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Abstract

This work reports molecular dynamics studies at the receptor level of the immunodominant myelin basic protein (MBP) epitope 87-99
implicated in multiple sclerosis, and its antagonists altered peptide ligands (APLs), namely [Arggl, Ala®"] MBPg;_oq and [Ala®°°] MBPg,_oq. The
interaction of each peptide ligand with the receptor human leukocyte antigen HLA-DR2b was studied, starting from X-ray structure with pdb code:
lymm. This is the first such study of APL-HLA-DR2b complexes, and hence the first attempt to gain a better understanding of the molecular
recognition mechanisms that underlie TCR antagonism by these APLs. The amino acids His®® and Phe® serve as T-cell receptor (TCR) anchors in
the formation of the trimolecular complex TCR-peptide-HLA-DR2b, where the TCR binds in a diagonal, off-centered mode to the peptide-HLA
complex. The present findings indicate that these two amino acids have a different orientation in the APLs [Arggl, Ala®®] MBPg, oo and [Ala®']
MBPs;_go: His® and Phe® remain buried in HLA grooves and are not available for interaction with the TCR. We propose that this different
topology could provide a possible mechanism of action for TCR antagonism.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The immune system is designed to detect the unwanted
presence of invaders, such as bacteria, parasites or viruses, by
continuous sampling of the proteins present both inside and
outside the cells of the body. This is achieved by breaking these
proteins down into short peptides and loading them on to
specialized carriers, the major histocompatibility complex
(MHC) molecules [1]. MHC molecules capture and display
such peptides on the surface of antigen-presenting cells (APCs).
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These bound peptide — MHC complexes (pMHC) are
scrutinized by T-lymphocytes via their T-cell receptor (TCR)
during immunosurveillance [2]. Since T-cells recognizing self-
peptides are eliminated during the process of thymic selection,
those pMHC incorporating foreign peptides are the primary
focus of T-cell mediated immune responses [3,4].

In the human, MHC molecules are referred to as HLA
(Human Leukocyte Antigens), and are encoded by the
chromosome 6p21.3-located HLA region [5]. A robust
association has been established between Multiple Sclerosis
(MS), an autoimmune, inflammatory disease whose etiology
still remains unknown, and alleles of the MHC complex, for
haplotypes representing types of the MHC II molecules [6].
Even though susceptibility to MS is probably mediated by a
heterogeneous array of genes [7], previous studies have
demonstrated that the HLA-DR2b (DRB1*1501) haplotype
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is present at an increased frequency in northern European
Caucasoid patients with MS [8,9].

MHC II molecules are heterodimers comprised of two
subunits, each with a single membrane-spanning anchor [10].
The extracellular segment of the o chain includes ol and o2
domains, and likewise, the 3 chain is composed of 1 and 32
domains. In the mature MHC II molecule, the a2 and (32
domains fold as independent immunoglobulin (Ig)-like
domains, whereas al and B1 fold together, creating a single
antigen-presenting platform. It is in this platform that antigenic
epitopes bind, TCRs recognise them and an immunologic
response is triggered. Although the antigenic components of
myelin in MS have not been identified with certainty yet,
myelin basic protein (MBP) is believed to be one of the main
autoantigens and MBPg;_g9 is encephalitogenic in experimental
autoimmune encephalomyelitis (EAE), the best studied animal
model for MS [11-15].

The ability of a pMHC complex to activate a T-cell generally
correlates with the strength and duration of TCR binding [16].
High affinity of TCR for the pMHC, and long half-lives of
binding have been associated with agonist action, whereas low
affinity of TCR for the pMHC, with weak interactions formed
and decreased half-lives of binding characterize TCR
antagonism. The TCR is an «af3 heterodimeric molecule
consisting of variable and constant Ig domains in which the
complementarity determining regions (CDRs) of the variable
domains comprise the peptide-MHC binding surface. A two-
step mechanism for TCR recognition has been proposed [17].
Initial TCR-MHC interactions, aided by TCR contacts with the
peptide, guide the TCR to its ligand in an orientation that
positions CDR1 and CDR2 loops mainly over the MHC. This is
followed by a final folding of the two CDR3 loops of the TCR
over the peptide. T-cell activation is triggered only on the
formation of stable peptide contacts and agonists deliver
specific signals. Antagonism requires an altered peptide ligand
(APL) to induce bioachemical activity which is inhibitory over
the agonist-delivered signals. CDR3 loops of TCR are highly
flexible and mobile in the unbound state [18] and adopt
conformations that cannot specifically contact peptide residues
without substantial rearrangement. In contrast, the CDR1 and
CDR2 loops are much more rigid, generally showing little or no
rearrangement on binding peptide-MHC. Thus, the TCR may
scan MHC molecules using a “‘lock and key” type of binding
with its CDR1 and CDR2 loops, followed by an induced fit of
its CDR3 loops over the peptide [19].

The crystal structure of HLA-DR2b (DRA, DRB1*1501)
was determined by Smith et al., [20] complexed with MBPg3_g7
(Scheme 1), a peptide from human MBP that was found to be
immunodominant. Val®” and Phe®® of the MBPg; o; peptide
were the primary P1 and P4 anchors for HLA-DR2b binding.
Also, Asn” binds in a polar P6 pocket. Side chains of Ile”® and
Thr®3 bind in pockets P7 and P9 respectively. The numbering of
the amino acids in the peptide follows the convention in the
field in which the residue in the first HLA pocket is 1, and N-
terminal residues are —1, —2 etc. P2 His®®, P3 Phe®, and P5
Lys’! were solvent exposed residues, and identified as TCR
contacts. Hahn et al. [21] have reported the crystal structure

(PDB code lymm) of the trimolecular complex of MBPg;_gg,
HLA-DRB1*#1501, and a human TCR isolated from a patient
with relapsing-remitting MS [22,23]. The conformation of the
pPMHC complex in the two crystal structures is very similar
(RMSDc¢,_c_n: 0.515). This TCR represents one of the best-
characterized TCRs from a human autoimmune disease, and
presents a topology notably different from that of antimicrobial
ones [24-26]. Li et al. [27] have isolated the complex of a
human autoimmune TCR with HLA-DR2a, where Phegg, Lysgl s
Val® and Pro’® serve as TCR contact residues. Both human
autoimmune TCRs contact only the N-terminal region of the
peptide rather than being centred on the peptide-MHC
complex, with the one in complex with HLA-DR2b specifically
contacting the residues P2 His®® and P3 Phe. The N-terminus
of the peptide arches up at the TCR, which contacts the peptide
at the Glu at position —4. It is believed that the aberrant binding
properties increase the probability that autoreactive T cells
escape deletion in the thymus and attack self-myelin.

We used the pMHC complex from the latter crystal structure
for our studies of the binding of HLA to two APLs of the
immunodominant MBPg;_gg that have already been tested and
proved to inhibit EAE induced by guinea pig MBP,4_g5 epitope
[28], namely antagonists. MBPg;_g9 was found to induce EAE,
i.e. to be an agonist, and NMR conformational studies revealed
that one of the most abundant populations present in solution is
similar to the sequence 87-97 isolated from MBPg3 o7 of the
crystal structure [29]. Therefore, this is likely to be the
conformation with which it binds to the receptor and causes the
immunological response. Thus, comparisons of the APL-HLA
complexes to the X-ray structure can be made, in order to derive
conclusion regarding the antagonistic activity. To our knowl-
edge, no other study of APL-HLA-DR2b complexes has been
published, and hence this is the first attempt to provide a deeper
understanding of the molecular recognition mechanisms that
underlie the suppression of EAE by these APLs.

The 3D structures of the linear APLs [Arggl R Ala%] MBPg,_
99 and [Ala®"?°] MBPg, oo (Scheme 1) in solution have already
been described [30,31]. Putative bioactive conformations have
been proposed, i.e. conformations that would enable binding
with the HLA, but fail to activate the TCR and therefore to
trigger an immune response. These conformations were used in
the present study as starting points for interaction with the
HLA-DRB1*1501. It is known that flexible molecules are
deformed when binding to proteins [32], but it is important to
use as an initial conformation one that the molecule can
actually adopt in solution and not one that arises after
theoretical calculations only. The APL-MHC complexes were
then subjected to molecular dynamics simulation (MD) in
solvent, including all domains of the receptor [33], and the
same procedure applied to the MPBg3;_gs — MHC complex, thus
allowing direct comparison of results for agonist (EAE-
inducing) and antagonist peptides (EAE-preventing) and
providing a possible explanation of EAE antagonism. Attach-
ment to the peptide-binding groove of MHC is due to a network
of hydrogen bonds between the peptide backbone and the active
site, and by hydrophobic interactions of peptide side chains and
the pockets of the binding site. These bonds and interactions
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were studied over the course of MD simulation, and the solvent
accessible surface area (SASA) of the bound peptides
calculated. From these calculations, a structural motif for
antagonistic activity was sought, which could ultimately lead to
rational design of potent non-peptide mimetic compounds,
active against MS.

Scheme 1: Primary sequence of the peptides under study. The first residue of the
two epitopes was labelled Val®’ according to Karin et al. [34]. The numbering of
the pdb structure is according to Medline Unique Identifier (UID), and it should
be shifted by two residues (Val¥” of MBPg7 g9 is equal to Val® of the pdb
structure [35]). For simplicitly reasons in this paper we are using only one way
of numbering

Glu®*-Asn®*-Pro®>-Val®®-val®’-His®®-Phe®
-Phe”’-Lys”'-Asn”>-11e”*-Val**-Thr’>-Pro®®-Arg®’
Val®’-His®*-Phe®-Phe®°-Arg”'- Asn®*-I1e”
-Val®*-Thr”-Ala®®-Arg®”-Thr”®-Pro®®
Val®’-His*-Phe®-Phe®®-Ala”'- Asn®2-T1e%?
-Val®*-Thr”-Ala®®-Arg®”-Thr®-Pro”

MBPyg;_97:
[Arg®', Ala®*]MBPg;_go:

[Ala®1**IMBPg;_oo:

2. Methodology
2.1. Molecular dynamics (MD)

All peptide—protein MD simulations were performed with
GROMACS 3.2 [36,37], applying GROMOS96 [38] and
ffG43al force field. The leap-frog algorithm [39] was used
to integrate the equations of motion. LINCS algorithm [40] was
incorporated to impose constraints on bonds and angles, after
an unconstrained update. GROMACS atom types were used
throughout [41-46].

The system was solvated by a space-filling box, which is
surrounded by translated copies of itself, thus applying periodic
boundary conditions and minimizing edge effects, using the
simple point charge spc216 water model [47]. A triclinic unit
cell was used [48], and the distance of the system from the cell
edge (image distance) was 9 A. Periodic boundary conditions
were combined with the minimum image convention, and for
long-range electrostatic interactions PME [49,50] lattice sum
method was incorporated, using a cubic interpolation (4th
order). The charges were assigned to a grid, which was then
Fourier transformed with a 3D FFT algorithm, using a
maximum spacing for the FFT grid of 1.2 A.

Internal forces at any given time were calculated as non-
bonded interactions generated from a dynamic list of pairs of
atoms (neighbor list). The cutoff for short-range neighbor list
was 9 A, and the pair list was updated every 5 steps. Neighbor
searching was performed involving periodic boundary condi-
tions, and a grid search. Electrostatic cut-off was 9 A, van der
Waals cut-off was 14 A. The simulation temperature was
300 K, controlled with the extended ensemble Nose—-Hoover
scheme [51,52] to enable canonical ensemble simulations.

Initial energy minimization was done using Steepest—
Descent algorithm for 1 ps, followed by a position-restrained
MD for 20 ps in order to equilibrate the water around the system
and make it homogeneous. Initial velocities were generated
according to a Maxwell distribution at 300 K with random seed

generator. An MD simulation was then performed for 2 ns,
using a time step for all calculations of 2 fs.

All simulations were performed on a Beowulf cluster [53]
using 16 parallel processors. The trajectories generated were
viewed with VMD [54], coordinates of all frames were saved as
pdb files, and were analyzed with MOE 2005.06 by Chemical
Computing Inc. [55] on a RM 3 GHz Pentium IV workstation.

3. Results and discussion

3.1. Structural characteristics of MBPg3_os complexed with
HLA-DR2b and TCR (pdb code: 1ymm?®°)

Scoring.svl [56] in MOE was used as a tool for analysis and
visualization of direct hydrogen bonds and other non-bonded
intermolecular interactions in the X-ray structure. The results
are presented in Tables 1-3. Each hydrogen bond identified is
characterised by a “relative strength’ percentage, relative to an
“ideal”” hydrogen bond of that type, as computed by the scoring
function of the algorithm. The distance between the two atoms
forming the bond is also calculated. Other non-bonded
intermolecular interactions are also calculated between the
ligand and the remainder of the system, i.e. van der Waals
dispersion forces and dipole—dipole interactions. The atom
names shown are those employed by MOE and are reported in
supporting information.

Due to the orientation of binding of the TCR to the peptide-
HLA-DR2b complex, there are no contacts whatsoever of the
sequence 92-96 with the TCR (Table 3). Several non bonded
intermolecular interactions appear between Vaand V@3 chains
of TCR and the first four amino acids of the ligand, i.e. those
that are engineered out of the APLs. One of the two hydrogen
bonds formed (Table 1) also involves one of these amino acids,
Val®®, and V. The other hydrogen bond is formed between
Phe®! and V. A network of weaker non-bonded interactions is

Table 1

Network of hydrogen bonds formed between MBPg;_o4 and the proteins HLA-
DR2b and TCR in crystal structure. Vo and V3 are the chains of the TCR
molecule, and « and 3 are the chains of HLA-DR2b

Ligand Protein Relative Djstance

atom atom strength (%) (A)

Hydrogen bonds
H(N) val®* 0 Va Gly”® 73 3.0
H(N) val*” 0 a Ser” 85 2.9
HND1) His*® 0O B Thr”’ 4 3.8
o) His®  HND2) B Asn® 13 29
0 Phe®®  HN) V B Ala'® 84 29
H(N) Phe®®  OEl a Gln’® 80 2.7
0 Phe®® H(NE2) o GIn® 40 32
0 Phe®®  H(ND2) o Asn® 14 3.4
H(N) Asn®>  OD1 a Asn®? 100 26
OoDI Asn®?  H(N) B Arg"? 56 2.5
H(ND2) Asn”>  OEl a Glu'! 51 2.8
H(ND2) Asn”? O o Asn®? 78 26
H(ND2) Asn®® OD2 o Asp®® 3 3.6
0 Ile” H(ND2) o Asn® 10 3.4
0 Val®*  H(NE2) o Trp® 60 3.0
H(N) Thr>  OD2 o Asn® 67 3.0
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Table 2

Network of non-bonded intermolecular interactions between the sequence 87—
95 of MBPg3_o6 and HLA-DR2b in crystal structure. o and (3 are the chains of
HLA-DR2b

Ligand residue Protein residue

a o lle o € o lle arne (¢

\V/ 187 1l 7 Ph 24 1l 31 Ph 32 Trp43
BAsn®> B val® B val®®  BPhe®

His®® aPhe>* B Tyr’® B His®!

Phe® aPhe? a Phe*®  «Phe®  oPhe’® o Gly™®
a Ala®  a Ala®  « Asn® B Tyr’®

Phe® a Gln® Arg"? Phe*¢ Phe* Phe*’

70 B ,g71 B 78 B B

B Gln B Ala B Tyr

Lys”! o Val®

Asn®? o Val®

Ile” o Val® B Tyr*® B Phe*’ B Tyr® B Trp®!
B GIn®* B e

Val®* o Val® a Ala®® B Tyr® B Me®’ a lle™

Thr®? a Tle™ a Met” B Trp® B Tyr®® B Trp®

Non-bonded intermolecular interactions (sequence 87-95) with HLA-DR2b.

Table 3
Network of non-bonded intermolecular interactions between MBPg3 o6 and
TCR in crystal structure. Vo and V@ are the chains of the TCR molecule

Glu® Va Thr”’ VB Lys>® VB Tyr*®

Asp® Va Thr”’

Pro® Va Gly*® Va Thr”’

Val®® Va Gly”® Va Thr?’ Va Tyr”® VB Arg?’
Val®® Va Tyr®®

His®® VB Gly'® VB Ala'® VB Asn'*®

Phezz VB Leul9093 VB Thr'® VB Gly'®

Phe VB Ala

Lys”! VB Thr'® VB Ala'®

Non-bonded intermolecular interactions with TCR.

present (Table 2) involving the amino acid sequence common to
our peptides as well, starting from Val®’.

3.2. Molecular dynamics of MBPg3;_os complexed with
HLA-DR2b

MD simulation of the native ligand bound to HLA-DR2b
has been performed for comparison with the complexes of the
two APLs with the latter. This allows us to trace conforma-
tional changes, and to determine an average conformation
against which APL structures can be compared. The crystal
structure of MBPg;_gq complexed with HLA-DR2b [21] was
used as the starting point for MD simulation. The energy of
the system at each time step of the trajectory was calculated
and the ten lowest energy frames were selected, thus avoiding
the risk of getting stuck in a restricted time period and
achieving a better distribution of the sampling of the whole
system. The peptides were isolated from the complexes, and
superimposed onto the conformation in the X-ray structure.
Fig. 1 shows these low energy conformations superimposed
on the Gauss—Connolly surface of the protein calculated using
0.75 A grid and 1.4 A probe radius. Exposed parts are

Fig. 1. Superimposition of the MBPg; ¢ conformations in the ten lowest
energy frames onto the X-ray structure of the peptide-HLA-DR2b complex
after MD simulations. Exposed parts are coloured in red, hydrophilic in blue,
and hydrophobic in green. The conformation of the native peptide is coloured
purple.

coloured in red, hydrophilic in blue, and hydrophobic in
green. A side view of this superimposition of the peptides, as
well as one using the trimolecular complex, is presented in
supporting information.

The Ca RMSD is 1.09 A averaged over the ten structures,
implying that the backbone of the peptides does not vary
significantly. Fig. 1 also shows that the side chains of the N-
terminus of the peptide, i.e. residues Glu —4, Asn —3, Pro —2,
and Val —1 fluctuate, as they are exposed to the solvent and can
move freely. The same is observed for the other exposed
residues: His88, Lysgl, Va194, and Pro”®. Especially for His®
this flexibility is expected, as in the crystal structure it interacts
with TCR, whereas in this simulation solvent surrounds it. As a
result, the intermolecular contacts are absent, and dihedral
angle x1 changes so that the imidazole ring orientates towards a
lower energy conformation. To quantify the alteration in
exposed and buried residues, we calculated the Solvent
Accessible Surface Area (SASA) employing the GETAREA
algorithm [57,58], which calculates total surface area, with
individual contributions from apolar, backbone, and side-chain
parts. A ratio per residue is given between the side-chain
surface area and the “‘random coil”” value. The “‘random coil”
value of a residue X is the average solvent-accessible surface
area of X in the tripeptide Gly-X-Gly in an ensemble of 30
random conformations. Residues are considered to be solvent
exposed if the ratio value exceeds 50% and to be buried if the
ratio is less than 20%, marked as “o”” (for “out’) and ““i”’ (for
“in”’) respectively (Table 4).

Residues that are buried in the X-ray structure (Va187, Phe”®,
Asn®?, Thr”®) remain buried in the lowest energy conforma-
tions, while minor changes are evident in Asn (in position —3)
and Pro’®. It is evident that no major conformational change
occurs and we can use the conformation of the peptide obtained
from the X-ray structure as a realistic representative of the MD
ensemble for comparison with the conformations of the
antagonistic peptides.
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Table 4

Buried (i) and exposed (o) residues of the MBP ligand in the X-ray structure and
the ten frames with the lowest energy after MD simulation. A blank entry
indicates the ratio of side-chain surface area to “random coil”’ value is between
20% and 50%

X-ray 1 2 3 4 5 6 7 8 9 10

Glu® [ o o o o o o o o o o
Asn® o o [ o
Pro® o o o o o
Val®® o o o o o o o o
Val®¥’ i i i i i i i i i i i
.88
His o o o
Phe® i
90 . . . :
Phe i i i i i i 1 i i i i
Lys91 o o o o o o o o o o o
Asn®? i i i i i i i i i i i
93 . R
Tle i i i i
94
Val [ o o o o o o o o o o
Thr” i i i i i i i i i i i
Pro”¢ o o [ o o

3.3. Molecular dynamics of [Arggl, Ala®®] MBPg; g9
complexed with HLA-DR2b

In previous work [30] we proposed an active conformation
of [Arg91, Ala”®] MBPg; o0 using a combination of NMR and
MD studies. The proposed bioactive conformation was used as
the starting point of MD simulation of the [Arg®!, Ala®®]
MBPg;_g9 — HLA-DR2b complex. The sequence similarities of
the APLs with part of MBPg3 o do not necessarily mean they
have similar binding modes, since 4 N-terminal residues are
missing that might induce a shift along the binding groove. The
active site was calculated from the X-ray structure discussed
above, using 4.5 A proximity around the native ligand,
extended to the residues whose atoms were involved. The
bioactive conformation was placed in it by superimposing it
with the native ligand and then deleting the latter. Keeping the
protein fixed, the peptide was subjected to completely
unrestrained energy minimization employing AMBER94

Fig. 2. The ten lowest energy frames after MD simulation of the [Arg®', Ala®®)
MBPg;_ g9 - HLA-DR2b complex. Both the peptides and the receptor are

modelled as cartoon. Subunits a2 and (32 of the receptor are omitted for clarity.

Fig. 3. The lowest energy structure of the complex of [Arg”!, Ala”®] MBPg;_go
(white) - HLA-DR2b, where the receptor is modelled as a surface. The X-ray
structure of MBPg3 o6 (purple) has been superimposed.

[59] force field, to let the peptide move freely and remove
any steric clashes. The coordinates of the resulting system were
used as an input for full MD simulation. The energy of the
system at each time step of the trajectory was calculated and the
ten lowest energy frames selected. These are shown as a
superimposition in Fig. 2. The time values, starting from the
system with lowest energy, are 1813 ps, 1533 ps, 1644 ps,
501 ps, 650 ps, 1490 ps, 1770 ps, 1685 ps, 557 ps, and 1047 ps
(Ca RMSD: 1.208 A).

Fig. 3 shows the lowest energy structure, where the receptor
is shown as the Gauss—Connolly surface of the MOE software,
and the peptide is shown in white. The sequence 83-96 of the
peptide from the X-ray structure has been superimposed (shown
in purple) for a better understanding of the changes in the
conformation.

Large conformational differences between the APL and the
native ligand are evident in Fig. 3. Val®’ in the N-terminus is no
longer sheltered in a hydrophobic pocket, but is exposed to the
solvent. Residues His®® and Phegg, complexed with the TCR in
the X-ray structure, are no longer prominent and solvent
exposed, and hence are not available to interact with the TCR.
The phenyl ring of Phe”” still occupies pocket P4 as in the X-ray
structure. There is a clear change in the backbone at the position
of residues 91 and 92, causing a shift in the residues that serve
as anchors to the receptor pockets. Asn®” remains buried in P6,
but Ile”® no longer occupies a pocket. Val®* now appears to
occupy the pocket P7, and Ala”® occupies P9, since Thr” that
occupies P9 in the X-ray structure is no longer buried.

SASA was again calculated for the ten low energy structures,
and buried and exposed residues of the peptides were identified
(Table 5). The highlighted rows show the major differences
from the native peptide. We can see that whereas primary
anchor Phe®® in P4 and secondary anchor Asn® in P6 are
similar to the crystal structure, secondary anchors in P7 and P9
have shifted due to the substitutions of Lys’' — Arg®' and
Pro”® — Ala%, as well as the truncation of the N-terminus of
the native peptide. Val®* and Ala®® now occupy these pockets.
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Table 5

Buried (i) and exposed (o) residues of the MBP ligand in the X-ray structure,
and the ten lowest energy frames of [Arg®', Ala®®] MBPg;_go. A blank entry
indicates the ratio of side-chain surface area to “‘random coil” value is between
20% and 50%

X-ray [Arg’, Ala’’] MBPgy. g

structure |1 2 3 4 5 6 7 8 9 10
Vals? i e} o o o o
Hig88 o
Phet® st s A2 e = R R
Phef? i|i i i i 1 i i i i 1
Arg?l (LYS) © i
Asn92 1l 4 4 4 2 1 1 I 4 i
Ile%3 o 0o o o 6 o o 0o o o
Val94 Co AT e = 2= 2
Thr95 i || ® o o
Ala®é ~| % 9 3 & & T T F 34 3
Arg®? -lo o o o o o o o
Thro8 -l o e} o o o el
Pro9? - o o o o o o

The changes in secondary structure induced a significant
alteration: the first TCR contact Phe® is buried in all ten low
energy conformations, and even though second TCR contact
His® does not meet the ratio criterion for being classified as
buried, it has a very different orientation with respect to the X-
ray structure, as seen in Fig. 3.

Scoring.svl was again used to identify direct hydrogen bonds
(Table 6) and other non-bonded intermolecular interactions
(Table 7) between the peptide and the receptor in the lowest
energy conformation. Comparison of this data with those for
the native peptide, reveals that all hydrogen bonds previously
formed between the N-terminus of the peptide and the receptor
are absent, as well as all hydrogen bonds involving Asn”?,

Table 6
Network of hydrogen bonds formed between [Arggl, Ala®®] MBPg; o and
HLA-DR2b. o and B are the chains of the receptor

Hydrogen Bonds

Ligand Protein Relative Dijstance

atom atom strength (%) (10%)
H(N) Phe®® OEl a GIn® 86 2.9
0 Phe®* H(NE2) a Gln’ 16 3.4
0 Phe®° H(ND2) a Asn®? 27 3.5
0 Val®* H(ND2) o Asn® 7 3.2
(¢} Thr” OH B Tyr® 47 2.6
H(N) Ala®® 0oD1 o Asn® 84 29
H(N) Arg”’ OD1 B Asp”’ 58 2.8
H(N) Thr® oDl B Asp”’ 44 29

Table 7
Network of non-bonded intermolecular interactions between [Arggl, Ala®f]
MBPg,_g9 and HLA-DR2b. « and B are the chains of the receptor

Ligand residue Protein residue

Val®’ B Thr”” B Tyr’® B His®

His®® aPhe®  « Glu*®

Phe®® a GIn® o Phe?? a Phe? a Phe?
aVal**  aPhe™ o Gly* «Al® B Tyr’®

Phe®° a Gln®  «Phe** B Arg” BPhe* B GIn™
B Al BAla” BAl*  BTh’ B Tyr’®

Arg”! a Ala®' B GIn™

Asn®? B Tyr* B Me®’ B GIn™

Ie”? a Val®® B Ie®’ B GIn™

Val®* a Val®® B Trp’ BPro'" B Tyr’® B Phe*’
BTy  BTrp® B B Ala"!

Thr” aVal®  aAl® BTy B Trp®

Ala”® o Ala®® o lle™ a Met” B Trp’ B Asp”’
B Tyr()o B Trpﬁl

Arg”’ a lle™ B Tyr®

Thr’® a lle™ B Pro*® B Tyr®

Pro” a lle™ o Met” a Lys™ a Arg’® B Pro®

Non-bonded intermolecular interactions between [Arggl,Ala%] MBPyg;_g9 and
HLA-DR2b.

whereas the hydrogen bonds for Phe®® are conserved. Residue
Asn® in chain o of HLA-DR2b forms hydrogen bonds with O
1le®> and NH Thr®’ in the crystal structure; the same residue
forms hydrogen bonds with O Val®* and NH Ala’® in the [Arg”",
Ala’®] MBPg; oo antagonist, confirming the shift in the residues
that occupy pockets P7 and P9.

Concerning the non-bonded interactions, the occupancy of
P7 by Val® is further shown by the fact that most of the residues
with which it forms intermolecular contacts are those that Ile®
contacts in the native crystal structure. Three extra contacts
with residues B Trpg, B Pro'!, and B Ala’! are present, all buried
in the protein’s interior. Correspondingly, the buried residues in
chains a and B of the protein that form P9 and contact Thr”’ in
the X-ray structure, now form contacts between Ala®® and the
receptor in [Arg’!, Ala®®] MBPg,_go, reinforcing our finding
that Ala® is inserted into pocket P9.

The table of interactions shows another interesting aspect,
namely alterations in the orientation of the residues in N-
terminus of the peptide. Val®*’ contacts Tyr’® and His®' of the
receptor’s chain B, whereas these residues contact His”° in the
X-ray structure. Thus it seems that Val®” has swapped places
with His*®, with its side-chain now exposed to the solvent. Only
Ca of His™ contacts o Phe* in the X-ray structure, whereas all
backbone and ring atoms of His®® are involved in the same
interaction in the [Arggl, Ala%] MBPg;_g9 — protein complex. o
Phe’* is a buried residue protein, and this change reveals that
His turns from a fully exposed residue in the native structure to
an almost buried one in this APL complex. Also, Phe® in the
antagonist contacts exactly the same residues in the protein
sequence as Phe”! in the native peptide does, but there are two
extra contacts with residues GIn® and Val** of chain «. Both
these residues are buried deep in the protein’s interior. The
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Fig. 4. The ten lowest energy frames after MD simulation of the [Ala’""%)

MBPg,;_ g9 - HLA-DR2b complex. Both the peptides and the receptor are
modelled as cartoon. Subunits o2 and 2 of the receptor have been omitted
for clarity.

result is that this residue now is overall buried, and not available
for interactions with an approaching TCR molecule.

3.4. Molecular dynamics of [Ala9 1,96 ] MBPg;_g9 complexed
with HLA-DR2b

In previous work [31] we established a putative bioactive
conformation of [Ala®"*°] MBPg; oo using the same method of
NMR and MD studies. As before, this conformation has been
used as the starting point for MD simulation of the peptide —
HLA-DR2b complex. The same method, as described above,
was followed for isolation of active site, constrained energy
minimization, and transformation of the resulting coordinates
into GROMACS input. The energy of the system at each time
step of the obtained trajectory was calculated and the ten lowest
energy frames selected (as shown in Fig. 4). Times values,
starting from the system with lowest energy, are 1374 ps,
684 ps, 1176 ps, 1686 ps, 1525 ps, 1429 ps, 1455 ps, 386 ps,
1401 ps, and 1005 ps (Ca RMSD: 1.495 A).

Fig. 5 shows the lowest energy complex, where the receptor
is shown as a molecular surface, the peptide of interest in
white, and the MBPg;_g¢ X-ray structure superimposed in
purple. The backbone conformational flip found for [Arg®’,
Ala”®] MBPg; oo above is also present in the N-terminus of
this peptide. Val®’ has moved away from the hydrophobic
pocket and is no longer buried, taking the place of His®®
instead. The topology of the side chains of residues His®® and
Phe®® is different than in [Arggl, Ala®®] MBPg; o0, although
once more the residues are no longer prominent and solvent
exposed. In this case they both occupy the same pocket as
Val®” did in the X-ray structure. Moreover, the phenyl ring of
Phe”® remains in pocket P4.

Except this significant conformational change regarding the
first three amino acids of [Arggl, Ala’®] MBPg; o0, N0 major
alteration takes place in the remaining sequence. Residues in
positions 91, 94, and 96 (Ala, Val, and Ala respectively) remain
exposed, and Asn®?, Tle”®, and Thr” still occupy the pockets P6,
P7, and P9 respectively. To quantify buried and exposed

Fig. 5. The lowest energy complex of [Arg®’, Ala?®] MBPg;_qo (White) - HLA-
DR2b, where the receptor has been modelled as a molecular surface. The
sequence 83-96 of the peptide from the X-ray structure has been superimposed
(purple).

residues in the ten lower energy systems, SASA was calculated
for the whole complexes: Table 8 shows the results.

The highlighted rows show the main differences from the
native peptide, as described above. Primary anchor Phe® in P4
and secondary anchors in P6, P7, and P9 remain the same as in
the crystal structure. It seems that the substitution of
Lys’' — Ala®" does not affect the backbone conformation
as drastically as does Lys’' — Arg®!, probably due to the
reduced size and thus minimization of intra-molecular and

Table 8

Buried (i) and exposed (o) residues of the MBP ligand in the X-ray structure and
the ten lowest energy frames of [Ala®°%] MBPg;_go. A blank entry indicates the
ratio of side-chain surface area to “‘random coil” value is between 20% and
50%. See reference 58 for the numbering of the residues

X-ray [ala’ %] MBPg7._35

structure |1 2 3 4 5 6 7 8 9 10
Val®8? dle e e e @ ele e @ @
Hig8t @ || kel st e el R R e
Phe8? sl s s s ol s s Cot s
Phe%0 i|li 1 1 1 1 1 1 1 1 1
Ala’l (LYS) olo o © o o o o o o
Asn9? | ds 4 4 A & L Ii Iz I i
Iled3 i 1 i 1 i i i i 1 i
Val®4 olo 0o o 06 o © 0o o o o
Thr95 1. |4 1 2 A & 14 1 I I i
Ala%6 -lo o o o o o o o o
Arg®? -lo o © o o © 0 © ©o o
Thro8 - L . } i 1 1. & 1
Prof? -lo o 0o 0 0o © 0o © o o
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Table 9
Network of hydrogen bonds formed between [Ala®1°%] MBPg;_go and HLA-
DR2b. « and B are the chains of the receptor

Ligand atom Protein Relative Dijstance
atom strength (%) (10\)
Hydrogen bonds
H(N) Phe®®  OEI a GIn® 71 2.8
o} Phe®®  H(NE2) o GIn’ 55 29
o Phe®® H(ND2) o Asn®> 48 32
H(N) Ala®! OE1 B GIn” 24 3.2
H(ND2) Asn®  OD2 a Asp66 44 3.1
0 Ile”? H(ND2)  « Asn69 37 3.4
0 val®*  H(NEl) B Tmp6l 89 2.8
H(OG1) Thr®  ODI o Asn69 64 2.8
H(N) Ala®®  OD2 B Asp57 50 2.8
0 Thr”®  H(NZ) aLys75 21 3.3

inter-molecular interactions. Changes in secondary structure
once more induce a significant change: the first TCR contact
Phe® is buried in all ten lower energy conformations, and the
second TCR contact His®® meets the ratio criterion for being
classified as buried in seven of them. Only in the conformation
of the peptide corresponding to the system at t = 386 ps (rank 8)
His® is exposed.

3.5. Lowest energy conformation of [Ala®"°]
MBPg; 99 — HLA-DR2b complex

Scoring.svl was applied to the lowest energy complex.
Direct hydrogen bonds identified between the peptide and the
receptor are summarized in Table 9 and other non-bonded
intermolecular interactions in Table 10. Comparison of Tables 6
and 9 reveals that all the hydrogen bonds for Phe®, Ile®?, Val®*,
and Thr’® are conserved, as well as one out of five for Asn®2.

Table 10
Network of non-bonded intermolecular interactions between [Ala°]'96] MBPg7_99
and HLA-DR2b. « and 3 are the chains of the receptor

Ligand residue Protein residue

Val®’ BThr’”

His®® BHis®' B val®

Phe®’ a Gln®  «Phe®?  «Phe®  «Phe®
aSer™ o Phe®* a Glu™® B Tyr’®

Phe®® a Gln® B Arg”®  BPhe®® B Phe
BGIn® B Ala" B Arg”? B Al BTyr’®

Ala9l BGIn™

Asn®? aAla® o Val®

Ie” aVal®® B Trp’ B Pro'! B Tyr* B Phe*’
BTrp® B Ie® B Ala”!

Val®* aval® BTy B Trp® B Ie¥

Thr” aVal® o Asn® o Ile” Trp® Asp”’

60 61 B P B P

BTyr B Trp

Ala”® alle”” BTy

Thr”® a lle™ a Lys” a Arg’®

Pro®” aLys”

This is extra evidence that the topology of peptide backbone is
similar to that of the X-ray structure. Here as well the hydrogen
bonds between the first three residues in the amino acid
sequence and the receptor are lost, due to the altered
orientation.

The table of non-bonded interactions displays alterations in
the orientation of residues in the N-terminus of this peptide.
His® contacts B Val® of the receptor, a deeply buried residue
that interacts with Val®® in the X-ray structure [36]. Also, the
imidazole ring of His” interacts with the exposed ring of B
His®! in the X-ray structure, whereas in the [Ala’®] MBPg7_ oo
— protein complex it contacts the buried carbonyl group of the
same residue. In common with [Arggl, Ala’®) MBPg7_99 —
protein complex, the system under study here also presents a
swap between Val®’” and His.

Phe®® in [Ala’'"°] MBPg, ¢ contacts most of the same
residues in the protein sequence as does the corresponding
residue Phe’! in the native peptide. Two contacts with the
exposed residues Ala®' and Asn®? of chain « are missing, and
instead two new contacts form with residues o GIn® and Ser™*.
As mentioned before, o GIn® is deep in the protein’s interior.
The interactions with Ser’® denote the change of the
orientation of the phenylalanine ring, as Ser’® in the X-ray
crystal is one of the residues forming the hydrophobic
pocket P1.

For amino acids Asn’2, Ile”*, and Thr>® that are buried in
pockets P6, P7, and P9 respectively, most residues forming the
pockets are the same as in the X-ray structure and accordingly
similar hydrophobic contacts are formed. Minor changes
signify the motion of the receptor as well as the peptide during
the dynamics simulation, in order to optimize interactions and
result to more stable peptide — receptor complexes.

3.6. Orientation of TCR contacts His*® and Phe® in the
X ray structure of MBPg;_gs (agonist) with HLA-DR2b and
the low energy complexes with the linear APLs
(antagonists)

From the above structural analysis it is evident that the
amino acids that serve as TCR contacts in the trimolecular
complex of TCR-peptide-HLA (DR2b), i.e. His®*® and Phe®,
have a different orientation in the antagonist analogues [Arg®’,
Ala®®] MBPg; o and [Ala®"?°] MBPg, o0 compared with the
agonist MBPg3 o¢. To quantify the relative change of the
position of the imidazole His®® and phenyl Phe® and Phe®
rings, we measured the angles and sides of the triangle formed
by the centroids of the rings. In all cases, residue Phe®® was
found to be positioned in the hydrophobic pocket P4, thus
forming a common point of reference. These triangles are
shown in Fig. 6, and the lengths of their sides and angles
presented in Table 11. Fig. 7 shows a superimposition of the
sequence His®® - Phe for the three molecules. This data
confirm that the orientation of rings in His®® and Phe® have
altered substantially, whereas Phe” tightly binds in P4 in all
conformations. Both His® and Phe® shift towards the binding
groove. The distance between their centroids is less than half of
the corresponding distance in the X-ray structure.
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[Arg91, Ala86] MBPs7-89 [Arg91, 96] MBPs7-82

Fig. 6. Triangles formed by ring centroids of His®®, Phe®® and Phe®®, for the X-
ray structure of peptide MBPg3 96 and the lowest energy conformations of
[Arggl, Ala®%] MBPg;_g9 and [Ala®"9] MBPg;_g9. Lengths of the sides and
angles between the centroids are shown with green lines.

3.7. Possible mechanism of suppression of EAE by the
APLs [Arg®, Ala®®] MBPg, o9 and [Ala®"*°] MBPg, oo

The APLs [Arg®', Ala”®] MBPg;_go and [Ala®"*°] MBPg; g9
are active against EAE induced by guinea pig MBP,4 g5
epitope. At the same time, [Arg91 , Ala®®] MBPg;_oo [60] and the
single Ala substituted MBPg;_g9 in positions 91 and 96 [61]
efficiently inhibited the proliferative response of human T cell
clones isolated from patients with MS to the native peptide.
Therefore, they were able to bind to human autoimmune TCRs,
causing TCR antagonism. There is no X-ray structure of a TCR-
APL-HLA (DR2b) trimolecular complex, which would allow
us to study the TCR binding over the pMHC and to enlighten
the antagonism shown by the APLs. Thus, we used the crystal
structure of a human autoimmune TCR for comparison. To
date, it was believed that this antagonistic activity is due to the
substitution of the amino acids that serve as TCR anchors. Our
results suggest that there is more to it.

X-ray studies have shown that the TCR from human
autoimmune disease binds to the peptide - HLA-DR2b complex
with an off-centre mechanism, which positions the CDR3 loops
of the TCR over residues His® and Phe” of the N-terminus of
the MBPg3_og epitope [20]. Similarly, the trimolecular complex
of TCR - peptide - HLA-DR2a [27] reveals that the TCR

Table 11

Geometries of triangles formed by centroids of rings of His®®, Phe®® and Phe®,
for the X-ray structure of peptide MBPg;_ o6 and the lowest energy conforma-
tions of [Arggl, Ala’®] MBPg, g and [Ala®"?®] MBPg; oo. d denotes the side
length, c the ring centroid, and a the angle

MBPg; o6 [Arg®!, Ala®) [Ala®19%]
MBPg7_99 MBPg7_99

d (c88—c89) 7.92 A 3.09 A 3.90 A
d (c89-c90) 9.10 A 8.82 A 10.34 A
d (c90-c88) 10.88 A 11.14 A 1143 A
a (c88-c90-c89) 45.7° 18.9° 19.9°
a (c90-c88—c89) 55.2° 45.7° 64.1°
a (c90-c89—c88) 79.2° 115.4° 96°

MBP83-96
[Arg91,Alag6] MBP87-99

[Ala91,96] MBP87-89

Fig. 7. Superimposition of His®®- Phe®*- Phe®® for the X-ray structure of
peptide MBPg3 o6 and the lowest energy conformations of [Arggl, Ala®®]
MBPg;_g and [Ala®!°] MBPg;_go.

primarily recognizes the N-terminal portion of MBP peptide
too. Both these crystal structures, the only ones using TCRs
from human autoimmune disease to date, show a mode of
binding different to that of antimicrobial and alloreactive TCRs,
which bind over the peptide centre. DR2a and DR2b present
completely different MBP residues to TCR as a result of a
three-residue shift in peptide register [27], but it is striking that
both human autoimmune TCRs primarily recognize the N-
terminal, rather than central, portion of the peptide, as do all
other TCRs. It seems that autoimmune TCRs focus on the N-
terminal segment of the MBP peptide, favoring escape from the
negative deletion in thymus.

In the antagonist APLs, our MD studies show that the side-
chain imidazole and phenyl rings of residues His® and Phe®
remain buried in MHC in all low energy conformations. These
findings, along with the fact that the initial N-terminal four
amino acids (Glu-Asn-Pro-Val) of the native peptide have been
truncated, such as there cannot be an ““arching up’’ of the CDR2
loop of the TCR to the MHC molecule, exclude the possibility
of diagonal, off-centered binding of the TCR to the peptide-
MHC complex, and may provide an explanation to the fact that
[Arg®', Ala®®] MBPg; o and [Ala”"°] MBPg; oo present
antagonistic activity. The mode of binding of the TCR to the
APL — MHC complex cannot be the diagonal manner seen for
the native ligand, and must therefore be the conventional mode,
i.e. centred over the peptide — MHC surface. This type of
binding results in an optimal fit and could induce Th2 immune
response and sufficient modification of the cytokine environ-
ment, altering the inflammatory cytokine profile [62].

4. Conclusion

The X-ray structure of a TCR isolated from a patient with
relapsing-remitting MS reveals a different topology than that of
previously determined antimicrobial TCR structures. It con-
tacts only a small segment of the peptide, with its CDR3 loops
over His® and Phe®. It is one of the best characterised TCRs
from a human autoimmune disease and this aberrant binding
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mode provides a possible explanation for the fact that in MS
autoreactive T cells escape deletion in the thymus and attack
self myelin [20]. A second recently determined X-ray of
another human autoimmune TCR shows an off-centered mode
of binding as well, although not so asymmetrical. It is shown
that both human autoimmune TCRs primarily recognize the N-
terminal residues.

We used the HLA-DR2b receptor to study the binding of two
linear APLs, [Arg®', Ala”®] MBPg;_go and [Ala®'*°] MBPg;_g,
in order to derive conclusions regarding their antagonistic
activity. Full molecular dynamics studies in aqueous solvent
were performed for the [Arg”', Ala”®] MBPg;_go — DR2b and
[Ala®199] MBPg;_99 —DR2b complexes, with 2ns simulation
time, using as an initial conformation for the peptides the
putative active one as proposed by our earlier studies [30,31].
The X-ray structure of the peptide — HLA-DR2b complex was
subjected to the same simulation.

In all three simulations, the complexes with the ten lower
energies were studied, including calculation of SASA to
determine whether residues are buried or exposed in each
conformation. For the native X-ray structure complex, no major
conformational changes occurred over the 2ns simulation.
However, for the APLs it was found that once bound to the
MHC, significant changes occur in the orientation of the amino
acids that serve as TCR anchors (Figs. 6 and 7). In both APLs
the TCR anchor Phe® is buried in all conformers. TCR anchor
His®® is buried in 7 of the conformations for the [Alagl’%]
MBPg;_go - DR2 complex, and even though in the [Arg®',
Ala’®] MBPg;_g9 - DR2 complex it does not meet the criterion
for being classified as buried, it has a notably different
orientation with respect to the X-ray structure. Both human
autoimmune TCRs primarily recognize the N-terminal, unlike
all other TCRs that bind over the central portion of the peptide.
It is believed [21] that with that mode of binding the
autoimmune TCRs favor escape from the negative deletion
in thymus.

A possible mechanism of action can be proposed from these
findings, combined with the fact that the APLs lack the N-
terminal sequence that serves as the first contact for the TCR.
The binding off the TCR over the pMHC would be in the
conventional way, inducing an immune response against EAE.
The molecular dynamics studies presented can therefore play a
pivotal role in deciphering the mechanistic processes of this
immunological response, providing detailed information on the
molecular mechanisms underlying peptide-MHC recognition
by TCRs.
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