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% Check for updates Mutationsinisocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) are common

inmultiple types of human cancer and cause accumulation of the
oncometabolite D-2-hydroxyglutarate (D2HG) instead of a-ketoglutarate,
driving cancers like gliomas and acute myeloid leukaemia by blocking cell
differentiation and promoting tumour growth. Here we discovered protein
0-2-hydroxyglutarylation by D2HG using chemical proteomics and further
revealed distinct chiral preferences for D2HG and L-2-hydroxyglutarate
(L2HG) modifications. D2HG modifications are upregulated in IDH-mutant

cells or upon D2HG treatment, while L2ZHG modifications increase under
hypoxic conditions or following LZHG treatment. Notably, two kinases
MRCKA and SLK are modified by D2HG and L2HG, respectively, and
confirmed by synthetic peptide standards. Phosphoproteomics revealed
reduced phosphorylation of MRCKA and SLK substrates, suggesting
crosstalk between D/L-2HG modification and kinase activity. These
findings highlight distinctive roles of D/L-2HG modifications in cancer
progression and suggest potential avenues for therapeutic targeting of
oncometabolite-induced post-translational modifications.

Oncometabolites have come under the spotlight in recent years as
pathognomonic hallmarks in human'2. A prominent oncometabolite,
D-2-hydroxyglutarate (D2HG) accumulates as a direct consequence
of mutations in isocitrate dehydrogenase 1 or 2 (IDH1/2)*, which
occur commonly in several cancer types like glioma and intrahepatic
cholangiocarcinoma (ICC)°%. These mutations confer a neomorphic
activity that catalyses the reduction of a-ketoglutarate (a-KG) to D2HG
ina NADPH-dependent manner, contributing to poor prognosis and
reduced survival rates’. However, the precise molecular mechanisms
remain incompletely understood.

The current view on the mechanism of IDH1/2 mutation holds that
D2HG acts as an antagonist of a-KG to competitively inhibit the activity
of a-KG-dependent dioxygenases, including those involved in histone
and DNA demethylation'®". Beyond these epigenetic alterations, recent
studies have implicated D2HG in modulating key signalling pathways
such as HIF-1, RTK and mTOR'>*, Moreover, previous studies also identi-
fied additional sources of D2HG from promiscuous enzyme reactions
in cells lacking IDH mutations'®". These studies have raised many
questions regarding unknown function and activity of D2HG. Given
the prevalence and importance of potential covalent modifications by
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cellular metabolites on proteins leading to distinct post-translational
modifications (PTMs)'*", investigating whether D2HG contributes to
PTMs in IDH1/2-mutant cells is essential. This exploration opens up
intriguing possibilities for developing therapeutic strategies targeting
D2HG-related modifications.

Mass spectrometry (MS)-based proteomics has greatly advanced
the study of PTMs, offering high sensitivity and throughput™¢. How-
ever, despite these technical strides, the identification of unique PTMs
remains aformidable challenge. Traditional methods falter when faced
with the inherent complexity of protein modifications, particularly
whendiscovering previously unknown PTMs. The most direct approach
for identifying PTMs involves analysing mass shifts of peptides in
proteomic data through an open search”” ", However, this method is
hindered by theinherently low sensitivity and abundance of modified
peptides relative to their unmodified counterparts, making detec-
tion difficult and often elusive. While antibody-based enrichment
can improve the detection of modified peptides, its effectiveness is
highly dependent onthe specificity and availability of suitable antibod-
ies. Moreover, developing antibodies for previously uncharacterized
PTMs is both challenging and time-consuming, limiting their utility
for rapid discovery”. Given these obstacles, there is a pressing need
for more efficient methods to discover PTMs, particularly in cancer
research. Innovations in this area could provide deeper insights into
the molecular mechanisms driving tumour progression and pave the
way for therapeuticintervention discovery.

Inthis study, we report the discovery of covalent modifications by
D2HG by chemical proteomics, employing a chemical affinity-based
enrichment method and comparing human ICC cells with both
wild-type and IDH1-mutant genotypes. Interestingly, we also discov-
ered thatits enantiomer L-2-hydroxyglutarate (L2HG), which accumu-
lates under hypoxic conditions™*°*, modifies a distinct set of proteins.
By leveraging the unique properties of the enantiomers D2HG and
L2HG, we revealed distinct protein groups modified by each metabo-
lite, sheddinglight on molecular pathways that drive cancer progres-
sion. This study offers a powerful framework for investigating chirally
dependent proteinmodifications (O-2-hydroxyglutarylation) in cancer,
and lays the foundation for developing therapeutic strategies.

Results

Discovery of D2HG modifications by chemical proteomics

To investigate potential covalent protein modifications by D2HG, we
first conducted liquid chromatography (LC)-MS screening on mass
shifts of tryptic peptides using an IDH1-mutant human ICC cell line,
RBE cells, which produce elevated D2HG levels®”. D2HG may cova-
lently modify proteins by the formation of amide bonds on lysine,
ester bonds on serine/threonine/tyrosine, thioester bonds through
cysteine or ester bonds on aspartate/glutamate (Supplementary Fig.1).
Incorporating these possibilities as variable modifications in database
searches and jointly analysing site localization across all peptides,
we identified 308 modified sites from 138 peptides: 238 O-linked,
62 N-linked (Lys) and 8 S-linked (Cys) (Supplementary Table 1 and

Extended DataFig.1a,b). These findings indicate that 2HG may modify
abroad spectrum of residues, with O-linked modifications predomi-
nating. As including all seven residue types as variable modifications
markedly expands the search space and increases false discovery—and
giventhat PTMsonacidicresidues arerelatively uncommon—our focus
was on 0-2-hydroxyglutarylation of serine, threonine and tyrosine, as
the O-modifications are dominant through the initial screening, but
other linkage types remain to be further explored.

Our initial screening also revealed the low abundance and com-
plexity of D2HG modifications and highlighted the need for enrich-
ment of D2HG-modified proteins/peptides before LC-MS profiling.
Antibody-based enrichment is effective but difficult to implement for
low-abundance modifications owing to the need for prior knowledge
on the sites and specificity. We therefore turned to polyMAC, which
was originally developed for enriching phosphopeptides through
Ti*" ion-phosphate coordination®. Given that 2HG modifications
introduce both hydroxyl and carboxyl groups, we reasoned they
would display enhanced affinity for polyMAC (Extended Data Fig. 2a).
We therefore tuned the enrichment protocol for D2HG-modified
peptides and compared digestion strategies, including trypsin, GluC
and sequential trypsin-GluC (optimization details in Supplemen-
tary Note 1). GluC digestion, which generates peptides with fewer
acidic residues that can compete for polyMAC binding, improved
detection relative to trypsin alone, while sequential trypsin-GluC
digestion gave the highest yield and selectivity for 2HG-modified
peptides (Extended Data Fig. 2b,c and Supplementary Table 2).
A Venn diagram illustrates the overlap and unique sites across the
four digestion strategies (Extended Data Fig. 2d). The minimal over-
lap between the trypsin-only and trypsin-GluC datasets probably
arises from the distinct peptide pools generated by different cleav-
age specificities, which in turn affect enrichment and LC-tandem
MS detectability. Insilico GluC cleavage of the tryptic 2HG-modified
peptides indicated that several would become too short (<7 amino
acids) and many would lose basic residues, markedly reducing posi-
tive charge, which explains their absence after the sequential digest.
Also, the relatively low specificity for 2HG-modified peptides makes
theidentification more susceptible to competition from unmodified
peptides. Although trypsin alone yielded some unique sites, we did
not include the trypsin-only approach to expand coverage because
its low specificity may increase the risk of false positives. After
reoptimizing conditions for the sequential workflow, we identified
approximately 200 2HG-modified peptidesin asingle LC-MS run (for
details see Supplementary Note 1 and Extended Data Fig. 2e). Analy-
sis of 2HG modification sites revealed a serine>threonine>tyrosine
distribution, similar to phosphorylation patterns®, suggesting
potential crosstalk between these PTMs (Extended Data Fig. 2f and
Supplementary Table 3).

MS-based PTM identification relies on detecting fixed mass
shifts in peptide precursor ions and tandem MS (MS/MS) fragment
ions. However, metabolites with the same chemical formula as D2HG
can theoretically generate this same 130.0266-Da shift in LC-MS.

Fig.1| Chirally dependent D2HG and L2HG modifications on proteins.

a, Identification of D2HG-modified peptides through quantitative proteomics.
H293T cells were treated with different D2HG concentrations for 24 hours.

b, Overlap analysis of the D2HG-modified peptides identified by quantitative
proteomics. The differential analysis was performed between SSP25 and RBE
cells, as well as AG120-treated and DMSO-treated RBE cells. ¢, Peak area fold
changes of representative D2HG-modified peptides in SSP25 versus RBE cells
(relative to RBE cells), and in AG120-treated versus DMSO-treated RBE cells
(relative to DMSO-treated RBE cells). d, Peak area fold changes of representative
D2HG-modified peptidesin H293T cells treated with a gradient concentration
of D2HG and L2HG, relative to vehicle control. e, Scheme for D2HG and L2HG
modification on specific proteins in a chirality behaviour. f, Identification of
L2HG-modified peptides via quantitative proteomics. H293T cells were treated
with different LZHG concentrations for 24 hours. g, Peak area fold changes of

representative LZHG-modified peptidesin H293T cells treated with agradient
concentration of D2HG and L2HG, relative to vehicle control. h, Identification of
L2HG-modified peptides via quantitative proteomics. H293T cells were treated
with different CoCl, concentrations for 24 hours. i, Peak area fold change of
representative LZHG-modified peptidesin H293T cells treated with agradient
concentration of CoCl,, relative to vehicle control. For quantitative proteomics
(a-c,fh), the peptides with afold change >1.2and P value <0.05 in the D2HG

(or L2HG) accumulated groups compared with the non-accumulated group
were considered as D2HG (or L2ZHG)-modified peptides. Peptide abundance
was calculated from peak areas normalized to the total ion current (TIC). Data
represent mean + s.d. (n = 3 biological replicates per group). Two-tailed ¢-tests
were used to calculate Pvalues without adjustment. Schematicsin e created in
BioRender; Qu, Z. https://biorender.com/jk21a5m (2026).
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Supplementing cells with exogenous metabolites is known to elevate
intracellular concentrations, potentially leading to a corresponding
increase in metabolite-mediated modifications. To explore this, we
treated H293T cells with a gradient concentration of D2HG, followed
by cell lysis, protein extraction and digestion. Peptides with D2HG
modification were enriched using polyMAC and analysed by LC-MS
with label-free quantitation. Peptides exhibiting afold change >1.2 and

a Pvalue <0.05 in D2HG-treated groups compared to control groups
were classified as D2HG-modified. Compared with PBS-only controls,
D2HG-treated cells showed a dose-dependent increase in cellular
D2HG concentration (Supplementary Fig. 2a) and D2HG-modified
peptides (Fig. 1b and Supplementary Table 4). Time-dependent
treatment also increased identification of D2HG-modified peptides
(Supplementary Fig. 2b and Supplementary Table 5).
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IDH1-mutant cells can produce D2HG at markedly higher levels
compared towild-type cells’*, and AG120 is able to inhibit D2HG syn-
thesis in IDH1-mutant cells**?” (Supplementary Fig. 2c). We reason
that the abundance of D2HG modifications should theoretically cor-
relate with fluctuations in endogenous D2HG levels. Through quan-
titative proteomics, we examined D2HG modifications in wild-type
SSP25 cells, IDHI-mutant RBE cells and AG120-treated IDH1-mutant
cells. In total, we identified 79 D2HG-modified peptides (Fig. 1b and
Supplementary Table 6). Many of these peptides showed reduced abun-
dance following AG120 treatment (Fig. 1c and Extended Data Fig. 3).
Notably, these D2HG-modified proteins include HTRA2, SAFB and
STIM1. HTRAZ2, a serine protease involved in apoptosis®, was modi-
fied at S180 within its catalytic domain, suggesting potential impacts
onactivity. STIMI, a Ca® sensor linked to tumour metastasis and poor
prognosis®, and SAFB a negative regulator of proliferation®’, were
also modified. All these proteins are involved in tumour progression,
suggesting that D2HG modifications may play a regulatory role in
cancer development.

Chiral preference of D2HG and L2HG in modifying proteins
Inspired by recent research on mirror-image biology* and enantiomeric
preferences of chemical probes®, we tested whether D2HG modifica-
tions are chiral dependent by treating cells with D2HG and L2HG in
parallel. For proteins showing dose-dependent 2HG modifications
with D2HG treatment, L2HG treatment did not markedly increase
modifications, indicating that the effect is primarily due to D2HG and is
indeed chirality dependent (Fig.1d and Supplementary Tables 4 and 7).
Corresponding chromatograms and MS/MS spectra of representative
peptides are shown in Extended DataFig. 4.

We observed some peptides with mass shifts similar to D2HG,
but their levels did not correlate with exogenous D2HG treatment
concentrations. We hypothesize that some of these peptides may
originate from L2HG (Fig. 1e). To validate this, we treated cells with
different concentrations of L2ZHG. L2HG treatment led to increases in
cellular L2HG levels (Supplementary Fig. 3a) and, interestingly, parallel
increase inthe identification of L2HG-modified peptides by quantita-
tive proteomics analysis (Fig. 1fand Supplementary Table 7). Prolonged
L2HG treatment produced similar effects (Supplementary Fig. 3b
and Supplementary Table 8). Three representative L2ZHG-modified
peptides, which increased noticeably with LZHG compared to D2HG
treatment, suggest these modifications are primarily L2ZHG-induced
(Fig.1g and Extended Data Fig. 5).

It has been reported that the levels of the L2HG are increased by
changes in the tumour microenvironment, including hypoxia and a
low pH?. By exposing H293T cells to varying concentrations of the
hypoxia inducer CoCl, (0.1-0.5 mM), we observed a parallel increase
in the abundance of endogenous L2HG (Supplementary Fig. 3¢) and
L2HG-modified peptides by quantitative proteomics (Fig. 1h and
Supplementary Table 9), with three representative peptides correlat-
ing with CoCl, levels (Fig. 1i and Extended Data Fig. 6). Similar results
were observed when cells were cultured in a hypoxia chamber with
2% oxygen (Supplementary Fig. 3d and Supplementary Table 10).
An evident overlap between L2HG-modified peptides identified in
exogenous L2HG-treated cells and hypoxia-cultured cells supports
a close correspondence between exogenous and endogenous L2HG
accumulation (Extended Data Fig. 7). These findings underscore
hypoxia-induced upregulation of L2ZHG modifications, suggesting their
potential role in critical regulatory mechanisms within the hypoxic
tumour microenvironment.

Validation of D/L-2HG modifications

Molecular characterization, such as MS/MS fragmentation patterns,
provide critical evidence for the existence of PTMs. To minimize false
positivesand confirmthe presence of D2HG-modified or L2ZHG-modified
peptides, we focused on the neutrallossions typically associated with

ester modifications, such as phosphorylation, ADP-ribosylation and
sulfation®***. For D2HG and L2HG, 130.0266 Daand 148.0372 Daneutral
loss ions from ester bond cleavage were observed (Fig. 2a). Manual
inspection for the detected D2HG-modified or L2ZHG-modified pep-
tides confirmed that most modified peptides exhibited neutral loss
ions, although some at low abundance (Fig. 2b). Two representative
MS/MS spectra display clear b/y ions and neutral loss ions (Fig. 2c,d),
collectively validating D2HG and L2HG modifications. These neutral
losses thus serve as useful validation markers, although they are not
definitive proof of O-2-hydroxyglutarylation, asisomeric modifications
could produce similar patterns. Comparison of 2HG-modified and
unmodified peptidesrevealed increased retention times for modified
peptides onreversed phase columns (Fig. 2e). Calculated logP values
by ACD/Labs showed higher hydrophobicity in 2HG-modified serine
(-0.97 £ 0.45) than in unmodified serine (-1.58 + 0.33), which aligns
with observed retention shifts and could serve as an additional indica-
tor of 2HG modifications.

To further enhance the specificity and validate our findings
on D2HG-modified and L2HG-modified peptides, we used isotopic
metabolic flux analysis by incubating cells with isotopically labelled
d,-D/L-2HG to directly track potential incorporation of isotopic 2HG
tag. Theisotopic metabolic flux experiment allowed us to identify 124
d,-2HG-modified peptides (Supplementary Table 11). MS/MS spectra of
heavy-labelled and unlabelled 2HG-modified peptides showed identi-
cal fragmentation with a +4-Da shift, confirming endogenous 2HG
modification structure (Extended Data Fig. 8).

Overall, quantitative PTM analysis yielded 56 high-confidence
D2HG-modified peptides in D2HG-accumulated cells (the criteria for
high-confidenceidentification are detailed in Supplementary Note 2),
showing strong overlap between IDH1-mutant RBE and H293T cells, and
130 high-confidence L2HG-modified peptides in L2ZHG-accumulated
cells (Supplementary Tables 12 and 13). Distinct modification patterns
were observed, with 40 D2HG-specific and 114 L2HG-specific peptides
(Fig. 3a). These differences probably reflect stereospecific binding
preferences and may underlie divergent biological functions. Gene
ontology (GO) analysis supported this view: D2HG-specific proteins
were enriched in chromatin remodelling and nucleosome binding con-
sistent with D2HG’s role in histone and genome regulation’, whereas
L2HG-specific proteins were linked to oxidative stress responses,
which are knownto be related to hypoxia-induced L2ZHG accumulation
(Fig.3b-e). These findings suggest that,in addition to the direct roles
of D/L-2HG metabolites, protein modifications by D2HG and L2ZHG may
contribute to the regulation of these biological processes.

We detected 18 shared sites across 16 peptides modified by both
D2HG and L2HG, including MCM4/5 (DNA-replication licensing*) and
XRCCl (a base-excision repair scaffold*), reinforcing links between
2HG and impaired DNA repair/genome instability. RSBN1 (KDM9)—
previously anon-covalent D2HG interactor”’—was covalently modified
by both enantiomers, suggesting effects on demethylase-mediated
chromatin control. In addition, D/L-2HG mimics «-KG and can bind
«-KG-dependent enzymes. We also identified three a-KG-dependent
enzymes modified by L2HG, including AASS (inhibited by L2HG?®),
PHGDH (capable of promiscuous 2HG generation") and GFPT1. These
results suggest that 2HG modification adds a covalent regulatory layer
to metabolic rewiringin cancer.

D2HG and L2HG modification inhibit activity of select kinases

GO analysis (Fig. 3b) revealed 2HG-modified proteins associated with
kinase signalling. To investigate the effect of 2HG modifications on
kinases, we manually examined all 2HG-modified kinases in our data.
Asrepresentative, 2HG modification was observed at Ste20-like serine/
threoninekinase (SLK) S719, with levelsincreasing following exogenous
L2HG treatment, while D2HG had little effect (Fig. 4a). CoCl, treatment
in H293T cells also elevated L2ZHG-modified SLK, correlating with cel-
lular L2HG levels (Fig. 1i, right and Supplementary Fig. 3c). To confirm
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Fig. 2| Chromatographic and MS/MS fragmentation analysis of 2HG-modified
peptides. a, Schematic representation of diagnostic neutral loss ions generated
from 2HG-modified peptides during MS/MS fragmentation. b, Frequency of
neutral loss ions observed among assigned 2HG-modified peptides. MS/MS
spectra from 56 high-confidence D2HG-modified peptides and 130 high-
confidence L2ZHG-modified peptides were analysed. High-confidence peptides
were defined based on cross-validation across the 20 dataset groups (three
biological replicates per group) using the filtering workflow described in
Supplementary Note 2. Neutral loss ion abundances >5% are shown in black,

1,000

1-5% in grey and <1% in white. c¢,d, Representative MS/MS spectra of the 2HG-
modified peptides T,;cGGAEGTGDAVLGEK (c) and GEGESPPVNGT,,,;D (d). The
bionsare showninblue and theyions are shownin red. The neutral loss ions are
highlighted in orange, with ions from 2HG loss denoted by * and ions from
(2HG-H,0) loss denoted by +. e, Pairwise comparison of retention times between
2HG-modified peptides and their corresponding unmodified counterparts
(n=235peptide pairs from 20 dataset groups, three biological replicates per
group). The Pvalue was calculated by a paired two-tailed Student’s t-test without
adjustment.

this site, we synthesized isotopically labelled peptides containing heavy
serine at S719. Comparison of diagnostic isotopic b/y ions, retention
times, and fragmentation patterns between synthetic standards and
invivo-detected peptides verified the SLK S719 modification (Fig. 4b,c).

Functionally, SLK phosphorylate polo-like kinase 1 (PLK1) at
Thr210 (ref.39). Our phosphoproteomic experiment revealed reduced
PLK1 (T210) phosphorylation in CoCl,-treated cells (Extended
Data Fig. 9a), while quantitative proteomics showed no changes in
SLK or PLK1 protein abundance (Supplementary Fig. 4a,b), indicat-
ing decreased kinase activity rather than altered expression. In vitro
kinase assays using His-tagged SLK purified from CoCl,-treated ver-
sus untreated H293T cells confirmed reduced PLK1 (T210) phospho-
rylation (Extended Data Fig. 9b). Semi-quantitative estimation of

2HG modification occupancy further revealed that CoCl, treatment
increased 2HG modification at SLK (S719) in both endogenous and
overexpressed systems (Extended DataFig. 9¢,d).

A similar effect was observed for myotonic dystrophy kinase-
related CDC42-binding kinase alpha (MRCKA), a downstream effec-
tor of the small GTPase CDC42 and a therapeutic target owing to its
role in tumour growth and metastasis*’. D2HG modification at S794
increased on exogenous D2HG treatment in H293 cells, and corre-
lated with endogenous D2HG levels across ICC cell lines of different
genotypes (Figs. 1d,right, and 4d). Site assignment was validated
with synthetic isotopically labelled peptides (Fig. 4e,f). MRCKA is
known to phosphorylate PPP1R12A at T696 (ref. 41), and we observed
decreased PPP1R12A (T696) phosphorylation in IDH1-mutant RBE
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(b,d) or L2HG (c,e). GO analysis was performed using DAVID, and the top 10
enriched terms are shown for biological process (d,e) and molecular function
(b,c) categories. The input protein lists consisted of 40 high-confidence
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D2HG-specific and 114 high-confidence L2ZHG-specific modified proteins.
High-confidence peptides were defined based on cross-validation across the
20 dataset groups (three biological replicates per group) using the filtering
workflow described in Supplementary Note 2. Pvalues were calculated in DAVID
using amodified Fisher’s exact test (EASE score) without adjustment.

cellsrelative to wild-type SSP25 cellsin our quantitative phosphopro-
teomics experiment (Extended Data Fig. 10a). Protein abundances of
MRCKA and PPP1R12A were unchanged (Supplementary Fig. 4c,d),
indicating direct inhibition by D2HG modification. This observation
aligns with previous reports linking reduced MRCKA activity to slower
cellgrowth**and may help explain the attenuated proliferation of IDH
mutant cells*. To directly assess functional impact, we expressed
MRCKAinH293T cells with or without 20 mM D2HG treatment. Invitro
kinase assays revealed a slight change in PPP1R12A (T696) phospho-
rylation (Extended Data Fig. 10b). Occupancy analysis showed that
although D2HG modification increased with treatment, overall 2HG
stoichiometry remained markedly lower thanin IDH1-mutant RBE cells
(Extended DataFig.10c¢,d). This weaker inhibition probably reflects two
factors, dilution of modification owing to MRCKA overexpressionand
reduced efficiency of exogenous D2HG incorporation compared with
endogenous production.

To explore the mechanisms underlying reduced kinase activity
with 2HG modifications, we modelled MRCKA and SLK structures using
AlphaFold 3. Mimicking acidic 2HG modification viamutagenesis strat-
egy** revealed that 2HG modification of SLK (S719) created abarrier at
the active site pocket, potentially hindering substrate access (Fig. 4g).
Free energy changes (AAG =-0.56 kcal mol™) further supported SLK
destabilization upon S719 modification. Similarly, the dimerization of
MRCKA, essential for activation®, was destabilized. The modification
(S794), located at the coiled-coil domain responsible for dimer for-
mation (Fig. 4h), probably induced electrostatic repulsion, reducing
kinase activity. Free energy calculations supported this hypothesis
(AAG=-0.93 kcal mol™).

Discussion

As IDH1and IDH2 are the most frequently mutated metabolic genes
in human cancer, intense efforts have been made to study their bio-
chemical mechanismsand clinicalimplications®. Amajority of studies
have focused on D2HG functioning as a competitor of a-KG to cause
epigeneticalteration or to antagonize other a-KG-dependent enzymes’.
Wereport here the discovery and validation of the covalent modifica-
tion by D2HG, 0-2-hydroxyglutarylation. To facilitate the sensitive

detection of this modification, we developed a chemical proteomic
approach employing sequential trypsin-GluC digestion and polyMAC
enrichment. These covalent modifications were confirmed through
exogenous treatment, isotopic metabolic flux analysis, neutral loss
intandem mass spectrometry and synthetic peptide authentication.

Chirality is a fundamental characteristic of biological systems,
as biomolecules such as nucleic acids and proteins are composed
of stereospecific building blocks. Enantiomer-specific PTMs have
recently emerged as a new layer of regulation. For instance, D- and
L-lactylation were independently identified and shown to engage
distinct cellular pathways*®. In this context, our identification of cova-
lent protein modifications driven by both D2HG and L2HG further
underscores the role of metabolite chirality in shaping protein func-
tion and signalling. Although both arise from &-KG, their production
is context-dependent: D2HG is predominantly generated by mutated
IDH enzymes, whereas L2ZHG accumulates via promiscuous enzymatic
activity under metabolic stress (acidosis or hypoxia)™. These enanti-
omerstherefore exert distinct effects on cellular fate—shaping cancer
progression, metabolic adaptation and immune regulation through
unique pathways. Differences in source, function and target affinity
between D2HG and L2HG are consistent with our finding that they
modify distinct protein targets. Our findings provide a framework
for exploring chirality dependent protein modifications—specifically
0-2-hydroxyglutarylationin cancer biology—providing opportunities
for therapeuticintervention.

The observation of crosstalk between D/L-2HG modification and
phosphorylation is also quite interesting. Specifically, we identified
D2HG-modified MRCKA and L2HG-modified SLK exhibited reduced
kinase activity, with modification levels correlating to endogenous
D2HG and L2HG concentrations, respectively. The discovery of
D2HG-modified MRCKA (cdc42bka) establishes a curious connec-
tion with a previous study in which D2HG was reported to disrupt the
association between the small GTPase Cdc42 anditsinteractingkinase,
leading to the suppression of c-jun N-terminal kinase activation and
apoptosis®’. Interestingly, MRCKA is a known Cdc42-binding kinase
and animportant downstream effector*’. Our results suggest that the
D2HG modification on MRCKA inhibit the kinase activity, contributing
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to tumorigenesis driven by mutant IDH1. However, further biochemical
experiments are needed to validate this inhibition mechanism.
Giventhe central role of D2HG and L2HG in cancer, exploring the
impact of their modificationsin various cancer contexts will be crucial.
Two limits should be noted in our study. First, we cannot definitively
assignthe stereochemistry of each endogenous PTM. We infer D versus
L from dose/time trends and from links to endogenous metabolite
levels, but this is indirect and needs direct structural proof. Second,
polyMAC has limited selectivity, increasing false positives and compli-
cating site localization when MS/MS b/y-ion coverage is incomplete;

isobaric modifications may also slip in. To address these gaps, we need
enantioselective enrichment tools (antibodies or chemical probes)
and structural methods (for example, NMR, cryo-EM). Additionally,
beyond O-linkages, 2HG may also modify Lys, Cys, Asp or Glu, which
should be tested in future work.

From a chemical standpoint, 2HG may modify S/T/Y residues
through either of its two carboxyl groups. Previous studies of a-hydroxy
acidsindicate a preference for esterification at the a-carboxyl group,
driven by intramolecular hydrogen bonding that enhances carbonyl
electrophilicity and promotes nucleophilic attack***°. This chemistry
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suggests that a-carboxyl ester formation may be favoured for 2HG;
however, the precise esterification site and underlying reaction mech-
anism remain unresolved. Definitive assignment will require more
advanced analytical methods capable of detailed structural charac-
terization at the modification site.

Mechanistically, the stereoselective preference observed sug-
gests that O-2-hydroxyglutarylation is at least partially enzyme cata-
lysed, analogous to O-acylations, such as palmitoylation®. Although
non-enzymatic pathways involving reactive 2HG-CoA intermedi-
ates remain possible—and D2HG-CoA has been reported in prokar-
yotes®'—we did not detect such intermediates in mammalian cells
(Supplementary Fig. 5), suggesting that this is unlikely to be the pre-
dominant route. Understanding whether these modifications are
dynamically regulated by specific ‘writers’and ‘erasers’ and identifying
their ‘readers’ remains an important avenue for future research.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Reagents

Sequencing grade trypsinand GluC were obtained from Thermo Fisher
and Sigma, respectively. PolyMAC was obtained from Tymora. Isotopic
labelled d, sodium (RS)-2-hydroxyglutarate (2,3,3-D5; optical density,
98%) was purchased from Cambridge Isotope Laboratories, which was
called as d,-D/L-2HG hereafter. Other reagents were obtained from
Sigma unless otherwise noted.

Cell culture and treatment

ICC celllines with different genotypes (RBE and SSP25) were provided by
N.Bardeesy (Massachusetts General Hospital). H293T cells were obtained
from American Type Culture Collection (catalogue no. CRL-3216). All
cells were cultured at 37 °C with 5% CO,. ICC cells were cultured in RPMI
medium (Thermo Fisher Scientific). H293T cells were cultured in Dul-
becco’s modified Eagle medium (Gibco). All media were supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 100 U miI™
penicillinand 100 U ml™ streptomycin (Thermo Fisher Scientific).

For hypoxic conditions, cells were treated with varying concen-
trations of the hypoxia inducer CoCl, (0 pM, 100 pM, 200 puM and
500 puM) for 24 hours or grown in a specialized, humidified chamber
equilibrated with 1% oxygen, 94% nitrogen and 5% carbon dioxide for
theindicated duration.

Forisotopic metabolic flux experiments, cells were washed once
with warm PBS and replenished with fresh RPMI with 10% FBS before
labelling by d,-D/L-2HG. The d,-D/L-2HG (25 mM) was added into the
media and cells were collected after 24 h.

Cell collection and lysis

Cells were collected when reaching about 80% confluence. Cells were
washed with cold PBS two times and scraped from the dish and trans-
ferred toamicrocentrifuge tube. After that, cells were resuspendedin
lysis buffer (8 Mureain 50 mM Tris-HCl buffer, pH 8.0) with one tablet
of EDTA-free protease inhibitor Cocktail, and then sonicated onice for
three1-minrounds at15% amplitude. The lysates were then centrifuged
at12,000g, at 4 °Cfor 20 min. The supernatant was transferred toanew
tube. Total protein concentrations were determined by bicinchoninic
acid protein assay kit (Thermo Scientific Pierce).

Trypsin/GluC sequential digestion

A1Mdithiothreitol (DTT) stock solution was added into cell lysates to
afinal concentration of 10 mM. The obtained solution was vortexed
andincubated at 30 °C for 45 min. Then, 0.6 M chloroacetamide stock
solution was added to afinal concentration of 30 mM, followed by vor-
texing and incubationat room temperature in the dark for 30 min. After-
wards, another 1M DTT was added to a final concentration of 10 mM,
followed by vortexing and incubation at room temperature for 10 min.
The obtained proteins were digested by afilter-aided sample prepara-
tion method (FASP). In general, the protein solution was transferred
into a 10-kDa FASP filter and buffer-exchanged to 50 mM ammonium
bicarbonate. Trypsin (enzyme:sample =1:50) was added into the solu-
tionandincubated at 37 °Cfor16 h. Then, the same volume of phosphate
buffer (pH 7.5) and GluC (enzyme:sample =1:50) was added into the
solution and incubated at 37 °C for 8 h. Peptides were eluted from the
membrane by centrifuging for 15 min at 12,000g. A 100-pl portion of
water was used for a second elution. The peptides were desalted with
Cl18spin columns. The obtained solution was Iyophilized for further use.

Enrichment of 2HG-modified peptides by polyMAC

The 2HG peptides were enriched using polyMAC beads. First, 50 pl
of polyMAC beads (Tymora) were rotated for 1 min and quickly spun
down. The supernatants were removed, and 200 pl of loading buffer
(0.01% trifluoroacetic acid (TFA), 20 mM glycolic acid (GA), 50% ace-
tonitrile (ACN)) was added to the tubes, followed by rotation, centrifu-
gation and removal of supernatants.

Next, 500 pl of loading buffer was added to the polyMAC, and
the beads were split into three tubes (tube I: 200 pl; tube I1: 200 pl;
tubelll: 100 pl). Enrichment was then performed using the sequential
enrichment method.

Then, 100 pg of peptides dissolved in 500 pl of loading buffer was
addedtotubel, followed by incubation at room temperature with shak-
ing for 30 min. The polyMAC beads were then spunat2,000g for 1 min,
and the supernatant was transferred to tube Il. This was incubated at
room temperature with shaking for 20 min, followed by spinning at
2,000gfor1minand thesupernatant transferred to tubelll. Finally, the
mixture was incubated at room temperature with shaking for 10 min.

Afterthat, the polyMAC beadsin tube Ill were spundown at 2,000g
for1 minandthesupernatants were discarded. The three tubes of poly-
MAC were combined by using 200 pl of washing buffer A (0.1% TFA in
50% ACN), followed by spinning down at 2,000g for 1 min and discard
ofthe supernatants. The polyMAC beads were then washed with 200 pl
of washing buffer A (0.1% TFA in 50% ACN) four times and 200 pl of
washing buffer B (80% ACN) one time. After centrifugation at 2,000g
for 1 min and discarding the supernatants, the peptides were eluted
from polyMAC beads with 150 pl of elution buffer (400 mM NH,OH
in50% ACN) by shaking at 1,100 rpm for 30 min at room temperature.
Theelution step was repeated once. The obtained eluted solution was
collected and dried downin aSpeedVac and stored at —80 °C.

Phosphopeptide enrichment

The phosphopeptides were enriched using polyMAC beads. First,
100 pg dried tryptic peptides were dissolved into 200 pl of loading
buffer (100 mM GA, 1% TFA, 50% ACN) in a non-stick microfuge tube.
Then, 50 pl of polyMAC reagent was added and shaken for 15 min.
After that, the mixture was pipetted up and down a few times and the
whole solution transferred to the spin column and spun downat100g
for30 seconds toremove the unbonded peptides. Then, the polyMAC
beads were sequentially washed with loading buffer, washing buffer |
(25 mMGA, 0.2% TFA, 80% ACN) and washing buffer Il (80% ACN) three
times. Finally, the attached phosphopeptides were eluted from the
polyMAC beads using 50 pl elution buffer (400 mM NH,OH, 50% ACN)
two times, followed by drying of the samplesin a SpeedVac.

Expression and purification of target proteins in H293T cells
Plasmids encoding C-terminal His-tagged human SLK (pCMV3-His-SLK),
MRCKA (pCMV3-His-MRCKA) and PPP1R12A (pCMV3-His-PPPIR12A), as
well asrecombinant His-tagged human PLK1 protein, were purchased
from Sino Biological. H293T cells were transfected with these plasmids
using Lipofectamine 3000 (Thermo Fisher) following the manufactur-
er’s protocol. For treatment groups, cells were incubated with CoCl, or
D2HG 24 hafter transfectionand cultured for an additional 24 h before
collection. Untreated controls were cultured for the same duration.
Non-transfected cells were also collected as negative control.

Cell pellets were resuspended in 8 ml lysis buffer (25 mM Tris—HCI
pH 8.0,200 mMNacl, 5 mMimidazole and Pierce protease/phosphatase
inhibitor). Cells were lysed by sonication on ice, and soluble fractions
were collected by centrifugation (12,000g, 20 min, 4 °C). Superna-
tants were loaded onto a2 ml Ni-NTA column (Qiagen), washed with
20 ml wash buffer (100 mM Tris-HCI pH 8.0, 1.5 M NaCl, 50 mM imi-
dazole) and eluted with 10 ml elution buffer (25 mM Tris HCI pH 8.0,
200 mM NaCl, 200 mM imidazole). Eluates were concentrated and
buffer-exchanged into 50 mM Tris—HCI (pH 7.4) using 50-kDa Amicon
Ultra centrifugal filters.

Invitro kinase assay and protein digestion for substrate
phosphorylation profiling

Purified kinases (SLK or MRCKA, 100 nM) were incubated with their
respective substrates (PLK1 or PPP1R12A, 200 nM) in kinase buffer
(50 mM Tris-HCI, pH 7.4). Reactions were initiated by addition of
10x ATP/MgCl,/MnCl, buffer to afinal concentration of 10 mM MgCl,,
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1mM MnCl, and 500 pM ATP, followed by incubation at 37 °C for 3 h.
Reaction mixtures were buffer-exchanged into 50 mM ammonium
bicarbonate (pH 8.0) using 50-kDa Amicon Ultra centrifugal filters.

Proteins were reduced with DTT (10 mM final concentration)
at 30 °C for 2 h, then alkylated with chloroacetamide (30 mM final
concentration) at room temperature in the dark for1h. Samples were
digested with trypsinata1:50 enzyme-to-proteinratio and incubated
at37 °Cfor16 h. Peptides were recovered by centrifugation (12,000g,
15 min), washed once with 200 pl water and re-centrifuged under the
same conditions. Filtrates were combined, dried in a SpeedVac and
analysed by LC-MS/MS in Parallel reaction monitoring (PRM)-paral-
lel accumulation-serial fragmentation (PASEF) mode for substrate
phosphorylation profiling.

Proteomics LC-MS analysis

Samples were measured on a TIMS-TOF HT (Bruker Daltonics) with a
reversed phase Evosep One (Evosep). For peptide separation, we used
the standard SPD methods. The mass spectrometer was operatedina
data-dependentacquisition PASEF mode with ten PASEF scans per topN
acquisition cycle. The accumulation and ramp time for the dual TIMS
analyser were set to100 msas a duty cycle. FullMS datawere acquiredin
amassrange of100-1,700 m/zand aninverse reduced mobility (1/K0)
range of 0.6-1.6 Vs cm™. The collision energy was ramped as a func-
tion ofincreasing mobility starting from20 eVat 0.6 Vs~ cm™to 60 eV
at1.6 Vs~ cm™ Representative 2HG-modified peptides were validated
by PRM-PASEF. Transition lists were generated from DDA results and
included retention time ranges, precursor m/z values, charge states
and ion mobility ranges for each peptide.

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

Data availability

The raw mass spectrometry proteomics data, protein identification and
quantification results have been deposited with the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identi-
fier PXD072530. The Supplementary Tables are published alongside
this paper. The reviewed human fasta database was downloaded from
UniProtin March 2024 (https://www.uniprot.org/uniprotkb). Source
dataare provided with this paper.
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Extended Data Fig. 1| Representative MS/MS spectra of the2HG parts of the peptide. Fragments showing neutral loss of 2HG are highlighted in
modified peptides DGNAS,,,GTTLLEALDC,, ILPPTRPTDKPLR (a) and bold orange, withions from 2HG loss denoted by % and ions from (2HG-H,0) loss
LTFIDMEGS,,,cGFGGDLEALR (b). The bion marked as blue refers to the denoted by .

N-terminal parts of the peptide, the y ion marked as red refers to the C-terminal
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Investigation of polyMAC enrichment for 2HG
modification. (a) Schematic representation of the polyMAC enrichment strategy
for 2HG modifications. (b) Number of 2HG-modified peptides identified using
different enrichment approaches (n = 2 technical replicates per group).

(c) Proportion of 2HG-modified peptides among all peptides identified by
different enrichment approaches (n = 2 technical replicates per group). (d) Venn
diagram showing overlap and unique 2HG-modified sites across four digestion
methods. (e) Method optimization for the polyMAC enrichment of 2HG-modified

peptides digested by trypsin-GluC (n = 2 technical replicates per group).

(F) Site distribution analysis for identified 2HG modified peptides (n = 2 technical
replicates per group). (g) Reproducibility assessment of 2HG-modified peptide
intensities across five technical replicates using Pearson correlation analysis.
Pairwise Pearson correlation coefficients (r) were calculated between replicate
intensities. Technical replicates were generated from the same cell lysate pool,
which was divided into multiple aliquots and processed independently through
the downstream workflow.
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Extended Data Fig. 3| MS/MS spectra and EICs of representative D2HG
modified peptides derived from RBE cells, SSP25 cells and RBE cells
treated with or without AG120. The peptide sequences are as follows:

(@) AVAEEDNGS,,,(IGE; (b) VPIS,,, ]NGSGFVVAADGLIVTNAHVVADR;

(¢) T, INNLDTSSSDFTILQE. The bion marked as blue refers to the N-terminal

parts of the peptide, the yion marked as red refers to the C-terminal parts of the
peptide. Fragments showing neutral loss of 2HG are highlighted in bold orange,
withions from 2HG loss denoted by % andions from (2HG-H,0) loss denoted by .
Datarepresent three biologically independent repeats.
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Extended Data Fig. 4| MS/MS spectra and EICs of representative D2HG
modified peptides detected in H293T cells treated with exogenous D2HG
and L2HG. The peptide sequences are as follows: (a) YQVQYTPQGDS,,,;-DNGK;
(b) NLS,,,cIHNQQLEE; (c) SAEAPGHYPAEDSTY,;;cD. The bion marked as blue
refers to the N-terminal parts of the peptide, the y ion marked as red refers to
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the C-terminal parts of the peptide. Fragments showing neutral loss of 2HG are
highlighted in bold orange, withions from 2HG loss denoted by % and ions from
(2HG-H,0) loss denoted by . Data represent three biologically independent
repeats.
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Extended Data Fig. 5| MS/MS spectra and EICs of representative L2ZHG
modified peptides detected in H293T cells treated with exogenous D2HG and
L2HG. The peptide sequences are as follows: (a) GC, EAIVDT,,,;GTSLMVGPVDE;
(b) NGT,;;,cGVTAANASTLNDGAAALVLMTADAAK; (c) FELLSANT,;,cLED. The bion
marked as blue refers to the N-terminal parts of the peptide, the y ion marked

asred refers to the C-terminal parts of the peptide. Fragments showing neutral
loss of 2HG are highlighted in bold orange, with ions from 2HG loss denoted by
* and ions from (2HG-H,0) loss denoted by . Data represent three biologically
independent repeats.
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Extended Data Fig. 6| MS/MS spectra and EICs of representative L2ZHG
modified peptides detected in H293T cells treated with CoCI2. The peptide
sequences are as follows: (a) AHSDAQALVLLDVTPDQS,;;csMVD; (b) VTVVSQ-
PTEPQPVLIPSININSDS,;,cGENKE; (¢) LLPFLTDTIY,;,cDED. The bion marked as

blue refers to the N-terminal parts of the peptide, the yion marked as red refers
to the C-terminal parts of the peptide. Fragments showing neutral loss of 2HG are
highlighted in bold orange, withions from 2HG loss denoted by % and ions from
(2HG-H,0) loss denoted by .
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Extended Data Fig. 7| Comparison of L2ZHG-modified peptides identified from the peptides with fold change < 0.833 and P < 0.05 were placed on a blacklist and

exogenous L2HG-treated and hypoxia-cultured H293 cells. The peptides with excluded (n =3 biological replicates per group). Two-tailed t-tests were used
afold change >1.2and P< 0.05 in the L2ZHG accumulated groups compared with to calculate Pvalues without adjustment. The detailed screening and filtering
the non-accumulated group were considered as L2ZHG modified peptides, while workflow is described in Supplementary Note 2.

Nature Chemistry


http://www.nature.com/naturechemistry

Article https://doi.org/10.1038/s41557-026-02093-x

y5
|’¥ 7 y6 y5 y4
& Gor € ALV 0 7., STIsJLI IV Gl Vo €
b4 b5 b11b12b13b14b15 b7
b13%(+2) d,-2HG-Modification
v -
b
! ég“‘w’l §
o ) dy-2HG-Modification

y5
y8 y7 y6 y5 y4 y3 y2
mmemmm[ﬁmny
b10
y3 yp
b7%(+2) _—
; d,-2HG-Modification
b7\/(+2) ;
AN d4-Prec(+2) bl 0Ox
‘2 “..'d4b7(+2) ‘ vB
! “ . ’ 7 d4b10
| B b
Al 0L by i j Il \\ ‘40‘\‘”;"]\;’ .
1w B [ T b0
2 - Y bl10x
b7 (+2
v3 (+2)
; Prec(+2
Y7%(+2) ysPrep(+2) d,-2HG-Modification
y7
y10
y4 y8
d4-Prec(+2)
y19y18 y17 y16 y13 y11y10
ATATATATP Al SIAATP Aals e P 5,
b3 b4 b5 b6 b7 b8 b9 b10 b19
b19%(+2)
© d4p19(+2) HE-Modificati
d4y16(-{2) d4y1.Z(+2).' day18(+2) d,-2HG-Modification
coo | ddy19(+2)
proe2)  VO* o .
: b7 D4y5 gb'l
b3 b4  p5: b6 b

b5. b6

b10(+2) Yo%

e ."b.‘19(+21)8(+2)y19(+2)

y16(+3) Y17(+2)

dy-2HG-Modification

Prec(+2)
Extended Data Fig. 8 | Representative MS/MS spectra of 2HG modified the C-terminal parts of the peptide. Fragments showing neutral loss of 2HG are
peptides and d4-2HG isotopically labelled versions. The b ion marked as blue highlighted in bold orange, withions from 2HG loss denoted by % and ions from
refers to the N-terminal parts of the peptide, the yion marked as red refers to (2HG-H,0) loss denoted by .

Nature Chemistry


http://www.nature.com/naturechemistry

https://doi.org/10.1038/s41557-026-02093-x

Article
a
pPLK1 (T210)
© 144 P =0.042
02
T
g 1.24
2ol [
°g’,1.o—
£ 0.8- :F
o .
o 1
S o0.6- "
\¢ \¢
& &
S &
Q
Q.
c
2HG-SLK (S719)
1.0
.. 0.8+
[¢]
s
2064 p=g.021
8 ———
O 0.4
2
@ ——
~ 0.2
0.0
\ \
o°°¢ c.Pc’m
6‘“\ 6‘\‘\
o

Extended Data Fig. 9 | Quantitative analysis of L2ZHG modification and SLK
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PLK1(T210) in H293 cells (a) and in the in-vitro kinase assay (b), relative to vehicle
control. (¢,d) 2HG modification occupancy of SLK in H293 cells (¢) and in purified
His-SLK (d). Modification occupancy was calculated by comparing the peak areas

o

pPLK1 (T210)

P=15x%10"°

Fold change to vehicle
5
1

0.8
0.6 Ihc.l
\¢ \¢
c,°c"L o°("L
6‘\‘\ 6‘\‘\
Q 9
Q‘
d
. 2HG-SLK (S719)
5. 0.8
[¢]
s
50'6' P = 0.0041
3 —
O 0.4
0]
~
024 oo
0.0
\ “\¢
c,°c"L cPc"L
N N
& &
Q o

of modified and unmodified SLK (S719) detected in the same LC-MSrun,

using the formula: fio4 = Amod/(Amod + Aunmod)- Datarepresent mean +s.d.
(n=3biological replicates per group). Two-tailed t-tests were used to calculate
Pvalues without adjustment.
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Extended Data Fig. 10 | Quantitative analysis of D2HG modification and
MRCKA activity. (a) MS! TIC-normalized peak area fold changes of
phosphorylated PPP1R12A (T696) in ICC cells with different genotypes: wild-type
SSP25, IDH1-mutant RBE, and AG120-treated RBE, relative to RBE; (b) MS!
TIC-normalized peak area fold changes of phosphorylated PPP1R12A (T696) in
thein-vitro kinase assay system, relative to vehicle control. (¢c) 2HG occupancy of
MRCKA in ICC cells with different genotypes: wild-type SSP25, IDH1-mutant RBE,
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and AG120-treated RBE. (d) 2HG occupancy of MRCKA in purified His-MRCKA. In
(c,d), values were calculated by comparing the peak areas of modified and
unmodified MRCKA (S794) detected in the same LC-MS run, using the formula:
Sfinod = Amod/(Amod + Aunmod )- Datarepresent mean = s.d. (n = 3 biological
replicates per group). Two-tailed t-tests were used to calculate Pvalues without
adjustment.
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Cell line source(s) H293T (Cat. CRL-3216) were obtained from American Type Culture Collection (ATCC). ICC cell lines with different genotypes
(wild type SSP25 cells and IDH1 mutant RBE cells) were generously provided by Dr. Nabeel Bardeesy (Massachusetts General
Hospital, Harvard Medical School, Boston, Massachusetts).
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