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ABSTRACT: C646 inhibits the lysine acetyltransferases (KATs) p300 and CBP and represents the most potent and selective
small molecule KAT inhibitor identified to date. To gain insights into the cellular activity of this epigenetic probe, we applied
chemoproteomics to identify covalent targets of the C646 chemotype. Modeling and synthetic derivatization was used to develop
a clickable analogue (C646-yne) that inhibits p300 similarly to the parent compound and enables enrichment of bound proteins.
LC−MS/MS identified the major covalent targets of C646-yne as highly abundant cysteine-containing proteins, and follow-up
studies found that C646 can inhibit tubulin polymerization in vitro. Finally, we provide evidence that thiol reactivity of C646 may
limit its ability to antagonize acetylation in cells. These findings should enable a more precise interpretation of studies utilizing
C646 as a chemical probe of KAT activity and suggest that an underappreciated liability of electrophile-containing inhibitors is a
reduction in their cellular potency due to consumption by abundant protein and metabolite thiol sinks.
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Small molecule probes have provided valuable insights into
the role of chromatin-modifying enzymes in disease.1 For

example, the past five years have seen a transformation in our
knowledge of how BET bromodomains impact cancer and
other pathologies, primarily due to the development of tool
compounds that can be used to probe the function of these
proteins in cell and animal models.2,3 Lysine acetyltransferases
(KATs) are an epigenetic enzyme family that has been
comparatively recalcitrant to probe development. The most
potent, useful, and broadly applied probe of KAT activity is the
p300/CBP inhibitor C646 (Figure 1). C646 was identified by
Cole and co-workers using a virtual ligand screening approach.
These studies found that C646 inhibts p300 selectively in vitro
over other KATs and metabolic acetyltransferase enzymes.4

Substantial evidence indicates C646 can also inhibit p300
activity in cells. For example, Andrews and co-workers recently
showed that the biochemical effects of C646 on p300-catalyzed
histone acetylation accurately predict the manner in which
patterns of histone acetylation are affected by C646 in cells.5

C646 can be used to inhibit the p300/CBP-dependent histone
modification H3K27Ac, which has been used in imaging studies
to establish a causal role for histone acetylation in transcription
in living cells.6 Furthermore, C646 can selectively induce cell

death in leukemia cells containing the AML-ETO gene fusion,
which encodes a transcription factor whose activity is
dependent on p300/CBP KAT function.7,8

Recently there has been an increased interest in under-
standing the mechanisms and liabilities of pan-assay interfer-
ence compounds (commonly referred to as PAINS).9−11 C646
is a unique molecule because, while it has proven effects on
p300/CBP-mediated phenotypes in cells, it also has several
chemical features that would render it a PAIN.12,13 These
include a conjugated pyrazolone-furan, which is potentially
reactive with cellular nucleophiles, as well as an aromatic nitro
group, which could form reactive intermediates upon metabolic
reduction. Initial structure−activity relationships found that the
nitroaromatic group of C646 could be replaced by more
metabolically benign functionalities with little loss in potency.4

In contrast, the electrophilic conjugated pyrazolone-furan of
C646 was observed to be essential for p300 inhibition. This was
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hypothesized to be due to a requirement for planarity for the
molecule to bind the p300 active-site, supported by modeling
studies.3 Enzyme activity analyses suggest C646 does not
covalently modify p300. However, whether C646 possesses
covalent targets in a cellular context was not determined. This
inspired us to develop a chemical proteomic approach to
identify the covalent targets of the C646 pyrazolone-furan
chemotype, in order to better understand the cellular activity of
this KAT inhibitor and also gain insights into the major
liabilities of electrophilic tool compounds in cells.
Since a structure of the p300-C646 complex has not yet been

reported, we performed docking studies to facilitate the design
of our chemical proteomic probe (Figure 1b). The C646
carboxylate represents the most straightforward route for
derivatization of the parent molecule, and docking analyses
suggested its modification would weaken p300−C646 inter-
actions (deleting a hydrogen bond between the ligand and
enzyme) but still enable the molecule to adapt its putative
binding conformation in the KAT active site. This is also
consistent with structure−activity analyses of C646 performed
by Cole and co-workers.4 Therefore, we targeted the
carboxylate of C646 for modification with a propargylamide
moiety, providing a latent affinity handle to enable click
chemistry-based enrichment and visualization (Figure 1).14

Initial studies found that little or no product was formed when
attempting to directly couple C646 and propargylamine using
traditional coupling reagents (EDC, PyBOP). However, in situ
formation of the C646 mixed anhydride, using isobutylchlor-
oformate/N-methylmorpholine, followed by addition of excess
propargylamine, afforded the product (C646-yne, 1) in yields
sufficient for further analysis (Scheme S1). With probe 1 in
hand, we first compared the ability of C646 and its
bioorthogonal analogue 1 to inhibit p300 activity in an
electrophilic mobility shift assay.15 As expected from docking
analysis, C646-yne inhibited p300, although more weakly than

the parent compound (C646 IC50 = 6.8 μM, CI95 = 5.6−8.4
μM; C646-yne 1 IC50 = 14.1 μM, CI95 = 12.2−16.3 μM)
(Figure 1c). This indicates C646-yne retains the key features of
C646 required for KAT inhibition.
Next, we performed gel-based labeling experiments to assess

whether C646-yne 1 possessed covalent targets in cellular
settings (Figure 2). C646-yne (5−50 μM) was incubated with

HEK-293 cell lysate for 16 h, followed by conjugation to a
fluorescent azide using copper-catalyzed [3 + 2] cyclo-
addition.14 These reactions were quenched with loading buffer
(without boiling, to avoid artifactual labeling) separated by
SDS-PAGE and assessed for covalent labeling by fluorescence
imaging. Incubation with C646-yne resulted in the dose-
dependent fluorescent labeling of HeLa proteomes (Figure 2).
Of note, the click chemistry step and SDS-PAGE procedure
used for protein visualization in these experiments are strongly
denaturing,16 and the labeling of proteins under these
conditions is therefore indicative of irreversible covalent, rather
than reversible covalent, labeling.17 Labeling was competed by
preincubation of proteomes with iodoacetamide, suggesting it
was cysteine directed (Figure S1). Also consistent with covalent
cysteine labeling, upon prolonged (24 h) incubation we
identified formation of a stable C646-cysteine adduct by LC−
MS (Figure S2). Finally, C646-yne was found to strongly label
bovine serum albumin (BSA), a cysteine-rich protein. These
studies suggest the pyrazolone-furan of C646 is an electrophilic
chemotype capable of irreversible protein reactivity.
To identify specific covalent protein targets of C646-yne, we

next performed a similar experiment, again incubating cell
lysates with probe 1 (20 μM), but this time using click
chemistry to conjugate a biotin azide to labeled proteins
(Figure 3). Probe-labeled samples were desalted, enriched on
streptavidin beads, subjected to on-bead tryptic digest, and
analyzed by LC−MS/MS.15 Consistent with the strong gel-
based labeling of proteins between 40 and 60 kDa, we identified
several proteins in this size range as strongly enriched. Notably,
the five most enriched proteins were different chains of the
abundant cytoskeletal protein tubulin. Other proteins that were

Figure 1. Design of a clickable C646 analogue. (a) Structure of C646
and C646-yne 1. (b) Docking of C646 and C646-yne to a structure of
p300 (PDB: 3BIY) suggests the two molecules can adopt a similar
conformation in the KAT active site. C646, blue; C646-yne 1, gold. (c)
Relative in vitro inhibition of p300-catalyzed acetylation by C646 and
clickable analogue C646-yne (1).

Figure 2. (a) Schematic for analyzing protein targets of C646-yne (1).
(b) C646-yne labeling of HEK-293 cell proteome and BSA. Full gels
for C646-yne labeling are provided in the Supporting Information,
Figure S1.
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highly enriched (>15 spectral counts, >4-fold enrichment
relative to control) include elongation factor 1-alpha, the heat
shock protein HSP60, and the glycolytic enzyme 3-
phosphoglycerate dehydrogenase (Figure 3). Seven of the top
ten proteins enriched have been identified as containing
hyperreactive cysteines in proteomic studies.18 Whole pro-
teome surveys indicate tubulins, heat shock proteins, and
elongation factors are among the most abundant proteins in the
cell.19 The three strongly enriched proteins that lack an
identified hyperreactive cysteine (TUBA8, TUBB2A,
TUBB4A) are all tubulin proteins, implying C646 reactivity
may possess a degree of recognition toward this protein class.
While we cannot rule out that lower abundance proteins
outside the scope of our detection method are also modified,
these studies suggest that the major targets of C646-yne
reactivity are abundant cellular proteins containing reactive
cysteine residues.
To determine whether covalent labeling by the pyrazolone-

furan chemotype is capable of modulating protein function, we
next assessed the effects of C646 on tubulin polymerization.
Previous studies have shown that the reaction of tubulin with
electrophiles can reduce the rate of microtubule formation.20

Accordingly, porcine tubulin was assayed for polymerization in
the presence or absence of C646. We found C646 caused a
dose-dependent decrease in the rate of microtubule formation,
as well as a reduction in final polymer mass (Figure 4a).
Consistent with a covalent modification mechanism, these
effects required preincubation with C646 (Figure S3). Of note,
the concentrations at which C646 biochemically inhibits
tubulin polymerization are similar to concentrations that have
been applied in cellular assays.4,6,8 These studies suggest the
electrophilic reactivity of C646 can have functional effects on
protein activity.

Together with the substantial evidence from the literature,
which suggests the effects of C646 on histone acetylation are
KAT-dependent,4−6 our observations suggest a critical point:
C646 is capable of both on-target inhibition of p300/CBP KAT
activity, as well as off-target reactivity with tubulin and other
abundant cellular proteins. This suggests that C646’s “on-
target” anti-KAT activity may be limited by its “off-target”
consumption by abundant cellular nucleophiles. To test this
hypothesis, we first performed biochemical analyses of p300,
assessing its inhibition by C646 in the presence of DTT.
Indeed, we observed DTT reduced the inhibitory potency of
C646 (Figure 4b). In addition, we found that extracellular
nucleophiles, such as bovine serum albumin, could reduce the
effects of C646 on histone acetylation in cellular models
(Figure 4c). This suggests that a major limitation of C646 (and
similar electrophile-containing tool compounds and PAINS)
may be a diminishment of on-target activity due to
consumption by intracellular and extracellular biological
nucleophiles.21

Recent years have witnessed a major effort to raise awareness
of PAINS in the scientific literature, so these molecules are not
mistakenly applied as highly specific chemical probes.10,22

Paralleling this effort has been a growing reliance on
phenotypic screens to identify inhibitors of challenging to
target biological pathways.23 C646 is a molecule that lies at the
intersection of these two paradigms, containing many chemical
features of a PAIN compound, while also demonstrating the
ability to phenocopy some effects of p300/CBP knockdown.
Here we have applied a chemical approach to identify candidate
covalent targets of this inhibitor, with the twin goals of better
defining the mechanism by which it impacts acetylation, and to
understand just how “PAIN-ful” the C646 chemotype is. Our
results indicate that in complex mixtures the electrophilicity of
C646 limits its KAT inhibitor activity and likely results in the

Figure 3. LC−MS/MS identified proteins significantly enriched by
C646-yne 1 (>15 spectral counts, >4-fold ratio of probe-enriched
relative to no probe control). Numbers correspond to spectral counts
observed for each protein target. Reactive cysteine refers to proteins
with annotated hyperreactive cysteine, as described in ref 18 of main
text.

Figure 4. Biological consequences of C646 reactivity. (a) C646 can
inhibit tubulin polymerization. Tubulin polymerization was monitored
using a fluorescence assay. CaCl2 is a positive control that effectively
inhibits tubulin polymerization. (b) In vitro inhibition of p300 by
C646 is sensitive to metabolite and protein thiol-containing additives.
Full dose−response curves are provided in Figure S4. (c) Cell-based
inhibition of histone acetylation by C646 is sensitive to the presence of
nucleophiles in cell growth media. Lane 1 (left), vehicle DMSO; lane 2
(middle), 20 μM C646; lane 3 (right), 40 μM C646.
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modification of high abundance heat shock proteins, glycolytic
enzymes, and tubulins. Investigating the effects of C646 on
tubulin polymerization indicates that these covalent modifica-
tions may have functional effects on protein activity. Thus, the
covalent targets of C646 identified here should be considered as
potential influencers of C646-driven phenotypes, particularly
when applying this compound at high concentrations and long
time points. Of note, we did not observe substantial
modification of low-abundance signaling proteins (i.e., kinases,
nuclear proteins) whose inhibition would provide a straightfor-
ward “off-target” explanation for C646’s effects on histone
acetylation.4 Although we cannot rule out that such targets
were not detected due to limitations inherent to our method,
our findings are also not inconsistent with the literature, which
suggests that inhibition of KAT activity is a prominent
mechanism by which C646 reduces acetylation in cells. This
mechanistic ambiguity highlights the need to develop optimized
probes of p300/CBP activity, an effort which, from a
biochemical perspective, the discovery of C646 lends significant
credence to.
A more subtle implication of our study is that PAINS

molecules may be unexpected repositories of novel reactive
chemotypes. Unlike other PAINS mechanisms (aggregation,
redox cycling) covalent reactivity is a concept that has been
validated in the development of chemical probes,24 as well as
drugs.25 While it is important to note that in these cases
reactivity was introduced late in development (rather than early
as in the case of C646), an interesting question is whether some
PAINS chemotypes possess reactivity that may be harnessed to
useful effect. In these efforts, chemical reactivity profiling,11,26,27

as well as unbiased chemical proteomic methods28,29 may
provide powerful approaches to help better define the scope
and limitations of covalent chemotypes such as C646.
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