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The basis of proper recognition of pathogens and tumours is provided by adaptive immunity. This immunological reaction of
the recognition function of T-cell receptors on T lymphocytes detects antigenic peptides bound to major histocompatibility
complex (MHC) molecules. Structural insight into this process has few grown considerably in the last years. In some of the
cases, antigens are self-protein fragments causing autoimmunity diseases. Type 1 diabetes is such a disease connected with
the human leukocyte antigen-DQ8 molecule, a class II MHC glycoprotein. Its crystal structure, complexed with
LVEALYLVCGERGG peptide (insulin B peptide), has been solved, and important information about the significance of P1,
P4 and P9 binding pockets has been discovered. The complex structure also revealed an unusual large number of
intermolecular hydrogen bonds between insulin B peptide and MHC molecule. To further investigate the dynamics of
peptide/MHC interactions, we perform molecular dynamic simulations in explicit water. Analysis of the results provided
useful information of the binding of the peptide antigen to MHCmolecule, which is supported by numerous hydrogen bonds
besides the electrostatic (P1 and P9 pockets) or hydrophobic interactions (P4). Results also allowed some implications to be
drawn for the role of residues located outside of the binding groove.
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1. Introduction

Major histocompatibility complex (MHC) class II

molecules are proteogenic receptors that lie on the cell

surface and display a range of peptides, recognised by

T-cell receptors of CD4(þ ) T-helper cells [1]. These

receptors have essential functionality in defence processes

to invade micro-organisms [2]. However, in many cases,

they recognise self-peptides which can lead to auto-

immune response causing autoimmune diseases. One such

disease is type 1 diabetes [3].

The structure of human leukocyte antigen (HLA)-DQ8

complexed with insulin B peptide has been identified by

crystallographic methods [4]. HLA-DQ8 belongs to class

II MHC glycoproteins. Peptide SHLVEALYLVCGERGG

found in this complex is associated with diabetes

autoimmune disease [5,6]. Along with HLA-DQ2 in

humans and I-Ag7 in non-obese diabetic mice, HLA-DQ8

is connected with risk factors for increased susceptibility

to type 1 diabetes. X-ray structure of peptide/HLA-DQ8

complex revealed important structural characteristics of

the peptide loading to MHC molecule. This structure has

also been used as a template for modelling HLA-DQ7 [7]

and HLA-DQ2 [8] molecules in complexed form with

peptide antigens. Until now, most of the focus on specific

peptide/MHC interactions has been around three binding

pockets of HLA-DQ8 molecule, namely P1, P4 and P9 that

locate the Glu3, Tyr6 and Glu11 residues, respectively.

Other, also important, interactions between the peptide

and MHC molecule have been relatively underestimated.

For example, backbone atoms of Cys9, which occupied the

P7 binding pocket, were found to form two hydrogen

bonds (Asna69:Nd2 –Cys9:O and Cys9:N–Tyrb30:Oh)

with both a and b MHC chains. Moreover, side chain of

Cys9 was also found to form a (somewhat weak) hydrogen

bond with side chain of Tyrb47. The importance of these

three hydrogen bonds formed by one single residue is

clearly evident.

Molecular dynamics simulations [9] is a well-

established tool for studying the structure and dynamics

of immunological complexes [10–12], and for facilitating

drug design [13]. It has been shown that such simulations

enhance our understanding of biological interactions of the

immunological synapse processes at atomic level [14], can

be applied in studying protein/peptide complexes of

immunological interest [15–17] and provide a useful

framework for studying peptide/MHC interactions [18–20]

or model peptide-free MHC structure [21,22]. In this work,

molecular dynamics simulations were utilised to investi-

gate the dynamics properties of a peptide/HLA-DQ8

complex. Important interactions between the peptide and

MHC molecule are highlighted and implications on the T

cell receptor (TCR) binding of the complex are drawn.As in

other cases, this computational approach is complementary
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to the experimental results [23] and can help in better

understanding of the biological interactions at atomic level.

2. Computational methods

2.1 System set-up and simulation

Initial coordinates of HLA-DQ8/insulin B complex were

downloaded from the Protein Data Bank [24], PDB access

code: 1jk8 [4]. The whole MHC molecule was included in

the simulation set-up, as previous studies have shown that

omission of a3 or b2m domains can cause serious problems

[25]. Hydrogen atoms were added according to

CHARMM22–CMAP topology parameters [26,27] using

the visual molecular dynamics (VMD) program [28].

Inclusion of CMAP correction term has shown to improve

the structure quality and to help avoid undesired artificial

helical transitions in the MD trajectory [29,30]. The

MHC/peptide complex was solvated in a box with

dimensions 98:5 £ 78:4 £ 115:2 Å, containing TIP3P [31]

water molecules. Crystallographic water molecules were

retained and treated with the TIP3P model. The size of the

box allowed a minimum distance of 18 Å between any atom

of the protein complex and the edge of the box. The big sized

solvent box has been shown to be essential to avoid the

periodicity-induced artefacts, when the particle mesh Ewald

(PME)method is applied for electrostatics calculations [32].

Thirty-one Naþ and 17 Cl2 ions were added to the system to

neutralise it and to approximate an ionic strength of 100mM,

using the autoionize plugin of the VMD program. From this

point, all subsequent MD runs were performed using the

NAMDv2.6 [33] package and periodic boundary conditions

were employed. Force field parameters were assigned from

the CHARMM22 parameter set with the CMAP correction

term for all atoms of the system. Non-bonded van derWaals

interactions were gradually turned off at a distance between

10 and 12 Å. The non-bonded pair list was updated every 10

steps. Long-range electrostatics were computed every two

steps using the PME method [34,35], with a grid spacing of

less than 1 Å. The whole system, consisted of 98,691 atoms,

was energy minimised with 2500 steps of conjugate

gradients, by restraining the coordinates of protein heavy

atoms to the crystallographic positions with a force constant

of 50 kcalmol21 Å2. After minimisation, the temperature of

the systemwas gradually increasedwith Langevin dynamics

[36], using the canonical ensemble (constant number of

particles, volume and temperature) (NVT) ensemble, to

310K, during a period of 6000 steps, by stepwise

reassignment of velocities every 1000 steps. Equilibration

at 310K was continued until 100 ps. Equilibration at 310K,

using the NVT ensemble, was continued for another 100 ps,

with the force restraining the heavy atom positions to be set

at the value of 5 kcalmol21 Å2. Finally, the positional

restraints were totally eliminated and the system was

equilibrated for another 300 ps. The simulation was

continued under constant pressure, with Langevin piston

method [37], thus NPT ensemble, for 20 ns. Pressure was

maintained at 1 atm and the temperature was kept at 310K.

Time step for integration of equation of motion during MD

runs was set to 2 fs. The results presented here are from the

last, isothermalisobaric ensemble, MD run. Snapshots were

saved to disk at 1 ps interval for further analysis.

Conformational analysis and hydrogen bond interactions

were calculated using Carma [38] and Eucb [39] software

packages. Secondary structure assignment was performed

with STRIDE [40]. Structural figures were prepared with

PyMOL (www.pymol.org).

Residues of MHC chains are denoted by lower case

Greek letters a and b. Peptide residues do not have chain

identifier.

2.2 Principal component analysis

Principal component analysis (PCA) is a standard method

for analysing MD trajectories, in which the reduction in

the dimensionality of a high-dimensional data–set is

desired [41]. The basic idea was to compute the covariance

matrix

sij ¼ ðqi 2 kqilÞðqj 2 kqjlÞ
� �

; ð1Þ

where q1; . . . ; q3M are the mass-weighted Cartesian

coordinates of an M-atom molecule, and to obtain the

eigenvectors bi and eigenvalues l i of the diagonalised

covariance matrix.

The data from q ¼ ðq1; . . . ; q3MÞ
T can be used to

represent the free energy surface:

DGðrÞ ¼ 2kBT½lnPðrÞ2 lnPmax�; ð2Þ

where P denotes the probability distribution of the system

along r coordinates and Pmax is the maximum probability

value, which is subtracted to ensure DG ¼ 0 for the

minimum energy.

Recently a dihedral-based PCA (dPCA) has been

proposed [42–44], which better discriminates the energy

landscape of a biomolecule than the traditional Cartesian

PCA (cPCA). In the dPCA technique, the dihedral angles

are transformed to

q2n21 ¼ cosfn; q2n ¼ sinfn;

where n ¼ 1; . . . ;N is the number of the dihedral angles

used in the analysis. In this study, both cPCA and dPCA

have been performed using Carma [38].

2.3 Buried surface area

The using calculation of buried surface area (BSA) was

performed with the NACCESS program, based on the

A. Stavrakoudis838

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Io

an
ni

na
] 

at
 0

3:
17

 0
6 

Ja
nu

ar
y 

20
12

 



formula

BSA ¼ Sp þ Sm 2 Sc;

where Sc is the surface accessible area of the complex, Sp is

the surface accessible area of the peptide and Sm is the

surface accessible area of the MHC molecule respectively.

The calculations were performed to all frames of MD

trajectories in order to get and characterise the times series

of BSA.

3. Results and discussion

3.1 Backbone dynamics of the bound peptide

Figure 1 shows the root mean square fluctuation (RMSF)

values of the protein Ca atoms. As it was expected, the

bound peptide showed limited flexibility with the

exception of the N- and C-terminal parts. Residues Leu1

and Val2 were located outside of the binding groove and

showed RMSF values 0.288 and 0.153 nm, respectively.

C-terminal residues Arg12–Gly13–Gly14 showed

increasing RMSF values from 0.096 to 0.173 nm.

The central part of the peptide, residues Glu3 to Glu11,

that constitute the 9mer binding motif to the MHC groove

showed limited flexibility as revealed from RMSF

analysis. Values less than 0.1 nm were recorded for these

residues although value 0.105 nm was found for Glu3. The

higher flexibility of this residue seems that it was

influenced by the increased mobility of N-terminal

neighbours where the highest RMSF values were recorded.

Relatively small RMSF values of Ca atoms were also

found for the helical part of the MHC molecule (binding

groove). Thus, almost all of chain A residues 50–80 or

chain B residues 55–90 showed RMSF values of

approximately 0.1 nm or less. This fact indicates the

conformational stability of the MHC binding groove and

its relative rigidity. Some parts of the MHC molecule,

however, were found considerably flexible, for example

residues 105–115 of chain B. These residues are far away

from the binding groove and do not interplay with

peptide/MHC interactions. Apparently, there is evidence

that the inclusion of the whole MHC molecule, without

neglecting the a3 or b2m chains, is necessary to accurately

reproduce peptide/MHC interactions [25].

Time series of root mean square displacement (RMSD)

values of backbone atoms relatively to the initial atom

positions (X-ray) shown in Figure 1(C). Chain A of are

HLA-DQ8 molecule showed limited RMSD fluctuation

between 0.110 and 0.207 nm, whereas trajectory values

averaged at 0.153 nm (0.016 nm). Chain B of MHC was

found to experience relatively higher deviation from the

initial structure. RMSD values fluctuated between 0.153

and 0.373 nm and averaged at 0.256 nm (0.054 nm).

Despite being more flexible than chain A, chain B also

remained stable during molecular dynamics trajectory.

Averages values of backbone RMSD atoms of 0.3 nm are

very commonly observed. Peptide’s backbone atoms

showed small RMSD values with trajectory averaged at

0.136 nm (0.022 nm) which fluctuate between 0.077 and

0.270 nm. It is worthy to note that even smaller values were

recorded for 3–12 fragments of the peptide sequence. Thus,

the average value of the whole trajectory for these

fragments was found only to be 0.077 nm (0.011 nm). The

reduced RMSD values of a shorter fragment relative to the

Figure 1. (A) RMSFs of the Ca atoms of MHC chain a,
(B) RMSFs of Ca atoms of MHC chain b, (C) RMSFs of the Cb

atoms of the peptide, (D) RMSD of backbone atoms of the three
chains of the complex. The sub-graphs A–C also display the
X-ray with found B-factor of Ca atoms and the calculated
B-factor: ð8p 2=3ÞRMSF2.
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whole peptide sequence are not surprising at all. However,

the finding that the exclusion of only four residues (out of

14) resulted in drastic reduction of average RMSD values

has to be underlined. This is also in line with the RMSF

analysis of peptide’s Ca atoms previously analysed, and

advocates the observation that peptide’s residues outside

the binding groove experienced increased flexibility.

Overall, from RMSD and RMSF analysis, it is evident

that the complex remained stable under MD conditions

with the peptide well ‘engulfed’ in the MHC’s binding

groove. A bundle of structures obtained from the MD

trajectory demonstrating this is shown in Figure 2.

Time series of the peptide’s backbone f and c dihedral

angles are shown in Figure 3. Backbone dihedral angles of

all residues showed very limited fluctuation around the

initial values. This is consistent with RMSD analysis and

demonstrates the immobilisation of the peptide upon

binding to the MHC groove. It is interesting to note that

this observation applies well to the residues Val2 and

Arg12, which are located outside of the main binding site.

Only Gly13 s backbone dihedral angles showed consider-

able deviations from initial values, especially its c

backbone dihedral angle fluctuated in the range (2608 to

908).

Conformational space coverage and principal
components analysis

A critical question in all MD simulations of large

biomolecule is about the conformational space sampling.

PCA techniques offer a standard framework to analyse

MD trajectories and to address such questions. As it has

been recently proposed, dihedral PCA can be advan-

tageous sometimes in comparison with classical cPCA

[42]. Here, both techniques were applied to the peptide’s

backbone atoms, in order to have a more spherical view of

the backbone dynamics of the peptide.

Figure 4 shows the comparison of dihedral and cPCA

of the peptide’s backbone atoms over the first three

components, considering the whole peptide sequence.

The same analysis was also applied to the Glu3–Glu11

sequence, thus considering only the nine residues within

MHC’s binding groove. The corresponding results are

shown in Figure 5. As it can be seen from these graphs, the

peptide visited limited conformational space, in line with

the fact that there is no much space for manoeuvring in

MHC’s binding site. The peptide was found in one main

conformational cluster, although it can be argued that two

others are also present, although with definitely decreased

occurrence. There is no significant difference between

cPCA and dPCA results. Both cPCA and dPCA suggested

the existence of one main conformational cluster, at

approximately the same ratio. But the refinement of

conformers distribution in dPCA is seen much better than

that in cPCA. From this perspective, the methodology

proposed in other published works [42–44] is considered

as superior also in this case. Moreover, the dPCA method

performed better in cluster discrimination than the cPCA

method in the case of Glu3–Glu11 peptide fragments,

thereby the residues extending from MHC’s binding site

were excluded from the PCA (Figure 5).

3.2 Hydrogen bond interactions

A plethora of hydrogen bond interactions between the

peptide and the HLA-DQ8 molecule have been identified

in the MD trajectory. Both backbone and side chain atoms

of the peptide formed a considerable number of hydrogen

bonds, found in the X-ray structure, which was used as a

starting conformation of the simulation. Table 1 lists the

hydrogen bonds between the peptide and HLA-DQ8 as

well as the percentage of their conservation duringMD run.

The P1 position of the HLA-DQ8 molecule accom-

modated the Glu3 residue of the peptide. The P1 site is

very polar [45]. Glu3 forms the peptide and Arga52 from

MHC molecule remained hydrogen bonded through their

side chains for most of the simulation time.

The Ala4 residue, located at P2 position, was found to

form a pair of hydrogen bond interactions with Asnb52

side chain. It is quite unusual for a neutral residue of a

Figure 2. Ribbon representation of five representative
structures obtained from MD trajectory (one every 4 ns)
superimposed to the crystal structure of peptide/HLA-DQ8
(green colour online).
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peptide to form two hydrogen bonds with MHC molecule.

However, in this case, backbone oxygen was found to form

hydrogen bond with Asnb82:Nd2 and backbone amide

group was found to form hydrogen bond interaction with

Asnb82:Od1. These two hydrogen bonds were conserved

for 74 and 38% of the simulation time, respectively. The

existence of at least one hydrogen bond for the majority of

the trajectory frames, of two hydrogen bonds for a

considerable amount of simulation time, indicates the

importance of the Ala4 (P2 position) contribution to

peptide’s binding. It is also an alarm that alanine residue is

not so neutral in peptide/protein interactions.

Backbone oxygen atom of Tyr6 made an important

hydrogen bond interaction with Asna62:Nd2 which was

found in 84% of the trajectory frames. This residue was

found to be deeply bound into P4 binding pocket through

hydrophobic interactions.However, the backbone/side chain

hydrogen bond enhanced the binding ability of the peptide.

Backbone Leu7 amide group and side chain carboxyl

group of Glub74 were found in hydrogen bond state for

Figure 3. Time series of backbone dihedral angles of the peptide. Blue line corresponds to f dihedral angle and red line corresponds to c
dihedral angle (colour online).
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approximately 50% of the time. In the X-ray structure, the

distance betweenLeu7:N andGlub74:O12 atomswas found

to be 0.316 nm suggesting a hydrogen bond. However, side

chain O11 and O12 atoms of Glub74 competed as acceptors

of the hydrogen bond during the MD trajectory. Moreover,

approximately half of the trajectory the hydrogen bond was

not found at all. Time series analysis revealed that this

specific bond broke 726 times during the 20 ns trajectory.

Formation and breaking of this hydrogen bond was almost

uniformly distributed during the trajectory.

Another relatively weak hydrogen bond was observed

between Val8: and Asna62:d1 atoms. The corresponding

distance in the X-ray structure was found to be 0.361 nm.

This hydrogen bond was found in approximately 21% of

the trajectory frames and, as in the previous case,

uniformly distributed over simulation time.

Figure 4. dPCA and cPCA of the backbone atoms of the peptide. The diagrams are pseudo-colour representations of the density
functions (DG ¼ 2kB lnðp=pmaxÞ) corresponding to the fluctuations of the N, C

0, Ca atoms on the top three eigenvectors. Cartesian PCA is
denoted as cPCA, whereas dihedral PCA is denoted as dPCA.

Figure 5. dPCA and cPCA of the backbone atoms of the peptide, taking into consideration only the Glu3–Glu11 residues. The diagrams
are pseudo-colour representations of the density functions (DG ¼ 2kB lnðp=pmaxÞ) corresponding to the fluctuations of the N, C0, Ca

atoms on the top three eigenvectors. Cartesian PCA is denoted as cPCA, whereas dihedral PCA is denoted as dPCA.
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One of the strongest hydrogen bonds found between

the peptide and the HLA-DQ8 during the current

simulation was between Asna69:Nd2 and Cys9:O atoms.

This hydrogen was also detected in the X-ray structure of

the complex (distance 0.295 nm) and it was conserved for

approximately 100% of the simulation time. A similar

very well-conserved hydrogen bond was also found

between Cys9:N and Tyrb30:Oh atoms. Initial distance

was found to be 0.290 nm, although 97% of the trajectory

frames satisfied the hydrogen bond criteria for this pair of

donor/acceptor. It is the second case, after Ala4, that both

backbone polar groups of the same residue are involved in

hydrogen bond interactions. It is also interesting to note

that significantly higher percentages were recorded for

both hydrogen bonds in which backbone atoms of Cys9

(P7 binding pocket) were involved, in comparison with

Ala4 (P2 binding pocket). The side chain of the Cys9

residue acted as hydrogen bond donor with Tyrb47:Oh.

The distance between Cys9:Sg and Tyrb47:Oh was found

to be 0.332 nm in the X-ray structure of the peptide/HLA-

DQ8 complex. Approximately 38% of the trajectory

frames met the hydrogen bond criteria for this pair of

atoms, which classifies this interaction of moderate power.

However, the existence of three hydrogen bond inter-

actions in only one residue might be considered quite an

interesting case and underlines the importance of the P7

binding pocket that locates the Cys9 residue.

The Gly10 residue was found in a relatively exposed

position in the X-ray structure. For example, backbone

amide group was found to be hydrated for 92% of the

simulation time. On the contrary, the carboxyl group of the

Gly10 residue accepted a hydrogen bond from Trpb61:N11

atom for approximately 99% of the simulation time.

The initial distance between Trpb61:N11 and Gly10:O

atoms was found to be 0.293 nm.

The P9 binding pocket of MHC molecule accom-

modated the Glu11 residue. Its acidic side chain was found

to form (almost unbreakable) hydrogen bond with side

chain of Arga76. Moreover, Glu11:N–Asna69:Od1

was also perfectly conserved during MD trajectory.

The importance of this third hydrogen bond is clearly

seen from the RMSF analysis. Glu3 residue also made side

chain hydrogen bond contacts with the MHC molecule.

In contrast with Glu11 residue, backbone atoms of Glu3

residue did not participate in hydrogen bond interactions

with the MHC molecule. The resulted RMSF values of

backbone Ca atoms, 0.105 and 0.077 nm, for Glu3 and

Glu11, respectively, reflect perfectly this situation and

underline very well the importance of backbone

interactions. The Glu3 residue made less contact and it

was found to show increased flexibility. From this point of

view, P9 binding pocket seems to be suitable for binding

other amino acids with backbone interactions, of course

with the penalty of reduced affinity.

3.3 BSA calculations

The initial BSA value was found to be 1418.6 Å2. The BSA

value varied between 1443.3 and 1845.2 Å2 with an

average value of 1651.8 (57.5) Å2. Time series of this

quantity are shown in Figure 6. The slight increase in the

BSA value and its stability in the MD trajectory perfectly

underlies the strength of peptide/MHC binding.

4. Conclusions

Classical molecular dynamics simulations were utilised to

enlighten the interactions of the peptide and the MHC

Table 1. Hydrogen bonds found between the peptide and the
HLA molecule.

Donor Acceptor Distance (nm) % Occurrence

Hisb81:N12 Leu1:O 0.612 13
Hisb81:N12 Val2:O 0.300 46
Arga52:N1 Glu3:O11 0.373 97
Arga52:Nh2 Glu3:O11 0.263 88
Glu3:N Glu3:O12 0.396 89
Asnb82:Nd2 Ala4:O 0.307 74
Ala4:N Asnb82:d1 0.281 38
Asna62:Nd2 Tyr6:O 0.307 84
Tyr6:Oh Glyb13:O 0.512 17
Leu7:N Glub74:O11,2 0.316 52
Val8:N Asna62:d1 0.361 21
Asna69:Nd2 Cys9:O 0.295 100
Cys9:N Tyrb30:Oh 0.290 97
Cys9:Sg Tyrb30:Oh 0.365 15
Cys9:Sg Tyrb47:Oh 0.332 38
Trpb61:N11 Gly10:O 0.293 99
Hisa68:N12 Glu11:O 0.287 70
Glu11:N Asna69:d1 0.276 100
Arga76:Nh2 Glu11:O11 0.266 100
Arga76:Nh1 Glu11:O12 0.304 100
Arg12:N1 Gly14:Ot1,2 92
Arg12:Nh2 Gly14:Ot1,2 85

Notes: The table lists the corresponding donor–acceptor atom pair, the
distance found in the X-ray structure and the percentage of hydrogen bond
occurrence in the MD trajectory. Greek letters a and b denote the a and b
chains of the MHC molecule, respectively.

Figure 6. Time evolution of the BSA of the peptide/HLA-DQ8
interface.
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molecule. Peptide LVEALYLVCGERGG complexed with

the HLA-DQ8 was simulated in explicit water for 20 ns

taking advantage of the recent progress in computational

technology and parallel computation. Such simulations

were shown to enlighten our knowledge of immunological

complexes. Interactions involvingHLA-DQ8were focused

on P1, P2 and P9 binding pockets. The current study

corroborates their significance in peptide loading. How-

ever, analysis of the crystal structure, supported by

simulation results, revealed important peptide/MHC or

peptide/peptide interactions that might have serious

consequences in T cell recognition of the peptide/MHC

complex.

A series of hydrogen bond interactions between the

peptide and MHC molecule, not previously focused, were

established. With the exclusion of polar binding pockets

P1 and P9, which accommodated acidic residues Glu3 and

Glu11, respectively, six out of the seven remaining

residues of 9mer core of the peptide made important

hydrogen bonds with the MHC molecule. For example,

Ala4 (pocket P2), Cys9 (pocket P7) and Gly10 (pocket P8)

made important hydrogen bond interactions with the MHC

molecule, something that has been somewhat under-

estimated until now. The existence of approximately nine

intra-molecular hydrogen bonds involving backbone

atoms of the peptide is something rarely seen in other

cases, in which four–five hydrogen bonds are commonly

found. This situation can also implicate non-specific

binding of peptides by HLA-DQ8 molecule of different

sequences, under the penalty of possible reduced affinity,

because backbone hydrogen bonds can be formed,

in principle, by any residue.
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