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Abstract
Tip60 is a key member of the MYST family of histone acetyltransferases and involved in a broad
spectrum of cellular pathways and disease conditions. So far, small molecule inhibitors of Tip60
and other members of MYST HATs are rarely reported. To discover new small molecule
inhibitors of Tip60 as mechanistic tools for functional study and as chemical leads for therapeutic
development, we performed virtual screening using the crystal structure of Esa1 (the yeast
homolog of Tip60) on a small molecule library database. Radioactive acetylation assays were
carried out to further evaluate the virtual screen hits. Several compounds with new structural
scaffolds were identified with micromolar inhibition potency for Tip60 from the biochemical
studies. Further, computer modeling and kinetic assays suggest that these molecules target the
acetyl-CoA binding site in Tip60. These new inhibitors provide valuable chemical hits to develop
further potent inhibitors for the MYST HATs.
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1. Introduction
The 60-kDa HIV Tat-interacting protein (Tip60), one of the founding members of the
MYST (MOZ, Ybf2/Sas3, Sas2, Tip60) family of histone acetyltransferases (HATs), was
originally identified as an HIV-1 Tat associating protein by yeast two-hybrid screen [1]. It
catalyzes the transfer of acetyl groups from acetyl-CoA to specific lysine residues on the N-
terminal tail of nucleosomal core histones. The acetylation of histones results in charge
neutralization of lysine residues and decreases the affinity between histones and nucleic
acids, and leads to relaxed open chromatin structures [2]. Tip60 is recruited by many key
transcription factors to the chromatin template and aberrant Tip60 activity is involved in
several types of human diseases such as neurodegeneration and cancer [3–5]. In the
pathogenesis of Alzheimer’s disease, the intracellular C-terminal part of β-amyloid
precursor protein (APP) associates with the APP-binding protein Fe65 and Tip60, leading to
apoptosis and downstream gene activation in parallel with the pathway of the amyloid β-
peptide release [6,7]. Research has shown that Tip60 is intimately linked to oncogenesis
[8,9]. Oncogenic transcription factors including c-Myc [10], E2F [11], and nuclear factor-κB
[12–14] associate with and are coactivated by Tip60. The protein level of Tip60 is
substantially high and contributes to the abnormal HAT activity in ODC/Ras tumors [15,16].
In prostate cancer, Tip60 is particularly involved in the progression to the androgen-
refractory state [17,18]. Tip60 is upregulated and predominantly resides in the nucleus of
hormone resistant prostate cancer cells and tissue specimens from patients who failed
endocrine therapy [17]. Importantly, in hormone resistant prostate cancer cells, Tip60 is
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constitutively recruited to androgen response elements such as prostate-specific antigen
(PSA) promoter and enhances PSA expression even in the absence of androgen [17].
Therefore, upregulation of Tip60 may provide a mechanistic explanation why androgen
receptor-regulated genes become expressed when the tumor relapses. These observations
highlight the significance of Tip60 as a potential pharmacological target in disease therapy.

In light of the significance of HAT inhibitors as potential new therapeutics, quite a few
efforts have been invested on developing small molecule inhibitors of HAT enzymes [19].
Most of the developed inhibitors target robust HATs p300/CBP and PCAF/GCN5 [20–24].
On the other hand, inhibitors of the class of MYST HATs are rarely reported.
Balasubramanyam et al. [25] reported a naturally occurring HAT inhibitor, anacardic acid,
from cashew nut shell liquid. It works as weak nonspecific inhibitors of p300/CBP (CREB-
binding protein), and PCAF (p300/CBP-associated factor), and MYST HAT Tip60, and is
capable of easily permeating the cells in culture. Curcumin (diferuloylmethane), an
ingredient from the plant Curcuma longa rhizome, was reported to inhibit the HAT activity
in general [26]. Both curcumin and anacardic acid have been shown to have many non-HAT
targets. For example, Shankar and Srivastava [27] showed that curcumin induces apoptosis
in prostate cancer cells through activation of multiple signaling pathways, including
induction of expression of proapoptotic proteins Bax, Bak, PUMA, Noxa, and Bim, and
inhibition of expression of antiapoptotic proteins Bcl-2 and Bcl-XL. Anacardic acid was
previously demonstrated as an inhibitor of DNA polymerase β [28]. To develop inhibitors
more specifically targeting the MYST family of HATs, our group recently reported
substrate-based analog compounds for Tip60 inhibition [29]. Although they present good
inhibition activities, the negative charges due to the presence of CoA motif imply that this
type of inhibitors may have low pharmacokinetic performance in vivo [30]. To further
develop potent inhibitors of MYST HATs with enhanced pharmacological properties, in this
work, we have conducted a virtual screening based on the crystal structure of Esa1 (the yeast
homolog of Tip60) to search for small molecule inhibitors. In combination with biochemical
inhibition studies, several micromolar inhibitors are discovered.

2. Materials and methods
2.1. Materials

Small molecule compounds were purchased from ChemBridge Corporation. Peptides were
synthesized using Fmoc-based solid phase methodology. Fmoc-protected amino acids and
solid phase resins were purchased from NovaBiochem. [14C]-labeled acetyl-CoA was
purchased from Perkin Elmer. Tip60 recombinant protein was expressed as previously
described [29].

2.2. Virtual screening
Docking-based virtual screening was conducted by following similar procedures reported
earlier [31,32]. Compounds from the ChemBridge database were converted into 3D
structures using the CONCORD program [33]. The 3D structures of the compounds had
hydrogen atoms added and were assigned AM1-BCC partial charges [34–36]. Esa1 crystal
structure (PDB entry: 1FY7) [37] was added hydrogen atoms and then assigned Kollman-all
charges with the SYBYL 7.1 program. Residues within a radius of 6 Å around the center of
the CoA binding in the Esa1 structure were defined as the active site to construct a grid for
the virtual screening. The position and conformation of each compound were minimized by
the anchor fragment orientation as well as by the torsion minimization method implemented
in the DOCK 6.0 program [38]. Fifty conformations and a maximum of 100 anchor
orientations for each compound were generated, and the binding energy of all the docked
conformations were minimized by 100 iterations using the standard approach as described in
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the literature [38]. The docked molecules were ranked based on the sum of the van der
Waals contacts and electrostatic energies to obtain the top 1000 compounds. After collecting
the top hits, re-analysis of virtual screening results was conducted using drug-like property
criteria [39] by the FILTER 2.0.1 software [40]. We then performed consensus scoring
evaluation [41] by ChemScore [42,43], PLP [44], ScreenScore [45], Chem-Gauss and
ShapeGauss [46] implemented in the FRED 2.2.3 software [40], as well as hydrogen bond
and hydrophobic profiles checked by the IDEA 8.8 software [47]. As the final step, a
manual binding orientation and conformational analysis was performed to come up with the
final 76 hits for biological evaluation (Fig. 1).

2.3. Radioactive HAT inhibition assay
Radioisotope-labeled HAT assay was carried out at 30 °C in a reaction volume of 30 μL.
The reaction buffer contained 50 mM HEPES (pH 8.0), 0.1 mM EDTA, 50 μg/mL BSA,
10% DMSO, and 1 mM dithiothreitol (DTT). Typically, [14C] acetyl-CoA was used as the
acetyl donor and a peptide containing the N-terminal 20-amino acid sequence of histone H4,
namely H4-20, was used as the HAT substrate. The reaction was initiated with the HAT
enzyme after the other components (acetyl-CoA, H4-20, and inhibitor) were equilibrated at
30 °C for 5 min. Rate measurements were based on initial conditions (generally less than
10% consumption of the limiting substrate). After the reaction, the mixture was loaded onto
a Waterman P81 filter paper, dried 30 min, and then washed with 50 mM of sodium
bicarbonate (pH 9.0) for two times (10 min each). The paper was air-dried and the amount
of radioactivity incorporated into the peptide substrate was quantified by liquid scintillation.
For kinetic inhibition pattern analysis of compound a, initial velocities of Tip60 were
measured at a range of varied concentrations of AcCoA, a fixed concentration of H4-20 (100
μM), and selected concentrations of inhibitor a, i.e., 0 μM, 80 μM, and 150 μM. The data
were displayed in both Michaelis–Menten and Lineweaver–Burk plots. The data points were
fitted to the equation which describes noncompetitive inhibition to calculate slope inhibition
constant Kis and intercept inhibition constant Kii [29]. In all cases, background acetylation
(in the absence of enzyme) was subtracted from the total signals. All the assays were
performed at least twice, and duplicates generally agreed within 20%.

2.4. Docking study of the identified hits
For ligand–protein docking, the 3-dimensional structures of hit compounds were constructed
in Maestro 9.0.211. The Tip60 PDB file was modified in Maestro 9.0.211 to add hydrogen
atoms and remove water molecules and the acetyl-CoA from tip60. AutoDock-Tools4.2 was
employed to dock the compounds into Tip60. PDBQT files were generated in
AutoDockTools for both of the ligand and the macromolecule for docking. AutoGrid was
used to generate a grid box for docking process. AutoDock was then used to dock selected
hits individually into Tip60. The Genetic Algorithm with 2500,000 maximum number of
evals and 50 generations for picking individuals were used as the docking parameters.
Structural analysis with PyMOL was performed following the docking process.

3. Results and discussion
3.1. Virtual screening

Potent small molecule inhibitors are of great value as chemical probes for interrogating
cellular functions of biological targets. Tip60 is an important MYST HAT and engaged in
multiple cellular pathways [5]. However, there is no report on specific inhibitors of Tip60 so
far. We performed a virtual screening with the attempt to search for Tip60 inhibitors from
the ChemBridge small molecule collection (about half million compounds) based on the
reported crystal structure of Esa1 (the yeast homolog of Tip60) [37,48]. In the virtual
screening scheme, the 2D structures of each of these organic molecules are converted into
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3D structures and assigned atomic charges with the AM1-BCC protocol [34,35]. Then the
molecular docking program, DOCK6.0, is used to perform the initial high-throughput virtual
screening of these compounds in binding to Esa1. Residues within a radius of 6 Å around
the center of CoA binding in the Esa1 structure were defined as the active site to construct a
grid for the virtual screening. After collecting the top hits, a re-analysis of the initial hits,
including drug-like properties [39], consensus scoring evaluation [41], absorption,
distribution, metabolism, excretion and toxicity (ADMET) prediction [49], hydrogen bond,
and hydrophobic profiles and binding orientation examination, was performed. From the
virtual screening and analysis, 76 top hits were selected and subjected to experimental tests
for their ability to inhibit the HAT activity of Tip60 (Fig. 1).

3.2. Biochemical tests of the virtual screen hits
To evaluate the activities of the 76 virtual screen hits for Tip60 inhibition, we carried out
histone acetylation with the classic radio-isotope-labeled approach. [14C] acetyl-CoA was
used as the acetyl donor and a peptide containing the N-terminal 20 amino acid sequence of
histone H4 (H4-20) was used as the Tip60 substrate. The HAT reaction catalyzed by
recombinant Tip60 was carried out in the presence and absence of individual virtual screen
hits to quantitatively evaluate their inhibition potency. All the compounds were dissolved in
DMSO to make a 5-mM stock solution. Because many compounds have poor solubility in
the aqueous assay buffer, DMSO had to be present in the acetylation assay buffer. There is a
concern that DMSO may affect the enzymatic activity of Tip60. Thus, we first tested the
tolerance of Tip60 towards different concentrations of DMSO. As can be seen from Fig. 2a,
in the range of 0–20% DMSO (v/v), there is almost no effects observed on Tip60 activity.
Even at 30% of DMSO, the retained activity of Tip60 is still 90%. The IC50 of DMSO from
this test is 37%. We found that in the presence of 10% DMSO in the assay buffer the
individual hit compounds were completely dissolved at 100-μM level. Under this condition,
the influence of DMSO on Tip60 activity is negligible.

A typical inhibition screen assay was carried out with a reaction mixture containing 0.1 μM
of recombinant Tip60, 10 μM of [14C]-labeled acetyl-CoA, 100 μM of H4-20, and 100 μM
of individual compounds. The retained fractional activity of Tip60, namely the enzymatic
activity in the presence of a hit divided by that in the absence of the hit, was used to
quantitatively evaluate the potency of hit compounds. It is notable to mention that, for all the
enzymatic assays, the acetylation reaction is maintained under initial condition so that the
reaction yields of the limiting substrates are lower than 10%, which is to ensure that the
concentrations of acetyl-CoA and the peptide substrate remained constant over the time
course of acetylation reaction. Identified hits can be further characterized by its IC50 value.
For IC50 measurement, the activity of Tip60 was measured at varied concentrations of
inhibitor, and IC50 value is defined as the inhibitor concentration at which 50% of enzyme
activity was blocked. A typical activity-concentration titration curve for IC50 measurement
was shown in Fig. 2b. From the experimental tests, we found two compounds that possess
inhibition activities, i.e. a and b (Fig. 3). Their IC50 values are 149 μM and 181 μM,
respectively. In order to look for analogous potent inhibitors, we performed similarity search
on the Chem-Bridge database and selected 29 additional compounds that bear structural
similarities to compounds a and b. The inhibition activities of these compounds toward
Tip60 were also analyzed using the radioactive biochemical assay. From this study, two
more inhibitors were found, i.e., c and d (Fig. 3). These two compounds are structural
analogs of compound a, confirming that the core structure in the three compounds is a valid
structural framework for Tip60 inhibition. For the analogs of compound b, we did not
identify additional inhibitors. The inhibition data of the four inhibitors are listed in Table 1.

We compared the activities of the four discovered inhibitors with curcumin, a natural
product which was reported as a generic HAT inhibitor [26,50]. The data showed that
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inhibitors a, b and d are more potent than curcumin and compound c has similar activity as
curcumin (Fig. 4). Furthermore, we examined whether the inhibition by these new
compounds was specific for Tip60. Thus, we tested the inhibition by compound a on several
other HAT enzymes, i.e. Esa1, p300, and PCAF. p300 and PCAF belong to different HAT
families. Esa1 and Tip60 are both MYST members. H4-20 was used as substrate for Esa1
and p300 as well. For PCAF catalysis, the histone H3 N-terminal 20-aa tail peptide (i.e.,
H3-20) was used. The data are listed in Table 2 and show that compound a inhibits all the
tested HAT enzymes at similar levels, implicating that the inhibition is not specific for
MYST HATs. A computational study (see the next) offers structural insight about the
nonspecific inhibition by these inhibitors.

3.3. Inhibition model of the discovered inhibitors
To understand the mechanism by which the discovered small molecule inhibitors block the
activity of Tip60, we performed a docking study of compounds a and b with the recently
disclosed crystal structure of Tip60 protein (PDB ID 2OU2) (Fig. 5). Briefly, the 3-
dimensional structures of compounds a and b were constructed in Maestro 9.0.211. The
Tip60 structure file was modified in Maestro9.0.211 to add hydrogen atoms and remove
water molecules. Acetyl-CoA ligand was also removed from Tip60 to create a binding
pocket. Docking of the compounds into Tip60 was made with Auto- DockTools4.2.
Structural analysis with PyMOL was performed following the docking process. As shown in
Fig. 5, the results reveal that the docked poses of both compounds a and b superimpose well
with the original acetyl-CoA binding ligand in the crystal structure. Thus, the docking result
strongly supports that compounds a and b target the acetyl-CoA binding site of Tip60. To
confirm the competitive nature of inhibition, we elucidated the relationship between the
inhibitors and acetyl-CoA by conducting enzymatic assays. The first experimental evidence
comes from the fact that the IC50 values of these inhibitors vary with the concentration of
acetyl-CoA. For example, at 10 μM of acetyl-CoA, IC50 of inhibitor a was 149 μM (Table
1), but at 1 μM of acetyl-CoA, it decreased to 87 μM (data not shown). Also, we conducted
steady-state kinetic characterization. The initial velocities of Tip60 were measured at several
selected concentrations of inhibitor a at a range of concentrations of acetyl-CoA while fixing
the concentration of the peptide substrate at 100 μM. The data were plotted in the
Michaelis–Menten format with velocity versus concentration of acetyl-CoA as well as in the
double reciprocal format with 1/velocity versus 1/(concentration of acetyl-CoA) (Fig. 6). As
can be seen from the double-reciprocal plot, a series of straight lines intersected on the left
side of the ordinate, a feature characteristic of noncompetitive inhibition. The Michaelis–
Menten data points were fitted to the nonlinear noncompetitive inhibition equation [29] and
yielded Kii of 460 μM and Kis of 117 μM. Because Kii is 4 folds of higher than Kis, it is
concluded that the inhibition of Tip60 by a is essentially competitive with respect to acetyl-
CoA. Together with the conclusion from docking study, we suggest that the major binding
site of inhibitor a overlaps with the acetyl-CoA binding site in Tip60 although additional
weak binding sites may exist. Future work is needed to optimize structures of the chemical
hits to obtain inhibitors with improved potency and specificity for Tip60.

4. Conclusion
Tip60 is an important protein target for chromatin remodeling and is involved in multiple
cellular processes. Inhibitors of Tip60 have great value as chemical genetics tools for
interrogating the function of Tip60 in different pathways and are also potential therapeutic
agents. We discovered several micromolar inhibitors of Tip60 from high-throughput virtual
screen in combination with experimental inhibition studies. Docking studies and kinetic
analyses showed that these new inhibitors target the cofactor-binding site in Tip60. This
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work provides valuable structural scaffolds for further development of potent inhibitors of
Tip60 and the MYST family of HATs.
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Fig. 1.
Docking conformations of the 76 virtual hits (blue sticks) around the binding site (green
box) of ESA1 (pink ribbons). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2.
Characterization of chemical inhibition of Tip60 activity. (a) Effect of DMSO on the
enzymatic activity of Tip60. (b) Effect of compound a on the enzymatic activity of Tip60.
The reactions contain 100 μM of H4-20 and 10 μM of [14C]acetyl-CoA.
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Fig. 3.
Structures of the identified Tip60 inhibitors.
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Fig. 4.
Inhibition of Tip60 by the identified inhibitors and curcumin at 250 μM. The reaction
mixture contains 100 μM of H4-20, 10 μM of [14C]acetyl-CoA, and 200 nM of Tip60. The
reaction time is 10 min.
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Fig. 5.
Docking of inhibitors a and b in the crystal structure of Tip60 (PDB: 2OU2). Both
compounds target the acetyl-CoA binding pocket and interact extensively with residues in
the pocket.
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Fig. 6.
Steady-state kinetic analysis showing that inhibitor a competes with AcCoA. (a) The
Michaelis–Menten data of Tip60 activity at different concentrations of acetyl-CoA in the
presence of three selected concentrations of compound a (◆0 μM, ◆80 μM, ▲150 μM).
(b) The Lineweaver–Burk plot of the Michaelis–Menten data.
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Table 1

IC50 of the identified Tip60 inhibitors. Experimental condition: H4-20, 100 μM; [14C]acetyl-CoA, 10 μM;
Tip60, 200 nM; and reaction time, 10 min.

Inhibitors IC50 (μM)

a 149 ± 36

b 181 ± 60

c 400 ± 30

d 240 ± 15
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Table 2

Comparison of the inhibition of Tip60, Esa1, p300, and PCAF by compound a. Tip60 concentration was 200
nM and reaction time was 10 min; Esa1 concentration was 25 nM and reaction time was 5 min; p300
concentration was 5 nM and reaction time was 10 min; PCAF concentration was 5 nM and reaction time was
3.5 min. 10% DMSO was present in Tip60, Esa1 and p300 assay, and 2% DMSO was present in PCAF assay.

Tip60 Esa1 p300 PCAF

H4-20/H3-20 (μM) 100 100 100 100

Acetyl-CoA (μM) 10 10 10 10

IC50 (μM) 149 190 150 >100
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