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ABSTRACT: Elucidating biological and pathological
functions of protein lysine acetyltransferases (KATs)
greatly depends on the knowledge of the dynamic and
spatial localization of their enzymatic targets in the cellular
proteome. We report the design and application of
chemical probes for facile labeling and detection of
substrates of the three major human KAT enzymes. In
this approach, we create engineered KATS in junction with
synthetic Ac-CoA surrogates to effectively label KAT
substrates even in the presence of competitive nascent
cofactor acetyl-CoA. The functionalized and transferable
acyl moiety of the Ac-CoA analogs further allowed the
labeled substrates to be probed with alkynyl or azido-
tagged fluorescent reporters by the copper-catalyzed
azide—alkyne cycloaddition. The synthetic cofactors, in
combination with either native or rationally engineered
KAT enzymes, provide a versatile chemical biology
strategy to label and profile cellular targets of KATs at
the proteomic level.

ynamic lysine acetylation of proteins is involved in a variety
of fundamental biological processes including epigenetic
programing, cell cycle, apoptosis, metabolism, and signal
transduction." Acetylation is introduced by protein lysine
acetyltransferases (KATs), also referred to as histone acetyl-
transferases (HATs) and protein acetyltransferases (PATs),
which transfer the acetyl group from the cosubstrate acetyl-
coenzyme A (acetyl-CoA, Ac-CoA) to the epsilon-amino group
of specific lysine residues in proteins. Over the past decade,
several KAT members have been identified and characterized
both genetically and biochemically. Based on the sequence and
structural similarities, KAT enzymes are classified into several
major families, including the GCNS/PCAF and the MYST
family and the p300/CBP.>
Recent biochemical and proteomic studies have revealed the
existence of hundreds to thousands of acetylated proteins
throughout the cell, which suggests that acetylation takes part in
nearly every facet of cell physiology. 263 Eurthermore,
significant amounts of evidence point toward that altered KAT
expression and activity are characteristic to inflammation,
diabetes, cancer, neurological disorders, and many other
diseases.* While the importance of KATs in physiology and
disease is well recognized, functional annotation of KAT
enzymes in regulating key biological pathways is rather
understudied. Especially, how the acetylome of individual KAT
enzymes distinguishes from one another and how the substrate
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distribution of KATs is affected by different cellular contexts
remain to be clarified. A clear biochemical and structural
understanding of KAT substrate specificity and the impact of
lysine acetylation in (patho)physiology is in great demand.
Elucidation of the molecular targets of KATs is a key step
toward fully dissecting the epigenetic roles of KATs in gene
regulation and their functions beyond the chromatin biology
realm. Mass spectrometry (MS)-based technologies have
provided a great deal of information about acetylated
proteins,'®**" albeit with little on enzyme—substrate correla-
tions. Protein microarray is another appealing approach in KAT
substrate identification.” Recently, synthetic Ac-CoA analogs
have been explored to identify KAT substrates, which provides a
great chemical blology strategy to interrogate the acetylome of
particular KATs.® In line with this chemical biology paradigm, we
attempted to create engineered KATs in junction with synthetic
Ac-CoA surrogates to establish bioorthogonal probes to
investigate cellular substrates of KAT enzymes. A panel of Ac-
CoA analogs with alkynyl or azido functional groups was
synthesized as cofactor substitutes for selective labeling of KAT
substrates. Meanwhile, the active site of the key KATSs was
engineered in order to expand the cofactor binding capability of
the enzymes to accommodate the bulkier synthetic cofactors
(Figure 1). By screening the activities of KAT enzymes to
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Figure 1. Acetyl-CoA analogs combined with a protein-engineering
approach to label KAT substrates.
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individual Ac-CoA analog, several enzyme—cofactor pairs were
identified and applied to the investigation of cellular substrates of
KATs.

A set of Ac-CoA analogs was synthesized to provide potential
active cofactors for the engineered KATs (Table S1). These
compounds include 4-pentynoyl CoA (4PY-CoA), S-hexynoyl
CoA (SHY-CoA), 6-heptynoyl CoA (6HY-CoA), 3-azidopropa-
noyl CoA (3AZ-CoA), and 4-azidobutanoyl CoA (4AZ-CoA).
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The chemical coupling of carboxylic acid with HS-CoA was
achieved with N,N’-dicyclohexylcarbodiimide (DCC) with slight
modification from the literature procedure® (Figure S1). We
noted that 4PY-CoA was previously utilized as a cofactor for
p300 catalysis.”™® The installed alkynyl and azido functional
groups will facilitate subsequent detection and characterization
of labeled KAT substrates.

The GCNS/PCAF KATs are key players in biological
acetylation. Their structures have been well characterized
which provides atomic details of the Ac-CoA binding site.”>”
Examination of the crystal structure of hGCNS—Ac-CoA
complex (PDB 1Z4R)°® revealed several conserved bulky residues
in the Ac-CoA binding pocket of the enzyme, i.e., L3531, M534,
1576, F578, T612, F622, and Y645 (Figure 2a). To expand the
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Figure 2. Identification of enzyme-cofactor pairs for GCNS substrate
labeling. (a) Bulky catalytic residues in the active site of GCNS (PDB
1Z4R).® (b) Heat map of engineered GCNS activities to different Ac-
CoA analogs (also Figure S3f). (c) MALDI-MS of H3-20 peptide
modified by GCNS-T612G/F622A and SHY-CoA. (d) MALDI-MS of
H3-20 peptide modified by the GCNS-T612G/L531A—5SHY-CoA pair.

cofactor binding pocket so that it can tolerate larger size acyl
groups, we replaced each of these residues with smaller amino
acid residues, i.e., alanine or glycine. Furthermore, based on the
initial enzymatic screening data, several double-point mutants
were generated to further boost the acyl-transferring activity of
the engineered GCNS.

To identify the engineered enzyme forms that are active to the
Ac-CoA substitutes, the entire panel of Ac-CoA analogs was
screened in histone modification reactions catalyzed by both the
wild-type (WT) and engineered GCNS proteins. Typically, each
GCNS was incubated with the N-terminal 20-aa H3 peptide
(H3-20) and individual analogs. After the reaction, the mixtures
were treated with 7-diethylamino-3-(4’-maleimidylphenyl)-4-
methylcoumarin, a fluorogenic probe that becomes fluorescent
upon reacting with the sulthydryl group in HS-CoA.” The
fluorescence screening data were quantitated (Figure S3) and
presented in the heat map format in Figure 2b. As expected, WT-
GCNS showed a strong activity toward Ac-CoA, the cognate
cofactor of KATSs, but was inert toward all the Ac-CoA
substitutes. On the other hand, several engineered GCNS, e.g,,
GCNS-L531A/G, -1576A, -T612A/G, and -F6224A, exhibited
appreciable activities to the synthetic analogs at varied degrees. In
particular, the single mutant GCNS-T612G was active toward all
the analogs, with 4AZ-CoA being the weakest. To further
improve the activity and selectivity of the engineered GCNS to
the synthetic analogs rather than the nascent cofactor, several
double-point mutants were generated by combining the most
active single mutants (T612G, LS31A, LS31G, 15764, and
F622A). As shown in Figure 2b, most of these double mutants
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retained certain activities toward the analogs. Especially, GCNS-
T612G/F622A and -T612G/LS31A mutants exhibited excellent
activity toward SHY-CoA. MALDI-MS analysis of the reaction
mixtures further confirmed that H3-20 peptide can be efficiently
modified by GCNS-T612G/F622A and -T612G/LS31A with
SHY-CoA (Figure 2c,d, and more MS data in Figure SS). These
data highlight that GCNS-T612G/F622A and -T612G/L531A
in paired with SHY-CoA are excellent enzyme—cofactor pairs for
selective chemical labeling of GCNS substrates.

The MYST proteins represent another major KAT family in
the higher organisms.'® To create chemical probes for identifying
substrates of the MYST family, we engineered the active site of
the MYST member MOF in a similar manner as described above
for GCNS. In the crystal structure of MOF—Ac-CoA complex
(PDB 2YOM),"" the acetyl moiety of the cofactor is encircled by
bulky residues V314, 1317, 1333, P349, P352, and L353 (Figure
3a). H273 is another potential residue that may affect the enzyme
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Figure 3. Identification of enzyme—cofactor pairs for MOF substrate
labeling. (a) Key residues surrounding the active site of MOF (PDB
2YOM)."" (b) Heat map of engineered MOF activities to Ac-CoA
analogs (also Figure S4e). (c) MALDI-MS of H4-20 peptide modified
by MOF-1317A/H273A—SHY-CoA pair.

activity.'> We performed mutation of each residue to Ala or Gly
to expand the enzyme active site for acyl-CoA binding.

Activities of each MOF mutant toward the synthetic Ac-CoA
analogs were screened through enzymatic modification of the
histone H4 tail peptide containing the first 20 aa residues (H4-
20) by using the same fluorescent assay as described for GCNS
(Figure S4). A heat map of MOF activity with respect to
individual Ac-CoA analogs was generated (Figure 3b). Among
the tested MOF mutants, H273A and H273G recognized SHY-
CoA, and V314G recognized 6HY-CoA and 3AZ-CoA. More
strikingly, MOF-1317A was active toward all the Ac-CoA analogs.
To further improve the selectivity and activity of MOF to the Ac-
CoA analogs, several double-point mutants were produced based
on MOF-I1317A which had a marked activity to the analogs. The
enzymatic assays revealed that, compared to the single mutant
MOF-I317A, the activity of all the double mutants toward Ac-
CoA and the analogs decreased by different degrees (Figure 3b).
This likely suggests that MOF could not tolerate more drastic
mutations in its active site. We noted that MOF-1317A/H273A
retained about 6% activity to SHY-CoA (Figure 3b). The
activities of MOF-I317A and -I317A/H273A in taking the Ac-
CoA analogs were further corroborated in the MS experiments
(Figures 3c and S6).

The clickable feature of the alkyne- or azido-containing Ac-
CoA analogs provides a unique advantage for selective labeling,
visualization, and further characterization of KAT targets by
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using the copper-catalyzed aude alkyne cycloaddition
(CuAAC) chemistry (Figure 1)."> First, we performed
fluorescent detection of H3 protein modification mediated by
the engineered GCNS. The recombinant H3 protein was
incubated with each analog in the presence of GCNS-WT,
-T612G, -T612G/F622A, or -T612G/L531A. Next, the mixture
was probed with azide- or alkyne-coupled tetramethylrhodamine
(TAMRA) dyes with the CuAAC reaction. The reaction mixture
was resolved on SDS-PAGE, and the gel was scanned for
fluorescence imaging. As shown in Figure 4a, no labeling was

a 4PYSHYEHY 3AZ 4AZ 4PYSHYEHY3AZ
Enzyme + - + -
GCNS-WT
GCN5-TE12G

GCN5-TE12GIF622A
MOF-WT
MOF4317A
MOF-1317A/H273A

p300-WT S

GCN5 GCN5

GCN5TE12G T612G

WT L531A F622A

EHY
- % =+ ++ 4+ +
P T

Enzyme
Anal

101112131415 1617181920

MOF p300
1317A/H273A WT
3AZ
+

33343536

Figure 4. In-gel fluorescent detection of KAT substrates with the
bioorthogonal chemical probes. (a) Histone labeling by KATs and Ac-
CoA analogs. Commassie blue staining is shown in right panel. Whole
gel images are shown in Figure S8. (b) Cell lysate labeling by KATs and
selected Ac-CoA analogs. The lower panel shows the commassie blue
staining.

observed in the reactions catalyzed by WT-GCNS, which further
confirmed that WT-GCNS was inert to the synthetic analogs.
The three GCNS mutants T612G, T612G/F622A, and T612G/
L531A, showed particularly strong labeling activity when paired
with SHY-CoA. GCNS-T612G also showed activity toward
several other analogs, such as 4PY-CoA, 6HY-CoA, and 3AZ-
CoA, which is consistent with the screening results in the heat
map (Figure 2b). In the labeling reactions, strong fluorescence
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was only observed when H3 was subjected to the enzyme-
catalyzed modification but barely observed in the enzyme-
negative controls, which excludes the possibility of nonspecific
reactions. These results again support that both GCNS-T612G/
F622A—SHY-CoA and T612G/LS31A—SHY-CoA are ex-
cellent enzyme—cofactor pairs for labeling of GCNS/PCAF
substrates.

To probe protein acetylation catalyzed by the MYST KATs,
both single-point mutant MOF-I317A and double-point mutant
MOF-1317A/H273A were applied to label recombinant H4 in
the presence of the synthetic Ac-CoA analogs. Again, following
the enzymatic reaction, CuAAC chemistry was applied for
fluorescent detection. As shown in Figure 4a, MOF-I317A and
-I317A/H273A showed a clear histone labeling activity when
SHY-CoA was used as the acyl donor. These encouraging results
demonstrate that both MOF-I317A and -I317A/H273A in
combination with SHY-CoA are suitable enzyme—cofactor
matches to label substrates of the MYST KATs. 3AZ-CoA was
also a very effective cofactor for labeling by MOF-I317A.

Having validated the activities of the engineered GCNS and
MOF in conjugation with the synthetic cofactors on their
cognate histone substrates, we attempted to profile the
proteome-wide targets of KAT's from the cellular contexts. As a
principle of concept, we performed fluorescent labeling of KAT
substrates from human embryonic kidney 293T cells. The cells
were lysed in the M-PER buffer, treated with the KAT-cofactor
pairs, then labeled with fluorescent reporters via the CuAAC and
visualized on SDS-PAGE. Multiple modified protein bands were
readily visualized on in-gel fluorescence of the cell lysate treated
with GCNS-T612G/L531A—5HY-CoA and T612G/F622A—
SHY-CoA pairs (lanes S and 8 in Figure 4b). The addition of Ac-
CoA suppressed the fluorescent labeling, which was in good
agreement with the competitive nature of SHY-CoA with respect
to Ac-CoA (lanes 6 and 9 in Figure 4b). The lack of fluorescence
in WT-GCNS—SHY-CoA pairing (lane 2 in Figure 4b) as well as
in the enzyme-negative control (lane 3 in Figure 4b) further
supports the matching characteristic of the engineered KAT—
cofactor pairs, and thereby endogenous GCNS in the 293T cells
did not interfere with the assay.

We also performed fluorescent labeling of protein substrates of
the MYST KATs with the engineered MOF and cofactor
substitutes. Both MOF-I317A and -1317A/H273A, which
showed appreciable activity in histone modification assays,
were used in conjugation with selected Ac-CoA analogs for target
labeling. On the fluorescent image of the SDS-PAGE gel,
multiple labeled lanes were observed when the cell lysate was
treated with MOF-I317A in the presence of the synthetic analogs
(lanes 13, 16, 19,23, 27 in Figure 4b). Consistent with the results
of the histone modification assays, MOF-I317A showed labeling
activity toward the tested analogs, with SHY-CoA and 3AZ-CoA
being particularly strong. As expected, the double-point mutant
MOEF-1317A/H273A effectively labeled the cell lysate with SHY-
CoA (lane 31 in Figure 4b).

The other important KAT family in the mammalian system is
p300/CBP. So far a clear p300/Ac-CoA complex structure is not
yet available, which makes it difficult to determine what residues
should be selected for active site engineering. Given this
limitation, we tested the histone H4 peptide labeling activity of
p300 HAT domain protein with each synthetic Ac-CoA analog.
Strikingly, in addition to the previously reported active cofactor
4PY-CoA,”™® the azido-containing analog 3AZ-CoA was found
to be strongly recognized by p300 HAT domain (Figure S7).
These data suggest that 3AZ-CoA is another excellent Ac-CoA
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surrogate to identify protein targets of the p300/CPB family
KATs. To validate this result, we examined p300 by pairing it
with the synthetic analogs for labeling the H4 protein. The
recombinant H4 protein was mixed with different analogs and
p300 HAT domain, followed by CuAAC with an alkyne/azide-
conjugated TAMRA dyes. As seen in Figure 4a, most efficient
labeling was observed in the p300—3AZ-CoA pair. As a control,
there was no modification for the enzyme-negative sample. Also,
p300 paired with the other analogs gave much weaker histone
labeling activity than the p300—3AZ-CoA pair. Replacing the
p300 HAT domain with full-length p300 yielded similar results
(Figure S8c). We further tested fluorescent labeling of p300
substrates from the 293T cell lysate with the p300—3AZ-CoA
pair (lane 35 in Figure 4b). Multiple protein bands were shown as
p300 substrates. Addition of Ac-CoA abolished the labeling,
supporting that 3AZ-CoA is a highly competitive substitute for
the native cofactor.

Functions of individual KAT' are closely associated with their
acetylomes in the biological milieus. Thus, identifying and
profiling cellular substrates of KATSs are of vital significance for
understanding their roles in physiology and disease, which can be
accelerated by developing innovative chemical biology probes.'*
We demonstrated the success of using rationally engineered
proteins in conjunction with synthetic Ac-CoA analogs, as new
chemical tools, to efliciently label KAT substrates. For the
GCNS/PCAF family, we found that both GCNS-T612G/
F622A—3SHY-CoA and GCNS-T612G/L531A—SHY-CoA
are superior matching pairs for selective labeling of substrates
of GCNS/PCAF KATs. For the MYST family, we identified
MOF-I317A and MOF-I317A/H273A that showed marked
activity with SHY-CoA. MOEF-I317A was also very active toward
3AZ-CoA. For the KAT p300, in addition to 4PY-CoA, a
previously identified cofactor for the enzyme, we identified 3AZ-
CoA as another efficient cofactor for chemical labeling of p300
substrates. Advancing from these new findings, several further
studies and improvement would be warranted. For instance, thus
far a clear biochemical and structural understanding of how
different KAT families showed varied abilities in recognizing the
Ac-CoA analogs is not available. A systematic kinetic study will
quantitatively evaluate the efficiencies of the KATs (both WT
and mutant forms) for the synthetic cofactors to ensure
competent significance of the bioorthogonal probes relative to
the endogenous counterpart. Also, in the current version, the
KAT chemical probes are limited to labeling protein substrates in
cell lysates. Creation of cell-permeable Ac-CoA analogs could be
valuable for direct interrogation of intracellular acetylation. The
use of functionalized acetate may also be a practical approach.*®
In conclusion, we identified for each of the three major families of
human KAT proteins the optimal enzyme—cofactor pairs that
can be applied to investigate new acetylation substrates. The
synthetic Ac-CoA analog cofactors in conjunction with their
matched KATSs are expected to be versatile probes to identify
KAT targets from homogenized cellular and tissue specimens,
thereby expanding our chemical tool repertoires for functional
annotation of the acetylome in higher organisms.
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