D4, upon mutation of the protective allele in complex with MBP
(inset of Fig. 4B).

Predisposing allele DOB1%06:02
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For the predisposing allele DQB1*06:02, we observe a similar width distribution profile in
region D1 for both bound and unbound MHC cases (supplementary material, Fig. S2).
However, the allele bound to EBNA1 peptide displayed a distance profile left shifted in D2
(Fig. 4C), D3 (Fig. 4D) and D4 regions (supplementary material, Fig. S2), with respect to
MBP bound case. Interestingly, there is a bimodal distribution of the EBNA1 complex in D2
(peaking at ~13 A and ~15 A, inset Fig. 4C), mirrored by the MBP complex in D3 (peaking
at ~18.5 A and ~21 A, inset Fig. 4D). For unbound predisposing DQBI1 allele, there is a
perfect profile overlap with the EBNA1 bound case in region D4 (supplementary material,
Fig. S2). The effect of mutation A38V (located in region D4) on predisposing DQBI1 allele
produced a strikingly different width distribution profile in region D2 and D3, with respect to
wild type counterparts, for both peptide complexes (Fig. 4C, Fig. 4D). A detailed analysis
indicated that:

-upon the mutation A38V of MBP complex, the distance profile distribution in region D2 is
left shifted and the curve in region D3 becomes narrower and left shifted (Fig. 4C, inset Fig.
4D);

-upon the mutation A38V of EBNA1 complex the distance profile distribution in regions D2
and D3 becomes wider and more flexible (inset Fig. 4C and Fig. 4D);

-region D4 in the mutated A38V predisposing allele, for both peptides complexes, displayed a
more rigid distance distribution profile compared to respective wild types (supplementary
material, Fig. S3), which is opposite to the effect of mutation V38A on the protective allele.
Protective allele DRB1%16:01

For the protective DRB1*16:01 allele, the mutation G86V exerts its influence on binding

cleft width distribution profile mainly locally and in a more pronounced manner for EBNA1
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complex (Fig. 5A, 5B). No relevant differences were noted upon mutation of protective
DRBI allele for MBP bound case, with the exception of the D1 region, where the distance
profile is shifted towards right (Fig. 5A). In particular, for EBNA1 complex, the mutation
destroys the trimodal pattern observed in the regions D1 (Fig. 5A) and D2 (Fig. 5B) for wild
type case, and replaces it with a single bell profile centered at ~12.5 A and with a width of ~2
A in both regions. The cleft distance profile in region D3 (inset Fig. 5A) and D4 (inset Fig.
5B) is shifted to right upon G86V mutation.

Predisposing allele DRB1%15:01

For the predisposing DRB1*15:01 allele bound to MBP peptide, mutation V86G introduces a
higher flexibility in region D1(Fig. 5C). The mutation V86G produces significant changes in
binding cleft width profile for the EBNA1 complex with respect to the wild type case. In
particular, in region D1 the characteristic bimodal distribution of the wild type case (Fig. 5C)
gets destroyed upon V86G mutation and a unimodal distribution centered at ~10.5 A is
observed. Upon the same mutation for EBNA1 complex, the distance distribution curve gets
shifted towards right for region D2 (Fig. 5D) and for regions D3 (inset Fig. 5C) and towards
left for D4 (inset Fig. 5D).

2.2 Hydrogen bonds

Here, we evaluated H-bond interactions for all pMHC complexes under investigation with a
persistence of at least 20% of the 100 ns MD simulation time, to probe their relevance for
pMHC affinity and peptide immunogenicity in the context of MS disease.

Peptide-DQB1 interaction

Three common binding site residues (W61, H81 and N82) across both DQBI alleles

(DQB1*06:02, DQB1*05:02) are involved in H-bond interactions with different MBP
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residues (Fig. 6, 7). We also found allele-characteristic binding site residues (supplementary
material, Table S1) participating in H-bond interaction with MBP: R77 for DQB1*05:02 (Fig.
6A, 7A), Y30 and E74 for DQB1*06:02 (Fig. 6B, 7B). With regard to the EBNA1 complex,
durable H-bonds were formed in both DQBI1 alleles as a result of the interaction of two
common binding site residues, W61 and N82 (Fig. 6C-D, 8). Additional allele-characteristic
binding site residues are: H30 for DQB1*05:02 (Fig. 6C, 8A, Table S1), and D57 and E74 for
DQB1*06:02 allele (Fig. 6D, 8B). Upon mutation V38A of DQB1*05:02 in the complex with
both MBP (Fig. 7A) and EBNAI1 peptides (Fig. 8A), the majority of the interacting pairs is
conserved, with two relevant exceptions in the MBP peptide complex. In detail: the H-bond
interaction involving residue R77 (Fig. 7A) was completely absent, while there were very
transient interactions involving residue Y37 (Fig. 7A). On the other hand, for mutant A38V
DQB1*06:02 in complex with MBP (Fig. 7B), a characteristic H-bond interaction involving
residue D57 was observed, which was transient for the wild type allele. Finally, the mutant
A38V DQB1*06:02 in complex with EBNAI, compared to its wild type counterpart,
generated an additional H-bond interacting pair for residue N82 and no H-bond interacting
pair for residue E74 (Fig. 8B) was noted.

Peptide-DRB1 interaction

For MBP bound to the mutant V86G DRB1*15:01 (Fig. 9A) or mutant G86V DRB1*16:01
(Fig. 9B), compared to their respective wild type counterparts (Fig. 9), we noted the absence
of durable H-bond interactions with residues 13 and 70, and the presence of conserved
interactions with residues 81 and 82 (Fig. 9). Interestingly, we also found a particular H-bond
interaction between MBP peptide and binding site residue D57 (pocket 9), which is present

only in the mutant G86V DRB1*16:01 (Fig. 9B). For the EBNA1 complex, upon mutation

-10 -
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V86G of predisposing DRB1*15:01, three important and conserved interactions involving
residues R13, N82 and E87 were observed (Fig. 10A). The mutation G86V of protective
DRBI1*16:01, bound to EBNAI peptide, produced a completely new interaction network
(Fig. 10B). As a whole, the total number of H-bond interactions between the mutant alleles
and both the peptides is reduced with respect to their wild type counterparts (Fig. 9, 10).

2.3  Aromatic Stacking Interactions

The presence of aromatic stacking interaction has been recognized as an important
component in the structure and function of proteins.’® *° Here, we evaluated persistent
aromatic-aromatic stacking interactions (see Material and Methods) for all the pMHC
complexes under investigation (Table 1). For the protective allele DQB1*05:02 in complex
with MBP peptide, we recorded an additional stacking interaction with a residue from both
chains (aR76 and PY60), with respect to the EBNA1 complex. Contrastingly, for the
predisposing DQB1*06:02, fewer stacking interactions were observed involving both al- and
B1-chain binding site residues for the MBP complex with respect to the EBNA1 complex.
Compared to wild type simulation, the mutation of protective DQB1-MBP complex
introduced a new interaction with a B1-chain residue R77. Furthermore, only one stacking
interaction aY22 was observed for mutant DQB1*05:02 allele in complex with EBNA1
peptide. With respect to wild type simulations, there was a new stacking interaction involving
BF11 residue upon mutation A38V of predisposing DQB1-MBP complex, while for the
EBNAI1 case the loss of the interaction with BH81 residue was evident. For MBP-DRB1
complexes (Table 1B), there was a loss of stacking interaction involving B1-chain residue
HS81 upon mutation of DRB1*15:01, while after mutation of DRB1*16:01 we observed an

increase in the total number of stacking interactions. Finally, it is noteworthy that upon the
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mutation of DRBI1 predisposing allele bound to EBNAI1 peptide, emerged a new stacking
interaction network involving mainly al-chain residues (Table 1B).

2.4  Binding energies

The approach we adopted was to first calculate the binding energies for all the pMHC
complexes and then to converted them to ICs, values (see Material and Methods). Concerning
wild type simulations (Table 2), protective allele DQB1*05:02 produced a slightly more
favorable binding when bound to MBP with respect to EBNA1 (difference of ~1.5 kcal/mol).
Predisposing allele DQB1*06:02, on the other hand, displayed a much more favorable
binding to EBNA1 with respect to MBP peptide (difference of ~3.4 kcal/mol). The ICs ratio
of the EBNAI1 and MBP complexes allowed for an immediate comparison of these results
(Table 2). For DQBI predisposing allele a very low ICs ratio, 4.6 x 10, was observed. This
low ratio was suggestive of a very strong binding affinity of EBNA1 peptide for MHC
compared to that of MBP peptide. In contrast, a ratio of 11 was obtained for DQB1 protective
allele. For the complexes formed by the predisposing DQBI1 allele upon A38V mutation, a
more favorable binding free energy to both peptides, with respect to the wild type
counterparts, was recorded (Table 3). On the other hand, quite similar binding energy values
(within a difference of ~1 kcal/mol) with respect to wild type simulations for both peptide
complexes (Table 3), was observed upon mutation V38A of DQB1*05:02.

For mutation V86G of predisposing DRBI1 allele, with respect to its wild type counterpart, we
noted a very similar binding energy when the mutant allele was bound to MBP peptide, while
a more favorable energy (difference of ~2.4 kcal/mol) was obtained for EBNAI1 peptide

(Table 3). Mutation G86V of protective DRBI1 allele, however, resulted in very similar

-12 -
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binding free energies with respect to the wild type simulations, for both peptide complexes

(difference of ~1 kcal/mol, Table 3).

3.  Discussion

3.1  Antigenic peptide recognition specificity and DRB1/DQB1 complementarity

As expected, we documented a higher global flexibility (higher RMSD value) for the free
DQBI1 alleles with respect to the bound peptide cases (Fig. 4), with the free protective DQB1
allele being more flexible than the free predisposing one (supplementary material, Table S2,
Fig. S5). We found a peculiar ability of the predisposing DQBI allele (Fig. 4D, Table 2) to
discriminate the MBP- and EBNA1- peptides (see points 1 and 2 in the paragraph below).
This behavior recalls what we observed for the DRB1 alleles in our previous work,'® but it is
characterized by a reverse signature, with the predisposing DQB1 allele behaving as the
protective DRB1 one, thus suggesting a sort of complementarity of the DRB1 and DQBI1
alleles in peptide molecular recognition. In Table 2, we report the binding energies obtained
for the wild type pMHC systems investigated here. The EBNA1 to MBP ICs ratios (see 6™
column in Table 2) lie within the range measured in experimental assays for DRB1*15:01
binding to other non-self peptides derived from Herpes Virus 1, Hepatitis B Virus, Hepatitis
C Virus and Human Immunodeficiency Virus (IEDB accession date October 21, 2013, Query:
MHC binding, MHC restriction DRB1*15:01).* The following points emerge comparing
binding energies of the pMHC complexes (Table 2):

(1) The protective DRB1-DQB1 haplotype provides self and non-self peptide discrimination

in two ways: DRB1 peptide binding allows a high level of discrimination between MBP and

-13 -
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EBNAI1 derived peptides (difference of 5.3 kcal/mol, last column of Table 2), while DQBI1
binding complements this feature with an intermediate discrimination ability (1.5 kcal/mol).
(2) The predisposing DRB1-DQBI1 haplotype peptide discrimination ability is at a low level
for the DRBI allele (difference of 0.7 kcal/mol, last column of Table 2) and at an
intermediate-to-high level for DQBI1 (-3.4 kcal/mol).

(3) Affinity of both DRB1 and DQBI1 for the MBP derived peptide is higher for the protective
haplotype (0.8 and 4.4 kcal/mol, respectively last two rows in Table 2), while the opposite
holds for the EBNAT1 derived peptide (-3.8, -0.5 kcal/mol).

We interpret the first point as follows: the antigen presenting cell (APC) bearing the
protective haplotype DRB1*16:01-DQB1%05:02 is able to present stable and presumably
long-lived MBP-MHC complexes via both DRB1 and DQBI1, and intermediate-lifetime
EBNAI1-MHC complex via only DQBI1. Regarding the second point, the predisposing
haplotype DRB1*15:01-DQB1*06:02 has in part lost “normal” discrimination ability, and in
part shows inverted peptide roles in the discrimination process. Taken together, the first two
points suggest MS predisposition may be linked to losing the ability to discriminate MBP-
and EBNA1-derived peptides (functional mimicry) of both DRB1 and DQBI1 alleles, and also
to presence of a kind of DRB1/DQB1 complementarity. In synthesis, in the case of the two
peptides investigated here, the DRB1 and DQBI alleles seem to complement each other, and
integrate their actions to make the whole molecular mimicry mechanism effective, wherein
the predisposing DRB1-DQBI1 haplotype exhibits a smaller peptide discrimination ability,
and a higher affinity for EBNA1 with respect to MBP, than the protective one.

Recently a similar mechanism has been proposed,*' in which the same TCR recognizes the

same peptide in the context of different co-expressed HLA molecules, which is promiscuous

-14 -
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restriction. In particular, for the first time, the authors experimentally proved promiscuous
restriction in action for DR and DQ co-expressed in a haplotype that is associated with MS.*!

The authors in this study hypothesized that this mechanism evolved to provide an advantage
during infections — higher T cell activation efficiency due to a higher level of antigen
presentation and recognition. But the higher activation could also be responsible for
autoimmune responses in MS, increasing the risk of cross-reactivity. Other recent
immunological findings are related to the result of the present work, although dealing with
different peptides. There is some evidence from MS animal models (transgenic mice with
HLA genetic background) in the context of PLP* and MOBP* MS susceptibility epitopes,
that DQB1*06:02 has a role in disease induction, independent from DRBI1*15:01.** In
particular, DRB1*15:01 and DQBI1*06:02 were found to differentially activate T
lymphocytes, leading to strikingly different cytokine profiles. These were biased respectively
toward Th2 and Th1/Th17 phenotypes, which are known to possess different impact on
inflammatory processes. Although further detailed investigation with these specific peptides
is required, the distinct roles of predisposing DRB1 and DQBI1 alleles in interacting with the
same peptide is also observed in our simulations.

3.2 In Silico mutations

In this section, we discuss the impact of single residue virtual mutations on the binding
groove dynamics of DQB1 and DRB1 pMHC complexes. Mutation V38A in the protective
DQBI1 allele inside the complex with MBP peptide, induces a long-range effect (Fig. 4A,
4B), which is indicative of a cooperative interaction®® between the region where the residue
has been mutated (region D4, Fig. 4B) and the region in which the largest effect is observed

(region D1, Fig. 4A). However, upon the specular A38V mutation of DQB1 predisposing

-15 -
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allele for both MBP and EBNA1 complexes, a cooperative interaction effect between the D2,
D3 and D4 regions (inset Fig. 4C-D) is observed. Alteration in dynamics of region D4
(mutation site), for both mutants V38A (inset Fig. 4B) and A38V (supplementary material,
Fig. S3) of DQ protein-peptide complexes is due to variation in amino acid size upon
mutation.

Mutation G86V in the EBNA1-protective DRB1 complex has a global effect on the dynamics
of the peptide binding groove (inset Fig. 5A-B). In detail, new H-bond interactions (Fig. 10B)
between DRBI residues and EBNAT residues result in narrow D1 and D2 regions, while loss
of H-bond interactions produces wider regions D3 and D4. On the other hand, mutation
V86G of predisposing DRB1 allele alters predominantly the flexibility in region D1 for both
pMHC complexes, which is due to steric effects (Fig. 5C). Moreover, the presence of durable
H-bond interactions, H81-R403 and R13-P408 (Fig. 10A), produces a more rigid and
narrower DI region (Fig. 5C) for the EBNA1 complex. In contrast, a flexible D1 region
results for MBP complex due to transient H-bond interactions (Fig. 9A). Overall, we found
mutation to exert a stabilizing effect for the predisposing DRB1*15:01 bound to EBNA1, and
for the predisposing DQB1*06:02 complexed to MBP (Table 3).

3.3  pMHC interactions

We examined the pattern of interactions, including H-bond, hydrophobic and aromatic
stacking, between the DQB1 binding site and peptide residues (DRBI1 allele was extensively
studied in our previous work'®). Note that DQB1 polymorphisms at residue positions 57, 74,
and 77 (Fig. 6, supplementary material Table S1) are strikingly reflected in the HLA protein
H-bond interactions with MBP- (Fig. 6A-B, Fig. 7) and the EBNA1-derived (Fig. 6C-D, Fig.

8) peptides. The role of these DQBI1 polymorphic residues in autoimmune diseases

-16 -
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(particularly type 1 diabetes and narcolepsy), with specific recognition capabilities of
antigenic fragments, has been postulated to be relevant for T-cell activation.* In particular,
we observe H-bonds with D57 (pocket 9) and E74 (pocket 4, Fig. 6B, 6D) to characterize the
DQBI predisposing allele, while polar amino acid serine is present in the protective allele in
these same positions (supplementary material, Table S1). H-bond interaction involving
residue Arg 77 (Fig. 6A) characterizes the DQB1 protective allele when bound to MBP-
derived peptide. Our findings thus suggest that the negative charged environment of pockets
4 and 9 are relevant for conferring MS predisposition to the DQBI1 allele. Similarly, site 77
(supplementary material, Table S1) appears to be important in conferring protective DQB1
allele to distinguish between the two peptides analyzed here.

3.4  Final remarks

In conclusion, we highlighted the molecular basis of peptide recognition based on the MD
simulations of a relatively simple model, composed of two HLA haplotypes (predisposing
and protective) and two peptides (MBP- and EBNA 1-derived), relevant for MS in Sardinian
population. Their punctual interpretation within the wider context of MS disease will require
further investigation to integrate other pMHC models, other experimental findings and the
entire complex of pMHC and TCR in selected cases. The observed DRBI1/DQBI1
complementarity in antigenic peptide recognition, and the resulting DRB1/DQB1 differential
role in tissues, will also provide a valuable aid in designing optimal therapeutical peptides46
for MS targeted therapies.

4. Material and Methods

4.1  Model preparation
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The starting structure for the protective allele DQB1 *05:02 in complex with MBP 85-98
peptide (supplementary material, Table S1) was derived from the X-ray structure (PDB
access code: 3PL6), that also contained the TCR component. For predisposing allele
DQB1*06:02, we chose the available X-ray structure (PDB access code: 1UVQ), in complex
with hypocretin peptide. The model structure of the complex DQB1*05:02 and EBNA1 400-
413 (supplementary material, Table S1) was obtained by homology modeling using the
available 3PL6 template, through the web-server MODPROPEP."” We used the same web
tool to model the structures of DQB1*06:02-MBP and DQB1*06:02-EBNA1 complexes
using the available 1UVQ template. The initial structures for the HLA-DRBI peptide
complexes were taken from our recent work.'® The single residue mutations (positions DQB]1
38 and DRB1 86) of the alleles in complex with both peptides were performed using the
module Mutator available in the VMD software.”® Missing hydrogen atoms in the final
models were added using VMD software and the systems were subsequently placed in a

rectangular water box where counter-ions were added for neutralization (Fig. 2).

4.2  Simulations

Initially, we performed energy minimization for each individual peptide-HLA complex
system, followed by a gradual heating of the system up to 310 K in steps of 30 K,
constraining positions of C-alpha atoms to 50 kcal/(mol A%).'%% The constraints on the C-
alpha atoms were then relaxed in steps of 10 kcal/(mol A?) within a 0.3 ns simulation time.
Each molecular system was then subjected to an equilibration run of 3 ns, followed by a
production run of 100 ns full simulation time, performed in the statistical ensemble with

constant pressure, temperature and number of atoms and using periodic boundary conditions.

-18 -
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We adopted Charmm27°° force-field parameters for the protein and ions and TIP3P’!
parameters for water molecules. The initial dimension of the edges of simulation box for the
DQB1 complexes is {80, 96, 74} A, while for DRB1 systems it is {77, 75, 96} A, for a total
number of ~50,000 atoms in each system. All bonds involving Hydrogen atoms were
constrained using SHAKE,* which allows an integration time step of 2 fs. The long-range
electrostatic interactions were evaluated using particle mesh Ewald with a {96 96 96} A grid
dimension. We used a 10 A cut-off radius for both Van der Waals and electrostatic
interactions.” All simulations were performed using the NAMD?* software package on a 64

COres processor cluster.

4.3  Analysis

The stability of the MHC-peptide complex was checked by evaluating the root mean square
deviation (RMSD, supplementary material Table S2, Fig. S5) and root mean square
fluctuations (supplementary material, Fig. S6-S9) of the C-alpha atoms for the selected
binding site residues. As the peptide binding groove is ~40 A long, we divided it into four

compartmentslé’ 37

(D1, D2, D3 and D4) as shown in Fig. 3. The center of mass distance
variation of heavy atoms between the selected residues of o and B chains (see Fig. 3 for the
selection) was calculated on the MD trajectory, for each of the molecular systems
investigated in our study. The peptide binding groove for both DQB1 and DRBI1 alleles was
divided into four regions (Fig. 3), as previously described.'® *” The center of mass distance

variation of the heavy atoms for the residues included in the four regions was then calculated

during 100 ns MD simulation.
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H-bond interactions between the peptide and binding site residues were calculated using the
Donor-Acceptor cutoff distance of 3.1 A and cutoff angle of 130°, while the aromatic
stacking interactions were calculated using EUCB software™ with 30° cutoff for dihedral
angle between the planar/ring side chains, centroid distance cutoff between side chains of 5.0
A, and a minimum duration of 20% of simulation time. The binding energy for the peptide-
MHC complexes was evaluated using solvated interaction energy (SIE) method.’® In SIE
method, the peptide-MHC binding energy (AGuying) in aqueous solution is approximated by (i)
an interaction energy contribution (Eiy,) and (i) a desolvation free energy contribution
(AGgesolv), Which resembles the formalism used in MM-PBSA.*” Even though entropy is not
explicitly included, calibration of obtained SIE free energy is done by an empirically
determined parameter, obtained by fitting a training set of 99 protein-ligand complexes, thus
allowing a crude but effective treatment of entropy-enthalpy compensation. Additional MD
simulations of pMHC complexes was performed using Amber 99 force-field parameters,™ a
prerequisite for using SIETRAJ software package.” The binding energy was then calculated
at time step of 20 ps for a total simulation time of 30 ns. From the obtained binding energy
values we then obtained their respective ICsy value (equivalent to the association constant),
which corresponds to concentration of peptide required to bind 50% of MHC protein, using
the standard relation AG=kgT In (ICs).*°
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Supplementary Material
Supporting information can be found in the file “Supplementary material Kumar et.al.pdf “,

which has been attached separately.
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Table 1. Peptide-MHC stacking Interaction. MHC binding site residues participating in
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predisposing alleles, both wild type (WT) or mutant (V38A, A38V, G86V, V86G) correspond
to DRB1 =DRB1*15:01, DQB1 = DQB1*06:02, while the protective alleles correspond to
DRB1 =DRB1*16:01, DQB1 = DQB1*05:02.

(A) DQB1 MBP complexed EBNAI1 complexed

complex protective = predisposin = protective | predisposin

MHC residues W V38 WT ¢ A38 W V38 WT gA38
T A \% T A \%

B Phe 9 v v

 Phe 11 v

B Tyr 60 v o/

B Arg 77 v

B His 81 o/ v v

a Tyr 22 v

a His 24 v v

o Phe 26 v

o Phe 54 v oo/ v v

aArg 61 v v v

o Arg 76 v

(B) DRB1 MBP complexed EBNA1 complexed

complex protective = predisposin = protective = predisposin

MHC residues W G866 WT gV86 W G866 W %/86G
T \% G T V T

B Phe 26 o/ v v v

B Tyr 60 v

B Arg 71 4

B Tyr 78 4 v

B His 81 v

o Phe 22 v

o Phe 24 v

o Phe 32 v

o Phe 54 oo/ v v v

-6 -
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Table 2. Binding free energies of wild type haplotypes. Binding free energies (kcal/mol)
for the DQB1 and DRB1 haplotypes, in complex with MBP and EBNA1 peptides under
analysis. The error reported is the standard error of the mean value of free energy obtained
from MD simulation. In column 2, 4 is reported binding free energy and in column 3, 5 is
reported their corresponding ICsy values for alleles complexed with MBP and EBNAI1
respectively. In column 6 is reported the ICso of EBNA1 complexes scaled by allele specific
MBP ICs,. The last column reports the difference in binding energy for each allele between
the EBNA1 and the MBP peptide complex. The last two rows reports the same binding free
energy difference for each peptide between predisposing and protective allele of DQB1 and
DRBI haplotypes.

MBP EBNAI AGFPNAT
AGMBP
AG ICso AG ICsp  ICso(EBNA (keal/mol)
(kcal/m = (nM) | (kcal/m (nM) 1)/ ICs
ol) ol) (MBP)
DQB1*05:02 - 9.1 x - 1.0x 107 11 1.51.3
(prot) 18.5£0.  10°  17.0+0.
6 7
DQB1*06:02 - 10 - 46x10" 46x10° 3.4+1.6
(pred) 14.1=0. 17.5+0.
8 8
DRB1*16:01 - 4.6 x - 2.5 5434 5.3+1.4
(prot) 17.540.  10*  12.240.
7 8
DRB1*15:01 - 1.7 x - 52x107 3 0.7+1.3
(pred) 16.740. = 10°  16.0+0.
6 7
A DQBl(*()é;()z_ 4.4+1.4 kcal/mol -0.5 +1.5 kcal/mol
*05:02)
A DRBI(*15;01_ 0.8+1.3 kcal/mol -3.8+1.4 kcal/mol
*16:01)

-27 -



Molecular BioSystems

Table 3. Binding energies of mutant haplotypes. Binding energies (kcal/mol) upon
mutation of residue 38 for the DQBI1 and of residue 86 for DRB1 alleles, in complex with
MBP and EBNA1 peptides under analysis. The error reported is the standard error of the
mean value of free energy obtained from MD simulation. In column 2, 5 is reported binding
energy and in column 3, 6 is reported their corresponding ICsy values for mutant alleles
complexed with MBP and EBNAI respectively. The change in binding energy upon mutation
is reported in column 4 for MBP and in column 7 for EBNA1 complexes. The negative value
of free energy reported in column 4 and column 7 correspond to mutation having a stabilizing
effect on the pMHC complex.

MBP EBNA1
AGmur ICso AGmur - AGmur ICso AGmur -
(kcal/mol) | (nM) AGwr (kcal/mol) | (nM) AGwr
(kcal/mol) (kcal/mol)

V38A (prot)- | -18.3£0.6 1.3 x 10 0.2+1.2 -17.9+0.6 2x10* -0.9£1.3
DQB1*05:0 4
2
A38V -15.6+0.7 10x 10 -1.5£1.5 -18.3+0.8 1.3x -0.8+1.6
(pred)- 3 10*
DQB1*06:0
2
G86V (prot)-  -18.0£0.6 2x10™ -0.5£1.3 -13.0+0.8 0.7 -0.8+1.5
DRB1*16:01
V86G -16.0£0.7 52x 10 0.7£1.5 -18.4+0.8 1.1x -2.4+1.5
(pred)- 3 10
DRB1*15:01
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Figure legends

Fig. 1. Haplotype phylogenetic classification. DRB1-DQBI1 haplotypes represent evidence
and protective haplotypes for Sardinian population are boxed, the others are predisposing.

Fig. 2. HLA-DQ protein in complex with MBP peptide inserted in water box. Chains A
(left, blue) and B (right, red) are shown in cartoon representation, MBP peptide (center) is
shown as ball and stick, and water molecules (surrounding) are represented as red spheres.
The MHC binding cleft is boxed by black dashed lines.

Fig. 3. The four compartments of MHC binding cleft. (A) For HLA DQBI1 protein: D1 (al
53-54, B1 84-85) in red; D2 (al 57-59, B1 77-82) in blue; D3 (al 64-69, B1 67-72) in green
and D4 (al 72-77, B1 56-61) in yellow, and B1:38 is position in DQB1 chain where the
residue has been mutated. (B) For HLA DRBI protein : D1 (al 50-51, B1 85-86) in red; D2
(al 53-55, B1 78-83) in blue; D3 (al 60-65, 1 65-70) in green and D4 (al 68-73, f1 56-61)
in yellow, and B1:86 is position in DRB1 chain where residue has been mutated. The MHC
residues are shown in surface representation. The pockets P1, P4, P7, and P9 are shown as
colored squares.

Fig. 4. Binding cleft width distribution of DQBI1 alleles. (A) and (B) report the width
distribution of region D1 and D4, respectively, for DQB1*05:02 wild type or mutant (V38A)
allele, for the free and bound peptide MHC systems. In inset of (A), the width distribution for
protective DQB1 wild type and mutant V38A in complex with MBP in region D1, while in
inset of (B) in region D4 are shown. (C) and (D) report the width distribution of region D2
and D3, respectively, for DQB1*06:02 wild type or mutant (A38V) allele, for the free and
bound peptide MHC systems. In inset of (C), the width distribution for predisposing DQB1
wild type and mutant A38V in complex with EBNA1 in region D2 is shown. In inset of (D),
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the width distribution for predisposing DQB1 wild type and mutant A38V in complex MBP
in region D3 is reported.

Fig. 5. Binding cleft width distribution of DRB1 alleles. (A) and (B) report the width
distribution of the four regions for protective DRB1 (DRB1*16:01), for wild type or mutant
(G86V) allele pMHC complexes. (C) and (D) report the width distribution of the four regions
for predisposing DRB1 (DRB1*15:01), for the wild type and mutant (V86G) allele pMHC
complexes.

Fig. 6. H-bond interaction network for peptide-DQB1 complexes. Peptide residues
participating in H-bond interactions are shown as spheres (magenta) and MHC residues are
shown in ball and stick (magenta) representation. The names of functional groups of the
residues involved are abbreviated in some cases as follows: phenol (Ph), imidazole (Imd),
amine (-NH2), carboxylic acid (-COOH) and alcohol (-OH). To distinguish between the main
and side-chain functional groups of the residues “*” symbol is used. (A) MBP-DQB1*05:02
complex (protective MHC allele). (B) MBP-DQB1*06:02 complex (predisposing MHC
allele). (C) EBNAI- DQBI1*05:02 complex (protective MHC allele). (D) EBNAI-
DQB1*06:02 complex (predisposing MHC allele). The whole binding groove is shown in
cartoon representation (grey), the mutation region (DQBI1 38) is shown in surf (yellow)
representation, and peptides are shown in tube representation (MBP peptide in black and
EBNAI1 peptide in red).

Fig. 7. H-bond interaction network for the DQB1 wild type and mutant alleles in complex
with MBP peptide. For details regarding the names of functional groups, see legend in Fig. 6.

Fig. 8. H-bond interaction network for the DQB1 wild type and mutant alleles in complex
with EBNAL1 peptide. For details regarding the names of functional groups, see legend in Fig.
6.

Fig. 9. H-bond interaction network for the DRB1 wild type and mutant alleles in complex
with MBP peptide. For details regarding the names of functional groups, see legend in Fig. 6.

Fig. 10. H-bond interaction network for the DRBI1 wild type and mutant alleles in complex
with EBNALI peptide. For details regarding the names of functional groups, see legend in Fig.
6.
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DRB1*03_01_01_01-DQB1*02_01_01

DRB1*04_05_01_01-DQB1*03_01_01_01

DRB1*08_01_01 01-DQB1*03_01 01 01

DRB1*13_03_01_01-DQB1*03_01_01_01
DR2
iDRBI'15_02_01_01—DQ81'06_01_01 l
i DR81'14_01_01_01—DQBl'05_03_01_OI
DR2 i DRB1*16_01_01_01-DQB1*05_02_01 I
DR2

DRB1*15_01_01_01-DQB1*06_02_01

Fig. 1. Haplotype phylogenetic classification. DRB1-DQB1 haplotypes represent evidence and protective
haplotypes for Sardinian population are boxed, the others are predisposing.
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and water

molecules (surrounding) are represented as red spheres. The MHC binding cleft is boxed by black dashed

I

blue) and B (right,

red) are shown in cartoon representation, MBP peptide (center) is shown as ball and stick

Fig. 2. HLA-DQ protein in complex with MBP peptide inserted in water box. Chains A (left,

lines.
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(B)

al:53-54 a1l =

[, ‘\y

Fig. 3. The four compartments of MHC binding cleft. (A) For HLA- DQ protein: D1 (al 53-54, 1 84-85) in
red; D2 (al 57-59, B1 77-82) in blue; D3 (al 64-69, B1 67-72) in green and D4 (al 72-77, 1 56-61) in
yellow, and B1:38 is position in DQB1 chain where the residue has been mutated. (B) For HLA- DRB1
protein : D1 (a1 50-51, B1 85-86) in red; D2 (al 53-55, B1 78-83) in blue; D3 (a1l 60-65, B1 65-70) in
green and D4 (al 68-73, B1 56-61) in yellow, and B1:86 is position in DRB1 chain where residue has been
mutated. The MHC residues are shown in surface representation. The pockets P1, P4, P7, and P9 are shown
as colored squares.
143x206mm (600 x 600 DPI)
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Fig. 4. Binding cleft width distribution of DQB1 alleles. (A) and (B) report the width distribution of region D1
and D4, respectively, for DQB1*05:02 wild type or mutant (V38A) allele, for the free and bound peptide
MHC systems. In inset of (A), the width distribution for protective DQB1 wild type and mutant V38A in
complex with MBP in region D1, while in inset of (B) in region D4 are shown. (C) and (D) report the width
distribution of region D2 and D3, respectively, for DQB1*06:02 wild type or mutant (A38V) allele, for the
free and bound peptide MHC systems. In inset of (C), the width distribution for predisposing DQB1 wild type
and mutant A38V in complex with EBNA1 in region D2 is shown. In inset of (D), the width distribution for
predisposing DQB1 wild type and mutant A38V in complex MBP in region D3 is reported.
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Fig. 5. Binding cleft width distribution of DRB1 alleles. (A) and (B) report the width distribution of the four
regions for protective DRB1 (DRB1*16:01), for wild type or mutant (G86V) allele pMHC complexes. (C) and
(D) report the width distribution of the four regions for predisposing DRB1 (DRB1*15:01), for the wild type

and mutant (V86G) allele pMHC complexes.
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Fig. 6. H-bond interaction network for peptide-DQB1 complexes. Peptide residues participating in H-bond
interactions are shown as spheres (magenta) and MHC residues are shown in ball and stick (magenta)
representation. The names of functional groups of the residues involved are abbreviated in some cases as
follows: phenol (Ph), imidazole (Imd), amine (-NH2), carboxylic acid (-COOH) and alcohol (-OH). To
distinguish between the main and side-chain functional groups of the residues “*” symbol is used. (A) MBP-
DQB1*05:02 complex (protective MHC allele). (B) MBP-DQB1*06:02 complex (predisposing MHC allele).
(C) EBNA1- DQB1*05:02 complex (protective MHC allele). (D) EBNA1-DQB1*06:02 complex (predisposing
MHC allele). The whole binding groove is shown in cartoon representation (grey), the mutation region
(DQB1 38) is shown in surf (yellow) representation, and peptides are shown in tube representation (MBP
peptide in black and EBNA1 peptide in red).
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Fig. 7. H-bond interaction network for the DQB1 wild type and mutant alleles in complex with MBP peptide.
For details regarding the names of functional groups, see legend in Fig. 6.
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Fig. 8. H-bond interaction network for the DQB1 wild type and mutant alleles in complex with EBNA1
peptide. For details regarding the names of functional groups, see legend in Fig. 6.
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Fig. 9. H-bond interaction network for the DRB1 wild type and mutant alleles in complex with MBP peptide.
For details regarding the names of functional groups, see legend in Fig. 6.
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Fig. 10. H-bond interaction network for the DRB1 wild type and mutant alleles in complex with EBNA1
peptide. For details regarding the names of functional groups, see legend in Fig. 6.
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