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Altered metabolite levels can drive epigenetic changes critical

to development and disease. However, in many cases the

specific protein–metabolite interactions that underlie this

process remain enigmatic. In this review, we make the case

that this fundamental missing information may be discovered

by applying the tools of modern drug target validation to study

endogenous metabolite pharmacology. We detail examples in

which chemical proteomics has been applied to gain new

insights into reversible and covalent metabolite signaling

mechanisms, using acetyl-CoA and fumarate as case studies.

Finally, we provide a brief survey of nascent chemical biology

methods whose application to the study of endogenous

metabolite pharmacology may further advance the field.
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Introduction
Cancer genome sequencing has specified mutation of

chromatin-modifying enzymes as a central mechanism

of tumorigenesis [1]. The identification of small mole-

cules that can rebalance aberrant epigenetic signaling

thus represents a major focus of oncology research [2].

Related to mutations and molecules, a third mechanism

that can regulate epigenetic signaling in cancer is metab-

olism [3��,4��,5��]. For example, in 2009 several groups

discovered conserved driver mutations in isocitrate dehy-

drogenase (IDH1/2) genes associated with glioblastoma

and acute myeloid leukemia (AML) [6�]. Functional

studies revealed mutant IDH aberrantly produces an

‘oncometabolite,’ (R)-2-hydroxyglutarate (2-HG), that
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can competitively inhibit Fe(II)-a-ketoglutarate (KG)

dioxygenases involved in epigenetic regulation. Driver

mutations in IDH and TET2, an a-KG-dependent epige-

netic tumor suppressor, are mutually exclusive in a subset

of AML patients [7]. This implies that overproduction of

2-HG can phenotypically mimic mutational inactivation

of a chromatin-modifying enzyme, and provides a power-

ful demonstration of the ability of metabolism to fuel

epigenetic mechanisms of disease.

There are now many studies (see Refs. [3��,4��,5��] for

reviews), in which changes in the steady-state levels of

metabolites have been correlated with altered histone

and DNA modifications (Figure 1). These two processes

are linked by endogenous metabolite pharmacology: the

ability of metabolites to alter protein activity via revers-

ible and covalent interactions. These pharmacological

interactions are analogous in nature to those that small

molecule drugs make with their targets, but also have

many distinct features that make their unbiased charac-

terization uniquely challenging. Because of this, many of

the seminal studies of metabolic regulation of epige-

netics have lacked a systematic determination of the

protein–metabolite interactions that govern this process,

particularly in living cells. In this review, we highlight

the importance of this fundamental missing knowledge,

and its potential for discovery by studying metabolites as

ligands using chemical proteomics.

Why study endogenous metabolite
pharmacology?
The example of IDH1/2 not only demonstrates the

power of endogenous metabolite pharmacology, but also

highlights some challenges in the study of this phenom-

enon. For instance, the mutual exclusivity observed

between IDH1/2 and TET2 mutations in AML does

not extend to solid tumors driven by mutant IDH,

including glioblastoma [6�]. This implies that in these

tissues, 2-HG may engage a more complex target profile

to spur tumorigenesis. Furthermore, while the genetic

linkage of IDH and TET2 suggests this chromatin

modifier may be a functional target of 2-HG in AML,

biochemical studies have found the 2-HG is a poor

inhibitor of TET2 relative to other Fe(II)-2-KG dioxy-

genases [8]. This raises the possibility that 2-HG may

target a pathway (or set of pathways) that are redundant

with TET2, rather than TET2 itself. One class of

plausible alternative targets are Fe(II)-2-KG-utilizing
www.sciencedirect.com

mailto:jordan.meier@nih.gov
http://www.sciencedirect.com/science/journal/13675931/51
https://doi.org/10.1016/j.cbpa.2019.07.002
https://doi.org/10.1016/j.cbpa.2019.02.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2019.02.002&domain=pdf
http://www.sciencedirect.com/science/journal/13675931


Epigenetic regulation by endogenous metabolite pharmacology Kulkarni, Montgomery and Meier 31

Figure 1
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Examples of endogenous metabolites that have been postulated to exert pharmacological effects on epigenetic enzymes in the nucleus, and their

validated or proposed biological targets.
lysine demethylases [9�]. Indeed, 2-HG accumulation

has been correlated with hypermethylation of histones as

well as DNA. However, it cannot be ruled out that

this correlation may result from 2-HG’s interaction

with unexpected mechanistic effectors, for example

transcription factors and RNA modifying enzymes,

whose modulation may influence histone modifications

indirectly [10,11].

There is little doubt that metabolites pharmacologically

interact with chromatin modifiers. However, the correla-

tive studies described above imply rather than demon-

strate this interaction, and contrast sharply with how

drugs targeting chromatin modifiers are characterized.

For these synthetic agents, gold-standard validation

includes in vivo assessment of target occupancy [12��]
as well as rescue of the inhibitor-driven phenotype with a

drug-resistant allele [13��]. Applying similar approaches

to define the specific targets of endogenous metabolite

pharmacology represents a vital objective that has the

potential to powerfully influence our understanding of

the etiology and treatment of human disease. From the

perspective of chemoprevention, identifying new links

between metabolism, a controllable environmental input,

and oncogenic gene expression may offer novel avenues

for nutritional intervention. From the perspective of

therapy, a knowledge of the functional targets of
www.sciencedirect.com 
metabolites may provide new insights into the optimal

metabolic contexts for cancer therapy, and facilitate the

identification of unexpected collateral vulnerabilities

[14]. Finally, it is important to note that unlike

protein–drug interactions, which affect a subset of

humans during treatment of disease, protein–metabolite

interactions impact each and every living organism from

fertilization until death. This fact underscores the need

for the continued innovation of new approaches to define

endogenous metabolite pharmacology, including (but not

limited to) chemical proteomics.

Metabolite pharmacology versus drug
pharmacology
In considering the application of chemical proteomic

methods to study protein–metabolite interactions, it

is important to consider several distinct properties of

metabolites (Figure 2):

� Metabolites are polypharmacological: Metabolites have

co-evolved to interact with multiple cellular enzymes.

Therefore, these molecules are expected to be inher-

ently less specific than highly optimized small mole-

cule drugs (Figure 2a). A less intuitive counterpoint

is that metabolites may be more specific than

highly promiscuous, synthetic pan-assay interference
Current Opinion in Chemical Biology 2019, 51:30–39
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Figure 2
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Comparing the pharmacology of drugs and metabolites. (a) Many

drugs are designed to target a small number of proteins, while

metabolites are polypharmacological and target many proteins. (b)

Most drugs act via a single mechanism (e.g. competitive inhibition),

while metabolites often facilitate multiple mechanisms functioning as

cofactors/substrates, inhibitors, and allosteric modulators of protein

function. (c) Drugs are designed to possess high affinity and fully

occupy their protein target, while metabolites often make weak

interactions and exhibit partial active site occupancy. (d) Drugs are

cell-permeable and can be studied via quantitative dose-response

profiling, while metabolites are membrane impermeable and often

exhibit disparate concentrations in different subcellular compartments.
compounds [15], upon whom no evolutionary pressure

for restricted human enzyme interaction has acted.

� Metabolites are polymechanistic: In addition to target

promiscuity, metabolites also display mechanistic
Current Opinion in Chemical Biology 2019, 51:30–39 
promiscuity. While synthetic drugs exert their activity

through a single mechanism (e.g. competitive inhibi-

tion), most pharmacologically active metabolites inter-

act with enzymes via multiple mechanisms (Figure 2b).

For example, acetyl-CoA can act as an enzyme cofactor,

a competitive inhibitor, an allosteric inhibitor, and a

covalent modifier.

� Metabolites make weak interactions: Most small mole-

cule drugs have been optimized for potency and exert

their effects at nanomolar to micromolar concentra-

tions. In contrast, many metabolites interact with

enzymes that utilize them as cofactors with only

modest (micromolar) affinity, and may not exert phar-

macological effects on physiologically relevant off

targets until they accumulate to millimolar levels

(e.g. 2-HG; Figure 2b).

� Metabolites are not drug-like: Most small molecule

drugs have been developed keeping in mind

Lipinski’s ‘Rule of Five,’ which aims to optimize

pharmacological activity by limiting molecular weight

(<500 Da), polar atoms, ionizable functional groups,

and lipophilicity. These physical properties of drugs

contrast with those of endogenous metabolites, whose

elevated polarity and lipophilicity help limit their

extracellular diffusion and enable subcellular

compartmentalization (Figure 2d). Related to this lack

of drug-likeness is the fact that while synthetic

molecules are often optimized to limit metabolism,

metabolites by their very nature are rapidly turned

over and converted into other substances.

These unique features greatly impact both the technical

implementation of chemical proteomic studies of metab-

olites, as well as what may be learned from them (note: in

this section we use the technical terms ‘competitive’ and

‘in situ’ chemoproteomics, which are excellently defined

elsewhere [12��]). For instance, the polar nature of many

metabolites limits their cellular uptake, which can

impede assessment of their protein targets by direct or

competitive in situ chemoproteomic methods. While

steady-state levels of metabolites can be increased by

the use of cell-permeable metabolite analogues [16],

these agents do not recapitulate the subcellular localiza-

tion of metabolites, which can drastically affect the

concentration at which these ligands are presented to

cellular proteins. Furthermore, all chemical proteomic

methods report only on a fixed range of ligand-protein

binding affinities, the lower limit of which is not well-

defined. This raises the possibility that functional

protein–metabolite interactions may not be detected

due to methodological bias (‘false negative problem’).

Most importantly, the polypharmacological nature of

metabolite–protein interactions changes the nature of

what may be learned from their characterization. Unlike

studies of drugs, chemoproteomic profiling of metabolite

pharmacology is unlikely to identify a single protein

target critical to a cellular phenotype. Instead, these
www.sciencedirect.com
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studies benchmark the scope of the ligandable proteome

accessible to a given metabolite, and (potentially) high-

light new biological processes which it may functionally

intersect [17]. The value of endogenous metabolite

pharmacology may be considered in some ways analo-

gous to that of target identification efforts for promiscu-

ous ligands (e.g. electrophiles and pan-assay interference

compounds) which emerge from phenotypic screening

campaigns. For such compounds, evidence of target

engagement does not mean the molecule is necessarily

a specific or optimizable probe of a protein; instead,

flipping the target elucidation paradigm on its head, it

suggests the protein target can provide a window into the

polypharmacology of the small molecule ligand, as well

as new insights into its biological activity [18,19]. To

illustrate these tactical considerations, as well as insights

that can arise from studies of endogenous metabolite

pharmacology, here we review our recent chemoproteo-

mic investigations of two cancer metabolites: acetyl-CoA

and fumarate.

Acetyl-CoA: a central metabolite linking
metabolism and epigenetics
Acetyl-CoA is a central metabolite that plays a critical role

in epigenetic signaling, serving as the requisite cofactor

for lysine acetyltransferase (KAT)-catalyzed histone

acetylation. Wellen et al. first discovered that production

of glucose-derived acetyl-CoA by the metabolic enzyme

ATP-citrate lyase (ACLY) was required for histone acet-

ylation, as well as acetylation-dependent transcriptional

programs necessary for adipocyte differentiation [20�].
This ‘glucose-to-gene link’ established one of the first

direct connections between metabolism and epigenetic

signaling. Subsequent studies expanded on the role of

this link in disease, most notably when it was found that

Warburg cancer metabolism (driven by Akt signaling)

could drive high levels of nucleocytosolic acetyl-CoA,

stimulating histone acetylation and pro-proliferative gene

expression [21]. By implicating acetyl-CoA as a central

node linking cellular bioenergetics and growth signaling,

these studies provided strong motivation for analyses of

this metabolite’s reversible and covalent pharmacological

targets.

Profiling reversible metabolite pharmacology
Chemoproteomic discovery of novel endogenous KAT

inhibitors

An intuitive explanation for the link between acetyl-

CoA and histone acetylation is that acetyl-CoA can

become rate-limiting for KATs. Supporting this possi-

bility, simultaneous siRNA-based depletion of ACLY

and a non-essential KAT (GCN5) was found to result in

redundant and non-additive decreases in histone

acetylation [20�]. Complicating this view are biochemical

studies, which have shown that most KATs are

kinetically saturated by acetyl-CoA at concentrations

(Km �0.5–5 mM) far below its estimated cellular levels
www.sciencedirect.com 
(�20–200 mM) [5��,22]. Furthermore, mutations in yeast

GCN5 that increase the enzyme’s intrinsic acetyl-CoA

binding affinity do not alter the responsiveness of

histone acetylation to yeast metabolism [23]. These

findings have led to the hypothesis that rather than

being rate-limiting in itself, acetyl-CoA may promote

acetylation by alleviating the inhibition of KATs by

endogenous metabolites [5��,21]. However, efforts to

understand the specificity of this mechanism, that is

what metabolic pathways communicate with KATs by

producing endogenous inhibitors, and what specific

effectors of acetylation are conditionally regulated

by this process, have been hindered by a lack of

methods for the high-throughput biochemical analysis of

KAT–acetyl-CoA interactions.

To address this challenge, our group recently developed a

chemical proteomic approach to study acetyltransferase

enzymes [24]. This method applies active site probes in

which the acetyl-CoA cofactor is covalently linked via a

thioether functionality to a lysine substrate surrogate.

These molecules act as bisubstrate inhibitors of KAT

enzymes, and were pioneered by Cole et al. as tools for the

biochemical and structural analysis of KATs. When

immobilized on streptavidin beads, this affinity matrix

reports on the occupancy of the acetyl-CoA-binding

active site of KATs and KAT complexes in their endog-

enous proteomic context. In the first application of this

tool to study metabolite pharmacology, they were used to

identify novel endogenous inhibitors of KATs [25��].
These studies were inspired by the fact that cells contain

a diverse repertoire of metabolic acyl-CoAs (i.e. malonyl-

CoA, succinyl-CoA, and palmitoyl-CoA), whose concen-

tration reflects the activity of specific metabolic pathways.

We hypothesized that if KATs were capable of physically

interacting with these molecules, it could provide a novel

avenue to integrate changes in metabolism with epige-

netic signaling. To explore this phenomenon, we applied

a competitive chemoproteomic approach to study the

interaction of a small panel of physicochemically diverse

metabolic acyl-CoAs with three KATs: GCN5, PCAF,

and MOF. As expected, the known cofactor acetyl-CoA

and feedback inhibitor CoA efficiently blocked chemo-

proteomic capture of all three enzymes, consistent with

its ability to strongly interact with KATs. An unexpected

finding was that capture was also strongly antagonized

by palmitoyl-CoA, a long-chain fatty acyl-CoA [25��].
In-depth biochemical studies revealed that a variety of

long-chain and short-chain fatty acyl-CoAs could act as

inhibitors of KAT enzymes, and led to the characteriza-

tion of palmitoyl-CoA as the most potent endogenous

KAT inhibitor discovered to date. Structural analysis of

GCN5 indicate this likely reflects the ability of these fatty

acyl-CoAs to act as endogenous bisubstrate inhibitors, in

which anchoring of the CoA moiety in the KAT cofactor

binding site competes with acetyl-CoA, while the fatty

acyl chain sterically occludes productive substrate
Current Opinion in Chemical Biology 2019, 51:30–39
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binding and acyl transfer [25��,26]. This is significant

because relatively few KATs have been shown to use

elongated acyl-CoAs as cofactors [27], which suggests

inhibition may be the most widespread mechanism by

which acyl-CoA metabolites influence KAT activity.

Evidence indicates this pharmacological mechanism of

KAT inhibition can also be accessed by non-steroidal

anti-inflammatory drugs (NSAIDs) that form acyl-CoA

metabolites, including salicylate and ibuprofen [28,29].

Consistent with these kinetic and structural studies,

treatment of cells with fatty acid and NSAID-CoA

precursors downregulates histone acetylation [25��,28].
Furthermore, in mice fed high-fat diet, H3K9 histone

acetylation was more well correlated with the ratio of

acetyl-CoA:(iso)butyryl-CoA than any other CoA metab-

olite, consistent with the model that short chain fatty

acyl-CoAs can act as functional competitive metabolites

in vivo [30�]. These studies illustrate how understanding

the pharmacological properties of acyl-CoA metabolites

can aid in the prediction of epigenetic responses to

metabolic stimuli.

Chemoproteomic discovery of novel metabolically

sensitive acetyltransferases

The above studies expanded our knowledge of the

metabolic cues sensed by chromatin modifiers; however,

one limitation was their exclusive focus on histone

acetyltransferase enzymes. An unexamined question was

whether endogenous metabolite pharmacology may act on

other effectors of acetylation, and thus serve to link novel

signaling pathways to acetyl-CoA and the metabolic state of

the cell. According to previous biochemical studies [22], we

hypothesized that metabolically sensitive acetyltrans-

ferases may be identifiable based on a unique pharmaco-

logical signature: specifically, we would expect them to

display relatively high affinity for CoA, a feedback

metabolite elevated under conditions of bioenergetic

stress, relative to acetyl-CoA, the enzymatic cofactor. To

test this hypothesis, we developed a second-generation

chemoproteomic probe capable of broad-spectrum

profiling of acetyltransferase activity (Figure 3a) [31��].
Using dose-dependent competition and immunoaffinity

profiling, we quantified the relative acetyl-CoA and CoA

binding affinity of four histone acetyltransferases (GCN5,

PCAF, MOF, and HAT1), two N-terminal acetyltrans-

ferases (NAA10, NAA50), one non-histone lysine acetyl-

transferase (ESCO1), and an RNA acetyltransferase

(NAT10). A critical technical aspect of this study was its

focus on the relative acetyl-CoA versus CoA binding

affinity. This provides an internal control which accounts

for biases created by differential binding of the affinity

matrix to the active sites of individual acetyltransferase

enzymes. Applying this strategy, we discovered that

cellular acetyltransferases display a broad range of pharma-

cological interaction with the metabolic feedback inhibitor

CoA. Among histone acetyltransferases, GCN5 and PCAF

were found to interact most strongly with CoA relative to
Current Opinion in Chemical Biology 2019, 51:30–39 
acetyl-CoA. This served as an important control, as

previous biochemical studies have found GCN5 family

acetyltransferases to be susceptible to metabolic feedback

inhibition [22,23]; chemoproteomic methods now allowed

this result to be recapitulated for the first time in an

endogenous proteomic context. Also identified in this

metabolically sensitive subset was NAT10. NAT10 is a

relatively uncharacterized enzyme that has been recently

found to acetylate RNA cytidine residues [32]. This

posttranscriptional modification forms the minor nucleo-

base N4-acetylcytidine, which has thus far been character-

ized in ribosomal RNA, transfer RNA, and messenger RNA

[33,34]. Biophysical studies of recombinant NAT10 found

the enzyme binds acetyl-CoA and CoA with similar affinity,

consistent with its potential for metabolic feedback

regulation. Subsequent studies in model organisms have

found that nutrient stress reduces N4-acetylcytidine levels

in RNA [35]. It is important to note that in addition to

interaction with endogenous feedback metabolites, other

mechanisms may also contribute to the metabolic regula-

tion of NAT10, including SIRT1-mediated deacetylation

[36]. Overall, these studies showcase how chemoproteomic

studies of endogenous metabolite pharmacology can

identify new metabolically sensitive enzymes within

uncharacterized members of large enzyme superfamilies,

and suggest NAT10 may constitute a novel enzymatic

activity linking acetyl-CoA to the epitranscriptome.

Profiling covalent metabolite pharmacology
Chemoproteomic profiling of non-enzymatic acetylation

Lysine acetylation is a unique posttranslational modifica-

tion in that it can arise from both enzymatic and non-

enzymatic mechanisms. Specifically, a number of studies

have shown the innate electrophilicity of the acetyl-CoA

cofactor can cause spontaneous acetylation of nucleo-

philic protein lysine residues [37]. This pharmacological

mechanism is intrinsically metabolically regulated, as it is

a bimolecular reaction whose kinetics are controlled by

cellular acetyl-CoA concentrations. Non-enzymatic acet-

ylation could constitute an ancient and direct mechanism

for proteins to respond to fluctuating acetyl-CoA levels or,

alternatively, a covalent history of cell metabolism.

However, a significant obstacle to exploring the covalent

pharmacology of acetyl-CoA is that enzymatic and

non-enzymatic acetylation events are chemically indis-

tinguishable. To address this challenge, our laboratory

developed a reactivity-based approach to characterize the

proteome-wide targets of non-enzymatic acetylation

[38��]. The design of this approach was inspired by

structural studies of KATs, which have observed that

molecular recognition of acetyl-CoA and the reactive

thioester moiety are often spatially sequestered. This

suggested a straightforward strategy whereby structurally

truncated acyl-CoA cofactors would not be recognized by

KATs, but would retain acyl-CoA thioester reactivity,

allowing them to be used as surrogate reporters of

non-enzymatic acetylation (Figure 3b). Model studies
www.sciencedirect.com
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Figure 3
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Profiling the pharmacology of the central metabolite acetyl-CoA. (a) Chemoproteomic probe of reversible acetyl-CoA/protein interactions. (b)

Chemoproteomic probe of covalent acyl-CoA/protein interactions. (c) Diverse signaling functions of acyl-CoA metabolites. Pro-acetylation

signaling functions (green): Acetyl-CoA produced from dietary glucose forms acetyl-CoA, which can free KATs as well as non-lysine

acetyltransferases from feedback inhibition by CoA and other acyl-CoA metabolites. Acetyl-CoA carboxylase (ACC) enzymes in the cytosol convert

acetyl-CoA to malonyl-CoA, a hyperreactive acyl-CoA which can facilitate non-enzymatic acylation in the cytosol and nucleus. Short chain fatty

acids such as butyrate derived from the microbiome can bolster these effects by inhibiting HDACs. Anti-acetylation signaling functions (red): Long-

chain and short-chain fatty acids are converted by acyl-CoA synthetases (ACS enzymes) into acyl-CoAs that can act as endogenous inhibitors of

KAT enzymes. Long-chain fatty acids can also act as activators of sirtuin (SIRT) deacetylase enzymes. The use of alternative acyl-CoA (e.g.

crotonyl-CoA) as substrates by the KAT p300 is not depicted for brevity.
showed a truncated thioester incorporating an alkyne was

not utilized as a cofactor by KAT enzymes, and enabled

reactivity-dependent proteome labeling that was com-

peted by native thioester metabolites such as acetyl-CoA

[38��]. Proteomic profiling using a panel of cancer cell

lines led to the recurrent identification of several glyco-

lytic proteins as targets of non-enzymatic acetylation,

including GAPDH. Considering the diversity of thioester

metabolites, we profiled a series of cytosolic acyl-CoAs for

their ability to biochemically inhibit GAPDH and found

malonyl-CoA to be a potent, time-dependent, and

irreversible inhibitor of the enzyme. Mechanistic studies

revealed that malonyl-CoA’s potent inhibition stems from
www.sciencedirect.com 
its increased reactivity relative to acetyl-CoA, which

favors more rapid covalent protein modification. Consis-

tent with this model, we found the mitochondrial metab-

olite succinyl-CoA exhibits even greater reactivity than

malonyl-CoA, which correlates with increased covalent

labeling and enzyme inhibition. Concurrently with our

studies, Hirschey et al. also discovered that reactive

acyl-CoA species formed in the mitochondria can mediate

rapid non-enzymatic acylation and covalent enzyme inhi-

bition, providing critical cross-validation of this finding

[39��]. Finally, our group showed that covalent metabolite

pharmacology can be directly manipulated using cell-

permeable malonylation reagents. Direct electrophilic
Current Opinion in Chemical Biology 2019, 51:30–39
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stimulation allows the effects of malonyllysine on targets

such as GAPDH and mTOR to be studied, while avoiding

the ancillary metabolic effects of FASN inhibition

[38��,40]. These studies demonstrate the ability of

reactivity-based chemoproteomics to provide new

insights into the covalent pharmacology of acyl-CoA

metabolites, and provide a set of endogenous posttrans-

lational modifications (lysine malonylation and lysine

succinylation) that can be used to monitor non-enzymatic

acylation in the cytosol and mitochondria. More broadly,

these inquires have formed the basis for new polymecha-

nistic models describing how nutrient-derived acyl-CoAs

and acyl-CoA precursors modulate the balance of

macromolecular acetylation (Figure 3c).

Chemoproteomic profiling of a covalent oncometabolite:

fumarate

Another disease-relevant example of covalent metabolite

pharmacology occurs in the genetic cancer susceptibility

syndrome hereditary leiomyomatosis and renal cell

carcinoma (HLRCC). In this disorder, mutations in the

primary metabolic enzyme fumarate hydratase (FH)

cause the TCA cycle metabolite fumarate to accumulate
Figure 4
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to supraphysiological levels (1–10 mM) [41]. Similar to

2-HG, fumarate has been found to reversibly inhibit Fe

(II)-KG-dependent dioxygenase enzymes [5��]. These

reversible interactions were characterized in a recent

chemoproteomic study, which found fumarate to interact

strongly with the Fe(II)-KG-dependent RNA demethy-

lase METTL3 [42�]. Analagous to acetyl-CoA, fumarate

also harbors the capacity to react with proteins covalently,

forming the non-enzymatic posttranslational modification

S-succination (Figure 4a). This characteristic is unique

relative to other oncometabolites, and has been suggested

to contribute to the unique transcriptional profiles, tissue

specificity, and clinical prognosis exhibited by FH-defi-

cient tumors [43]. However, outside of a handful of

candidate targets (e.g. KEAP1), few covalent protein

targets of fumarate are known.

To better understand the pharmacological basis for

FH-dependent tumorigenesis, our group recently reported

a competitive chemoproteomic strategy to profile covalent

targets of fumarate [44��]. This approach uses a general

cysteine reactive affinity reagent (iodoacetamide alkyne) in

combination with isotopically labeled cleavable affinity tags,
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 catalytic activity and interruption of protein-protein interactions (PPIs).
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to quantitatively assesscysteineoccupancychangesacross the

proteome (Figure 4b), and has previously been powerfully

applied to study the polypharmacology of covalent kinase

inhibitors and reactive drug fragments [18]. To sample

changes in cysteine occupancy driven by pathophysiological

and subcellularly localized fumarate, we performed compara-

tive profiling of proteomes from FH�/� and FH-rescue

HLRCC cells that harbor high and low levels of fumarate,

respectively. An important aspect of these studies is that they

are mechanism-agnostic,  and can identify cysteine reactivity

changes driven by fumarate as well as other stimuli produced

by FH mutation, such as reactive oxygen species [45].

Applying this approach, we identified >100 cysteines whose

reactivity was altered greater than twofold upon FH mutation,

themajorityofwhichhadnotbeenpreviouslycharacterizedas

fumarate targets. These cysteines were distinct from those

identified in a recent chemical proteomic study of the

multiple sclerosis drug dimethyl fumarate (Tecfideria) [19],

highlighting the oncometabolite’s unique reactivity. A

surprising finding arose from flanking motif analysis and

comparison to legacy chemoproteomic datasets, which

revealed that FH-regulated cysteines were strikingly

anti-correlated with overall cysteine nucleophilicity. This

unique local sequence environment of FH-regulated

cysteines suggested that protonation of fumarate may

facilitate covalent reactivity. Kinetic analyses revealed that

in contrast to most electrophiles, fumarate displays elevated

thiol reactivity at acidic pH. This is consistent with a model in

which hydrogen fumarate, rather than fumarate, serves as a

covalent oncometabolite in HLRCC (Figure 4c) [44��]. The

conditional reactivity of fumarate offers an explanation for

why high levels of covalent S-succination are not observed in

healthy mitochondria, and suggests that FH inactivation may

collaboratewithmetabolic featuressuchastheWarburgeffect

in order to remodel the cellular cysteine-ome [41]. In addition

to this chemical insight, bioinformatic analyses specified

many FH-sensitive cysteines whose modification was

expected to alter protein function. In particular, an

FH-sensitive cysteine in SMARCC1 was found to lie at a

key protein–protein interface in the SWI–SNF complex.

Covalent modification of this residue may contribute to the

modest SWI–SNF dysfunction and FH-dependent EZH2

inhibitor sensitivity displayed by HLRCC cells. Overall,

these studies exemplify how chemoproteomics can provide

chemical and biological insights into metabolite function, and

suggest that in addition to inhibition of catalytic activity,

covalent metabolite pharmacology may play a role in the

functional regulation of protein–protein interactions in the

nucleus (Figure 4d).

Conclusion and future directions
Chemical proteomics provides one powerful approach to

characterize epigenetic regulation by endogenous

metabolite pharmacology. While we have focused in this

perspective on two metabolites that are known to alter

histone acetylation and methylation in the nucleus

(acetyl-CoA and fumarate), it is important to note that
www.sciencedirect.com 
chemoproteomic methods have been powerfully applied

to study the pharmacology of many other endogenous

molecules, including signaling lipids, polar metabolites,

and enzyme cofactors [17,46,47]. In the future, we envision

that the application of these tools to characterize additional

models of development and disease will lead to the identi-

fication of new intersections between metabolism and

epigenetics. In addition to generation of these datasets

another important goal will be integration in order to define

the relative scope of these metabolite–protein interactions,

that is, does a metabolite have 2000, 200, or 20 targets, and

where do different metabolites fall on this scale. Functional

analysis of these interactions also represents a daunting

task, with recent review articles offering some views on

potential routes forward [48�]. Finally, it is interesting to

project ahead and consider what other tools that have been

used to effectively characterize drug pharmacology may

provide useful insights into the metabolic regulation of

epigenetics. Label-free proteomic approaches such as

cellular thermal shift assay (CETSA) and limited

proteolysis-coupled mass spectrometry (LiP-MS) have

already proven complementary to affinity-based chemo-

proteomic methods for analysis of metabolite–protein

interactions [49��]. Genetically encoded biosensors [50],

chemical sensors [51,52], and bioluminescent reporters of

target engagement [53] may prove useful for studying

metabolite occupancy directly in cells. The continued

development of improved cell-permeable pro-metabolite

analogues [54], approaches to rapidly degrade metabolic

enzymes [55], and genetic methods for subcellular

metabolite depletion [56] will be necessary tools for

hypothesis testing, allowing targeted manipulation of

metabolite levels. An awareness that metabolite and drug

pharmacology are cut from the same cloth has the potential

to provide both methodological inspiration, as well as

biological illumination, within this rapidly expanding field.
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