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Abstract Knowledge of the 3D structure of the binding

groove of major histocompatibility (MHC) molecules,

which play a central role in the immune response, is crucial

to shed light into the details of peptide recognition and

polymorphism. This work reports molecular modeling

studies aimed at providing 3D models for two class I and

two class II MHC alleles from Salmo salar (Sasa), as the

lack of experimental structures of fish MHC molecules

represents a serious limitation to understand the specific

preferences for peptide binding. The reliability of the

structural models built up using bioinformatic tools was

explored by means of molecular dynamics simulations of

their complexes with representative peptides, and the

energetics of the MHC-peptide interaction was determined

by combining molecular mechanics interaction energies

and implicit continuum solvation calculations. The struc-

tural models revealed the occurrence of notable differences

in the nature of residues at specific positions in the binding

groove not only between human and Sasa MHC proteins,

but also between different Sasa alleles. Those differences

lead to distinct trends in the structural features that mediate

the binding of peptides to both class I and II MHC mole-

cules, which are qualitatively reflected in the relative

binding affinities. Overall, the structural models presented

here are a valuable starting point to explore the interactions

between MHC receptors and pathogen-specific interactions

and to design vaccines against viral pathogens.
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Introduction

The major histocompatibility complex (MHC) plays an

important role in alerting the immune system, as the hete-

rodimeric proteins encoded by MHC genes are involved in

the presentation of protein antigens [1]. It has been noticed

that about 10% of all possible peptide sequences of appro-

priate length may bind with high affinity to the same MHC

protein [2]. Besides the pivotal role exerted in the immune

system, the unusual combination of low specificity and high

affinity properties of peptide binding explains the intense

research effort devoted to understand the molecular basis of
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antigen recognition by MHC molecules, leading to a variety

of tools that comprise databases of MHC alleles and anti-

genic peptide variants [3–6], algorithms for the prediction of

peptide binding [7–12] and sequence processing [9, 13, 14].

Understanding of peptide recognition by MHC proteins

at the atomic level has been facilitated by X-ray structures

of peptide-MHC complexes, especially in humans and

mice. This information has shed light into the molecular

basis of the immune surveillance and the origins of certain

immunological diseases, thus spurring the design of MHC-

based reagents that might be used as immunospecific

therapeutics and diagnostics. However, similar progress in

other higher organisms is seriously hampered by the lack of

3D structural data. This is the case of MHC molecules in

fish, particularly in salmonids [15, 16], which have been

the subject of increasing interest due to the association

between specific alleles with resistance to certain patho-

gens [17–22] and the severe economic losses caused by

infectious diseases in fish farms [23].

In spite of the similar physiological role played by fish

and mammalian MHC molecules [24, 25], there are relevant

differences in their genetic organization [25–27], as the

components of fish MHC do not strictly form a complex

because they are located in different linkage groups [26].

Class I MHC molecules are formed by a structurally highly

conserved b2-microglobulin protein and a polymorphic

a chain involved in antigen binding [25, 28]. Though there

are more than 10 salmonid class I genes, only one (known as

UBA) has been indisputably identified to possess classical

MHC functionality [29, 30]. Class II MHC molecules are

composed of a and b chains (named DAA and DAB,

respectively), which participate in peptide binding. In

humans the a chain is much more conserved than the b chain,

while in salmonids polymorphism affects similarly the two

subunits [31]. The functional form of MHC proteins requires

the presence of a bound peptide, which can be endogenous or

exogenous. Class I MHC molecules bind mostly endoge-

nous peptides acquired directly in the endoplasmic reticu-

lum [32, 33]. Class II MHC proteins are found in mammals

associated with an invariant chain, which assists in proper

folding, trafficking and protection of the antigen-binding

groove [34, 35]. Cleavage of this protein at the endocytic

compartment leaves a peptide named CLIP in the binding

groove, which is replaced by peptides of putative antigens

for their presentation.

The evolutionary homology of mammalian and fish MHC

molecules supports the assumption that the global fold

should be preserved [24, 31]. Nevertheless, a detailed

knowledge of the nature and distribution of residues that

delineate the peptide-binding groove is critical to ascertain

the molecular factors responsible for the binding and

selectivity preferences of antigenic peptides. To the best of

our knowledge, only one in silico modeling study has been

conducted for sea bass class II MHC, but limited to the b
chain [36]. Regarding class I MHC molecules, Grimholt

et al. [25] have examined the conservation of the binding

groove in terms of residues and electrostatic features of the

unbound a chain in Atlantic salmon, but without paying

attention to the interaction with peptides in the binding

groove. Finally, other studies have dealt with interactions

outside the binding groove in sea bream and grass carp

[37, 38].

This study provides the first structural models of Salmo

salar (Sasa) class I (UBA) and class II (DAA-DAB) MHC

proteins, taking into account the structural features of both a
and b chains and their interaction with peptides. With this

aim, Sasa class I and II MHC proteins were modeled taking

advantage of the available structural data of MHC proteins in

mice and human. Particularly, models of two UBA and two

DAA-DAB receptors bound to several peptides are examined.

The structural integrity of the MHC-peptide complexes and

the differential trends involved in the binding of antigenic

peptides are explored by means of molecular dynamics sim-

ulations, and the energetics of the MHC-peptide interaction is

examined by combining molecular mechanics interaction

energies with implicit continuum solvation computations.

Overall, the modeled structures should be valuable for the

design of novel drugs or peptide-based vaccines.

Methods

System setup

The amino acid sequences of the alleles reported for Sasa

class I (UBA) and II (DAA and DAB) MHC molecules

were obtained from the IPD database [4]. For each class

two alleles known to be associated with disease resistance

[17, 18] were chosen for modeling their 3-D structure:

UBA*0201 and UBA*0301 for class I, and DAA*0201-

DAB*0201 and DAA*0501-DAB*0301 for class II.

The choice of the peptide bound to the peptide-binding

groove was more delicate due not only to the enormous

diversity of peptide sequences that bind MHC proteins, but

also to the lack of quantitative data regarding the binding

affinities of peptides to salmonid MHC molecules. There-

fore, the strategy adopted here was to define consensus

peptides based on the analysis of the available binding

motifs experimentally identified for class I and II MHC

proteins, further subjected to a size restriction of 9–11

residues according to the usual length of peptides bound to

human and murine MHCs [11, 39]. Certainly this strategy

calls for caution on the quantitative interpretation of the

binding of peptides to Sasa MHC proteins. Nevertheless, it

must be stressed that our main interest was to calibrate the

reliability of the models by examining the overall structural
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integrity of Sasa MHC complexes and their ability to dis-

criminate selectively between different peptides.

Two consensus sequences were chosen for binding to

class I MHC proteins. The first one relied on the preferred

sequence motifs for interaction of peptides with Sasa

UBA*0301 detected in binding assays by Zhao et al. [40],

who identified two sets of 107 7-mer and 74 12-mer pep-

tides recognized by this allele. The second consensus

sequence was based on the binding preferences of peptides

to murine H-2Kb complexes (chosen according to PDB

structures 1FZO, 1WBZ, 1G7P, 1G7Q, 1KPV, 1LK2, and

1N59), as Zhao et al. [40] suggested that both Sasa

UBA*0301 and murine H-2Kb might have a very similar

peptide recognition motif at the C-terminus.

In contrast with the consensus peptides chosen for class I

MHC proteins, which are known to bind specifically the

Sasa UBA*0301 allele, it is worth noting that a proper

definition of the consensus peptides for class II MHC is

hampered by the lack of a precise knowledge of the CLIP

peptide in the invariant chain of fishes, as noted in the lim-

ited sequence similarity observed for this region in align-

ment studies [41]. Accordingly, two consensus sequences

were chosen based on two alternative sequence alignments.

The first was based on the alignment reported by Dixon and

coworkers [41] for human Ia antigen-associated invariant

chain (p33 isoform), the invariant chains of other vertebrates

(mouse and chicken) and versions of invariant chains in fish

(Uniprot codes for the aligned fish proteins are Q8JFN4,

Q8JFN5 and Q8JFN6 for O. Mykiss, Q9PUT2 and Q9PVD9

for D. Rerio). Since the region of the chicken invariant chain

aligned with the CLIP region (residues 82–107) of the

human invariant chain is not extremely well conserved and

particularly there is an insertion of 3 residues compared to

the human and mouse counterparts [42], an alternative

alignment was performed by excluding the chicken

sequence in order to define an alternative consensus peptide.

Homology modeling

The 3D model structures of Sasa UBA*0201 and UBA*0301

(named UBA2 and UBA3 hereafter, respectively) were built

up using as template the X-ray crystallographic structure of a

natural mutant of the murine allele H-2Kb (PDB entry 1FZO

[43], solved at 1.8 Å resolution), which is bound to the 9-mer

viral nucleocapside peptide F1APGNYPAL9. For class II

MHC proteins the structure of Sasa alleles DAA*0201-

DAB*0201 and DAA*0501-DAB*0301 (denoted ahead as

DA2B2 and DA5B3, respectively) were modeled based on

the X-ray structure of human HLA-DRb1*0101 (PDB entry

1DLH [44]; 2.8 Å resolution), which is bound to the influ-

enza virus peptide K1YVKQNTLKLA11.

Alignment of Sasa MHC proteins and the reference

templates was performed using ClustalW [45], leading to

sequence similarities in the ranges 47–54% and 53–63% for

a and b chains, respectively, considering both identities and

positive changes between residues (see Fig. S1 in Support-

ing Information). The starting 3D models of Sasa complexes

were generated using Swiss-Model in the ExPAsy server

[46]. Comparison of the modeled structures and the template

proteins suggests that gaps/insertions of residues detected in

the alignment of sequences should have no relevant effect on

the structural features of the peptide binding site.

Positioning of the consensus peptides along the peptide-

binding groove was guided by the skeleton of the bound

peptides found in X-ray structures of the template MHC

molecules, whereas the orientation of the side chains was

made taking into account the rotameric preferences of the

residues [47]. In all cases, nevertheless, visual inspection of

the complexes allowed further refinement of the side

chains, which were manually adjusted to avoid unfavorable

clashes in the modeled structures. Finally, the structure of

the complexes was further relaxed by means of molecular

dynamics simulations (see below). The adoption of this

strategy was motivated by the similar positions found for

the Ca carbon atoms of peptides having the same total

length upon binding to different mutants of murine class I

MHC H-2Kb, and upon binding of different viral peptides

to human class I MHC molecule HLA-A2, specially at the

peptide termini ([48]; see also Fig. S2 in Supporting

Information). Thus, alignment of the 9-mer peptides bound

to the peptide-binding groove of both murine and human

MHC proteins reveals a nearly perfect matching of the Ca

carbons in the N- and C-terminal sides, whilst the main

structural differences in the peptide backbone are limited to

the central region. Similar findings are found in the com-

parison of peptides bound to different human class II MHC

molecules (see Fig. S3 in Supporting Information).

Noteworthy, this strategy was also assumed in previous

studies aimed at discriminating between binder and non-

binder peptides, as modeling of the side chains was found

sufficient to explore the substitution of peptides to a given

MHC molecule, while very minor adjustments in the

peptide main chain were made through energy minimiza-

tions [49, 50]. However, keeping in mind the mutations

between Sasa alleles and the template structures (see

below), energy minimization does not seem well suited to

ensure a proper relaxation of the peptide-MHC complexes,

which was then conducted by molecular dynamics simu-

lations, as done in previous studies [51].

The complete list of Sasa MHC complexes simulated

here is given in Table 1, which also includes the murine

(1FZO) and human (1DLH) complexes chosen as refer-

ences for comparative purposes in molecular simulations.

To further calibrate the reliability of the modeled MHC

complexes, additional computations were performed for

human HLA-DRb1*0101 and HLA-DRb1*0301 alleles
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bound to peptides that exhibit ideal and poor binding fea-

tures (Table 2). These peptides were chosen by exploiting

the known preferences of amino acids for the anchoring

positions of MHC peptides as reported in the SYFPEITHI

database [52] (http://www.syfpeithi.de). Ideal peptides

should have sequences expected to fulfill the preferences

at four main anchoring positions (see Table S1 in Sup-

porting Information). This is accomplished by peptide

K1YVKQNTLKLA11 for HLA-DRb1*0101 (anchoring

positions are marked in bold in the peptide sequence).

This peptide is found in the X-ray crystallographic struc-

ture 1DLH, which was one of the reference complexes

mentioned above (see Table 1), and corresponds to the

fragment 306–318 of hemagglutinin HA peptide

(PKYVKQNTLKLAT). For HLA-DRb1*0301 an ideal

binding peptide is fulfilled by K1LKSDGKIKYQ11, which

reflects the sequence NLFLKSDGRIKYTL found in several

peptides reported as examples of ligands binding to HLA-

DRb1*0301 in the SYFPEITHI database (see Table S2 in

Supporting Information). Furthermore, as an additional

control for the complexes with HLA-DRb1*0301, we have

also simulated the complex with K1MRMATPLLMQ11,

which is the peptide found in the X-ray crystallographic

structure 1A6A. Several peptides containing the whole or

partial sequence of the control peptide are collected in the

SYFPEITHI database as ligands able to bind HLA-

DRb1*0301 (see Table S2).

Finding sequences in the database suitable as poor

binding peptides is less feasible. Accordingly, we imposed

that the first and last residues in the 11-mer peptides were

unaltered compared to the control ones (i.e., K at position 1,

A at position 11 for HLA-DRb1*0101; K at position 1, Q

at position 11 for HLA-DRb1*0301). Then, one of the

anchoring sites was imposed to satisfy the anchoring pref-

erences for binding. The precise anchoring site and the

nature of the required amino acid were chosen randomly.

The rest of the anchoring positions were randomly filled

with amino acids other than the preferred ones. Finally, a

similar procedure was adopted for the vacant positions in the

11-mer peptides subject to visual inspection of the com-

plexes and eventual manual adjustment of the side chains in

order to minimize the impact of steric clashes. This proce-

dure led to the assignment of K1ATMDRFGEKA11 and

K1ADGKFEQLTQ11 as poor binding peptides for the

interaction with HLA-DRb1*0101 and HLA-DRb1*0301,

respectively.

Molecular dynamics simulations

Refinement of the 3D models was performed by means of

atomistic molecular dynamics (MD) simulations using the

parm99 force field of the Amber9 suite of programs [53].

Preparation of the systems involved the addition of missing

atoms and embedding of the system in a solvent-filled

truncated octahedral box spanning 12 Å from the protein

using the Leap module of the AMBER package.

Table 1 MHC molecules used to build up structural models of Sasa
class I and II MHC complexes together with murine and human MHC

proteins used as reference systems, the sequences of the peptides

considered in MHC complexes, and the code used to designate each

MHC-peptide complex in this study

MHC molecule Peptide name Peptide sequence Code

Class I

Murine H-2Kb (1FZO)a Sendai virus nucleoprotein F1APGNYPAL9 (PDB entry 1FZO) 1FZO

Sasa UBA*0201 H-2Kb-like peptide F1SGYNATAL9 UBA2_1

UBA*0301 peptide M1PSQLYTLM9 UBA2_2

Sasa UBA*0301 H-2Kb like peptide F1SGYNATAL9 UBA3_1

UBA*0301 peptide M1PSQLYTLM9 UBA3_2

Class II

Human HLA-DRb1*0101 (1DLH)a Hemaglutinin: HA K1YVKQNTLKLA11 (PDB entry 1DLH) 1DLH

Sasa DAA*0201-DAB*0201 Invariant chain-like peptide 1 P1MKMHMPLNM11 DA2B2_1

Invariant chain-like peptide 2 H1LPMLNMARLI11 DA2B2_2

Sasa DAA*0501-DAB*0301 Invariant chain-like peptide 1 P1MKMHMPLNM11 DA5B3_1

Invariant chain-like peptide 2 H1LPMLNMARLI11 DA5B3_2

Table 2 Human class II MHC complexes bound to ideal and poor-

binding peptides used as reference systems

MHC molecule Peptide type Peptide sequence

HLA-DRb1*0101 Control/ideal K1YVKQNTLKLA11

(PDB entry 1DLH)

Poor K1ATMDRFGEKA11

HLA-DRb1*0301 Control K1MRMATPLLMQ11

(PDB entry 1A6A)

Ideal K1LKSDGKIKYQ11

Poor K1ADGKFEQLTQ11
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Assignment of the most adequate ionization state for ion-

izable residues in the acidic physiological conditions of

endosomes (pH 5.5–6.0) was performed using PROPKA

algorithm [54] (see Tables S3 and S4 in Supporting

Information) and further checked upon visual inspection of

the local environment and solvent accessibility in the

modeled structures. In particular, all the titratable (Asp,

Glu, Lys) residues at the peptide-binding groove were

assigned the standard ionization state, and histidine side

chains were protonated (see Supporting Information).

Nevertheless, this assignment might be dubious in two

cases. First, for human 1DLH residue E9 in a chain was

predicted to have a pKa of 5.7, which suggests the potential

involvement of both neutral and charged states. Second,

whereas a low pKa (4.9) was estimated for aH5 in the

modeled structure of DA5B3, the pKa predicted for the

analogous histidine in DA2B2 was 9.5. Inspection of

the modeled structures suggested that the protonated state

of aH5 seemed more reasonable, as the imidazole ring of

that residue is at short distance (\2.8 Å) from an aspartate

residue (aD20), suggesting the formation of a strong salt

bridge, whereas the difference in pKa appeared to stem

from the different orientation of a spatially close arginine

residue (bR9). Considering the mildly acidic conditions of

the endosome, the larger uncertainty of PROPKA algo-

rithm in predicting the pKa values of histidines, and the

dependence of the estimated pKa on the orientation of side

chains in the modeled structures, which neglect the flexi-

bility of the surrounding environment, those residues were

considered in their ionized form in molecular simulations.

This choice seemed to be supported by the structural

integrity observed along the trajectories (see below).

Finally, chlorine or sodium ions were added to obtain an

electrostatically neutral system.

A multi-stage protocol was adopted for minimization

and equilibration of the system. Minimization of hydrogen

atoms, water molecules and counterions, and the complete

system was performed in separate steps that combine 2000

steepest-descent and 8000 conjugate-gradient steps. Ther-

malization was performed in four steps where the tem-

perature of the system was increased from 150 to 298 K,

each involving a 50 ps MD at constant volume, followed

by a MD simulation at constant temperature (298 K) and

pressure (1 atm) covering up to 3 ns. The productive part

of the simulation ranged from 10 to 15 ns depending on the

particular behavior of each complex. Nevertheless, to fur-

ther check the structural stability of the simulated com-

plexes one of the trajectories run for DA5B3 was enlarged

up to 30 ns. All simulations were carried out under periodic

boundary conditions. The coordinates of all atoms in the

system were saved every 1 ps for further analysis. Calcu-

lations were performed at the Barcelona Supercomputing

Centre.

Binding affinities

Molecular mechanics coupled to Poisson-Boltzmann-

Solvent Accessible (MM/PBSA) calculations were used to

estimate the affinity of the different peptides for binding to

class I and class II MHC proteins. Computations were

performed for a subset of 400 snapshots taken regularly

during the last 5 ns of the trajectories. In all cases an

energy minimization of the peptide-MHC complex was

carried out previously in order to reduce steric clashes that

might arise from thermal fluctuations during the simula-

tions. The binding affinities (DGbinding) were determined

using Eq. 1.

DGbinding ¼ DGMM þ DGsol
ele þ DGsol

non�polar � TDSconf ð1Þ

where the terms in the right-hand side of the equation stand

for the internal conformational energy (DGMM), the elec-

trostatic (DGsol
ele) and non-electrostatic (DGsol

non�polar) com-

ponents of the solvation free energy, and the entropic

contribution (-TDSconf).

The internal conformational energy (DGMM) was deter-

mined using the standard formalism and parameters imple-

mented in Amber. The electrostatic contribution (DGsol
ele) was

determined using a dielectric constant of 78.4 for the

aqueous environment. The choice of the internal dielectric

constant is still a subject of debate, as it must account for

factors such as the electronic, vibrational and orientational

relaxation of the environment, including both protein resi-

dues and solvent molecules [55]. Therefore, a diverse range

of values have been proposed depending on factors such as

the structural fluctuation of the snapshots used in the anal-

ysis (i.e., a ‘‘static’’ single structure vs. multiple ‘‘dynamic’’

snapshots), or the solvent accessibility. Moreover, the

accuracy of continuum models also depends on parameters

such as the solute charges and the atomic radii that define the

dielectric boundary. In this context, we have computed

DGsol
ele using the optimized radii developed by Swanson et al.

[56] for PB calculations with the atomic charges imple-

mented in AMBER force field. Those radii were adjusted to

reproduce charging free energies determined with free

energy calculations using explicit solvent simulations. Fol-

lowing the protocol of the parameterization, PB computa-

tions were performed using a dielectric constant (eint) of 1 for

the interior of the protein and zero bulk ionic strength. The

electrostatic component of the solvation free energy was

calculated from the energetic difference in the solvated

(e = 78.4) and gas phase systems (e = 1). The electrostatic

potentials were calculated using a grid spacing of 0.25 Å,

and the interior of the solutes was defined as the volume

inaccessible to a solvent probe sphere of radius 1.4 Å. For

the sake of comparison, additional calculations were also

performed using both Parse and standard AMBER radii.
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The non-polar contribution (DGsol
non�polar) was calculated

using a linear dependence with the solvent-accessible

surface [57]. In particular, we have used the expression

DGsol
non�polar ¼ cSASþ b, with SAS being the solvent-acces-

sible surface. We have used two different sets of parameters:

c = 0.0072 kcal mol-1 Å-2, and b = 0.0 kcal mol-1, and

c = 0.0054 kcal mol-1 Å-2 and b = 0.86 kcal mol-1 [57].

The entropic term (-TDSconf) describes the change in

configurational entropy due to the loss of backbone and

side chain torsional freedom. These terms have been

computed using the computational scheme adopted by

Honig and coworkers [58], which separates backbone and

side-chain components. For the backbone, an entropic

penalty of 2 kcal mol-1 per residue is considered. For the

side chain, Honig et al. adopted the empirical scale defined

by Pickett and Stenberg [59], which gives the configura-

tional entropies of the amino acids obtained from the dis-

tribution of rotamers in non-homologous protein crystal

structures. Here, nevertheless, we have used the mean

values reported by Doig and Sternberg [60]. The difference

is expected to be minimal, as the average contribution per

frozen residue is -1.09 and -0.95 kcal mol-1. Following

Froloff et al. [58], we have assumed that a solvent-exposed

side chain (relative accessibility greater than 60%) rotates

freely, whereas a buried side chain (relative accessibility

lower than 60%) is restrained to one rotamer.

Finally, it is worth noting that this computational

scheme should overestimate the binding affinity, as Eq. 1

omits the contributions arising from the conformational

strain and the loss of translational and rotational degrees of

freedom upon complexation, which are not explicitly

considered. Those terms can make sizable contributions to

the binding affinity [61, 62], though their magnitude is

difficult to be estimated accurately. However, it seems

reasonable to assume that those terms are likely to be

similar for the binding of structurally related proteins to

peptides with the same number of residues. Therefore, the

analysis of MM/PBSA computations will be performed

separately for the binding of 9-mer or 11-mer peptides.

Results and discussion

Consensus peptides

Two consensus sequences were chosen to calibrate the

reliability of the structural models built up for Sasa class I

and II MHC proteins. For class I MHC they rely on the

preferred binding motifs determined specifically from the

analysis of 7-mer and 12-mer peptides able to interact with

Sasa UBA*0301, but also of 9-mer peptides interacting

with murine H-2Kb complexes, as previous studies [40]

have pointed out that they share a similar peptide recog-

nition pattern at the C-terminus region. The logo repre-

sentation (Fig. 1) [63, 64] clearly illustrates the enormous

structural diversity of the peptidic ligands that can bind

MHC proteins, as there is a large degeneracy in the pref-

erences for residues along the sequence of the peptides, as

well as for the preferential recognition of amino acids at a

given site along the sequence.

Although it was difficult to identify a unique consensus

sequence, some amino acids seem to have a slight prefer-

ence for specific positions, such as the presence of proline

at position 2 in the 7-mer peptides, which was suggested as

a putative anchoring site [40]. The preference for apolar

residues at the C-terminus is found in the analysis of the

12-mer peptides, as noted in an enrichment of leucine,

methionine and valine. This trend has been related to a

similar binding motif at the C-terminus in murine class I

H-2Kb [40]. Choice of the consensus peptides was then

made by combining the propensities suggested by the

sequence alignments in conjunction with a careful inspec-

tion of the most feasible arrangement of the side chains in

the peptide-binding groove of the putative structural

models of Sasa UBA*0201 and UBA*0301 proteins,

yielding the sequences M1PSQLYTLM9 and F1SGYNA-

TAL9 as tentative peptide candidates.

The aligned sequence of peptides corresponding to the

invariant chain-associated class II MHC molecules were

chosen to define two consensus sequences for class II MHC

[41]. They arise from two alternative alignments of fish and

Fig. 1 Logo of the aligned (top) 7-mer and (middle) 12-mer residue

sequences experimentally known to bind UBA*0301, and (bottom)

9-mer residue sequences identified in H-2Kb complexes. The propen-

sity of a given residue is related to the size of the corresponding

character [63, 64]
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human invariant chains (see above and Table S5 in Sup-

porting Information for more details), which in turn reflect

the uncertainty in the identification of the CLIP region

within the invariant chain in fishes. Propensities for specific

residues at certain positions can be identified from the

comparison of human and fish peptide sequences, such as

apolar residues at positions 4, 7 and 8 in the 11-mer pep-

tides (Fig. 2). However, a larger variability was observed at

other sites, such as position 1, which contains proline and

lysine in human peptides, but histidine in fish peptide

sequences, and 3, where the lysine residue found in human

sequences is replaced by proline (and at less extent by

arginine) in fish peptides. For our purposes here, this

information was used in conjunction with the manual

docking of the peptidic side chains in the binding groove

leading to the 11-mer sequences P1MKMHMPMLNM11

and H1LPMLNMARLI11 as consensus peptides.

Global structural analysis

The structural integrity of the 3D structural model built up

for each Sasa complex was examined by means of MD

simulations. In all cases the trajectories were stable, as

noted by the time evolution of both the potential energy

(data not shown) and the positional root-mean square

deviation (RMSD) of the protein skeleton (Fig. 3; see also

Fig. S4 in Supporting Information). The structural integrity

of the reference complexes 1FZO and 1DLH was noted by

RMSD values of 2.2 and 1.8 Å, respectively, for the

backbone of the whole protein, which decreases to around

1.5 Å for the residues that delineate the peptide-binding

groove in the two cases, thus giving support to the com-

putational protocol used for MD simulations.

Not surprisingly, larger RMSDs are found for the

backbone atoms of the modeled Sasa proteins when

compared to the energy-minimized homology models. The

RMSD profiles determined for the protein backbone were

stable after the first few nanoseconds and do not exhibit

drastic fluctuations that might arise from artifactual chan-

ges in the modeled MHC complexes. In fact, the structural

deviation found with regard to the average structure was

similar for both the reference (1FZO and 1DLH) com-

plexes and for the different Sasa alleles considering either

the overall protein skeleton (RMSD values ranging from

1.0 to 1.9 Å) or the peptide-binding groove (RMSD values

comprised between 0.8 and 1.4 Å). To further check the

structural stability of the Sasa complexes, the simulation

ran for DA5B3 bound to peptide H1LPMLNMARLI11

was enlarged up to 30 ns, but no drastic changes in the

RMSD profiles were observed along the trajectory (see

Fig. 3).

Superposition of the average structures for class I and II

MHC proteins showed that the largest structural differences

were associated with fluctuations in the loops, while the

integrity of the domains formed by a-helices and b-strands is

highly preserved (Fig. 4). The overall integrity of the

models was also supported by several indexes of the struc-

tural quality of the sampled structures available in Swiss-

model server (http://swissmodel.expasy.org) determined

from a set of 25 snapshots taken regularly along the last 4 ns

of the trajectories (Table 3). The content of secondary

structural elements was determined from the atomic coor-

dinates of the collected snapshots with DSSP [65] and found

to be very similar in all cases, ranging from 0.75 to 0.79. In

addition, the stability of the complexes was examined from

the pseudo-energies determined with D-Fire [66] and

Q-mean [67]. D-Fire is an all-atom statistical potential that

estimates non-bonded interactions, and Q-mean is a scoring

function whose pseudo-energy relies on different local and

global structural descriptors and a solvation potential. Even

though a direct comparison between the proteins from dis-

tinct organisms was limited by the differences in protein

sequence, the scores obtained from both methods supported

the quality of the structural models built up for the com-

plexes of Sasa alleles.

Overall, the preceding results suggest that the global

structural features of the Sasa MHC molecules were sat-

isfactorily preserved in the models. Nevertheless, this does

not suffice to warrant a proper description of the fine details

associated with the differential interactions involved in

the binding of antigenic peptides. Accordingly, further

assessment on the quality of the structural models must

come from the analysis of the nature and structural integ-

rity of the interactions at the peptide-binding groove along

MD simulations.

Fig. 2 Logo of the consensus peptides derived from two alternative

alignments of fish invariant chain-related sequences with the human,

mouse and chicken invariant chains. The peptides were derived upon

exclusion (top) or inclusion (bottom) of the chicken sequence (see text

and Table S5 in supporting information for more details). The

propensity of a given residue is related to the size of the correspond-

ing character [63, 64]
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Peptide binding to class I MHC proteins

The binding groove in class I MHC complexes consists of

five pockets, which are denoted A-F [24, 68]. The N- and

C-terminal sides of the bound peptides fit pockets A and F,

respectively. Relevant residues for interaction with the pep-

tide were conserved in MHC proteins: aY7(7), aY59(57),

aY171(169) in pocket A, and aW147(144) in pocket F (the

numbering is made using 1FZO as reference, whereas the

sequence numbering in Sasa proteins is given in parenthesis).

Other conserved residues were aF22(21) in pocket B,

aF74(72) in pocket C, aG100(97), aC101(98), aY159(157) in

pocket D, and aK146(143) in pocket F.

In spite of the preceding similarities, a relevant number

of mutations were also found in the peptide-binding

grooves of murine and Sasa class I MHC proteins. Few

involve conserved mutations, such as aM52 ? I(49) in

UBA2, aR170 ? K(168) in both UBA2 and UBA3, and

aN70 ? T(68) in UBA2 and S(68) in UBA3. However,

most of the mutations imply drastic changes in the steric

and electrostatic features of the groove (see Fig. 5). Thus,

the shape and size in the middle of the groove were notably

altered by mutations aV9 ? Y(9) and aS99 ? Y(96).

Similarly, the pair of residues aV97 and aY116, which

were spatially close, were mutated to K(94) and D(113),

respectively, while residues aQ114 and aL156 were

mutated to D(111) and R(154). The reverse change is found

in residues aE152 and aR155, which were changed to

Q(150) and Y(153), respectively. Other relevant changes

were the replacement of aD77 by N(75) and aY84 by

R(82). Finally, it is worth noting the existence of differ-

ences in specific residues between alleles UBA2 and

UBA3. Among those differences, some involve similar

changes, such as the mutations aR62 ? T(60; UBA2)

Fig. 3 RMSD values (Å) for

the trajectories sampled for

selected class I and class II

MHC complexes. Top: 1FZO

(left) and 1DLH (right). Middle:

UBA2_2 (left) and DA2B2_2

(right). Bottom: UBA3_2 (left)
and DA5B3_2 (right). The

RMSD profiles are determined

for the backbone of the whole

protein versus the energy-

minimized starting structures

(the X-ray for 1FZO and 1DLH,

or the homology model for Sasa
alleles; black) or the averaged

structure of the simulation (red),

as well as for the residues that

define the peptide-binding

groove (in blue and green for

the starting or averaged

structure, respectively)
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or S(UBA3), aE63 ? N(61; UBA2) or Q(UBA3), and

aK66 ? I(64; UBA2) or V(UBA3), while other imply

more drastic changes, such as the mutation aY45 ? A(42;

UBA2) or E(UBA3), and the replacement of aE55 by

V(53) in UBA2, whereas a glutamic residue was retained in

UBA3.

The mutations found at specific positions of the peptide-

binding groove should have a drastic effect on the recog-

nition of antigenic peptides not only between murine and

Sasa class I MHC proteins, but even between the two Sasa

alleles. Therefore, it is worth to examine the stability of the

interactions that mediate the binding of peptides for the

complexes of UBA2 and UBA3 with the consensus pep-

tides F1SGYNATAL9 and M1PSQLYTLM9, and compare

them with those determined for the complex between

murine H-2 Kb and the peptide (F1SGYNATAL9) found in

the X-ray crystallographic structure 1FZO, which was used

as reference system.

1FZO. A large fraction of the interactions that mediate

the binding of F1APGNYPAL9 to H-2 Kb are preserved

along the simulation (see Fig. S5 in Supporting Informa-

tion). In pocket A the amino group of the terminal F1

residue is linked to the carboxylate group of aE63 (average

value of 2.8 Å in the MD simulation; 3.4 Å in the X-ray

structure), which in turn is hydrogen-bonded to the NH

group of A2 (MD: 2.9 Å; X-ray: 2.9 Å), and forms tran-

sient interactions with the hydroxyl groups of aY7 and

aY171. Moreover, the carbonyl oxygen of F1 is hydrogen-

bonded to aY159 (MD: 3.4 Å; X-ray: 2.7 Å). Compared to

the X-ray structure, the enlargement of this latter interac-

tion likely stems from the weakening of the cation-p
interaction between aK66 and F1 due to the large exposure

to the aqueous solvent. In pocket F L9 is stabilized by the

salt bridge between the terminal carboxylate group and the

amino group of aK146 (MD: 2.9 Å; X-ray: 2.8 Å), and by

the hydrogen bond between the backbone NH and the

carboxylate group of aD77 (MD: 3.3 Å; X-ray: 2.8 Å).

Likewise, the indole NH unit of aW147 interacts with the

(C =)O group of A8 (MD: 2.8 Å; X-ray: 2.8 Å). A number

of interactions are also retained in the central part of the

peptide. For instance, the carbonyl oxygen of P3 is

hydrogen-bonded to aN70 (MD: 3.3 Å; X-ray: 2.9 Å),

Fig. 4 Superposition of the

average structures obtained

from class I (left) and II (right)
MHC complexes. Color code:

1FZO and 1DLH (blue);

UBA2_1 and DA2B2_1

(orange); UBA2_2 and

DA2B2_2 (red); UBA3_1 and

DA5B3_1 (yellow); UBA3_2

and DA5B3_2 (green). Figures

were made with PyMOL

Table 3 Indexes of the model quality as calculated in Swiss-Model

workspace

Complex D-fire Q-mean

Score Secondary

structureb

1FZOa -512.2 (-559.8) -80.3 (-80.8) 0.79 (0.85)

UBA2_1 -451.0 -64.1 0.75

UBA2_2 -402.1 -65.3 0.76

UBA3_1 -423.5 -63.0 0.77

UBA3_2 -438.1 -65.3 0.74

1DLHa -497.1 (-535.3) -66.2 (-68.0) 0.75 (0.83)

DA2B2_1 -451.0 -59.2 0.75

DA2B2_2 -454.3 -58.4 0.75

DA5B3_1 -465.7 -65.7 0.79

DA5B3_2 -455.0 -63.3 0.75

a Values derived for the X-ray structure are given in parenthesis
b Agreement between predicted and observed secondary structure
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while the ring of P3 fills a pocket defined by aY7 and

aY159. In addition, Y6 protrudes into the groove filling the

space delineated by residues aY7, aV9, aV97 and aS99,

while its backbone NH group interacts with aN70 (MD:

3.3 Å; X-ray: 2.9 Å), and the (C =)O group of P7 forms

transient interactions with aY116 (MD: 3.5 Å; X-ray:

2.7 Å). Overall, the results indicate that the features that

mediate binding of peptide F1APGNYPAL9 are generally

well retained along the simulation.

UBA2_1 and UBA3_1. Binding of F1SGYNATAL9 to

Sasa UBA*0201 (UBA2_1) exhibits differences in pocket

A and similarities in pocket F compared to F1APGNY-

PAL9 in 1FZO (see Fig. 6). In pocket F the terminal car-

boxylate group of L9 interacts with aK143 (3.4 Å), and the

aliphatic side chain is close to the benzene ring of aF120.

Moreover, the (C =)O group of A8 retains the hydrogen-

bond with aW144 (3.3 Å), and aD113, which replaces

Y116 in FZO, contributes to the anchoring of the peptide

through hydrogen-bonds with the backbone NH (2.8 Å) of

T7 and with its hydroxyl moiety (2.8 Å). In contrast, the

salt bridge formed between F1 and aE63 in 1FZO (see

above) is lost due to the mutation of this residue to N. In

turn, the terminal amino group is exposed to the solvent,

whereas the benzene ring protrudes into the pocket, which

alters the arrangement of the peptide backbone along the

groove compared to the 1FZO complex.

In contrast to the preceding results, a more dense

interaction pattern is observed for the binding of F1SGY-

NATAL9 to UBA*0301 (UBA3_1; see Fig. 6). In pocket A

the terminal amino group mimicks the interactions found

for 1FZO, as it forms a salt bridge with aE42 (2.8 Å; the

carboxylate moieties of aE63 in 1FZO and aE42 in UBA3

were spatially close, but this latter residue replaces aY45 in

H-2 Kb) and is also hydrogen-bonded to aY7 (2.9 Å) and

aQ61 (2.7 Å). Whereas the benzene ring of F1 in 1FZO is

exposed to the solvent, this orientation is impeded here due

to the steric clash with Y4, and the benzene ring points

towards the edge of the groove lying partially stacked with

aY169. Additional anchoring points are the hydrogen-

bonds between the (C =)O group of F1 and aY157 (2.8 Å),

and between the hydroxyl group of S2 and aE42 (2.6 Å). In

the central part of the peptide binding is assisted by the

hydrogen bond between the NH unit of G3 and aY96

(2.9 Å), the electrostatic stabilization between aR154 and

the carbonyl oxygen of G3 (3.0 Å) and N5 (2.9 Å), and the

hydrogen-bond between T7 and aN75 (3.4 Å). Finally, in

pocket F the terminal carboxylate group transiently con-

tacts aK143 (4.1 Å), with the side chain of L9 lying onto

aF120, and the (C =)O group of A8 hydrogen-bonded to

aW144 (3.1 Å).

UBA2_2 and UBA3_2. Binding of M1PSQLYTLM9 to

UBA*0201 (UBA2_2) reflects qualitatively the trends

noted above for UBA2_1 (Fig. 6). Thus, there is no salt

bridge interaction in pocket A between the terminal amino

group in M1 and aE42. Instead, the amino group forms

hydrogen-bonds with the hydroxyl groups of aY7 (3.1 Å)

and aY57 (3.4 Å), while the thiomethyl group lies onto the

aromatic ring of aY57. In pocket F the terminal carboxylate

group of M9 forms a salt bridge with aR82 (3.7 Å) and

aK143 (3.9 Å), and the side chain interacts with aF120. A

series of hydrogen bonds is observed along the peptide,

such as those formed between the (C=)O groups of P2, S3

and L8 with aY157 (3.3 Å), aY9 (3.0 Å) and aW144

(2.9 Å), respectively, or the backbone NH of S3 and Q4 with

aY96 (3.1 Å) and aY153 (3.4 and 3.6 Å). Other interactions

involve the hydrogen-bonded bridge between Y6 with aN92

(3.1 Å) and aD113 (2.7 Å), the stacking between the aro-

matic rings of Y6 and aF72, and the hydrophobic contact

between the side chains of L5 and aY153.

Fig. 5 Representation of selected mutations in the binding groove of

Sasa class I (top) and class II (bottom) MHC proteins in comparison

with murine H-2Kb and human HLA-DRb1*0101 proteins. Labels

are referred to the murine or human protein followed by the

corresponding residue in Sasa UBA2 and UBA3 proteins or DA2B2

and DA5B3 (a single label is used in those cases where the same

residue is present in both). For clarity only the backbone skeleton of

the reference proteins (1FZO and 1 DLH) is shown in cyan. Mutated

residues between Sasa proteins are shown in orange and green,

respectively. Figures were made with VMD
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Most of the preceding interactions are also found in the

binding of M1PSQLYTLM9 to UBA3 (UBA3_2). How-

ever, as noted before for the binding of F1SGYNATAL9,

the most remarkable difference is found in pocket A, where

the protonated amino group of M1 forms a salt bridge with

aE42 (3.1 Å) and hydrogen bonds with aY7 (3.0 Å) and

aY57 (3.1 Å). Moreover, this structural rearrangement is

accompanied with a conformational change of aW165,

which can thus retain the cation-pi interaction with the

terminal amino group.

In summary, the preceding discussion suggests that the

two consensus peptides interact preferentially with the

allele UBA*0301, and that this preference arise from a

better accommodation of the peptide to the features of

pocket A. Therefore, this finding agrees with the fact that

the peptides were chosen based on the preferred motifs

determined for peptides experimentally known to bind

Sasa UBA*0301 [40].

Peptide binding to class II MHC proteins

The interaction of the peptide with class II MHC proteins

involves residues located in five pockets named 1, 4, 6, 7 and

9 [43]. The peptide-binding region is delineated by residues

in both a and b chains, and some residues relevant for peptide

binding in human leukocyte antigens have been proposed

[69–72]. In pocket 1, aE55 and bH81 in HLA proteins

(numbering relative to PDB entry 1DLH; [43] see Fig. S1),

which contribute to the anchoring of the peptide, correspond

to residues aE57 and bH77 in Sasa proteins. Similarly, res-

idue aN69, which participates in hydrogen bonding with the

peptide backbone in pockets 6 and 7, was conserved in Sasa

proteins (residue aN69), while residues bW61 and bL67 in

pocket 6 were also preserved (residues bW58 and bL64 in

Sasa proteins). However, there were also numerous differ-

ences between human and Sasa alleles (Fig. 5), including not

only conserved changes (for instance, aI7 ? aV(3),

aF24 ? aY(22), aE11 ? aD(7), and bV38 ? bV(35;

DA2B2) or bI(35; DA5B3)), but also changes that imply

substantial changes in both the shape and size and the

polarity of the groove, such as bF13 ? bR(9), bR71

?bE(67), aQ9 ? aH(5) and bS37 ? bY(34). Finally, it is

worth noting the existence of mutations leading to differ-

ences between the Sasa alleles, such as bW(9) ? bE(5;

DA2B2) or bY(DA5B3), bE(28) ? bD(25; DA2B2) or

bT(DA5B3), and aM(73; 1DLH) ? aN(73; DA2B2) or

aS(DA5B3).

In order to explore the impact of those mutations on the

binding properties, MD simulations were run for the X-ray

crystallographic structure 1DLH (bound to the peptide

K1YVKQNTLKLA11) as control system, and the modeled

complexes of Sasa alleles DA2B2 and DA5B3 bound to

peptides P1MKMHMPMLNM11 and H1LPMLNMARLI11.

1DLH. There is a close resemblance between the

arrangement of the peptide K1YVKQNTLKLA11 in the

snapshots taken along the MD simulation and the X-ray

Fig. 6 Selection of

representative interactions

found in the peptide-binding

groove for Sasa UBA2 and

UBA3 bound to consensus

peptides. Top UBA2 (left) and

UBA3 (right) complexed to

F1APGNYPAL9. Bottom UBA2

(left) and UBA3 (right)
complexed to M1PSQLYTLM9.

Figures were made with VMD
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crystallographic structure (PDB entry 1DLH; see Fig. S5 in

Supporting Information), which reflects the fact that most

of the interactions found between the peptide and the

binding groove are preserved along the trajectory. Thus,

the position of K1 is maintained by a hydrogen bond

between the carbonyl oxygen and the imidazole ring of

bH81 (MD: 2.8 Å; X-ray: 2.7 Å), and from transient

interactions between the side chain amino group and aE55

(MD: 4.8 Å; X-ray: 4.5 Å). A variety of hydrogen bonds

mediate binding of the peptide backbone to the groove: NH

in Y2 with (C=)O in aS53 (MD: 2.9 Å; X-ray: 2.7 Å); NH

in V3 with the amido (C=)O in bN82 (MD: 2.9 Å; X-ray:

2.7 Å); (C=)O in V3 with the amido NH in bN82 (MD:

2.8 Å; X-ray: 2.7 Å); NH in Q5 with the amido (C=)O in

aQ9 (MD: 3.0 Å; X-ray: 2.7 Å); (C=)O in N7 with bR71

(MD: 2.9 Å; X-ray: 2.8 Å); (C=)O in L8 with the amido

NH in aN69 (MD: 3.2 Å; X-ray: 2.7 Å); (C=)O in K9 with

the indole NH in bW61; and NH in L10 with the amido

(C=)O in aN69 (MD: 3.1 Å; X-ray: 2.8 Å). Other stabi-

lizing contacts found in both the X-ray structure and along

the trajectory are the hydrophobic contacts of Y2, which

fills the pocket formed by aW43, aF32, aF24 and bV85, as

well as L8 and L10, which interact with bW61, bW9 and

aM36. Finally, the terminal residue A11 is fixed through a

hydrogen bond between the backbone NH group and the

carboxylate moiety of bD57 (MD: 2.9 Å; X-ray: 3.0 Å)

and a salt bridge with aR74 (MD: 3.2 Å; note that in the

X-ray structure this interaction is mimicked by a contact

between the backbone (C=)O and aR74: 3.4 Å). Overall,

these results indicate that the main features that mediate

binding of the peptide K1YVKQNTLKLA11 to human

HLA-DRb1*0101 in the X-ray structure are properly

retained along the trajectory.

DA2B2_1 and DA5B3_1. The binding of P1MKMHM

PMLNM11 to DAA*0201-DAB*0201 (DA2B2_1) and

DAA*0501-DAB*0301 (DA5B3_1) exhibits notable dif-

ferences compared to the interaction of K1YVKQNT

LKLA11 in 1DLH.

For DA5B3_1 the position of P1 is only fixed by a

hydrogen bond between the carbonyl oxygen and bH77

(3.0 Å). Moreover, unlike K1 in 1DLH, the protonated

proline ring does not interact with the binding groove.

Similarly, the terminal carboxylate group in M11 is exposed

to the aqueous solvent, which can be explained by the

mutation of aR74 in 1DLH to Y. In addition, a reduced

number of hydrogen bonds with the peptide backbone is

found, such as NH in M2 with (C=)O in aT51 (3.0 Å); NH

in K3 with bN78 (3.0 Å); (C=)O in K3 with bN78 (2.9 Å);

(C=)O in L9 with bW58; and NH in N10 with aN69 (2.8 Å).

Other interactions are altered due to specific mutations,

such as the lost of the interaction between (C=)O in position

6 and bR71 in 1DLH due to the mutation of this latter

residue to bE67, or the formation of a hydrogen-bond

between NH in M8 and the hydroxyl group in bY27 (3.5 Å),

which replaces bC30 in 1DLH.

The structural integrity of the N-terminal part of the

peptide P1MKMHMPMLNM11 in DA2B2_1 is less satis-

factory, as there seems to be a weaker binding to the

groove. This structural perturbation can be attributed to

bY82, which protrudes into the binding groove in DA2B2,

and replaces bG86 in 1DLH. Accordingly, whereas a

tyrosine residue is found in front of bG86 in the X-ray

structure of 1DLH, the side chain of M2 cannot be

accommodated due to steric clash with bY82 in DA2B2

(this residue is replaced by D in DA5B3, whose side chain

is pointing towards H1 and thus does not impede the

binding of the peptide). The rest of the peptide backbone is

quite stable, which likely reflects the role played by elec-

trostatic interactions in the middle region of the groove, as

the protonated imidazole ring in H5 bridges bE67 (3.9 Å)

and bD25 (2.8 Å), which in turn is linked to bR9 (3.3 Å).

In addition, the guanidinium moiety of bR9 interacts with

the (C=)O groups of H5 (2.9 Å) and M6 (3.2 Å).

DA2B2_2 and DA5B3_2. The arrangement of the back-

bone of H1LPMLNMARLI11 in the binding groove of

DAA*0501-DAB*0301 (DA5B3_2) is rather well preserved

along the 30 ns trajectory. Compared to the simulation run

for 1DLH, the most flexible region is the N-terminal part,

which reflects the absence of the stabilizing interaction

between the backbone carbonyl group and bH77. However,

a number of hydrogen bonds are found along the peptide:

(C=)O in M4 and aH5 (2.7 Å), (C=)O in L5 and bR9 (3.1 Å),

NH in A8 and bY27 (3.0 Å), (C=)O in A8 and aN69 (3.2 Å),

(C=)O in R9 and bW58 (3.1 Å), NH in L10 and aN69

(3.3 Å), and NH in I11 and bN54 (3.2 Å). Moreover, addi-

tional interactions are found between the side chain of N6

and bE67, and between the terminal carboxylate group in I11

and both aY77 and bN54, even though these latter interac-

tions are lost in the last part of the trajectory. Finally, binding

is also assisted by hydrophobic contacts of L2, which fills the

pocket formed by aY22, aM29 and aF52, and of M7, which

interacts with aV65 and bM7.

As noted above for the interaction of P1MKMHMP

MLNM11 in DA2B2, binding of the N-terminal region of

H1LPMLNMARLI11 to DA2B2 is affected by the protru-

sion of bY82 into the groove (Fig. 7), which hinders the

proper positioning of the side chain of L2. Likewise, the

rest of the peptide remains more ordered due to different

interactions, involving several hydrogen bonds with the

peptide backbone ((C=)O in N6 with bR9 (2.8 Å); NH in

M7 with aN62 (2.9 Å) and (C=)O in L10 with aN69

(2.9 Å)) and the hydrophobic contact between L10 and

bY34.

In summary, even though a series of interactions

between the peptides and the residues that define the

binding groove in Sasa models are preserved along the
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trajectories, the structural integrity of the complexes seems

to be slightly less satisfactory, specially regarding the

binding of the N-terminal region of the peptides to the

allele DAA*0201-DAB*0201, which reflects the steric

hindrance due to the presence of bY82.

Energetic analysis

In order to explore the correspondence between the struc-

tural features that mediate peptide binding with the relative

binding affinities, MM-PBSA computations were per-

formed for a series of snapshots collected along the last

part of the trajectories (see ‘‘Methods’’). This technique

has been largely used to re-rank the ligand poses in dock-

ing studies [73–75]. Regarding peptide-MHC complexes,

Honig and coworkers used MM/PBSA computations to

examine the binding affinities of 8 MHC class I complexes,

including murine MHC class I protein H-2K and human

MHC class I HLA-A2 proteins, and concluded that the

results are successful in reproducing a fairly small range of

binding affinities [58]. More recently, Schafroth and

Floudas have compared the reliability of MM-PBSA,

MMSED and RRIGS methods to predict peptide binding

to MHC pockets, concluding that the former is the most

accurate approach [76].

The lack of precise data for the binding of peptides to fish

MHC molecules limits the capability to perform a quanti-

tative analysis of the calculated binding affinities. Moreover,

since the binding to Sasa MHC molecules has been per-

formed using consensus peptides, it is convenient to restrict

such analysis to a qualitative level. In this context, we have

performed MM/PBSA computations to estimate upper and

lower limits to the binding of peptides to human class II

HLA-DRb1*0101 and HLA-DRb1*0301 alleles. This

strategy seems more adequate for our purposes as there is

notable discrepancy in the affinities reported in the litera-

ture, which would then affect the suitability of a quantitative

analysis. For instance, a search for the binding affinities to

human HLA-DRb1*0101 of the fragment 306–318 of

hemagglutinin HA peptide (PKYVKQNTLKLAT) com-

piled in the immune epitope database [77] (http://www.

immuneepitope.org/) rendered IC50 values ranging from 2 to

600 nM.

The trajectories sampled during MD simulations for the

complexes with human class II MHC molecules were sta-

ble, as noted by the time evolution of the potential energy

Fig. 7 Selection of

representative interactions

found in the peptide-binding

groove for Sasa DA2B2 and

DA5B3 bound to consensus

peptides. Top DA2B2 (left) and

DA5B3 (right) complexed to

P1MKMHMPMLNM11. Bottom
DA2B2 (left) and DA5B3

(right) complexed to

H1LPMLNMARLL11. Figures

were made with VMD
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(data not shown) and the positional RMSD of the protein

skeleton, which ranged from 1.7 to 2.4 Å (see Fig. S6 in

Supporting Information). The results shown in Table 4

indicate that the binding affinities determined for the ideal

binding peptides are significantly more negative than the

expected range of experimental values. As noted in

‘‘Methods’’, this deviation can be attributed to the fact that

the positive contributions arising from the conformational

strain energy and the entropic cost of fixing translational

and rotational degrees of freedom upon complexation have

been omitted. However, the overestimated binding affini-

ties can also be attributed to the difficulty in keeping a

precise balance between the different components of the

binding affinity in MM/PBSA. For instance, even though

the atomic radii reported by Swanson et al. [56] were

optimized by fitting the charging free energies for peptides

in solution, to the best of our knowledge there is no sys-

tematic analysis about the suitability of atomic tensions to

be used in conjunction with the solvent-accessible surface

for calculating the non-polar contribution to the solvation

free energy.

To further check the reliability of the MM/PBSA values,

additional computations were performed using PARSE

radii in conjunction with an internal dielectric constant of

2, which was already considered in the derivation of the

PARSE parameters [57], and the standard radii imple-

mented in AMBER. The results in Table 5 reveal a sizable

dependence between the calculated binding affinity and the

atomic radii, especially when the standard AMBER

parameters are used as they lead to too negative binding

affinities. Nevertheless, it is also worth noting that the

results reflect adequately the distinction in the relative

binding affinities estimated for ideal and poor binding

peptides. Thus, in agreement with the findings by Swanson

et al. [56], although changes in either the solute dielectric

or the boundary between solute and solvent can have a

remarkable effect on the calculated solvation free energy,

they are less relevant for the comparison of relative sol-

vation free energies between structurally related peptides.

Table 6 reports the calculated components of the binding

affinity determined according to Eq. 1 for the Sasa MHC-

peptide-MHC complexes and the reference systems. With

regard to class I MHC complexes, the most relevant finding

is the larger affinity predicted for the binding of peptides

F1SGYNATAL9 and M1PSQLYTLM9 to the Sasa allele

UBA*0301, which can be ascribed to the internal confor-

mational energy (DGMM) of the MHC-peptide complex.

Such a preference is mainly due to the larger stabilization

arising from electrostatic interactions, which is partially

compensated by the desolvation cost. Moreover, the van der

Waals component also favors the binding of the peptides to

UBA*0301, which suggests a larger steric complementarity

with the binding groove. These findings are not completely

unexpected, as the two consensus peptides were chosen

according to the preferred motifs determined experimen-

tally from binding assays to Sasa UBA*0301 (see above;

[40]). Thus, whereas the binding affinity predicted for the

interaction of F1SGYNATAL9 and M1PSQLYTLM9 to the

Sasa allele UBA*0201 compares with the value obtained

for the binding of F1APGNYPAL9 to murine H-2Kb,

Table 4 Calculated binding free energies determined for the binding

of peptides to human class II MHC molecules

Complex DGMM
a DGsol

ele DGsol
n�ele

b -TDSconf DGbinding
b

IDLH

Control/

ideal

-606.3

(-495.2; -111.1)

561.6 -16.1

-11.2

34.0 -26.8

-21.9

Poor -368.2

(-118.2; -82.2)

298.7 -11.4

-7.7

33.9 2.6

6.3

1A6A

Control -357.2

(-236.0; -121.3)

306.9 -13.7

-9.4

38.4 -25.6

-21.3

Ideal -556.4

(-441.8; -114.7)

485.6 -14.4

-9.9

39.2 -46.0

-41.5

Poor -320.4

(-247.2; -73.2)

302.8 -11.0

-7.4

34.4 5.8

9.4

a The electrostatic (left) and van der Waals (right) components are

given in parenthesis
b Values determined using two sets of parameters for the linear

dependence with the solvent-accessible surface (see ‘‘Methods’’)

Table 5 Calculated binding free energies determined for the binding

of peptides to human class II MHC molecules using different atomic

radii and internal dielectric constantsa

Complex Optimized

AMBERb
PARSEc Standard

AMBERd

1DLH

Control/ideal -26.8 -20.1 -68.3

-21.9 -15.3 -63.4

Poor 2.6 17.2 -23.9

6.3 20.9 -20.2

1A6A

Control -25.6 3.7 -47.7

-21.3 7.9 -43.4

Ideal -46.0 -23.9 -118.3

-41.5 -19.4 -113.8

Poor 5.8 9.5 -23.7

9.4 13.1 -20.1

a Values determined using two sets of parameters for the linear

dependence with the solvent-accessible surface (see ‘‘Methods’’)
b eint = 1; Ref. [56]
c eint = 2; Ref. [57]
d eint = 2
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binding to Sasa UBA*0301 is significantly more favorable.

The preferential binding determined from MM/PBSA

computations for the two consensus peptides to UBA*0301

gives confidence to the overall quality of the 3D models

built up for the Sasa alleles, as the structural and energetic

analysis allow us to discriminate the binding of the peptides

to Sasa UBA*0201 and UBA*0301.

Regarding class II MHC molecules, binding of the

consensus peptides to the Sasa alleles is less favored than

the interaction of peptide K1YVKQNTLKLA11 to human

HLA-DRb1*0101 (1DLH), but are much higher than the

value obtained for the poor binding peptide (see Table 4).

The exception to this general trend is the interaction of

peptide P1MKMHMPMLNM11 to DAA*0501-DAB*0301

(DA5B3_1), since the calculated binding affinity compares

with that determined for 1DLH. According to the structural

analysis of peptide-MHC complexes derived from molec-

ular dynamics simulations, the lower binding affinity pre-

dicted for the consensus peptides can be attributed to two

main structural features. First, whereas favorable contacts

are observed between residues K1 and A11 in the peptide

K1YVKQNTLKLA11 bound to HLA-DRb1*0101, the

electrostatic interactions of the capping groups in the

consensus peptides are weaker, which can be explained by

the mutation of aR74 in 1DLH to Y in the two Sasa alleles.

Second, the replacement of bG82 in 1DLH by Y, which

protrudes into the groove, impedes the correct positioning

of the N-terminus, thus contributing to the difference in the

van der Waals contribution to the binding of peptides to

DA2B2 and DA5B3.

Overall, the structural integrity and energetic stability

found for the binding of consensus peptides F1SGYNA-

TAL9 and M1PSQLYTLM9 to class I Sasa UBA*0301

reflects the correspondence that underlies those peptides and

the preferred binding motifs determined for this allele. At

this point, it is worth noting that those peptides were derived

based on the sequences of 107 7-mer and 74 12-mer peptides

known to interact with this allele in binding assays reported

by Zhao et al. [40]. Present results, therefore, give confi-

dence to the computational strategy adopted here to derive

the structural model for UBA*0301. Regarding class II

alleles, the binding predicted for P1MKMHMPMLNM11

and H1LPMLNMARLI11 to Sasa class II alleles is inter-

mediate between the range of values determined for ideal

and poor-binding peptides to human HLA-DRb1*0101 and

HLA-DRb1*0301. This trend likely reflects the fact that in

this case the consensus peptides were derived by using a

smaller number of invariant chains in the sequence align-

ment, and to the larger uncertainty associated with the pre-

cise definition of the CLIP region in the MHC class

II-associated invariant chain in fishes. Nevertheless, the

binding affinity predicted for P1MKMHMPMLNM11 to

Sasa DAA*0501-DAB*0301 (DA5B3_1) compares with

the binding of K1YVKQNTLKLA11 to human HLA-

DRb1*0101 (1DLH), which also lends support to the

structural model built up for the Sasa allele.

Table 6 Calculated binding

free energies determined for the

binding of peptides to Sasa class

I and II MHC molecules

a The electrostatic (left) and

van der Waals (right)

components are given in

parenthesis
b Values determined using two

sets of parameters for the linear

dependence with the solvent-

accessible surface (see

‘‘Methods’’)

Complex DGMM
a DGsol

ele DGsol
n�ele

b -TDSconf DGbinding
b

1FZOa -253.1

(-167.5; -85.7)

224.6 -10.9

-7.3

28.4 -11.1

-7.5

UBA2_1 -312.6

(-230.8; -81.9)

277.0 -10.4

-6.9

28.0 -18.0

-14.5

UBA2_2 -293.7

(-197.2; -96.6)

259.2 -12.3

-8.4

30.5 -16.3

-12.4

UBA3_1 -453.0

(-350.7; -102.3)

379.7 -11.8

-8.0

26.9 -58.3

-54.5

UBA3_2 -486.9

(-379.1; -107.8)

408.9 -12.4

-8.4

32.8 -57.6

-53.6

1DLHa -606.3

(-495.2; -111.1)

561.6 -16.1

-11.2

34.0 -26.8

-21.9

DA2B2_1 -392.0

(-324.1; -68.0)

354.9 -8.8

-5.7

31.5 -14.4

-11.4

DA2B2_2 -368.2

(-274.2; -94.0)

334.5 -11.7

-7.9

32.7 -12.6

-8.8

DA5B3_1 -331.1

(-226.6; -104.5)

289.3 -16.4

-11.4

35.5 -22.7

-17.7

DA5B3_2 -350.5

(-255.5; -94.9)

320.1 -16.6

-11.6

33.0 -14.0

-8.9
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Final remarks

Understanding of the molecular basis of peptide recogni-

tion by MHC molecules is necessary to enhance our ability

to design novel drugs and peptide-based vaccines that

might be used as immunospecific therapeutics. In the case

of fishes, this information could be extremely valuable to

develop vaccines against infectious diseases, which will

have a relevant economical impact for fish farms. The lack

of atomistic 3D structural data at the microscopic level

represents a serious limitation, which can nevertheless be

attenuated by the use of bioinformatic tools for the devel-

opment of structural models of peptide-MHC complexes.

In this context, combination of homology techniques and

molecular dynamics simulations has allowed us to build up

the first complete 3D structural models for two MHC class

I (UBA*0201, UBA*0301) and class II (DAA*0201-

DAB*0201, DAA*0501-DAB*0301) alleles from Salmo

salar (the energy-minimized structures of the starting

peptide-bound homology models are given as Supporting

Information; additional data available upon request to the

authors).

The model relies on the hypothesis that these molecules

are well preserved through evolution, which thus justifies

the exploration of structure–function properties by resort-

ing to suitable reference MHC proteins. The global struc-

tural fold of the Sasa MHC proteins is similar to that found

in the reference proteins (murine H-2Kb and human HLA-

DRb1*0101), which supports the structural integrity of the

models. However, the results also reveal the existence of a

sizable number of differences in the nature and distribution

of the residues that delineate the peptide-binding groove

between the template structures and the Sasa alleles. While

those differences should be reflected in distinct trends

regarding the preferred motifs for peptide recognition

between the template structures and the Sasa alleles, they

make it necessary to allow for structural relaxation of the

contacts between the bound peptide and the MHC residues

in the binding groove, which is performed here by exten-

sive molecular dynamics simulations.

The suitability of this computational strategy is supported

by the structural and energetic stability predicted for the

binding of peptides F1SGYNATAL9 and M1PSQLYTLM9

to the class I Sasa UBA*0301, which were chosen as rep-

resentative peptides based on the sequences of a large

number of 7-mer and 12-mer peptides experimentally

identified as binders to the UBA*0301 allele. Our studies

also reveal a larger structural instability for the recognition

of peptides P1MKMHMPMLNM11 and H1LPMLNMAR-

LI11 to Sasa class II alleles, which can be associated

with specific mutations compared to the human HLA-

DRb1*0101 structure, such as the replacement of aR74

by Y in both DAA*0201-DAB*0201 and DAA*

0501-DAB*0301, and of bG86 by Y in DAA*0201-

DAB*0201 and by D in DAA*0501-DAB*0301. Such

instability is not completely unexpected, as it can be realized

from the limited number of invariant chains considered in

the sequence alignment and to the lack of a detailed

knowledge of the CLIP region in the invariant chain in

fishes.

The structural models presented here represent a suitable

starting point for the study of pathogen-specific interactions

in Salmo salar MHC molecules, which could provide useful

guidelines to gain insight into the interactions between fish

MHC receptors and antigenic peptides. Finally, the results

also support the suitability of the computational strategy

presented here to explore the binding preferences of anti-

genic peptides by MHC molecules in other higher organisms.
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