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Abstract One key step in the immune response against
infected or tumor cells is the recognition of the T-cell
receptor (TCR) by class I major histocompatibility com-
plexes. The complex between the HLA-B8 molecule and the
immunodominant peptide with sequence FLRGRAYGL,
derived from the Epstein-Barr virus, with the LC13 TCR
has been determined by X-ray diffraction. The complex has
been used as a starting point in a molecular dynamics study
in order to investigate the dynamics of the complex asso-
ciation and to explore the specific interactions of the com-
plex formation. The analyzed structures provided evidence
that the peptide adopts an open type f3-turn conformation
close to C-terminal part, which dominates peptide/TCR
interactions. Conformational energy landscape analysis
indicated the presence of two conformational clusters in the
peptide’s structure, underlying the backbone flexibility of
the peptide despite being surrounded by two receptors. The
peptide/MHC/TCR interface was found to hold significant
number of solvent molecules, more specifically the peptide
has been found to have approximately seventeen hydrogen
bonds with water molecules. The molecular dynamics
simulation indicated the disruption of some MHC/TCR
contacts, mainly with the CDR1« loop. However, several
other interactions emerged that resulted in a stable associ-
ation during the 20 ns trajectory, as revealed by the buried
surface area analysis.
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Introduction

The recognition of antigenic peptides (p) bound to major
histocompatibility complex (MHC) by the T-cell antigen
receptors (TCR) is the basis of adaptive immune response.
The biomolecular association of pMHC and TCR triggers
the cytotoxic T lymphocyte activation and results in tar-
geting cell destruction [1]. The molecular interactions that
take place at the pMHC/TCR binding interface is of great
interest. Three dimensional structure of pMHC, TCR,
and pMHC/TCR complexes, provide a unique insight in
atomistic detailed manner of their structure and interactions
[2, 3]. Recognition of pMHC complexes by TCRs follows
complex thermodynamics without a clear “signature” [4,
5]. It is not clear how pMHC/TCR binding leads to T-cell
activation. However, several researchers have proposed the
correlation of this binding process with the dissociation
rate constant [6], or the serial triggering, thus with the
number of events that occur sequentially in the binding
process [7], or with the change in heat capacity [8].

The structure and conformation of a peptide in the
MHC’s binding groove affects significantly the recognition
of pMHC complex by the TCR [9, 10]. Thus, a closer look
to peptide’s and receptor’s conformational features, would
be likely of benefit in our effort to understand the mecha-
nism of pMHC/TCR recognition. Computer simulation of
molecular dynamics is a well-established method for
studying several aspects of biomolecular structure and
function [11-13]. Moreover, biomolecular modeling can
complement experimental studies [14-16] and recent
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studies have been used in order to elucidate dynamics of
immunological complexes [17-22], in epitope prediction
[23], or even more excitingly in patient decision strategies
[24]. Despite the huge progress in parallel computation
during last years, simulation of immunological synapse is
far from being a trivial procedure [22]. However, it offers a
well-tested background for atomistic view in such binding
processes [18, 25]. In addition, many researchers have
applied molecular dynamics simulations to investigate the
energetics of pMHC/TRC complex association [26-28].

In this study, the dynamics of the T-cell receptor LC13
in complex with HLA-B*0801/FLRGRAYGL has been
investigated with molecular dynamics simulation. The
published structure [29] solved by X-ray diffraction, served
as an initial point to set up this study. The results confirmed
the suggested high mobility of the TCR’s loops (comple-
mentary determining regions, CDRs) that interact with
pMHC complex. Moreover, special attention has been
drawn on the peptide’s structure. Under the light of the
current investigation, it is proposed that the Args—Glyg
fragment of the peptide, which is responsible for the pep-
tide/TCR contacts adopts an open type f5-turn conformation
[30]. Despite the many hydrophobic interactions between
the pMHC complex and the CDR3f loop of the TCR, it has
been found that the polar groups at the protein/protein
interface remained highly hydrated, underlying the role of
the water in the complex association and stability.

Methods

Initial coordinates of the complex were downloaded from
Protein Data Bank [31] access code: 1mi5 [29]. Hydrogen
atoms were added with the VMD program [32] and its au-
topsf utility. Topology and force field parameters for all
atoms where assigned from the CHARMM?27 parameter set
[33] Protonation status of Histidine side chains was deter-
mined with the REDUCE program [34]. The TCR/pMHC
complex was centered in a rectangular box with dimensions
101.4 x 90.5 x 174.7 A>. The box was filled with TIP3P
water molecules [35]. Adequate distance between the solute
and the edge of the simulation box is needed in order to
minimize artifacts [36], thus the box dimensions were cho-
sen so that any protein atom had a distance of at least 17 A
with box edges. Crystallographic water molecules (282)
were included in the model. The final system contained
45,369 water molecules. The system was electrostatically
neutralized by with the addition of 53 Na*t and 31 CI™ ions,
respectively, to mimic a salt concentration on 0.1 mM. Total
number of atoms of the whole system was 149,121.
Non-boned van der Waals interactions were gradually
turned off at a distance between 12 and 14 A, Long range
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electrostatics were calculated with the PME method [37].
Non-bonded forces and PME electrostatics were computed
every second step. Pair list was updated every 10 steps.
Bonds to hydrogen atoms were contained with the SHAKE
method [38] allowing a 2 fs time step for the integration.
The system was initially subjected to energy minimization
with 25,000 steps. The temperature of the system was then
gradually increased to 310 K, with Langevin dynamics
using the NVT ensemble, during a period of 30,000 steps,
by stepwise reassignment of velocities every 5,000 steps.
The simulation was continued at 310 K for 100,000
steps (200 ps). During minimization and equilibration
phases, protein backbone atoms (N, C*, C/, O) and oxygen
atoms of crystallographic waters were restrained to their
initial positions with a force constant of 50 kcalmol ™' A2
The system was equilibrated for another 200 ps with the
force constant reduced to 5 kcalmol ™' A72, Finally, 400 ps
of NVT simulation at 310 K were performed with total
elimination of the positional restraints. The simulation was
passed to the productive phase, by applying constant pres-
sure with the Langevin piston method [39]. Pressure was
maintained at 1 atm and temperature at 310 K. Results are
based to a period of 20 ns of this isothermal-isobaric (NPT)
run. Snapshots were saved to disk at 1 ps interval for
structural analysis.

Trajectory analysis was performed with the Eucb [40]
software package. In cases of angle/dihedral statistics, the
Yamartino method has been applied in order to get mean
and standard deviation values [41, 42], as implemented
with the Eucb software [40]. For the calculation of
hydrogen bond interaction a single geometrical criterion
was applied: a hydrogen bond existed if the donor—acceptor
was less than 3.3 A and their donor-hydrogen—acceptor
angle was bigger than 120°. Hydrophobic interactions with
residues with aliphatic or aromatic side chains were also
calculated on a distance basis: two side chains were con-
sidered to make hydrophobic contacts if the minimum
distance between any two carbon side chain atoms were in
proximity of less than 4 A A sequence of four residues
was considered to form a f-turn if the C/—Cj ; distance
was less than 7 A and the C{-C{ ,-C{ ,—C}, ; dihedral
angle was bigger than 90° [43, 44]. As recently has been
proposed, an open type turn might be accepted with
C7-Ct, 5 distances up to 10 A [30]. Structural figures were
prepared with PyMOL (www.pymol.org).

Correlated motions have been estimated from the nor-
malized covariance (correlation) matrix of C* distances.
The matrix’s elements are the correlations in motion of the
residues. Values are (ideally) equal to 1 if two residues
move in the same direction or (ideally) equal to —1 if they
move in opposite directions, and are equal to O if their
motion is uncorrelated. However, in practice, the values are
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spread in the [—1,1] range. The software package Carma
[45] has been used to obtain the normalized covariance
matrix and for principal component analysis.

Calculation of buried surface area (BSA) was performed
with the NACCESS program [46], based on the formula:

BSA = S, + S, — 5. (1)

thus as the difference of the surface accessible area of the
complex (S.) from the sum of the of surface accessible
areas of the pMHC (S;) and TCR molecules (S)),
respectively.

Entropy was estimated with quasi harmonic analysis
based on Schlitter’s [47] and Andricioaei [48] methods.

To facilitate the comparison between the PDB initial
structure and the MD trajectory frames, the naming scheme
of the polypeptide chains was adapted from the PDB file.
Thus, chain A represents the o of the MHC molecule, chain
B represents the 5 (microglobulin) of the MHC molecule,
chain C represents the peptide, chain D represents the o
chain of the T-cell receptor and chain E represents the f3
chain of the T-cell receptor. In this scheme, residue Leu,¢
is the second residue of the peptide sequence and residue
Leugyp is the Leu-94 residue from the TCR’s o chain.

Results
Stability of the Trajectory

The simulation of the pMHC/TCR complex resulted in a
quite stable trajectory, without major conformational tran-
sitions. The radius of gyration of the complex increased
from 38.2 A (X-ray initial structure) to approximately
393 A during the first 3 ns of the simulation. It fluctuated
between 38.2 and 39.5 A and averaged at 38.9(0.2) A for
the rest of the trajectory. The same impression can be
extrapolated from the root mean square fluctuation (RMSF)
of C* atoms and time evolution of root mean square devi-
ation (RMSD) of backbone atoms as they are illustrated in
Fig. 1. The al and a2 helices of the MHC remained also
stable, although some concern has been published about the
disruption of helical structures in small helical peptides [49,
50]. A movie assembled from 200 snapshots of the MD
trajectory (one every 100 ps), can be found as supplemen-
tary material from the website of the publisher, as a visual
demonstration of the dynamics of the pMHC/TCR complex.

Backbone Dynamics of the Peptide

As it can be seen from Fig. 1, the FLRGRAYGL peptide
showed minimal RMSF and RMSD values, for C* and
backbone atoms, respectively. Similarly, time evolution of
backbone dihedral angles remained very close to the initial

values, without any major transition. The RMSD values of
the backbone atoms of chain C (peptide) varied between 0.2
and 1.3 A with average value of 0.68(0.19). These values
are considered rather small and are indicative of stable
structures during MD trajectories. Figure 2 shows the initial
X-ray structure of the peptide along with some snapshots
taken from the MD trajectory and demonstrates the simi-
larity between X-ray and simulated peptide structures.

To further assess this point, the conformational energy
landscape of the peptide has been constructed. It has been
recently argued that dihedral angle principal component
analysis should be used, in place of Cartesian PCA in order
to correctly locate the energy minima [51]. Both methods
have been used, in order to compare their results, which are
shown in Fig. 3. Both methods indicate that the peptide’s
conformation can be clustered in two main clusters. The
separation is more clearly seen in the dihedral PCA plots
(bottom row of Fig. 3). This analysis also suggests the
partial coverage of the conformational space covered
through the 20 ns MD simulation and the incomplete
convergence of the trajectory. The fact that RMS analysis
can not fully uncover the dynamics of biomolecular asso-
ciation and that PCA is needed in order to discriminate the
possible clusters observed through MD trajectories has
been recently pointed out [52]. Fig. 4 demonstrates the
difference in backbone conformation in the two main
clusters. As it can be seen, there is only a 1.5 A displace-
ment of the Glyg:C”* atom that basically discriminates the
two conformers. Such small movements of the peptide’s
atoms in the MHC binding groove can affect drastically
binding affinity or pMHC complexes [53].

The structure of the peptides into the MHC’s binding
groove is (in general) in extended conformation, bulged in
the central part of the sequence which is exposed to TCR
interface. Given the fact that the peptide is surrounded by
receptor residues from all directions, the MHC’s f3 floor and
oy,00 helices and TCR’s CDRs, it is quite surprising that
there was space for conformational “maneuvers”. Thus, as
the PCA was indicative for such a situation, the peptide was
subjected to secondary structure analysis. Analysis of the
initial conformation with the program STRIDE [54] indi-
cated an extended conformation with all backbone ¢ angles
to have negative values ranged from —45° to —123°, and all
backbone  angles to have positive values ranged from
110° to 160°. The only exception was the Alagcs i value
which was found -25°. This exception at position P5 or P6 is
quite common in pMHC complexes, and it is responsible for
the “bulged” conformation in the central part of the peptide.
The results from the secondary structure analysis revealed
an interesting feature, as the peptide was found to form a
f-turn in the 5-8 region for approximately 59% of the tra-
jectory frames. However, it must be noted that a revised set
of descriptors for classification of ff-turns has been recently
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proposed [30], and an open type f-turn, without a hydrogen
bond, can have a distance up to 10 A. If we take into con-
sideration that the maximum Argsc:C*~Glygc:C* distance
was 7.9 A, and the maximum Argsc:C*-Alage:C*~
Tyr;¢:C*-Glyg:C* dihedral angle was 59°, then it can be
considered that the Args—Glygc fragment remained in
stable f-turn conformation for the whole trajectory. The
p-turn was not characterized by a stabilizing hydrogen
bond. If this was a well-characterized normal f-turn, then it
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would be expected that a hydrogen bond would exist
between Argsc:O and Glygc:N atoms. However, detection
of peptide’s hydrogen bonds revealed the Argsc:O was
hydrogen bonded with MHC’s Thry34:0"! atom (Table 2).
Classification based on backbone dihedral angles revealed
that the turn can be of type VIa or IV.

Turn-like structures have been observed in other pMHC
and pMHC/TCR complexes as well. For example, the
decamer peptide KAFSPEVIPMF has been found to form a
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Fig. 2 Backbone alignment of
the peptide’s X-ray structure
(carbon atoms in magenta) with
representative frames of the MD
trajectory (carbon atoms in
green). Snapshots were taken at
4,8, 12, 16, and 20 ns. For the
interpretation of colors in this
figure, the reader in referenced
to the web version of this article
(Color figure online)

Fig. 3 Cartesian (top row) and dihedral (bottom row) principal
component analysis of the peptide’s backbone atoms. The diagram is
a pseudo-color representation of the density function corresponding to
the projections of the fluctuation of the motion on the planes of the
top two eigenvectors. The density function shown is AG = —kgln(p/
Pmax) Where kg is the Boltzmann constant, 7 is the temperature in
Kelvin, and p and p,,,,x are probabilities obtained from the distribution
of the principal components for each structure (frame) from the
molecular dynamics trajectory. The raw data were binned on a square

type VIII S-turn in the region Pros-Ileg when bound to the
HLA-B*5703 MHC class I molecule [55] (PDB code:
2bvo). Also the peptide EENLLDFVRF was found in type
II f-turn when bound to HLA-B*4405 MHC class I mol-
ecule or in type IV f-turn when the pMHC complex
associated with the DM1 T-cell receptor [56] (PDB codes
3dx8 and 3dxa, respectively). However, it must be noted
that type IV or VIII f-turns are not characterized by a
hydrogen bond interaction [43]. Sometimes, the existence
of f-turn peptides in immunological complexes have been

matrix of size N/2 where N is the number of frames of the
corresponding trajectory. a Projection of first versus second dihedral
principal component, b Projection of first versus third dihedral prin-
cipal component, ¢ Projection of second versus third dihedral
principal component, d Projection of first versus second Cartesian
principal component, e Projection of first vs third Cartesian principal
component, f Projection of second versus third Cartesian principal
component. For the interpretation of colors in this figure, the reader in
referenced to the web version of this article

underestimated [57]. Here, a comprehensive look at this
particular feature of peptide’s structure is attempted.
Characterization of the -turn observed in the Args—Glygc
region of the FLRGRAYGL peptide is demonstrated in
Fig. 5.

In order to see of there was any time trend in the for-
mation of the f-turn, the 20 ns MD trajectory was split in
ten fragments of 2 ns each and the occurrence of f-turn
was measured in each fragment. Results of this procedure
are shown at Table 1. As it can be seen, there is no specific
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Fig. 4 Backbone structure of the FLRGRAYGL peptide. Two
conformations are depicted (at 5 and 20 ns) of the MD trajectory to
demonstrate the subtle difference around the Args—Glygc region. A
small displacement of only 1.5 A at the Glygc:C* atom between the
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Dihedral
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(© =

30
6 Dihedral
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Fig. 5 Characterization of the possible f-turn around the Args—Glygc
peptide sequence. Dihedral angles ¢ and i are plotted with red and blue
color, respectively and have been converted in the [0,360] range to
facilitate the time series plots. a Time evolution of ¢, { dihedral angles
of the residue Tyr;. b Time evolution of ¢, } dihedral angles of the
residue Glyg. ¢ 3D plot of the probability of the distance (in A)
Argsc:C*~Glyge:C* and the dihedral angle Argsc:C*Ala..C*~
Tyr;¢:C*~Glyg:C* The probability is shown in the z-axis as percentage
of frames. For the interpretation of colors in this figure, the reader in
referenced to the web version of this article (Color figure online)

time trend in the f-turn formation. The f-turn is the

dominant conformation in the first two parts. Then, for
approximately 8 ns, the f-turn conformation is met to less
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two conformers (dashed line) determines the conformational clusters
identified by PCA analysis: with (colored with magenta) or without
(colored with green) p-turn (Color figure online)

Table 1 Count of f-turn occurrence of the peptide’s secondary
structure, in the Args—Glygc region, for different time frames of the
MD trajectory

Framel Frame2 No of frames
Total Type VIb Type IV

1 2000 1655 956 699
2001 4000 1714 922 792
4001 6000 943 471 472
6001 8000 781 356 425
8001 10000 815 376 439
10001 12000 932 430 502
12001 14000 1068 470 598
14001 16000 1368 622 746
16001 18000 1345 639 706
18001 20000 1223 573 650

than the half of the trajectory frames. During the last 8 ns it
becomes again the dominant conformation. During the
whole trajectory, 6,452 events of turn breaking/formation
have been found. On average, this means that every 3 ps
the conformation changed status.

One interesting thing is the fluctuation observed in C*—
C* distances of residues Phe,¢ and Leug, thus the N- and
C-terminals of the peptide. In order to explore the corre-
lation of residue movements of the peptide, the normalized
covariance matrix of the C* atoms has been computed. All
values were positive and ranged from 0.56 (Phe;—Leugc)
to 0.97 (Argsc—Alagc), indicating a highly positive corre-
lation of atom motions. One thing that can be easily
extracted from the part D) of Fig. 6 (scatter plot of dis-
tances Phe;c:C*~Leugc:C* and Argsc:C*~Leug:C*) is that
there is a correlation between these two distances. The
correlation coefficient of these two quantities is 0.66. One
prerequisite for the formation of a f-turn is the approxi-
mation of the C* of residues at position i,i + 3 to a distance
less than 7 A. Thus, it could be expected that frames with
this conformation will have a more “folded” peptide
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Fig. 6 a Time evolution of Phe;c:C*~Argsc:C”* and Argsc:C*-
Leug:C* distances. Horizontal lines at 12.4 and 10.4 A indicate the
corresponding distances in the X-ray structure. b Time evolution of
Phe,:C*Leuoc:C* distance. Horizontal line at 21.7 A indicates the
corresponding distance in the X-ray structure. ¢ Histogram of distance
distribution between Phe;c:C*Leugc:C* Phec:C*~Argsc:C* and
Argsc:C*~Leugc:C* pairs. d Scatter plot of Phe;c:C*~Argsc:C* and
Argsc:C*-Leug:C* distances. For the interpretation of colors in this
figure, the reader in referenced to the web version of this article
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Fig. 7 Comparison of B factor (B) of peptide’s C* atoms with
entropy (S) of the backbone atoms. B factor values were taken from
the PDB file (Imi5). Entropy per residue for backbone atoms was
calculated with both Schlitter and Andriociaei approximations (see
“Methods” for details). Entropy’s (S) units is J/mol/K. For the
interpretation of colors in this figure, the reader in referenced to the
web version of this article

backbone with shortened Phe;:C*~Leug:C* distance.
Indeed, as indicated from the MD analysis, this is exactly
the case.

From the analysis of Fig. 6, it can be concluded that the
Phe;:C*~Args:C* distance varied considerably during
the MD trajectory and that this was mainly influenced by
the increased mobility observed in the C-terminal part of
the peptide and possibly from the tendency of this part of
the sequence to form a ff-turn structure.

In order to correlate the findings form the MD simula-
tion about the motions of the peptide’s backbone with the
experimental X-ray structure of the bound peptide, the
quasi harmonic estimated entropy of the backbone atoms
has been calculated and compared with the B factor values
[58, 59] of the C* atoms of the peptide. The results are
illustrated in Fig. 7. The correlation of entropy of the
backbone atoms and B-factors was quit good for the
N-terminal part of the peptide but relative poor in
the C-terminal part. Thus, under the light of the current
study, the mobility of the C-terminal part of the peptide is
relatively increased, especially if we take into consider-
ation the physiological temperature of 310 K that the MD
simulation was performed. Moreover, the C-terminal part
of the peptide is responsible for the peptide/MHC inter-
actions and the observed plasticity in TCR’s structure [29]
might influence the peptide’s mobility.

Interactions Between the pMHC and TCR
and the Plasticity of the TCR’s CDR Loops

Most interactions between the pMHC and TCR were
observed at the MHC/TCR interface. This is well in
accordance with the X-ray structure of the complex. The
bound peptide interacted with the TCR only through the
hydrophobic side chains of Alagc and Tyr;c residues. A
considerable mobility of the complementarity determining
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Fig. 8 Backbone alignment of the MHC X-ray structure (colored »
black) with representative frames of the MD trajectory (colored
magenta). Snapshots were taken at 4, 8, 12, 16, and 20 ns. Peptide is
shown in stick representation. X-ray initial structure is colored green,
while structures from the MD trajectory are colored cyan. The CDR
loops of the TCR are also shown with ribbons, from the X-ray
structure and red from the MD trajectory, respectively. For the
interpretation of colors in this figure, the reader in referenced to the
web version of this article (Color figure online)

regions (CDRs) of the TCR has been observed during the
MD trajectory, which is pretty well in line with the
observed plasticity or TCR [29]. The mobility of the CDR
loops is demonstrated in Fig. 8. The mobility of TCR’s
CDR loops is not surprising result of this MD study.
Conformational mobility of CDR loops have been seen in
many pMHC/TCR complexes [60]. The most notable
fluctuations observed during the 20 ns MD trajectory are
discussed below.

The FLRGRAYGL peptide contributed no hydrogen
bond to the TCR (Table 2). Only the Alag—Tyr;¢ part of
the peptide sequence was accessible to the TCR binding
site. Despite the exposure to CDR loops of the TCR and the
availability of five potential sites for hydrogen bonding,
such an interaction did not occur. Backbone N and O atoms
of the Alag—Tyr;¢ region and the hydroxyl group of the
tyrosine’s side chain remained hydrated for 70-90% of the
trajectory frames, leaving no space for direct peptide/TCR
contacts. For the X-ray structure of the complex, it has
been reported that there is a hydrogen bond between pep-
tide’s Glygc:O and Tyrjpog:O" from CDR3f chain. This
hydrogen bond was completely abolished during the MD
trajectory. Although the TCR’s high mobility in CDR
regions can be blamed for this, it is interesting to search for
possible alternative hydrogen bond donors/acceptors for
these two atoms. Thus, it was found that Glyg‘s backbone
carbonyl group preferred to form a hydrogen bond with
Trp147A:N61 atom from MHC’s « chain. Exactly the same
interaction has been found in the pMHC complex [61], thus
prior to the pMHC/TCR association. On the other hand,
Tyr’s side chain was found highly hydrated with at least
one water molecule (or two for approximately half of the
trajectory frames). Gly’s carbonyl group was also found
hydrated in approximately 45% of the frames. However, a
water hydrogen bond was not observed. Most of the water
molecules that interacted with Gly’s carbonyl group they
interacted also with Tyrgop‘s side chain, but not at the
same time. It was more like a ping-pong interchange of
hydrogen bond partners, than a water mediated hydrogen
bond interactions.

Tyr;c's side chain, which pivoted the peptide/TCR
interactions [29], was found to form two hydrogen bonds
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Table 2 Hydrogen bonds between peptide atoms and the MHC
molecule

Table 3 Hydrophobic side chain interactions between the peptide
and MHC or T-cell receptors

eptide eptide 0 O ve.
Peptid MHC PDB MD MHC Peptid PDB % of MD Ave. MD
PhelC:N Tyr7A:OV’ 2.92 30.4 Tyr5gA Phelc 6.4 53.9 4.0 (04)
Phe]C:O TyrlsgA:O" 2.62 97.9 Ile(,(,A 7.5 43.9 4.1 (05)
Leu,e:N Asngz,:0°! 3.02 217  Trpigra 45 324 4.5 (0.8)
Tyrg94:0" 3.13 853  Tyrsa Leuyc 5.9 67.1 3.9 (0.3)
Argzc:0 Asnygq:NP2 3.02 90.2  Phesgs 6.7 62.8 3.9 (0.3)
Argze:N® Aspi564:0°" 4.01 737 Tlegea 4.7 34.6 4.3 (0.5)
ASP156AZO()2 3.93 17.0 A1a150A Tyr7C 5.2 53.0 4.0 (03)
Arg3C:N'7] ASl'l114AZO()l 3.60 36.0 Vall52A 4.8 65.8 3.9 (04)
Ser97A:O"" 5.65 21.8 LCUg]A LGUQC 6.0 69.7 3.9 (04)
Arg; N Tyr;164:0" 3.53 179  Leugsy 7.8 79.0 3.8 (0.3)
Aspys64:0°! 3.21 56.3 Tyrii6a 6.6 50.9 4.0 (0.3)
Asp1564:0% 2.71 80.3  Tyrima 6.4 45.0 4.0 (0.3)
Argse:N Asnggs:0°! 2.93 992 Trpiaa 6.9 93.7 3.6 (0.2)
Argse:N° Asnqg,:0 4.49 33.2 TCR
Aspr44:0°! 2.76 02 M1-1 Leugsp  Alage 43 75.8 3.8(0.3)
Argsc:N™! Aspo,:0°! 430 89.2 Alagoy 3.9 36.4 4.2(0.4)
ASpgA:OJZ 3.18 0.0 Alagor Tyrsc 4.0 84.5 3.7(0.3)
Aspr44:0°! 3.49 15.1 Tyr100E 3.9 46.1 4.3(0.8)
.92
5 ASPMA'OM 2.64 87.2 The inter-residue distance was measured as the minimum distance
Argsc:N' Aspoy:O 4.62 257 between any pair of side chain heavy atoms. The table lists the per-
Aspo A;052 3.06 86.5 centage of the trajectory frames with distance less than 4 A(% of MD
. .yl column) and the corresponding distance in the initialX-ray structure
Argsc:O ThrBA'Oﬁ 2.68 9.5 (PDB column). The average distance measured from MD trajectory
Alagc:0 Glnggg:N ] 3.06 36.5 frames (and standard deviation) is listed in the last column (ave. MD)
Glygc‘:O LyS146AIl\]é 3.31 8.2
TrpinaN 323 772 the MHC. As it is listed in Table 3, the residues L
Leuo:N Ser77A:O" 2.69 69.2 the . S 1t 18 listea 1n lable 3, the resi u.es CUosr
Letog:0°! Asnggy N7 310 476 (CDR3w), Alageg, and Tyrigor (CDR3f) remained very
S~ 6.54 7.0 close to the exposed peptide residues for almost all of the
izt ' ’ simulation time. The average distance values are very close
Thry434:0"" 4.83 26.4 .
L : N 5 66 08.2 to those observed in the X-ray structure.
Lot <07 LySMﬁA'NZ 3’43 80.4 Table 4 lists the hydrogen bonds found between the
cloc: Ays“‘mi\] o 4'55 13'3 MHC the TCR molecules. The interactions between
Shoa: : : Sersgp:0'—Argera:N" and  Thrsgp:O—Gln;ssa:N“  were
Tyrgga:0" 2.89 0.0 . . . .
0 . completely lost during the MD trajectory. After inspection
Thr143A:O" 2.9 0.1

The PDB column lists the corresponding distance in the PDB file
Imi5. The MD column lists the percentage of the trajectory frames
that satisfied the hydrogen bond criteria, distance donor—acceptor
<33 A and angle donor-hydrogen—acceptor >120°

with water molecules for most of the simulation time. In
turn, one or two water mediated hydrogen bonds were
formed with His3sp or Hissgp side chains. The hydration of
the side chains was not an obstacle for the hydrophobic
contacts between Tyr;c and Alaggp,Tyrigor side chains
from CDR3p of the TCR (Table 3). Indeed, these two
hydrophobic residues made significant contacts with the
TCR. As it has been reported for the JM22 TCR [62],
the V domain makes the most dominant interactions with

of several type side chain interactions, it was found that the
formation of a new salt bridge was responsible the inter-
action disruption between the MHC and CDR1a of TCR.
During the MD trajectory, the Argeya‘s side chain broke
the hydrogen bond interaction with Ser,gp:0” and formed a
new salt bridged (which was classified as hydrogen bond
for 52% of the MD time) with the Glusg, side chain. Both
residues lie on the helical part of MHC’s structure and their
i,i + 4 proximity is ideal for side chain stabilization
in helices [50, 63]. The initial distance in X-ray structure
of the pMHC/TCR complex between Arg(,zA:CC and
Glu:grx:C” was 13.9 A, while the corresponding distance in
the X-ray structure of the pMHC complex (PDB code
1m05) was 9.6 A. Side chain flexibility and charged
interactions can accommodate easily such movements of
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Table 4 Hydrogen bonds between the MHC and TCR. The PDB
column lists the corresponding distance in the PDB file 1mi5

MHC TCR PDB MD
Glngsa:0%! Sergop:0y 7.19 56.4
Lysesa:N* Aspsgs:0°! 13.55 63.4

Aspser: 0% 14.17 12.8
Thrgos:0"! Glyg7p:0 2.95 3.5

Throgp:O 3.15 89.2
Glnypa:0 Glnsop:N*2 3.05 0.0
Glngpa: N Glnggz: 0! 2.67 0.0
Thryz,:0"! Glnggs:N* 3.06 4.8
Argroa:N™! Glusyz:0°! 393 65.0

Glus, 0% 2.86 0.5
Argro.:N"? Asns; :0%! 3.37 57.3

Glusyz:0% 4.20 61.3
Alas504:0 Tyrs;p:0" 4.06 82.9
Argys 4N Tyrs;p:0" 7.47 29.0
Glus544:07 Thrs; p:0"! 4.94 33.6

Sers,p:0” 3.68 15.1
Glus44:0°! Argoop:NT 9.99 89.2
Glu;s44:0% Argzop: N 12.03 83.9

The MD column lists the percentage of the trajectory frames that
satisfied the hydrogen bond criteria, distance donor—acceptor <3.3 A
and angle donor-hydrogen—acceptor >120°

approximately 10 A in residues that lie in i,i + 4 positions
in o-helices. However, the disruption of the interaction
between CDR 1o and the MHC must be noted.

Water Around the Peptide

A considerable number of water molecules made hydrogen
bond interactions with the peptide. Table 5 lists the aver-
age number of hydrogen bond interactions that involved
the peptide and water molecules per residue during the MD
trajectory. The peptide, despite being completely sur-
rounded by the MHC and TCR receptors, remained fully
hydrated during the MD trajectory. Approximately, 17
water molecules were found in peptide’s vicinity. Most
polar groups of the peptide made significant hydrogen
bonds with the solvent molecules. This is more evident in
the C-terminal part of the peptide, in line the observed
increased flexibility. The role of water in assisting complex
formation between peptide and MHC molecules has been
very well addressed in the literature [64]. Most of the water
molecules were found around the charged N- and C-ter-
minus of the peptide, as well as the side chain of Tyr;.
Arginine residues at position P3 and P5 contributed only
minor interactions with the solvent, as they remained
deeply bound in MHC’s groove.

@ Springer

Table 5 Average number of hydrogen bonds formed with peptide’s
donor or acceptor atoms with water molecules during the MD
trajectory

Residue Acceptor Donor
Phe, 2.7 (0.6)
Leu, 0.8 (0.4)

Args 1.6 (1.0)
Gly, 1.5 (0.6) 0.8 (0.4)
Args 0.2 (0.4)
Alag 1.0 (0.4) 0.9 (0.4)
Tyr, 2.1 (0.8) 1.5 (0.6)
Glyg 0.4 (0.5) 0.8 (0.5)
Leuy 2.7 (1.6)

Total 8.5 (2.0 8.7 (1.7)

Hydrogen bonds were evaluated with geometrical criteria (see
methods for details). The column acceptor lists the average number of
hydrogen bonds where acceptor was a peptide’s atom and donor the
water’s —OH group, while the donor column lists the average number
of hydrogen bonds where donor was a peptide’s atom and acceptor
the water’s oxygen atom. Values in parentheses indicate standard
deviations

Buried Surface Area

The BSA at the interface of associated biomolecules can be
used in order to explore protein’s structure and function
[65]. Here, the BSA of several parts of the pMHC/TCR
complex has been examined. Thus, the complex was split
in pMHC-TCR, peptide-MHC, peptide-TCR, and MHC-
TCR pairs in order to see the individual contributions in the
BSA ov the pMHC/TCR association. All frames of the MD
trajectory have been extracted and the BSA for each pair
has been computed with the NACCESS program. The
results of these calculations are shown at Fig. 9. As it can
be seen form this illustration, the complex remained stable
throughput the 20 ns of the simulation. The stationarity of
the BSA lines of each one of the four pairs of interacting
species implies that there was no major conformational
change during the simulation time. Interestingly, the
pMHC/TCR interface was dominated by the MHC/TCR
contacts. The BSA of peptide/TCR was approximately only
1/4 of the BSA of the MHC/TCR BSA. This is consistent
with the rearrangement of some residues of the MHC
molecules, after the TCR binding of the pMHC complex to
finely fit the TCR interface [29].

Conclusions

The structures of the pMHC/TCR complexes are charac-
terized by considerable flexibility. As new structures are
solved, this becomes more and more evident. Molecular
dynamics simulations, based on experimentally determined
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Fig. 9 Time evolution of buried surface is between selected parts of
the pMHC/TCR complex. For the interpretation of colors in this
figure, the reader in referenced to the web version of this article

initial conformations of such complexes can help in
investigating the dynamics of the pMHC/TCR assembly. In
this study, a state of art molecular dynamics computer
simulation of the complex between the HLA-B8 molecule,
a peptide that arises from CTL response to Epstein-Barr
virus and the LC13 T-cell receptor has been utilized in
order to elucidate the dynamics of the binding process. The
findings are in general in line with the experimentally
determined structure. However, considerable new insights
have been elucidated.

The peptide’s structure is not static. Despite the big
similarities in peptide’s structure in pMHC and pMHC/
TCR complexes (thus before and after the recognition of
the pMHC complex by the TCR), the current study sug-
gests a more dynamic view of the peptide. The secondary
structure of the peptide can be characterized as open type
p-turn in the region Args~—Glygc. This part of the peptide
made significant contacts with the TCR. Exposed loops and
p-turns are found routinely in protein/protein interfaces.
However, this is the first time that this fact is demonstrated
in a pMHC/TCR interface. This view is enhanced by the
conformational energy landscape analysis of the peptide’s
structure, which indicated the presence of at least two
conformational clusters. This is an interesting finding,
because the peptide is completely “stacked” between the
MHC’s binding groove and the TCR’s CDR loops, thus
having little space for maneuvers.

The peptide made significant number of hydrogen bonds
with the solvent. Approximately, 17 hydrogen bonds were
formed between the peptide and the water molecules. Thus,
both MHC and TCR receptors “see” a fully hydrated
peptide. The solvent does not prevent the recognition, and
plays an important role in stabilizing the structure of the
complex. Similar observations have been made in the
literature for other complexes [66].

Several MHC/TCR contacts showed increased variabil-
ity. Some interactions found in the X-ray structure

disappeared or existed in a weak mode. Some other
emerged through the simulation time, indicating the
dynamic view of the pMHC/TCR association. Further work
in the future should include entropic analysis of this flex-
ibility in order to quantitatively access this mode of pro-
tein/protein association.
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