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As aberrant protein phosphorylation is a hallmark of tu-
mor cells, the display of tumor-specific phosphopeptides
by Human Leukocyte Antigen (HLA) class I molecules can
be exploited in the treatment of cancer by T-cell-based
immunotherapy. Yet, the characterization and prediction
of HLA-I phospholigands is challenging as the molecular
determinants of the presentation of such post-transla-
tionally modified peptides are not fully understood. Here,
we employed a peptidomic workflow to identify 256
unique phosphorylated ligands associated with HLA-
B*40, -B*27, -B*39, or -B*07. Remarkably, these phospho-
peptides showed similar molecular features. Besides the
specific anchor motifs imposed by the binding groove of
each allotype, the predominance of phosphorylation at
peptide position 4 (P4) became strikingly evident, as was
the enrichment of basic residues at P1. To determine the
structural basis of this observation, we carried out a se-
ries of peptide binding assays and solved the crystal
structures of HLA-B*40 in complex with a phosphorylated
ligand or its nonphosphorylated counterpart. Overall, our
data provide a clear explanation to the common motif
found in the phosphopeptidomes associated to different
HLA-B molecules. The high prevalence of phosphoryla-
tion at P4 is dictated by the presence of the conserved
residue Arg62 in the heavy chain, a structural feature
shared by most HLA-B alleles. In contrast, the prefer-
ence for basic residues at P1 is allotype-dependent and

might be linked to the structure of the A pocket. This
molecular understanding of the presentation of phos-
phopeptides by HLA-B molecules provides a base for
the improved prediction and identification of phosphor-
ylated neo-antigens, as potentially used for cancer
immunotherapy. Molecular & Cellular Proteomics 16:
10.1074/mcp.M116.063800, 181–193, 2017.

Human leucocyte antigen (HLA)1 class I molecules display
at the cell surface peptide ligands derived from the degrada-
tion of endogenous proteins and present them to cytotoxic T
lymphocytes (CTLs). In this way, virally infected or tumor cells
can be specifically recognized by the immune system leading
to the activation of CTLs that exert their cytotoxic effect on the
antigen presenting cell. Classical HLA-I molecules -encoded
by genes in the HLA-A, -B and -C loci- encompass over 7000
different proteins derived from more than 10,000 alleles (1).
The peptide repertoire associated to a particular class I allo-
type includes several thousand ligands with defined structural
motifs that allow their binding to the class I molecule. These
peptides can also harbor post-translational modifications
(PTMs) (2). In particular, phosphorylated HLA-I ligands have
lately received attention, being proposed as potential targets
for cancer immunotherapy on the basis that aberrant phos-
phorylation is a hallmark of tumor cells (3, 4). In this context,
it is known that CTLs can recognize and respond specifically
to phosphorylated HLA-I epitopes (5, 6).

Despite their potential relevance for cancer immunother-
apy, the number of HLA class I-bound phosphopeptides de-
scribed so far is limited and phosphopeptidomic studies have
been performed for a few allotypes only. For instance, Zarling
et al. identified in several lymphoblastoid cell lines and a lung
carcinoma 15 phospholigands bound to different class I mol-
ecules, among them 6 presented by HLA-B*27 and 6 by
HLA-B*07 (5). The same group also described a total of 36
HLA-A*02 phospholigands cumulatively presented by mela-
noma, ovarian carcinoma, and lymphoblastoid cells (3). Meyer
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et al. characterized 11 phosphorylated ligands, eight of them
associated to HLA-B*07, from either a renal carcinoma or a
lymphoid cell line (4). Finally, Cobbold et al. identified 10 and 85
phosphopeptides restricted, respectively, by HLA-A*02 and
HLA-B*35 from primary leukemia cells and normal tissue (7).

Here, following up on our previous study on the phospho-
ligandome of HLA-B*40 (8), we combined a phosphopeptide
enrichment strategy with high-resolution LC-MS/MS analysis
employing the relatively new Electron Transfer/Higher-Energy
Collision Dissociation (EThcD) fragmentation scheme (9) to
expand the known repertoire of B*40-bound phosphopep-
tides and to investigate the presentation of phosphorylated
ligands by HLA-B*39, -B*27 and -B*07. We earlier showed
that EThcD is especially suited for the characterization of the
peptidomes bound to HLA-I (10) and HLA-II molecules (11)
and their PTMs (12). Using this workflow, we were able to
generate a resource of over 260 phosphorylated HLA-I
ligands.

These sets of phosphopeptides showed remarkable simi-
larities, displaying a substantial enrichment of phosphoryla-
tion at P4 and a high frequency of basic residues at P1.
Moreover, the phospholigands reported in previous studies
involving HLA-A*02 (3) and HLA-B*07 (7) share the same
generic features. We further used biochemical binding assays
and X-ray crystallography to investigate the interaction of the
ligands phosphorylated at P4 with the HLA-B*40 binding
groove. Overall, our data suggest a common structural mech-
anism to explain the molecular features observed in all the
HLA-B-bound phosphopeptidomes studied so far, and pro-
vide us with new rules for predicting phosphorylated HLA
epitopes.

EXPERIMENTAL PROCEDURES

Cell Lines and Monoclonal Antibodies—HMy2.C1R (C1R) is a hu-
man lymphoid cell line with no expression of its endogenous HLA
class I genes except HLA-C*04:01 and HLA-B*35:03, which are ex-
pressed at very low levels (13). The stable C1R transfectants express-
ing HLA-B*40:02 (C1R-B*40) and HLA-B*39:01 (C1R-B*39) have been
described previously (8, 14). Cells were grown in DMEM medium
supplemented with 7.5% FCS (both from Sigma-Aldrich, St Louis,
MO) at 37 °C in roller bottles up to a density of 1.5 � 106 cells/ml. The
human lymphoblastoid cell line GR (HLA-A*01, -A*03, -B*07, -B*27,
-C*02, -C*07) was grown in RPMI 1640 medium to a total number of
109 cells. The monoclonal antibody W6/32 (IgG2a specific for a
monomorphic HLA class I determinant) has been described else-
where (15) and was coupled to CNBr-activated Sepharose beads (GE
healthcare, Chicago, IL) following manufacturer�s instructions.

Experimental Design and Statistical Rationale—The experimental
workflow employed was designed to identify with very high confi-
dence as many HLA-B-bound phosphopeptides as possible. In a first
set of experiments, we isolated the peptidome associated to HLA-
B*40 from the C1R-B*40 cell line. Three independent biological rep-
licates were carried out. Each of the three independently isolated
peptide pools were subjected to phosphopeptide enrichment and the
enriched and nonenriched fractions were analyzed by LC-MS/MS
using EThcD as fragmentation mode. The results from the MS/MS ion
search were filtered at a FDR � 1% at the peptide level. In a second
set of analyses, we conducted a single-replicate analysis of the

peptidome and phosphopeptidome bound to HLA-B*39 in the C1R-
B*39 cell line. Enrichment of phosphopeptides was carried out as
described for HLA-B*40. In this case, CID was used as fragmentation
scheme. Because CID is not particularly well suited for the identifica-
tion of phosphorylated peptides, candidate spectra were inspected
manually and those that seemed to correspond to bona fide phos-
phopeptides were confirmed or rejected by fragmentation of the
corresponding synthetic peptide. Finally, we isolated and analyzed by
LC-MS/MS the HLA-I peptidome of the GR cell line. This was done
with a single biological replicate that was fractionated by strong
cation exchange chromatography before LC-MS/MS analysis. EThcD
fragmentation was used for peptide fragmentation and results were
filtered at a FDR � 1% as described for HLA-B*40.

Isolation of the HLA Class I-Bound Peptide Pools—The immuno-
precipitation of HLA class I molecules from C1R-B*39 and C1R-B*40
cells and the isolation of their associated peptidomes was performed
as described elsewhere (8). Briefly, about 1010 cells were lysed in 20
mM TRIS, 150 mM NaCl (pH 7.5) containing 1% Igepal CA-630 (Sig-
ma-Aldrich) and a mixture of phosphatase (PhosSTOP; Roche, Basel,
Switzerland) and protease (Complete; Roche) inhibitors. The lysate
was then subjected to differential centrifugation for 10 min at 2000 �
g, 30 min at 10,000 � g, and 1 h at 100,000 � g. Afterward, the
supernatant was incubated first with TRIS-blocked Sepharose and
then with Sepharose beads coated with the monoclonal antibody
W6/32. HLA-I-bound peptides were eluted with 0.1% aqueous TFA
and filtered through Vivacon 2 devices (Sartorius Stedim, Goettingen,
Germany). Peptides were then concentrated in a speedvac, desalted
with an OMIX C18 tip (Varian, Palo Alto, CA), and dried to complete-
ness. Phosphopeptide enrichment was conducted as previously de-
scribed (8). In brief, the peptide pools eluted from HLA-B*40:02 or
HLA-B*39:01 were subjected sequentially to both IMAC (Fe3�) and
TiO2 enrichment. Three fractions corresponding to the IMAC eluate,
TiO2 eluate and flow-through were collected, desalted, speedvac
dried, and dissolved in 0.1% formic acid before LC-MS analysis.
Three independent biological replicates were carried out with the
C1R-B*40 cell line and a single one with C1R-B*39.

The isolation of the HLA-I-bound peptidome from the GR cell line
was carried out as previously described (10). In brief, cells were lysed
for 60 min in Pierce IP lysis buffer (Thermo Scientific, Waltham, MA)
and the lysate was cleared by centrifugation for 10 min at 12,800 � g
and for 60 min at 20,000 � g and the supernatant was passed through
a 0.45 �m filter. The sample was precleared by sequential incubation
with TRIS-blocked Sepharose beads and beads coupled to normal
mouse serum. The flow-through was then incubated with Sepharose
beads coupled to the monoclonal antibody W6/32. The HLA class I
complexes were eluted from the beads with 10% acetic acid and
peptides were filtered through a 10 kDa cut-off membrane. Afterward,
the peptide pool was fractionated using strong cation exchange
chromatography using a Hypercarb trapping column (5 � 0.2 mm, 7
�m particle size; Thermo Scientific) and a SCX column (12 � 0.02 cm,
polysulfoethyl aspartamide, 5 �m particle size; Poly LC, Columbia,
MD) before analysis by LC-MS/MS.

Cell Lysis, Trypsin Digestion and Phosphopeptide Enrichment for
Full Proteome and Phosphoproteome Analysis—To generate data of
the full proteome and phosphoproteome of the C1R-B*40 cell line, we
performed peptide-centric LC-MS/MS analysis. Therefore, C1R-B*40
cells were re-suspended in lysis buffer (8 M urea, 50 mM ammonium
bicarbonate, pH 8.0) supplemented with a mixture of phosphatase
(PhosStop, Roche) and protease (Complete mini EDTA free, Roche)
inhibitors. The lysate was sonicated three times on ice and centri-
fuged at 20,000 � g at 4 °C for 20 min. The soluble fraction was
collected and the protein concentration was determined by Bradford
assay. Proteins were reduced with 2 mM DTT at 56 °C for 25 min and
alkylated with 4 mM iodacetamide at room temperature for 30 min in
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the dark. A 1:75 ratio of Lys-C was used for a digestion at 37 °C for
4h. Afterward, the sample was diluted four times in 50 mM ammonium
bicarbonate to reduce urea concentration below 2 M. Then, trypsin
was added at ratio of 1:100 and digestion proceeded overnight at
37 °C. Finally, the reaction was quenched with formic acid at a final
concentration of 1%. Aliquots of about 200 �g were desalted using
C18 Sep-Pak cartridges (Waters, Milford, MA), dried in a speedvac,
and stored at �20 °C until further processing. The Ti4�-IMAC phos-
phopeptide enrichment was executed by following the procedure
established by Zhou et al. (16).

LC-MS/MS Analysis Using EThcD—The 3 biological replicates of
each fraction (Flow-through, IMAC eluate, and TiO2 eluate) of the
B*40-associated peptide pool were analyzed directly by nanoscale
LC-MS/MS using a Thermo Scientific EASY-nLC 1000 (Thermo Sci-
entific) coupled to an ETD- and EThcD-enabled LTQ Orbitrap Elite
mass spectrometer (Thermo Scientific) using a 20 � 0.1 mm trapping
column (Reprosil C18, 3 �m; Dr. Maisch, Ammerbuch-Entringen,
Germany) and a 50 � 0.005 cm analytical column (Poroshell-C18, 2.7
�m; Agilent, Santa Clara, CA). Solvent A and B were 0.1% formic acid
in water and acetonitrile, respectively. For the analysis of the IMAC
and TiO2 fractions a gradient of 2 to 27% solvent B was used with a
total run time of 2 h. For the analysis of the more complex flow
through fractions a gradient of 0 to 27% solvent B in 160 min was
employed with a total run time of 3 h. Full MS spectra (m/z 300–1200)
were acquired in the Orbitrap analyzer at a resolution of 60,000
(FWHM). The 10 most abundant precursor ions—excluding unknown
and 1� charge states—were selected for EThcD fragmentation. The
maximum ion accumulation time for MS scans was set to 200 ms and
for MS/MS scans to 1500 ms. Fragment ions were detected in the
Orbitrap at a resolution of 15,000 (FWHM). Dynamic exclusion was
enabled with a repeat count of 1 and duration of 60 s.

The tryptic peptides and phosphopeptides derived from the pro-
teome of the C1R-B*40 cell line were analyzed in a Thermo Scientific
EASY-nLC 1000 (Thermo Scientific) coupled online to an ETD-en-
abled Orbitrap Fusion mass spectrometer employing the same col-
umns and solvents described above. Peptides were fractionated us-
ing the following gradient: 2 to 3% solvent B in 8 min, 3 to 8% solvent
B in 50 min, 8 to 12% solvent B in 20 min, 12 to 15% solvent B in 10
min, 15 to 19% solvent B in 10 min, 19 to 24% solvent B in 10 min,
and 24 to 30% solvent B in 10 min. Total analysis time was 140 min.
Full MS spectra (m/z 350–1500) were acquired in the Orbitrap ana-
lyzer at a resolution of 60,000 (FWHM). A top speed method was
used, where the most abundant precursor ions were selected within
a 5 s duty cycle for the phosphopeptide-enriched samples and 3 s for
the full proteome. Precursors were isolated in the quadrupole with a
window of 1.6 Da. The phosphopeptide enriched fractions were an-
alyzed with two different methods, either only EThcD with supple-
mental activation (40% HCD supplemental collision energy) with an
Orbitrap readout at resolution of 15 000 (FWHM) or a decision tree
procedure carried out similarly to Frese et al. (17) with the instrument
switching between HCD and ETciD (supplemental activation 15%)
and, in both cases, an ion trap readout. For both EThcD and ETciD
fragmentations, the ETD reaction time was calibrated based on the
precursor charge. The maximum ion accumulation time for MS scans
was set to 50 ms and for MS/MS scans to 35 ms. AGC targets were
set to 400,000 for the MS and 10,000 for the MS/MS. The maximum
injection time for the MS/MS scan was 70 ms and 100 ms for the
decision tree and the EThcD setup, respectively. When fragment ions
were detected in the linear ion trap the rapid scan rate was used. For
the nonenriched sample the full MS parameters were the same as
described above but only HCD fragmentation was used with 35%
collision energy and with the MS/MS readout in the ion trap. In this
case the MS/MS AGC target was set to 30,000 whereas the maximum
injection time was 35 ms.

LC-MS/MS Analysis Using CID—The HLA-B*39:01-associated
peptidome and phosphopeptidome were analyzed in a nano-LC Ultra
HPLC (Eksigent, Framingham, MA) coupled online with a 5600 triple
TOF mass spectrometer (AB Sciex, Framingham, MA) using a C18
chromXP trapping column (350 �m � 0.5 mm, 3 �m, Eksigent) and a
C18 chromXP column (75 �m � 150 mm, 3 �m, Eksigent). Solvent A
was 0.1% formic acid in water and solvent B was 0.1% formic acid in
acetonitrile. Peptides were fractionated at a flow-rate of 300 nl/min at
40 °C. A 50% of each sample was analyzed under gradient elution
conditions consisting of 2% B for 1 min, a linear increase to 30% B in
109 min, a linear increase to 40% B in 10 min, a linear increase to
90% B in 5 min and 90% B for 5 min. Each acquisition cycle included
a survey scan of 250 ms between 350 and 1250 m/z units and a
maximum of 50 MS2 spectra scanning between 100 and 1500 m/z
units. The remaining half-samples were fractionated using the follow-
ing gradient: 2% B for 1 min, a linear increase to 30% B in 181 min,
a linear increase to 40% B in 23 min, a linear increase to 90% B in 15
min, and 90% B for 10 min. Under these chromatographic conditions,
the mass spectrometer acquired an MS scan (350–1250 m/z) of 250
ms and a maximum of 25 MS/MS scans (100–1500 m/z) of 100 ms
per cycle. The HPLC and the mass spectrometer were respectively
controlled with the Eksigent Control (version 3.12, Eksigent) and the
Analyst TF software (version 1.7, Eksigent).

MS/MS Ion Search and Peptide Identification—Peptide identifica-
tion was carried out as previously described (18). Raw MS/MS data
were converted to mgf files with Peakview 1.2 (AB SCiex) and
searched against a concatenated target-decoy database containing
the 88,266 Uniprot entries of the Homo sapiens complete proteome
set (as of November 5, 2013) and their corresponding reverse se-
quences. Five independent search engines were used: MASCOT
(Matrix Science, version 2.4.0), OMSSA (National Center for Biotech-
nology Information, version 2.1.9) (19), X!Tandem2 (The Global
Proteome Machine Organization, version 2013–02-01–1) (20),
X!Tandem2 with k-score plugin (LabKey Software, version 2.3–7806)
(21), and Myrimatch (Mass Spectrometry research Center, Vanderbilt
University, version 2.2.140) (22). The datasets corresponding to HLA-
I-bound peptides were searched without enzyme restriction and with
an MS tolerance of 0.01 Da and an MS/MS tolerance of 0.02 Da. The
following variable modifications were considered: oxidation of methi-
onine, protein N-terminal acetylation, pyroglutamic acid formation
from N-terminal glutamine or glutamic acid and phosphorylation of
serine, threonine and tyrosine. For the analysis of the phosphopro-
teome of C1R-B*40 cells, trypsin was selected as enzyme allowing up
to 2 missed cleavages. The variable modifications specified were:
oxidation of methionine, protein N-terminal acetylation, pyroglutamic
acid formation from N-terminal glutamine or glutamic acid and phos-
phorylation of serine, threonine, and tyrosine. MS tolerance was set to
10 ppm. MS/MS tolerance was set to 0.05 Da (EThcD) or 0.6 Da
(ETciD and HCD). The individual outputs of the search engines were
combined by converting each engine-specific scoring scheme to a
common probability-based scale as previously described (23). The p
values of the peptide-spectrum matches were computed based on
score distribution models and identifications were filtered at a FDR �

1% at the peptide level.
For the identification of HLA-B*39-bound phosphopeptides, all the

spectra matching phosphorylated sequences with His or Arg at P2
were manually inspected. Those that showed signals that could de-
rive from the neutral loss of the phosphate group were selected and
compared with the MS2 spectra of the corresponding synthetic pep-
tides. The mass spectrometry proteomics data have been deposit-
ed to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (24) with the
data set identifier PXD005084. The annotated MS2 spectra of all the
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phosphopeptides reported have been uploaded to the Zenodo repos-
itory (https://zenodo.org) with the identifier zenodo.166009.

In Silico Prediction of HLA-B*40 Binders—The phosphorylated
tryptic peptides identified from the proteome of C1R-B*40 cells were
mapped in the sequences of their parental proteins (extracted from
Uniprot) and a window of nine residues was scanned around the pSer
or pThr residue, so that it occupied the nine positions of the window.
A hit was considered positive if the corresponding sequence matched
the following pattern (in PROSITE format): x-E-x(6)-[FLIVM]. The po-
sition of pSer or pThr was recorded, and the corresponding distribu-
tion of positions for the whole set of 10,154 phosphorylated peptides
calculated. A similar procedure was repeated for windows of length
10 and 11 (i.e. patterns x-E-x(7)-[FLIVM] and x-E-x(8)-[FLIVM],
respectively).

Peptide Synthesis—Peptides were synthesized on an automated
Multipep peptide synthesizer (Intavis, Koeln, Germany) using stand-
ard F-moc chemistry. Afterward, they were purified by reversed phase
chromatography in a Smartline HPLC (Knauer, Berlin, Germany)
equipped with a 218TP52 C18 column (Vydac, Deerfield, IL). Peptides
intended for binding assays were quantified by amino acid analysis in
a Biochrom 30 analyzer (Biochrom, Cambridge, UK). The peptide
GEFGGCGSV was labeled after synthesis with 5-iodoacetamidofluo-
resceine (Thermo Scientific) following the manufacturer’s instructions
and quantified by absorbance at 491 nm as previously described (25).

Binding Assays—The peptide binding assays were carried out ex-
actly as described elsewhere (8). After acid stripping of the C1R-B*40
cells, 2 �g/ml beta-2-microglobulin (�2m; Merck Millipore, Darm-
stadt, Germany), different concentrations of the test peptides and 400
nM of a fluorescent B*40 binder (GEFGGXGSV, X � fluorescein la-
beled cysteine) were added and incubated with the cells overnight at
4 °C. After two washes with PBS, fluorescence was measured in a
Cytomics FC500 flow cytometer (Beckman Coulter, Brea, CA). Inhi-
bition curves were plotted and IC50 values (the concentration that
yields 50% inhibition of the binding of reference peptide) were esti-
mated as described by Kessler et al. (25). The statistical significance
of the differences in binding affinity was assessed with a two-tailed
unpaired t test with Welch�s correction.

Recombinant Protein Expression—The DNA coding for residues
1–274 of the HLA-B*40:02 heavy chain was amplified by PCR from a
full length cDNA, cloned in the pET-22b vector (Merck Millipore) using
its NdeI site and transformed into the E. coli strain Rosetta-
gami(DE3)pLys. A cDNA encoding �2m cloned in the pET-30a vector
(Novagen) was kindly provided by Prof. James McCluskey (University
of Melbourne, Parkville, Australia) and was transformed in the E. coli
strain BL21(DE3)pLys. Bacteria were grown in LB medium supple-
mented with 50 �g/ml kanamycin (�2m) or 100 �g/ml ampicillin
(heavy chain). Protein expression was induced when the cultures
reached an OD600 � 0.6 by addition of 0.5 mM IPTG. Bacteria were
harvested 4 h (�2m) or 5 h (heavy chain) after induction and were
stored at �80 °C until further processing.

Bacterial lysis and purification of the inclusion bodies were carried
out as described previously (26). Pellets were resuspended in 50 mM

TRIS, 0.2 M NaCl, 5 mM EDTA, 5 mM DTT, pH 8.0 and lysozyme was
added at a final concentration of 1 mg/ml. After 15 min on ice, Triton
X-100 and deoxycholic acid were added at a final concentration of
0.5%. Bacteria were lysed with two freeze-and-thaw cycles and
sonicated twice in 1 min cycles. Insoluble material was pelleted down
by centrifugation and washed first with 50 mM TRIS, 0.1 M NaCl, 1 mM

EDTA, 1 mM DTT, 0.5% Triton X-100, pH 8.0 then with 50 mM TRIS,
2 M NaCl, 1 M urea, 1 mM EDTA, 1 mM DTT, pH 8.0 and finally with 50
mM TRIS, 1 mM EDTA, 1 mM DTT, pH 8.0. Four washes were per-
formed with each buffer and—after each centrifugation—the pellets
were resuspended and sonicated twice in 1 min cycles. After the last
centrifugation step, the insoluble protein pellets were dissolved in 25

mM MES, 8 M urea, 10 mM EDTA, 1 mM DTT, pH 6.5. Protein was
quantified by absorbance at 280 nm.

Refolding and Purification—Refolding of the trimeric complex was
carried out similarly as described by Reid et al. (27) in 1 liter of 100 mM

TRIS, 400 mM arginine, 2 mM EDTA, 6.3 mM cysteamine, 3.7 mM

cystamine, 0.1 mM PMSF, pH 8.3 with 15 mg of heavy chain, 20 mg
of �2m, and 10 mg of peptide (molar ratio 1:4:20). First, 5 mg of �2m
were left to refold for 12 h at 4 °C. The heavy chain, the peptide and
the remaining �2m were pooled and added to the refolding mixture in
4 equal pulses at 12 h intervals. Afterward, the mixture was concen-
trated first with 62 mm Omega disks (Pall, Port Washington, NY) to an
approximate volume of 50 ml and then with Vivaspin Turbo 15 cen-
trifugal filters (Sartorius Stedim) to a final volume of 3 ml and was
fractionated using sephadex G75 or G200 gel filtration columns (GE
Healthcare). The fractions corresponding to the properly folded com-
plexes were pooled and concentrated up to 15–20 mg/ml using
Vivaspin Turbo 4 devices (Sartorius Stedim).

Crystallization—The crystallization of HLA-B*40 in complex with the
peptides REF(pS)KEPEL or REFSKEPEL was performed by vapor
diffusion in sitting drop. To that end, 150 nl of the purified trimeric
complexes were mixed with 150 nl of every crystallization solution
included in the Pi-Minimal kit (Jena Bioscience, Jena, Germany) using
a Tecan Genesis RSP 150 robot (Tecan, Männedorf, Switzerland).
After 3 days, crystals of both complexes were observed under the
following conditions: 8% ethylene glycol, 20% PEG 5000, 150 mM

TRIS, pH 8.0 (REF(pS)KEPEL), and 70 mM potassium thiocyanate,
23% PEG 8000, 150 mM TRIS, pH 8.5 (REFSKEPEL). Crystals were
collected and frozen in liquid nitrogen using 20% ethylene glycol
(REF(pS)KEPEL) or 20% glycerol (REFSKEPEL) as cryo-protector.

X-ray Diffraction and Data Processing—X-ray diffraction experi-
ments were carried out using the BL13-XALOC beam-line of the
ALBA synchrotron (28) with a wavelength of 1 Å, an exposure time of
250 ms and increments of the rotation angle of 0.25°. The recorded
images were integrated with XDS (29) and scaled with AIMLESS
(CCP4 suite) (30) and the resulting data were processed with PHASER
(CCP4 suite) (31) to solve the structures by molecular replacement. To
that end, the crystal structure of HLA-B*41:04 (PDB: 3NL5)—97.1%
identity with the �1, �2, and �3 domains of HLA-B*40:02—was used
as template. When a solution was found, the amino acid sequence
was manually replaced using COOT and the structure was refined
with PHENIX (v1.10–2148) (32).

RESULTS

In-depth Characterization of the HLA-B*40-bound Pep-
tidome and Phosphopeptidome—As a follow-up to our previ-
ous work (8), we set out to identify as many HLA-B*40 phos-
pholigands as possible. B*40 was immunopurified from C1R
cells stably transfected with this allele and, following peptide
elution and phosphopeptide enrichment, its associated pep-
tidome and phosphopeptidome were analyzed by LC-MS/MS
employing EThcD for peptide fragmentation. Database
searching on the peptidome data allowed the identification of
7375 unique peptides at a FDR � 1% (supplemental Data S1).
Of them, 70 (1%), 214 (3%) and 6674 (91%) were classified as
B*35, C*04 or B*40 ligands, respectively, according to the
binding motif reported for these molecules (8, 33–35). Only
417 sequences (6%) could not be confidently assigned to any
allotype.

Following analysis of the phosphopeptide-enriched fraction
of the B*40 ligandome, a total of 113 phosphorylated se-
quences with Glu, Asp, or pSer at P2 -the canonical B*40
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binding motif (8)– could be identified. To evaluate the reliability
of these identifications, we synthesized 26 phosphopeptides
and subjected those to analysis by EThcD. The spectra of the
B*40-bound phosphopeptides and their synthetic counter-
parts showed excellent correlation allowing the unambiguous
confirmation of at least 25 out of 26 (96%) sequences (sup-
plemental Data S2). We extended the catalogue of the here-
identified B*40-associated phosphopeptides, including those
from a previously published dataset of 85 phosphorylated
ligands identified by us using CID-MS (8). The final compila-
tion comprises 148 unique phosphopeptides derived from
136 proteins (supplemental Data S3).

Next, we queried this list of sequences for specific mo-
lecular characteristics. Several remarkable observations
emerged when the position of the phosphorylated residue
was considered. First, phosphorylation was found at P4 in 101
ligands (68%, Fig. 1A). Of them, 65 (64%) carried Pro at P5
and, in the remaining 37 sequences, P5 was enriched for
hydrophobic amino acids (i.e. Leu, Phe, Val, Ile, and Met) (Fig.
1B). Moreover, 56 (55%) of the HLA-B*40 ligands phosphor-
ylated at P4 had also a basic residue, primarily Arg, at P1.
Performing a similar analysis on the full nonmodified ligan-
dome it became quite apparent that all these sequence fea-
tures were unique for the HLA-B*40-bound phosphopeptides
(Fig. 1C). The sequence motif exhibited by the nonmodified
peptides was primarily defined by the two main anchor posi-
tions of HLA-B*40, (i.e. Glu or Asp at P2 and Met, Phe or
aliphatic residues at the C terminus). Beside the predomi-
nance of phosphorylation at P4, we also detected, in agree-
ment with our previous report (8), 7 ligands harboring phos-
phorylation at P2 instead of Glu or Asp, hinting at the fact that
pSer could mimic and replace these residues at this major
anchor position.

The Phosphopeptidome Displayed by HLA-B*40 in C1R
Cells is Enriched for Ligands Derived from Proteins Involved in
Mitosis and Cell Cycle Regulation—Next, we considered the
origin of the 136 source proteins of the detected B*40-bound
phosphopeptides and observed that many of those (around
30) related to cell cycle and in particular mitosis, forming a
correlated network when analyzed by STRING (36) (Table I).
Because C1R cells derive from an Epstein-Barr-transformed
lymphoblastoid cell line (37), we wondered if the presumably
aberrant phosphorylation pattern of this biological model
could explain this observation. To evaluate this possibility, we
analyzed the full phosphoproteome of the C1R-B*40 cells. In
this comprehensive study, we detected a total of 10,153
unique phosphopeptides (FDR � 1%) corresponding to 2369
proteins (supplemental Data S4). When this set of proteins
was used as background for the STRING analysis, no specific
enrichment of GO terms related to mitosis and cell cycle could
be observed (Table I), indicating that the overrepresentation of
phosphorylated ligands derived from this sort of proteins is
likely a consequence of their high abundance in the phospho-
proteome of C1R-B*40 cells.

Influence of the Cell Kinome in the Shaping of the B*40-
bound Phosphopeptidome—Then, to test if the bias for phos-
phorylated residues at P4 was the result of a kinase specific
recognition motif, we used the tryptic phosphopeptides iden-
tified from the C1R-B*40 phosphoproteome to predict in silico
2017 sequences of 9 to 11 amino acids that matched the
canonical B*40 binding motif (i.e. Glu at P2 and Leu, Ile, Val,
Met, or Phe at the C terminus). No enrichment of pSer/pThr at
P4 or any other position was observed among the predicted
binders (Fig. 2). Moreover, when the sequences phosphoryl-
ated at P4 were considered, only 50 out of 284 (18%) carried
basic residues at P1. In contrast, Pro was somewhat overrep-

FIG. 1. Sequence analysis of the phosphorylated and the nonphosphorylated peptides associated to HLA-B*40. Only the data
corresponding to peptides of 9 to 11 residues long are shown. A, Frequency distribution of phosphorylation among the identified HLA-B*40
phospholigands. B and C, Sequence logos of the phosphopeptides (B) and the nonmodified peptides (C) identified in the HLA-B*40 ligandome.
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resented at P5 (67 sequences, 24%). This suggests that,
although the Arg1/Lys1 motif is probably due to a structural
constraint imposed by the B*40 binding groove the high fre-
quency of Pro5 most likely reflects the activity of specific
kinases.

Effects of Phosphorylation and Arg at P1 on the Peptide
Binding Affinity to HLA-B*40—A possible explanation for the
observed high frequency of phosphorylation at P4 is that
the phosphate moiety at this position increases the stability of
the HLA-peptide complex. To address this point, seven en-
dogenous phosphorylated ligands and their nonphosphory-
lated counterparts were synthesized and assayed for binding
to HLA-B*40. Most peptides displayed IC50 values in the high
nanomolar or low micromolar range (0.3–3.8 �M), correspond-
ing to strong and medium affinity binders (Fig. 3A). We also
identified a weak binder (REASPSRLS) with an IC50 of 9.9 �M

and 14.6 �M for the nonphosporylated and the phosphoryl-
ated species, respectively. In every tested pair of peptides,

the IC50 of the phosphorylated ligand was slightly higher,
revealing that phosphorylation at P4 has a somewhat negative
effect on the binding affinity to B*40.

Given that phosphorylation at P4 certainly does not en-
hance binding, we wondered whether this recurrent feature
was the result of a negative selection operating on other
peptide positions. Therefore, we evaluated the binding of a
set of poly-Gly analogs displaying the B*40 binding motif and
a single phosphoserine residue at different positions. As
shown in Fig. 3B, the highest binding efficiencies were ob-
served when phosphoserine was placed at P4 (0.5 �M) and P8
(0.6 �M) whereas phosphorylation at P5, P6, and P7 led to a
moderate decrease of affinity (1.9 �M, 1.8 �M, 1.1 �M, respec-
tively). Finally, phosphorylation at P3 caused a marked in-
crease of the IC50 (25.1 �M) reflecting a considerable negative
effect on binding.

To assess the effect of a positively charged residue at P1,
we tested a second set of poly-Gly analogs harboring Arg at

TABLE I
GO enrichment analysis of the source proteins of the B*40-bound phosphopeptides

GO id Term Number of genes FDR (Genomea) FDR (Phosphoproteomeb)

GO:0022402 cell cycle process 35 4.29�10�13 1.00
GO:0007049 cell cycle 37 8.61�10�12 1.00
GO:1903047 mitotic cell cycle process 28 2.52�10�11 1.00
GO:0000278 mitotic cell cycle 29 3.93�10�11 1.00
GO:0051301 cell division 23 4.4�10�11 1.00
GO:0007067 mitotic nuclear division 17 1.02�10�7 1.00
GO:0048285 organelle fission 19 1.08�10�7 1.00
GO:0000280 nuclear division 18 2.77�10�7 1.00
GO:1902589 single-organism organelle organization 35 3.07�10�6 1.00
GO:0016043 cellular component organization 55 6.19�10�5 1.00
GO:0044260 cellular macromolecule metabolic process 68 9.25�10�5 1.00
GO:0006996 organelle organization 40 9.5�10�5 1.00
GO:0044772 mitotic cell cycle phase transition 13 9.5�10�5 1.00
GO:0044770 cell cycle phase transition 13 9.67�10�5 1.00
GO:0071840 cellular component organization or biogenesis 55 9.67�10�5 1.00
GO:0043170 macromolecule metabolic process 71 1.29�10�4 1.00
GO:0051983 regulation of chromosome segregation 7 1.55�10�4 1.00
GO:0051726 regulation of cell cycle 21 1.77�10�4 1.00
GO:0090304 nucleic acid metabolic process 48 2.31�10�4 1.00
GO:0045786 negative regulation of cell cycle 14 5.03�10�4 1.00
GO:0010564 regulation of cell cycle process 15 5.52�10�4 1.00
GO:0008152 metabolic process 82 6.71�10�4 1.00
GO:0019222 regulation of metabolic process 62 9.73�10�4 1.00

aAnalysis using the human genome as background.
bAnalysis using the C1R-B*40 phosphoproteome as background.

FIG. 2. Frequency distribution of phosphorylation among the identified HLA-B*40 phosphopeptides (blue) and the in silico predicted
HLA-B*40 binders (red).
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the peptide N terminus. Regardless of the phosphorylated
position, the presence of this residue at P1 enhanced the
binding affinity of each assayed peptide (Fig. 3B), partly ex-
plaining the increased frequency of this motif in the B*40-
associated phosphopeptidome.

Structures of HLA-B*40 in Complex With an Endogenous
Phospholigand or its Nonphosphorylated Counterpart—We
next set out to crystallize HLA-B*40 -a molecule whose crystal
structure had not been reported before- in complex with a
natural phosphorylated ligand (REF(pS)KEPEL) and its non-
phosphorylated counterpart (REFSKEPEL). These ligands
were chosen because they displayed the canonical binding
motif of B*40 (Glu2 and Leu�) and had a high binding affinity
according to our assays, facilitating the in vitro refolding of the
trimeric complex. The two structures were solved and refined
at a resolution of 1.5 and 1.8 Å, respectively (Table II). The
overall fold of both complexes was almost identical (RMSD �

0.128 Å), with both ligands adopting the typical extended
conformation and the peptide N- and C termini anchored in
the binding cleft (Fig. 4A–4B). As expected, P2-Glu and P9-
Leu were accommodated in the B and F pockets, respec-
tively. P6-Glu was oriented toward the floor of the binding
groove whereas P1-Arg, P4-Ser/P4-pSer, P5-Lys, and P8-Glu
were pointed upwards, making these side chains potentially
accessible for interaction with the TCR.

Both ligands adopted a very similar conformation, although
we observed minor differences in the orientation of residues
at P1, P5, and P8. Both P1-Arg and P8-Glu showed two
alternative conformations in the phosphorylated peptide (Fig.
4B) inducing some changes in the positions of residues
Arg62, Glu76 and Glu163 of the heavy chain (Fig. 4C). Re-
garding P5-Lys, the weak electron density around its side
chain is probably indicative of a high flexibility. Nevertheless,
in the peptide REF(pS)KEPEL, the �-amino group of this res-
idue tended to be oriented toward P4-pSer, likely influenced
by the negative charge of the phosphate group (Fig. 4B).

In the phosphorylated ligand, the phosphate moiety of P4-
pSer interacted directly with Arg62 and via two ordered water
molecules with Arg62 and Glu163 on the heavy chain and

P1-Arg on the peptide (Fig. 5A–5B). In contrast, in the non-
phosphorylated peptide, P4-Ser was not involved in any sig-
nificant interaction with residues of the heavy chain but took
part in a network of ordered water molecules, indirectly linking
its side chain to that of Arg62 and Glu163 (Fig. 5C–5D).
Finally, in both complexes, the side chain of P1-Arg was
stabilized in the A pocket through three main interactions: 1)
�-� stacking of its guanidinium group with that of Arg62, 2)
hydrophobic interactions of the aliphatic part of its side chain
with the indole ring of Trp167 and 3) a salt bridge formed
between its guanidinium group and the carboxyl group of
Glu163 (Fig. 5). This mode of binding provides at least a partial
explanation to the increased affinity for HLA-B*40 of the phos-
phopeptides with Arg at P1.

Preferred Phosphorylation at P4 is a Landmark of More
HLA-B Alleles—Notably, inspecting the scarce and scattered
available data from the literature, the strong preference of
HLA-B*40 for peptides phosphorylated at P4 can be also
observed in other HLA-B allotypes like B*27 (5) or B*07 (7)
(Table III). We above showed that Arg62 is a key residue in the
stabilization of the phosphate moiety at P4 in HLA-B*40.
Because it is conserved in most HLA-B alleles, we hypothe-
sized that this could be the basis of a common phosphoryl-
ation motif. To test this hypothesis, we extended our analysis
to the phosphopeptidomes associated to HLA-B*39, -B*07,
and -B*27, expressed in different cell lines.

First, we isolated the peptidome and phosphopeptidome
displayed by HLA-B*39 from C1R cells stably transfected with
this allele, as described for HLA-B*40, and analyzed them by
LC-MS/MS. A total of 1128 unique peptides of eight to 13
residues long were identified at a FDR � 1% at the peptide
level (supplemental Data S5). Of them, 953 (84%) had His or
Arg at P2, the canonical binding motif of this allele (14, 38)
whereas 14 (1%) and 53 (5%) matched respectively the bind-
ing motifs of HLA-B*35 (33) and HLA-C*04 (34, 35). The re-
maining 108 sequences (10%) could not be confidently as-
signed to any allotype. Nonetheless, we found 55 peptides
(51%) with Gln at P2 in this latter group, suggesting that

FIG. 3. Peptide binding assays to HLA-B*40. Bars show the mean 	 S.D. of three independent experiments. Statistically significant
differences are indicated (** p � 0.01; * � p � 0.05). A, Binding affinities -expressed as IC50 values- of seven phospholigands associated to
HLA-B*40 and their nonphosphorylated counterparts. In all cases, the pair of peptides exhibit alike affinities although the affinity of the
phosphopeptides is somewhat lower. B, Binding affinities of 12 phosphorylated poly-Gly analogs with Gly (blue) or Arg (red) at P1.
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HLA-B*39 can also bind and present ligands with this subop-
timal anchor motif.

The analysis by LC-MS/MS of the phosphopeptide-en-
riched fractions allowed the characterization of 24 phospho-
rylated ligands that matched the B*39 binding motif (supple-
mental Data S5). Because data acquisition was carried out
using CID—a fragmentation scheme not particularly well-

suited for the identification of phosphopeptides—all these
sequences were confirmed by fragmentation of the corre-
sponding synthetic peptide (supplemental Data S6). In this set
of ligands, phosphorylation was found at P4 in 18 peptides
(75%). Distinct from the B*40-bound phosphopeptidome,
only 3 phospholigands (17%) carried positively charged res-
idues at the N terminus. This latter number was, however,

TABLE II
Data collection and refinement statistics

HLA-B*40:02-REF(pS)KEPEL HLA-B*40:02-REFSKEPEL

PDB ID 5IEH 5IEK
Wavelength (Å) 1.00556 1.00556
Resolution range 24.86–1.5 (1.554–1.5) 25–1.8 (1.864–1.8)
Space group P212121 P212121

UniT-cell 51.044 82.249 110.084 90 90 90 51.26 82.201 111.145 90 90 90
Total reflections 149752 (14732) 88506 (8693)
Unique reflections 74898 (7370) 44288 (4349)
Multiplicity 2.0 (2.0) 2.0 (2.0)
Completeness (%) 1.00 (1.0) 1.00 (1.00)
Mean I/sigma(I) 32.48 (8.51) 6.19 (1.63)
Wilson B-factor 13.75 19.74
R-merge 0.01038 (0.07625) 0.04711 (0.2432)
R-meas 0.01468 (0.1078) 0.06662 (0.344)
CC 1 (0.982) 0.996 (0.873)
CC* 1 (0.995) 0.999 (0.965)
Reflections used in refinement 74897 (7370) 44243 (4341)
Reflections used for R-free 3697 (363) 2211 (221)
R-work 0.1611 (0.1791) 0.1613 (0.2208)
R-free 0.1837 (0.2100) 0.1870 (0.2638)
Number of non-hydrogen atoms 3816 3716
Macromolecules 3181 3190
Ligands 4
Water 621 526
Protein residues 383 385
RMS(bonds) 0.008 0.009
RMS(angles) 0.99 1.04
Ramachandran favored (%) 99 99
Ramachandran allowed (%) 1.3 1
Ramachandran outliers (%) 0 0
Rotamer outliers (%) 0.88 3.2
Average B-factor 18.09 24.56
macromolecules 15.77 22.88
ligands 23
solvent 29.84 34.72

FIG. 4. Crystal structures of HLA-B*40 in complex with the peptides REF(pS)KEPEL or REFSKEPEL. A and B, Structure and electron
density map (2Fo-Fc) at 1� (blue mesh) of the peptides REFSKEPEL (A), and REF(pS)KEPEL (B) anchored to the B*40 binding cleft. C,
Superposition of the binding grooves of both complexes with the peptides REFSKEPEL (green) and REF(pS)KEPEL (yellow) displayed in ribbon
style.
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significantly higher than the frequency of basic residues at P1
in the nonphosphorylated ligandome where less than 1% of
the peptides had Arg or Lys at this position (Fig. 6).

Finally, we characterized the peptidome and phosphopep-
tidome displayed by HLA-B*27 and -B*07 in the lymphoblas-
toid cell line GR. To that end, the HLA-I ligandome of this cell
line was fractionated by strong cation exchange chromatog-
raphy prior to analysis by LC-MS/MS with EThcD fragmenta-
tion. A total of 11,041 peptides were identified at a FDR � 1%

of which 10,462 (95%) were 8 to 13 residues long. Of them,
4153 (40%) and 2523 (24%) matched the binding motifs of
HLA-B*27 (39, 40) and HLA-B*07 (41), respectively (supple-
mental Data S7). Because the peptide binding motif of HLA-
B*27 partially overlaps with that of HLA-C*07 (42), which is
also expressed in the GR cell line, it is not possible to assign
with absolute confidence a peptide with the mentioned motif
to one of these allotypes. Nevertheless, we considered that
the vast majority of the phosphopeptides assigned to B*27

FIG. 5. Overview of the interactions of residues at P1 and P4 of the peptides REF(pS)KEPEL (A and B) and REFSKEPEL C and D, with
the binding groove of HLA-B*40. (A) Interactions involving residues P1-Arg and P4-pSer in the complex B*40-REF(pS)KEPEL. The carbon
atoms of the peptide ligand are depicted in yellow. B, Schematic representation of the interactions displayed in panel A. C, Interactions
involving residues P1-Arg and P4-pSer in the complex B*40-REFSKEPEL. The carbon atoms of the peptide ligand are depicted in green. D,
Schematic representation of the interactions displayed in panel C.

TABLE III
Molecular features of the phoshopeptidomes associated to different HLA-B molecules

Allotype
Phosphorylated

Ligands
P4 phosphorylation

P4 phosphorylation �
basic residue at P1

Preferred motif Reference

HLA-B*07 6 5 (83%) 5 (100%a) - (5)
8 5 (63%) 5 (100%a) - (4)
85 62 (73%) 43 (69%a) - (7)
32 19 (59%) 13 (68%a) (R/K)PRpS This study

HLA-B*27 6 6 (100%) 5 (83%a) - (5)
52 37 (65%) 34 (92%a) RRXpS This study

HLA-B*40 148 101 (68%) 56 (55%a) REXpS(L/F/M) and XEXpSP This study
HLA-B*39 24 18 (75%) 3 (17%a) X(R/H)XpS This study

aThe reported percentage is relative to the number of peptides phosphorylated at P4.
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are in fact B*27 ligands for two reasons. First, the expression
of B alleles is known to be much greater than that of C alleles
(43) and thus, the contribution of HLA-C*07 to the immuno-
peptidome of GR cells should be minor compared with that of
B*27. Second, a peptide matching the anchor motifs of two
different allotypes is likely to be presented by both of them in
vivo. Thus, even if some of the phosphopeptides reported are
HLA-C*07 ligands, this does not exclude that they are B*27
ligands as well.

Among the B*07 ligands, we could identify 32 phosphoryl-
ated peptides (supplemental Data S7) of which 19 (59%)
displayed their phosphorylation at P4, with 13 of those (68%)
harboring a basic amino acid at the N terminus (Table III and
Fig. 6). For HLA-B*27, we were able to identify 52 phospho-
ligands (supplemental Data S7), including 37 (65%) that were
phosphorylated at P4 (Table III and Fig. 6). In this case, the
preference for basic residues at P1 was even more apparent
because 34 (92%) of the peptides phosphorylated at P4 dis-
played positively charged residues at P1.

All this new data reiterates that the increased phosphoryl-
ation at P4 is a general feature of the phosphopeptidomes
displayed by different HLA-B allotypes, despite the diversity
of their anchoring motifs. Additionally, even though the pref-
erence for a basic residue at P1 in the ligands phosphorylated
at P4 is common to all the alleles studied so far, the magni-
tude of this preference is certainly allotype dependent.

DISCUSSION

T-cell-based immunotherapy is an emerging new strategy
for cancer treatment, especially in late-stage diseases or
those that do not respond to conventional therapies (44). This

approach relies critically on the identification of tumor-spe-
cific MHC-restricted antigens capable of triggering an effec-
tive antitumor response. Neo-antigens arising from tumor-
specific mutations are arguably the most obvious targets for
these personalized therapies, as they are uniquely associated
to tumor development. Nevertheless, because kinase and
phosphatase function is often deregulated in tumor cells (45),
it has been suggested that phosphorylated antigens could
also be ideal candidates for immunotherapy, as their higher
abundance may be cancer-related (3, 4). Supporting this hy-
pothesis, Zarling et al. showed that CD8� T-cells directed
against two phosphorylated HLA-I epitopes derived from the
insulin receptor substrate 2 and the cell cycle regulator
CDC25b were able to reduce tumor growth in vivo (46).

Yet, the characterization of MHC class I-bound phospholi-
gands remains challenging because of their subtoichiometric
levels compared with the nonmodified ligandome and the
difficulties associated with their characterization by most
common LC-MS/MS workflows (47, 48). In an effort to im-
prove the identification of HLA-I phospholigands, we com-
bined a rather novel peptide fragmentation technique
(EThcD), phosphopeptide enrichment and advanced data-
base searching to identify about 150 unique phosphorylated
peptides presented by HLA-B*40 on the surface of C1R
cells. Reflecting the particularities of the phosphoproteome
of this cell line, a significant number of those derived from
proteins involved in mitosis and cell cycle control, confirm-
ing that alterations in the phosphorylation pattern of pro-
teins relevant to malignant transformation are potentially
detectable by T-cells.

FIG. 6. Sequence analysis of the phosphorylated and the nonphosphorylated peptides associated to HLA-B*39 (left column),
HLA-B*27 (middle column) or HLA-B*07 (right column). For clarity, only the data corresponding to 9-mer peptides are shown. For other
peptide lengths, see supplemental Data S8. A, Frequency distribution of phosphorylation at each peptide position in the phospholigandomes
bound to these allotypes, revealing the preference for phosphorylation at P4. B and C, Sequence logos of the phosphopeptides (B) and the
nonmodified peptides (C) identified in the ligandomes of these HLA-B molecules.
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Intriguingly, the phosphopeptidome bound to HLA-B*40
shared some molecular features with those associated to
other previously studied MHC class I molecules: phosphoryl-
ation occurred mainly at P4 and was frequently accompanied
by the presence of a basic residue at P1 (3–5, 7). This
prompted us to study the molecular mechanism underlying
the presentation of phosphopeptides by this allotype. The
binding assays described in our study proved that phosphor-
ylation at P4 has a small negative effect on binding affinity to
B*40. Although this result seemingly conflicts with the high
occurrence of phosphorylation at this position, the experi-
ments performed with poly-Gly analogs demonstrated that
phosphorylation at P4 correlates with higher binding affinity to
B*40 when compared with other peptide positions. From a
structural point of view, this effect can be explained by the
direct contact of the phosphate moiety of P4-Ser with the side
chain of Arg62 and its water-mediated interaction with the car-
boxyl group of Glu163. This mode of stabilizing the phosphate
group at P4 shares some similarities with that described for
HLA-A*02, where residues Arg65 and/or Lys66 -also localized in
the �1 helix but absent in HLA-B molecules- play a key role in
the interaction with the phosphorylated residue (49, 50).

The binding assays performed here also account for the
high frequency of basic residues at the N terminus in the
B*40-bound phosphopeptidome because the presence of a
positively charged residue at this position enhances complex
stability, compensating the negative effect on binding caused
by phosphorylation at P4. This is probably because of the set of
interactions established by the basic residue at P1 with residues
of the A pocket. In the two crystal structures presented here,
P1-Arg is stabilized through contacts with Arg62, Glu163 and
Trp167. Finally, in the phosphorylated ligand, residues P1-Arg
and P4-pSer are linked through a water molecule and by a
long-distance interaction mediated by residues Arg62 and
Glu163, contributing to the overall stability of the complex.

Based on these results, we argued that the conservation of
Arg62 in the vast majority of HLA-B allotypes could be the
basis for their common preference for peptides phosphoryl-
ated at P4. The subsequent analysis of the phosphopep-
tidomes associated to HLA-B*07, HLA-B*27, and HLA-
B*39—which maintain the Arg62 residue—seems to support
this hypothesis as they were all found to be enriched in
peptides with this molecular feature. Furthermore, the enrich-
ment for Arg or Lys at P1 among the peptides phosphorylated
at P4 was also observed in all the HLA-B alleles studied here.
Nevertheless, the magnitude of this effect varied greatly among
allotypes and correlated with the frequency of basic residues at
P1 in the unmodified ligandomes. For instance, in HLA-B*27,
the frequency of positively charged residues at P1 among the
peptides phosphorylated at P4 was above 90% whereas it was
close to 50% in the unmodified peptidome. In contrast, in B*39,
only 17% of the ligands phosphorylated at P4 had positively
charged residues at the N terminus whereas this frequency was
below 1% in the nonphophorylated peptide set. This latter fact

might be related to the presence of Thr163 instead of Glu163 in
this molecule that would make the A pocket less prone to
accommodate positively charged side chains.

By generating the largest data set of HLA-I-associated
phosphopeptides so far, from four different allotypes, we
could conclude that they share a strong preference for pep-
tides phosphorylated at P4. This may become a key param-
eter in predicting tumor antigens arising from aberrant phos-
phorylation. In addition, our data also highlights that each
HLA-B allotype has its own binding preferences that may
have an effect on the molecular features of the presented
phosphopeptides. Therefore, if the peptide binding motif of an
MHC-I molecule aligns with the phosphorylation motif of a
particular kinase, this allotype may become an indicator of the
aberrant activity of this kinase. To illustrate our reasoning,
nearly all the phosphorylated peptides presented by HLA-
B*27 confirm to the RRXpS motif (Table III), which is a clear
hallmark of basophilic kinases such as PKA and PKC (51). In
contrast, HLA-B*40 displays a set of phosphorylated ligands
that can be separated in the following sequence motifs:
REXpS(L/F/M) and XEXpSP. The former resembles the well-
known Plk1 kinase motif (52), whereas the latter is informative
for proline-directed kinases (53). For B*07 ligands, the prev-
alent phosphorylation motif is (R/K)PXpS, which loosely con-
firms to the substrate motif of CDKL5 (54). Therefore, our data
seem to predict that individuals expressing specific HLA allo-
types may be more prone to present phosphorylated peptides
following aberrant function of specific kinases, providing an-
other reason for further research into personalized therapies.
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