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Abstract Human MUCI1 is over-expressed in human
adenocarcinomas and has been used as a target for
immunotherapy studies. The 9-mer MUCI1-9 peptide has
been identified as one of the peptides which binds to
murine MHC class I H-2K". The structure of MUCI1-9 in
complex with H-2K® has been modeled and simulated with
classical molecular dynamics, based on the x-ray structure
of the SEV9 peptide/H-2K® complex. Two independent
trajectories with the solvated complex (10 ns in length)
were produced. Approximately 12 hydrogen bonds were
identified during both trajectories to contribute to peptide/
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MHC complex, as well as 1-2 water mediated hydrogen
bonds. Stability of the complex was also confirmed by
buried surface area analysis, although the corresponding
values were about 20% lower than those of the original x-
ray structure. Interestingly, a bulged conformation of the
peptide’s central region, partially characterized as a [S-turn,
was found exposed form the binding groove. In addition,
P1 and P9 residues remained bound in the A and F binding
pockets, even though there was a suggestion that P9 was
more flexible. The complex lacked numerous water
mediated hydrogen bonds that were present in the reference
peptide x-ray structure. Moreover, local displacements of
residues Asp4, Thr5 and Pro9 resulted in loss of some key
interactions with the MHC molecule. This might explain
the reduced affinity of the MUC1-9 peptide, relatively to
SEVY, for the MHC class I H-2K".

Keywords Class I MHC - H-2K® - Homology modeling -
Molecular dynamics - MUC1 - Tumor

Introduction

Major histocompatibility complex (MHC) proteins bind
small peptide fragments derived from pathogenic proteins
and form peptide/MHC (pMHC) complexes [44]. MHC
proteins are divided into two classes: class I (MHC-I) and
class II (MHC-II). The MHC-I consists of a polymorphic
transmembrane heavy chain and F2-microglobulin, which
are non-covalently associated [67]. The proteolysis of
intracellular proteins by the proteasome produces the
majority of peptides suitable for MHC-I binding. In most
cases, peptides of 8—10 residues in length are found in the
binding groove of MHC-L.
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After the first crystal structures of pMHC complexes
were available, [10, 18, 35] it was suggested that peptides
bound to MHC-I with a canonical extended strucure. MHC
class I residues that form the binding groove are responsible
for the specificity of the peptide selection. Six (out of 8-10)
residues of the peptide sequence are accommodated within
the A-F binding pockets of the MHC-I protein [47].
Residues that do not participate directly in binding are
believed to interact with the TCR.

Human mucin, MUCI, is a membrane-bound glyco-
protein, expressed on the surface of epithelial cells. It is
often overproduced and/or underglycosylated in adeno-
carcinomas (breast, ovary, colon, lung, kidney, etc) and is
present in the serum of cancer patients. MUCI is
immunogenic in mice and in humans, with both humoral
and cellular immune responses being induced by MUCI1-
based vaccine constructs [53, 54]. MUCI mucin partly
consists of a variable number of tandem repeats region of
the consensus sequence '"PDTRPAPGSTAPPAHGVTSA?*®
which is repeated 40-80 times [22]. The majority of
anti-MUCI1 antibodies recognize sequences within the
SA'PDTRPAP’ region [12, 43, 63, 64]. The SAPDTRPAP
(MUCI1-9) 9-mer peptide was also found to be presented
by MHC-1 H-2K® and to be immunogenic [4]. MUC1-9
binds with low affinity to H-2K” [4] via a noncanonical
mode and it was suggested that the C-terminus of the
peptide looped out of the peptide binding groove [3, 5].

Computer simulation of molecular dynamics is a well
established method for studying several aspects of
biomolecular structure and function [2, 24, 29, 55]. In
recent years such computational approaches have been
increasingly incorporated in drug design [21], in immuno-
logical reasearch [34, 38, 52] and also to peptide/MHC
complexes [30, 41]. Moreover, biomolecular modeling can
complement experimental studies [59] and can elucidate
dynamics of immunological synapse [61], allows to study
the dynamics of a peptide bound to antibody [51, 56], could
be used to model disulphide peptide complexed proteins
(i.e., C8~ [50]) or even more excitingly to help in clinical
decision making [46].

Modeling of the MUC1-9 peptide with both murine and
human MHC class I, H-2K® and HLA-A2 respectively have
been previously performed [5], based on a simulated
annealing protocol and high temperature molecular dynamics
[13]. That work was a considerable progress in our
knowledge of peptide/MHC interactions in the MUCI1-9
case and provided a possible structural explanation of the
antibody binding of MUCI peptides presented by the MHC
molecules. However, modern progress in computational
biophysics, accompanied with the big enhancement of
available computer power, can be utilized to further improve
the computer-generated model of the MUCI1-9 peptide
complexed the MHC class T H-2K".
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Here, we present a homology modeling and molecular
dynamics approach of MUC1-9 (SAPDTRPAP) in complex
with MHC class I H-2K". Since the initial conformation
was modeled rather than taken from an x-ray structure, we
chose to perform two indepent simulation runs, to obtain
more robust results. Longrun dynamics, inclusion of the
whole MHC molecule and explicit representation of solvent
have been utilized in order to more accurately picture the
MUCI1-9 structure and interactions with the MHC mole-
cule. Such an approach has been suggested to give more
reliable results in MD investigations [41, 59]. Our results
suggest that this was a beneficial approach in the current
study, and has given insights into the peptide binding mode
of the MUC1-9.

Methods

Initial coordinates for the SEV9/MHC complex were
downloaded from Protein Data Bank [9], access code:
1kpv. The original peptide from sendai-virus, FAPGNYPAL
was mutated to SAPDTRPAP, whilst MHC molecule
remained untouched. The SEV9 peptide was selected from
other candidates due to its homology with the MUCI1-9
peptide. Pro residue homology in positions P3 and P7 was
also crucial for selection. Since the backbone dihedral angle ¢
of Pro residue is restrained, it is preferable to choose a
peptide that has the same residue in these positions. Ideally,
it would be perfect to also have alignment for position P9,
however there was no such option. Topology and force field
parameters for all atoms were assigned from the
CHARMM22-CMAP parameter set [32, 33]. It has been
noted that addition of cross terms with CMAP potential
improves the system parametrization and helps to avoid
undesired backbone helical transitions [11, 49].

Hydrogen atoms were added with the VMD program
[27] and its autopsf utility. Protonation status of Histidine
side chains were determined with the REDUCE program
[62]. The peptide/MHC complex was centered in a
rectangular box with dimensions 95.7x88.3x102.9 A°.
The box was filled with TIP3P water molecules and
neutralized with the addition of 26 Na" and 20 CI™ ions
respectively, to approximate a 0.1 mM ion concentration.
Crystallographic water molecules (345) were also included
in the model. The final system contained 24429 water
molecules. Total number of atoms of the entire system were
80598.

Non-bonded van der Waals interactions were gradually
turned off at a distance between 12 and 14 A [65]. Long
range electrostatics were calculated with the PME method
[14]. Non-bonded forces and PME electrostatics were
computed every second step. Pair list was updated every
10 steps. Bonds to hydrogen atoms were constrained with
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the SHAKE method allowing a 2 fs time step for
integration. The system was initially subjected to energy
minimization with 5 000 steps. The temperature of the
system was then gradually increased to 310 K, with
Langevin dynamics using the NVT ensemble, during a
period of 3 000 steps, by stepwise reassignment of
velocities every 500 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 ' A™2. The system was equilibrated for further
200 ps with the force constant reduced to 5 kcalmol ' A7,
Finally, 400 ps of NVT simulation at 310 K was performed
with total elimination of the positional restraints. The
simulation was passed to the productive phase, by applying
constant pressure with the Langevin piston method [17].
Velocities were re-initialized and two independent trajecto-
ries were produced (trA and trB). Pressure was maintained
at 1 atm and temperature at 310 K. Results are based to a
period of 10 ns of this isothermal-isobaric (NPT) runs.
Snapshots were saved to disk at 1 ps interval for structural
analysis.

The initial structure of the SEVO/MHC complex (PDB
code lkpv) were also simulated under identical conditions
for comparative analysis (tr0 trajectory).

Trajectory analysis was performed with Eucb [50, 57]
and Carma [23] software packages. Secondary structure
analysis was performed with STRIDE [20]. Circular data
statistics (dihedral angles, etc) were calculated with
appropriate corrections [1, 15]. Structural figures were
prepared with PyMOL (www.pymol.org).

Burried surface area calculation

Calculation of buried surface area (BSA) was performed
with the NACCESS program (http:/www.bioinf.manchester.
ac.uk/naccess/), based on the formula:

BSA =S, + S, —S. (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 peptide (S,) and MHC molecule (S,) respectively.

[-turn classification

O-turn classifications were based on geometrical character-
istics of the backbone conformation [28]. Initially, a S-turn
was accepted if d(C?—C%,) <7A and |a (CZ—C? —
C?, —Cf3)] <90°, where d is the distance and a is the
dihedral angle between the corresponding atoms. Further

classification of the [-turn was based on hydrogen bond

patterns and backbone dihedral values of the i+1 and i+2
residues.

Instant water count number

In order to identify isolated (from the bulk) water molecules
in the peptide/MHC interface the instantaneous water
coordination number (N,.) approach [42] was used. This
method counts the water oxygen atoms within a range
(typically 3.5 A) of any water oxygen atom, which is
actually the first hydration shell. The (V.) can be found
between 0 and 15, depending on the local structure of
water. In the bulk water this number is always greater than
3, while in the protein interior is O to 2. This implies that a
water molecule has no other water neighbors and it is inside
the protein interior. The N, is measured for all the MD
trajectory and isolated water molecules are identified if the
N, value is small for a prolonged period of time. In the
current study, a search of water molecule with N.<1 for at
least 70% of the MD time has been performed.

MM-PBSA calculation of AGp;,ging
The binding free energy of the association of two molecules

(A+B—AB) can be estimated, according to the MM-PBSA
approach [31, 60], as:

AGhinaling = GAB - GA - GBa (2)
where:
AG = <EMM> + <Gsolv> —T8S. (3)

In the above equations, (.) denotes average value for a a
set of snapshots along a molecular dynamics trajectory,
while E,;, is the molecular mechanics energy of the ith
molecule in the gas phase, namely the sum of f internal
bonded energy (comprising bond, angle and dihedral
terms), van der Waals and electrostatic interactions. G,
is the solvation free energy of the ith molecule. 3This term
can be estimated as the sum of the electrostatic solvation
free energy calculated by the Poisson—Boltzmann equation
and the non-polar solvation free energy calculated from the
SASA.

Hence, the binding free energy is:

AGi = <AEMM> + <AGsalv> —1T8. (4)

The average properties can be computed directly from the
MD trajectory snapshots. In the current study, the last 5 ns
were used, assuming that equilibrium was reached after the
first 5 ns of the simulation. 5000 structures were utilized for
the SASA and E), ,, calculations, while 50 structures (one
every 100 frames) were used for the calculation of the G/
with the APBS [7, 16] software.
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Results and discussion
RMSF and RMSD analysis

Root mean square fluctuations (RMSF) of the C* atoms of
the MHC and peptide chains, as well as the time evolution
of the root mean square deviation (RMSD) of the backbone
atoms (N, C%, C’) of the MHC and peptide chains, during
both MD trajectories, trA and trB respectively, are shown in
Fig. 1.

In both trA and trB cases, RMSF profiles of chains A
and B from the MHC molecule were almost identical,
which indicates the robustness of the study. RMSF values
were between 0.5 and 2.0 A, which is quite common in
similar MD studies of protein complexes around equilibrium.
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Fig. 1 Root mean square fluctuation (left column) of C* atoms and
root mean square deviation (right column) time series of backbone
atoms (N, C% C’) of the pMHC complex after fitting the
corresponding atom positions from MD trajectory to initial (X-ray)
coordinates. Results from different trajectories (tr0, trA and trB) are
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Similarly, RMSD time series were also very similar for chain
A and B, with only a small exception of the trA trajectory:
RMSD values escaped from stationarity around 4 ns in trA,
and a small peak of RMSD 2.8 A was observed. In general,
both trajectories were quite stable, Fig. 1. Time series of
RMSD fluctuated around 1.5-2.0 A for chain A and around
1.0 A for chain B. If we take into consideration the
simulation temperature (310 K) these values are considered
small, indicating the stability of the complex. Moreover,
there is strong evidence that the MHC molecule did not
undertake significant conformational changes upon mutation
of the peptide residues [18, 35]. This is in accordance with
other X-ray studies of the H-2K” MHC class-I molecule with
different nonamer peptides in the binding groove. These
observations corroborate our hypothesis that homology
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indicated with different line colors. a) RMSF of MHC chain A, b)
RMSF of MHC chain B, ¢) RMSF of MHC chain P (peptide), d)
RMSD of MHC chain A, ¢) RMSD of MHC chain B and f) RMSD of
MHC chain P (peptide)
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modeling coupled with molecular dynamics simulations
produces a reliable model of the MUC1-9/H-2K” complex.

Peptide’s RMSF values of C% atoms showed an
interesting differentiation between trA and trB trajectories.
While values of 0.5-1.0 A were recorded for residues 1-7
in both cases, trA trajectory showed increased values of 1.5
and 2.0 A for residues 8 and 9 respectively. In trB
trajectory, RMSF remained close to 1.0 A for all residues.
Values in the order of 2.0 A are still considered relatively
small, however, the differentiation is notable. Since this fact
was observed in only one of the two trajectories, it could be
considered as a relative random effect of the simulation. On
the other hand, it definitely indicates that the peptide
binding to the MHC groove is not so tight at the C-terminal
region, as previously has been suggested [3, 5].

Peptide’s RMSD time series of backbone atoms were
very similar in both cases. RMSD values ranged between
0.99 and 2.1 A and averaged at 1.46 (0.16) A for trA,
whilst the RMSD values ranged between 1.04 and 1.69 A
and averaged at 1.36 (0.09) for trB case. There is only a
minor difference between these two profiles: trB trajectory
showed slightly smaller values with smaller standard
deviation of the time series. This is possibly due to
increased fluctuation at the C-terminal end in trA. However,
as it was previously noted for chains A and B of the MHC
molecule, RMSD profiles of the peptide corroborate the
stability of the trajectories and the validity of the proposed
model.

Peptide backbone dynamics

Backbone conformations play an important role in peptide/
MHC binding [8, 35]. Here we present a detailed analysis
of the peptide’s backbone conformation.

Figure 2 displays the distribution (Ramachandran map)
of the backbone dihedral angles ¢,y of peptide residues in
the region 2—8. It is evident that, for most of the residues,
the backbone dihedral angles show very similar distribu-
tions in the trA and trB trajectories. The only exception
comes from the Ala8 residue. As it has been noted, the C-
terminal residues showed increased mobility (higher RMSF
values), and this is very well reflected in the distribution of
its backbone dihedral angles.

Backbone dihedral angles of Ala2 and Pro3 residues
were very well conserved during both MD trajectories. For
the great majority of the trajectory frames, all dihedral
values were found within 0° of the initial values.

Asp4’s backbone ¢,y dihedral angles were —120° and
153° respectively in the initial structure. Contrary to the
Pro3 case, Asp4 residue experienced a significant move to
its backbone ¢ dihedral angle. Time series of this angle
fluctuated between —30° and —122° and averaged at
—69°(11°). Only 35% of the trA frames and 55% of the

trB frames remained within 30° of the initial value.
Similarly, backbone w angle averaged at —35°(12°). Thus
Asp4 residue showed (in total) an approximately 100°
move in backbone dihedral angles. It could be considered
that Asp4 represents a first differentiation between the
crystal structure of the reference peptide and the MUC1-9
peptide studied here.

Thr5’s backbone ¢, dihedral angles were 74° and 48°
respectively in the initial structure of the SEV9 peptide. A
positive ¢ angle, although abnormal in other cases, is not
uncommon in peptide’s conformation of other peptide/
MHC complexes. For example ¢ angle of residue Ser5 was
found to be 60° in SRDHSRTPM (YEA9) peptide [6].
During both trA and trB trajectories, the sign of backbone ¢
dihedral angle of residue Thr5 changed quickly and the
residue adopted backbone ¢ angles close to —150° (Fig. 2).
Time series of Thr5’s ¢ angle averaged at —151°(22°) in
both trA and trB trajectories. Negative values of ¢ at
position 5 have also been observed in other crystal
structures of peptide/MHC H-2K” complexes. For example,
in the SSYRRPVGI peptide from influenza A virus, the ¢
angle of Arg5 was found to be —67° (PDB access code 1wbz)
[36]. The identical results obtained in both trajectories
underline the robustness of the found values for Thr5’s ¢
angle. Backbone dihedral w of Thr5 averaged at 162°(65°)
and 160°(49°) in trA and trB trajectories respectively.
Average values are approximately 115° different from the
initial value.

Arg6’s backbone ¢,y dihedral angles was —59° and 107°
respectively in the initial structure. Similarly to Thr5,
backbone dihedral angles were altered during MD trajectories.
Average values of ¢ angle were found to be —129°(14) and
—128°(13°) in trA and trB trajectories respectively. Average
values of y angle were found to be 153°(17°) and 151°(12°)
in trA and trB trajectories respectively. Only 47% of
trajectories frames in trA and 30% in the trB retained
backbone dihedral angles within 30° of the initial values.

Residues Pro7, Ala8 and Pro9 showed minimal fluctua-
tions of their backbone dihedral angles. The presence of
two proline residues left little space for maneuvers in this
part of the peptide’s sequence.

The [-turn structure in the peptide’s structure is an
interesting finding of this study. Hairpin and [-turn
structures in peptides bound to MHC molecules have been
identified in the case of MHC class II molecules [66].
However, this happens to the peptide’s region that is
outside of the binding group. In the current study, we have
identified a very interesting case of [J-turn in the central
region of the peptide, covering residues Pro3 to Arg6. This
sequence has been found in (-turn conformation for 50 and
77% of the simulation time, in the trA and trB trajectories
respectively. We did not observed any intra-peptide
hydrogen bond stabilizing this [-turn. Table 1 lists the

@ Springer
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Fig. 2 Ramachandran plot of
backbone dihedral angles of the
peptide. Horizontal axis is for ¢
and vertical axis is for y angle
respectively. The plots represent
propability density maps, z-axis
is the percentage of frames
found within 10° dihedral angle
bin. The adjacent color bar is
used to identify regions of low
(gray) versus high (blue)
populations
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Table 1 Backbone dihedral angles in the region Asp4-Thr5 of the
MUCI1-9 peptide, where a 3-turn was found in the MUC1-9 peptide.
Corresponding region of the SEV9 peptide is Gly4-Asn5. Column
PDB lists the corresponding values from the crystal structure of the
SEV9 peptide, with the residues Gly and Asn at positions 4 and 5
respectively. Averages values (and variances in parentheses) is given
from trajectories tr0, trA and trB

Dihedral PDB tr0 trA trB

N -119.9 -1383(49) —-67.8 (1.1) -69.4 (1.2)
Wy 153.2 -173.3 (3.6) —34.8 (1.3) -35.4(1.2)
Ps 74.4 58.8 (0.9) -151.3 2.1) -151.4(2.2)
Vs 48.2 49.2 (1.1) 161.7 (3.5) 160.0 (3.9)

values of backbone dihedral angles as calculated for the
central residues of the S-turn, Asp4 and Thr5 respectively.
Both trA and trB trajectories showed very close values of
backbone ¢ and w dihedral angles. These values differ from
the initial values found in the crystal structure of the SEV9
peptide. However, the common finding from the two
independent trajectories (trA and trB) corroborate the
suggestion that a [-turn around the Asp4-Thr5 region
exists, at least partially.

Bulged peptide structure have been identified in previous
studies [48, 58], however for longer peptide sequences, like
the ILF-PSSERLISNR peptide sequence [48]. The presence
of a bulged (turn) structure In the nonamer peptldes bound
In the class I MHC molecules has been suggested to
profoundly affect the recognltlon of the pMHC complex by
the T-cell receptor [45].

Interactions between the peptide and the MHC

The binding mode of nonamer peptides with the H-2K"
MHC class I molecule has been investigated in the past.
There are numerous studies in the ilterature [6, 18, 19, 35,
36] addressing the principles of peptide anchoring to
MHC’s binding groove. It is generally assumed that H-
2K® has six binding pockets, A to F, that accomodate
residues P1,P2,P3,P6,P7 and P9 of nonamer peptides [35,
47]. Residues P4 and P5 do not make direct contacts with
the MHC molecule and protrude toward the solvent, hence
their side chains are available for interaction with the TCR.
The charge groups of N- and C-terminal residues make
strong interactions with the MHC binding clefts (pockets A
and F respectively).

A general view of the peptide/MHC binding motif is
shown in Fig. 3, whilst the peptide’s orientation inside the
MHC’s binding is depicted in Fig. 4, and backbone overlay
of the Pro3-Arg6 region of the peptide from the trA and trB
trajectories are shown in Fig. 5.

Peptide’s Serl (P1) was found to form two stable
hydrogen bonds with the MHC molecule. Its backbone

atoms N and O were found in hydrogen bond state with
side chains of Glu63A and Tyrl159A respectively. These
hydrogen bonds were conserved, in both trA and trB
trajectories, for approximately 91 to 95% of the simulation
time (Table 2). The distance between Serl:N and Glu63A
side chain oxygen atoms, in the initial structure, were found
4.6 and 5.8 A for OF! and O respectively, which indicates
that this strong (charged) hydrogen bond between the N-
terminal group of the peptide and the side chain of Glu63A
was formed during the modeling proccess and was not
present in the initial structure. Indeed, Glu63A’s side chain
(atom OF') actually was to form a hydrogen bond with
Ala2:N atom, in the structure of the original peptide [35].
The hydrogen bond between Serl:0 and Tyr159A : O”, on
the other hand, was well formed in the initial structure
(distance 2.67 A) and very well conserved in both MD
trajectories (Table 2). Another hydrogen bond interaction
between Serl and the MHC molecule was present between
the side chains of Serl and Tyr7A (or Tyrl71A for short
periods), for approximately 95% of the simulation time.
This is very interesting, since no side-chain interactions
have been observed in the x-ray structure of SEV9 peptide
[18]. Thus, overall two to three hydrogen bonds contributed
to peptide’s binding. These results corroborate the impor-
tance of this binding pocket in the peptide/MHC binding
process.

Side chain of Glu63A (pocket B) accepted hydrogen
bond from Ala2 Nitrogen atom (position P2). This
interaction was conserved for 93.5% (trA) or 98.6% (trB)
of the simulation time, and it was well formed in the initial
structure (the distance between Ala2:N and Glu63A : Q%!
was found 2.9 A). This finding underlines the importance
of the Glu63A residue, since its negatively charged side
chain formed two stable hydrogen bonds with the peptide’s
backbone amide groups. Side chain of Lys66A was found
in hydrogen bond state with Ala2:0 atom for over 90% of
the simulation time. The corresponding distance between
Lys66A : N¢ and Ala2:0 atoms in the initial structure was
found 2.7 A, indicating the existense of the hydrogen bond.
Moreover, side chains of Tyr7A and Tyr45A made
hydrophobic contacts with Ala2’s aliphatic side chain.
The above analysis is for the Ala2 interactions and is
almost identical with the x-ray structure of the SEV9
peptide [18], indicating the fact the preservation of the Ala2
residue in position P2 (binding pocket B) contributed to the
retaing of the same peptide/MHC interactions.

Pro3 (P3) made important hydrophobic interactions with
Tyrl159A’s side chain. Average distance of their side chain
centers were found 4.0 A(0.6) or 4.2 A(0.6) during trA or
trB MD trajectories respectively. For approximately 25% of
the time, the two side chains were found in parallel
orientation forming a stacking interaction. It is noted that
Tyr159A’s side chain donated a hydrogen bond to Serl:O,
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Fig. 3 a) Ribbon representation of five selective structures of the
MUC1-9/H-2K® complex (one frame every 2 ns) from trA trajectory,
b) Ribbon representation of five selective structres of the MUC1-9/H-
2K® complex (one frame every 2 ns) from trB trajectory, ¢) Stick
representation of the peptide bound in the MHC groove from trA
trajectory, d) Stick representation of the peptide bound in the MHC

hence this MHC residue is considered to contribute
significantly to peptide’s binding. The original hydrogen
bond between Pro’s backbone oxygen atom and Asn70A’s
side chain was found to be relatively weak during trA and
trB MD trajectories: 12.7 and 27.2% of the frames
respectively satisfied the hydrogen bond criteria.

Central residues Asp4 and Thr5 did not show any
significant interactions with the MHC’s residues. Only
Asp4’s side chain was found hydrogen bonded to Arg62A’s
side chain for a limited period of simulation time, = 15%.
Both residues were exposed outside of the binding groove.
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Trp147

Glu244 g
f <(l:y§r Glu63

groove from trB trajectory, e) Important hydrogen bond interactions
between the pepetide and MHC molecule in the trA trajectory and f)
Important hydrogen bond interactions between the peptide and MHC
molecule in the trB trajectory. Hydrogens were omitted from stick
represantations. Structures have been fitted to the first frame using the
backbone atoms

Binding pocket C plays an important role in peptide
recognition by MHC H-2K" molecules [19, 26, 37].
Peptide’s residue Argé side chain at position P6, was
found to form a strong hydrogen bond with GIlu24A side
chain. Actually, these side chains remained hydrogen
bonded the entire time in both trA and trB MD trajectories.
On the other side, there was no backbone interaction with
the MHC molecule. However, the ability of the MHC
molecule to bind different peptide sequences, since the
original peptide has Tyr in this position [6], which is a
canonical residue at this position for MHC binding. Tyr6



J Mol Model (2011) 17:1817-1829

1825

Fig. 4 Peptide’s (sticks) orientation in MHC (ribbons) binding groove
in trA (a) and trB (b) trajectories. Exposure to the solvent of the
region Asp4-Thr5, while Arg6 side chain orientates towards the beta-
sheet floor, in the interior of the binding groove of pocket C, in trA (c)
and trB (d) trajectories

(SEV9 peptide) to Argb (MUCI1-9 peptide) mutation led to
some loss of hydrophobic interactions between peptide and
MHC molecule, a fact that might explain the reduced
binding affinity of the MUC1-9 peptide, relative to SEV9
peptide. However, the Argé remained inside the canonical
C-pocket, unlike the Arg6 residue in YEA9 peptide
(SRDNSRIPM) which utilized the non-canonical E binding
pocket [6].

Residue Pro7, at peptide’s P7 position, had a weak
backbone hydrogen bond with Tyrl17A’s side chain.

Occurence was found 28% in trA and only 7% in trB
trajectories respectively. Given the fact that in crystal
structures of peptides bound in the H-2K® molecule, no
such hydrogen bond exist (Table 2), the result is not so
suprising. However, significant hydrophobic interactions
with Trpl47A and Trpl133A side chains were found to
contribute in peptide/MHC interactions. For example, side
chain distances between Pro7 and Trp147A varied between
3 and 5 A and averaged at 3.6 A (0.2). To a lesser degree,
Leul56A and Tyrl16A also made hydrophobic contacts
with the side chain of Pro7.

Position P8 was occupied by Ala8. The backbone
carbonyl group of this residue was found to be in hydrogen
bond state with Trpl47A’s side chain. This is a well
expected interaction, as it has been found in the crystal
structure of the original peptide. A relatively weak
hydrogen bond was also formed for part of trA trajectory,
between Ala8:N and Glul52A:0 2. The corresponding
distance in the initial structure was found to be 5.8 A.

Finally, residue Pro9 at position P9 (binding pocket F).
The C-terminal carboxyl group was found to form two
hydrogen bonds (Table 2) with Thr143A and Lys146A side
chains, for almost all of the simulation time, in both trA and
trB trajecoties. The same interactions were also present in

Fig. 5 a) and b) Backbone overlay of the Pro3-Arg6 region of the
peptide from the trA and trB trajectories respectively. This fragment
has been found in (-turn conformation for considerable amount of
time. ¢) Backbone superimposition of SEV9 peptide (green) from the
X-ray structure with representative structures from trA (cyan) and trB
(orange) trajectories. The differentation of backbone conformation
at fragment Asp4-Thr5 is well seen. Side chains of residues 2, 3, 6
and 7 share common orientation toward the MHC binding groove.
Interestingly, conformations of residues at positions 1 and 9 deviate
from the original structure
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Table 2 Hydrogen bond inter-
actions between the SEV9 and Donor Acceptor PDB (A) tr0 (%) trA (%) trB (%)
MUCI1-9 peptides and the
H-2K" molecule. Percentage of Phe;r :N Tyrso, : O" 4.13 324
frames is given, from trajecto- Phe,p :N Glugzy : OF12 4.61 95.6
ries tr0, .trA an.d tr.B, that met the Ser;p N Glugy : OS2 5.83 93.2 941
geometrical criteria for hydro- T o
gen bond interaction. Distance YT1594 - Ser;p :O 2.67 59.6 91.4 94.8
between donor-acceptor atoms Tyrsoq : O" Serip : O7 5.77 77.7 81.9
are taken from the initial Ser;p : O7 Tyrz4 : O7 5.82 93.2 97.9
structure (PDB column) Ser,p : O7 Tyri714 : O' 5.00 20.6
Alayp :N Glugz4 : 012 2.90 90.1 93.5 98.6
Lysees : N Alayp :O 2.74 76.6 97.3 90.0
Asngoq 1 N2 Prosp :O 3.63 63.4 12.7 27.2
Arggyy i N™ Aspyp : OR12 6.78 19.0
Arggp 1 N2 Gluygy : OF12 5.21 92.4 97.2
Tyrii64 : O7 Pro;p :0 4.11 28.2 7.2
Alagp N Gluys, : 02 5.87 38.5 5.5
Trpgzy : N© Alagp :0 2.86 11.7 70.4 98.5
Leugp :N Aspyy s O%12 3.02 82.4
Lysl46A N Ng Lel.I9p 1 0% 3.00 95.2
Tyrg4,4 N 077 Lel.k)p . OT2 2.84 39.3
Thryss, : O Progp : O7'2 2.68 94.1 92.7
Lysiaes : N¢ Progp : 072 3.00 98.6 98.7

the x-ray sructure that served as the initial point for these
calculations. However, the lack of amide hydrogen in
proline’s structure resulted to the abolishment of a
backbone hydrogen bond between peptide and the MHC
molecule. Thus, the Leu to Pro (SEV9 to MUC1-9 peptide)
mutation resulted in a small shift of the position of this
residue. These subtle changes in peptide’s conformation
have been shown [25] to affect drastically the MHC
recognition and might explain to some extent the reduced
affinity of the MUCI1-9 peptide when bound to class I H-
2K®. Pro9’s side chain also made hydrophobic contacts
with Val76A, Leu81A and Trpl47A side chains. For at

20
trA —— B tr0
16 'y
g
3 12 il W T H'l
I
H
8_
4 I I
0 2 4 6

Time (ns)

Fig. 6 Total number of hydrogen bonds between the peptide and the
MHC molecule, as evolved over simulation time. Data were averaged
every 10 ps. Total number of water mediated hydrogen bonds between
the pepetide and MHC molecule, as evolved over simulation time.
Data were taken every 10 ps

@ Springer

least 90% of the simulation time, a pair of side chain heavy
atoms from these residues were in close contact (distance
less than 4.5 A) with a side chain heavy atom from Pro9.
These hydrophobic interactions further stabilized the
peptide/MHC interactions, and along with the hydrogen
bonds strengthen the anchoring role of Pro9.

Overall, as it can be seen from Fig. 6, there were
approximately 12 hydrogen bonds between the peptide and
the MHC molecule, during both MD trajectories. This
number approximates very well the number of the reported
[18] hydrogen bonds (11) between the peptide SEV9 and
the MHC molecule.

trA

trB trO

Time (ns)

Fig. 7 Time series of apolar buried surface area (BSA) between the
peptide and the MHC molecule in tr0, trA and trB trajectories
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Buried surface area

Buried surface area (BSA) is a good indicator of the
binding of a ligand into a protein [40]. Figure 7 shows the
time evolution of BSA between the peptide and the MHC
molecule. BSA fluctuated between 666.9 and 1005.6 AZ
and averaged at 848.7(47.5) A in the trA trajectory. In the
trB case, BSA values were found between 656.7 and
999.6 A% with mean value of 824.9(52.9) A2, As it can be
drawn from the graphical representation of BSA time
evolution, and from basic statistical analysis, both trajecto-
ries showed similar profiles for the calculated BSA of
peptide/MHC interface. The difference of approximately
25 A% (3%) in the mean values is very small and could be
considered to be within expected error. In a recent
experimental re-investigation of BSA of protein x-ray
structures [39] it was suggested that differences from 50
to 100 in BSA values were expected as a measurement error
rather than actual difference in BSA. These findings
corroborate our statement that the peptide/MHC complex
was stable and that the fluctuations in BSA time series are
normal.

The BSA value in the x-ray structure of the SEVO9
peptide was 1076 A%, while the BSA value in the MUC1-9/
MHC complex after restrained energy minimization was
found to be 937.5 A2, The loss of approximately 140 AZ
can be attributed to minor conformational changes that
occurred during MD run in order for the mutated peptide to
adapt to the binding groove of the MHC molecule.
Considered, however, that trajectories were obtained in
310 K, thus the spontaneous thermal moving of the atoms
resulted in somewhat reduced BSA values.

Thus, the difference of more than 140 A? in the BSA of
the peptide/MHC interface, in the SEV9 and MUCI1-9
cases, is another indication of the lower binding affinity that
the MUC1-9 has to the H-2K"® molecule, relative to the
SEV9 peptide.

Concluding remarks

Homology modeling and molecular dynamics simulations
have been used to assess the structure of the SAPDTRPAP/
H-2K® complex. Results presented here indicate that a
stable complex is formed, based on the analysis of two MD
trajectories.

MHC binding pockets A and F interacted closely with
the N- and C-terminus of the peptide which played an
important role in stabilizing the complex. The buried
surface area of the peptide/H-2K® interface remained
constant during the simulation indicating the stability of
the complex and its similarity to the initial peptide/MHC
complex.

Replacement of Leu with Pro at P9 position did not
affect significantly the MHC’s binding of the peptide. The
C-terminal carboxyl group was found to form stable
hydrogen bonds with the MHC molecule, and the non-
polar side chain of Pro residue made a number of close
contacts with hydrophobic residues of the MHC’s F binding
pocket. However, the peptide showed relatively increased
mobility in the C-terminal region, that may affect the
strength of the MHC binding.

A main difference between MUCI1-9’s simulated struc-
ture and SEV9’s x-ray structure was the ¢ angle of Thr5. A
significant transition from +74° to = —150° occurred. Since
it is well known that backbone conformation plays a very
important role in peptide/MHC recognition [8], it is
expected that this conformational transition would alter
the MHC’s binding affinity for the peptide, most possibly
downward. Moreover, MHC H-2K® molecules prefer
hydrophobic residues at position P6 (for nonamer peptides),
even though MUCI-9 has Arg in this place.

This has resulted in a notable alteration of the backbone
conformation of the central part of peptide and the
enhancement of the exposure of the Asp4-Thr5 region
outside of the MHC’s binding groove. For a considerable
amount of simulation time this bulged region [18] adopted
a 3-turn conformation, however without the presence of the
characteristic hydrogen bond. This had not been noted in
previous modeling studies [5] and provides a new frame-
work for the peptide/MHC interactions.

Inclusion of explicit water molecules in the current study
helped a lot to clarify the role of the solvent in peptide/
MHC interactions. Water mediated hydrogen bonds were
found only sparingly and although existed, a clear
contribution to the binding process can not be attributed
to this kind of interaction.

Leu to Pro mutation at P9 position resulted in slight
movement of this residue within the F binding pocket.
However, this fact, along with the loss of a hydrogen bond
interaction of the Leu amide hydrogen might be adequate
reason for observing the reduced affinity of the MUCI1-9
peptide to H-2K" binding.

All of the above listed observations reflected well in the
reduction of the BSA between the peptide and the MHC
molecule, where a loss of 140 A? has been measured.
Finally, it seems that while the MUC1-9 peptide forms a
stable complex with the H-2K® molecule, it is clear that
certain structural reorganization occurred and resulted in
reduced binding affinity.
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