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Abstract A single amino acid difference (Aspll16His),
having a key role in a pathogenesis pathway, distinguishes
HLA-B*27:05 and HLA-B*27:09 sub-types as associated
and non-associated with ankylosing spondylitis, respec-
tively. In this study, molecular docking simulations were
carried out with the aim of comprehending the differences
in the binding behavior of both alleles at varying pH
conditions. A library of modeled peptides was formed upon
single point mutations aiming to address the effect of 20
naturally occurring amino acids at the binding core peptide
positions. For both alleles, computational docking was
applied using Autodock 4.2. Obtained free energies of
binding (FEB) were compared within the peptide library
and between the alleles at varying pH conditions. The
amino acid preferences of each position were studied
enlightening the role of each on binding. The preferred
amino acids for each position of pVIPR were found to be
harmonious with experimental studies. Our results indicate
that, as the pH is lowered, the capacity of HLA-B*27:05 to
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bind peptides in the library is largely lost. Hydrogen
bonding analysis suggests that the interaction between the
main anchor positions of pVIPR and their respective
binding pocket residues are affected from the pH the most,
causing an overall shift in the FEB profiles.
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Introduction

T lymphocytes recognize antigen fragments presented by
Major Histocompatibility Complex (MHC) proteins on the
surface of professional antigen presenting cells (APCs).
These fragments are short peptides derived from proteins in
the cytosol (endogenous proteins) or internalized from the
extracellular environment (exogenous proteins). Endoge-
nous and exogenous proteins are processed in two different
pathways to yield peptides that bind to either MHC Class I
or Class II proteins. Different classes of peptide-loaded
MHC molecules (pMHC proteins) are recognized by dif-
ferent T cell subsets: MHC I molecules are recognized by
CD8+ cytotoxic T-cells whereas MHC II molecules are
recognized by CD4+ T cells [1].

In the MHC I pathway, the proteasome complex in the
cytosol degrades the antigen into short peptides which are
taken into the Endoplasmic Reticulum (ER) with the help
of a dimeric protein, which is known as Transported
Associated with Antigen Processing (TAP). The peptides
are then bound by MHC Class I proteins with the help of
the peptide-loading complex in the ER and later trans-
ported to the cell surface [2]. On the other hand, in the
MHC II pathway, extracellular protein is taken up via
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endocytosis, proteolytically degraded into peptides and
bound by MHC II proteins in a specialized endosome
(MIIC, MHC class II containing compartment).

The molecular players taking roles in both pathways are
distinct, however this segregation of pathways is not
absolute: loading of MHC I proteins with exogenous
antigens is also possible [3-5]. This phenomenon is called
cross-presentation or cross-priming and was shown to be
necessary in inducing Class I restricted CD8+ cytotoxic
T-cell responses against viruses or tumors where dendritic
cells are not directly infected [6].

Two major pathways have been proposed to explain the
molecular mechanisms responsible for cross-presentation:
cytosolic and vacuolar pathways. The difference between
these two pathways is the subcellular location where anti-
gen processing and peptide loading takes place. In the
cytosolic (or proteasome-dependent) pathway, internalized
antigens are transferred to the cytosol from endosomes and
peptide processing is achieved by the proteasome
machinery. Resulting peptides are then loaded onto MHC 1
molecules in the ER. In the vacuolar (or proteasome-in-
dependent) pathway, the antigen is cleaved into peptides by
proteases and bound by MHC I molecules in the endosome
[7]. Dendritic cells have been identified as the most
effective cross-presenting cell type as there is proof for
their ability of transporting external antigens into the
cytosol as well as performing peptide loading onto MHC 1
molecules in the endosomes [8].

For successful peptide-loading onto MHC I in the
endosomes, peptide MHC I molecules should be available
in a peptide-loadable state at the location of peptide load-
ing. In the endosomes, the pH is acidic (at around 5) [9]
and the proteolytic degradation is achieved by proteases
that have acidic pH optima. Acidic pH also helps in the
dissociation of the MHC II protein from the invariant chain
(Ii or CD74), which occupies the binding groove of MHC
IT proteins and prevents peptide binding in the ER [10]. In
contrast, the pH in the cytosol is neutral [11], meaning that
MHC Class I and Class II proteins normally bind peptides
under different pH conditions. This pH dependence is
supported by studies that show MHC II molecules are
significantly more stable under low pH conditions than
MHC I molecules [12]. Moreover, low pH may also
degrade the antigen and possible MHC I epitopes by acti-
vating endosomal proteases [13]. Further support for high
pH requirement came from studies that demonstrate lower
levels of lysosomal proteases [14] and less acidic pH due to
the action of NOX2 enzyme [15, 16] in dendritic cell
endosomes. On the other hand, acidic pH was also pro-
posed to facilitate peptide detachment from MHC I mole-
cules that are recycled back from the cell surface [17].
Empty MHC I molecules would then be loaded with new
peptides in the endosomes. Acidic pH conditions were also
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shown to enhance binding of some peptides to MHC I
molecules [18]. Furthermore, evidence is increasing for the
involvement of Class II peptide-loading machinery (in-
variant chain assisted loading) in MHC I peptide loading in
endosomes [19-21].

Acidic pH conditions may also be relevant for peptide-
loading/exchange following exit from the ER. Peptide-
loading in the post-ER compartments such as the slightly
acidic Trans Golgi Network (TGN) was proposed as a
possible “rescue” mechanism for unfolded or incorrectly
folded MHC I molecules [22, 23]. This mechanism of
peptide-loading may also be allele-dependent since it was
demonstrated for HLA-B27 (HLA: Human Leukocyte
Antigen) and HLA-B51 alleles of human MHC I molecules
but not for the HLA-A2 allele [24, 25]. Given the associ-
ations of the HLA-B27 and HLA-B51 alleles with anky-
losing spondylitis (AS) and Behget’s Disease, respectively
[26-30] investigating the structural peptide-binding
behavior of HLA proteins under acidic conditions may help
explain possible underlying molecular mechanisms
involved in the development of these autoimmune diseases.

Obtaining a structural overview of peptide binding to
HLA proteins, and possibly also its pH dependence,
experimentally would require the structural determination
of an enormous number of peptide-MHC complex possi-
bilities. This is a time consuming and an expensive process,
hence computational methods are preferred in the study of
peptide binding to MHC molecules. Mostly focusing on the
identification of the candidate peptides, various techniques
have been used and details can be found in several reviews
[31-33]. Comparisons of available data and servers are also
available [34, 35]. Computational molecular docking
methods are widely used and constantly being developed to
predict the actual binding behavior while exploring the
possibility of interaction sites on protein structures. Based
on X-ray structure data retrieved from the Protein Data
Bank (PDB) [36], peptides are computationally placed in
the binding grooves of HLA molecules using various
docking techniques. The accuracy of the docking perfor-
mance is measured in terms of Root Mean Square Distance
(RMSD) obtained by comparing the docked conformations
of the peptides to their original bound conformations,
where a correct docking result is defined as a complex
having an RMSD of less than 2.0 A based on the known
experimental structure.

Previously, Patronov et al. [37] studied the binding
behavior of four HLA-DP protein structures (class Il MHC
proteins) at different pH using molecular docking with a
virtual combinatorial peptide library approach. In this
work, we used the same approach to study the pH depen-
dence of peptide binding behaviors of HLA-B*27:05 and
HLA-B*27:09 alleles at pH 5, 6 and 7 in a comparative
manner. These two alleles differ at amino acid position 116
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which is located at the peptide binding groove [38]. HLA-
B*27:05 has an aspartic acid (Asp), while B*27:09 has a
histidine (His) at this position. The two alleles are also
differentially associated with the ankylosing spondylitis
disease. While HLA-B*27:05 is associated with AS, HLA-
B*27:09 is not [39].

The peptide binding groove of HLA class 1 is a well-
defined cavity formed between two a-helices (ol and o2)
where the floor of the groove is formed by a [B-sheet
structure. The binding site of HLA-B*27 comprises 6
pockets (A-F) [40] and the peptide primary anchor residues
are located at positions P2 and the C-terminal, P9. Details
of the pockets and the interacting peptide residues are
given in Fig. 1. Both alleles interact with T cells differently

Pocket A
Met§, Tyr7, TyrS9, Glu63 Tyr1S9,
Glu163, Trp167,Tyr171

Pocket D
Tyr99,His114,LeulS6,Leul60

Pocket B
His9, Thr24, Glu45, Arg62, Glu63,
Leu66, Cys67, Thr73, Tyro9

although they share the same peptide repertoire. It is shown
that the dynamic properties of the two complexes differ
drastically [41].

To start with, we generated a library of nonameric
peptide structures corresponding to 172 different peptide
sequences for each allele at pH 5, 6 and 7 by taking tem-
plate peptide structures from the PDB (PDB IDs of 10F2
and 10GT (A&B forms refer to canonical and non-
canonical forms respectively) and modifying the protona-
tion states of amino acids according to pH. Protonation
states of amino acid residues of the HLA molecules were
also modified according to the respective pH. Then, we
generated peptide-MHC complexes for each peptide using
Autodock 4.2 docking software [42] and obtained free

-
\ N
Pocket C
Lys70, Thr73, Asp74, Asn97

Pocket F
Asp77, Thr80,Leu81, Tyr84, Asp/His116,
Thr143,Lys146, Trp147

Pocket E
His114, Trp133,Trp147,Val152,Leul56

Fig. 1 Binding groove pockets and the interacting peptide residues
are shown individually on the structure of HLA-B*27:09 (10F2) [43].
The middle panel shows the binding groove in gray and the peptide in
red. The peptide residues are labeled (/-9). The side panels display
binding pockets and the peptide residues that they are interacting

with. Peptide is shown in red, blue lines indicate the pocket residues
and the peptide residues that they are interacting with are shown as
red sticks. Hydrogen bonds are shown in black dashed lines. The
images were prepared using Pymol [44]
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energies of binding FEB values estimated by Autodock 4.2.
In addition, an analysis of hydrogen bonds and pair-wise
interaction energies between peptide and HLA binding
groove amino acids was performed in order to identify the
residues that are affected by the change in pH the most.

Materials and methods
Input data

The initial dataset used in the study is composed of pairs of
HLA-B*27:05 and HLA-B*27:09 sub-types retrieved from
the PDB [36]. Table 1 details the structures used in this
study.

The peptides bound to structures of HLA-B*27 sub-
types in this study (Table 1) are all nonapeptides derived
from various sources: vasoactive intestinal peptide type 1
receptor (pVIPR, residues 400—408); totally artificial m9; a
member of epidermal growth factor early response gene
(self-peptide, TIS); latent membrane protein 2 of Epstein-
Barr virus (pLMP2, residues 236-244); a peptide from
cathepsin A (pCatA, residues 2—10). pVIPR is known to be
accommodated in two different conformations when bound
to B*27:05 [canonical (A) and non-canonical (B)] intrin-
sically [43]. This dual conformation is reflected on the
backbone torsion angles of the peptide (see Supplementary
Figure 1).

Peptide library formation

Further detailed analysis on varying pH conditions using a
combinatorial library was advanced on structures 10F2
and 10GT [43] bound to the same peptide, pVIPR
(RRKWRRWHL/Arg—Arg-Lys—Trp—Arg—Arg-Trp—His—

Leu). This peptide was used to create a virtual combina-
torial peptide library. For 10GT, both canonical (pVI-
PR_A) and non-canonical (pVIPR_B) conformations were
taken into account. Each amino acid position of the peptide
was mutated systematically into 20 naturally occurring
amino acids while the rest of the positions were kept using
the Mutagenesis tool of PyMol [44]. This leads to a total of
172 unique peptide structures for each conformation (19
amino acids x 9 positions + 1 original ligand). Following

the formation of the library, peptides were energy-mini-
mized while keeping the HLA macromolecule rigid.

Adjustment of pH conditions

Aiming to investigate the effect of pH on the docking
results, the conformations of the structures at varying pH
(5.0, 6.0 and 7.0) were adjusted using the CHARMM force
field setting of ProPka [45], which takes the local envi-
ronment of the residues into account. The protonation
states of the residues affected (His, Asp, Glu) at these pH
are given in Fig. 2 and Supplementary Table 1 for both
alleles. For simplicity, only the residues that display
varying protonation states are shown.

Molecular docking protocol

Autodock 4.2 [42] was used to model the peptide binding
in structures of HLA-B*27:05 and HLA-B*27:09 sub-
types. Lamarckian genetic algorithm was employed, while
the scoring function takes van der Waals, dispersion/re-
pulsion, hydrogen bonding, electrostatics, desolvation
interactions and the change in torsional free energy into
account. In order to limit the computational time, all
coordinates were kept fixed except the peptide residues.
Since we were interested in the effect of pH only, the
conformation search space in Autodock 4.2 was set
according to the already known HLA binding groove. The
docking grid size was defined as a cuboid with dimensions
of 72 A x 40 A x 52 A. The number of GA runs and
maximum number of evaluation parameters were varied in
order to find the best conformation based on the lowest
RMSD and FEB values. Various combinations were
employed on the structures bound to pVIPR and the results
are shown in Supplementary Tables 2—4. Accordingly, the
combination of parameters giving the best docking results
in terms of both FEB and RMSD values were chosen that is
valid for both alleles (HLA-B*27:05 and HLA-B*27:09) in
order to be consistent for the rest of the study. As long as
the RMSD values were below 2.0 A assuring the cor-
rectness of docking, the rest of the choice was mainly
driven by the FEB value. As a result, all the settings were
kept to their default values while taking the number of
Genetic algorithm (GA) runs as 50, the number of torsions

Table 1 PDB accession codes

HLA-B*27:09 HLA-B*27:05 Peptide Origin Resolution (A)
for crystal structures of the
proteins HLA-B*27:05 and 10F2 10GT (A&B) pVIPR (RRKWRRWHL) Self 2.20/1.47
HLA-B*27:09 with different
bound peptides selected for the KN 1JGE m9 (GRFAAAIAK) Model 1.09/2.10
study 1WOW WOV TIS (RRLPIFSRL) Self 2.1012.27
1UXW 1UXS pLMP2 (RRRWRRLTV) Viral 1.71/1.55
3BP7 3BP4 pCatA (IRAAPPPLF) Self 1.80/1.85

@ Springer



J Comput Aided Mol Des (2016) 30:569-581

573

HLA-B*27:09

Glu§3 As;?77 His93

G'“sé? His116

Asp?;&ﬁ ﬂ ,
His114
ﬁisg

Fig. 2 Binding groove residues with varied protonation states
according to the pH studied (pHS, pH6, pH7) are shown on structures
of both HLA-B*27:05 (10GT_A) and HLA-B*27:09 (10F2) [43].
Protein structures are shown in gray cartoon representation, peptide

as 16 and the maximum number of evaluations as
25,000,000. The affinity between the receptor and the
ligand was calculated in terms of Gibbs FEB and the pose
with the lowest FEB was taken into account out of 50
independent GA runs for each peptide. In the rest of the
study, dockings were performed using these parameters.

Normalized free energy of binding calculations
for peptide library docking

The FEB obtained from the outputs were normalized based
on the average calculated on a position dependent basis
within each allele [46]. Since the positive FEBs correspond
to non-binding peptides, they were given a penalty score of
—10,000. The formula used to calculate normalized FEB is
given as,

FEB; — FEB,,,

FEBI norm —
e FEBmax - 1:"EBmin

(1)

where FEB; is the binding energy of the i-th peptide,
FEB,,, is the average for a given position, FEB,,, and
FEB,,;, the maximum and minimum FEBs, respectively.
The obtained values were multiplied by (—1) for ease of
presentation. Hence, the positive normalized FEBs corre-
spond to preferred amino acids and negative normalized
FEBs correspond to non-preferred residues in the
tables given in the “Results and discussion” section.

Experimental peptide binding data

Peptide binders to both HLA-B*27:05 and HLA-B*27:09
subtypes were collected from the Immune Epitope Data-
base (IEDB) [47] and data from Schittenhelm et al. [48].
Only nonamers were taken into account. The list of binders
was used to construct an amino acid preference matrix

HLA-B*27:05

Glu‘63 f\sp77 Hisa3

1 ‘AspllG
) As;‘)});;so ﬂ \
His114

5

as cyan sticks, His as red sticks, Asp as green sticks, Glu as dark blue
sticks and the polymorphic residue (His/Aspl116) as orange spheres.
The images were prepared using Pymol [44]

which includes the number of occurrences of each amino
acid at each peptide position. This matrix was then nor-
malized to enable an easier qualitative comparison between
the amino acid preferences obtained using normalized FEB
values from Autodock 4.2.

Hydrogen bond analysis on docking results

Hydrogen bonds between the peptide and the binding
groove residues in each docked peptide-HLA complex
were computed using HBonanza [49]. A bond angle of 30°
and a distance cut-off of 3.0 A were used [50]. The
resulting output files were then parsed and analyzed using
custom python scripts in order to identify the binding
groove/peptide residues which are affected the most from
the pH change for each B27 sub-type.

Results and discussion

Molecular redocking of peptides at varying pH
conditions

Initially, we applied our protocol to the rebuilding of the
already existing HLA*B-27:05/HLA*B-27:09—(non-
americ) peptide complexes from the Protein Data Bank
(see Table I in “Materials and methods” section) by
docking peptides extracted from HLA-B*27 complexes
back into their respective binding grooves. Each redocking
was performed four times at each pH condition (details of
the results are given in Table 2; Fig. 3). The RMSD values
between the native peptide conformation and the peptide
conformation suggested by the lowest energy solution of
Autodock 4.2 were calculated where the maximum RMSD
observed is 0.93 + 0.02 A (Supplementary Table 5). Since
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Table 2 Autodock 4.2 FEB scores (kcal/mol) obtained at the end of redocking of HLA-B*27:05 and HLA-B*27:09 alleles along with the allele-

wise differences in the free energies of binding at each pH condition

Peptide AGg,27.09 (kcal/mol) AGg,27.05 (kcal/mol) AAGRg,27.00—Bs27:05 (kcal/mol)
This work Experimental data from [51]*
pH5 pVIPR (RRKWRRWHL) 10F2 —17.26 +£ 0.33 10GT_A —17.32 +0.23 —0.05 £ 0.56
10GT_B —18.00 & 0.28
m9 (GRFAAAIAK) 1K5N  —13.14 £ 0.73 1JGE —14.16 £ 040 —1.02 £ 1.13
TIS (RRLPIFSRL) 1IWOW  —15.95 £ 0.04 1W0OV —13.97 £ 0.12 1.99 + 0.16
pLMP2(RRRWRRLTV) 1UXW —15.13 £0.02 1UXS —17.51 £ 0.11 —239 £ 0.13
pCatA (IRAAPPPLF) 3BP7 —1431 +£ 0.2 3BP4 —14.34 £ 0.17 —0.03 £ 0.37
pH6  pVIPR (RRKWRRWHL) 10F2 —17.50 £ 0.26 10GT_A —18.66 & 04+23 —1.16 + 0.49
10GT_B —19.85 £ 0.57
m9 (GRFAAAIAK) IKSN  —13.23 +£ 034 1JGE —14.22 + 0.18 —0.99 £+ 0.52
TIS (RRLPIFSRL) IWOW  —1640 + 0.05 1WOV —14.18 + 0.09 223 +0.14
pLMP2(RRRWRRLTV) 1UXW —16.31 £ 0.01 1UXS —19.08 £ 0.20 —2.77 + 0.21
pCatA (IRAAPPPLF) 3BP7 —16.30 £ 0.1 3BP4 —16.57 £ 094 —0.27 £ 1.04
pH7® pVIPR (RRKWRRWHL) 10F2 —17.69 + 030 10GT_A —19.03 £ 0.11 —1.34 £ 041 —1.65 + 1.00
10GT_B —20.50 £ 0.21
m9 (GRFAAAIAK) 1KSN  —13.60 £ 0.16 1JGE —1495 +£ 006 —1.35+ 022 —4.07 +£0.45
TIS (RRLPIFSRL) IWOW  —1640 + 0.02 1WOV —15.62 + 0.01 0.77 £ 0.03 0.48 £ 0.33
pLMP2(RRRWRRLTV) 1UXW —1623 £ 0.10 1UXS —19.12 £ 044  —290 £ 0.54 —1.00 £ 0.74
pCatA (IRAAPPPLF) 3BP7 —16.40 + 0.04 3BP4 —16.45 + 0.20 —0.05 £ 0.24 Data not available in literature

Experimental [51] allele-wise differences of thermal peptide unbinding parameters are available for pH 7.5 only (for 1OGT, A & B forms refer to

the canonical and non-canonical peptide conformations, respectively)

4 Units are converted to kcal/mol for consistency

in all the retained poses, RMSD values are below 1.5 A,
they are all considered to be successful.

In addition to RMSD, Autodock 4.2 also estimates a
FEB score (AG) which gives a measure of how favorable a
binding event is. A negative FEB value indicates that
binding of a peptide is thermodynamically favorable. FEB
scores may therefore be used to discriminate between
peptide binders or strong binders from non-binders or weak
binders. FEB scores for each pH and peptide/allele com-
bination are given in Table 2 and Supplementary Figure 2.

The last column of Table 2 lists the allele-wise differ-
ences of the experimentally determined thermal peptide
unbinding parameters for pH 7.5 by Narzi, et al. ([51], except
for pCatA peptide). Accordingly, the negative values indi-
cate that B*27:05/peptide complex is more stable when
compared with the B*27:09/peptide complex. Although
being related to stability rather than FEB directly, in their
further experiments they have also showed that the differ-
ences in the FEB were in good agreement with these desta-
bilization energy differences. Based on this, this observed
tendency can be reflected on the FEB profiles as; TIS peptide
is bound more strongly by HLA-B*27:09 whereas pVIPR,
m9 and pLMP2 peptides are bound more strongly by HLA-
B*27:05. A similar tendency is also observed in Autodock
4.2 FEB results obtained in this work (except for pCatA

@ Springer

peptide for which no experimental information is available)
(Table 2; Fig. 3). For the structures bound to pVIPR further
stabilization is achieved in non-canonical conformation with
an additional salt bridge formation among Aspl16 and
pArg5 [51]. This is due to the orientation of pArg5 towards
the binding groove instead of being exposed to the solvent as
in the canonical pose.

It should be taken into account that, experimental
binding energy values given for pLMP2 and pVIPR pep-
tides by Narzi et al. [51] (data not shown in Table 2) are
somewhat different than the Autodock 4.2 FEB values.
This value clearly indicates a higher stabilization effect of
peptide binding to the MHC molecule than the docking
predictions. In comparison to other more rigorous dynamic
methods involving thermodynamic pathways such as
Potential of Mean Force or Alchemical Transformations
[52], FEB values obtained from Autodock simulations tend
to be less accurate since entropic contribution of receptor
flexibility and solvation/desolvation effects are taken into
account in a semi-empirical manner [53]. This limitation of
the docking method has likely caused a discrepancy in the
magnitude of FEB difference values.

An increase in Autodock 4.2 FEB scores was observed
for most of the complexes as the pH was decreased to 5,
implying a reduced peptide binding affinity in a slightly
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Fig. 3 Allele-wise comparison of the FEB obtained from Autodock
4.2 for the redocking of HLA-B*27:05 and HLA-B*27:09 structures
at different pHs. The average of four docking results were taken,

acidic environment for both HLA-B27 structures. The
differences in binding affinities between the alleles are also
conserved at lower pH (Fig.3 and Supplementary
Figure 2).

Peptide Library Docking at Varying pH Conditions

The results from the previous section suggest a peptide and
allele independent decrease in the FEB with decreasing pH.
However, the interactions between the binding groove and
peptide amino acids at different pH may also depend on the
sequence of the peptide. For this reason, we applied this
docking procedure to the docking of a virtual combinatorial
peptide library onto selected template structures, 10OF2 and
10GT (A&B) [43], at three pH values: 5.0, 6.0 and 7.0. A
total of 1548 docking simulations were performed (for each
pH and sub-type combination). Each peptide was docked

-3.00 -

standard deviations are shown with error bars. The differences
(AAGg+7.09-8+27:05) (kcal/mol) are shown in red column bars for each
pH condition adjacent to the figures

separately into their respective rigid binding site. Dockings
were performed after the adjustment of protonation states
of the affected residues using ProPka [45]. For each peptide
residue position, a normalized FEB derived from the output
of Autodock 4.2 was computed as described in the “Ma-
terials and methods” section.

Comparisons of the normalized FEB values are given in
Fig. 4 as heat maps and are further detailed in Supple-
mentary Figures 3-5 as column graphs representing the
value of each docking. The FEB values used to construct
these figures are also given in Supplementary Tables 6—8
in detail. For comparison, an experimental amino acid
preference matrix was also constructed based on normal-
ized positional occurrence frequencies of each naturally
occurring amino acid in the nonameric peptide binding data
for both sub-types retrieved from the Immune Epitope
Database (IEDB [47], and Schittenhelm et al. [48] (Fig. 5).
As observed in Fig. 5, for the two major peptide anchor
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10F2

HLA-B*27:09
Amino acid type
>PAZOOOMOTI-_rX3MV0-4S<<

>PAZOOOMOI_rX21o04S<<

HLA-B*27:05
10GT (A)
Amino acid type
>PAZOOOMOI_rX3MV04S<<
>2Z000MOI_rX3nv0-43<<

HLA-B*27.05
10GT (B)
Amino acid type
PAZOOOMOI_rX21o04S<<
>2Z000MOI_rxZ1v0-4%E<<
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Fig. 4 Amino acid preferences of each peptide position given in a
heat map form based on the normalized FEB data obtained from
Autodock 4.2. Positive values (red) indicate a preference for the given

positions, P2 and P9, both sub-types have a very strong
preference for Arg and hydrophobic or aromatic amino
acids (such as Leu and Phe), respectively.

Showing a canonical conformation when bound to
B*27:09, pVIPR is known to show dual conformation, both
canonical (A) and non-canonical (B), when bound to
B*27:05 [43]. The dual peptide presentation mode in
B*27:05 is due to both HLA-B27 subtype-specific amino
acid exchange (His116Asp) and the combined presence of
Aspl16 and Arg at PS5, forming a salt bridge in between,
altering the shape and charge distribution of the peptide
center (Supplementary Figure 1). Apart from the peptide
conformations, the rest of the structures (heavy chain and
Bom) are indistinguishable in B*27:05. In both conforma-
tions, peptides are anchored at P2 and P9. Peptide positions

@ Springer

amino acid at the respective position. Negative values (blue) indicate
a non-preference for the given amino acid at the respective position

P1, P2, P8 and P9 are identical whereas the side chains of
the central section (P3 to P7), which play a role in TCR
recognition are positioned differently [43]. Both confor-
mations are known to occur under physiological conditions
[54], while the relevance of the observed difference with
regard to AS is still not fully understood [54, 55]. The
observance of pVIPR specific T cells are very rare in
B*27:09 individuals, while being abundant in healthy
B*27:05 individuals and are very frequently present in
patients suffering from AS [56]. In B*27:05, the simulta-
neous occurrence of both peptide modes could be static or
dynamic, which could only be clarified through some more
advanced experimental methods [43]. The possibility of
dynamic occurrence of both conformations within the
binding groove might be the prohibiting factor in the high
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Fig. 5 Amino acid preferences

of each peptide position given in V-
a heat map form based on the Y-
data retrieved from the Immune wW-
Epitope Database (IEDB) [47] 1

and from Schittenhelm et al.
[18]. Higher values (darker red)
indicate a preference for the
given amino acid at the
respective position

Amino acid type
ey

R

affinity interactions with CDR3 regions of TCR for
B*27:05.

Our dockings were carried out on the peptides exhibiting
both conformations. The results display very similar amino
acid preferences for most of the positions. The only major
difference is observed for peptide positions P5 and P6.
While Tyr is acceptable in P5 for canonical conformation,
it is strictly not preferred for non-canonical conformation.
Similarly, Tyr is acceptable in P6 for non-canonical con-
formation, while it is strictly not preferred in canonical
conformation. This is due to the differences in the orien-
tations of P5 and P6 in these two conformations.

P2, the main anchor residue of the peptide, interacts with
pocket B, which is a hydrophobic pocket that is surrounded
by negatively charged amino acids. Hence, positively
charged amino acids with long side chains are preferred to
complement the pocket properties involving Glu45 and
Cys67 [57, 58]. In this position, there is almost an absolute
requirement for Arg [58]. In all pH conditions, our results are
inline with these findings. At P9, our predictions at neutral
pH match the experimentally observed behavior of amino
acid preferences well: Lys, Leu and Phe were predicted as
preferred amino acids for both sub-types. Tyr was predicted
as a preferred amino acid only for HLA-B*27:05 which is in
agreement with the experimental profiles.

For P1, which is the secondary anchor position, small or
basic (Gly, Ala, Ser, Lys and Arg) amino acids are highly
preferred to interact with pocket A [48]. In this position,
Lys and Arg were predicted as preferred amino acids. The
middle section of a peptide (P3-P8) usually bulges out into
the solvent and makes contacts with the T-cell Receptor in
the canonical conformation. Therefore, these positions
have less significant restrictions in terms of amino acid
preference [59].

Except for P9 (for which Phe appears to be favored over
the original peptide sequence Leu by the HLA-B*27:05),

HLA-B*27:09 peptide frequency data

Pl b2 p3 p4 p5 p6 p7 p8 po
Peptide residue position

HLA-B*27:05 peptide frequency data

0.8
0.6
0.4

0.2

L
1 1 1 1 1 1 1 1 1
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10F2 (HLA-B*27:09) oH 5

pH 6
pH7

10GT A (HLA-B*27:05) pH 5

10GT B (HLA-B*27:05)

[l
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|
=
=]

-0.5 0.0 0.5 1.0
Normalized Free Energy of Binding

Fig. 6 Distributions of Autodock FEB values for each sub-type and
pH combination. The curves denote kernel density estimations (KDE)
of FEB values generated by using a Gaussian kernel function

the residues of the original peptide sequence almost always
appears as the most preferred residue at each position,
indicating a clear bias toward the template peptide
sequence. This is an expected behavior as the binding
groove was kept rigid in its crystallized state in the docking
simulations in order to limit the computational burden. It
should also be noted that only a limited number of peptide
sequences could be simulated, changing only one position
while keeping the rest constant. An unbiased and a more
complete search could have been achieved with a system-
atic mutation of all positions at all times leading to
5.12E+11 (20° —1) peptide sequences and docking these
peptides to calculate the binding scores of each, which has
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Fig. 7 Strengths of hydrogen bonding interactions between selected
binding groove residues in HLA-B*27:05 and HLA-B*27:09 proteins
and residue positions in the complexed pVIPR peptide at varying pH
conditions in heat map form. Each cell refers to the total number of

a very high computational cost. Nevertheless, this limita-
tion of our method did not greatly affect our results, as the
rest of the amino acid preferences match the experimen-
tally known profiles.

As the pH is lowered, the capacity to bind peptides in
the library is lost (Fig. 4) for both sub-types, while this
observation is more drastic for HLA-B*27:05 for both
conformations. HLA-B*27:09 allele presenting pVIPR
more efficiently than HLA-B*27:05 [56] is also the one
that is affected from low pH less. In order to see the overall
effect of pH change on peptide-binding behavior of the two
sub-types more clearly, we plotted the distribution of the
normalized FEB values in Fig. 6, which is also parallel to
the profiles observed in the heat maps.

Hydrogen bond analysis on docked structures

The normalized FEB profiles from the previous section
give indications of binding affinities for each peptide in the
respective peptide library; however, the question of which
binding groove residues contribute to the differential pH
sensitivity cannot be answered by the FEB values alone. In
order to answer this question, we computed the hydrogen
bonding interactions between peptide and binding groove
residues in each of the docked complexes using HBonanza

@ Springer
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Peptide residue

hydrogen bonds each binding groove amino acid makes with all
peptide residues or the total number of hydrogen bonds each peptide
amino acid makes with all binding groove residues in a library of 172
docking results (per pH and sub-type)

(see “Materials and methods” section for details). Results
are shown in Fig. 7 in a heat map form. The figure shows
either the total number of hydrogen bonds each binding
groove amino acid makes with all peptide residues or the
total number of hydrogen bonds each peptide amino acid
makes with all binding groove residues in a library of 172
docking results (per pH and sub-type).

HLA-B*27:05, having enhanced binding properties
when compared to B*27:09, has improved hydrogen
bonding in the primary anchor positions, P2 and P9, and
the secondary anchor position, P1. These anchor positions
display the highest difference in terms of hydrogen bond-
ing among the two alleles. The binding pocket residues that
interact with these peptide positions are mainly the B
pocket residues Thr24, Glu45, Glu63 and Glul63 (inter-
acting with P2), the F-pocket residues Asp77, Thr84 and
Trp147 that frame the polymorphic residue 116 (Asp/His)
(interacting with P8 and P9) and the A pocket residues
Glu63 and Glul63 (interacting with P1). A closer look at
the H bonding profiles (Fig. 7) of these binding groove
residues direct us to the residues responsible from this
behavior. Thr24, Glu45, Glu63, Asp77, Thr84, Trp147 and
Glul63 display increased H bonding in HLA-B*27:05
alleles corresponding to the increased binding of P1, P2
and P9. The differences between these interactions among
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the HLA-B*27:05 and HLA-B*27:09 structures hint at an
allele dependent behavior. Although the primary anchor
site, P2, is far from the polymorphic residue 116, it is also
affected through the electrostatic interactions [51].

For the dual conformation observed in HLA-B*27:05
allele, the orientations of the peptide side chains differ only
from P3 to P7, which is reflected on the H bonding profiles
as in engagement in different H bonds. Mainly, the dif-
ferences occurring around P5 are responsible from the
observed changes in the H bonding profiles. In the non-
canonical mode (B); P4 and P6 are exposed to solvent,
while P5 is locked within the binding groove different from
the canonical mode. Hence, in the canonical mode, while
P4 and P6 are actively forming H bonds; in the non-
canonical mode, P3 and P5 take over this mission.

As pH increases from 5 to 7, H bonding also increases
leading to better binding for both HLA-B*27:05 and HLA-
B*27:09 structures. This affect is observed to be more
dominant for HLA-B*27:05. Especially, Glu45, Glu63 and
Asp77 display an increase in H bonding with increasing
pH. Among these, Glu63 and Asp77 change their proto-
nation states (become protonated) when pH is lowered,
while Glu45 is always deprotonated, not showing any
variations (data not shown in the SI Table 1 for simplicity).
Based on these, the protonation state variations of Glu63
(interacting with P2) and Asp77 (interacting with P9) can
be considered to be playing a leading role in the observed
profile shifts due to pH.

Our study hints at a higher sensitivity of the HLA-
B#*27:05 allele for peptide-binding at acidic pH levels than
the HLA-B*27:09 allele. This may imply that HLA-B*27:09
has a better capability to perform cross-presentation by
binding peptides in endosomes and/or exchange peptides in
the slightly acidic Trans-Golgi Network. As a result, HLA-
B*27:09 allele may have a better chance of being present on
the surface of Antigen Presenting Cells and thereby inducing
a CD8+4 T-cell response, providing a possible explanation
for the differential association of the two alleles with AS.
Having conducted computational docking only, a full and a
more informative picture could only be obtained when the
results of our study are combined with further experimental
studies including HLA-peptide-TCR complexes. Here, in
order to build a framework for understanding the mecha-
nisms of MHC I peptide selection at varying pH conditions,
we have simplified this complex system to HLA-peptide and
hence excluded all the other factors influencing peptide
binding (such as nature of peptide supply, chaperone mole-
cules, TCR binding).

Nevertheless, our results should be viewed with caution
as well, mainly for two reasons. First, we studied only
single amino-acid substitutions of a template peptide
sequence. A more comprehensive picture could have been
obtained when a larger ensemble of possible peptide

binders are included. Second, we assumed rigid binding
groove conformations and did not include an analysis on
dynamics of the generated complexes. These factors should
be taken into account for the validation of our findings.

Conclusion

In the present study, our observations offer a general view on
the amino acid preferences of the pVIPR peptide docked to
HLA-B*27:05 and HLA-B*27:09 at varying pH conditions
(pH 5.0, 6.0 and 7.0). Using X-ray structures retrieved from
the PDB [1OF2 and 10GT (A&B)], a combinatorial peptide
library was built using a single amino acid mutation principle
and docked into the unbound protein structures. A systematic
structural analysis was used to investigate the results based
on the FEBs. From the obtained results, it is evident that
peptide-HLA complexes are less stable as the pH is lowered
and an enhanced peptide binding strength in the B*27:05
allele is observed regardless of the pH condition. Low pH
destabilizes HLA-peptide complexes by influencing the
protonation states of some Asp, Glu and His residues, as
expected. However, HLA-B*27:05 is much more affected
while the binding energy profile of HLA-B*27:09 is affected
less. In addition to the known polymorphism among the
alleles, hydrogen bonding suggests that the interaction
between the main anchor position P2 and its respective
binding pocket residue Glu63 and P9 and its respective
binding pocket residue Asp77 is affected from pH the most,
causing an overall shift in the FEB profiles.

Although the direct role of pVIPR in AS cannot be
completely enlightened with the current computational
findings, the observed differences in pVIPR binding in
individuals with HLA-B*27:05 and HLA-B*27:09 provide
informative insights into peptide presentation and might
hint on the inappropriate T cell selection by individuals
with the disease-associated HLA-B27 subtype. The exis-
tence of high number of pVIPR-specific CTLs in some
B*27:05 individuals [56] might be related to the cross-
reactivity of TCR which causes selective increase. The
allele-dependent dynamics and different conformational
states of pVIPR bound to HLA may play a role in the
context of molecular mimicry and in the differential
association of HLA-B27 subtypes with AS [26, 60]. The
buried polymorphism and an additional dual peptide pre-
sentation mode features of the disease associated B*27:05
allele can hence be linked to the course of the development
of AS. However, the conclusions related to AS cannot go
beyond being speculative since the complete structure of
HLA-B27-pVIPR-TCR complex is not currently present.
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