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A platform for mapping reactive cysteines
within the immunopeptidome

Chenlu Zhang 1,7, Chen Zhou1,7, AssaMagassa1,2, Xiaokang Jin1, Deyu Fang 3 &
Xiaoyu Zhang 1,2,4,5,6

The major histocompatibility complex class I antigen presentation pathways
play pivotal roles in orchestrating immune responses. Recent studies have
begun to explore the therapeutic potential of cysteines within the immuno-
peptidome, such as theuse of covalent ligands to generate haptenatedpeptide
neoepitopes for immunotherapy. In this work, we report a platform for map-
ping reactive cysteines on MHC-I-bound peptide antigens. We develop cell-
impermeable sulfonated maleimide probes capable of capturing reactive
cysteines on these antigens. Using these probes in chemoproteomic experi-
ments, we discover that cysteines on MHC-I-bound antigens exhibit various
degrees of reactivity. Moreover, interferon-gamma stimulation enhances the
reactivity of cysteines at position 8 of 9-merMHC-I-bound antigens. Finally, we
demonstrate that targeting reactive cysteines onMHC-I-bound antigens with a
maleimide-conjugated Fc-binding cyclic peptide contributes to the induction
of antibody-dependent cellular phagocytosis.

The major histocompatibility complex class I (MHC-I) antigen
presentation pathways play central roles in regulating immune
responses, impacting various physiological functions and disease
progressions1–3. This essential role hinges largely on the interac-
tion between the T-cell receptor (TCR) of cytotoxic CD8+ T cells
and the peptide-MHC-I (pMHC-I) complex displayed on the cell
surface4. In the context of cancer, the identification of tumor-
specific or tumor-associated antigens presented on MHC-I is
fundamental for mounting an effective CD8+ T cell antitumor
immune response5. Conversely, in autoimmune disorders, auto-
reactive T cells evade thymic negative selection and peripheral
tolerance mechanisms, leading to the attack on self-derived
pMHC-I complexes in healthy tissues6.

In human genome, approximately 262,000 cysteines are
encoded and distributed within proteins from diverse classes and
families7. The development of covalent chemical probes and
drugs targeting cysteines has potential for elucidating protein
functions and offering therapeutic interventions8. Despite this,

our understanding of the functionality and reactivity of cysteines
within MHC-I bound immunopeptidome has been limited. Recent
studies have begun to exploit antigen cysteines for therapeutic
applications. For example, introducing an engineered disulfide
bond between TCR and MHC-I-bound antigens has been shown to
facilitate T cell activation9. Additionally, employing covalent
inhibitors to modify cysteines on intracellular proteins leads to
the presentation of ligand-modified antigens on MHC-I10,11. These
haptenated neoepitopes can be therapeutically exploited to
recruit cytotoxic T cells through bispecific T cell engagers
(BiTEs)10,11. Out of the over 520,000MHC-I-associated antigens
listed in The Immune Epitope Database (IEDB), approximately
20,000 antigens harbor cysteine residues. However, the extent to
which these cysteines are amenable to therapeutic targeting
remains an unexplored area. Here, we report a platform for
mapping reactive cysteines on MHC-I-bound antigens, which
enables the exploration of the targetable immunopeptidome
from diverse perspectives.
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Results
Development of cell-impermeable cysteine-reactive probes
Three key features should be considered when designing broad-
spectrum probes for mapping reactive cysteines within the immuno-
peptidome: 1) spatial specificity: The probes remain in the extracellular
space; 2) residue specificity: The probes selectively target cysteines
without reacting with other amino acids; and 3) quantification cap-
ability: The unique modification generated by the probe can be
quantified using various analytical techniques, including flow cyto-
metry, fluorometric assays, and mass spectrometry (MS). Due to the
oxidizing environment of the extracellular milieu, which leads to
interchain disulfide bond formation among extracellular protein
cysteines12, we anticipate that cell-impermeable cysteine-reactive
probesmay primarily label cysteines within the immunopeptidome. In
accordance with these criteria, we synthesized six probes, each
incorporating one of three cysteine-reactive groups (iodoacetamide,
α-chloroacetamide, and maleimide), all linked to desthiobiotin (DTB)
(Fig. 1a). Among these probes, iodoacetamide-PEG-desthiobiotin (IA-
DTB) and desthiobiotin iodoacetamide (DBIA) are widely used in the
activity-based protein profiling (ABPP) platform for profiling protein
cysteines13,14. To achieve spatial specificity, we introduced a negatively
charged group, such as carboxyl or sulfonate, a strategy previously
used to confer cell impermeability to small molecules15.

Initially, we used flow cytometry to assess cell surface labeling by
these reactivity probes. BV173 (humanBcell leukemia) andMT2 (human

T cell leukemia) cells were treated with the probe, followed by washing
out of the free probe and subsequent incubation with streptavidin-
fluorescein isothiocyanate (FITC) (Fig. 1b). As streptavidin-FITC remains
impermeable to cells16, the fluorescence measured by flow cytometry
should primarily reflect extracellular cysteine labelingby theprobe. The
results revealed that two sulfonated maleimide probes, maleimide-
sulfonate-dibenzocyclooctyne-DTB (MSD-DTB) and maleimide-
sulfonate-DTB (MS-DTB), exhibited greater cell surface labeling in
both BV173 and MT2 cells compared to others (Fig. 1b and Supple-
mentary Fig. 1). To validate the specific reactivity towards cysteines by
the MSD-DTB and MS-DTB probes, we incubated them with two pep-
tides at a pH of 7.4: one containing a cysteine and the other lacking it.
Liquid chromatography-mass spectrometry (LC-MS) analysis indicated
that the maleimide reactive group selectively modifies cysteine resi-
dues, displaying no reactivity towards histidine and serine, and
N-terminal amine (Fig. 1c and Supplementary Fig. 2a). Moreover, we
incubatedmaleimide-sulfonate-dibenzocyclooctyne (MSD, Fig. 1d) with
the same two peptides, followed by an azide-alkyne cycloaddition17,18

with tetramethylrhodamine (TAMRA) azide, and observed labeling only
on the cysteine-containing peptide (Supplementary Fig. 2b).

To validate cell impermeability of sulfonated maleimide probes,
we treatedHEK293T cells withMSD and aMSDderivative with a longer
linker (maleimide-sulfonate-PEG4-dibenzocyclooctyne, or MSD4), fol-
lowed by fluorophore conjugation through an azide-alkyne
cycloaddition17,18 and in-gel fluorescence analysis. The results
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Fig. 1 | Development of cell-impermeable cysteine-reactive probes. a Structures
of six reactivity probes. MSD-DTB, maleimide-sulfonate-dibenzocyclooctyne-DTB.
MS-DTB, maleimide-sulfonate-DTB. DBIA, desthiobiotin iodoacetamide. IA-DTB,
iodoacetamide-PEG-desthiobiotin. CA-DTB, chloroacetamide-PEG-desthiobiotin.
IA-DTB-COOH, iodoacetamide-carboxylate-PEG-desthiobiotin.bMSD-DTBandMS-
DTBprobes exhibited greater cell surface labeling compared to the others in BV173
and MT2 cells. The result is a representative of three experiments (n = 3 indepen-
dent replicates). Fluorescein isothiocyanate (FITC)-A represents the fluorescence
intensity of FITC. c. LC-MS analyses revealed that MSD-DTB and MS-DTB probes
modify cysteine, but not histidine, serine, and N-terminal amine. The result is a
representative of two experiments (n = 2 independent replicates). d Structures of

MD (maleimide-dibenzocyclooctyne), MSD (maleimide-sulfonate-dibenzocy-
clooctyne), and MSD4 (maleimide-sulfonate-dibenzocyclooctyne-PEG4). e In-gel
fluorescence analyses revealed that sulfonated maleimide probes minimally
labeled proteins in live cells, while yielding comparable levels of proteome labeling
to its cell-permeable counterpart probe, MD, in cell lysates. The result is a repre-
sentative of two experiments (n = 2 independent replicates). f Cysteine-directed
activity-basedprotein profiling (ABPP) analyses revealed thatMS-DTBmodified five
cysteines with >20% engagement out of 15,310 quantified cysteines in live cells,
while it modified 1730 cysteines with >20% engagement in cell lysates. Data
representmean values (n = 2 independent replicates). Source data are provided as a
Source Data file.
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indicated minimal proteome labeling compared to a cell-permeable
counterpart probe, maleimide dibenzocyclooctyne (MD), that lacks
the sulfonate group (Fig. 1d, e). Conversely, treating cell lysates with
these reactivity probes resulted in comparable levels of proteome
labeling (Fig. 1e), suggesting that MSD and MSD4 probes are pre-
dominantly cell impermeable. Furthermore, we observed that the
only uncharged maleimide probe, MD, exhibited cytotoxicity com-
pared to the other sulfonated maleimide probes (Supplementary
Fig. 2c). This underscores the cell impermeability of sulfonated
maleimide probes incapable of accessing a wide range of intracellular
proteins, potentially triggering stress and apoptosis19. Finally, we
employed cysteine-directed ABPP to assess the global cysteine
engagement of MS-DTB in cell lysates versus live cells. MS-DTB-
treated samples were further labeled by DBIA for the quantification
of DBIA-modified peptides. Reduced enrichment of DBIA-modified
cysteine-containing peptides indicate the potential engagement of
MS-DTB on these cysteines. The results revealed that among 15,310
quantified cysteines, 1730 cysteines showed >20% engagement by
MS-DTB in cell lysates, whereas only 5 cysteines showed >20%
engagement by MS-DTB in live cells (Fig. 1f and Supplementary
Data 1). This suggests that MS-DTB has restricted access to intracel-
lular proteins. Collectively, these findings indicate that sulfonated
maleimide probes are predominantly cell impermeable.

Next, we sought to investigate the compatibility of sulfonated
maleimide probes with proteomics workflow, specifically evaluating
whether the probe-modified peptides can be effectively ionized and
identified by orbitrap and ion trap mass analyzers. We incubated
HEK293T cell lysates with MS-DTB and MSD-DTB probes, followed by
trypsin digestion, enrichment with Streptavidin agarose beads, and
subsequent analysis on a Tribrid mass spectrometer (Supplementary
Fig. 2d). The results demonstrated the effective identification of
cysteines modified by both sulfonated maleimide probes (Supple-
mentary Fig. 2e and Supplementary Data 2), with MS-DTB probe
exhibiting greater coverage than MSD-DTB probe (1833 versus 629
probe-modified cysteine-containing peptides). This difference is likely
due to the smaller size ofMS-DTB (molecular weight 690.8) compared
to MSD-DTB (molecular weight 993.1), which may lead to enhanced
ionization and better detection in the Orbitrap mass spectrometer.
Therefore, for further proteomic studies aimed at identifying probe-
modified cysteine-containing peptides, MS-DTB is likely the more
suitable probe. Despite carrying a negatively charged sulfonate moi-
ety, we observed a normal isotopic envelope profile of probe-modified
peptides in positive mode on the orbitrap mass analyzer (Supple-
mentary Fig. 2f). It is recognized that maleimide-modified cysteines
can exist in both unhydrolyzed and hydrolyzed forms20. Our data
revealed that approximately 20% of probe-modified peptides contain
hydrolyzedmaleimide (Supplementary Fig. 2e). Therefore, integrating
both forms into the proteomics analysis pipeline would be a compre-
hensive approach.

Sulfonated maleimide probes label cysteines on MHC-I-bound
antigens
We selected three cell lines – BV173, MT2 and MDA-MB-231 – to
examine the potential of sulfonated maleimide probes in capturing
cysteine-containing MHC-I bound antigens. These cell lines harbor
commonly occurringHLA alleles (BV173:HLA-A*02:01,30:01; MDA-MB-
231: HLA-A*02:01,02:17; and MT2: HLA-A*24:02)21,22. Additionally,
according to the TRON Cell Line Portal and Cancer Cell Line Encyclo-
pedia, BV173 and MDA-MB-231 cells exhibit high expression levels of
HLA genes andMHC-I proteins22,23. Our proteomics and flow cytometry
studies indicated that MT2 cells also exhibited high MHC-I expression
levels (see below). Thus, these cell lines serve as ideal models for
studying potentially abundant cysteines within the MHC-I-associated
immunopeptidome. To create control cell lines, we used Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 to

knockout all six endogenous HLA-A, HLA-B, and HLA-C genes in these
cell lines (referred to asHLA knockout hereafter). The knockout ofHLA
genes and the disruption of MHC-I proteins were confirmed through
quantitative global proteomics and flow cytometry analysis (Fig. 2a,
Supplementary Fig. 3a–d, Supplementary Fig. 4a and Supplemen-
tary Data 3).

We employed two approaches to assess sulfonated maleimide
probes interacting with cysteines on MHC-I-bound antigens. In the
first approach, we compared cell surface labeling by the probe in
wildtype versus HLA knockout cells via flow cytometry. The results
revealed a decrease in cell surface labeling by both MSD-DTB and
MS-DTB probes in HLA knockout cells compared to wildtype cells
across all three cell lines (Fig. 2b, Supplementary Fig. 3e, and
Supplementary Fig. 4b), suggesting that the reduced cell surface
labeling is likely attributable to MHC-I-bound antigens. We noticed
a partial HLA knockout in MT2 cells, as indicated by global pro-
teomics and flow cytometry analyses (Fig. 2a). We then sorted the
MHC-I negative population in HLA partial knockout cells to gen-
erate HLA complete knockout cells (Fig. 2c, Supplementary Fig. 3f,
Supplementary Fig. 4c, and Supplementary Data 3). Subsequently,
we observed approximately a 50% decrease in cell surface labeling
by MS-DTB in HLA complete knockout cells, compared to a 20%
decrease in HLA partial knockout cells (Fig. 2d and Supplementary
Fig. 4d). Furthermore, we measured cell surface labeling by a sul-
fonated lysine-reactive probe, N-hydroxysuccinimide (NHS)-sul-
fonate-biotin, and observed similar cell surface labeling in BV173
wildtype and HLA knockout cells (Fig. 2e and Supplementary
Fig. 4e). Given that the majority of lysine residues in the extra-
cellular milieu are from proteins, the cell surface labeling by the
lysine-reactive probe is likely predominantly attributed to protein
lysine residues and minimally affected by HLA knockout.

In the second approach, we employed an enzyme-linked immu-
nosorbent assay (ELISA) to quantify probe-modified antigens within
the pMHC-I complex. Given our demonstration that sulfonated mal-
eimide probes do not penetrate cells and both MHC-I and β2-
microglobulin lack unmodified cysteines in their extracellular
domains, the presence of desthiobiotin in the pMHC-I complex implies
the probe-modified peptide antigens (Fig. 2f). We treated MT2 and
BV173 wildtype and HLA knockout cells with the MS-DTB probe, lysed
the cells, enriched MHC-I protein using a pan-MHC antibody con-
jugated on the plate, and detected the abundance of desthiobiotin
using Streptavidin-horseradish peroxidase (HRP). The results revealed
the presence of MS-DTB in the pMHC-I complex in wildtype cells, with
significantly lower levels observed in HLA knockout cells (Fig. 2f).
Moreover, MS-DTB treatment did not affect pMHC-I folding, as indi-
catedby the ELISA assaymeasuring the interactionbetweenMHC-I and
β2-microglobulin (Fig. 2g). Collectively, the findings from both
approaches suggest that sulfonated maleimide probes modify
cysteines on MHC-I-bound antigens.

With these assays, we explored the use of the MS-DTB probe to
monitor shifts in cysteine reactivity of MHC-I-bound antigens in
response to changes in pH and oxidative stress. Through ELISA assays,
we assessed MS-DTB probe labeling on pMHC-I at pH of 5, 6, 7, and 8.
The results showed that at pH 5, probe labeling on pMHC-I was sig-
nificantly reduced, while labeling remained consistent at pH 6 and 7
(Supplementary Fig. 3g). At pH 8, however, probe labeling decreased
dramatically, likely due to the dissociation of antigen peptides from
the pMHC-I complex at this pH, as previously reported24. These find-
ings suggest that pH changes can influence cysteine reactivity onMHC-
I-bound antigens. Additionally, we investigated the impact of oxidative
stress by pretreating cells with varying concentrations of hydrogen
peroxide, which is known to induce cysteine oxidation25 and, conse-
quently, may block the reactive cysteines on MHC-I bound peptides.
ELISA assays revealed decreased probe labeling on the pMHC-I com-
plex under this condition (Supplementary Fig. 3h), indicating that the
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MS-DTB probe effectively detects alterations in cysteine reactivity due
to changes in the oxidative environment.

MHC-I immunopeptidome exhibits distinct cysteine reactivities
Next, we employed immunopeptidomics to examine the abundance
and positioning of probe modified cysteines within the MHC-I immu-
nopeptidome. MT2 and BV173 cells were treated with MS-DTB, then
washed twice with phosphate buffered saline (PBS) before harvesting
to remove free probes from the culture media. This was followed by
cell lysis and immunoprecipitation using a pan-MHC-I antibody to
enrich the pMHC-I complex. The immunopeptidome was eluted and
analyzed using MS (Fig. 3a). During the data search, we included two
dynamic modifications on cysteines: 1) MS-DTB (both unhydrolyzed
and hydrolyzed forms); and 2) cysteinylation, a frequently observed
cysteine modification in immunopeptidomics studies26. We identified
3,311 and 2,080 8-13-mer peptides inMT2 and BV173 cells, respectively
(Fig. 3b and Supplementary Data 4). Parallel immunopeptidomics
conducted in HLA knockout cells resulted in no 8-13-mer peptides
identified in either cell line (Supplementary Data 4). To validate the
absence of identified peptides in HLA knockout cells, we analyzed the
MS1 base peak chromatograms of immunopeptidomics data fromHLA
wildtype and knockout cells. As shown in Supplementary Fig. 5a, HLA
wildtype cells exhibit a normal MS1 trace pattern with dispersed and
individual peaks, whereas HLA knockout cells show only a few
remaining peaks. TheMS1 spectra of these peaks reveal singly charged

nonpeptide products (Supplementary Fig. 5b). We did not find evi-
dence of multiply charged peptide products in these peaks in HLA
knockout cells. This low peptide background in HLA knockout cells is
likely attributed to the effectiveHLA knockout and the use of a specific
anti-MHC-I antibody (clone W6/32) in immunopeptidomics, which
generates minimal background signal.

Motif analysis of 9-mer peptides, the most preferred length for
MHC-I27 (Supplementary Fig. 5c), revealed a close alignment with
reported distribution patterns associated with the corresponding HLA
alleles (Fig. 3c and Supplementary Fig. 5d)28, indicating effective
enrichment of the MHC-I immunopeptidome. Similar matched dis-
tribution patterns were also observed for 8-mer and 10-mer MHC-I
bound peptides (Supplementary Fig. 5d). Among all the identified
antigens, 282 and 216 contain cysteine residues inMT2 andBV173 cells,
respectively (Fig. 3b). Motif analysis of cysteine-containing 9-mer
antigens revealed a similar pattern to that of all 9-mer antigens
(Fig. 3c), indicating the confident identification of these cysteine-
containing peptides binding to MHC-I. The analysis of cysteinylation
onMHC-I-bound antigens revealed enrichment primarily at positions 7
and 8 (Fig. 3d), consistent with the distribution motif reported in a
recent study26. We then conducted immunopeptidomics on untreated
MT2 and BV173 cells and identified 3,449 and 2,232 8-13-mer peptides,
respectively (Supplementary Fig. 5e and Supplementary Data 4).
Among these, 236peptides inMT2cells and 160peptides inBV173 cells
contained cysteine residues, constituting 6.8% and 7.2% of the total
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Student’s t-tests. Source data are provided as a Source Data file.
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identified peptides in each cell line, respectively (Supplementary
Fig. 5f). In comparison, MS-DTB-treated cells exhibited slightly higher
numbers and percentages of cysteine-containing peptides (8.5% and
10.4% in MT2 and BV173 cells, respectively).

Approximately 30% of the identified cysteines in both cell lines
were found to be modified by MS-DTB. Notably, there was minimal
overlap between MS-DTB-modified and unmodified cysteine-
containing antigens (Fig. 3e and Supplementary Fig. 5g). We surmise
that a portion of cysteine-containing antigens may harbor unreactive
cysteines that are inaccessible to even high concentration (50 µM) of
maleimide probes. Conversely, the cysteinesmodified byMS-DTBmay
exist in a solvent-exposed reactive state, making them effectively
trackable by maleimide probes, leading to complete labeling and the
observed pattern of minimal overlap between unmodified and probe-
modified antigen cysteines. Among all the MS-DTB-modified cysteines
on 9-mer antigens, there is a preference for MS-DTB labeling at posi-
tion 8 in both MT2 and BV173 cells (Fig. 3d). We then analyzed 8-mer
MS-DTB-modified peptides and observed that the MS-DTB probe
preferentially labeled cysteines at position 7 on 8-mer antigens (Sup-
plementary Fig. 5h). These patterns indicate that the MS-DTB probe
may preferentially label the second-to-last position of MHC-I-bound
antigens. For 10-mer antigens, the number ofMS-DTB-labeledpeptides
is relatively small (five each in MT2 and BV173), which may limit the
statistical representativeness of the distribution pattern. Moreover,
the analysis of cysteine-containing longer antigens revealed that the
majority were modified by MS-DTB (Supplementary Fig. 5i). We spec-
ulate that these longer cysteine-containing antigens may have
increased cysteine solvent accessibility, which could lead to enhanced
probe labeling.

Next, we conducted overlap analyses comparing unmodified
cysteines in untreated samples with MS-DTB-modified cysteines in

treated samples for both MT2 and BV173 cells. A small subset of
unmodified cysteines in the untreated sampleswere labeled by theMS-
DTB probe (Supplementary Fig. 5j), indicating their highly reactive
state that can be detected by the probe. In contrast, the overlap ana-
lysis of unmodified cysteines in both untreated and treated samples
revealed a substantially increased overlap (Supplementary Fig. 5j),
suggesting apopulationof unreactive cysteines that are inaccessible to
the MS-DTB probe. Notably, many MS-DTB-modified cysteines were
not identified in the untreated samples in their unmodified state. We
speculate that these cysteine-containing peptidesmight be unstable or
undergo oxidation during sample preparation, making them difficult
to identify. However, MS-DTB probe treatment may stabilize these
peptides and/or prevent potential oxidation, thereby enabling their
identification.

BV173 cells have well-characterized HLA class I alleles, including
HLA-A*02:01,HLA-A*30:01,HLA-B*15:10,HLA-B*18:01,HLA-C*03:04, and
HLA-C*12:0322. By comparing the 9-mer antigen distribution motifs
associatedwith theseHLA alleles in theMHCMotif Atlas to those inour
immunopeptidomics data, we observed abundant expression of MHC-
I proteins encoded by HLA-A*02:01, HLA-B*15:10, and HLA-B*18:01
(Supplementary Fig. 6a, b). We did not observe clear distribution
motifs for the remaining three alleles, suggesting their low abundance
under our experimental conditions. In our immunopeptidomics study,
although we used a pan-MHC-I antibody to enrich all pMHC-I com-
plexes, the differential amino acids at position 2 allowed us to group
the identified antigens according to their presumed HLA allele asso-
ciations. This analysis revealed distinct distribution motifs of MS-DTB-
modified 9-mer antigens associated with HLA-A*02:01, HLA-B*15:10,
and HLA-B*18:01 (Supplementary Fig. 6c). Notably, the majority of MS-
DTB-modified peptides were associated with HLA-B*15:10. Addition-
ally, MS-DTB exclusively labeled the second-to-last position in
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a Schematic representation of the immunopeptidomics workflow.bThe number of
8-13-mer MHC-I-associated peptides in MT2 and BV173 cells treated with 50 µM of
MS-DTB. The result is a representative of two experiments (n = 2 independent
replicates). cMotif analysis of all 9-merMHC-I-bound antigens, cysteine-containing
9-merMHC-I-bound antigens, cysteinylated 9-mer MHC-I-bound antigens, and MS-

DTB-modified 9-mer MHC-I-bound antigens. d Distribution of all cysteines,
cysteinylated cysteines, andMS-DTB-modified cysteines on 9-mer peptide antigens
inMT2 and BV173 cells. e Venn diagram ofMHC-I-bound antigens with unmodified,
cysteinylated, and MS-DTB-modified cysteines. Source data are provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-024-54139-8

Nature Communications |         (2024) 15:9698 5

www.nature.com/naturecommunications


peptides bound to MHC-I encoded by HLA-B*15:10. These allele-driven
differences may stem from variations in groove depth, which present
an intriguing avenue for further investigation.

MT2 cells, on the other hand, do not have well-determined HLA
class I alleles listed in public databases, but literature reports indicate
they carry HLA-A*24:02 and HLA-B*40:0129. The distribution motif of
9-mer antigens associatedwith these two alleles in theMHCMotif Atlas
aligns with the observations from our immunopeptidomics study
(Supplementary Fig. 6a, b). Our data did not reveal additional peptides
associated with HLA alleles beyond HLA-A*24:02 and HLA-B*40:01.
Therefore, it is likely that MT2 predominantly expresses MHC-I pro-
teins encoded by HLA-A*24:02 and HLA-B*40:01. Analysis of the
immunopeptidomics data revealed that the MS-DTB probe labels
peptides associated with HLA-A*24:02 and HLA-B*40:01 with similar
efficacy (Supplementary Fig. 6d). The distribution patterns of probe-
modified cysteines are largely consistent between both alleles, with
preferential labeling at the second-to-last position in each case. How-
ever, theMS-DTB probe labels cysteine at position 1 in peptides bound
to HLA-A*24:02 but not HLA-B*40:01. One explanation may be differ-
ences in groove conformation that result in a less reactive state for
cysteines at position 1 in peptides associated with HLA-B*40:01. We
also speculate that the negatively charged glutamate at position 2 in

peptides associated with HLA-B*40:01 may repel the negatively
chargedMS-DTB probe, preventing interaction with adjacent residues.

Recent studies reveal that post-translationalmodifications (PTMs)
can occur on MHC-I-bound antigens26. To investigate this, we exam-
ined various abundant PTMs reported on pMHC-I26, including lysine
acetylation, lysine dimethylation, arginine dimethylation, asparagine
deamidation, serine phosphorylation, and threonine phosphorylation,
in our immunopeptidomics studies. Only a few of these PTMs co-
occurred with antigens modified by MS-DTB (Supplementary Data 4).
This limited number of co-modified peptides may not provide suffi-
cient statistical power to determine how PTMs influence MS-DTB
modification. Nonetheless, exploring how PTMs affect cysteine reac-
tivity within the immunopeptidome presents a valuable area for fur-
ther investigation.

Assessment of reactive cysteine alternations in the
immunopeptidome
MHC-I antigen presentation undergoes regulation through various
mechanisms occurring during both transcriptional and post-
translational stages30. For example, immunoproteasome expression
can influence the antigens presented by MHC-I31. To explore potential
alterations in reactive cysteines on MHC-I-bound antigens, we treated
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BV173 cells with interferon-gamma (IFNγ), a cytokine known to sti-
mulate immunoproteasome expression (Fig. 4a). We confirmed IFNγ-
induced immunoproteasomeexpression by observing increased levels
of PSMB9, a subunit of the immunoproteasome (Fig. 4b)31. We also
noted a moderate increase in MHC-I expression, consistent with pre-
vious findings32. Subsequently, using ELISA assays, we observed sig-
nificantly enhanced MS-DTB engagement within the pMHC-I complex
in HLA wildtype, but not knockout cells (Fig. 4c). This increased
engagement could result from increased cysteine reactivity or
abundance.

Further investigation via immunopeptidomics revealed 2530 8-13-
mer MHC-I-bound peptides in IFNγ-stimulated cells versus 2002 in
non-stimulated cells (Fig. 4d and Supplementary Data 5), indicating an
overall enhancement of MHC-I presented antigens with IFNγ stimula-
tion. Consequently, the number of MS-DTB-modified 8-13-mer pep-
tides also increased upon IFNγ simulation (Fig. 4d). Motif analysis of
9-mer MHC-I-bound peptides comparing IFNγ-stimulated versus non-
stimulated cells showed a consistent pattern (Fig. 4e), suggesting that
IFNγ stimulation does not alter the overall pattern of MHC-I presented
antigens. Interestingly, IFNγ stimulation primarily increased MS-DTB
labeling at position 8 of 9-mer MHC-I-bound peptides, with other
modifiedpositions remaining unaffected (Fig. 4f, g). Collectively, these
findings demonstrate the use of sulfonated maleimide probes in
mapping changes in reactive cysteines on MHC-I-associated peptide
antigens during altered physiological processes.

Mapping reactive cysteines using the single-chain trimer
Single-chain trimers (SCTs) are engineered constructs comprising
covalently linked single chains of MHC-I, β2-microglobulin, and dis-
played antigenic peptides (Fig. 5a)33. SCTs retain structural integrity
similar to native pMHC-I complexes and canactivate T cells34,35,making
them valuable models for investigating MHC-I antigen presentation
and function. In our study, employing SCTs enables the precise gen-
eration of constructs encoding pMHC-I that present specific cysteine-
containing antigens. To this end, we created two SCTs of HLA-A*02:01
presenting previously reported KRAS neoantigens: one containing the
G12C mutation (KLVVVGACGV)10,11 and the other containing the G12D
mutation (KLVVVGADGV)36 (Fig. 5b). Both SCTs were incorporated
with a C-terminal intracellular FLAG tag. HEK293T cells were trans-
fected with KRAS-G12C- or KRAS-G12D-SCT and treated with the MSD
probe. After cell lysis, SCTs were enriched via FLAG immunoprecipi-
tation, followed by an azide-alkyne cycloaddition17,18 with TAMRA
azide, enabling visualization of MSD-modified SCTs via in-gel fluores-
cence. The results revealed that KRAS-G12C-SCT was labeled by the
MSD probe, whereas KRAS-G12D-SCT showed no detectable labeling
(Fig. 5c). Since there are no extracellular unmodified cysteines on
MHC-I, β2-microglobulin, and linker components in the SCT con-
structs (Supplementary Fig. 7), the labeling signal is likely attributed to
the cysteine in the KRAS-G12C neoantigen. Furthermore, we con-
ducted an ELISA assay by incubating sulfonatedmaleimideprobeswith
recombinant pMHC-I (HLA-A*02:01) bound to the KRAS-G12C

antigen

pMHC-I

β2M

single-chain trimer (SCT)

Cys

S-S

KRASG12C: KLVVVGACGV

KRASG12D: KLVVVGADGV

single-chain trimer of KRAS-G12C/D antigen

FLAGLTR LTRCMV SP Antigen HLA-A2β2M

a

b

dc

f

KLVVVGACGV (KRASG12C) HLA-A*02:01
e

pMHC-I complex 
(HLA-A*02:01-KRAS-G12C)

0

R
el

at
iv

e
flu

or
es

ce
nc

e 
un

its

10
20
30

Relative probe labeling 
of pp65-SCT 

WT

C1

C2

C3

C4

C5

C6

C7

C8

C9

0 0.5 1.0 1.5

K1

Y171
Y7

D77

Y84

T143

L2

C8

G9 V10

A7

G6
V5V4

V3

100
75
50
37

25
20
15

150
250

50

In-gel fluorescence

WB: FLAG

MSD - + - + - +

KRAS 
G12Dmock

KRAS 
G12C

TAMRA
(KRASG12C/D)

FLAG
(KRASG12C/D)

kDa

N
LV

PM
VA

TV

C
LV

PM
VA

TV

N
C

VP
M

VA
TV

N
LC

PM
VA

TV

N
LV

C
M

VA
TV

N
LV

PC
VA

TV
N

LV
PM

C
AT

V

N
LV

PM
VC

TV

N
LV

PM
VA

C
V

N
LV

PM
VA

TC

β-actin

FLAG 
(sct)

FLAG 
(sct)

TAMRA
(sct)

IP
: F

LA
G

In
pu

t

M
oc

k
50 kDa

50 kDa

50 kDa

37 kDa

Fig. 5 | Mapping reactive cysteines on MHC-I-bound antigens using the single-
chain trimermodel. a Schematic representation of a native pMHC-I complex and a
single-chain trimer.bConstructs of SCTs ofHLA-A*02:01 presenting theKRAS-G12C
and KRAS-G12D neoantigens. SCT, single-chain trimer. LTR, long-terminal repeats.
CMV, cytomegalovirus. SP, signal peptide. c In-gel fluorescence analysis of KRAS-
G12C-SCT and KRAS-G12D-SCT from HEK293T cells treated with the MSD probe
(50 µM, 30min). The result is a representative of three experiments (n = 3 inde-
pendent replicates) TAMRA, tetramethylrhodamine. d ELISA assay measuring the
assembly of MHC-I and β2-microglobulin in the presence of sulfonated maleimide

probes. Data represent mean values ± SEM (n = 3 independent replicates).
e Modeling studies suggest that the cysteine in the KRAS-G12C neoantigen is
exposed to the solvent when bound toMHC-I. f In-gel fluorescence analysis of SCTs
ofHLA-A*02:01presentingpp65 antigenswith cysteines introducedat positions 1–9
from HEK293T cells treated with the MSD probe (50 µM, 30min). The bar graph
represents quantification of the TAMRA/FLAG ratio values following FLAG immu-
noprecipitation (IP). Data represent mean values (n = 2 independent replicates).
Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-024-54139-8

Nature Communications |         (2024) 15:9698 7

www.nature.com/naturecommunications


neoantigen (KLVVVGACGV). The data indicate that probe incubation
did not disrupt the proper folding of the pMHC-I complex (Fig. 5d).
Modeling studies using HLA-A*02:01 revealed that Y7 and Y171 on
MHC-I formed hydrogen bonds with the N-terminal NH of KRAS-G12C
neoantigen. On the other end, D77, Y84 and T143 in the F-pocket of
MHC-I formedhydrogenbondswith theC-terminal valine (Fig. 5e). The
overall confirmation of the KRAS-G12C neoantigen exposures cysteine
at position 8 to the solvent, resulting in its reactive state.

Subsequently, we selected a non-cysteine 9-mer antigen
(NLVPMVATV), known as pp65 viral antigen, derived from cytomega-
lovirus and presented by MHC-I encoded by HLA-A*02:0137. We
employed the SCT model to explore the reactivity of cysteines indi-
vidually introduced at all positions of the pp65 antigen (pp65-C1-C9,
Fig. 5f). The results revealed relatively low expressions of SCTs when
cysteines were introduced at the anchoring positions 2 and 9, indi-
cating that the presence of cysteines at these sites may disrupt the
proper folding of the complex. Notably, MSD labeling patterns
exhibited variations among these cysteine-containing antigens
(Fig. 5f). For instance, pp65-C2 showed strong probe labeling despite
low expression levels. In contrast, pp65-C3 showed minimal labeling
despite having the highest expression levels. These findings indicate
that cysteines on MHC-I-bound antigens may exhibit distinct reactiv-
ities, and the sulfonated maleimide probes are capable of mapping
these variations using the SCT model. Interestingly, the highest label-
ing observed at pp65-C6 differs from the pattern observed in the

immunopeptidomics studies, which indicate the highest probe label-
ing at positions adjacent to the anchoring residue (Fig. 3d and Sup-
plementary Fig. 5h). This discrepancy may result from the statistical
likelihood of a probe-labeled cysteine being adjacent to the anchor
residue. However, individual antigens may not always adhere to this
pattern and can present exceptions.

Reactivity-basedprofilingof cysteines in the immunopeptidome
Building on the principle of cysteine-directed ABPP13,38, we explored
whether sulfonated maleimide probes could facilitate global mapping
of reactive cysteines on MHC-I-bound antigens. We developed a che-
mical proteomics strategy wherein cells are treated with the MS-DTB
probe, followed by cell lysis, streptavidin enrichment, and MS analysis
to identify reactive cysteines on MHC-I-bound antigens. To validate
this platform, we initially overexpressed KRAS-G12C in BV173 parental
and HLA knockout cells, then treated them with MS-DTB (Supple-
mentary Fig. 8a). Subsequent proteomic analysis revealed the identi-
fication of MS-DTB-modified KRAS-G12C neoantigen only in BV173
parental cells, but not in HLA knockout cells (Supplementary Fig. 8b),
indicating the feasibility of utilizing this approach to further profile
reactive antigen cysteines in an untagged manner.

Next, we implemented this reactivity-based antigen profiling
strategy in MT2 parental and HLA knockout cells, aiming to identify
probe-modified reactive cysteine-containing MHC-I antigens (Fig. 6a).
To evaluate the effectiveness of the probe in enriching MHC-I bound
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peptides, we compared the MHC-I binding ranks predicted by IEDB
for all probe-enriched 8-10-mer antigens in MT2 parental and HLA
knockout cells. The results indicated that probe-enriched peptides
had significantly higher ranks for both HLA-A*24:02 and HLA-B*40:01
in HLA wildtype cells compared to HLA knockout cells, suggesting
that the MS-DTB probe is effective at enriching peptides bound to
MHC-I (Fig. 6b). Nonetheless, the MS-DTB probe can still enrich
peptides originating from other sources. To mitigate this effect, we
incorporated three filters into the workflow: 1) restriction to 8-12-mer
peptides in the search engine to exclude longer peptides from the
pMHC-II complex; 2) utilization of a T cell epitope prediction algo-
rithm to retain only top-ranked peptides for HLA-A*24:02 or HLA-
B*40:01; and 3) selection of probe-modified peptides identified
exclusively in MT2 parental cells, excluding peptides identified in
HLA knockout cells. Using these filters, 95MS-DTB-modified 8-12-mer
peptides were identified in MT2 parental cells, with 39 falling within
the top 20% ranking range using the T cell epitope prediction algo-
rithm in IEDB (Supplementary Fig. 8c and Supplementary Data 6).
Motif analysis of 9-mer MS-DTB-modified peptides revealed a dis-
tribution pattern associated with the HLA alleles (HLA-A*24:01 and
HLA-B*40:01) in MT2 cells (Fig. 6c). Notably, the preferred MS-DTB
labeling site at position 8 is consistent with findings from immuno-
peptidomics (Fig. 3c, d). Conversely, in MT2 HLA knockout cells,
among 43 MS-DTB-modified 8-12-mer peptides, only 3 are within the
top 20% ranking range (Supplementary Fig. 8c). Analysis of allele-
specific MS-DTB modification of cysteines revealed distribution
patterns similar to those observed in the immunopeptidomics study
(Supplementary Fig. 8d and Supplementary Fig. 6d), further

confirming the reliability of our findings regarding allele-specific
probe modifications of antigen cysteines.

Next, we compared probe-pulldown experiments, focusing on 8-
10-mer MS-DTB-modified peptides ranked within the top 20% ranking
range, with 8-10-mer MS-DTB-modified peptides identified in immu-
nopeptidomics. Of the 29 probe-modified peptides in probe-pulldown
experiments, 9 were identified in both methods (Supplementary
Fig. 9a). We then compared the MHC-I binding ranks of these 9 pep-
tides with the 20 probe-modified peptides identified solely through
probe-pulldown experiments. The result reveals that the 9 peptides
identified by both methods have significantly higher MHC-I (HLA-
A*24:02) binding ranks compared to the remaining 20 peptides (Sup-
plementary Fig. 9b). We surmise that the relatively lower MHC-I (HLA-
A*24:02) binding affinity of these 20 peptides may lead to their partial
loss during sample preparation in immunopeptidomics. Conversely, in
probe-pulldown experiments, the covalent interaction between the
MS-DTB probe and these antigens may circumvent this limitation,
allowing for the identification of probe-modified peptides.

Since the MS-DTB probe may label MHC-II-associated peptides
and cell surface proteins with unmodified cysteines, we then analyzed
themass spectrometry data to focus on 13-16-merpeptides39within the
top 20% ranks according to the IEDB MHC-II epitope prediction algo-
rithm. The number of 13-16-mer peptides potentially associated with
MHC-II is similar betweenMT2 parental andHLA knockout cells, which
have comparable MHC-II protein expression (Supplementary Fig. 3f,
Supplementary Fig. 10 and Supplementary Data 6). Regarding cell
surface proteins, we re-analyzed the ABPP results from in-cell MS-DTB
treatment (Fig. 1f). Among the 39 cysteines showing ≥15% engagement
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Fig. 7 | Targeting reactive cysteines onMHC-I-bound antigens to induce ADCP.
a Structure of M-Fc-III-4C. b Schematic representation of anti-CD20-induced
antibody-dependent cellular phagocytosis (ADCP) between Jurkat ADCP reporter
cells and Raji cells. IgG, immunoglobulin G. c ADCP assay measuring luciferase
activation in Jurkat-Luc NFAT-CD32 cells after co-culturing with Raji cells in the
presence of anti-CD20 antibody. Anti-β-galactosidase (Gal) antibody served as a
negative control. Data represent mean values ± SEM (n = 3 independent repli-
cates). The statistical significance was evaluated through unpaired two-tailed

Student’s t-tests. P values were 0.000078 and 0.000075. d Schematic repre-
sentation of targeting reactive cysteines onMHC-I-bound antigens to induceADCP.
e ADCP assay measuring luciferase activation in Jurkat-Luc NFAT-CD32 cells after
co-culturing with M-Fc-III-4C-treated MT2 parental and HLA knockout cells in the
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replicates). The statistical significance was evaluated through unpaired two-tailed
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Source Data file.
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by the MS-DTB probe (Supplementary Data 1), only one cysteine,
SORT_C86, is located in the extracellular domain of this transmem-
brane protein. Given the oxidizing extracellular environment, where
most extracellular protein cysteines form disulfide bonds12, this data
suggests that, at least in the HEK293T cell line, MS-DTB labeling of cell
surface proteins is minimal. We recognize that our analysis focused on
engagements of ≥15%, as lower engagements (<15%) might be indis-
tinguishable from experimental variation. Thus, extracellular cysteines
with low stoichiometric engagement by the MS-DTB probe may have
been overlooked.

Next, we employed SCTs of HLA-A*24:02 to validate three MS-
DTB-enriched antigens: CTDSP2 (CYVKDLSRL), DLGAP5
(RYRPDMPCF), and CCR8 (CYIKILHQL). In-gel fluorescence analysis
demonstrated effective labeling of all three antigens by theMSDprobe
(Fig. 6d). Moreover, a modeling study usingHLA-A*24:02 revealed that
the anchor residues at positions 2 and 9 of all three antigen peptides fit
into the B- and F-pockets, respectively (Fig. 6e). In the case of DLGAP5,
where cysteine resides at position 8, the phenylalanine at anchoring
position 9 is buried within the F-pocket and forms hydrogen bonds
with Y84 and T143 inMHC-I. The carbonyl group of C8 is fixedwith the
NH in W147 through a hydrogen bond, which causes the cysteine at
position 8 to be solvent exposed. As for CTDSP2 and CCR8 antigens,
where cysteine is situated at position 1, the hydroxyl groups of Y7 and
Y171 on MHC-I orient toward the A-pocket, forming hydrogen bonds
with the N-terminal NH. Consequently, this arrangement results in the
thiol of the cysteine residue being exposed to the solvent.

Using the DLGAP5-SCT, we then investigated the probe through
dose- and time-dependent labeling experiments. Both in-gel fluores-
cence and ELISA assays indicated that within the concentration range
tested (1-100 µM), the probe exhibited increased labeling without
reaching saturation (Supplementary Fig. 11a, b). Since the cell-
impermeable sulfonated maleimide probes are non-toxic (Supple-
mentary Fig. 2c), for future experiments, higher probe concentrations
could potentially provide broader coverage of labeled antigen
cysteines. For labeling kinetics, our results showed that 50 µM of MS-
DTB achieved the highest labeling after 5–10min (Supplementary
Fig. 11b), consistent with the rapid kinetics of the maleimide moiety in
cysteine labeling40.

Harnessing cysteines in the immunopeptidome to induce
phagocytosis
Finally, we sought to demonstrate the application of this platform for
targeting antigen cysteines to induce antibody-dependent cellular
phagocytosis (ADCP), an immune mechanism involving Fc receptors,
such as CD32, on effector cells that recognize and clear antibody-
coated target cells41. We synthesized a bifunctional molecule, M-Fc-III-
4C (Fig. 7a), by conjugating a maleimide moiety to Fc-III-4C, an Fc-
binding cyclic peptide42, via a PEG linker. Fc-III-4C binds to a region of
the Fc domain of human immunoglobulin G (IgG) that is distinct from
the Fc receptor binding site42, making it a suitable component for
Antibody Recruiting Molecules (ARMs) designed to recruit immune
cells such asmacrophages andnatural killer (NK) cells43. To evaluateM-
Fc-III-4C, we used a Jurkat-Luc NFAT-CD32 cell model, which features
an NFAT-inducible luciferase reporter gene activated by the Fc
receptor CD32 upon encountering antibody-coated cells (Fig. 7b, c).
We treated MT2 parental, HLA partial knockout, and HLA complete
knockout cells with M-Fc-III-4C, washed away unbound compound,
and then co-cultured the labeled cells with Jurkat-Luc NFAT-CD32 cells
in the presence of human IgG (Fig. 7d). ADCP was observed with MT2
parental cells, whereas a significant decrease in ADCP was noted in
MT2HLA knockout cells (Fig. 7e). These results suggest that the ADCP
induced byM-Fc-III-4C is likely partiallymediated by reactive cysteines
on MHC-I-bound antigens. Although the promiscuous maleimide
moiety inM-Fc-III-4C is likely reactive withmultiple cysteines onMHC-
I-bound antigens and surface proteins, this proof-of-concept

experiment highlights the potential of targeting antigen cysteines to
manipulate cell functions and develop therapeutics.

Discussion
In this study, we introduce a platform that employs cell-impermeable
cysteine-reactive probes to map reactive cysteines on MHC-I-bound
antigens. We found that cysteines on MHC-I-bound antigens may
exhibit various degrees of reactivity. This variability may stem from
their positions on antigens and the unique conformations adopted by
individual pMHC-I complexes. These conformational differences could
affect the pKa value of cysteines, resulting in variations in their reac-
tivity. Harnessing cysteine reactivity is a fundamental strategy in
covalent drug and chemical probe discovery8. Our findings suggest
potential opportunities for targeting reactive cysteines on MHC-I
antigens with electrophilic small molecules or biomolecules, thereby
reshaping pMHC-I complexes on the cell surface for therapeutic
interventions. Furthermore, oxidative stress has been shown to pro-
mote the generation of post-translational neoantigens, influencing
antigen-specific immunity dynamics44. For example, viral infection
communicates with cytotoxic T cells through the S-glutathionylation
occurring on the cysteines of MHC-I-presented viral peptides45. Our
platformhas the potential tomap these changes in cysteineswithin the
MHC-I immunopeptidome, providing crucial insights into antitumor
and antiviral immune responses.

Recent studies have demonstrated a unique mechanism for
covalent drugs capable of hijacking antigen presentation pathways,
resulting in the presentation of haptenated neoepitopes on MHC-I10,11.
Antibodies targeting these chemical neoantigens can be developed
and integrated into BiTEs to recruit cytotoxic T cells. A fundamental
question following these studies is: what other electrophilic small
molecules have the potential to generate these chemical neoantigens?
Our platform can facilitate the discovery of thesemolecules in various
ways. First, the compatibility of sulfonated maleimide probes in ELISA
assays enables the high-throughput measurement of small molecules,
biomolecules, and physiological conditions that could induce the
formation of chemical neoantigens by hindering the engagement of
sulfonated maleimide probes within pMHC-I complexes. Second, uti-
lizing sulfonated maleimide probes in immunopeptidomics and
reactivity-based antigen profiling provides a way to identify the
sequences of these chemical neoantigens.

Nonetheless, we recognize the limitations of this initial platform.
One limitation is that sulfonatedmaleimide probes donot labelMHC-I-
boundantigens exclusively. They can also labelMHC-II-boundantigens
and a small fraction of extracellular proteins containing the reduced
form of cysteines in specific physiological contexts. Therefore, at the
current stage, incorporating a pairwise cellular model with HLA
knockout and integrating a T cell epitope prediction algorithm to
retain only the top-ranked MHC-I-bound peptides would be advanta-
geous in narrowing down the observed effect to MHC-I-associated
antigens.

Finally, we propose that coupling small molecules targeting anti-
gen cysteines with secondary moieties – such as CD3-binding single-
chain variable fragments (scFvs) for T cells or antibody recruitment
modules for NK cells and macrophages – could offer therapeutic
benefits. The main challenge is identifying selective covalent engagers
of antigen cysteines that are preferentially presented on tumor cells.
Nonetheless, with over 20,000 cysteine-containing MHC-I-bound
peptide antigens listed in IEDB, this presents a valuable research
opportunity. Our study provides an initial framework for identifying
reactive cysteines that are more prevalent or exclusive in tumor cells
compared to normal cells. By employing strategies such as phage
display46 and mRNA display47, it is possible to develop cell-imperme-
able, peptide-based binders that selectively target pMHC-I antigen
cysteines. These selective binders could be used to create bifunctional
molecules that recruit immune cells for therapeutic applications.
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Methods
Reagents
The anti-FLAG HRP antibody (clone M2, cat#: A8592) and anti-FLAG
affinity gel (clone M2, cat#: A2220) were purchased from Sigma-
Aldrich. The anti-β-Actin antibody (clone#: C4, cat#: sc-47778) was
purchased from Santa Cruz Biotechnology. Streptavidin-HRP (cat#:
3999), anti-GAPDH (clone 14C10, cat#: 3683), anti-MHC Class I (clone
EMR8-5, cat#: 88274) and anti-PSMB9 (clone E7J1L, cat#: 87667) anti-
bodies were purchased from Cell Signaling Technology. The anti-
hCD20-hIgG2 (clone Rituximab: anti-hCD20-hIgG2, kappa, cat#:
hcd20-mab2) and anti-β-Gal-hIgG2 (monoclonal, cat#: bgal-mab2)
antibodies were purchased from InvivoGen. Puromycin (cat#: ant-pr-1)
was purchased from InvivoGen. InVivoMAb anti-human MHC Class I
(HLA-A,HLA-B,HLA-C) (cloneW6/32, cat#: BE0079) for ELISA assaywas
purchased from Bio X Cell. Ultra-LEAF anti-human HLA-A,B,C antibody
(clone W6/32, cat#: 311448) for immunopeptidomics was purchased
from BioLegend. Human IgG isotype (cat#: 31154) was purchased from
Thermo Scientific. Polyethylenimine (PEI, MW 40,000, cat#: 24765-1)
was purchased from Polysciences, Inc. Tetramethylrhodamine
(TAMRA) azide (cat#: T10182), enzyme-linked chemiluminescence
(ECL) (cat#: 32106) western blotting detection reagents, QuantaBlu
fluorogenic peroxidase substrate kit (cat#: 15169), Streptavidin agar-
ose (cat#: 20349), Streptavidin-FITC (cat#: 11-4317-87),HLA-A,B,C FITC
antibody (clone W6/32, cat# MA5-44095), beta-2-microglobulin HRP
(clone B2M-01, cat#: MA1-19679), and Tandem Mass Tag (TMT) iso-
baric label reagent (cat#: 90066 for TMTsixplex and cat#90406 for
TMT10plex) were purchased from Thermo Scientific. FuGene 6 (cat#:
E2692) transfection reagent and sequencing grade modified trypsin
(cat#: V5111) were purchased from Promega. Cas9 endonuclease was
purchased from Integrated DNA Technologies. pMHC-I-HLA-A2-KRAS-
G12C was purchased from ProImmune. Maleimide-sulfonate-
dibenzocyclooctyne (MSD), Maleimide-dibenzocyclooctyne (MD),
Maleimide-sulfonate-PEG4-dibenzocyclooctyne (MSD4), and
N-hydroxysuccinimide (NHS)-sulfonate-biotin were purchased from
BroadPharm.

Cell lines
HEK293T andMDA-MB-231 cellswere obtained fromATCC. BV173 cells
were obtained from CLS Cell Lines Service. MT2 cells were obtained
from Thermo Scientific. Jurkat-Lucia NFAT-CD32 cells and Raji cells
were obtained from InvivoGen. HEK293T and MDA-MB-231 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Corning) with
10% (v/v) fetal bovine serum (FBS, Omega Scientific) and L-glutamine
(2mM, Gibco). BV173, MT2 and Raji cells were cultured in RPMI 1640
(Corning) with 10% (v/v) FBS (Omega Scientific) and L-glutamine
(2mM, Gibco). Jurkat-Lucia NFAT-CD32 cells were cultured in Iscove’s
Modification of DMEM (Corning) with 10% (v/v) FBS (Omega Scien-
tific). All the cell lines were tested negative for mycoplasma
contamination.

Generation of CRISPR-Cas9-mediated HLA knockout cells
BV173, MT2 and MDA-MB-231 cells with HLA-A,B,C CRISPR-Cas9
knockout were generated through electroporation of Cas9-sgRNA
ribonucleoprotein (RNP) complex using 4D-Nucleofector (Lonza
Bioscience). Three sgRNAs targeting HLA gene (HLA sgRNA#1:
CGGCTACTACAACCAGAGCG; HLA sgRNA#2: AGATCACACTGAC
CTGGCAG; HLA sgRNA#3: AGGTCAGTGTGATCTCCGCA) were mixed
for the electroporation.

Cloning and mutagenesis
Human KRAS4A-G12C cDNAs with N-terminal FLAG tag and all single-
chain trimers were purchased as gene block from Integrated DNA
Technologies and cloned into pCDH-CMV-MCS-EF1-Puro vector via
NehI and BamHI sites. pp65 mutants were generated using Q5 site-
directed mutagenesis kit (New England Biolabs).

Generation of KRAS4A-G12C stably expressed cells
Lentivirus containing FLAG-KRAS4A-G12C were generated by co-
transfection of FLAG-KRAS4A-G12C, psPAX2 and pMD2.G into
HEK293T cells using FuGene 6 transfection reagent. Medium con-
taining lentiviral particles were collected 48 h post transfection, fil-
tered with 0.45 µM Millex-HV sterile syringe filter unit
(MilliporeSigma), and used to transduce BV173 cells in the presence of
10 µg/mL polybrene. 48 h post transduction, puromycin (2 µg/mL) was
added and incubated with the cells for 7 days.

Cell lysis and Western blot
Cells were lysed utilizing radioimmunoprecipitation assay (RIPA) lysis
buffer (ThermoScientific) comprising 25mMTris-HCl, pH 7.6, 150mM
NaCl, 1% Nonidet P40 (NP-40), 1% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate (SDS). Before usage, the lysis buffer was sup-
plemented with the cOmplete protease inhibitor cocktail (Roche). The
cell suspension underwent sonication through 5 cycles at 40% power
for 4 pulses each. Subsequent to sonication, the resultant mixture
underwent centrifugation at 16,000 g for 10min at 4 °C to acquire the
supernatant. The protein concentration in the supernatant was
determined employing the DC assay (Bio-Rad). The protein lysate was
combined with Laemmli sample buffer (Bio-Rad) and heated at 95 °C
for 5min. Proteins were analyzed using 4–20%Novex Tris-Glycinemini
gels (Invitrogen), followed by transfer onto a 0.2 µM polyvinylidene
fluoride (PVDF) membrane (Bio-Rad). The PVDF membrane was incu-
bated with 5% non-fat milk in Tris-buffered saline with Tween 20
(TBST) buffer (0.1% Tween 20, 20mM Tris-HCl at pH 7.6, and 150mM
NaCl) for 1 hour at room temperature. Primary antibodies were diluted
in 5% non-fat milk in TBST buffer and incubated with the membrane.
Incubation durations were 1 h at room temperature for FLAG and β-
actin, and overnight at 4 °C for others. Following primary antibody
incubation, the membrane underwent three washes with TBST buffer
and was then incubated with a secondary antibody (diluted 1:5000 in
5% non-fat milk in TBST) for 1 h at room temperature. After three
additional washes with TBST buffer, the chemiluminescence signal on
the membrane was developed using ECL Western blotting detection
reagent, and the resultant signal was captured using ChemiDoc MP
(Bio-Rad).

Immunoprecipitations
Cells were lysed in NP-40 lysis buffer (25mM Tris-HCl, pH 7.4, 150mM
NaCl, 10% glycerol, 1% NP-40) supplemented with complete protease
inhibitor cocktail. The cell suspension was incubated on ice for 10min.
Following this, the mixture was centrifuged at 16,000 g for 10min at
4 °C, and the resulting supernatant was collected for use in immuno-
precipitation. For immunoprecipitation, FLAG affinity gel (25 µL slurry
per sample) was added to the protein lysates and rotated at 4 °C for
2 h. The affinity gel was then washed four times with immunoprecipi-
tation washing buffer comprising 0.2% NP-40, 25mM Tris-HCl at pH
7.4, and 150mM NaCl. Subsequently, the affinity gel was mixed with
Laemmli sample buffer and heated at 95 °C for 10min. The resulting
supernatant, containing the eluted proteins, was collected and utilized
for subsequent western blot analysis.

Global proteomics
For global proteomics comparing MT2 WT and HLA partial KO cells,
two biological replicates were used for each group. For comparisons
between MT2 WT and HLA complete KO cells, MDA-MB-231 WT and
HLA KO cells, and BV173 WT and HLA KO cells, three biological repli-
cates were used for each group. Cells were lysed in 100 µL of PBS using
sonication (10 pulses at 40% intensity, 3 rounds). Protein concentra-
tion was determined via a DC assay. Next, 100 µg of proteins in 100 µL
of lysis buffer were denatured with 8M urea. For reduction, 5 µL of
200mM dithiothreitol (DTT) stock solution in water was added, and
themixture was heated to 65 °C for 15min. Alkylation was achieved by
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adding 5 µL of 400mM iodoacetamide stock solution in water and
incubating in the dark at 37 °C for 30min. Proteins were then pre-
cipitated by adding 600 µL of methanol, 200 µL of chloroform, and
500 µL of water. After precipitation, protein pellets were washed with
1mL of methanol. The resulting protein pellets were solubilized in
160 µL of 4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid (EPPS)
buffer (200mM). Subsequently, 2 µg of LysC was added to each sam-
ple, and digestion was carried out at 37 °C for 2 h. This was followed by
the addition of 5 µg of trypsin to each sample for another round of
digestion, allowed to proceed at 37 °C for 12 h. For TMT labeling,
12.5 µg of resulting peptides in 35 µL of EPPS buffer were utilized. To
each sample, 9 µLof acetonitrilewas added, followedbyTMT tags (3 µL
per sample). The samples were then incubated at room temperature
for 1 hour. TheTMT labeling reactionwas quenchedby adding 6 µL of a
5%hydroxylamine solution, followedby the addition of 2.5 µLof formic
acid. The samples were pooled and separated into 12 distinct fractions
using the Thermo Vanquish Ultra High-Performance Liquid Chroma-
tography (UHPLC) fractionator. These fractions were analyzed on an
Orbitrap Eclipse Tribrid mass spectrometer coupled with a Vanquish
Neo UHPLC system. Peptides were injected onto an EASY-Spray HPLC
column (C18, 2 µmparticle size, 75 µm inner diameter, 250mm length)
and eluted at a flow rate of 0.25 µL/min, following a gradient: 5% buffer
B (80% acetonitrile with 0.1% formic acid) in buffer A (water with 0.1%
formic acid) from 0 to 15min, 5% to 45% buffer B from 15 to 155min,
and 45% to 100% buffer B from 155 to 180min. The parameters for the
MS1 scan are: resolution 120,000, m/z range 375–1600, RF lens 30%,
standard automatic gain control (AGC) target and auto maximum
injection time. In the MS2 analysis, precursor ions were quadrupole-
isolated (isolation window 0.7) and then subjected to higher-energy
collisional dissociation (HCD) collision in the ion trap (standard AGC,
collision energy 30%, maximum injection time 35ms). Following each
MS2 spectrum, synchronous precursor selection (SPS) enabled the
selection of 10 MS2 fragment ions for MS3 analysis. These MS3 pre-
cursors were fragmented by HCD and analyzed using the Orbitrap
(collision energy 55%, AGC 250%, maximum injection time 200ms,
resolution 60,000). The RAW data was analyzed using Proteome Dis-
coverer 2.5. Cysteine residues were searched with a static modification
for carbamidomethylation (+57.0215). Methionine residues were
searched with a dynamicmodification for oxidation (+15.9949). Lysine
residues and peptide N-termini were searched with a static modifica-
tion for TMT labeling (+229.1629). MS3 quantification was performed
with 6-plex or 10-plex TMT analysis parameters (6-plex: m/z
126.127725, 127.12476, 128.134433, 129.131468, 130.141141 and
131.138176; 10-plex: m/z 126.127726, 127.124761, 127.131081, 128.128116,
128.134436, 129.131471, 129.13779, 130.134825, 130.141145 and
131.13818)with amass toleranceof 30ppm. Protein relative abundance
was calculated based on the corresponding MS3 intensity.

Cysteine-directed ABPP
For cysteine-directed ABPP that measures proteome-wide cysteine
engagement by MS-DTB in cell lysates or live cells, and cysteine-
directed ABPP that identifies cysteine-containing peptides directly
enriched by IA-DTB, MS-DTB, or MSD-DTB, two biological replicates
were used for each group. Cells were lysed in PBS via sonication (10
pulses at 40% intensity, 3 rounds). The protein concentration was
determined using a DC assay and adjusted to 1mg/mL. Next, 500 µL of
lysateswere labeledwith 100 µMIA-DTB,DBIA,MS-DTBorMSD-DTBat
room temperature for 1 h. Protein precipitation was achieved by add-
ing 500 µL of methanol and 100 µL of chloroform, followed by a
methanol wash (1mL). The resulting protein pellets were denatured
using 90 µL of 9M urea and 10mM DTT in 50mM tetra-
methylammonium bicarbonate. Alkylation was carried out using
50mM iodoacetamide at 37 °C for 30min. Subsequently, 350 µL of
50mMtetramethylammoniumbicarbonatewas added to each sample,
followed by the addition of 2 µg of trypsin. Digestion was allowed to

proceed at 37 °C for 12 h. Next, 50 µL of streptavidin-agarose beads
were added to each sample, and the mixture was rotated at room
temperature for 2 h. The beads were washed three times with 1mL of
washing buffer consisting of 0.2% NP-40, 25mM Tris-HCl pH 7.4, and
150mM NaCl, followed by three washes with 1mL of PBS, and two
washes with 1mL of water. Peptides were eluted using 300 µL of 50%
acetonitrile containing 0.1% formic acid. The eluted peptides were
subsequently dried using a SpeedVac vacuum concentrator. The sub-
sequent steps of TMT labeling and LC-MS analysis were carried out
following the methodology described in global proteomics. During
RAW data analysis, cysteine residues were searched with a dynamic
modification for carbamidomethylation (+57.0215), IA-DTB (455.2744),
DBIA (296.1848), MS-DTB (690.2894), hydrolyzed MS-DTB
(708.3000), MSD-DTB (992.4062) or hydrolyzed MSD-DTB
(1010.4168).

Immunopeptidomics
For immunopeptidomics, two biological replicates were used for each
group. 2 × 108 BV173 or MT2 cells were lysed using 3mL of lysis buffer
(0.5% NP-40, 50mM Tris pH 8.0, 150mM NaCl, 1mM ethylenediami-
netetraacetic acid (EDTA), and protease inhibitor cocktail) by rotating
at 4 °C for 30min. Following centrifugation at 18,000 g for 10min, the
supernatant was collected for enrichment using an anti-MHC antibody
(W6/32, BioLegend) conjugated to Affi-gel 10 matrix (Bio-Rad, 2mg of
antibody per 100 µL of slurry per sample). Enrichment occurred over
4 h of rotation at 4 °C, followed by transfer to a Bio-spin column (Bio-
Rad) forwashingwith 3 × 1mLof lysis buffer, washbuffer 1 (50mMTris
pH 8, 150mM NaCl), wash buffer 2 (50mM Tris pH 8, 400mM NaCl),
and wash buffer 3 (50mM Tris pH 8). MHC-conjugated peptides were
subsequently eluted using 1mL of 1% trifluoroacetic acid in water.
Peptide samples were desalted using a Sep-Pak C18 cartridge (Waters),
dried via speedavac, and analyzed using an Orbitrap Eclipse Tribrid
mass spectrometer coupled with a Vanquish Neo UHPLC system. The
subsequent step LC-MS analysis was carried out following the meth-
odologydescribed inglobal proteomics.Motif analysis of peptideswas
performed using the Seq2Logo method48.

Reactivity-based antigen profiling
For probe enrichment experiments, two biological replicates were
used for each group. 108 cells were treated with 50 µM of MS-DTB for
30min. After treatment, the cells werewashed twicewith PBS and then
harvested. Subsequently, the cells were lysed in 5mL of lysis buffer
containing 2M urea and 0.2% NP-40 in PBS using sonication (10 pulses
at 40% intensity, 3 rounds). Following centrifugation at 18,000 g for
10min, the supernatant was collected for enrichment using strepta-
vidin agarose beads. Themixturewas rotated at room temperature for
2 h. The beads were then washed three times with 1mL of washing
buffer (0.2% NP-40, 25mM Tris-HCl pH 7.4, and 150mM NaCl), fol-
lowed by three washes with 1mL of wash buffer 1 (50mM Tris pH 8,
150mM NaCl), wash buffer 2 (50mM Tris pH 8, 400mM NaCl), PBS,
and water. Peptides were eluted using 300 µL of 50% acetonitrile
containing 0.1% formic acid. The eluted peptides were subsequently
dried using a SpeedVac vacuum concentrator and desalted using a
Sep-Pak C18 cartridge. The peptides were analyzed using an Orbitrap
Eclipse Tribrid mass spectrometer coupled with a Vanquish Neo
UHPLC system. The subsequent step LC-MS analysis was carried out
following the methodology described in global proteomics.

Modeling study
The crystal structures of HLA-A*02:01 (2X4R) and HLA-A*24:02 (2BCK)
from Protein Data Bank (X-ray structures with a resolution finer than
3.5 Å), KRASG12C neoantigen (KLVVVGACGV) and three MS-DTB-
enriched antigens: CTDSP2 (CYVKDLSRL), DLGAP5 (RYRPDMPCF),
andCCR8 (CYIKILHQL)were used for themodeling study.MHC-Fine, a
refined AlphaFold model, was used for MHC-peptide complex

Article https://doi.org/10.1038/s41467-024-54139-8

Nature Communications |         (2024) 15:9698 12

www.nature.com/naturecommunications


prediction49. The final PDB files of the MHC-peptide complex were
generated by running the inference code and datasets (https://
bitbucket.org/abc-group/mhc-fine/src/main/). The figures were gen-
erated by PyMOL software. For each MHC protein, only the α1 and α2
domains were used.

The FASTA sequence of HLA-A*02:01: GSHSMRYFFTSVSRPGR-
GEPRFIAVGYVDDTQFVRFDSDAASQRMEPRAPWIEQEGPEYWDGETRK
VKAHSQTHRVDLGTLRGYYNQSEAGSHTVQRMYGCDVGSDWRFLR-
GYHQYAYDGKDYIALKEDLRSWTAADMAAQTTKHKWEAAHVAEQLR
AYLEGTCVEWLRRYLENGKETLQRT

The FASTA sequence of HLA-A*24:02: GSHSMRYFSTSVSRPGR-
GEPRFIAVGYVDDTQFVRFDSDAASQRMEPRAPWIEQEGPEYWDEETGKV
KAHSQTDRENLRIALRYYNQSEAGSHTLQMMFGCDVGSDGRFLRGYHQ
YAYDGKDYIALKEDLRSWTAADMAAQITKRKWEAAHVAEQQRAYLEGT
CVDGLRRYLENGKETLQRT

Cell surface probe labeling by flow cytometry
Cells were seeded in non-treated 6-well plates and treated with 50 µM
of reactivity probes for 30min. Following treatment, cells were rinsed
with PBS and suspended in flow cytometry buffer (1mM EDTA, 25mM
HEPES pH 7.0, 1% FBS in PBS) within Eppendorf tubes. Subsequently,
Streptavidin-FITC or HLA-A,B,C-FITC antibody (diluted 1:50) was
added, and the cells were rotated at room temperature for 30min.
Afterward, the cells were washed with PBS and resuspended in flow
cytometry buffer. FITC fluorescence on the cell surface was quantified
using a BD LSRFortessa Cell Analyzer, and the resulting data were
analyzed utilizing FlowJo software.

LC-MS analysis of probe-peptide adduct
Peptides were synthesized by GenScript. 100 µM peptide and 100 µM
compound were incubated in water for 30min and analyzed by
Thermo Vanquish UHPLC coupled to ISQ EC Single Quadrupole Mass
Spectrometer. Peptide and probe-peptide adduct were separated on
Gemini C18 column (Phenomenex, 5 µm, 50 × 4.6mm) at a flow rate of
1mL/min, following the gradient: 0 to 95% buffer C (acetonitrile with
0.1% formic acid) in buffer A (water with 0.1% formic acid) from 0 to
13min, and 95% buffer C in buffer A from 13 to 20min. 210 nm wave-
length was used to monitor the peaks. A full scan from m/z 200-1250
withpositivemodewas used to analyze unmodifiedpeptide andprobe-
peptide adduct. Two biological replicates were used for each group.

ELISA assay
Nunc MaxiSorp 384-well plates (black) were coated overnight with
50 µL of the anti-heavy chain antibody W6/32 at a concentration of
5 µg/mL in PBS. Following coating, the plates were washed twice with
PBS (100 µL) and blocked with 3% bovine serum albumin (BSA) in PBS
(120 µL) at room temperature for 1 h. Subsequently, the plates were
washed three times with 0.05% Tween-20 in PBS (PBST) (100 µL each
wash). BV173, MT2 parental, andHLA knockout cells were treated with
50 µM of MS-DTB for 30min, then harvested and lysed in NP-40 lysis
buffer with protease inhibitor cocktail. The protein concentration was
adjusted to 1mg/mL, and 50 µLof total lysateswere added to eachwell.
Plates were incubated at 4 °C for 4 h, followed by three washes with 1%
BSA in PBS (100 µL each wash). Next, 50 µL of either 1 µg/mL anti-beta-
2-microglobulin HRP conjugate solution or Streptavidin-HRP (diluted
1:1000) in 1% BSA PBS was added to each well. Plates were incubated
with shaking at room temperature for 1 h. The plates were washed
three times with PBST and three times with PBS (100 µL each wash).
50 µLof theHRPsubstrateQuantaBluwas added, andfluorescencewas
measured using the CLARIOstar Plus microplate reader (BMG
Labtech).

In-gel fluorescence
HEK293T cells were transfected with SCTs using PEI transfection
reagent. Following a 24 h incubation, the cells were treated with 50 µM

of MSD for 30min. Subsequently, cells were harvested by centrifuga-
tion at 500 g for 5min and then lysed in NP-40 lysis buffer containing
protease inhibitor cocktail. The resulting lysate was subjected to
immunoprecipitation with anti-Flag affinity gel at 4 °C for 2 h. The
affinity gel was washed three times with immunoprecipitationwashing
buffer and re-suspended in 18 µL of PBS. For the click chemistry reac-
tion, the following reagentswere added: 0.8 µL of 1.5mMTAMRAazide
solution in DMSO, 1.2 µL of 10mM Tris(benzyltriazolylmethyl)amine
solution in 4:1 tBuOH:DMSO, 1 µLof 40mMCuSO4 solution inH2O, and
1 µL of 40mM Tris(2-carboxyethyl)phosphine solution in H2O. The
reaction proceeded at room temperature for 1 h. Subsequently,
Laemmli sample buffer was added and heated at 95 °C for 10min.
Following centrifugation at 15,000 g for 2min, the supernatant was
collected, and the samples were resolved by 4–20%Novex Tris-Glycine
mini gels. In-gel fluorescence signals were recorded using the Chemi-
Doc MP system.

Cell viability assay
Cells were plated in a 96-well clear bottom white plate (Corning) at a
density of 5000 cells per well in 100 µL of DMEM medium and incu-
bated for 24 h. Subsequently, the cells were treated with varying con-
centrations of compounds in 100 µL of DMEM medium for additional
72 h. Following treatment, 50 µL of Cell Titer Glo reagent (Promega)
was added to eachwell and incubated for 10min at room temperature.
Luminescencewasmeasured using CLARIOstar Plusmicroplate reader
(BMG Labtech).

Antibody-dependent cellular phagocytosis assay
For the assay with Raji cells, 90μL of Raji cells in RPMI (1.1 × 105 cells
per well) were added in 96-well plate in the presence of 20μL anti-
hCD20-hIgG2 (5μg/mL) or anti-β-Gal-hIgG2 (10μg/mL). After 1 h
incubation, Raji cells were co-culturedwith Jurkat-LucNFAT-CD32 cells
(2.2 × 105 cells per well). The mixture was then incubated at 37 °C for
8 h. 20μL of the cultured supernatant was transferred to a 96-well
white plate and mixed with 50μL of QUANTI-Luc Lucia 4 (InvivoGen)
per well. The luciferase activity was measured using CLARIOstar Plus
microplate reader. For the assay targeting reactive cysteines of MHC-I-
bound antigens in MT2 cells, MT2 wildtype and HLA knockout cells
were treated with DMSO or M-Fc-III-4C (10μM) in serum free RPMI
medium for 30min. Afterwashingwith PBS to remove free compound,
90μL of cell suspension (1.1 × 105 cells per well) were added in 96-well
plate in the presence of 20μL of human IgG isotype control (5μg/mL).
MT2 cells were subsequently co-cultured with Jurkat-Luc NFAT-CD32
cells (2.2 × 105 cells per well). The mixture was incubated at 37 °C for
8 h. 20μL of the cultured supernatant was transferred to a 96-well
white plate and mixed with 50μL of QUANTI-Luc Lucia 4 (InvivoGen)
per well. The luciferase activity was measured using CLARIOstar Plus
microplate reader.

Statistical analysis
Quantitative data were depicted using scatter plots, displaying the
mean accompanied by the standard error of the mean (SEM) repre-
sented as error bars. Differences between two groups were assessed
using an unpaired two-tailed Student’s t-test. Significance levels were
denoted as follows: *P <0.05, **P < 0.01, ***P <0.001, and ns, not sig-
nificant. Statistical significance was defined for P values < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the
article and Supplementary Information. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange
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Consortium via the PRIDE50 partner repository with the dataset iden-
tifier PXD054678. Source data of all uncropped gels and blots are
provided in the Source Data file. P values are included in the Source
Data file. The protein structures were retrieved from the Protein Data
Bank with the accession codes: 2X4R; 2BCK. Source data are provided
with this paper.

Code availability
The code for theMHC-peptide complexmodeling study is available on
Bitbucket: https://bitbucket.org/abc-group/mhc-fine/src/main/.
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