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Abstract

Mycobacterium avium subsp. paratuberculosis (MAP) infections have been recently linked to
multiple sclerosis in Sardinian population, with amino acid sequence 301-309 of MAP2694
protein possessing a high antigenic potential. Peptide presentation by HLA protein is an
important step in adaptive immune response to pathogens, which is linked to stable peptide-HLA
complex. In this study we focus on two predisposing (*15:01, *03:01) and two protective
(*16:01, *15:02) HLA-DRBI proteins in Sardinian population. We investigate in detail their
binding characteristics to the MAP2694-derived peptide, with the aim to link disease
susceptibility to protein structural-dynamical features and ultimately to molecular mechanisms
contributing to the disease. Using dihedral angle principal components analysis, we observe
distinct chemical configurations and dynamics of the HLA peptide binding, between the
predisposing and protective proteins upon binding. The difference persists in the collective
motion of residues near the amino-terminal region of the peptide-binding groove involving
polymorphic HLA-DRBI1 residue 86. Buried surface area and binding energy estimations also
support the protein distinction, suggesting a preferential peptide binding towards the
predisposing proteins. Finally, water dynamics analysis in the binding groove highlighted the
role of slow water molecules in bridging H-bond interactions between the protein and peptide
residues. Our work demonstrates the ability of molecular simulations to characterize MAP
peptide binding to the proteins associated with multiple sclerosis in Sardinia. Overall, this
distinction between the predisposing and protective proteins can be associated to a biological

mechanism that functionally contributes to disease onset in predisposed individuals.
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1. Introduction

1.1  Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic inflammatory autoimmune disease', wherein nerve myelin
sheets in the central nervous system get damaged or destroyed, possibly leading to permanent
disability. No definite cause of MS and of the wrongly driven immune response are known,
although it is widely believed that the disease onset is due to the combination of a predisposing
genetic pattern and a largely unknown triggering environmental agents.” > Genome wide
association studies identified specific genetic regions associated to MS.* * In particular, these
studies indicated Human Leukocyte Antigen (HLA) genetic region class II DRB1 gene as the
most relevant candidate for direct disease promotion.6'8 The HLA regions codes for the Major
Histocompatibility Complex (MHC) proteins,’ that are hetero-dimer glycoproteins expressed on
the surface of antigen presenting cells. In HLA class II proteins, the binding groove is shaped by
two non-covalently associated polypeptide chains al and 1 that bind and present peptides to T
cell receptors (TCR) for recognition10 and activation of the adaptive immune system’s response
to foreign pathogens. H

1.2 MAP-derived peptide in Sardinia

Sardinia is an Italian island in the Mediterranean sea, which has a high incidence of MS,
commonly attributed to the genetic peculiarity of its population.'? To better understand the role
of HLA-DRBI1 variation in MS, four susceptibility proteins in Sardinian population were

analyzed, namely *03:01, *15:01, *16:01 *15:02 (Fig. 1)."> A notable difference with respect to
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North Europe population is noted: the *15:01 protein is scarcely represented in Sardinia (1.5%),
while proteins *16:01 (19.2%) and *03:01 (21.9%) are very common.' In this study HLA
binding to Mycobacterium avium subp. paratuberculosis (MAP) derived antigenic peptide is
analyzed. MAP is an intracellular pathogen which causes chronic inflammation of the intestine in
animals commonly referred as Johne’s disease in ruminants."”> MAP infection has been
associated to human diseases'®, including Crohn’s disease'’, type 1 diabetes'® and recently to
MS."2* In particular, the presence of MAP specific DNA in 42% of the MS patients in Sardinia
was reported.” Quite interestingly, the specific protein MAP2694 was also found to share high
sequence similarity with chain C of a specific TCR. The same authors also identified a
MAP2694 fragment with a high antigenic index, corresponding to amino acids 301-309.""?! The
immunological assays on MAP2694 peptides®' are based on humoral immunity response (B-cell
driven), and can be related to T-cell mediated immunity, which is the rationale of the modeling
work proposed here.

1.3 Past and present modeling on antigen presentation

. 2223
In our recent studies™

, we have addressed the structural and dynamical comparison of two
HLA proteins (the predisposing *15:01 and the protective *16:01) relevant for MS disease, in
complex with one myelin-derived and one virus-derived peptide. The detailed analysis of their
physicochemical properties evidenced the different binding patterns. In particular, we found the
predisposing protein to be able to bind promiscuously both self and foreign peptides with similar
binding characteristics, while the protective protein displayed a preferential binding towards the
self peptide. These facts suggested that the predisposing protein is able to lead to a functional

and molecular similarity (mimicry) between self and non-self peptides, as presented by HLA and

recognized by TCR, which could erroneously trigger an immune reaction against the wrong
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target.”* Here, we extend our investigation analyzing two predisposing (*03:01, *15:01) and two
protective HLA proteins (*16:01, *15:02), in complex with MAP2694 peptide 301-309 (Fig. 2).

- . 22,23,25
In our previous studies™ ~

we had already investigated myelin-derived 14-mer peptide bound
to three of these four proteins, therefore we focus here in simulating the same MAP-derived
peptide evidenced by immunological assays,”' although 9-mer. This study represents a first step
towards understanding the molecular basis of MAP-linked MS onset. In this work we present an
extended molecular picture of peptide-protein interactions, including: (i) dihedral angle principal
component analysis (dAPCA), (ii) residue collective motions, (iii) global and local flexibility, (iv)

binding groove buried surface area, (v) binding free energies estimation and (vi) water molecule

exchange dynamics bound to the peptide.

2. Methodology

2.1 Peptide-HL A model preparation

The starting structures for the predisposing proteins: DRB1*03:01 the X-ray structure of HLA-
DR3 in complex with CLIP peptide (PDB id: 1A6A), and DRB1*15:01 from HLA-DR2 in
complex with MBP peptide (PDB id:1BX2), were obtained from protein data bank. In cases of
protective protein, where no X-ray crystallographic or NMR structures were available, we
performed Homology modeling, using MODELLER software®, for the proteins DRB1*1601,
DRB1*15:02 using as template the available X-ray structure of DRB1*01:01 in complex with
CLIP peptide (PDB id: 3PDO), which shares a high sequence similarity 94 % with the target
protective proteins. We generated 50 models of our target structure using MODELLER software
and choose the best structure based on lowest DOPE score. The quality of the modeled protein

structure was analyzed using PROCHECK program®’, which assess the stereochemical quality of
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the given structure. This analysis was done using Swiss model web interface.”® For DRB1*16:01
model structure, Ramachandran plot displayed 92.1 % of residues in the most favored region, 7.3
% in the additionally allowed region and 0.6 % in the generously allowed region. For
DRB1*15:02 model structure, Ramachandran plot displayed 92.8 % of residues in the most
favored region, 6.0 % in the additionally allowed region and 1.2 % in the generously allowed
region. The sequence of MAP peptide 301-309 was taken from MAP2694 protein, and the
structure was modeled using the same backbone conformation of CLIP peptide (PDB id: 1A6A)
and side chain was built and optimized using SCWRL program®, which is an advanced
algorithm for predicting sidechain conformation using rotamer library approach.. Subsequently,
we used AUTODOCK software®® to dock MAP peptide in the respective binding cleft of the four
proteins under investigation. At first, we build grid of dimension [60 x 60 x 60], with grid point
spacing of 0.575 covering the HLA peptide binding groove. We used genetic algorithm (GA) and
Lamarckian genetic algorithm (LGA) parameters for conformational sampling of MAP peptide.
In each docking experiment performed, we employed (i) 50 runs with (ii)) 100 random
individuals in the first population, (iii) 25000000 energy evaluations and (iv) 27000000 as
maximum number of generation. The generated conformations of the peptide were subjected to
cluster analysis with root mean square tolerance of 2.0 A and ranked based on docked energy
scores and population. The peptide conformer with lowest docking energy score and higher
population number was selected for performing molecular dynamics (MD) simulation.

2.2 Molecular Dynamics Simulations of MAP-HLA complexes

The missing hydrogen atoms for the MAP-HLA complexes were built using psfgen package of
VMD software’' and using segment command to add hydrogen atoms for the residues based on

the residue definitions from the topology file. The formed MAP-HLA complex system was then
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immersed in rectangular water box, followed by addition of counter-ions in order to have a
neutral system. Further details about the simulation box size and the number of water molecules
for the four protein systems, see supplementary material, Table S1. The TIP3P parameters’ was
used for water molecules and Charmm 27 force-field parameter” was used for the protein and
the peptide. We used propka software®® to assign the protonation states to all the residues of the
proteins, with exception for a-Asp 66 and B-Glu 9 residues which were protonated, in
accordance to a previous MD study.®® For His residue, neutral protonation state was assigned.”*
2335 The simulations were performed both with/without MAP peptide for the four protein
systems. Each molecular system was energy minimized and slowly heated to 310 K in steps of
30 K with initial positional constraints of 50 kcal/(mol A% on C-alpha atoms. Subsequently,
positional constrains was slowly released in steps of 10 kcal/(mol A?). Molecular dynamic
simulation of 100 ns was performed in NPT ensemble with T=310 K, and 1 atm pressure.’®
Further simulation protocol details have been described in our previous works.”> ** All-atom
molecular dynamics (MD) simulations were performed employing NAMD software package’’
on 64 processors cluster.

23 MD simulation analysis

We employ backbone dihedral angles as coordinates to perform principal component analysis™®
for the HLA class II binding site residues (a chain:5-76 and B-chain 5-90) both in presence and
absence of MAP peptide on MD simulation trajectory using CARMA software.” Subsequently
cluster analysis was performed to identify grouping of clusters with the most prominent
configuration. The most populated cluster (Cluster 1, see supplementary material Table S2) was

then analyzed in detail. All possible binding groove conformations present in the Cluster 1 was

used to calculate the average binding groove structure for the cluster. Subsequently, the binding



New Journal of Chemistry

groove conformation with the smallest root mean square deviation value from the average
structure was chosen as a representative structure of the Clusterl.

Correlated motion analysis on the representative protein structure was performed using quasi-
rigid domain decomposition, PISQRD web server.”’ The collective nature of low-energy modes
in proteins suggests that their internal dynamics can be described in terms of the relative motion
of a limited number of rigid subunits.* The dynamical decomposition implemented in the
PiSQRD web server is done by calculating ten lowest energy modes via elastic network model.*?
The best assignment of amino acids into five rigid domains was done automatically by the server
on choosing a desired threshold value (>80%) for the protein internal essential dynamics.

Solvent accessible surface area (SASA) analysis of the peptide-HLA binding groove structures
was calculated using NACESS program.* Denoting by pMHC the complex composed by MAP
peptide p and HLA protein MHC, then the buried surface area (BSA) is calculated as follows:
BSA = SASA (p) + SASA (MHC) - SASA (pMHC). SASA calculations were performed with
200 ps time step, on 100 ns MD trajectory. The H-bonds between peptide-HLA residues were
calculated using a geometrical criteria, with a donor-acceptor cutoff distance of 3.1 A and donor-
hydrogen-acceptor-cutoff angle 130 degree. H-bond that are present for at least 20% of trajectory
time length are reported.

Configurational entropy of MAP peptide inside the binding groove was estimated based on
quasi-harmonic approximation developed by Schlitter* and using CARMA software package.*’
The binding energy of antigenic MAP peptide in the HLA complex was estimated using solvated
interaction energy (SIE) approach,” using SIETRAJ software package.”® We performed
additional MD simulations using AMBER-99 force-field parameters, which is a prerequisite for

SIETRAJ calculations, and utilized 1000 structures of the MAP-HLA complex for the free
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energy calculations. In the SIE method, the peptide-HLA binding energy (AGuying) in aqueous
solution is approximated by (i) an interaction energy contribution (Eiyer) and (ii) a desolvation
free energy contribution (AGyesolv), Which resemble the formalism used in MM-PBSA. Even
though entropy is not included explicitly, calibration of the obtained SIE free energy is done
using 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.
The calculated binding energy values are only rough estimates of true peptide-HLA binding
affinity.

To understand the importance of water mediated interaction, we investigated dynamics of water
molecules bound to the MAP peptide by computing survival probability Ny, (t) for water-peptide
bonds, as described by Sterpone et. al.*’ Furthermore, to distinguish contributions from very
different time scales to water-peptide bond lifetimes we used the following function

F (t) = npage €xp [- (/Trase)] + Ninedium €XP [~ (¢ Tmedium)] + Nstow €XP [- (t/Tsiow)] to fit the survival
probability and extract the different temporal scales (the three half life t).** In this equation, the
first term corresponds to fast regime (tss ~ 15 ps in our simulation), the second term to medium
regime (Tmedium ~ 100 ps) and the last term to slow regime ( Tgow > 500 ps). The variables ngg,
Nmedium and Ny are the average number of water molecules in the three time regimes. In
addition, we also performed 100 ns simulation of MAP peptide in bulk water alone and
calculated survival probability of water bound to MAP residues.

To check the stability of peptide-HLA complexes, root mean square deviation (RMSD) values
for the C-alpha atoms of the binding groove was monitored during MD simulations (see
supplementary material Fig. S1). To provide a reasonable estimate of convergence in our

simulations, we calculated probability distribution of RMSD values (see supplementary material
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supplementary Fig. S2) and also adapted the Good-Turing statistical approach, recently
proposed.” The latter method allows to estimate the probability distribution of unobserved
configurations as a function of RMSD distance between unobserved and observed molecular
configurations in our MD simulations. We observed no significant change in shape of the

probability distribution curves (see supplementary material Fig. S3).

3. Results

3.1 Dihedral angle principal component analysis for the peptide binding groove

dPCA of the HLA binding groove for all the four peptide-HLA complexes, was performed. This
allowed to identify in an immediate way the distinct binding groove conformations explored by
system. In Fig. 3 are the first two principal components for each trajectory snapshot from MD
simulations. Each point in the plane represents, with a good accuracy, a specific configuration
explored by the binding groove during MD simulation. Point density (reported in a color scale)
measures the occurrence of each configuration. We note a distinctive grouping of the binding
groove conformational states (Fig. 3, see supplementary material Table S2). The most populated
cluster in each system, denoted as Cluster 1, represents the most relevant state and corresponds
to a specific chemical configuration of the binding groove, including small fluctuations, as
sampled during MD simulation. Quite interestingly, distribution of HLA binding groove
fluctuations in two molecular systems (*03:01, 15:01) are quite similar (Fig. 3A and Fig. 3B, see
supplementary material Fig. S4), while the protective complexes show quite distinct features
(Fig. 3C and Fig. 3D). In general, in protective proteins Cluster 1 and Cluster 2 are more
populated than the predisposing proteins (see supplementary material Table S2), thus suggesting

a broader phase space exploration by the predisposing proteins.

-10 -
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3.2 Correlated motions of binding groove residues

To provide more insights into the structure-function relationship, the collective motions on a
representative structure (the closest structure to the average one, see Methodology section) in
Clusterl was analyzed. This calculations allowed to classify the binding groove residues into five
different domains, that captured more than 80% of the whole collective motions (See
Methodology section). In Fig. 4, we evidence the residues of the binding groove grouped in these
five domains. A notable difference between the predisposing (Fig. 4A, 4B) and protective
proteins (Fig. 4C, 4D) is observed. This difference is mainly localized in the residues belonging
to chains o and P near the amino-terminal region of the peptide-binding groove. More
specifically, residues B 85-90 are grouped to a 45-53 only for the two protective proteins (Fig.
4C, 4D). On the other hand, residues B 83-90 are found to be grouped to a 25-29 only for the two
predisposing proteins (Fig. 4A, 4B). Finally, we observe residues  9-11 and residues a 67-76 to
be grouped together for the four proteins. Overall, the main difference between the predisposing
and protective proteins is localized in the amino-terminal region of the peptide-binding groove,
where the residues interact in a correlated manner only for protective proteins. This analysis is
also supported by cross correlation matrices of C-alpha fluctuations calculated between all
possible pairs of structures grouped in Cluster 1 (see supplementary material Fig. S5).

33 Flexibility of HLA binding groove and binding energy calculation

To understand the importance of flexibility in peptide binding, the HLA-peptide binding groove
was divided into four regions, denoted as D1, D2, D3, D4, with D1 being the region where the
N-terminal fragment of the peptide is located.” The center of mass distances variation between
selected residues of a- and B-chain were calculated for each compartment, with and without

MAP peptide (Fig. 5). Regarding the two predisposing proteins (*03:01,%15:01) in complex with

- 11 -
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MAP peptide, we observe the distance profile distribution to be right shifted in the regions D1,
D2 and D3, and no change is observed in region D4, with respect to their respective free HLA
simulations (Fig. 5A, 5B). On the other hand, for the protective *16:01 protein in complex with
MAP (Fig. 5C), region D1 displays a narrow unimodal distribution, and the width profile is
observed to be right shifted in the regions D2, D3 and D4, with respect to free HLA. For the
second protective protein, *15:02 (Fig. 5D) complexed to MAP, a slightly different behavior is
observed, with a single broad unimodal width distribution profile for region D1, while the profile
is right shifted in regions D2 and D3 and no change in region D4 was noted, with respect to free
HLA. The most relevant pattern distinction between protective and predisposing proteins is thus
noted in region D1, where pocket 1 is located.

3.4 Configurational Entropy and Binding Energy estimates

We calculated the configurational entropy of MAP peptide in the four protein complexes (Table
1). MAP displayed higher configurational entropy when it is bound to the two predisposing
protein (Table 1). Binding free energy estimates were also performed on the four MAP-protein
complexes (see column 2, Table 1). Overall, the predisposing proteins displayed a slightly
preferential binding to MAP peptide than the protective ones, despite an higher configurational
entropy estimates. In the following sections we will show that these evidences are coherent with
the buried surface area and peptide hydration analysis.

3.5  Buried surface area

To confirm the stability of formed peptide:HLA complex in the four proteins, beyond standard
RMSD analysis (see supplementary material Fig. S1, S2), we calculated the buried surface area
(BSA) of the peptide HLA binding groove (see Methodology section) and monitored it over the

simulation length of 100 ns (Fig. 6). The observed variation (~10%) in BSA over the simulation

-12 -
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length of 100 ns, indicates a stable peptide HLA binding groove in the four protein complexes.”
Quite interestingly, both the predisposing protein complexes result in having a higher BSA with
respect to the protective ones, that is coherent with binding energy estimates.

3.6  Hydrogen bond interaction

We evaluated the H-bond interaction between the MAP and the B-chain binding site residues. In
Table 2, we report the HLA binding site residues which form persistent H-bond interactions with
the MAP peptide. A detailed comparison with the initial starting structure is summarized in
supplementary material, Table S3. We observe a mixture of protein specific and promiscuous
interactions. For instance, we observe the interacting HLA-peptide pairs H81-D301, N82-T303,
T77/N77-T303 and Y60-D309 to be shared among the four proteins complexes. On the other
hand, interacting pairs T12-K307, D28-K307 are specific for the *03:01 predisposing protein,
while the Q64-D309 interacting pair is characteristic of the two predisposing protein complexes.
It is interesting to note that MAP residue N305 is involved in two different interactions, with R13
and D28, only in the protective protein *16:01, while it is engaged in a unique interaction with
Y26, only for the predisposing *03:01 protein, in agreement with antigenic index residue
scoring.'” Finally, we observe MAP residue V306 to interact with binding sites residues R13,
Q70, for the predisposing *15:01 and protective *15:02 proteins, and with residue 71, for the
predisposing *03:01 and protective *16:01 proteins. The only relevant interaction distinguishing
predisposing and protective complexes is confined to pocket 7, where only predisposing proteins
are able to form an hydrogen bond between Q64 with peptide residue D309. This fact is coherent
with an higher binding affinity of the predisposing protein towards the peptide.

3.7  Water dynamics inside binding groove

-13 -
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We calculated the average number of water molecules bound to each peptide residue, and
classified them into three time regimes: fast (t ~15 ps), medium (~ 100 ps), slow (> 500 ps),
based on their survival probability around the peptide during MD simulations, fitted as
superposition of exponential decay terms (See Methodology section). The analysis was carried
for all the four complexes and compared to a reference simulation with MAP alone in bulk water
(Table 3). To extract spatial informations, we divided the peptide in three fragments : (i) N-
terminal (N-ter), comprising residues 301-303; (ii) central, 304-306; and (iii) C-terminal (C-ter),
307-309 (Fig. 2). As expected, we observe 100% of water molecules in fast regime only for MAP
peptide in bulk water, and for the N-ter section in the four complexes. Overall, the emerging
patterns in water dynamics, although distinguishing all the proteins and providing an in-depth
understanding of the water role in mediating interactions, do not give a direct insight in disease
predisposition. For this latter point, the only relevant aspect is that the total peptide hydration
inside the protective proteins is higher than inside predisposing ones, that is coherent with
binding affinities and BSA estimates.

3.7.1 MAP N-ter section (D301, P302, T303)

In all the four complexes, N-ter section is characterized by fast exchange of water molecules, as
observed for the whole MAP peptide in water simulations. Interestingly, we note a slight increase
(~1 water molecule, Table 3), of the average number of water molecules, in the case of the two
protective proteins with respect to the two predisposing ones.

3.7.2 MAP Central section of (R304, N305, V306)

In general, in the central section of MAP peptide we observe ~2-3 water molecules in excess for
the protective proteins with respect to the predisposing ones. Additionally, a difference between

the two predisposing proteins in water dynamics was observed: *03:01 protein is characterized

-14 -
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by only fast (70-80% of total water molecules) and medium (22%) water exchanges, while
*15:01 protein shows only fast (83%) and slow (17%) water exchanges.

Interestingly, the unique water molecule labeled w8194 (Table 4, Fig. 7B) is found to be
involved in H-bond interaction between the peptide residue N305 and *15:01 residues Q70 and
D28. We also observed differences in the water dynamics between the two protective proteins.
Specifically, *15:02 protein is characterized by the absence of medium temporal water
exchanges (Table 3). Moreover, we found two slow water molecules for *16:01 protein and one
slow water molecule for *15:02 protein. These slow water molecules were found to bridge H-
bond interactions between peptide residue N305 and HLA residues Y78, R13 in the *16:01
protein case (Fig. 7C, Table 4), and between R304 and HLA N82 in the *15:02 protein (Fig. 7D,
Table 4).

3.7.3 MAP C-ter (K307, G308, D309)

This region comprises a glycine residue that is sandwiched between two charged amino acids. It
is interesting to note that, unlike the N-ter section, the average number of water molecules bound
to the C-ter section of MAP peptide is higher than in bulk water simulations (Table 4). Similar to
the central section, in *03:01 and *16:01 proteins, we observed the simultaneous presence of all
the three water molecule time regimes. However, we observe an higher percentage of slow water
molecules for the protective *16:01 protein compared to the predisposing *03:01 protein.
Regarding the other two proteins, the water dynamics is characterized by fast (78%) and slow
(22%) water exchanges for *15:01, while we observe only fast water exchanges for *15:02. On
the other hand, we found one slow water molecule for *03:01 protein (Fig. 7A), and two slow
water molecules for *15:01 and *16:01 proteins, bridging interactions between peptide and HLA

residues (Table 4).

-15 -
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4. Discussion

The main objective of our study is to provide a dynamical insight into differences in MAP
peptide molecular recognition operated by the predisposing and protective HLA class II proteins
linked to multiple sclerosis in Sardinia. The four proteins investigated here share a high sequence
identity (>90%, Fig. 1), yet *03:01 and *15:01 are susceptible while *16:01 and *15:02 are
protective against multiple sclerosis, a fact that is not so unusual for autoimmune diseases.*

In our recent work, we had hypothesized that amino acid at position 86 could discriminate the
susceptible and protective proteins belonging to the same HLA serotype subgroup, namely
*15:01, *15:02 and *16:01."° However, the molecular mechanisms by which the protein confer
susceptibility to multiple sclerosis is still debated and show little differences depending on HLA
protein serotype classification.

3153 the authors have suggested the importance of MHC binding groove

In previous studies,
plasticity in the context of HLA peptide complex recognition process by T-lymphocytes via their
receptor. In this work, we were guided by the hypothesis that the dynamics of the peptide is
related to HLA binding groove plasticity, in particular close to the polymorphic residue p 86,
and is able to influence T cell receptor binding and thus differentiate predisposing and protective
proteins. Therefore, a detailed molecular analysis was performed in order to identify
physicochemical differences in MAP binding properties between the predisposing and protective
HLA class II complexes. From dihedral angle principal component analysis, we were able to
identify the most relevant molecular binding groove conformations sampled during MD

simulations. Interestingly, for MAP complexed to the two predisposing proteins, the projection of

the trajectory onto the first two principal component axis displayed similar cluster patterns (Fig.

-16 -
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3A, Fig. 3B, supplementary material Fig. S4). The analysis also pinpoints a higher ability of the
binding groove to sample distinct conformations for the predisposing protein. Moreover, from
correlated motion analysis, a notable difference emerged in the protein dynamics between the
predisposing and protective proteins near the polymorphic residue f 86. In detail, only for MAP
peptide complexed to the two protective proteins, the residues o 45-53 and residues B 85-90,
were found to belong to the same domain (Fig. 4), thus dictating a correlated motion in the
amino-terminal region of the peptide-binding groove. A clear difference between the
predisposing and protective proteins thus emerges from the dynamic picture of binding groove
plasticity near polymorphic residue 3 86, that supports our hypothesis. This fact is coherent with
the observation that polymorphism Gly/Val is able to characterize protective/predisposing
proteins.'* %

In addition, the correlated motion in the protective proteins results in a reduced local flexibility
in region D1, which is marked by a left shifted width distribution profile (Fig. 5). On the other
hand, the higher flexibility observed in region D1 for MAP when bound to predisposing protein
is linked to the higher configurational entropy of MAP (Table 1). The calculation of entropy
upon peptide binding is beyond the scope of this work. Nevertheless, to get some insight into the
entropic aspects of binding we used the peptide configuration entropy inside the binding groove
as a surrogate of the binding entropy. Our results suggest the existence of an entropic threshold>*
(20-30 kcal/mol), that differentiates peptide presentation between predisposing and protective
proteins, and an enthalpy increase to compensate the entropy augment.”* However, an higher
value of entropy of MAP in the binding groove of predisposing proteins was not destructive for
peptide binding, indeed we observed in these cases an higher value of binding free energy (~ 3

kcal/mol) with respect to the protective proteins, that is consistent with a previous peptide-MHC
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binding experiment.”> Concerning free HLA simulations, we observe in the four proteins an
higher flexibility in the amino-terminal region (D1, Fig. 5) of the peptide-binding groove, with
respect to the peptide bound simulations. Indeed, the amino-terminal region has been noted to be
more flexible and involved in significant structural modification in the absence of peptide.56 The
pocket 1 is localized in region D1, relevant for successful peptide molecular recognition,’’ where
the predisposing complexes exhibit a broader binding groove width compared to free proteins;
while the opposite seems to hold for the protective ones. Therefore, steric effect of residual
types, coordinated motion and flexibility analysis confirm that the predisposing proteins are able
to bind slightly better to the MAP peptide than the protective ones, and localize the main source
of this effect in D1 region. This behavior is exactly the same that we observed in our previous
simulation with EBNA1 peptide,”” thus confirming that at least in part multiple sclerosis
susceptibility is linked to an higher ability of the predisposing proteins to recognize pathogenic
invaders.

In general, hydrogen bond network in peptide-HLA class II complexes is considered an
important component in adaptive immune system, including HLA transport process (where
binding with CLIP peptide is required to avoid protein unfolding) that precedes the antigen
presentation step.58 Three binding site residues, Y60, H81, and N82, are found to be involved in
H-bond interaction networks with the MAP peptide residues in all the four proteins (Table 2).
The role of H-bond interactions involving residues 81, 82 has also been demonstrated by
previous experimental studies.”” MAP residue V306, which was predicted to have the highest
antigenic index value'’ displayed persistent H-bond interactions with binding groove residues
R13, Q70 for the predisposing *15:01 and the protective *15:02 proteins, and with the basic

residue R71 for the predisposing *03:01 and protective *16:01 proteins (Table 2). On a careful

-18 -
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inspection, residue Ala at polymorphic position 71 in the predisposing *15:01 and the protective
*15:02 protein (Fig. 1) can explain the absence of H-bond interaction in these two proteins. A
notable difference between predisposing and protective complexes is the presence of a persistent
H-bond interactions between binding site residue Q64 and MAP residue D309 only in the case of
the two predisposing proteins (Table 2).

Buried surface area has been suggested to be an important parameter that controls the intrinsic
flexibility in proteins’, and in particular the reciprocal conformational plasticity resulting in an
optimal binding between the T-cell receptor and the peptide-HLA complex.®® In our case BSA
analysis revealed a higher values of BSA for the predisposing proteins (Fig. 6). Buried surface
area analysis can depend strongly on amino acid sequence. In the four proteins investigated here
(*03:01, *15:01, *16:01, *15:02), we found sequence of *03:01 protein significantly differing
from the other three protein sequences (See Figure 1). Thus this protein is potentially subject to
bias from sequence dependence on the BSA. However, the other three proteins (predisposing
*15:01, protective *16:01 and *15:02) share a very high sequence identity (Figure 1), thus the
noted difference in the BSA must have different reasons, and our analysis pointed to these

60, 61 the author found a

potential distinct contributions. In a previous MD simulation studies,
direct relation between BSA, H-bond interaction and hydration of peptide, and our simulations
confirm a similar relationship. The number of H-bond interactions in the three proteins *15:01,
*16:01, *15:02 were identical (6-7), thus pinpointing a possible link of BSA to peptide
hydration. Indeed, lower values of BSA found in the two protective proteins can be related to a
higher number of water molecules bound to the peptide (Table 2), with respect to the *15:01

predisposing protein. This fact is consistent with slightly preferential peptide-HLA binding

estimate observed for the predisposing proteins (Table 1) and with binding groove distinctive
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flexibility in region D1. On the other hand, water molecules close to peptide-HLA interaction
interface were suggested to play a key role in interactions by contributing to a more favorable

62,63 These authors also showed the different roles

binding of peptides to HLA class I proteins.
performed by water molecules inside HLA class I binding groove. They demonstrated the
presence of water molecules with long residence time, that are the only ones involved in bridging
interaction between the peptide backbone and HLA groove residues.”® The same effect is also
observed in our simulations, with slow water molecules (Table 4, Fig.7) bridging peptide-HLA
H-bond interactions. We confirmed that the slow water molecules, for all the four proteins we
analyzed, contributed to a more favorable peptide binding. The total number of water molecules
bound to peptide was higher for predisposing complexes as expected from our previous
observations.

Immunological assays results for MAP2694 were reported for a 9-mer long peptide,?' and we
selected the same residues for our investigation. We are aware that this does not allow an easy
quantitative comparison with our previous studies of 14-mer self and non-self peptides.”” *
Nevertheless our study confirms some qualitative similarities with the results published and the

susceptibility mechanisms we proposed in the case of myelin and EBNA1 derived peptides. ****

S. Conclusions

Overall, a plausible interpretation emerging from all these modeling evidences is that: (i) MAP
peptide displays a slight preferential binding to the predisposing protein, which thus shows an
higher presentation efficiency and therefore a higher probability of a T-cell activation; (ii) the
higher configurational entropy (Table 1) accompanied by an higher conformational sampling of

the binding groove in the predisposing proteins can be a bonus for subsequent peptide-HLA

-20 -
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plastic adaptation to T-cell receptor;®* (iii) the residues and the dynamical characteristics of the
binding groove region bound to N-terminal peptide fragment, particularly pocket 1, jointly with
pocket 7, play an important role in conferring disease susceptibility. These points converge
towards a molecular picture suggesting an higher predisposing peptide-HLA recognition
efficiency by the T-cell receptor, with a potentially higher T-cell triggering efficiency, eventually
leading to an autoimmune reaction against self proteins.24’ 63

Altogether, the structural and dynamical information gathered from our molecular analysis,
allowed us to characterize the predisposing or the protective nature of the proteins associated to
multiple sclerosis, in complex with MAP peptide. We believe the integration of our results on
physicochemical properties of peptide-HLA interaction with the clinical and experimental data,
their extension to longer antigenic MAP peptides and the quantitative comparison to our previous
results, will lead to a better comprehension of the finest disease susceptibility mechanisms, both

general and protein serotype family specific, and will facilitate the screening of therapeutical

peptides.®®
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Table 1. Configurational Entropy and Binding Free Energy Calculation. MAP peptide

entropy (in kcal/mol) and binding free energy (in kcal/mol) for four MAP-protein complexes.

Protein MAP Binding free
(DRBI) Entropy TAS energy
(kcal/mol) AG (kcal/mol)
*03:01 202 -11.7+£0.6
*15:01 198 -12.9+£0.5
*16:01 168 -10.1+£0.7
*15:02 162 -9.8+£0.6
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Table 2. MAP-DRB1 H-bond network analysis. Only persistent H-bond interactions are

reported together with pocket localization. The conserved interaction among the proteins

is indicated with ALL; empty boxes represent absence of H-bond interaction.

DRB1/Map | D301 | T303 | N305 V306 K307 D309

T12 *03:01

R13 (P4, P6) *16:01 | *15:01,*15:02

Y26 *03:01

D28 (P7) *16:01 *03:01

Y60 ALL

W6l *15:02

Q64 (P7) *03:01,*15:01

Q70 (P4) *15:01*15:02

K71/R71 (P7) *03:01/%16:01

T77/N77 ALL

Y78 *03:01

HS81 ALL

N82 ALL
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Table 3. Dynamics of water bound to MAP peptide. We report the average number of water
molecules (#) bound to MAP residues in bulk water simulation and in four HLA-peptide

complexes. The three time regimes are denoted as fast (F), medium (M) and slow (S).

MAP Bulk
sections | Wwater
#

8.9 67 [ 1000|069 |1 | 0| 0| 79 |[10[] 0] 0] 72 [10/0]| 0
0 0 0 0
0
109 |79 |78 [ 2|0 69 | 8|0 17| 89 |56 |26 | 18| 10 |8 | 0 | 12
2 3
9.1 106 | 78 | 1| 4| 88 | 7[0|22| 105 |8 | 4 |14 | 103 [10] 0 | 0
8 0
28.9 25.6 22.6 273 27.5

-27 -



Table 4. Slow water molecules bridge peptide-HLA interactions. We report slow water
molecules that are involved in bridging interactions between the peptide residues and

DRBI binding groove residues. The sections of MAP peptide that participate are denoted

New Journal of Chemistry

as central (c¢) and C-terminal (cter).

Proteins Water HLA-DRBI1 Map peptide
molecule residue residue
DRB1*03:01 w2960 S13 K307 cter
DRB1*15:01 w8193 Q70, D28 N305 ¢
w6441 W61, Y30 G308 cter
w4393 R13 K307 cter
DRB1*16:01 w8526 Y78 N305 cter
w4456 R13 N305 ¢, K307 cter
w10298 W9 K307 cter
DRB1*¥15:02 w2197 N8§2 R304 ¢

-08 -
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Figure legends

Fig. 1. Sequence analysis of DRB1 proteins. Sequence alignment of the binding cleft  residue

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

(1:90) for all the proteins under investigation with respect to DRB1*16:01.
Residues color is based on polarity. Identical residues with respect to DRB1*16:01 are
indicated by dots, and gaps are indicated by dash.

Antigenic MAP peptide structure (DPTRNVKGD). The peptide backbone is shown
using ball-stick with C-alpha atoms colored in blue.

Dihedral angle principal component analysis of the HLA binding groove. The two
dimensional density maps are shown here and corresponds to the projection of dihedral
angles (®,¥) fluctuations (from MD simulation trajectory) of HLA binding groove
residues on the plane defined by first two principal components (PCI1, PC2).
Conformations with similar fluctuations are grouped into different clusters (circled in
white), with high density shown in blue. The range of values for the vertical axis (PC1)
and horizontal axis (PC2) in the four density maps are the same and lies between [-4.0 to
+4.0] kcal/mol. (A) *03:01 protein, (B) *15:01 protein, (C) *16:01 protein and (D)
*15:02 protein.

Collective Motion analysis. The binding groove is decomposed into 5 domains based on
the collective motion of the residues. Each domain is represented with a different color.
(A) *03:01 protein, (B) *15:01 protein, (C) *16:01 protein, and (D) *15:02 protein.
Binding groove width fluctuation. Probability distribution of center of mass distance of
heavy atoms between the flanking residues of chain A and chain B in HLA-MAP
complexes. The distribution are shown for each groove domain: D1 (a 50-51 and B
85-86), D2 (a 53-55 and B 78-83), D3 (a 50-51 and B 85-86) and D4 (o 50-51 and B
85-86). In black we show the profile for the free protein in the four regions, while in red
for the predisposing protein in complex with MAP and in green for the protective protein
in complex with MAP.

Buried surface area analysis. BSA calculations on the HLA binding groove residues
during 100 ns MD simulations, for the four HLA-MAP complexes are shown here. (A)
*03:01 protein in (B) *15:01 protein in (C) *16:01 protein and (D) *15:02 protein. BSA
values smoothened (every 10th step) in the two predisposing proteins are shown in red

and in green for the two protective proteins.
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Fig. 7. Role of slow water molecules in the binding groove. Slow water molecules involved in
bridging interactions between peptide backbone and HLA residues are shown here. The
HLA binding groove is shown using cartoon representation (white), the peptide backbone
using ball-stick representation, in blue the C-alpha atoms, and the water molecules in Van

der Walls representation.
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Fig.1 Sequence analysis of DRB1 alleles. Sequence alignment of the binding cleft residues (1:90) for all the
alleles under investigation with respect to DRB1*16:01. Residues color is based on polarity. Identical
residues with respect to DRB1*16:01 are indicated by dots, and gaps are indicated by dash.
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G308 D309

N305

Fig. 2 Antigenic MAP peptide structure (DPTRNVKGD). The peptide backbone is shown using ball-stick with
C-alpha atoms colored in blue.
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Fig. 3 Dihedral principal component analysis of the HLA binding groove. The two dimensional density maps
are shown here and corresponds to the projection of dihedral angles (®,W) fluctuations (from MD simulation
trajectory) of HLA binding groove residues on the plane defined by first two principal components (PC1,
PC2). Conformations with similar fluctuations are grouped into different clusters (circled in white), with high
density shown in blue. The range of values for the vertical axis (PC1) and horizontal axis (PC2) in the four
density maps are the same and lies between [-4.0 to +4.0] kcal/mol. (A) *03:01 allele, (B) *15:01 allele,
(C) *16:01 allele and (D) *15:02 allele.
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Fig. 4 Collective Motion analysis. The binding groove is decomposed into 5 domains based on the collective
motion of the residues. Each domain is represented with a different color. (A) *03:01 allele, (B) *15:01
allele, (C) *16:01 allele, and (D) *15:02 allele.
541x400mm (72 x 72 DPI)
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Fig. 5 Binding groove width fluctuation. Probability distribution of center of mass distance of heavy atoms
between the flanking residues of chain A and chain B in HLA-MAP complexes. The distribution are shown for
each groove domain: D1 (a 50-51 and B 85-86), D2 (a 53-55 and B 78-83), D3 (a 50-51 and B 85-86)
and D4 (a 50-51 and B 85-86). In black we show the profile for the free allele in the four regions, while in
red for the predisposing alleles in complex with MAP and in green for the protective alleles in complex with
MAP.
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Fig. 6 Buried surface area analysis. BSA calculations on the HLA binding groove residues during 100 ns MD
simulations, for the four HLA-MAP complexes are shown here. (A) *03:01 allele in (B) *15:01 allele in (C)
*16:01 allele and (D) *15:02 allele. BSA values smoothened (every 10th step) in the two predisposing
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alleles are shown in red and in green for the two protective alleles.
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Fig. 7 Role of slow water molecules in the binding groove. Slow water molecules involved in bridging
interactions between peptide backbone and HLA residues are shown here. The HLA binding groove is shown
using cartoon representation (white), the peptide backbone using ball-stick representation, in blue the C-
alpha atoms, and the water molecules in Van der Walls representation.
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