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The identification of peptides presented by human leukocyte
antigen (HLA) class | is tremendously important for the under-
standing of antigen presentation mechanisms under healthy or
diseased conditions. Currently, mass spectrometry-based methods
represent the best methodology for the identification of HLA class
l-associated peptides. However, the HLA class | peptide repertoire
remains largely unexplored because the variable nature of endog-
enous peptides represents difficulties in conventional peptide
fragmentation technology. Here, we substantially enhanced (about
threefold) the identification success rate of peptides presented by
HLA class | using combined electron-transfer/higher-energy collision
dissociation (EThcD), reporting over 12,000 high-confident (false
discovery rate <1%) peptides from a single human B-cell line.
The direct importance of such an unprecedented large dataset is
highlighted by the discovery of unique features in antigen presen-
tation. The observation that a substantial part of proteins is sam-
pled across different HLA alleles, and the common occurrence of
HLA class | nested sets, suggest that the constraints of HLA class |
to comprehensively present the health states of cells are not as
tight as previously thought. Our dataset contains a substantial set
of peptides bearing a variety of posttranslational modifications
presented with marked allele-specific differences. We propose that
EThcD should become the method of choice in analyzing HLA class
|-presented peptides.

human leukocyte antigen class | | electron-transfer dissociation |
major histocompatibility complex | phosphorylation | binding motif

lass I molecules of the human leukocyte antigen (HLA)

complex present short peptides, typically 8—11 aa in length at
the cell surface, for scrutiny by the immune system (1). These
peptide fragments are generated in the cytoplasm by proteaso-
mal degradation of source proteins, translocated into the endo-
plasmic reticulum (ER) and subjected to N-terminal trimming
to a size that is suitable for loading onto the HLA (2). Loading
is governed by physicochemical binding motifs typical for each
HLA class I allele (3). Depending on the motif required for the
HLA class I allele(s) expressed, an ER-residing peptide may
become presented or not. Recognition of specific HLA class I
peptide complexes by CD8 T lymphocytes on pathogen infected
or cancerous cells leads to the activation of a cytotoxic response
and the clearance of the diseased cell. The identification of these
HLA class I-associated peptides has important consequences for
understanding the biology of cells, vaccine design, and tumor
immunotherapy (4, 5).

Today mass spectrometry (MS) is the core technology for the
analysis of HLA class I-presented peptides. These peptides are
typically enriched from cell lysates through the affinity purification
of HLA class I peptide complexes, released from the HLA by acid
elution, and separated by liquid chromatography (LC) before in-
troduction into the mass spectrometer. Identification is commonly

Www.pnas.org/cgi/doi/10.1073/pnas. 1321458111

accomplished by MS sequencing using collision-induced dissocia-
tion (CID) or beam-type higher-energy CID (HCD) (6). Both
methods generate the peptide fragment ions that can be used for
sequence identification in automated database search strategy or
de novo sequence analysis. These methods have been thoroughly
optimized and work particularly well for tryptic peptides that are
produced by in vitro digestion of proteomes. However, for en-
dogenously processed peptides, such as HLA class I-associated
peptides, only a small fraction of the acquired tandem MS spectra
(MS/MS) contains sufficient sequence-diagnostic information for
correct assignment of the peptide sequence (6). To improve pep-
tide identifications, the alternative fragmentation method elec-
tron-transfer dissociation (ETD) can be used, which complements
CID particularly for longer and more basic peptides (7, 8). How-
ever, both CID and ETD may suffer from the limited sequence
information concealed in the short HLA class [-associated peptide
sequences and incomplete peptide fragmentation due to the
occurrence of certain amino acid residues that are known to
hamper efficient backbone dissociation (7). As a consequence,
we hypothesized that a treasure of peptides presented by HLA
class I molecules might still be in oblivion for identification by
current MS technology.

Recently, we introduced a novel fragmentation scheme termed
“electron-transfer/higher-energy collision dissociation” (EThcD)
(9, 10). This method employs dual fragmentation after the
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isolation of a single ion package to generate both the fragment
ions induced by ETD (c/z) and HCD (b/y) in a single spectrum.
The generation of dual-fragment ion series results in more in-
formative MS/MS spectra that enable highly confident peptide
assignment and localization of posttranslational modifications
(PTMs) (9, 10). In this study, we explore the power of dual
fragmentation ETheD for the analysis of peptides presented by
HLA class I molecules on human B-lymphoblastoid cells. Our
results revealed a supreme performance of EThcD in comparison
with all established methods (CID, HCD, and ETD), resulting in an
unprecedented inventory of HLA class I-associated peptides.

Results

Experimental Approach for the Identification of HLA Class I-Associated
Peptides. To evaluate the full and unbiased potential of EThcD
for the analysis of the HLA class I-associated peptides, we ana-
lyzed a complex repertoire of peptides presented by various class
I molecules on the surface of an HLA-A, -B and -C heterozygous
B-lymphoblastoid cell line, GR. HLA class I peptide complexes
were isolated from a GR lysate by affinity purification, bound
peptides were released by acid elution and analyzed by reversed-
phase LC-MS/MS (11). This 1D strategy was used to assess the
performance of all possible peptide fragmentation techniques
currently available on the Orbitrap Elite instrument (Thermo
Fisher Scientific) used here. To evaluate whether sequencing-
short, endogenously processed peptides benefits from the com-
bined information generated by two different fragmentation
modes, we compared EThcD fragmentation with sequential
CID/HCD (in silico spectral merging) or single fragmentation
methods CID, HCD, and ETD (SI Appendix, Fig. S1). For each
fragmentation technique, fragment ion spectra (MS/MS) were
acquired with high-mass accuracy and high resolution using the
Orbitrap analyzer, not only to ensure consistency between the
datasets, but also to improve specificity in the database search
analysis. MS/MS spectra were searched against the human pro-
teome using SEQUEST (Thermo Fisher Scientific) and filtered
to a <1% false discovery rate (FDR) using the percolator al-
gorithm (12). We found that percolator performed approxi-
mately twofold better than a standard target-decoy approach
(13), irrespective of the fragmentation method used.

EThcD Boosts the Identification of HLA Class I-Associated Peptides.
The peptide identification results from the 1D strategy are sum-
marized in Table 1. Although the number of MS/MS spectra were
roughly identical (~12,000), the identification success rate and
the number of uniquely identified peptides clearly indicate that
EThcD fragmentation by far outperforms all other fragmentation
techniques. We found that 39% of the MS/MS attempts by EThcD
lead to high-confident peptide assignments, which is approxi-
mately a factor of 3 higher in comparison with HCD and ETD
alone. The excellent performance of EThcD can be directly at-
tributed to the more extensive backbone fragmentation and the

Table 1.
presented by GR B cells

1D strategy

generation of information-rich MS/MS spectra. As exemplified in
Fig. 1, dissociation of the HLA-B27 restricted peptide YRAPELLL
by HCD and ETD, respectively, generated limited sequence
information, primarily due to the near-complete absence of frag-
ment ions derived from the peptide C terminus. Dual fragmenta-
tion EThcD generated the complementary c¢/z and b/y ions,
enabling high-confidence sequence assignment. The improvement
in spectral quality is also reflected in the SEQUEST Xcorr dis-
tributions of the complete dataset, as significant higher scores were
found for EThcD due to the assignment of both ¢/z and b/y ions (S
Appendix, Fig. S2). These findings were sustained by sequential
CID/HCD, which performed significantly better than single stage
fragmentation (CID and HCD alone). The identification of 23
arbitrarily selected peptides was validated using synthetic peptide
counterparts. This analysis revealed an excellent spectral match
between the endogenous peptides and the synthetic peptide coun-
terparts, and also confirmed the enhancement in spectral richness
by EThcD (SI Appendix, Table S4 and Figs. S10 and S11).

To benchmark and compare these results, we analyzed a tryptic
Escherichia coli digest (5 ng) and found that the identification
success rate of EThcD for sequencing endogenous peptides
agrees well with the success rate for low-abundant tryptic peptides
(39% versus 30%) (SI Appendix, Table S1). However, in contrast
to endogenous peptides, for tryptic peptides the success rate of
EThcD and HCD is comparable (30% and 34%, respectively),
which is in agreement with previous data (9, 10). Together, the
data unambiguously demonstrate that sequencing short, endog-
enous peptides is rather cumbersome when using standard HCD
or ETD, and benefits considerably when combining the comple-
mentary sequence information induced by EThcD.

Global Mapping of the HLA Class | Peptide Repertoire. To more
comprehensively profile the repertoire of peptides presented by
HLA class I, we next used a 2D peptide separation strategy using
strong cation exchange (SCX) fractionation followed by LC-MS/MS
analysis. Here, we focused on exclusively using EThcD and
sequential CID/HCD because these two methods performed
best based on the initial 1D strategy. In total, 9,015 and 6,381
unique 8- to 14-mer peptides were identified by EThcD and se-
quential CID/HCD, respectively (Table 1). Note that generating
high-quality MS/MS spectra by EThcD comes at the cost of a
slightly slower duty cycle, thus leading to undersampling if complex
samples are not fractionated. The most optimal balance between
peptide identification coverage and the required analysis time was
therefore found by the 2D strategy using EThcD, covering 74% of
the complete set of unique HLA class I peptides (Fig. 2D).

To validate whether the identified peptides were indeed ini-
tially bound to HLA molecules, we predicted the HLA class I
binding affinities using the NetMHC algorithm (14). Impor-
tantly, 90% of the identified peptides were predicted as strong
binders (<1,000 nM ICsp) to a single HLA-A and -B allele on
GR cells, which further strengthens our confidence in the

Summary of data obtained in the LC-MS/MS analysis of HLA-associated peptides

2D strategy

Dataset EThcD CID/HCD CID
MS/MS spectra 11,777 10,214* 13,394
PSM, <1% FDR 4,532 2,418 1,319

Identification rate, % 39 12F 10

Unique peptides 3,454 2,142 1,273
Unique peptides 8-14 aa 3,381 2,027 1,174
No. of proteins 2,205 1,517 982
Analysis time, h 3 3 3

HCD ETD EThcD CID/HCD Combined data
16,054 11,223 39,156 42,227* 196,485
1,948 2,545 13,555 8,794 35,111
12 23 35 10" 19
1,737 2,288 9,255 6,554 12,699
1,622 2,215 9,015 6,381 12,199
1,268 1,650 4,536 3,706 5,603
3 3 9x2 9x2 51

PSM, peptide-spectrum match.

*The number of merged CID/HCD spectra used for database search analysis.
TIdentification rate was calculated from twice the number of merged CID/HCD spectra.
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Fig. 1. Peptide fragmentation by ETD, HCD, and EThcD. Illustrative MS/MS
spectra of the HLA-B27-associated peptide YRAPELLL upon fragmentation
by (A) ETD, (B) HCD, and (C) EThcD. The observed and/or assignable ¢/z and
b/y fragment ions are indicated above and below the peptide sequence.
MS/MS of the synthetic peptide counterpart are provided in SI Appendix,
Fig. S11.

correctness of the peptide assignments. Using sequence-based
rules on the cumulative dataset, the NetMHC algorithm assigned
1,170 peptides to HLA-A1 (9%), 2,132 peptides to HLA-A3
(17%), 4,314 peptides to HLA-B7 (35%), and 3,530 peptides
to HLA-B27 (29%), whereas 1,234 peptides could not be
classified on these terms [not assigned (NA)]. The NA pep-
tides include besides weak predicted binders also a low con-
tribution of peptides bound to the HLA-C alleles expressed (SI
Appendix, Fig. S3) (15), but we found their numbers relative
to the total assigned repertoire too low to further specify in
this study.

Comparison of the complete dataset with recent large-scale
studies revealed that 81% of the peptides have not been reported
before (SI Appendix, Table S2) (16-18). Remarkably, the unique
peptides identified in this study have distinct sequence charac-
teristics compared with literature data (SI Appendix, Fig S4).
Sequence logos of the uniquely identified peptides here revealed
overrepresentation of basic residues (Arg, Lys) at the peptide
N terminus (P1 or P3 position) for HLA-A3, -B7, and -B27,
indicating that these peptides have been underrepresented in
previous studies.

Fragmentation-Related Bias in Profiling the HLA Class | Peptide
Repertoire. To test for fragmentation-related biases, we further
specified the identification results for each of the applied frag-
mentation method with respect to the different HLA class I
alleles (Fig. 2). This evaluation included, for each HLA allele,
the number of uniquely assigned peptides (Fig. 24), the peptide
binding consensus (Fig. 2B), and the overlap in peptide identi-
fication between the fragmentation techniques (Fig. 2C). The
observed sequence logos clearly matched the known binding
motifs of the HLA alleles, through amino acids anchor residues
at position P2 (P3) and the C-terminal amino acid (PQ). EThcD
provided the largest number of peptide identifications across all

Mommen et al.

HLA alleles (Fig. 24). The unmatched performance of EThcD
was most pronounced for the HLA-B7 and -B27. The peptides
bound to these alleles are more difficult to sequence by con-
ventional methods due to the preferred presence of a proline or
an arginine residue at the P2 position (7). A known limitation of
ETD is the inability to cleave the N-Ca bond of proline, whereas
CID/HCD suffers from inefficient peptide dissociation due to
internal arginine residues that are known to hamper random
backbone protonation. The generation of dual-ion series in
EThcD overcomes these limitations, resulting in an almost two-
fold improvement in the identification of peptides bound to
HLA-B7 and -B27.

To compare the performance of EThcD with the conventional
fragmentation techniques in more detail, we used the 1D dataset
to determine the normalized overlap between the peptide identi-
fication results for each HLA allele. Fig. 2C shows that the added
value of the conventional fragmentation techniques is limited be-
cause EThcD accounts for ~80% of the peptide identifications
across all HLA alleles. It is worth mentioning, but not surprising,
that ETD alone performed particularly well for these HLA-B27-
bound peptides. This was reflected by the absolute number of
identified peptides (Fig. 24), as well as the complementary ad-
vantage of ETD for sequencing of triply charged peptides (S
Appendix, Fig. S5). These findings are in line with previous reports
describing that peptides with a strong basic N terminus gener-
ate more straightforward and easy-to-interpret MS/MS spectra
in ETD (19).

Characteristics of the HLA Class | Peptide Repertoire. The general
characteristics of the HLA class I peptide repertoire identified
here add to existing knowledge on self-peptidome. The 12,199
unique peptides originate from 5,603 source proteins, which are
primarily located in the ER, nucleus, and cytoplasm. Distribution
analysis of the number of peptides identified per protein revealed
that 48% (2,636 proteins) were represented by a single peptide,
whereas the remaining proteins were represented by multiple
unique peptides (SI Appendix, Fig. S6). As reported previously
(16), the HLA class I sampling rate seems to correlate with
protein length (SI Appendix, Fig. S7). For proteins that were
represented by multiple peptides, we found that 2,295 proteins
were represented by at least two different HLA alleles (S
Appendix, Fig. S6). Moreover, for the peptides related to these
proteins, no relation was found between peptide intensity, al-
lele specificity, or predicted binding strength, confirming that
the final level of presentation depends on many factors [e.g.,
proteolytic activity, transporter-associated with antigen pro-
cessing (TAP) transport efficiency] (16, 20).

HLA class I molecules predominantly present peptides of 9—
11 aa in length. However, there are numerous reports of longer
peptides that can also elicit cytotoxic T-cell responses, and some
of these unusually long peptides fully overlap in sequence with
their counterparts that have more conventional length (21). In
our dataset we observed 1,376 peptides pairs with an identical
core sequence but having 1- to 5-aa-length differences. These
additional amino acids were detected either at the N terminus
(n = 341), the C terminus (n = 829), or with no consensus at their
termini (i.e., ragged ends at both termini; n = 206). Mapping
these nested peptide species to different HLA alleles revealed
unexpected differences between the frequency of N- and C-ter-
minal-extended peptide pairs (S Appendix, Fig. S8). For HLA-B
alleles, significantly more C-terminal-extended peptide pairs
were detected compared with N-terminal-extended pairs, as
reported similarly for HLA-B27-bound peptides (17). In con-
trast to these findings in HLA-B, a more equal frequency dis-
tribution between N- and C-terminal-extended length variants
was found for HLA-A. Frequency analysis of the C-terminal
anchor residues revealed stricter constraints on the C-terminal
anchor residue of the HLA-A versus the HLA-B alleles (S
Appendix, Fig. S8). For example, the C terminus of HLA-A1-
bound peptide pairs are predominated by a tyrosine residue,
although there is less restriction for variants bound to HLA-B27

PNAS | March 25,2014 | vol. 111 | no.12 | 4509

www.manaraa.com

IMMUNOLOGY

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1321458111/-/DCSupplemental/sapp.pdf

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 29, 2021

""" n=1234
,,,,,, HLA-C2 n=122

0
1D strategy 2D
strategy

Fig. 2.

n=1,170 Combined data set
— — — 4
3 i — 12,000
< e— - <
ok . — mmm 10,000 08 g
] 8,000 £
n=2132 ' 05§
<, — - g
< — __6,000 §
< < 04 g
S — - 2
B ?IZ T — S 4000 H
B e, = z §
3 02
2 2,000
n=4314
. — -
0 — 0 0
< E— — 2D 1D strategy
T — — strategy
=L = A
n=3530 B EThed
1 — -
O Overlap
< — )
B 2 — B Sequential CID/HCD
15 E T o— —
- CID
B HCD
— —
HLA-C7 n=155 < — B D
= — —
L - ——
T2 3se4 u5e ni; 8Q ¢ o2 04 06 08 1
q Peptide fraction

Performance characteristics of peptide fragmentation techniques for HLA class l-associated peptides. Shown are identification results and binding motifs

of peptides presented by different HLA class | molecules on the surface of GR cells. (A) The number of unique 8- to 14-mer peptides identified by the 1D and 2D
peptide separation strategy, assigned to HLA-A1, -A3, -B7, and -B27 molecules, or not assigned to any of the above (NA). The 1D strategy comprised consecutive
single LC-MS/MS analysis runs, using either EThcD (black), sequential CID/HCD (red), CID (yellow), HCD (green), or ETD (blue). The 2D strategy included the analysis
of SCX fractions by LC-MS/MS using EThcD (black) or sequential CID/HCD (red). (B) Sequence logos showing that peptides are bound to a particular HLA molecule
through a distinct binding motif, typically by anchor residues on position P2 (P3) and the C-terminal PQ residue. (C) Bar diagrams depicting the peptide fraction
identified by EThcD (black), the overlap between the methods (gray), and uniquely identified by CID/HCD (red), CID (yellow), HCD (green), or ETD (blue). (D) The
number of unique peptides identified by the different peptide fragmentation methods (color coded) in the 1D and 2D strategy. The line graph depicts the
cumulative number of unique HLA class I-associated peptides (left y axis) and the peptide identification fraction (right y axis).

(Fig. 2B). For HLA class I nested sets, no relation was found
between peptide intensity, predicted binding strength, or
peptide length.

PTM HLA Class | Peptides. Peptides presented by HLA molecules
can harbor PTMs (22). Table 2 summarizes the PTMs identified
on HLA class I-associated peptides and their unmodified coun-
terparts. The total numbers of unmodified counterparts are
lower compared with PTM peptides. This was primarily attrib-
uted to undersampling, although for some PTMs the modifica-
tion reaction may proceed quantitatively (i.e., cysteinylation),
limiting the detection of unmodified counterparts.

The frequently observed asparagine deamidation reaction
here can proceed either spontaneously (aging) or enzymatically.
It has been demonstrated that N-glycosylated peptides may be
presented by HLA class I molecules, but only after back trans-
port of ER proteins to the cytosol, with concomitant enzymatic
deglycosylation, resulting in the deamidation of the glycosylated
asparagine (23). Approximately 45% of the deamidated peptides
were derived from membrane-associated glycoproteins with the
correct site-specific glycosylation motifs (SI Appendix, Fig. S9).
Interestingly, for HLA-A1 only, we found a relatively high pro-
portion of deamidated peptides in which the asparagine residue
on position 3 was converted to an aspartic acid, the anchor
residue for this class I allele (SI Appendix, Table S3). For ex-
ample, the LSNISHLNY sequence of glycosyltransferase BGnT-2
was only detected in the deamidated form LSDISHLNY.

We also detected a total of 59 serine or threonine phosphory-
lated peptides. Phosphorylated peptides were assigned to both
HLA-A and -B alleles at similar (normalized) frequencies (S
Appendix, Table S3). A preferred bias was found for a basic resi-
due on P1 and the phosphate group on P4 of peptide sequence (SI
Appendix, Fig. S9)—characteristics similar to those previously
reported (24, 25). Mapping the data to phosphorylation-specific
motifs that are commonly associated with specific kinases resulted
in the assignment of 72% of the phosphopeptides to a proline-

4510 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1321458111

directed kinase motif (PXTP, PxSP), similar to those reported by
Cobbold et al. (24), or basophilic kinase motif (RxxS) (SI Ap-
pendix, Fig. S9). Comparison with previous studies revealed that
16 HLA-B7-associated phosphopeptides had been reported pre-
viously (16, 24, 26), whereas a total of 24 phosphorylation sites are
annotated in the Uniprot protein database (www.uniprot.org/).
The correct identification of selected phosphopeptides could be
nicely confirmed by the spectra we generated from their synthetic
peptide counterparts (SI Appendix, Fig. S10).

Cysteinylation is a spontaneous reaction where a cysteine
forms a disulfide bond to a free cysteine molecule, either in vivo
or in vitro (27, 28). In assigning the 196 cysteinylated peptides to
the HLA-A and -B alleles, we unexpectedly found a bias toward
the HLA-A1. Compared with unmodified peptides, 6% of the
HLA-Al-associated peptides were cysteinylated, whereas the
frequency of this modification was only 1-2% for the remaining
alleles (SI Appendix, Table S3).

Discussion

Identification of HLA class I-associated peptides by MS has con-
tributed substantially to the knowledge of the antigen-processing
and presentation mechanisms involved in cellular immune response
(6). However, the identity of a considerable part of the repertoire of
peptides presented by HLA class I molecules remains largely un-
known due to current limitations in MS sequencing. The immediate
interest of this study was therefore to uncover peptides that escaped
identification by currently used sequencing methods CID, HCD,
and ETD. Therefore, we applied EThcD fragmentation for the
identification of HLA class I-associated peptides, a dual fragmen-
tation method that generates ETD- and HCD-derived fragment
ions from a single ion package for enhanced peptide fragmentation
and sequence identification (9).

The most important finding of this comprehensive evaluation
study was the excellent performance of EThcD for the global
analysis of the HLA peptide repertoire, revealing a larger HLA
class I peptidome for a single cell line than previously reported
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Table 2. Overview of HLA-associated peptides harboring PTMs

Modified Unmodified Uniprot Preferred

PTMs peptides counterpart annotated position (%)
Asn deamination 83 47 26* P3-P6 (76)
Ser phosphorylation 44 24 22 P4-P7 (78)
Thr phosphorylation 15 6 2 P4 (67)
Met oxidation 988 725

Cysteinylation 196 12

N-cyclization 246 166

(pyroQ)

pyroQ, pyrrolidone carboxylic acid.
*Annotated N-glycosylation sites.

(15). Strikingly, almost 40% of the MS/MS spectra generated by
ETheD led to highly confident assignments of peptide sequences,
which is, to our knowledge, the most advanced peptide identifi-
cation success rate for endogenous peptides to date. EThcD
generates more extensive backbone fragmentation and increased
coverage of the peptide sequence, resulting in more readily iden-
tified HLA class I-associated peptides. In comparison, Hassan
et al. (16) recently reported a large inventory of HLA class I
peptides using CID-based MS, but implemented less strict confi-
dence criteria (FDR of <10% instead of <1% here). The advan-
tage of ETheD in generating more informative MS/MS spectra for
high-confident peptide assignments was supported by the in silico
spectral merging of separately acquired CID and HCD spectra.
Contrary to endogenous peptides, EThcD performs equally as well
as HCD for tryptic peptides generated by in vitro digestion of
proteomes (9). This discrepancy is primarily attributed to the fact
that endogenous peptides are more difficult to sequence by HCD,
whereas current MS technology and database search algorithms
work particularly well for tryptic peptides and do not require
improvements in spectral quality just for their identification per se.

The selection of a B-lymphoblastoid cell line that was hetero-
zygous for HLA-A, -B, and -C allowed us to evaluate the allele-
specific performance of the different types of fragmentation
techniques. A remarkable finding was that EThcD provided un-
biased insight into the repertoire of presented peptides. In con-
trast, biases in allele-specific peptide identification results could
be directly translated to the known limitations of conventional
peptide fragmentation techniques. This suggests that the outcome
of HLA class I peptide identification studies that are based on
CID (HCD) (16, 18) or ETD (29) alone may only partially reflect
the actual landscape of peptides presented at the cell surface.
EThcD as the universal fragmentation method is therefore an
attractive alternative to current MS sequencing technology.

The high-discovery rate in this study of peptides that constitute
the HLA class I repertoire not only allowed us to confirm typical
known features, but also to add unique findings. On a global
scale, we assigned HLA class I peptides to ~5,600 source pro-
teins, which is in agreement with the findings of Hassan et al.
(16). Considering that cultured human cells express ~11,000
protein-coding genes (30), mapping the HLA class I peptidome
is now becoming possible for 50% of the expressed proteins.
Moreover, ~40% of the source proteins are represented by at
least two peptides bound to different HLA molecules. This
broad representation of the cell’s proteome by HLA class I is in
agreement with the general belief that equitable sampling is
necessary to comprehensively reflect the health status of the cell
(31). However, although the major part of the proteome seemed
suited for HLA sampling, the actual small number of peptides
identified per source protein confirms that considerable selec-
tion of peptides takes place, related to proteolytic cleavage, ef-
ficiency of TAP and the binding affinity of the available HLA
molecule (16, 20). Earlier studies reporting fewer numbers of
peptides (hundreds) demonstrated that most proteins were
represented by only a single peptide (18). Hence, fragmentation
techniques that can capture the full landscape of HLA class I

Mommen et al.

peptides in cells of interest, such as EThcD, can make an im-
portant step toward the next stage of discovery.

Our study furthermore revealed various allele- or peptide-spe-
cific features that can lead to a better understanding of the peptide
processing and specificity in various HLA alleles. We identified
a large set of nested peptides that differ in length either at the N or
C terminus. The presence of N-terminal-extended length variants
have been reported previously (17, 32). The activity of amino-
peptidases in the ER effectively edits the majority of endogenously
processed peptides to a length suitable for loading onto the HLA
class I molecules, but a minority of peptides escape this efficient
trimming process (33). Only a few studies report C-terminally
extended peptide pairs. Ben Dror et al. (17) attributed these
C-terminal-extended peptides to the broad cleavage speci-
ficity of the proteasome, whereas Lorente et al. (34) suggested the
additional role of C-terminal trimming by carboxypeptidase. The
global picture emerging from this study revealed an important role
of allele-specific physicochemical binding motifs. The observed
differential C-terminal length variation for the various HLA alleles
here were directly attributed to the different constraints for
C-terminal binding between the HLA alleles, in particular be-
cause we could assume equal enzymatic activities because the
peptides were extracted from a single cell line.

In addition, detailed findings included marked differences in
the number of PTM peptides presented by different HLA class
I molecules. The presentation of certain HLA-Al-associated
peptides is enhanced by the deamidation of asparagine into
aspartic acid. This modification creates a negatively charged
side chain with the ability to form hydrogen bonds and hence
servers as a high-affinity anchor residue for HLA-A1. Such
a mechanism has been previously reported for glutamine-con-
taining peptides in HLA class II (35). The cysteinylation of
cysteine residues is a nonenzymatic reaction which has been
shown to play a role in T-cell recognition (27, 28). However, the
biological relevance of this modification is rather unclear be-
cause this reaction can proceed in vivo or in vitro, and can both
positively and negatively affect HLA binding (36). We found an
altered (fourfold higher) frequency of cysteinylated peptides
bound to HLA-A1 compared with the other alleles investigated
in this study. This suggests that cysteinylation of peptides might
occur before binding to the HLA molecule in the ER, and thus
modulate the ability of peptides to bind to certain HLA alleles.

Finally, the presentation of HLA class I phosphopeptides and
their recognition by T cells has increasingly been reported to play
an important role in human diseases as the deregulation of
signaling pathways is a hallmark of malignant transformation
(24, 25). Although high-confident assignment of HLA class I
phosphopeptides is challenging (16), we used the advantage of
EThcD for unambiguous phosphosite localization (10) and val-
idated our results using synthetic peptide counterparts and bio-
informatics (kinase motifs). The fraction of phosphorylated
peptides identified in this study is ~0.5% of all peptides, irre-
spective of the alleles investigated. This suggests that there is no
significant bias toward a certain HLA class I molecule for pre-
senting phosphorylated peptides. The preference of a basic residue
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on P1 and the phosphate group on P4 of the sequence confirms
previously reported roles of these biases in the preferential binding
of phosphopeptides to HLA class I molecules (24, 25).

In summary, we present a large-scale analysis of HLA class
I-associated peptides by EThcD fragmentation. The advantage
of EThcD as a universal fragmentation technique was demon-
strated by the improved number of identified peptides and the
increased coverage of fragment ions over conventional frag-
mentation techniques. The data generated here further expand
our knowledge of peptide presentation by HLA class I mole-
cules. We therefore foresee a predominant role for EThcD in the
comprehensive analysis of endogenously processed peptides, also
beyond the HLA class I peptide repertoire.

Materials and Methods

The Cultured Cell Line and Isolation of HLA Class I-Associated Peptides. The
HLA-A*01,-03, B*07,-27, and -C*02,-07-positive B-lymphoblastoid cell-line GR
was grown in RPMI-1640 medium to a total number of 9 x 10° cells. HLA class |
peptide complexes were immunoprecipitated from lysed GR cells (37), using
the HLA-A-, -B-, and -C-specific mouse monoclonal 1gG2a antibody W6/32.
HLA class l-associated peptides were eluted with 10% (vol/vol) acetic acid and
collected by passage over a 10-kDa molecular weight cutoff membrane.

Synthetic Peptides. Synthetic peptides were purchased from Pepscan.

MS. For 1D analysis, the HLA elution sample was analyzed directly by
nanoscale LC-MS/MS using a Thermo Scientific EASY-nLC 1000 (Thermo
Fisher Scientific) and ETD-enabled LTQ Orbitrap Elite mass spectrometer (9).
The system comprises a 20 x 0.1 mm i.d. trapping column (Reprosil C18, 3 pm;
Dr. Maisch) and a 40 x 0.0075 cm i.d. analytical column (Zorbax SB-C18; 1.8 pm).
Full MS spectra (m/z 300-1,500) were acquired in an Orbitrap at a resolution of
60,000 (FWHM). The 10 most abundant precursor ions were selected for either
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data-dependent EThcD, CID, HCD, or ETD fragmentation (unknown and 1+
charge state excluded). For sequential CID/HCD analysis, each precursor ion was
sequentially selected for CID and HCD (top-five method). The maximum ion
accumulation time for MS scans was set to 200 ms and for MS/MS scans to 2,500
ms. Fragment ions were detected in an Orbitrap at a resolution of 15,000
(FWHM). Dynamic exclusion was enabled with a repeat count of 1- and 60-s
exclusion duration. The background ions at m/z 391.2843 and 445.1200 were
used as lock mass. For the 2D strategy, HLA class I-eluted peptides were
fractionated by SCX chromatography. The system comprises a Hypercarb
trapping column (5 x 0.2 mm i.d., 7-um particle size; Thermo Fisher) and SCX
column (12 x 0.02 ¢m i.d. polysulfoethyl aspartamide, 5 pm; Poly LC). A total
number of nine SCX fractions were subjected to LC-MS/MS, as described for
1D analysis.

Data Analysis. The analysis of MS raw data was carried out using Proteome
Discoverer 1.4 software package (Thermo Fisher Scientific). The nonfrag-
ment filter was used to simplify ETD spectra and the spectrum grouper
function to merge consecutive CID and HCD spectra. MS/MS scans were
searched against the human Uniprot database (www.uniprot.org/) with no
enzyme specificity using the SEQUEST HT mode. Precursor ion and MS/MS
tolerances were set to 3 ppm and 0.02 Da, respectively. Asparagine deami-
dation, methionine oxidation, cysteinylation, phosphorylation (S, T, Y), or
N-terminal glutamate cyclization were set as variable modifications. Results
were filtered to <1% FDR using percolator (12), Xcorr >1.75, and rank = 1.
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