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Abstract Knowledge about the magnitude of individual
polymorphism is a critical part in understanding the com-
plexity of comprehensive mismatching. HLA-B*44:09 dif-
fers from the highly frequent HLA-B*44:02 allele by amino
acid exchanges at residues 77, 80, 81, 82 and 83. We aimed
to identify the magnitude of these mismatches on the fea-
tures of HLA-B*44:09 bound peptides since residues 77, 80
and 81 comprise part of the F pocket which determines
sequence specificity at the p{2 position of the peptide. Using
soluble HLA technology we determined >200 individual
(nonduplicate) self-peptides from HLA-B*44:09 and com-
pared their features with that of the published peptide fea-
tures of HLA-B*44:02. Both alleles illustrate an anchor
motif of E at p2. In contrast to the C-terminal peptide
binding motif of B*44:02 (W, F, Y or L), B*44:09-derived
peptides are restricted predominantly to L or F. The source
of peptides for both alleles is identical (LCL 721.221 cells)
allowing us to identify 23 shared peptides. The majority of
these peptides however contained the restricted B*44:09
anchor motif of F or L at the p{) position. Molecular
modelling based on the B*44:02 structure highlights
that the differences of the C-terminal peptide anchor
between both alleles can be explained primarily by the
B*44:028'19>B*44:09%'*" polymorphism which restricts
the size of the amino acid that can be accommodated in the
F pocket of B¥44:09. These results highlight that every amino
acid substitution has an impact of certain magnitude on the
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alleles function and demonstrate how surrounding residues
orchestrate peptide specificity.
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Introduction

Defining permissive and non-permissive mismatches for trans-
plantation is a walk on a tightrope. Some mismatches affect the
peptide binding motif (Badrinath et al. 2012a; Bade-Doeding
etal. 2004, 2007; Elamin et al. 2010), some affect the selection
and loading of peptides through differential interaction with
the peptide loading complex (Peh et al. 1998; Blanco-Gelaz et
al. 2009; Badrinath et al. 2012b), however in some cases, even
a single mismatch in the HLA class I locus can tip the balance
and trigger an immunological reaction (Fleischhauer et al.
1990; Macdonald et al. 2003, 2009).

The residues within the peptide binding groove (PBR)
determine the selection and presentation of antigenic pep-
tides that are surveyed by T cells. These PBR residues
contacting the peptide can be subdivided into pockets
(Chelvanayagam 1996; Saper et al. 1991) that reflect
binding to a certain position of the bound peptide. The
choice for C-terminal peptide binding motifs at the pQ)
position of the peptide is limited mainly to hydrophobic
residues due to the nature of proteasomal processing machin-
ery (Belich and Trowsdale 1995). Subtle alterations in the
contacting residues that form the F pocket can either restrict
or abrogate the sequence specificity at the p{2 position of the
peptide, as we have previously shown for alleles from the
HLA-A*74 group (Bade-Doeding et al. 2011b).

Within certain HLA allelic groups, distinct mismatches
occur; thus knowledge about the individual peptide binding
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motif of each individual allele can provide valuable infor-
mation to predict and understand their impact. The aim of
the present study was to identify the unknown peptide
binding motif of HLA-B*44:09. The B*44:09 allele repre-
sents a special case within the B*44 group, since all the
polymorphic residues (residues 77, 80, 81, 82 and 83) are
located consecutively within the alpha 1 domain. Residues
77, 80 and 81 comprise part of the F pocket (Chelvanayagam
1996) which determines sequence specificity at the pS2 posi-
tion of the peptide. Meanwhile residues 82 and 83 lie exposed
at the C-terminal end of the peptide binding groove as seen in
the structures of B*44 variants (Theodossis et al. 2010) and
therefore are not assumed to either bind peptide or influence
sequence specificity.

Peptide motif-based ranking of allelic mismatches can
contribute to the donor selection process when no HLA-
identical donor is available to prevent mismatching being a
matter of chance.

Material and methods
Design of lentiviral vectors for sHLA expression

For expression of truncated B*44:09 molecules, a lentiviral
vector encoding for exon 1-4 was produced by side-direct
mutagenesis using the QuikChange Multi Site-Directed
Mutagenesis Kit (Stratagene, Amsterdam, The Netherlands).
The pRRL.PPT.SFFV.mcs.pre/B*44:02 vector (Bade-Doeding
et al. 2011a) was used as template.

Production of lentiviral particles in HEK293T cells
and transduction of B-LCLs

HEK?293T cells were transfected with the lentiviral construct
pRRL.PPT.SFFV.mcs.pre/B*44:09, the packaging plasmid
psPAX2 and the envelope plasmid pDM2G as described
previously (Bade-Doeding et al. 2011a).

The B-lymphoblastic cell line LCL 721.221 was then trans-
duced with the lentiviral particles as previously described.

Large-scale production of sHLA molecules and affinity
purification

sHLA expression was verified by ELISA as described
(Bade-Doeding et al. 2011a). Highly producing clones were
cultured and expanded in bioreactors (CELLine, Integra,
Fern-wald, Germany). Supernatant containing sHLA-B*44:09
molecules was affinity purified using NHS (N-hydroxysucci-
mide) activated HiTrap columns, pre-coupled with mab W6/32
(Barnstable et al. 1978; Brodsky et al. 1979). Purification
was performed using a BioLogic DuoFlow System (Bio-Rad,
Hercules, USA).
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Characterization of sHLA-B*44:09-derived peptides

Peptides were eluted from trimeric sHLA B*44:09 com-
plexes by treatment with 0.1 % trifluoroacetic acid.
Peptides were then separated by filtering them through an
YM membrane with a 10-kD cutoff (Millipore, Schwalbach,
Germany). The flowthrough containing the eluted peptides
was then subjected to an Eksigent nano-LC Ultra 2D HPLC
coupled to an Orbitrap ion trap (Thermo Fischer, Waltham,
Massachusetts, USA). Subsequent database queries were per-
formed using Mascot software (Hirosawa et al. 1993) imple-
menting the IPI human and the respective decoy databases.

Structure analysis and molecular modelling

A model of HLA-B*44:09 was generated using DeepView
(Guex and Peitsch 1997) with the B*44:02 structure (PDB
code 3L3D) (Theodossis et al. 2010) as a template by
mutating the HLA heavy-chain residues 77 Asn>Ser, 80
Thr>Asn, 81 Ala>Leu, 82 Leu>Arg and 83 Arg>Gly and
the p(2 position of the peptide to W (Fig. 1). Modelling was
performed using the internal rotamer library to find the best
side chain orientations with minimum steric clashes. Each
model was then subjected to energy minimization as imple-
mented in DeepView. The graphics program PyMOL (http://
www.pymol.org) was used to generate the structure figures.

Results
Peptide features

We sequenced by LC-ESI-MSMS (LTQ-Orbitrap) technol-
ogy single peptides derived from sHLA-B*44:09 molecules.
Exclusively those peptides were selected for analysis that
had a ¢ value of 0.0 Da and excluded all other peptides.
Using these stringent criteria a total of 214 individual pep-
tides (nonduplicates) could be identified (“Electronic sup-
plementary material” (ESM) Table 1). Further analysis of
the sequences for the identified peptides illustrated a clear
peptide binding motif of E at p2 (150/214=~70 %) and
predominantly L (100/214=~47 %) or F (47/214=~22 %)
at p) (Fig. 2a), with the majority of the identified peptides
being 9-11 amino acids in length (Fig. 2c¢).

B*44:09-derived peptides were subsequently compared
with the previously described peptides of HLA-B*44:02
(Bade-Doeding et al. 2011a).

Shared peptides
From this and our previous study, we isolated a total of 408

peptides, 214 from sB*44:09 and 194 from sB*44:02 (ESM
Table 1 and (Bade-Doeding et al. 2011a)). From this large
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Fig. 1 Residue 81 is responsible for the peptides C-terminal L/F
restriction of B*44:09. a The structure of HLA-B*44:02 (PDB code
3L3D) (Theodossis et al. 2010) illustrated as ribbons with heavy chain
coloured blue and bound peptide coloured green. Those residues
forming the F pocket are coloured yellow and illustrated as sticks,
while the residues 77, 80, 81, 82 and 83 are coloured cyan. b A

Table 1 Shared self-peptides for HLA-B*44:09 and B*44:02

b -

B 82Arg=Leu

81Ala=Leu

/

magnified view illustrating the polymorphic differences between
B*44:02 (cyan) and B*44:09 (pink). For B¥44:02 the smaller residue
81Ala allows the amino acid W (green) to be accommodated at the p9/
p<2 position of the peptide while for B¥44:09 the polymorphism 81Leu
restricts the pocket size resulting in a preference for smaller hydropho-
bic residues like F (orange)

Peptide position Source

1 23 45 6 7 8 9 1011 12

Reference

16 kDa protein

BolA-like protein 2

Ubiquitin B
Talin
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Isof. LYSp100-A of nuclear body protein SP140
Isof. 1 of polypyrimidine tract-binding protein 1

Cleavage stimulation factor 50-kDa subunit

Heterogeneous nuclear ribonucleoprotein A0
PLEK_HUMAN pleckstrin (platelet p47 protein)

SEC11-like 1 signal peptidase 18 kDa
Nuclear distribution gene C homolog
Nuclear pore complex protein Nup153
Signal recognition particle 54 kD
Poly (ADP-ribose) polymerase 1

F ATPase, lysosomal 14 kDa, V1 subunit F

K V F Cyclin-dependent kinase 6

(Bade-Doeding et al. 2011a)
(Bade-Doeding et al. 2011a)
(Bade-Doeding et al. 2011a)
(Bade-Doeding et al. 2011a)
(Bade-Doeding et al. 2011a)
(Bade-Doeding et al. 2011a)

L 46 kDa protein (Bade-Doeding et al. 2011a)
F Isof. 3 of E3 ubiquitin-protein ligase BRE1B (Bade-Doeding et al. 2011a)
Y TPT1-like protein (Bade-Doeding et al. 2011a)
F Isof. long of long-chain-fatty-acid—CoA ligase 4 (Bade-Doeding et al. 2011a)
N L Isof. LYSp100-A of nuclear body protein SP140  (Bade-Doeding et al. 2011a)
V F Hypothetical protein DKFZp686M09245 (Bade-Doeding et al. 2011a)

(Hillen et al. 2008)

(Hillen et al. 2008)

(Hillen et al. 2008)

(Lemmel et al. 2004)

(Lemmel et al. 2004)

(Hillen et al. 2008)

(Hillen et al. 2008)

(Bade-Doeding et al. 2011a; Hillen et al. 2008)
(Bade-Doeding et al. 2011a; Hillen et al. 2008)
(Bade-Doeding et al. 2011a; Hillen et al. 2008)
(Bade-Doeding et al. 2011a; Hillen et al. 2008)

This table shows a list of published peptides, described to be self-peptides of HLA-B*44:02 and were found in the present study to bind to B¥44:09
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set of data, we identified 16 shared peptides common to
B*44:09 and B*44:02 of which 4 were identical to the 19
previously published peptide sequences for B¥44:02 (Hillen
et al. 2008) (http://www.syfpeithi.de/). A further seven
peptides found only in this study were also common
peptides previously identified for B*44:02 and deposited
in the syfpeithi database. Thus there are a total of 23
unique shared peptides 16our study+7syfpethi (Hillen, Lemmel)
from 423 total unique peptides 4087 Sudy 4 (19S¥fpethi_y4
Duplicates(©Ovr study and Syfpeth)y (53,4535 4 04) that we can
demonstrate to be shared between B*44:09 and B*44:02
(Table 1). These shared peptides predominantly exhibit F at
p<2 (Fig. 2b).

Structural analysis

To investigate the structural basis for the modified C-terminal
p$2 anchor observed in peptides bound to B*44:09, we gen-
erated a molecular model of B*44:09. The polymorphic res-
idues in the structure of B*44:02 (PDB code 3L3D)
(Theodossis et al. 2010) were replaced with those from
B*44:09 (see “Material and methods”). In Fig. 1a, the struc-
ture of B*44:02 is illustrated and those residues forming the F
pocket are coloured yellow, while the residues 77, 80, 81, 82
and 83 that are polymorphic between B*44:02 and B*44:09
are coloured cyan. Residues 77, 80 and 81 are known to be
part of pocket F and contact the pS2 anchor position of bound
peptides, while residues 82 and 83 lie on the periphery of the
peptide binding groove and play no role in peptide binding. In
Fig. 1b, the structures of B*44:02 and our B*44:09 model are
superimposed. From this close-up view, it is clear that residues
77 and 80 make contact with the peptide main chain at the p(2
position, while 81 contacts the pS2 side chain. Residue 81Leu
(B*44:09) appears to be the main cause of p{2 sequence
specificity by restricting the size of the F pocket, resulting its
in selection against a bulky residue such as W at this position
(Fig. 1b).

Discussion

The functional differences of HLA molecules are reflected by
their ability to select and present a broad spectrum of peptides.
Each HLA allele has an individual peptide binding motif that
specifies the preferred and auxiliary anchor residues which is
derived from an analysis of the naturally presented peptide
repertoire (selection of all available ligands).

We determined the bound peptide features of HLA-
B*44:09 and analyzed the impact of the residues polymorphic
distinguishing B*44:09 from B*44:02. B*44:09 differs from
the highly frequent B*44:02 allele by five polymorphisms (77
Asn>Ser, 80 Thr>Asn, 81 Ala>Leu, 82 Leu>Arg and 83
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Fig. 2 Frequency of C-terminal amino acids and frequency of peptide
length for B*44:09. Frequency of C-terminal amino acids for HLA-
B*44:09. Peptide sequences demonstrated a p(2 anchor motif frequency
of L and F'(a) while shared peptides between HLA-B*44:02 and B*44:09
predominantly exhibit F at the p(2 position (b). The majority of HLA-
B*44:09 selected peptides feature a length of 9—11 amino acids (c)

Arg>Gly). From these residues 77, 80 and 81 comprise part of
the F pocket (Chelvanayagam 1996) which determines se-
quence specificity at the p) position of the peptide, while
residues 82 and 83 do not either bind peptide or influence
sequence specificity. We found B*44:09 to partially share the
peptide binding motif and certain single peptides with the
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common B*44:02 despite the described polymorphism. The
peptide binding motifs of B¥44:09 and B*44:02 are similar in
that they contain an E anchor at p2 and both alleles accom-
modate F and L at p$2 of the peptide. However, despite the
alleles demonstrating binding motif similarities and even shar-
ing a partial peptide repertoire, B*44:02 specifically selects
peptides containing W at the p{2 position by virtue of'its larger
F pocket. The restriction in the size of the F pocket for
B*44:09 is caused primarily by the Ala81>Leu polymor-
phism as illustrated by structural modelling (Fig. 1). The key
question however is, will the alteration in the pHLA landscape
arouse CTL responses in both transplantation directions? In
this respect, the differences and composition of the shared
peptides between the two alleles suggest that permissivity
might be considered unidirectional from B*44:09 to B*44:02
since B*44:02 can present peptides with the B*44:09 peptide
binding motif and not vice versa.

Peptide sharing and promiscuity among HLA class I mole-
cules is not novel. Indeed, peptide sharing between different
loci has previously been described for certain predicted viral
epitopes (Frahm et al. 2007; Rao et al. 2011). However, the
polymorphic differences between the B*44:02 and B*44:09
alleles result in an altered F pocket, thus we had not expected
any significant overlap in the peptide anchor motifs for these
alleles. Our observation of 5 % shared peptides highlights that
those mismatches discriminating B*44:02 and B*44:09 still
result in the selection of a small overlapping repertoire, at least
in the context of those peptides processed and presented by the
B-LCL 721.221 cells. Although this does not provide sufficient
evidence that both alleles can share specific viral or immuno-
genic epitopes, this possibility can also not been ruled out. This
study provides new knowledge about HLA class I allelic
promiscuity for naturally processed and presented peptides
and is of fundamental interest in the quest to understand T cell
allorecognition, viral epitope expression kinetics, processing
and presentation. The work presented here also continues our
efforts to understand and predict HLA mismatching through
biochemical and structural analysis of specific alleles. Thus, by
extending our knowledge of how polymorphism influences the
magnitude of HLA mismatching we can make better decisions
in choosing donors, when no complete match is available.
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