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ABSTRACT: We report unexpected mass spectrometric
observations of glycosylated human leukocyte antigen
(HLA) class I-bound peptides. Complemented by
molecular modeling, in vitro enzymatic assays, and
oxonium ion patterns, we propose that the observed O-
linked glycans carrying up to five monosaccharides are
extended O-GlcNAc’s rather than GalNAc-initiated O-
glycans. A cytosolic O-GlcNAc modification is normally
terminal and does not extend to produce a polysaccharide,
but O-GlcNAc on an HLA peptide presents a special case
because the loaded HLA class I complex traffics through
the endoplasmic reticulum and Golgi apparatus on its way
to the cell membrane and is hence exposed to
glycosyltransferases. We also report for the first time
natural HLA class I presentation of O- and N-linked
glycopeptides derived from membrane proteins. HLA class
I peptides with centrally located oligosaccharides have
been shown to be immunogenic and may thus be
important targets for immune surveillance.

I dentification of peptide antigens presented by human
leukocyte antigen (HLA) class I molecules is of great

importance for the development of vaccines and immunothera-
pies,1 including breakthrough T-cell therapies.2 Along with
peptide sequence and protein of origin, it is also important to
identify posttranslational modifications (PTMs), because
alteration of PTMs is a recognized hallmark of many diseases,
including cancer and autoimmune diseases, and altered PTMs
can strongly regulate immune system recognition of HLA class I
peptides. A small fraction of the HLA class I peptides have been
reported to carry phosphorylation3 or O-GlcNAcylation,4

indicating that these regulatory modifications pass intact through
processing and presentation events in antigen presenting cells.
O-GlcNAc is a dynamic PTM that occurs in the cytosol,5 so O-
GlcNAc-ylated proteins may degrade through a route involving
the proteasome and classical HLA class I loading.6 Membrane
glycoproteins may also contribute HLA class I peptides via cross-

presentation,7 but HLA class I peptides carrying extracellular O-
or N-linked glycosylation have not been previously observed.
Here we report a variety of glycosylated HLA class I peptides

presented by the HLA-A, -B, and -C heterozygous B-
lymphoblastoid cell line GR. The most surprising observations
are of O-linked glycans with up to five monosaccharides on
serines and threonines in nuclear and cytosolic proteins (Table
1). Based on LC-MS/MS analysis using indicative intensity
pattern of the fragment ions, in vitro enzymatic assays, existing
literature, the glycopeptide sequences, and the subcellular
localization of the proteins of origin, we explicitly assign these
O-linked glycans as primarily O-GlcNAc, along with extensions
by Gal, Gal-NeuAc, and further monosaccharides.
Figure 1 shows illustrative annotated mass spectra of HLA

class I glycopeptides, acquired on an Orbitrap Fusion instrument
(Thermo Fisher Scientific) with high-mass accuracy and high
resolution. We used a rather novel fragmentation mode denoted
EThcD,8 which employs both electron-transfer dissociation and
higher-energy (beam-type) collisional dissociation.9,10 EThcD
spectra include c- and z-ions with labile modifications intact for
confident modification site localization9 as well as oxonium ions
from glycan fragments for glycopeptide validation. As indicated,
the c3−c9 ions enabled unambiguous localization of the glycan,
while the oxonium ions at 204 and 274 Da, the O-GlcNAc
diagnostic oxonium ion fragmentation pattern (see Supporting
Information (SI)),11 and neutral losses of the HexNAc acetyl
group and the labile sialic acid NeuAc corroborate the exact
monosaccharide composition (see also SI). All spectrum
assignments were made using Byonic software,12 which includes
special support for glycopeptide identification. The protein of
origin for the peptide in Figure 1 is the Zinc finger protein 281.
Uniprot lists this protein as localized in the nucleus, ruling out
GalNAc-initiated O-glycosylation, which is thought to be
exclusively extracellular, either on extracellular parts of
membrane proteins or on secreted proteins.
Figure 2 shows an EThcD spectrum of a HLA class I

glycopeptide from the RNA-binding protein 27 carrying
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HexNAc(1)Hex(1). This protein has previously been reported
to be O-GlcNAcylated.13,14 At the ASMS 2014, Hunt et al. from
the University of Virginia showed the 9-residue glycopeptide
RPPIT(+HexNAc)QSSL, with and without methylation on the
N-terminal Arg, as an O-GlcNAcylated HLA class I peptide and a
possible marker for acute lymphoblastic leukemia cells. We
observe the 11-residue, IPRPPITQSSL peptide, with and

without arginine (di)methylation, with five different glycans
located at the same threonine: HexNAc, HexNAc(1)Hex(1),
HexNAc(1)Hex(1)NeuAc(1), HexNAc(2)Hex(2), and
HexNAc(2)Hex(2)NeuAc(1).
Based on the relative intensities of the diagnostic ions specific

to O-GlcNAc (GlcNAc/GalNAc ratio) (Figures S1−2, Tables
S3−4),11 we reason that the observed glycopeptides have an O-
GlcNAc “core” which is extended by Gal, optionally extended by
N-acetyl lactosamine, and optionally capped by NeuAc (N-acetyl
neuraminic acid), as these are the most usual elongations of
antennal GlcNAc in human. Figure 3 illustrates our hypothesis

regarding the formation of these modifications on HLA class I-
bound peptides using the classical class I antigen presentation
pathway.6 O-GlcNAc starts on a cytosolic protein, survives
degradation by the proteasome and translocation into the
endoplasmic reticulum (ER), and is then loaded onto an HLA
class I molecule and extended by glycosyltransferases, starting
with β1, 4 galactosyltransferase, in the Golgi. Galactosyltransfer-
ase extension is a standard method to detect O-GlcNAc,15 and
single N-linked GlcNAc’s in the ER of engineered cells almost
uniformly elongate to GlcNAc-Gal-NeuAc in the Golgi.5 To our
knowledge, the findings reported here are the first observations
of O-linked GlcNAc extended in vivo.
In total we observed 18 HLA class I-peptides carrying

extended HexNAc moieties and identified 14 other glycopep-
tides having a nonextendedHexNac (Table S1). For 28 of the 32,
we interpret the O-linked saccharide as O-GlcNAc, based on the
diagnostic fragment ions ratio, protein subcellular localization,
and previously identified O-GlcNAc proteins and modification
sites in the dbOGap.13 The 14 O-GlcNAc-ylated source proteins
reside in the nucleus and/or cytosol and are involved in DNA or

Table 1. Detected HLA Class 1 Glycopeptides Containing Extended O-GlcNAc Moieties

peptide: g = glyco, p =
phospho, d = dimethyl

glycan masses: 0 = unmodified, 203 =
HexNAc, 162 = Hex, 291 = NeuAc protein name (gene)

HLA
allele

predicted affinity
(IC50, nm)

YinOYang
score

LPKPANgTSAL 365 DNA-binding protein RFX7 (RFX7) B*07:02 17 0.73
RPPVgTKASSF 203, 656 R3H domain-containing protein 2

(R3HD2)
B*07:02 27 0.82

RVKpTPTgSQSY 0, 203, 365, 730, 1021 zinc finger protein 281 (ZN281) A*03:01 284 0.70
RVKpTPTgSQSYR 0, 203, 365, 656, 730, 1021 zinc finger protein 281 (ZN281) A*03:01 445 0.70
APVgSPSSQKL 656 telomeric repeat-binding factor 2-

interacting protein 1 (TE2IP)
B*07:02 70 0.58

IPdRPPIgTQSSL 203, 365, 656, 730, 1021 RNA-binding protein 27 (RBM27) B*07:02 9 0.68

Figure 1. EThcD spectra of two forms of an HLA class I glycopeptide
derived from ZN281, a known nuclear protein, carrying (a) GlcNAc
(203 Da) and (b) GlcNAc(1)Hex(1)NeuAc(1) (656 Da) O-linked to
Thr345. To decipher the saccharide identity of the O-linked saccharide
moiety, the ratio of the abundance of the (m/z 138 + m/z 168) to (m/z
126 + m/z 144) oxonium ions is taken. Ratio values >1 indicate an O-
GlcNAc core, whereas values <1 indicate anO-GalNAc core.11 The inset
shows the prevalence for the diagnostic O-GlcNAc fragment ions.

Figure 2. EThcD spectrum of an HLA class I glycopeptide derived from
the RNA-binding protein 27, a known O-GlcNAc-ylated protein.
Annotation of c5−c10 ions enabled the exact localization of
GlcNAc(1)Hex(1) (365 Da) on Thr386. The insert highlights the
fragment ions diagnostic of an O-GlcNAc core.

Figure 3. Elongation of O-GlcNAc’s on HLA class I glycopeptides.
Cytosolic proteins carrying O-GlcNAc are degraded in the immune
proteasome, leaving the O-GlcNAc intact. Glycopeptides are trans-
located via the transporter associated with antigen presentation into the
ER and loaded onto HLA class I molecules. The loaded glycopeptide
travels through the Golgi, where the O-GlcNAc is elongated by
glycosyltransferases, on the way to the plasma membrane for
presentation to the TCR on CD8+ T cells.
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RNA binding and other functions. Seven of the 14 source
proteins have been previously reported as carrying O-GlcNAc,
four at the identical sites observed here. Figures S5−S42 show all
32 unique O-GlcNAc-ylated glycopeptides, including 28 unique
peptide forms and 14 non-extended O-GlcNAc’s, out of∼15,000
unique HLA class I peptides in the entire data set, in agreement
with earlier estimates that O-GlcNAc-ylation constitutes the bulk
of glycosylation on HLA class I peptides and appears on roughly
0.1% of these peptides.4,16 Interestingly, of the 14 O-GlcNAc-
ylated peptides observed, all rank highly by the YingOYang
computational O-GlcNAc predictor.17 Enzymatic in vitro O-
GlcNAcylation studies using synthetic peptide analogues
confirmed that all nine probed peptides could be O-GlcNAc-
ylated by the O-GlcNAc transferase (Figure S2, Table S4). We
also identified 2 O-GalNAc-ylated peptides, one extended and
the other non-extended. Indeed, these synthetic peptides
analogues did not undergo O-GlcNAcylation in vitro (Figures
S3−S4, Table S4).
The peptides RVKpTPTgSQSY and RVKpTPTgSQSYR of

ZNF218 were detected with both a phosphorylated Thr886 and
an (extended) O-GlcNAc on Ser891. Both modification sites have
been reported previously, albeit not as co-occurring.14,18 The
proximity of O-GlcNAc-ylation with arginine methylation and
dimethylation in IPRPPITQSSL and phosphorylation in
RVKTPTSQSY hints at potential PTM crosstalk.19

The mono- or oligo O-GlcNAc moieties were found
exclusively at the peptides’ center residues (P3−P7), with a
preference for P5 (7 out of 15 glycosylation sites). As opposed to
the previously reported set of unmodified peptides,8 a significant
preference (p-value <10−5) was found for the full set of
glycopeptides to be bound to the HLA-B*07 allele (15 out of
16), rather than to any of the other alleles present in the GR
lymphoblastoid cell line. Upon further inspection of the O-
GlcNAc-ylated peptide sequences, there is resemblance to motifs
recognized by various kinases5 and preference for nearby proline
residues20 especially at the −2 and −3 positions, so the common
proline anchor at position P2 in HLA-B*07-presented peptides
may lead to a preference for peptides with central O-GlcNAc-
ylation. Indeed, proline at the −3 position is consistent with the
consensus sequence for O-GlcNAc,17 giving additional evidence
for an O-GlcNAc core saccharide over the alternative O-GalNAc
core whereby proline is typically found at the −1 position.21
Starting from a crystal structure22 of a HLA-B*07-peptide

complex (3VCL), we modeled the HLA-B*07 molecule
complexed to GlcNAc-ylated RPPVTKASSF using the informa-
tion-driven docking program HADDOCK.23 We observed that
the modified threonine is solvent exposed and not directly
involved in binding to the HLA class I molecule groove (Figure 4
and Table S2), which suggests that an O-GlcNAc at this site
would be accessible to glycosyltransferases in the Golgi
apparatus. Similar modeling observations were made for other
glycosylated peptides (see Table S2). In our hypothesis, the
glycosyltransferases would remain active in the HLA binding
cleft environment.
Along with the 24 unique HLA class I O-GlcNAc-ylated

peptide forms, Table S1 lists three peptides carrying what we
interpret to be O-GalNAc and another peptide with a small N-
linked oligosaccharide. Even though these glycopeptides are just
single examples, each represents an unusual observation.
The glycopeptide PSSGLGV(+HexNAc)TKQDLGPVPM is

derived from the Golgi/membrane-associated HLA class II
histocompatibility antigen invariant chain and is thus more likely
to carry O-GalNAc than O-GlcNAc. Processing and presentation

of extracellular O-glycosylation have been extensively studied for
the tumor-associated mucinMUC1 in in vitromodels and clinical
studies, but these studies24,25 have not identified naturally
occurring mucin-type HLA class I peptides. Membrane
glycoproteins can recycle in endolysosomal compartments
from which they may gain access to the classical HLA class I
pathway through escape into the cytosol; this is a known cross-
presentation route.7 Alternatively, processing of membrane
proteins without glycan removal can likely occur in the
endolysosomal compartment, already evidenced in dendritic
cells by the detection of MUC1 glycosylated peptides26

presented by I-Ab molecules, the murine counterpart of HLA
class II. A fraction of cell surface HLA-class I molecules recycles
through the endolysosomal compartment where reloading with
peptidic cargo may occur.27

Finally, the glycopeptide KPAPPFgNVTV is derived from the
membrane-associated Interleukin-21 receptor, modified at
Asn125 (Table S1). The glycan is HexNAc(1)Hex(1)Fuc(1),
which we interpret to be fucosylated core, a common N-glycan
truncation, extended in the Golgi by β1,4 galactosyltransferase. It
is known that N-glycosylated proteins can enter the classical
HLA class I loading route by retrograde transport from the ER
into the cytosol, a pathway for degradation of misfolded
glycoproteins. This process however is linked to the activity of
cytosolic peptide-N-glycanase, cleaving between Asn and the
core and deamidating the asparagine. Deamidated asparagines
are regularly found on HLA class I peptides,28 including in our
data set.8 It is possible that the glycanase failed to remove the
truncated N-glycan, or alternatively, the peptide with a truncated
N-glycan trafficked to the ER from the endolysosome. N-glycans
can survive glycanase activity in the endolysosomal environment,
as N-glycopeptides presented by HLA class II molecules have
been observed.29

The glycans described here are likely to affect immune
recognition. In mice it has been reported that adding centrally
located oligosaccharides to themurineH-2Db class I peptides can
increase their immunogenicity.30 Other structurally unusual
HLA class I peptides, such as long viral peptides, centrally bulging
from the HLA class I binding groove due to their noncanonical
lengths, are able to engage TCRs and induce immunodominant
responses.31−33 Thus, the extended-O-GlcNAc HLA class I
peptides found in this study may constitute a functional category

Figure 4. HADDOCK23 model of HLA-B*07 complexed with
RPPVT(+GlcNAc)KASSF. GlcNAc (yellow) is surface exposed and
likely to be accessible to glycosyltransferases in the Golgi.
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of T cell epitopes and play a role in sensing metabolic processes
regulated by O-GlcNAc-ylation, including processes that may be
dysregulated in diseases such as cancer and diabetes.34
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