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ltaconate (ITA) is an upregulated immunometabolite in macrophages during pathogen infection. It is known
to influence oxidation stress, cellular metabolism, programmed cell death and many other biological
processes to regulate the immune response via interaction with proteins. Previous studies capture
covalently ITA-modified proteins by activity-based proteome profiling with bioorthogonal chemical
probes; however, how itaconate interacts non-covalently with other proteins at the proteome level
remains unexplored. Here we applied thermal proteome profiling (TPP) to globally identify a large
number of ITA-interacting proteins in macrophage proteomes. Among these targets, we verified
mitochondrial branched-chain aminotransferase (BCAT2) as a novel non-covalent binding target of
itaconate via biochemical and structural experiments. The binding of itaconate could inhibit
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Accepted 22nd June 2025 transamination activity of BCAT and regulate the metabolism of branched-chain amino acids (BCAAs) in
lipopolysaccharide (LPS)-activated inflammatory macrophages. This study offers a valuable resource that

DOI: 10.1039/d55c02378e helps decipher novel and comprehensive functions of ITA in macrophages during the immune response
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Introduction

Macrophages are one of the key immune cell types that defend
against pathogen invasion. Upon pathogenic signal stimula-
tion, they undergo a series of changes such as upregulating the
transcription of particular genes and reprogramming metabolic
processes.”> Itaconate (ITA) is a by-product of the tricarboxylic
acid (TCA) cycle catalyzed by aconitate decarboxylase 1
(ACOD1),* which is significantly up-regulated and plays a crucial
regulatory role during pathogen infection (Fig. 1a).»** This
immunoregulatory metabolite has been reported to help hosts
defend against pathogen infection,®® and affect cell metabo-
lism,>** redox homeostasis,"* and signal transduction.'>*
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and other related biological processes.

Recent studies have also highlighted the versatile roles of itac-
onate in moderating effects on epigenetics* and obesity.>"”

Itaconate accomplishes these regulatory roles by interacting
with important proteins primarily through covalent modifica-
tion.> As itaconate has an electrophilic double bond, it can
modify the cysteine residues in proteins via Michael addition,
which is a process known as “itaconation”.*® Since the discovery
of itaconation on KEAP1 in 2018," a series of chemical probes
and proteomic methods have been developed to identify itaco-
nation proteins and sites in macrophages®* and patho-
gens,**** which have greatly promoted functional investigation
of itaconate.'>*> More recently, an ITA-mediated lysine acylation
was discovered whose functional impact is yet to be
investigated.*

In addition to covalent modification, itaconate has also been
shown to non-covalently interact with certain proteins and
affect their functions. For example, succinate dehydrogenase
(SDH)® and Tet methylcytosine dioxygenase 2 (TET2)" are two
non-covalent interacting proteins of itaconate. In both cases,
itaconate binds to the proteins’ substrate-binding pockets
mainly through dicarboxylic groups, mimicking the action of
their native substrates of succinate® and o-ketoglutarate
(AKG),* respectively. These non-covalent interactions between
itaconate and the target proteins resulted in the suppression of
protein activity and regulation of downstream metabolic® or
transcriptional pathways.'* However, since the current chemical
probes and proteomic methods can only profile the covalent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Profiling of itaconate-interacting proteins by TPP. (a) Itaconate is a key metabolite in macrophages catalyzed by ACOD1 in mitochondria.
(b) Scheme of temperature-based TPP for profiling ITA targets. (c) Analysis of TPP data. Left, Venn diagram showing the number of proteins that
were quantified in all three biological replicates with good melting curves. Middle, volcano plot showing the proteins with quantified AT, and the
associated statistical significance by TPP. Green points represent ITA targets with larger AT,, and stronger significance. Right, Venn diagram
illustrating the overlap between ITA targets identified by TPP and those captured by ITalk probes through covalent itaconation. (d and e) Thermal
stability changes of mouse PRDX1 (d) and SDHA (e) after ITA incubation in RAW 264.7 cell lysate. (f) Thermal stability changes of the overex-

pressed mouse EFMT2 after ITA incubation in HEK293T cell lysate. In (d—

bottom, respectively. Error bars stand for mean + std, n = 3.

targets of itaconate, the non-covalent interactome landscape of
itaconate in macrophages is yet to be explored.

Thermal proteome profiling (TPP) is a powerful technology
that enables interactome profiling of metabolites or ligands in
their native forms.”>?® Operating based on the rationale that
ligand binding or modification to a protein may alter its
thermal stability, TPP, as enabled by the multiplex quantitative
proteomics (such as TMT), can be used to draw and compare
melting curves for thousands of proteins in proteomes simul-
taneously in the absence vs. presence of ligand cotreatment,
which can be analysed to identify targets of a ligand molecule at
the proteome level.”” The power of this chemoproteomic tech-
nology has been highlighted in numerous applications such as
detecting targets of drugs,”>*****' endogenous metabolites®* >
and even metal cofactors*® without derivatization. In addition, it

© 2025 The Author(s). Published by the Royal Society of Chemistry

f), immunoblotting and quantification curves are shown at the top and

also helps profile targets of post-translational modification
such as phosphorylation,®**  O-GlcNAcylation,*
methylation.*

Considering that itaconate can both covalently modify and
non-covalently interact with proteins, we reasoned that TPP can
aid in identification of more ITA-interacting proteins in pro-

and

teomes, especially those non-covalent binding targets that were
previously neglected by probe-based chemoproteomic methods.
We therefore applied TPP to globally map itaconate's inter-
actome in macrophage cells. By comparing with the published
data for covalently itaconated proteins, we obtained a list of
non-covalent targets of itaconate, among which the mitochon-
drial branched-chain amino acid aminotransferase 2 (BCAT2)
was structurally and functionally characterized. The results
showed that itaconate can block transamination activity of

Chem. Sci., 2025, 16, 13838-13846 | 13839
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BCAT and regulate catabolism of branched-chain amino acids
in inflammatory macrophages.

Results

Profiling of ITA-interacting proteins by TPP

To profile ITA-interacting proteins by TPP (Fig. 1b), RAW 264.7
cells were suspended in PBS buffer and lysed by freezing-
thawing with liquid nitrogen. After incubation with 1 mM
itaconate or PBS buffer at room temperature, the resulting
proteomes were split into 8 aliquots and subjected to a series of
thermal stimulations at the indicated temperatures for 3
minutes. The soluble contents were extracted using centrifu-
gation and analyzed using either gel-based or mass spectrom-
etry (MS)-based methods. In the gel-based analysis, relative
immunoblotting intensities were employed for quantification of
individual proteins, while in the MS-based analysis, the samples
were further digested by trypsin, labeled by using the IBTpro-
16plex** labeling reagents and analyzed by LC-MS/MS to quan-
tify protein abundance in each aliquot for a large number of
proteins simultaneously. In both cases, thermal shift curves
were fitted using the quantitative data and the T;,, values with or
without itaconate treatment were determined (Fig. 1b).

We performed the MS-based TPP experiments in three bio-
logical replicates. A total of 4912 proteins were quantified in at
least one replicate and 3214 proteins were quantified across all
three biological replicates. Based on these raw proteomic data,
we obtained thermal shift curves for 2450 proteins under both
conditions with high confidence after a strict filter was applied
(Fig. 1c), and their Ty, values demonstrated good correlation
across the three biological replicates (Fig. S1f). To identify
potential ITA-interacting targets, a volcano plot was created to
display the AT, value for each protein along with its statistical
significance (Fig. 1c). Given that the global thermal stability of
the RAW 264.7 proteome was not dramatically changed upon
itaconate treatment as visualized by gel-based staining (Fig.
S27), we defined proteins with AT, values exceeding 1 °C in all
three biological replicates and a relatively significant P value
(|ATm x (—logio P)| > 1.5) as ITA-interacting targets. Finally, 190
proteins (8%) were found to meet these criteria and interest-
ingly, all of them exhibited increasing thermal stability after ITA
treatment (Fig. 1c and Table S1+).

As protein thermal stability can be affected by both covalent
modification and non-covalent interactions of itaconate, we
cross-checked with a list of 862 covalently itaconated proteins
(with 1131 itaconated cysteine sites) obtained by the bio-
orthogonal ITalk probe® to further distinguish the covalent and
non-covalent targets in the TPP data (Fig. 1c and Table S1}). A
total of 35 proteins were found in both ITalk and TPP data,
including a prominent example of peroxiredoxin 1 (PRDX1) that
is essential for cellular redox control. In particular, C173 of
PRDX1 was previously identified to undergo itaconation, and
mutation of this cysteine inhibited the formation of the PRX1
homodimer, which is associated with suppression of TNF-u-
induced release.” The gel-based TPP showed that after itaco-
nate treatment, the AT, value of PRDX1 was changed by 2.0 +
1.0 °C (Fig. 1d), which was consistent with the MS-based

13840 | Chem. Sci., 2025, 16, 13838-13846

View Article Online

Edge Article

analysis (Fig. S3af), further confirming the interaction between
itaconate and PRDX1.

Aside from the covalent targets of itaconate, 155 proteins
were identified specifically in the TPP profiling (Fig. 1c and
Table S1t), which could be considered in principle as non-
covalent binding targets of itaconate. Satisfyingly, this group
included the known non-covalent target of itaconate, SDHA,
which showed a AT, of 1.8 £ 0.9 °C from the MS-based analysis
and a AT, of 2.0 £ 1.0 °C in the gel-based validation (Fig. 1e and
S3bt). We also validated one novel target, lysine methyl-
transferase 2 (EFMT2), by overexpressing the protein, and the
gel-based result demonstrated a similar change in thermal
stability after itaconate treatment (Fig. 1f and S3cf).

Characterization of BCAT2 as a direct non-covalent target of
ITA

We further performed the KEGG pathway enrichment analysis
for these 155 TPP-specific ITA-interacting targets (Fig. 2a). The
results showed that they were mainly involved in the citrate
cycle, fatty acid metabolism and the pathway related to virus
infection, all of which were associated with known functions of
itaconate.> Additionally, there were two novel pathways discov-
ered by TPP, including branched chain amino acids (BCAA)
degradation and 2-oxocarboxylic acid metabolism, indicating
that itaconate might play a regulatory role in these pathways. In
particular, the mitochondrial branched-chain-amino-acid
aminotransferase (BCAT2) drew our attention as the enzyme
works in the initial phase of BCAA degradation and in the MS-
based analysis, BCAT2 showed well-fitted melting curves with
an ITA-induced AT, of 1.5 £ 0.9 °C (Fig. 2b).

BCAT2 catalyzes the conversion from BCAAs, namely valine
(VAL), leucine (LEU) and isoleucine (ILE), to their correspond-
ing branched-chain-keto-acids (BCKAs), including 3-methyl-2-
oxopentanoic acid (KMV), 3-methyl-2-oxobutanoic acid (KIV),
and 4-methyl-2-oxopentanoic acid (KIC), and the reaction
occurs with the concomitant conversion from o-ketoglutarate
(AKG) to glutamate (GLU) (Fig. 2c).* The protein is known to
regulate cancer proliferation®*® and chemokine release,” as
well as cellular metabolism such as lipid metabolism.** Since
the relevance of BCAT2 and itaconate has never been reported,
we were therefore motivated to characterize their interaction
and investigate the functional impact.

We first validated the thermal shifting result by the gel-based
TPP assay in RAW 264.7 cell lysates. In both temperature- and
concentration-based TPP experiments, itaconate could signifi-
cantly increase thermal stability of BCAT2 (Fig. 2d and e). We
further purified mouse BCAT2 (mBCAT2) and human BCAT2
(hBCAT2), and found that itaconate could also enhance thermal
stability of these purified proteins (Fig. 2f and g), suggesting
that this interaction between itaconate and BCAT?2 is direct and
conserved in mammalian cells.

To elucidate how itaconate specifically binds to BCAT2, we
attempted to crystallize mBCAT2 or hBCAT2 in the presence of
itaconate and successfully determined the structure of hBCAT2
in a complex with itaconate at 2.0 A (Fig. 2h and Table S21t)
(Protein Data Bank (PDB): 9LEP). The co-crystal structure of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ldentification of BCAT2 as a direct and non-covalent binding target of ITA. (a) KEGG pathway analysis of the non-covalent ITA targets
identified by TPP. (b) Thermal melting curve of BCAT2, as quantified by using MS2 reporter ion intensities from the TPP data. (c) Scheme showing
the reaction catalyzed by BCAT2 in which BCAAs (VAL, LEU and ILE) are converted to BCKAs (KIV, KIC, and KMV) while AKG is converted to GLU. (d
and e) In-gel verification of the interaction between BCAT2 and ITA in RAW 264.7 lysates using temperature-based (d) and concentration-based
(e) TPP. (f and g) Gel-based temperature-related TPP for verifying the direct interaction between ITA and mBCAT2 (f) or hBCAT2 (g) using purified
proteins. (h) hBCAT2 forms a dimer and ITA occupies the substrate binding pocket of hBCAT2. Top, the overall crystal structure of the hBCAT2
dimer complex. hBCAT2 is shown as ribbons and colored in pale cyan (monomer A) and wheat (monomer B). ITA and PLP are shown as sticks.
Bottom, detailed interactions between hBCAT2 and ITA. A composite omit map is contoured at 1.0¢ and shown as a marine mesh, revealing the
presence of ITA. Hydrogen bonds are shown as black dashed lines. In (d—g), immunoblotting and quantification curves are shown at the top and
bottom, respectively. Error bars stand for mean + std, n = 3.

hBCAT2-ITA clearly showed that hBCAT2 forms a dimer and in
each monomer, one molecule of itaconate was observed to
directly bind to the pocket which was normally occupied by its
native substrate, a-ketoglutarate. Specifically, itaconate formed
several strong hydrogen bonds with hBCAT2 residues,
including the sidechain phenol hydroxyl groups of Tyr168 from
one monomer and Tyr97 from the other monomer, the side-
chain guanidino group of Arg170, as well as the backbone
amino group of Ala341. In addition, Phe102, Tyr234 and the
cofactor pyridoxal phosphate (PLP) were involved in hydro-
phobic/van der Waals interactions with itaconate. Two water
molecules were observed in the pocket, which also mediated

© 2025 The Author(s). Published by the Royal Society of Chemistry

a network of hydrogen bonds between itaconate and hBCAT2
residues. Together, all these data unambiguously supported
that itaconate can non-covalently bind to hBCAT2.

Inhibition of the transaminase activity of BCAT2 by ITA

Given that itaconate and a-ketoglutarate shares the same
binding pocket in BCAT2, we next investigated how the non-
covalent binding of itaconate could regulate BCAT2's activity.
Theoretically, BCAT2 is able to catalyze both the forward reac-
tion and reverse reaction of the BCAAs-BCKAs conversion. To
evaluate the activity of BCAT2, we used VAL and AKG as the

Chem. Sci., 2025, 16, 13838-13846 | 13841
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Fig. 3 ITA inhibits transaminase activity of BCAT2 and regulates BCAA catabolism. (a) ITA inhibited only the forward transamination reaction
catalyzed by BCAT2. VAL and AKG were used as the substrates for the forward reaction, while KIV and GLU were used for the reverse reaction.
GLU and AKG intensity was determined using LC-MS to reflect the activity of the two reactions. (b) Higher ITA/AKG ratios resulted in stronger
inhibition of BCAT?2 by ITA. (c and d) Exogenous ITA inhibited the transaminase activity of BCAT in living RAW 264.7 cells as measured by the levels
of BCAAs and BCKAs as well as their ratios. (c) Conversion from VAL to KIV. (d) Conversion from LEU + ILE to KIC + KMV. (e and f) Endogenous ITA
inhibited the transaminase activity of BCAT in living RAW 264.7 cells upon LPS stimulation. Levels of BCAAs and BCKAs were quantified by LC-MS
and their ratios were calculated to reflect the transaminase activity of BCAT. The inhibitory effects were eliminated in the Acodl knockout cell
lines and could be rescued again by adding exogenous ITA. (e) Conversion from VAL to KIV. (f) Conversion from LEU + ILE to KIC + KMV. In (a—f),
the results are from three independent experiments. *p < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical differences were
determined by ordinary one-way ANOVA.
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substrates for measuring the forward reaction, and KIV and
GLU as the substrates for measuring the reverse reaction. 10
mM itaconate was incubated with the purified mBCAT2 and
corresponding substrates at 37 °C for 1 hour. The relative
activity of mBCAT2 was determined by quantifying the amount
of glutamate or a-ketoglutarate generated by the forward or
reverse reaction using LC-MS. The results showed that itaconate
could inhibit the forward activity of BCAT2 but did not affect
that of the reverse reaction (Fig. 3a). With regard to the forward
reaction, we also observed that a higher ITA/AKG ratio could
result in more obvious inhibition (Fig. 3b), which indicated
a model where itaconate could compete with a-ketoglutarate to
inhibit activity of BCAT2. Detailed Michaelis-Menten kinetics
analysis in vitro revealed a K; value of 15.32 mM and a compet-
itive inhibition mechanism (Fig. S4t). Considering that the
local concentration of ITA might be higher in mitochondria, it is
possible that BCAT2 will be inhibited in macrophages upon
activation.

Interestingly, itaconate hardly changed the transamination
activity of BCAT1 (Fig. S5at), which is a cytosolic isoform of
BCAT?2, highlighting the unique isoform selectivity of itaconate
against these two functionally similar enzymes. Consistent with
this observation, purified BCAT1 did not show a thermal shift
upon ITA incubation either (Fig. S5bt). To clarify this selectivity,
the published structure of hBCAT1 (PDB: 7NWA) and our
hBCAT2 were aligned for comparison. We noticed a different
loop region outside the binding pocket (Pro192-Tyr193 in
hBCAT1 and Ala199-Tyr200 in hBCAT2) (Fig. S6t) that may
cause the selectivity of itaconate; however, a detailed structural
study is necessary to fully explain this isoform selectivity.

We then investigated if the inhibition of BCAT2 by itaconate
could also occur in living cells. RAW 264.7 cells were treated
with 10 mM itaconate for 12 hours as in a previous study,* and
the cellular metabolome was extracted using 80% methanol.
The relative abundance of BCAAs, BCKAs, glutamate and o-
ketoglutarate was quantified by LC-MS and the ratios of the
corresponding BCKAs/BCAAs were calculated to reflect the
transamination activity of BCAT. As expected, we observed
a decreased level of BCKAs and an increased level of BCAAs after
itaconate treatment, suggesting that itaconate could indeed
inhibit BCAT's activity and interfere with BCAA metabolism in
living cells (Fig. 3c and d). Surprisingly, we noticed that the level
of AKG was also decreased after itaconate treatment (Fig. S77).
This change might be caused by other influenced proteins in
the AKG metabolism such as IDH3a, which is an AKG synthase
and was identified as an ITA target in our TPP data.

As itaconate is significantly up-regulated during pathogen
inflection and inflammation, we next examined the alteration of
BCAT activity and BCAA metabolism in lipopolysaccharide (LPS)
activated macrophages. When macrophage cells were treated
with 100 ng per mL LPS for 12 hours, the expression of Acod1
was promoted, resulting in the elevated production of endoge-
nous itaconate as expected. To confirm that the inhibitory effect
was solely dependent on itaconate, we also knocked out Acod1
in macrophages (“sgACOD1”) by using CRISPR-Cas9,* which
effectively eliminated the cellular production of itaconate under
LPS induction in comparison with the control cells (“sgNC”)
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(Fig. S8f). Along with the accumulation of itaconate, the
forward activity of BCAT in the sgNC cells dropped, resulting in
the reduction of KIV and accumulation of VAL (Fig. 3e and f).
Satisfyingly, the change in BCAAs and BCKAs as well as the
inhibited activity of BCAT was no longer observed in the sgA-
COD1 cells upon stimulation by LPS and the trend was reversed
by adding exogenous itaconate to inhibit the activity of BCAT
again (Fig. 3e and f). Collectively, these results indicated that
itaconate generated by Acod1 was the key metabolite for regu-
lating BCAT's activity and BCAA metabolism in LPS-activated
inflammatory macrophages.

Conclusions

As one of the key immunoregulatory metabolites in macro-
phages, itaconate can bind to pivotal proteins to regulate their
functions and associated biological processes. Here, we
successfully identified itaconate-interacting proteins in macro-
phages by thermal proteome profiling, which provided more
hints for deciphering the versatile functions of itaconate.

As chemical derivation would alter the natural reactivity of
itaconate”*’ and might prevent the formation of hydrogen
bonds with amino acids in specific binding pockets of
targets,"*** it is crucial to identify its targets using the unmod-
ified molecules. While we have identified both non-covalent and
covalent targets of itaconate with using TPP in this study, other
advanced proteomic strategies such as LIP-MS,** TRAP,*
ipHSA® and PELSA* would also be valuable for the identifica-
tion and cross-validation of more itaconate targets, which will
help overcome the problem of both false-positive and false-
negative targets by the inherent limitation of TPP. In addition,
while we attempted to distinguish non-covalent targets by
comparing with the ITalk-captured itaconation targets'® for
simplicity, highly specific antibodies or probes are still highly
desired to directly capture endogenous itaconation proteins at
the proteome level. Given that itaconate binds to the BCAT2's
pocket and is unlikely to be converted due to the lack of the a-
keto acid moiety, it might be interesting to perform comparative
profiling of itaconate with similar dicarboxylate metabolites to
characterize their overlapping and unique interactome land-
scapes in living cells.

Subsequent functional research is also needed to focus on
investigating in depth the biological impact of the BCAT2-ITA
interaction. Non-covalent binding mode is often associated
with reversible inhibition, which means that the inhibition on
BCAT might vary depending on the level of itaconate during the
inflammation or infection process. Additionally, recent studies
also showed that BCAAs and BCAKs have different immune
regulatory roles.***** Therefore, a systematic investigation
might be required to better understand the relation between
BCAT2-ITA interaction and inflammation. Furthermore, BCAA
metabolism is also reported to be linked to fatty acid metabo-
lism and B-oxidation.*® These two crucial biological processes
have been shown to be regulated by itaconate, which results in
a weight-reducing effect in the obese mouse model."” Hence, it
is reasonable to speculate that there is a link between this
BCAT2-ITA interaction and the weight-reducing effect. We
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envisage that the chemoproteomic study presented here will
offer valuable resources and novel clues to study itaconate-
interacting proteins to better understand the versatile functions
of this intriguing immunoregulatory metabolite.
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