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ABSTRACT: The family of lysine acetyltransferases (KATs) regulates epigenetics and signaling pathways in eukaryotic cells. So far,
knowledge of different KAT members contributing to the cellular acetylome is limited, which limits our understanding of biological
functions of KATs in physiology and disease. Here, we found that a clickable acyl-CoA reporter, 3-azidopropanoyl CoA (3AZ-CoA),
presented remarkable cell permeability and effectively acylated proteins in cells. We rationally engineered the major KAT member,
histone acetyltransferase 1 (HAT1), to generate its mutant forms that displayed excellent bio-orthogonal activity for 3AZ-CoA in
substrate labeling. We were able to apply the bio-orthogonal enzyme−cofactor pair combined with SILAC proteomics to achieve
HAT1 substrate targeting, enrichment, and proteomic profiling in living cells. A total of 123 protein substrates of HAT1 were
disclosed, underlining the multifactorial functions of this important enzyme than hitherto known. This study demonstrates the first
example of utilizing bio-orthogonal reporters as a chemoproteomic strategy for substrate mapping of individual KAT isoforms in the
native biological contexts.

■ INTRODUCTION

Among the diverse post-translational modifications (PTMs),
lysine acetylation is versatile and has been linked to various
aspects of cellular processes from chromatin remodeling, DNA
repair, and signal transduction, to cellular metabolism.1 High-
resolution mass spectrometry-based proteomic analysis has
disclosed thousands of acetylation targets and acetylation sites
in all subcellular organelles, which include the nucleus, cytosol,
mitochondrion, and endoplasmic reticulum, highlighting the
widespread engagement of lysine acetylation in regulating cell
physiology.2,3 Site-selective lysine acetylation in protein
substrates is dominantly catalyzed by protein lysine acetyl-
transferases (KATs), which transfer the acetyl group from
acetyl-coenzyme A (acetyl-CoA, Ac-CoA) to the epsilon-
amino group of lysine residues.4 Lysine acetylation marks can
be recognized by “reader” proteins, connecting this mod-
ification to downstream signaling networks.5 A dozen of KAT
members have been identified and classified into different
major families including the GNAT family, the MYST family,
and the p300/CBP family. HAT1, which belongs to the GNAT
superfamily, was one of the first discovered KATs in the mid-

1990s.6 Renewed attention to HAT1 was witnessed in recent
years owing to its functional association with diverse oncologic
processes.7

Biochemical and cellular studies show that HAT1 acetylates
newly synthesized histone H4 at K5 and K12 sites,8 as well as
histone H2A at the K5 site in the cytoplasm.9 Taken into
account the thousand-sized acetylome and the extensive
correlation of HAT1 with disease processes, it is proposed
that the substrate profile of HAT1 could be much broader than
merely nuclear histones, a scope beyond the chromatin
regulation.10 To fully illuminate the significance of lysine
acetylation and HAT1 functions in regulating epigenetics,
signaling cascades, and disease pathways, it is critical to identify
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the molecular targets of HAT1 on the proteomic scale in the
cellular context.
Earlier approaches to profiling individual KAT substrates

typically rely on immunoprecipitation of acetylated proteins or
peptides from cells pretreated with genetic knockdown or
selective KAT inhibitors.11−13 For instance, Garcia et al.
recently identified 65 HAT1-dependent acetylation proteins
with 84 sites by comparing immortalized HAT1+/+ and
HAT1−/− mouse embryonic fibroblast cell lines (MEFs).13

These methods are effective but have some inherent drawbacks
such as the functional redundancy of many HATs. One might
expect that when a particular HAT member is knocked out but
another redundant HAT acetylates its substrates, those
substrates will be invisible in knockout experiments.
Importantly, the PTM antibody-based immunoprecipitation
is often compromised by issues such as limited sequence
diversity, promiscuous cross-reactivity, and batch- and source-

caused disparities, which may lead to incomplete enrichment
and/or high background signals.14 Moreover, many KATs
possess promiscuous acyltransferase activities, not merely
acetylation.15,16 Besides lysine acetylation, HAT1 was recently
found to transfer succinyl, propionyl, isobutyryl, and
methacrylyl groups to its substrates.17−19 It would be projected
that incomplete substrates are detected when solely using an
acetyllysine antibody to enrich protein substrates of KATs. As
such, it is of great demand to develop new and alternative
approaches for the identification and profiling of KAT
substrates.
In recent years, functionalized acyl-CoA reporters, partic-

ularly those bearing small-sized and chemoselective warhead
groups, have been developed and applied for the identification
of lysine acylated substrates.4,20 Yu et al. used chloroacetyl-
CoA as an orthogonal probe to label HAT1 substrates in vitro,
but low efficiency and specificity as well as poor cell

Table 1. Structures of the Azide- or Alkyne-Functionalized Fatty Acids and Acyl-CoAs That were Used for the Cell
Permeability Detection

Figure 1. Schematic description of eng-HAT1 combined with acyl-CoA analogues to label HAT1 substrates. The Ac-CoA binding pocket of wild-
type HAT1 was rationally expanded by mutation of selected amino acid residues to accommodate bulkier acyl-CoA analogues. The transferrable
azido or alkyne moiety can further be detected via a click reaction-induced biotin probe.
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permeability limit its further application in the global
elucidation of HAT1 substrates in a cellular context.21 Lyu et
al.22 recently used fluoroacetyl-CoA in combination with
reactive thiol agents to label KAT substrates. We and others
have made and applied acyl-CoA reporters for KAT substrates’
discovery that bear azido or alkynyl functional groups, such as
3-azidopropanoyl CoA (3AZ-CoA), 4-azidobutanoyl CoA
(4AZ-CoA), 4-pentynoyl CoA (4PY-CoA), 5-hexynoyl CoA
(5HY-CoA), and 6-heptynoyl CoA (6HY-CoA) (Table 1).
Several of these acyl-CoA reporters were shown to be excellent
Ac-CoA surrogates to label protein substrates of the KATs
either in recombinant proteins or in the complex proteomes of
whole-cell lysates.23−25 However, the lack of native cellular
contexts poses a restriction on the accuracy and physiological
relevance of substrate discovery. Taking advantage of the
bump-and-hole approach,26,27 herein we attempted to create
engineered HAT1 (eng-HAT1) forms that are capable to use
bio-orthogonal acyl-CoA reporters to label HAT1 substrates
with an azido or alkynyl-containing acyl group, and then, the
labeled substrates are conjugated with biotin tag for further
optical detection or proteomic analysis (Figure 1). In the
process, we investigated the cell permeability of a panel of acyl-
CoA bio-orthogonal reporters to identify membrane-penetrat-
ing ones for intracellular use. Combined, we applied the eng-
HAT1 with its paired cell-permeable bio-orthogonal reporter
to label and detect HAT1 substrates in the native cellular
environment. We successfully identified hundreds of HAT1
substrates, most of which are previously unknown.

■ RESULTS AND DISCUSSION

Generating Eng-HAT1 Forms Conferring New Activ-
ities for Bio-orthogonal Acyl-CoA Reporters. Clickable
acyl-CoA compounds containing azido or alkynyl groups (e.g.,
3AZ-CoA, 4AZ-CoA, 4PY-CoA, 5HY-CoA, and 6HY-CoA)
have been recently designed as cofactors to label peptide and
protein substrates for different KATs.23−25 To identify the
potential protein substrates of HAT1 with bio-orthogonal
reporters, we wondered whether wild-type (wt) HAT1 can
utilize these un-natural acyl-CoAs for substrate labeling. After
analyzing the crystal structure of the HAT1-Ac-CoA complex
(Figure 2A, PDB: 2P0W),28 we surmise that the active pocket

is too narrow to accommodate the bulky acyl group of acyl-
CoA. Therefore, we adopted a bump-and-hole approach to
mutate the residues bordering the Ac-CoA binding site of
HAT1 to expand the space surrounding the acetyl group
(Figure 1), with the goal of obtaining some mutant forms that
can accommodate the synthetic acyl-CoA reporters. We
identified seven bulky amino acid residues in the Ac-CoA
binding pocket of HAT1, i.e., M222, V238, M241, A275, P278,
S279, and Y282. Each of these residues was mutated to a less
sterically hindered amino acid, i.e., alanine or glycine (Figure
2A). It is our hope that, as a result of the mutation, the
expanded binding pocket will be able to tolerate the larger size
of acyl-CoA analogues, leading to deposition of azido- or
alkynyl-acyl moiety to the substrates of HAT1. Therefore, by
using the pET28a-HAT1 (20−341) plasmid (Addgene,
plasmid# 25239) as a template, we mutated each of the
selected residues to alanine or glycine using the QuikChange
site-directed mutagenesis protocol (Supporting Table S1). By
protein expression in Escherichia coli BL21(DE3) cells and
followed by Ni-NTA affinity purification, we successfully
obtained the recombinant wt-HAT1 and different eng-HAT1
proteins (SDS-PAGE of the expressed proteins were shown in
Supporting Figure S1).

Screening Acyltransferase Activities of wt- and Eng-
HAT1 Toward Acyl-CoA Reporters. The acyl transfer
activities of wt-HAT1 and the HAT1 mutants were measured
by quantifying the side product CoA using the fluorogenic
probe 7-diethylamino-3-(4’-maleimidylphenyl)-4- methylcou-
marin (CPM).29,30 In a typical procedure, reactions containing
0.04 μM of the wt or eng-HAT1 enzyme were incubated with
40 μM of the N-terminal 20 amino acid H4 peptide, H4 (1-
20), and individual acyl-CoA analogues (20 μM). The
reactions were quenched with CPM (60 μM) in DMSO and
then incubated in total darkness for 20 min in room
temperature. Fluorescence was measured at an excitation and
emission wavelength of 392 and 482 nm, respectively. The data
were summarized in the heat map format (Figure 2B and
Supporting Figure S2).
As expected, wt-HAT1 showed desired acetyl transfer

activity toward Ac-CoA but almost no detectable activities
for other acyl-CoA cofactors. This testifies to our premise that

Figure 2. Investigation of wt or eng-HAT1 activities toward different acyl-CoA analogues. (A) Targeted hydrophobic bulky residues surrounding
the Ac-CoA active site of HAT1-catalyzed acetylation for HAT1 engineering. (PDB file: 2P0W). (B) Enzymatic activity of HAT1 and its various
mutants toward Ac-CoA and its analogues.
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the active site of HAT1 is too narrow to accommodate the
bulky size acyl groups. In contrast, different HAT1 mutants
exhibited varied activities toward azide/alkyne acyl-CoAs.
When P278 was mutated to Gly, there was only 10% activity
for Ac-CoA and none for the other cofactors. However, when
replaced with an Ala, the activity for Ac-CoA increased to 40%
and there was 10% activity for 3AZ-CoA. This suggests that a
residue with a hydrophobic side chain is needed at this
position to aid in the stabilization of the acyl group binding.28

The same phenomenon observed was seen with HAT1-Y282:
the methyl side chain of Ala in HAT1-Y282A was observed to
increase the acyltransferase activity greatly in comparison to
HAT1-Y282G. HAT1-Y282G had 1% activity with Ac-CoA,
less than 17% activity with 4PY-CoA, 5HY-CoA, and 3AZ-
CoA, about 20% activity with 4AZ-CoA, and the highest
activity at 50% with 6HY-CoA. In comparison, HAT1-Y282A
had about 6% activity with Ac-CoA, 61% activity with 4PY-
CoA, and greater than 80% activity with most of the acyl-CoA
reporters such as 5HY-CoA, 6HY-CoA, 3AZ-CoA, and 4AZ-
CoA. Remarkably, HAT1-Y282A was almost inert to Ac-CoA
compared to its high activity toward the synthetic acyl-CoA
cofactors. Given this orthogonal feature, we chose the HAT1-
Y282A mutant for further substrate detection for HAT1.
To confirm HAT1-Y282A’s activities toward the acyl-CoA

reporters in histone H4 acylation, the mixtures of the
enzymatic reaction of HAT1-Y282A, acyl-CoA analogues,
and H4 peptide (H4 (1-20)) were analyzed by MALDI-MS. As
shown in Supporting Figure S3, the H4 (1-20) was clearly
acylated by the acyl-CoA analogues, which is consistent with
the above CPM assay results. Next, we quantitatively measured
the steady-state kinetic rates of HAT1-Y282A in H4 labeling
with the acyl-CoA analogues at a series of concentrations by
using the CPM assay. The kinetic constants kcat and Km were
determined by fitting the acyl-CoA concentration-catalytic rate
to the Michaelis−Menten equation. kcat/Km was calculated to
evaluate the catalytic efficiency for each acyl-CoA analogue
(Table 2 and Supporting Figure S4). In particular, HAT1-

Y282A exhibited extremely high activities toward 6HY-CoA
and 3AZ-CoA with kcat/Km values of 1.40 and 1.08
min−1μM−1, respectively. Moderate activities were shown
against 5HY-CoA, 4AZ-CoA, and 4PY-CoA (kcat/Km: 0.84,
0.76, and 0.30 min−1μM−1), yet HAT1-Y282A was almost inert
toward the natural cofactor Ac-CoA (kcat/Km: 0.03
min−1μM−1). Collectively, the results support that the

engineered enzyme HAT1-Y282A had obtained excellent
activities and orthogonal preference toward the synthetic
azide/alkyne acyl-CoA reporters for HAT1 substrate labeling.

In-Gel Imaging of Labeled Substrates by HAT1-
Y282A and Acyl-CoA Reporters. We sought to further
validate the activities of HAT1-Y282A toward the azide/alkyne
acyl-CoA cofactors by examining the labeling efficiency on
histone H4 using an imaging mode. Recombinant histone H4
protein was incubated with 6HY-CoA, 3AZ-CoA, and 4AZ-
CoA in the presence of HAT1-Y282A. The mixture was then
reacted with azido- or alkynyl-biotin by copper-catalyzed
azide−alkyne cycloaddition (CuAAC) reaction followed by
SDS-PAGE gel separation. The biotinylated H4 was visualized
via streptavidin-HRP chemiluminescent imaging. The biotiny-
lated bands of H4 only showed up with the mixture containing
HAT1-Y282A and acyl-CoA analogues, but barely any labeling
was seen from the groups where HAT1-Y282A was absent
(Figure 3). To determine if HAT1-Y282A acylates histone H4

in a site-dependent manner, we synthesized three peptides, e.g.,
H4 (1-20), H4 (1-22), and H4 (15-38) for labeling detection.
As shown in Supporting Figure S5, strong fluorescence was
clearly seen within H4 (1-20) and H4 (1-22), but no
detectable fluorescence was found for peptide H4 (15-38).
This result was consistent with the fact that HAT1 acetylates
H4 at K5 and K12 sites.6,8 These in-gel imaging data further
support the bio-orthogonal activities of HAT1-Y282A to the
acyl-CoA reporters and demonstrate the feasibility and
robustness to use HAT1-Y282A paired with acyl-CoA
reporters to identify and image HAT1 cellular substrates.

Identification of 3AZ-CoA as a Cell-Permeable Bio-
orthogonal Reporter. Previously, some engineered KATs
combined with bio-orthogonal acyl-CoA reporters have been
reported to identify KATs substrates from cell lysates.24 Lack
of native cellular environment, however, potentially compro-
mises substrate labeling efficiency and accuracy. As such,
having validated the activity of the HAT1-Y282A mutant
toward acyl-CoA reporters on the known HAT1 substrate H4,
we attempted to investigate potential cell-permeable acyl-CoA
reporters that can be applied to profile HAT1 substrates in
living cells. Short-chain fatty acids are known to enter the
mammalian cells and metabolically be transformed to their
corresponding acyl-CoA, which are utilized by endogenous
KATs to install the functional groups to their protein
substrates.2,23 However, the membrane-penetrating efficiency
of short-chain fatty acids is typically quite low.2 Interestingly, a
recent study shows that extracellular CoA can adjust
intracellular CoA levels.31 We thus conducted a comparative
study of a panel of azide- or alkyne-containing short-chain fatty

Table 2. Kinetic Analysis of HAT1-Y282A Activity Against
acyl-CoA Analoguesa

cofactor kcat (min−1) Km (μM) kcat/Km (min−1*μM−1)

6HY-C0A 33.2 ± 2.3 23.7 ± 5.2 1.40
3AZ-CoA 11.1 ± 0.3 10.3 ± 1.2 1.08
5HY-CoA 9.8 ± 0.8 11.7 ± 2.6 0.84
4AZ-CoA 13.15 ± 0.6 17.4 ± 2.6 0.76
4PY-CoA 25.4 ± 0.8 85.9 ± 5.9 0.30
Ac-CoA NA >200 0.03b

aKinetics in the presence of varying concentrations of CoA analogues
was obtained by fitting data points to the Michaelis−Menten
equation. To determine the kinetics of HAT1-Y282A against various
acyl-CoA analogues, reactions containing 40 nM HAT1-Y282A, 200
μM H4 (1-20) peptide, and 0−200 μM various acyl-CoA analogues
were incubated for 15 min at 30 °C. bThis kcat/Km value was
determined by its slope.

Figure 3. Streptavidin detection of HAT1-Y282A substrate histone
H4. Recombinant histone H4 was incubated with HAT1-Y282A
paired with 6HY-CoA, 3AZ-CoA, or 4AZ-CoA, followed by
conjugation with alkyne-biotin with CuAAC reaction, and imaged
by streptavidin-HRP.
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acids and acyl-CoA reporters to evaluate their cell membrane
permeability and cellular protein labeling sensitivity (Table 1).
Individual compounds were added to the culture medium of
the human embryonic kidney (HEK) 293T cells at 2.5 mM
and incubated for 12 h. Cells were washed with PBS, harvested
and lysed in M-PER buffer with sonication, and subjected to
CuAAC reaction to conjugate with alkyne-biotin or azide-
biotin. The proteins were resolved by SDS-PAGE, and labeled
proteins were visualized with streptavidin-HRP (Figure 4A).
To our surprise, among all of the tested compounds, 3AZ-CoA
turned out to show the most intense protein labeling, and 4AZ-
CoA had moderate labeling, while other acyl-CoA analogues
and the SCFA compounds exhibited very low levels of protein
labeling (Figure 4B). The poor protein labeling by SCFA
coincides with the previous study.2 This result suggests the
potential for 3AZ-CoA to serve as a cell-permeable bio-
orthogonal reporter for KAT substrate labeling. To validate the

cell permeability of 3AZ-CoA, we extracted acyl-CoAs from
the cell lysate and used LC-MS/MS to detect the intracellular
3AZ-CoA. Indeed, the signal of intracellular 3AZ-CoA was
clearly detected in the cell sample treated with 3AZ-CoA
(Supporting Figure S6). By contrast, we cannot detect any
MS/MS signal of 3AZ-CoA formation from the 3AZ-Na
treatment. This result confirms the excellent cell permeability
of 3AZ-CoA to the HEK293T cell.
To gain further insight into the cellular protein labeling by

3AZ-CoA, a dose-dependent treatment of the HEK293T cell
with 3AZ-CoA was conducted. We clearly observed that
protein labeling grew stronger when 3AZ-CoA concertation
increased from 0, 1, 2.5, to 5 mM (Figure 4C). This result
again supports the excellent cell permeability of 3AZ-CoA as a
bio-orthogonal reporter for KATs. We also evaluated the
cytotoxicity of 3AZ-CoA, and only a minor level of cell toxicity
was seen at a concentration of 2.5 mM (Supporting Figure S7).

Figure 4. Evaluation of potential cell-permeable bio-orthogonal reports for in vitro protein labeling. (A) Scheme for cellular analysis of cell
permeability of bio-orthogonal reporters. (B) Chemoproteomic cellular protein labeling by acetate analogues and acyl-CoA analogues in HEK293T
cells. Cells were incubated with different analogues (2.5 mM, 12 h), followed by CuAAC reaction. (C) Dose-dependent labeling of HEK293T cells
by 3AZ-CoA. Cells were incubated with 3AZ-CoA as indicated concentration for 12 h. (D) Various cell lines were labeled with 3AZ-CoA and 3AZ-
Na. Different cells were incubated with 2.5 mM 3AZ-CoA or 3AZ-Na for 12 h.
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Next, we sought to test the generality of 3AZ-CoA as a cell-
permeable reporter in different kinds of cell lines. HeLa cells,
HCT 116 cells, and MEF cells were used to test the cellular
protein labeling (Figure 4D). Interestingly, in all of the tested

cell lines, 2.5 mM 3AZ-CoA treatment induced much stronger
protein labeling compared to either the negative controls (no
treatment) or the 2.5 mM 3AZ-Na treatment. Clearly, the cell
permeability of 3AZ-CoA is outstanding and versatile. Of note

Figure 5. Confocal fluorescence images of HeLa cells with the indicated concentration of 3AZ-CoA and PN-3. (A) Control group. (B) Cells were
only treated with 2.5 mM 3AZ-CoA for 12 h without PN-3. (C) Cells were pretreated with 2.5 mM 3AZ-CoA for 12 h and subsequently treated
with 50 μM PN-3 for 2 h. (D) Cells were only treated with 50 μM PN-3 for 2 h. Fluorescence images were obtained with a Zeiss LSM 710
Confocal Microscope. Scale bar: 10 μm.

Figure 6. Label HAT1 substrates under the native cellular environment and subsequent protein enrichment. (A) Schematic description of labeling
intracellular HAT1 substrates by enzyme overexpression, bio-orthogonal reporter treatment, click reaction, and affinity enrichment. (B)
Streptavidin detection of HAT1 cellular substrates in HEK293T cells with HAT1-Y282A overexpression and cell-permeable bio-orthogonal
reporter 3AZ-CoA treatment followed by reaction with alkyne-biotin. (C) Enrichment of biotinylated protein by streptavidin beads followed by
Na2S2O4 cleavage. The protein eluents were resolved on SDS-PAGE and imaged by silver staining.
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is that there appeared to be different patterns of protein
labeling for each cell line, which suggests distinctive cellular
acylations in different cells. Together, our data demonstrate the
capability of 3AZ-CoA to be a cell-permeable reporter for KAT
substrate labeling.
Having successfully demonstrated 3AZ-CoA as a cell-

permeable acylation reporter, we then proceeded to test
cellular imaging of protein labeling using the HeLa cell model.
Herein, an azide-sensitive turn-on fluorescence probe was
chosen to induce live-cell imaging, which was reported
previously by us.32 In this method, the copper-free click
reaction would allow conjugation between the azide moiety on
the protein substrates and the alkynyl-O-NBD probe, which
subsequently triggers the intramolecular nucleophilic sub-
stitution by free amines of neighboring lysine residues to turn
on the fluorescence of the N-NBD group. Briefly, after
incubating HeLa cells with 2.5 mM 3AZ-CoA for 12 h, the
cells were washed with PBS and then incubated with 50 μM
alkynyl-O-NBD probe (PN-3) for another 2 h. The cells were
rinsed to remove any excess reagents and then subjected to
fluorescence imaging on a Zeiss LSM 710 Confocal Micro-

scope. As shown in Figure 5, a green fluorescence signal was
detected with the treatment of 3AZ-CoA and the fluorescence
probe PN-3. In contrast, incubation with the 3AZ-CoA or PN-
3 probe alone resulted in no detectable fluorescence. These
exciting results were consistent with the in-gel streptavidin-
HRP chemiluminescence imaging shown in Figure 4B−D.
These observations further corroborate that 3AZ-CoA can be
applied as a cell-permeable bio-orthogonal reporter to label
intracellular proteins in living cells.

Labeling of HAT1 Substrates in Living Cells.
Encouraged by the biochemical and cellular data that showed
the bio-orthogonal histone H4 labeling activity of HAT1-
Y282A with 3AZ-CoA, and that 3AZ-CoA exhibited excellent
cell membrane permeability, we then investigated if HAT1-
Y282A matched with 3AZ-CoA could label HAT1 substrates
under the native cellular environment. The working scheme is
depicted in Figure 6A: first, HEK293T cells were transiently
transfected with the full-length HAT1-Y282A plasmid in the
expression vector pReceiver-M11 (GeneCopoeia). After 36 h
of incubation to allow the cells to express the mutant HAT1,
the cells were treated with 2.5 mM 3AZ-CoA and grew for

Figure 7. Identification and functional annotation of HAT1 substrates. (A) Schematic illustration of the SILAC proteomics study to identify HAT1
substrates. (B) Identified HAT1 substrates were compared with previously identified HAT1-dependent protein targets. (C) Representative
biological processes’ annotation for HAT1 substrates. (D) HAT1 substrates show different binding activities. (E) Venn diagram shows cellular
compartment distribution of HAT1 substrates.
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another 12 h. The cells were then lysed and the cell lysate was
extracted to conjugate with alkyne-biotin by the CuAAC
reaction. Next, the biotinylated proteins were visualized by
streptavidin-HRP (Figure 6B). No labeling was seen from the
control cells, which had no reporter treatment. Importantly,
compared to the 3AZ-CoA treatment alone, multiple darker
bands showed up when 3AZ-CoA treatment was combined
with HAT1-Y282A overexpression. This indicates that the
HAT1-Y282A catalyzed the enzymatic reaction to transfer the
3-azidopropanoyl group from 3AZ-CoA to its corresponding
protein substrates under the native cellular environment. This
prompted us to enrich the labeled proteins from the cell lysate
mixture to identify HAT1 substrates. For this purpose, a
cleavable alkyne-diazo-biotin probe was used to conduct the
CuAAC reaction, connecting labeled proteins to the biotin
handle. After the pull-down experiment on streptavidin-coated
beads, the enriched proteins were eluted with sodium
dithionite, resolved on SDS-PAGE, and imaged by silver
staining (Figure 6C). As expected, much more proteins were
enriched from cells with the HAT1-Y282A overexpression and
3AZ-CoA co-treatment, while 3AZ-CoA treatment alone led to
less enriched proteins. This demonstrates that our strategy of
engineering HAT1 paired with its cell-permeable bio-
orthogonal reporter is highly effective for substrate labeling
and identification from the native cellular environment.
Proteomic Profiling of HAT1 Substrates by SILAC-MS/

MS and Functional Annotation. To discover HAT1
substrates in their native cellular environment, we adopted a
quantitative chemoproteomic strategy by using stable isotope
labeling of amino acids in cell culture (SILAC) in combination
with high-resolution mass spectrometry. The workflow is
illustrated in Figure 7A. HEK293T cells were cultured in
“light” (medium containing natural arginine and lysine) and
“heavy” (medium containing 13C-,15N-substituted arginine and
lysine) medium separately. In the “light” medium, the cells
were transfected with the full-length HAT1-Y282A plasmid,
whereas in the “heavy” medium, the cells were incubated with
the empty vector as a negative control. After 36 h of
incubation, both cells were treated with 2.5 mM 3AZ-CoA
and incubated for another 12 h. Next, the cells were lysed and
the cell lysates were pooled together. The proteins were
captured by the aforementioned CuAAC reaction and
streptavidin pull-down. After trypsin digestion of the enriched
proteins, the collected peptides were analyzed by liquid
chromatography with tandem mass spectrometry (LC-MS/
MS). To ensure the reliability of the results, two biological
replicate experiments were performed. Proteins were consid-
ered as HAT1 substrates following the ratio light/heavy >2.
Among the total identified 1391 protein targets (Supporting
Table S2), 123 proteins (Supporting Table S3) were meeting
the threshold requirement. Histone H4 was identified among
the labeled proteins, which is consistent with our knowledge
that HAT1 can acetylate histone H4 at lysine residues 5 and
12.6,8 Recent study has found that HAT1 is capable to
acetylate histone H2A at lysine 5, and in our protein list of
HAT1 substrates, the histone H2A was also highly enriched.9

These identified proteins were also compared with a previously
published work that revealed HAT1-dependent protein targets.
Garcia et al. identified 65 proteins from embryonic fibroblast
cells by HAT1 knockout and used antibody-based enrichment
to capture the acetylated proteins that are dependent on
HAT1.13 Of note, 12 of the 65 proteins were found exactly the
same or belonging to the same family in our work including

H4, H2A, H2B, TPR, PPP2R2A, HSD17B, HMG, HSP, DDX,
ATP6V, hnRNP, and NCL (Figure 7B). Importantly, we
identified 111 new distinct protein substrates. This could be
owing to differences in the cell line type and the higher
sensitivity of our method.
To confirm the HAT1 substrates identified in our proteomic

results, we chose two undefined HAT1 substrates for further
validation through immunoprecipitation and western blotting:
human high mobility group box 2 (HMGB2) and human
serine/arginine-rich splicing factor 1 (SRSF1). Each plasmid
(Myc-DDK-HMGB2, Myc-DDK-SRSF1) was transiently
transfected to HEK293T cells and overexpressed with or
without HAT1 overexpression. The DDK tagged proteins were
immunoprecipitated on Protein G PLUS-agarose resin, and the
acetylation levels of the proteins were detected with western
blot using pan antiacetyllysine antibody. As shown in
Supporting Figure S8, the acetylation signals in both
HMGB2 and SRSF1 proteins increased with the presence of
HAT1 overexpression, which validates that HAT1 acetylates
these two proteins in cells.
The broad-spectrum profiling of HAT1 substrates prompted

us to examine its biological involvement and annotate its
physiological functions. To this end, the 123 HAT1 substrates
were subject to bioinformatics analysis using the DAVID web
tool.33 The gene ontology analysis of the HAT1 substrates
shows that HAT1 is involved in a plethora of cellular pathways
including transcription, translation, RNA splicing, RNA
processing, protein folding, oxidation−reduction process,
mitochondrial regulation, etc (Figure 7C). It is not surprising
that canonical cellular functions of KATs such as translation
initiation, RNA processing, and transcriptional regulation were
found in the functional annotation. For example, EIF5B and
EIF2S1 play important roles in translation initiation,34 and
acetylation of these proteins may alter their activities. Of note,
RNA splicing and RNA processing are among the prominent
cellular functions of identified HAT1 substrates.
Through interacting with their binding partners, proteins

can carry out their specific functions. We thus analyzed the
interaction network of the identified HAT1 substrates (Figure
7D). Consistent with the pathway analysis in Figure 7C, a large
majority of the identified HAT1 substrates are binding with
proteins, or RNA with 96 and 64 protein substrates.
Interestingly, we found that 18 of the HAT1 substrates are
binding with ATP such as ATP2A2 and DDX, suggesting that
HAT1 might play a role in energy metabolism to drive
intracellular biochemical reactions. Ubiquitin is an important
small regulatory protein, which can trigger protein degradation,
DNA repair, apoptosis, and signal transduction.35 Alteration of
protein ubiquitylation often leads to severe pathological
conditions.36 Importantly, we found that 6 of the HAT1
substrates including CUL1, HSPA5, HSPA9, HSPD1,
SCAMP3, and UBE2O are binding with the ubiquitin protein
ligase enzyme, suggesting the involvement of HAT1 in protein
ubiquitination. We also found 4 HAT1 substrates’ binding with
protein kinase C, e.g., C1QBP, DSP, GLRX3, and PRKCSH.
RPKCSH is a known substrate for protein kinase C, which is
associated with polycystic liver disease.37 The finding of
RPKCSH as a HAT1 substrate may provide another possible
mechanism for regulatory liver disease.
We also performed a cellular localization analysis of the

HAT1 substrates (Figure 7E). We found that 49 of the HAT1
substrates are localized in the nucleus, 39 are in the cytosol,
and 27 are distributed in the mitochondrion with some of

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00935
ACS Chem. Biol. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00935/suppl_file/cb1c00935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00935/suppl_file/cb1c00935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00935/suppl_file/cb1c00935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00935/suppl_file/cb1c00935_si_001.pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


them overlapping. Therefore, functions of HAT1 clearly go
beyond nuclear cellular processing. Overall, these functional
annotations suggest that HAT1 substrates have wide
distribution for cellular regulation, which further demonstrates
that HAT1 is not only involved in histone modification and
chromatin regulation but also in many other important cellular
biological functions.
Coenzyme A and acyl-CoA are generally considered lacking

cell permeability and eukaryotic cells obtain CoA from their
extracellular precursors such as vitamin B5.38 After the uptake
of vitamin B5, the molecule will be metabolized and converted
into CoA via an evolutionarily conserved five-step enzymatic
reaction.39 Nevertheless, Srinivasan et al. demonstrated that
exogenous CoA could also serve as a source for mammalian
cells or organisms to adjust intracellular CoA levels: one
possible mechanism is that CoA could be hydrolyzed into a
more stable molecule, 4′-phosphopantetheine, extracellularly
near the cell membrane, which then penetrates the cell
membrane by passive diffusion. Once entering the cell, 4′-
phosphopantetheine is enzymatically converted to CoA by
CoA synthases.31 Later, the same group further demonstrated
that acetylated 4′-phosphopantetheine is also stable and
possesses cell permeability to serve as a source for the
intracellular Ac-CoA level.40 These findings provide an
important understanding of CoA compounds entering the
cell and may suggest a possible pathway for 3AZ-CoA and
4AZ-CoA entering the cell, which subsequently labels cellular
protein substrates of HATs (Supporting Figure S9). However,
mechanism studies will be needed to investigate the details of
how the two acyl-CoA reporters get into cells. In principle,
experiments would be required to determine whether these
reporters can be hydrolyzed in the cell culture medium and
enter the cells by passive diffusion or whether there is any
specific transporter to facilitate their entry across the cell
membrane. Compared to the alkyne acyl-CoA, 3AZ-CoA and
4AZ-CoA showed a better labeling efficiency (Figure 4B). The
reason for this distinction in cellular protein labeling is still
elusive at this stage and warrants mechanistic investigation.
We have identified more than 100 protein substrates of

HAT1 by combining bio-orthogonal labeling and SILAC
proteomics, with 12 being previously known and 111 first-time
disclosed. We also validated two novel substrates of HAT1:
HMGB2 and SRSF1 with transfection experiments. These
findings greatly broaden the scope of the biological function of
HAT1, which is far beyond histone modification and
chromatin regulation. The separated binding sites in HAT1
for Ac-CoA and peptide substrates28 ensure that a mutation in
the Ac-CoA binding pocket of HAT1 has a low possibility to
change the binding specificity of protein substrates. From our
previous work, some wild-type HATs such as p300 can also
utilize 3AZ-CoA to transfer the azido group to its protein
substrates.24,25 Therefore, some of the labeled proteins
appearing in the absence of HAT1-Y282A overexpression
may be substrates of other HATs. Future research is needed to
characterize detailed acetylation sites in the found HAT1
substrates and study their biochemical outcome in protein
function regulation.

■ CONCLUSIONS
In summary, we have established a bio-orthogonal proteomic
methodology to quickly and reliably detect protein substrates
of an individual KAT in living cells. We generated HAT1
mutants (e.g., HAT1-Y282A) through rational engineering that

can accommodate clickable acyl-CoA reporters for substrate
labeling. Meanwhile, we identified 3AZ-CoA to be a cell-
permeable bio-orthogonal reporter for protein acylation.
Piecing the KAT−acyl-CoA bio-orthogonal labeling pair
together with SILAC proteomics, we successfully profiled
more than 100 substrates of HAT1 in the native cellular
environment. This finding that HAT1 targets numerous
nonhistone cellular protein substrates greatly broadens the
scope of biological modalities regulated by HAT1, which is far
beyond the chromatin realm. The bio-orthogonal chemo-
proteomic strategy demonstrated here would be complemen-
tary and advantageous for the detection and profiling of
cellular protein substrates of other KAT members in the native
biological contexts.

■ METHODS
Mutation of HAT1 DNA and Protein Expression and

Purification. The wild-type pET28a-HAT1(20−341) plasmid was
obtained from Addgene (plasmid# 25239). The wild-type DNA
plasmid was used as a template to mutate all of the selected sites.
HAT1 mutants were produced by first designing forward and reverse
primers containing the desired single-point mutation. The forward
and reverse primers used to generate the single-point mutants are
listed in Supporting Table S1. Next, by using the QuikChange
procedure (Stratagene), the target site-directed mutation was
introduced into the HAT1 plasmid. Once all of the ingredients
were added, the sample was preheated at 95 °C for 5 min, and then,
the polymerase chain reaction (PCR) method was followed: First, the
temperature increased to 95 °C for 1 min for the denaturation of the
double-stranded plasmid. Next, the annealing of the primers occurred
when the temperature decreased to 55 °C for 1 min. Finally, the
extension occurred when the temperature was at 68 °C for 16.5 min.
The cycle was repeated 17 times, and then, the template DNA was
digested with the Dpn I restriction enzyme. Transformation was then
carried out using the PCR product and E. coli XL1-Blue competent
cells. The next day, colonies were selected and grown at 37 °C
overnight in LB media supplemented with kanamycin (0.125 mg
mL−1). Plasmids were purified using the Promega Wizard plus
Miniprep system. DNA sequencing confirmed that all intended
mutations occurred as desired.

The expression and purification of HAT1 (20−341) and HAT1
mutants were done following the method described by Wu et al.28

Briefly, the proteins were expressed in E. coli and purified using the
Ni-NTA resin. Transformation was done in E. coli BL21-CodonPlus
(DE3)-RIL competent cells using the heat-shock method, and then,
the cells were spread on agar plates containing antibiotics kanamycin
and chloramphenicol. Protein expression was induced by the addition
of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and shaken
for 16 h at 16 °C. The cells were collected and suspended in the lysis
buffer (50 mM Na-phosphate (pH 7.4), 250 mM NaCl, 5 mM
imidazole, 5% glycerol, 2 mM β-mercaptoethanol, and 1 mM
phenylmethanesulfonyl fluoride (PMSF)) and then disrupted using
the Microfluidics cell disruptor. The supernatant was passed through a
column containing Ni-NTA resin equilibrated with column washing
buffer (20 mM HEPES pH 8, 250 mM NaCl, 5% glycerol, 30 mM
imidazole, and 1 mM PMSF) and the resin was washed with column
washing buffer. Next, the resin was washed with the buffer containing
a higher concentration of imidazole (20 mM HEPES, pH 8, 250 mM
NaCl, 5% glycerol, 50 mM imidazole, and 1 mM PMSF). Finally,
HAT1 was eluted with elution buffer (20 mM HEPES, pH 8, 250 mM
NaCl, 5% glycerol, 500 mM imidazole, and 1 mM PMSF). The eluent
fractions were further checked by SDS-PAGE, and the enzyme
concentrations were determined by the Bradford assay. Enzymes were
aliquoted and stored at −80 °C for future use.

Fluorogenic CPM Assay to Screen HAT1 Mutant Activity.
The acylation activity of HAT1 and HAT1 mutants was analyzed
using the CPM assay. To screen the various HAT1 mutants against
the acyl-CoA analogues, reactions contained 0.04 μM enzyme, H4 (1-
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20) peptide (40 μM), and acyl-CoA analogues (20 μM). Samples
were incubated for 1 h at 30 °C. Evaluation of HAT1-Y282A kinetics
was also done using the CPM assay with reactions carried out at 30
°C for 15 min and sample conditions were as follows: 0.04 μM
enzyme, H4 (1-20) peptide (200 μM), and acyl-CoA analogues (0−
200 μM). All reactions were quenched by the addition of an excessive
amount of 7-diethylamino-3-(4′-maleimidylphenyl)-4-methylcoumar-
in (CPM) dissolved in DMSO and then incubated in total darkness
for 20 min in room temperature. For the kinetics assay, 203 μM
(final) CPM was used when acyl-CoA analogue concentrations varied
from 0 to 200 μM. When the acyl-CoA analogue concentration was
fixed at 20 μM, 30 μM (final) CPM was used. Fluorescence was
measured at an excitation and emission wavelength of 392 and 482
nm, respectively.
Normal and SILAC HEK293T Cell Culture. For normal

HEK293T cell culture, cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS, Life Technologies) and 1% penicillin−streptomycin
(15140122, ThermoFisher Scientific). For SILAC HEK293T cell
culture, cells were cultured in DMEM (arginine and lysine free, Life
Technologies) supplemented with 10% dialyzed FBS (Life Tech-
nologies), 1% penicillin−streptomycin containing either 22 or 55 mg
L−1 nonlabeled arginine and lysine, or 22 mg L−1 13C6

15N4-arginine
and 68 mg L−1 13C6

15N2-lysine (Cambridge Isotope Laboratories).
The SILAC cells were cultured for at least 8 passages before any
experiments. All of the cells were maintained at 37 °C with 5% CO2.
Transient Transfection of HAT1-Y282A and Bio-orthogonal

Reporter Treatment for HAT1 Substrate Labeling. A full-length
HAT1-Y282A-encoding sequence was inserted into the M11 vector to
generate a HAT1-Y282A overexpression plasmid for the mammalian
cell. HEK293T cells were cultured to reach around 60% confluence
stage, and transient transfection of the plasmid HAT1-Y282A was
conducted by Lipofectamine 3000 (ThermoFisher SCIENTIFIC,
Product #L3000008) according to the manufacture’s protocol
followed by 36 h of incubation. Next, cells were treated with 2.5
mM 3AZ-CoA to induce the protein labeling. After another 12 h of
incubation, the cells were washed with ice-cold PBS and harvested
and lysed by ice-cold M-PER buffer containing a 1% protease
inhibitor cocktail. The protein was then collected and the protein
concentration was determined as described above. The protein
solution was used for further click reaction and streptavidin detection.
Protein Labeling by CuAAC Reaction and Streptavidin

Detection. Thirty micrograms of the cell lysate protein mixture was
mixed with a click cocktail containing 50 μM alkyne-biotin or diazo
biotin alkyne, 2.5 mM sodium ascorbate, 0.5 mM copper sulfate, and
0.25 mM ligand BTTAA. After incubation in room temperature for 1
h, 1× loading dye was added and boiled for 5 min. The samples were
then resolved on 4−20% SDS-PAGE gradient gel. The separated
proteins were transferred to a nitrocellulose membrane and blocked
with 5% nonfat milk for 1 h. The membrane was incubated with
streptavidin-HRP for another 1 h and scanned by a chemilumines-
cence scanner.
Streptavidin affinity enrichment and sample preparation

for mass spectrometry. Six hundred micrograms of the cell lysate
was incubated with the click cocktail as described above to conduct
biotinylation of the target protein. Excess diazo biotin alkyne was
removed by spin dialysis. High-capacity streptavidin agarose was first
equilibrated by PBS and then incubated with the sample for 1 h with
gentle agitation. Next, the resins were collected by centrifugation at
5000g for 5 min and washed with PBS supplemented with 0.2% (w/v)
SDS, PBS supplemented with 0.1% (w/v) SDS and 6 M urea, and 50
mM NH4HCO3 supplemented with 0.1% SDS. Then, the resins were
incubated with 30 mM Na2S2O4 in 50 mM NH4HCO3 for 1 h to elute
the protein off the beads. The mixture was then centrifuged at 5000g
for 5 min and the supernatant was collected and dried by SpeedVac
for further analysis. The dried protein sample was dissolved in 30 μL
of water followed by incubation with 20 mM DTT at 75 °C for 15
min and 200 mM iodoacetamide in room temperature for 20 min.
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