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Abstract

The interaction between T-cell receptors (TCRs) and major histocompatibility complex (MHC)-bound epitopes is one of the
most important processes in the adaptive human immune response. Several hypotheses on TCR triggering have been pro-
posed. Many of them involve structural and dynamical adjustments in the TCR/peptide/MHC interface. Molecular Dynamics
(MD) simulations are a computational technique that is used to investigate structural dynamics at atomic resolution. Such
simulations are used to improve understanding of signalling on a structural level. Here we review how MD simulations of
the TCR/peptide/MHC complex have given insight into immune system reactions not achievable with current experimental
methods. Firstly, we summarize methods of TCR/peptide/MHC complex modelling and TCR/peptide/MHC MD trajectory
analysis methods. Then we classify recently published simulations into categories and give an overview of approaches and
results. We show that current studies do not come to the same conclusions about TCR/peptide/MHC interactions. This
discrepancy might be caused by too small sample sizes or intrinsic differences between each interaction process. As compu-
tational power increases future studies will be able to and should have larger sample sizes, longer runtimes and additional
parts of the immunological synapse included.
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Introduction

The interaction between the T-cell receptor (TCR) of T cells
and the major histocompatibility complex (MHC) of antigen pre-
senting cells is a fundamental part of the adaptive immune
response [1]. MHCs present potentially pathogenic peptides on the
cell surface. These peptide/MHC (pMHC) complexes are bound by
the highly polymorphic and flexible complementary determining
regions (CDRs) of TCRs. Effective extracellular interaction between

TCR and pMHC causes a signalling cascade inside the T-cell mem-
brane. This cascade triggers further downstream pathways within
the cell, which finally lead to gene transcription in the nucleus
and an immune reaction. If a peptide is not bound by MHCs, or
pMHCs are not recognized by TCRs, then no further immune reac-
tion against this peptide can take place [2].

The binding between a TCR and a pMHC is weak (usually in the
range of 1–100lM) and degenerate, i.e. many TCRs bind the same
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pMHC and many pMHCs are bound by the same TCR. However, not
every TCR/pMHC interaction leads to T-cell activation. This prompts
the question of what mechanism leads to effective TCR triggering?
[3], i.e. TCR/peptide/MHC (TCRpMHC) interact and bind but only in
some cases is a signal transmitted from this extracellular interaction
to the cytoplasmic signalling network. This is likely to involve subtle
structural adjustments. Understanding the basic mechanisms of
TCRpMHC interactions is important, as it would aid our ability to
treat cancer [4, 5], autoimmune diseases, allergy [6] and other im-
mune system-related health conditions [7] by the rational design of
customized peptides and TCRs. Several hypotheses of TCR-triggering
mechanisms have been proposed [3, 8, 9]. Many of them are likely to
involve subtle conformational adjustments in the TCR/peptide/MHC
interface.

In this review we will focus on structural bioinformatics
studies investigating conformational changes in the (TCR)pMHC
interface and how these changes relate to function. We review
Molecular Dynamics (MD) simulations that aim to understand
the dynamics in the (TCR)pMHC interaction (Figure 1) and
provide a detailed comparison of 25 studies of the over 500 MD
simulations published since 2008 (for earlier studies see [10,
11]). Firstly, we describe methods of (TCR)pMHC complex mod-
elling and (TCR)pMHC MD trajectory evaluation as necessary
parts of any simulation study. Secondly, we classify simulations

into categories and give an overview of approaches and results.
Finally, we discuss the future directions and challenges.

Modelling of (TCR)pMHC complexes

The first step in an MD simulation is the generation of an initial
structure (a workflow example for a complete pMHC MD simu-
lation project is described in Supplementary Figure A1). Often
this structure is a computationally altered model of an X-ray
structure. Different modelling approaches can be employed
depending on how similar the (TCR)pMHC complex of interest is
to the closest X-ray structure.

Change of a small number of residues

Often X-ray structures are similar to the (TCR)pMHC complex of
interest. If only one or very few amino acids need to be changed, an
overall structure conservation can be assumed. In this case, side-
chain substitution tools are a quick and easy way to model the com-
plex of interest. It was shown previously [12, 13] that, for example,
SCWRL [14] is a reliable tool for the generation of altered peptide lig-
ands in a high-throughput framework such as PeptX [15].

In pure side-chain substitution approaches, the average root
mean square deviation (RMSD) between the average peptide

Figure 1. Interaction between TCR, peptide and MHC. White cartoon: MHC; black cartoon: TCRa chain; orange cartoon: TCRb chain; grey dots: cell membranes. (A) A

TCR bound to the membrane of a T cell and an MHC bound to the membrane of an antigen presenting cell (APC). TCR and MHC are not bound. (B) Same as in (A) but in

the bound configuration. (C) Zoomed and rotated view of the variable TCR regions. The main peptide interaction loops of the TCR (CDR3a and CDR3b) are labelled. For

clarity the MHC is not shown. (D) Zoomed and rotated view of the peptide bound in the MHC binding groove. For clarity the TCR is not shown. Experimental X-ray struc-

tures are only available for the ectodomains. Therefore, this rendering is based on the modelled structure published by Wan et al. [64]. A colour version of this figure is

available at BIB online: http://bib.oxfordjournals.org.
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backbone and the individual peptides is about 0.93 Å [12]. If
side-chain substitutions slightly affect the backbone configur-
ation, then the energy minimization and warming-up proced-
ure during MD should take care of the necessary adjustments.

A typical example where this protocol would be used would
be where the X-ray structure closest to the system of interest
contains the correct MHC but the peptide differs by one amino
acid from the system of interest.

Change of multiple peptide residues with expected
impact on the backbone

If a whole peptide needs to be re-modelled and substantial
changes in the peptide backbone conformation are expected,
then specific tools can be applied. Recent examples include:

Bui et al. [16] presented PePSSI that predicts a peptide’s struc-
ture within the MHC binding groove using a van der Waals
contacts-based scoring system. Their method takes explicit
water at the binding interface into account. In a benchmark of
eight structures, they achieved all-atom RMSDs ranging from
1.3 Å to 2.5 Å when comparing predicted and X-ray
conformations.

Bordner et al. [17] developed a docking protocol that opti-
mizes a physical energy function of a multitude of conform-
ational peptide variables. Their Internal Coordinate Mechanics
tool-based [18] method achieved a backbone RMSD of 0.75 Å
when cross-docking a flexible decapeptide. Furthermore, they
showed the method’s utility by achieving an average backbone
RMSD of <1 Å when applied to homology models of two differ-
ent allotypes.

Khan et al. [19] published the docking protocol pDOCK taking
into account flexibility along the whole peptide. For the major-
ity of test cases (159 of 186), their method achieved a Ca RMSD
of <1 Å.

Alternatively, general ligand–protein docking tools (reviewed
in [20]) can be used to model the peptide structure in the MHC
binding groove.

This type of approach would be taken when the X-ray
structure closest to the system of interest contains the correct
MHC but the peptide has no similarities to the one of interest.

Change of multiple residues in TCR and MHC with
expected impact on the backbone

If larger sequence changes from the most similar X-ray struc-
ture are necessary in the MHC and/or TCR, then standard
homology modelling approaches might be most appropriate. It
is assumed that the overall fold of a TCR and an MHC is con-
served; however, the orientation of secondary structure elem-
ents can change by a few degrees. Also, conformation and
length of several loops can differ (for details see the IMGT
database [21]). A large number of homology modelling tools
such as MODELLER [22] are available.

High-accuracy homology models are based on high se-
quence identity templates. The main chain RMSD error of these
high-accuracy homology models can be around 1Å or lower,
which makes them roughly comparable with the accuracy
of medium-resolution nuclear magnetic resonance (NMR) struc-
tures or low-resolution X-ray structures (for a review on
homology modelling, see [23]). In the case of TCRpMHC model-
ling, the sequence identity is likely to be in the range of 80–90%,
which would normally introduce only minor errors in side-
chain positions that can be accommodated by the energy

minimization and warming-up procedure of the MD simulation
protocol.

Homology modelling would be used when the X-ray struc-
ture closest to the system of interest contains the correct pMHC
but some regions of the TCR do not match and have to be
modelled.

Relative orientation between TCR and pMHC

TCRs and pMHCs bind each other in a relatively conserved way.
However, the detailed binding angle differs based on MHC allele
and TCR type [1]. This conserved binding pattern could be due
to co-evolution of key amino acids to preserve TCR/pMHC bind-
ing or that the diagonal orientation of the TCR over
pMHC allows for the strongest binding affinity and signal gener-
ation [24].

Several computational approaches for identifying the
exact TCR/pMHC binding orientation have been reported. For
example, Ferber et al. [25] used long-range intra-molecular cou-
lomb interactions with implicit solvation to predict the TCR/
pMHC binding mode. Roomp and Domingues [26] predicted the
contacts between the TCR and MHC using a rule-based
approach and Leimgruber et al. [27] developed a TCRpMHC
structural modelling pipeline using sequence- and structure-
based alignment.

Alternative methods to determine TCR orientation over
pMHC include protein–protein docking algorithms (reviewed in
[28]) and template-based superimposition on closely related
and known TCRpMHC X-ray structures.

This type of procedure is needed when there is an X-ray
structure of the pMHC of interest and a second structure of the
TCR of interest but there is no combined experimental
structure.

MD simulation protocols

MD simulations solve Newton’s equation of motion for a given
system of particles over time. In contrast to the static picture of
a single structure, this gives insight into how particles move
and behave over time. A set of rules, often called a force field,
describes the interaction between the particles. MD simulations
save the structural configuration at different time points to a
trajectory file that can later be used for analysis.

A broad range of MD software packages are available. Well
known examples are GROMACS [29], NAMD [30], AMBER [31]
and CHARMM [32]. Supplementary Table A1 lists the MD
package, force field and further protocol details about all of
simulations that we discuss below. A parameter study for pep-
tide/MHC MD simulations was published by Omasits et al. [33].

All atom MD simulations are computationally expensive.
Even if strong parallel computing servers are available, overall
runtimes for simulation projects are likely to be in the range of
weeks if not months.

A number of ways to accelerate MD simulations exist. A fre-
quently used way is coarse graining. Examples include bond
length constraints [34], increased masses [35], virtual sites in-
stead of hydrogens [36], n-bead models (e.g. amino acids
described by three points [37]) or the movement of whole
rigid protein regions [38]. Such coarse graining techniques save
runtime but neglect details of the simulation. Which level of
coarse graining is appropriate always depends on the system
and the biological challenge under investigation. Another way
to accelerate simulations is steered MD simulations [39]. In
these, artificially applied forces pull or push selected parts of
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the system under investigation. These simulations quickly
reach the desired state but run the risk of being biased.

Methods for (TCR)pMHC trajectory analysis

After an MD simulation has been carried out, it is then neces-
sary to analyze the output. A vast range of methods has
been used for the analysis of (TCR)pMHC interactions (see
Supplementary Table A1 for the studies and Supplementary
Table A2 for a description of the methods). They include RMSD,
root mean square fluctuation (RMSF), solvent accessible surface
area (SASA), principal component analysis, normal mode ana-
lysis, hydrogen bonds, distance measurements, contact maps,
backbone dihedral angles, hydrophobic contacts and radius of
gyration. Tools to calculate these are implemented in several
MD packages. The VMD [40] plug-in vmdICE [41] was developed
to give a fast and easy representation of RMSD, RMSF and SASA
directly on the three-dimensional structure of the molecule.
Other approaches include the import of trajectory data into stat-
istics packages such as Matlab [42].

Specific geometric approaches have also been developed. For
example, Dunbar et al. [43] developed a method to analyse the
relative orientation between the variable domains of the heavy
and light chain of antibodies. These regions are highly homolo-
gous to the variable domains of the TCR a- and b-chain.
Therefore, the method was recently adopted for TCRs [44, 45].
Hischenhuber et al. [46, 47] developed a curve and spline
method to characterize the MHC a-helices based on differential
geometric parameters such as curvature, torsion, ruled surface
area, distribution parameter and conical curvature.

Free energy and entropy calculations can be used for
(TCR)pMHC characterization. Energetic analysis can give
important insights into the TCRpMHC interaction but are less
frequently seen in the literature. Examples of free energy calcu-
lations are thermodynamics integration [48] or Molecular
Mechanics Poisson�Boltzmann Surface Area (B. Knapp et al.,
“Accurate peptide-MHC binding affinity predictions from in sil-
ico molecular dynamics” in review). Free energy calculations
are reviewed in detail in [5].

Classification of (TCR)pMHC studies

We have classified (TCR)pMHC MD simulation studies into eight
categories. The categories used are: ‘simulations of the same
MHC binding different peptides’, ‘simulations of different MHCs
binding the same peptide’, ‘simulations of the same pMHC com-
plex bound by different TCRs’, ‘simulations of TCRpMHC against
pMHC’, ‘simulations of MHCs without bound peptide’, ‘simula-
tions including trans-membrane regions and further receptors’,
‘steered TCR/pMHC simulations’ and ‘MD for refinement of
MHC homology models’. Each study is summarized in the con-
text of the category it fits best but many could be placed in mul-
tiple categories. The technical aspects of all studies are
summarized in Supplementary Table A1.

Simulations of the same MHC binding different peptides

In this type of study, a particular MHC allele is selected and
simulated in complex with two or more different peptides.
These studies may include TCRs or consist only of peptide/MHC
interactions. Usually the immunological background of the dif-
ferent peptides is known. For example, one peptide is highly
immunogenic and the other a single-point mutated version,
which does not induce an immune reaction.

A recent study of this type is of Alvarez-Navarro et al. [49]
who used mass spectrometry to identify novel HLA-B27-
restricted epitopes from the bacterium Chlamydia trachomatis
that can trigger reactive arthritis. The authors performed MD
simulations of HLA-B27 in complex with the two bacterial pep-
tides DNA primase 211–221 (RRFKEGGRGGK) and DNA primase

211–223 (RRFKEGGRGGKYI) as well as a naturally occurring ligand
created by the endogenous processing of the HLA-B27 heavy

309–320 (RRKSSGGKGGSY) and the original X-ray structure pep-
tide pVIPR400-408 (RRKWRRWHL) of PDB accession code 1OGT. On
the basis of their MD simulations, the authors concluded that
molecular mimicry between bacterial and self-derived HLA-B27
ligands might contribute to the pathology of reactive arthritis.

In Knapp et al. [50], we investigated the effect of peptide
flanking regions on MHC binding affinity, T-cell activation
and pMHC conformation. We simulated HLA-DRB1*01:01 in
complex with the 12-mer (KCIEWEKAQHGA) and the 18-mer
(NKKCDKKCIEWEKAQHGA) version of the major mug pollen
allergen Art v 1. Experimentally we found that the potency to
activate Art v 1-specific T-cells and the MHC binding affinity
were increased for the 18-mer. MD simulations indicated that
the N-terminal peptide flanking region of the 18-mer binds out-
side the MHC binding groove, which could explain the higher
potency of the 18-mer in contrast to the 12-mer.

In a second study of a similar type [51], we investigated the
experimental allergic encephalomyelitis (EAE)-associated mye-
lin basic protein (MBP) AcN1-11 (ASQKRPSQRHG) and its mutant
peptides AcN1-11[4A] (ASQARPSQRHG) and AcN1-11[4M]
(ASQMRPSQRHG) in complex with the MHC class II allele I-Au by
experimental and MD techniques. MD indicated that K4 of the
wild-type peptide leaves MHC binding pocket [1] number 6 and
becomes available for TCR interaction, which was not the case
for the two mutant peptides. This was in agreement with
experimental binding affinity data, which showed AcN1-11
(IC50¼ 7.4 mM)<AcN1-11[4A] (IC50¼ 0.019 mM)<AcN1-11[4M]
(IC50¼ 0.00064 mM). However, we also found that these three
altered peptide ligands differ in severity of peptide-induced EAE
in mice (AcN1-11[4A] (0% incidence)<AcN1-11 (80%
incidence)<AcN1-11[4M] (100% incidence)). As binding affinity
did not correlate with in vivo disease incidence, we suggested
that spatial re-arrangements in the binding surface could offer
another level of T-cell regulation.

In a similar study, Laimou et al. [52] investigated I-Au bound
AcN1-11, AcN1-11[4A] and AcN1-11[4Y] by NMR and MD simula-
tions. They found that the main MHC contact residues S2, P6
and S7 showed a similar configuration for all three peptides,
while the TCR contact residue Q3 is buried in the MHC for AcN1-
11[4A]. The authors suggested that this could hamper Q3 from
forming interactions with the TCR. This blocked interaction
might explain why AcN1-11[4A] did not induce EAE in mice [51].

Omasits et al. [33] published an MD parameter study using
the peptides GRFAAAIAK and ARAAAAAAA bound by HLA-
B*27:05. Initial conditions, size of water shell, water model/force
field combination, simulation time and simplifications in the
system were investigated. The authors found, for example, that
the minimal distance between simulation box boundary and
pMHC should be >10 Å to avoid artificial stabilization of the
non-binder ARAAAAAAA in the MHC binding groove.

In one of the most recent studies of this type [44] (following
the proof-of-concept in [53]), we performed 100 ns MD simula-
tions of the LC13 TCR and HLA-B*08:01 in complexes with the
Epstein Barr Virus (EBV) peptide FLRGRAYGL and all possible
171 single-point mutations of this peptide. For each of these 172
TCRpMHC MD simulations the peptide immunogenicity is
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known. We found that more and less immunogenic peptides
induce different changes in the TCRpMHC interface. All these
differences were, while being statistically significant, not strong
enough to predict peptide immunogenicity. In terms of absolute
values, only minor differences in the distribution of interface
distances, hydrogen binding footprints of the MHC helices and
the orientation between the TCRa and TCRb chain could be
found. In this study, we also demonstrated that the comparison
between single simulations might be misleading. We showed
that the wild-type peptide FLRGRAYGL and the non-immuno-
genic mutant FLRGRAAGL differ dramatically in terms of hydro-
gen bonds, solvent-accessible surface area of CDRs and
flexibility of CDRs and peptide. One might be tempted to draw
the conclusion that these three properties are responsible
for the immune reaction against the wild-type only and not
against the mutant. However, if all 172 simulations are taken
into account, no such general trends are seen.

The current MD studies do not proof a conserved casual
factor for peptide immunogenicity. A large-scale study [44]
showed a weak link between peptide immunogenicity and
TCR chain orientation or hydrogen binding patterns in the
TCRpMHC interface.

Simulations of different MHCs binding the same peptide

In this type of MD study, different MHC alleles are used and
simulated with one or more peptides. Usually one of the MHC
alleles is associated with a certain type of disease, while the
other allele is not.

In a classical study of this type, Narzi et al. [54] simulated the
ankylosing spondylitis-associated HLA-B*27:05 and the non-
ankylosing spondylitis-associated HLA-B*27:09 in complex with
one viral (RRRWRRLTV) and three self peptides (RRLPIFSRL,
RRKWRRWHL and RRRWHRWRL). Simulations showed an
increased entropy for the viral peptide when bound by the
disease-associated HLA-B*27:05. The disease-associated MHC
allele also showed an increased flexibility of its a1-helix. The au-
thors concluded that conformational flexibility is affected by
both the bound peptide and the MHC allele and that conform-
ational flexibility could play a role in the recognition of MHCs
by TCRs.

Reboul et al. [55] performed MD simulations of HLA-B*35:01
and HLA-B*35:08 in complex with the EBV peptide
LPEPLPQGQLTAY. HLA-B*35:01 and HLA-B*35:08 differ only by a
single-point mutation (L156R) in the MHC a2-helix. However,
only LPEPLPQGQLTAY/HLA-B*35:08 induces a TCR SB27-
dominated CTL response. The authors found a higher flexibility
for LPEPLPQGQLTAY if bound by HLA-B*35:01 than if bound by
HLA-B*35:08. They conclude that increased flexibility might
hamper productive TCR interaction and might be responsible
for the lack of CTL response.

In Knapp et al. [56] we investigated the molecular
background of the major mug pollen allergen Art v 125-36

(KCIEWEKAQHGA) binding to HLA-DR1 and HLA-DR4. Both al-
leles bind the Art v1 peptide. However, only the frequency
of HLA-DR1 is strongly increased in allergic humans.
Experimentally we found that DR1 was more effective in T-cell
stimulation at low peptide concentrations than DR4. Also, the
minimal necessary epitope was shorter for DR1. MD simulations
indicated an increased flexibility of both peptide termini when
binding to DR1 and an altered SASA of the peptide. On this
basis, we concluded that these differences in the peptide/MHC
surface between DR1 and DR4 might have an influence on
efficient T-cell activation in mug pollen allergy.

Kumar et al. [57] performed MD simulations of the multiple
sclerosis predisposing HLA-DRB1*15:01 and the protective
HLA-DRB1*16:01 in the unbound configuration as well as bound
by the MBP peptide ENPVVHFFKNIVTP and the EBV peptide
PGRRPFFHPVGEAD. The disease predisposing allele formed a
stable complex with both peptides while the non-predisposing
allele formed a stable complex with the MBP peptide only. The
authors concluded that multiple sclerosis could partly be linked
to different interaction and binding mechanisms between
peptides and predisposing/non-predisposing MHC alleles.

The overall picture given by this type of simulation is some-
what unclear. For example, two studies [54, 56] found that the
disease-associated MHC interface has a higher flexibility, while
two other studies [55, 57] found that the disease-associated
MHC interface has a lower flexibility. A larger scale analysis will
be needed to determine when, if and how interface flexibility
is related to an altered immune response (see section ‘The
future’).

Simulations of the same pMHC complex bound
by different TCRs

In this type of study, authors use different TCRs on the same or
multiple peptide/MHC complexes. These TCRs usually differ
from each other in terms of binding affinity or specificity.

A canonical example is Wolfson et al. [58] who investigated
the effect of two different TCRs as well as four different peptides
on the binding interface between TCR and the MHC Ld using
eight independent simulations. They simulated the alloreactive
2C TCR as well as the 100-fold affinity increased 2C mutant m6.
These two TCRs differ only in the residues 99–103 of CDR3a

being GFASA in the case of 2C and HQGRY in the case of m6.
The authors found that the binding footprint of the TCR on the
pMHC is relatively insensitive to mutations in CDR3a. In con-
trast, mutations in the peptide induced several small changes
in the TCR/MHC interface. The authors concluded that subtle,
but important, structural and dynamical characteristics in
the TCR/pMHC interface might play an important role in
alloreactivity.

A second study by Cuendet et al. [39] found a similar bind-
ing configuration but a different binding procedure for two dif-
ferent TCRs. This study was based on steered MD simulations
and is therefore described in the corresponding section in more
detail.

Owing to the limited number of studies of this type, clear
conclusions cannot be drawn. Additional large-scale studies
will be needed to understand the influence of different TCRs on
the peptide/MHC configuration.

Simulations of TCRpMHC against pMHC

This type of study compares the dynamics of the peptide and
MHC in the TCR bound and unbound state. Experimentally
it was shown that pMHC ligandation of the TCR can induce a
conformational change in the constant TCR domain [59].

The only recent study of this type was performed by
Stavrakoudis [60] who simulated the DM1 TCR and HLA-B*44:05
in complex with the peptide EENLLDFVRF. From X-ray crystal-
lography it is known that the L5-D6 peptide bond is in the cis
conformation for the TCR bound state (PDB-ID 3DXA) and in the
trans conformation for TCR unbound state (PDB-ID 3DX8).
The author simulated the TCRpMHC complex in the peptide cis
conformation (from the TCR bound X-ray structure) as well as
a superimposition of the peptide trans state (from the TCR
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unbound X-ray structure) on the TCRpMHC complex. Energetic
as well as solvent-exposed surface analysis showed that the
TCR prefers the peptide in the cis conformation as shown by the
X-ray structure.

Simulations of MHCs without bound peptide

To date, no experimental structure of an empty MHC binding
groove exists. This might be owing to the instability of such a
complex. Therefore, several theoretical groups have performed
computational studies on an empty MHC binding site.

In an early study, Painter et al. [61] performed 60 ns MD
simulations of the peptide-free structure of HLA-DR1. They
observed an unfolding of the MHC helix region a50-59. This re-
gion adopted a peptide-like conformation binding to MHC
pockets P1 to P4. The authors concluded that this might be the
peptide-free HLA-DR1 conformation. The authors experimen-
tally support their findings by MHC-conformation-specific
superantigen and antibody probes for open/closed configur-
ations of the groove.

Rupp et al. [62] also investigated the transition from the open
binding groove state of HLA-DR1 to the closed state. Using 30 ns
MD simulations they found a straightening of the b1-domain
helix. This straightening resulted in a narrowing of the MHC
binding groove. The new closed conformation is stabilized by a
hydrogen bond formed between b-chain-N82 of the MHC
b1domain-a-helix and a-chain-Q9 close to the P1 pocket of the
MHC binding groove floor. Experimental mutagenesis supported
the importance of these residues. The authors concluded that
their simulation result might be the closed HLA-DR1
conformation.

Yaneva et al. [63] performed 25 ns MD simulations of HLA-
DR3 with and without the invariant chain-associated protein
peptide bound. While the simulations with the empty groove
resulted in larger fluctuations of the helix domains (a34-40, a51-
55, b78-86, b18-24 and b58-70), an overall rearrangement or clos-
ing of the groove was not observed. The authors also found that
filling the P1 pocket of the MHC with a short peptide or an MHC
b-chain V86Y mutation is sufficient to increase the overall sta-
bility of the complex. The authors state that this is in agreement
with experiments showing that antibodies specific for the pep-
tide-free MHC fail to bind to MHCs where just the P1 pocket is
filled. They conclude that filling the P1 pocket of the MHC might
be sufficient to stabilize the whole MHC binding groove in its
empty state.

The three studies described above draw different conclu-
sions as to the conformation of the empty structure and all
three studies support their model by indirect experimental
data. A possible conclusion could be that a sole empty MHC con-
figuration does not exist and that an empty MHC is a constantly
rearranging structure. This would be in agreement with the fact
that to date no experimental X-ray structure of an empty MHC
exists.

Simulations including trans-membrane regions
and further receptors

Most MD approaches focus on the simulation of the extracellu-
lar parts of the (TCR)pMHC. However, for a productive immune
reaction, more than these parts are needed. Additional compo-
nents to be included in the simulations would be the mem-
branes, the trans-membrane regions, the intracellular
signalling motifs, CD4/CD8, CD3, CD45, etc. However, with each
component the simulation runtime of the system increases

dramatically. Therefore, only few studies including more than
the TCRpMHC structure have been reported.

To date, only Wan et al. [64] published an MD simulation of
membrane-bound TCR, MHC and CD4. Consisting of only 10 ns
this simulation is rather short but due to the large system
(TCRpMHC, membrane, CD4) still highly resource consuming.
This study was the first step in the direction of an all-atom
simulation of the immunological synapse. In a subsequent
review [10], the authors announced that they will take the next
step by simulating a 1 million atom system of four membrane-
bound TCRpMHC/CD4 complexes with explicit water. This study
will bring the field even closer to an atomistic insight in the
immunological synapse.

Bello and Correa-Basurto [65] performed MD simulations of
HLA-DRB1*04:01 loaded with the peptide ARAMCSL or
VNSDTVGWSWPDGAELPFTIDK as well as in the peptide-free
configuration. These simulations were carried out for 100 ns
without membranes and in independent runs for 150 ns in
the membrane-bound environment. No striking differences be-
tween the simulations with and without membranes were
found but the authors concluded that membrane-bound simu-
lations were more stable and might provide more reliable
insights in peptide/MHC interaction. Thus, including mem-
branes in MHC simulations could benefit the field.

With increasingly available computational resources, the fu-
ture of (TCR)pMHC simulations will move towards membrane-
bound settings with additional receptors. This might be the
most appropriate way to understand complex formation, signal
creation and transduction.

Steered TCR/pMHC simulations

In steered MD simulations (also reviewed in [5]), authors apply
artificial forces to parts of a system to move these parts in a spe-
cific direction. These techniques can be applied to obtain
insights into molecular rearrangement processes that would
take several seconds of real time while current MD simulations
are at the micro second scale.

In a classic study, Cuendet and Michielin [66] performed
steered MD simulations of the A6 TCR in complex with HLA-
A*02:01. The HLA was loaded with the agonistic HTLV-1 virus
Tax nonapeptide LLFGYPVYV or the antagonistic mutant
LLFGYAVYV. The authors used a pulling code, which removed
the TCR from the peptide/MHC at a speed of 5� 10-4nm/ps, i.e.
in the 4 ns of simulation a distance of 20 Å. This code applied in-
dividual pulling potentials to each heavy atom of the backbone,
allowing for a preserved internal structure and orientation of
the peptide/MHC and the TCR. The authors performed 152 rep-
lica simulations of the agonistic TCRpMHC complex and 162 of
the antagonistic complex. In this methodological study, the au-
thors attempt to gain insight into the dissociation mechanism
of a TCR from an agonistic and an antagonistic peptide/MHC
complex. In a follow-up study [39], the authors extended their
approach (steered MD, 4 ns, �150 replica) from the same
systems as in the previous study (A6 TCR / LLFGYPVYV / HLA-
A*02:01 and A6 TCR / LLFGYAVYV / HLA-A*02:01) to the B7 TCR /
LLFGYPVYV / HLA-A*02:01 system. Additionally they performed
non-steered 2 ns simulation of the bound (TCRpMHC) as well as
unbound (TCR/pMHC) state of each replica. They found
that, while the A6 and B7 TCR have a similar bound X-ray con-
figuration with HLA-A*02:01, their binding procedure differs.
In contrast, the binding procedure for the A6 TCR to the agonis-
tic and antagonistic pMHC is highly similar. These types of
steered MD studies show that while two X-ray structures of
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Figure 3. Correlation between publication year and overall simulation time per published study. The simulation time has constantly increased. The largest study con-

taining 172 different 100 ns simulations was recently published by our group (marked in the plot above).

Figure 2. Model of multiple TCRs (a¼black, b¼orange), MHCs (white), peptides (red), CD4s (yellow), membrane (transparent grey) interactions. Rendering is based on

the coordinates of [10]. A colour version of this figure is available at BIB online: http://bib.oxfordjournals.org.
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TCRpMHC are highly similar, their trajectory to complex forma-
tion might differ.

The long-term aim of such steered simulations could be to
monitor the whole engagement and dis-engagement of a T-cell
surface to/from an antigen presenting cell surface. However,
due to computational resources, it may be some time before
this becomes feasible.

MD for refinement of MHC homology models

Several authors have used MD simulations of (TCR)pMHC to re-
fine and validate homology models. While MD simulations are
unlikely to reduce the RMSD of a homology model to a (known)
X-ray structure [67], such simulations can still check the con-
sistency of a model, that is, does the homology model immedi-
ately fall apart or is a stable simulation possible?

Cardenas et al. [68] predicted Atlantic salmon MHC struc-
tures on the basis of homology modelling and subsequent MD
refinement. In the absence of experimental structures for sal-
mon MHC alleles, this study provides insights into residue dif-
ferences between human and fish MHCs at specific positions in
the MHC binding groove.

De Rosa et al. [69] homology modelled and MD refined the
TCR-Vbeta/collagenII(261-273)/HLA-DR4 complex associated
with rheumatoid arthritis to provide insights on molecular
mechanisms of self reactivity.

The future
A way to improve the reliability of conclusions:
sample size

Many current MD and X-ray studies test one or more hypothe-
ses with a sample size of one complex per group. If the number
of investigated properties is large and the number of complexes
per group low, then one will always find a difference among
them (for an explained example see [44]). Therefore, we suggest
that future MD simulations in the (TCR)pMHC system should be
planned more like clinical studies rather than explorative inves-
tigations. Each study should have one or more clear and testable
hypotheses and a corresponding profound statistical power
analysis determining the necessary sample size. This could, for
example, be: ‘We hypothesise that the predisposing MHC allele
X will bind viral peptides (n¼N) with a P percent higher RMSF
then the non-predisposing MHC allele Y’ where N and P are
determined before the first simulation is run or analysed. On
this basis, readers of the article will know (with a certain chance
for Type I and Type II error) that the found differences between
the two MHC alleles are more than coincidence.

A way to improve the reliability of simulations: perform
replica MD simulations

If the runtime is finite, two identical simulations with different
random seeds will differ in some aspects. Therefore, multiple
replicas of the same simulation should be run. This is especially
true if the sample size cannot be increased (see the previous
section). Mean values of several replicas are far more reliable
than single simulations (B. Knapp et al., in review) [70] whose
convergence is questionable [71]. The number of replicas can be
determined by a boot-strap analysis of the standard deviation
between the simulations. For example, in a previous study, 50
replicas were needed for a reliable free energy prediction ap-
proach on HIV drugs [70]. In a current study (B. Knapp et al.,
“Hierarchical Natural Move Monte Carlo gives insight into

peptide/MHC detachment processes” submitted for publica-
tion), we are investigating the detachment of peptides from
MHCs and found that 30–60 replicas are required for a reprodu-
cible comparison with experimental data.

Towards simulation of the immunological synapse

Understanding the interaction between MHC, peptide and the
variable domains of the TCR is of high interest to the commu-
nity. However, in future the interest will be in systems that are
closer to the natural setting for signal transduction. Including
membranes, co-receptors and the CD3 signalling motifs could
be first steps. Also, multiple TCRpMHC receptor interactions
(Figure 2) could be more realistic and provide additional
insights.

Simulation times have considerably increased over the last
years (Figure 3). However, there is still a long way to go, as the
time necessary for the formation of the immunological synapse
is in the range of minutes [72] and not the nanoseconds or
microseconds of current simulations.

Supplementary data

Supplementary data are available online at http://bib.
oxfordjournals.org/.

Key Points

• MD simulations can be used to investigate the dy-
namics of TCRpMHC complexes and have not yet been
used for the whole immunological synapse. This might
be due to the massive computational power needed.

• Here we presented a review of the methods for
TCRpMHC complex modelling and TCRpMHC MD trajec-
tory evaluation as necessary parts of any simulation.
We then classified simulations into categories and gave
an overview of approaches and results.

• We found that current studies often compare a small
number (<10) MD simulations of different complexes.
Given that a TCRpMHC complex has roughly 800 amino
acids these studies run the risk of reporting differences
between simulations that do not hold true for larger
sample sizes.

• Future studies should have considerably larger num-
bers of simulations per group and contain additional
parts of the immunological synapse that are not pre-
sent in current simulations.
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