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Histone acetyltransferases (HATs) are important mediators of epigenetic post-translational modifications
of histones that play important roles in health and disease. A disturbance of these modifications can
result in disease states, such as cancer or inflammatory diseases. Inhibitors of HATs (HATi) such as lysine
(K) acetyltransferase 8 (KAT8), could be used to study the epigenetic processes in diseases related to
these enzymes or to investigate HATs as therapeutic targets. However, the development of HATi is
challenged by the difficulties in kinetic characterization of HAT enzymes and their inhibitors to enable
calculation of a reproducible inhibitory potency. In this study, a fragment screening approach was used,
enabling identification of 4-amino-1-naphthol, which potently inhibited KAT8. The inhibitor was
investigated for enzyme inhibition using kinetic and calorimetric binding studies. This allowed for
calculation of the Ki values for both the free enzyme as well as the acetylated intermediate. Importantly,
it revealed a striking difference in binding affinity between the acetylated enzyme and the free enzyme,
which could not be revealed by the IC50 value. This shows that kinetic characterization of inhibitors and
calculation of Ki values is crucial for determining the binding constants of HAT inhibitors. We anticipate
that more comprehensive characterization of enzyme inhibition, as described here, is needed to advance
the field of HAT inhibitors.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Epigenetics is a field of study in which novel therapeutic targets
are found for various diseases, such as inflammatory diseases and
cancer [1]. It is defined as the structural adaptation of chromosomal
regions so as to register, signal or perpetuate altered transcriptional
Ti, histone acetyltransferase
A, acetyl coenzyme A.

served.
activity [2]. Epigenetic processes include post-translational modi-
fications of histones such as lysine acetylations, which play an
important role in the regulation of gene transcription by controlling
the chromatin structure of DNA [3]. Lysine acetylations are installed
by histone acetyltransferases (HATs) and removed by histone
deacetylases (HDACs). These enzymes balance lysine acetylation,
resulting in a controlled expression of genes. A disturbance of this
balance can result in disease states, such as cancer or inflammatory
diseases [4]. Therefore, restoring the balance between HAT and
HDAC activity using small molecule HAT inhibitors (HATi) could be
a therapeutic strategy for several diseases.

Development of HATi is an important challenge that has been
addressed with limited success so far. Important drawbacks of
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current HATi include intrinsic chemical reactivity, instability, low
potency, lack of selectivity as well as the limited kinetic charac-
terization of the inhibitors [5]. Kinetic characterization of inhibitors
in an early stage of lead identification is essential. Since enzyme
activity assays are often used for the discovery of novel inhibitors,
the 50% inhibitory concentration (IC50) is a common measure for
the potency of inhibitors. However, the IC50 depends on the con-
ditions used in the assay, such as the concentration of the enzyme
substrates and their respective Km values. This value is therefore
not reproducible unless exactly the same assay conditions are used.
The inhibitory potency (Ki) value is a potency value independent of
the assay conditions and is therefore much more representative as
potency of the inhibitor [6]. Calculation of the Ki value from the IC50
is crucial for the comparison of the potency with known inhibitors
or between different assays and for the determination of selectivity.
In case of competitive inhibitors of enzymes converting only one
substrate, the Ki can be calculated using methods like the Cheng-
Prusoff equation, Dixon plot or using double reciprocal plots
[7e9]. However, since HATs use a cofactor, acetyl coenzyme A (Ac-
CoA), for the acetylation of the lysine, they are bisubstrate en-
zymes: they convert two substrates into two products. In this case,
it is not possible to use standard methods for calculation of the Ki
and more elaborate kinetic evaluations are necessary [10]. It is
therefore important to investigate the kinetic behavior of HAT in-
hibitors toward determination of reproducible inhibitory constants.

The HATs are a disparate group of enzymes from which most
isoenzymes can be assigned to five main families based on primary
structure homology. Three families that have been studied exten-
sively are the GNAT (GCN5-related N-acetyltransferase) family, the
p300/CBP (p300/CREB binding protein) family and the MYST
(acronym for MOZ, Ybf2, Sas2, and Tip60) family [11]. In this study,
we focused on Lysine (K) acetyltransferase 8 (KAT8), a member of
the MYST HAT family. KAT8 (also: males absent on the first, MOF, or
MYST 1) is part of the male-specific-lethal (MSL) complex, which
specifically acetylates histone H4 lysine 16 [12]. KAT8 has addi-
tionally been shown to form different complexes containing WD
repeat domain 5 (WDR5, MSL1v1 or NSL complex) and MLL,
broadening the substrate specificity to histone H4 lysines 5 and 8
and non-histone targets, such as lysine 120 on the tumor-
suppressor protein p53 [13e15]. As part of these complexes, KAT8
has been shown to play a role in stem cell pluripotency, cell pro-
liferation and DNA damage response [16]. Using KAT8 conditional
deletion and a small molecule inhibitor for MYST family HATs in cell
lines and a mouse model, it was recently shown to be important for
sustaining MLL-AF9-driven leukemia and was suggested as a po-
tential therapeutic target for MLL-rearranged leukemia [17].
Therefore, small molecule KAT8 inhibitors could facilitate investi-
gation of its function in disease or may be used as potential ther-
apeutic agents.

Currently, one class of HATi have been described to inhibit KAT8,
which are anacardic acid and a number of its derivatives [18]. These
inhibitors were shown to inhibit KAT8 by interacting with an
acetylated form of the enzyme, required the binding of Ac-CoA and
competed with the lysine substrate. Calculation of the Ki values
revealed that although the determined IC50 values were above
200 mM, the Ki values were in the range of 37e64 mM. This shows
that the Ki value can differ significantly from tested IC50 values and
that this is dependent on the mechanism of inhibition of the in-
hibitors. Therefore, we aimed at discovering novel, structurally
unrelated KAT8 inhibitors and determining their kinetic profile.

Using a fragment screening approach, 4-amino-1-naphthol
(compound 13) was identified as a potent KAT8 inhibitor. The
mechanism of KAT8 inhibition and structure-activity relationship
(SAR) were investigated. Enzyme kinetic measurements as well as
calorimetric binding studies suggested a reversible inhibitionmode
and a direct interactionwith KAT8 for compound 13. Kinetic studies
allowed calculation of the Ki value for both the free enzyme form of
KAT8 (Ki1 ¼ 2.6 mM), and the acetylated form (Ki2 ¼ 0.017 mM),
which indicated very high potency for the acetylated enzyme in-
termediate. Taken together, our approach to link fragment
screening with enzyme kinetic analysis demonstrated large affinity
differences for the different enzyme species involved in catalysis,
which is not obvious from the IC50 values. We anticipate that
unravelling the inhibitory potencies of inhibitors for individual
enzyme species is key to inhibitor discovery for this type of
enzymes.

2. Results and discussion

2.1. Fragment screening

Towards discovery of a novel inhibitor of KAT8, an in-house li-
brary of fragments with a broad range of structures and low mo-
lecular weight (MW < 250 Da), was screened for inhibition of the
KAT8 HAT. An assay based on fluorescence-detection of CoA was
used to screen all fragments. Currently known KAT8 inhibitors
showed an IC50 of higher than 200 mM under the same assay con-
ditions [18]. Taking this potency as a reference, a concentration of
200 mM was chosen for screening the fragments. A control was
included for potential fluorescence quenching by the fragments to
identify and rule out any hits directly interfering with the assay.
Structures containing maleimide or thiol moieties were excluded
due to reactivity with the assay product or fluorophore. The
resulting hits (1 and 10) and a small number of similar fragments
were tested for their 50% inhibitory concentration (IC50) (Table 1,
Fig. S1).

4- fluoro phenyl hydrazine (1) showed an IC50 of 310 mM. Several
phenyl hydrazines similar to 1 were investigated. 4- methoxy
phenyl hydrazine (2) lost activity compared to 1. Other substitution
patterns like hydrogen or chlorine were not active (3e5). To
investigate the hydrazine moiety further, 4- fluoroaniline or ben-
zylamine (6, 7) were tested. These were not active, and neither
were two other aniline compounds (8, 9), showing that the inhi-
bition was specific for the hydrazine moiety. Taken together, no
phenyl hydrazine structures were found to be more potent in-
hibitors than 1. Therefore, this structural entity was not further
investigated.

The hit 1-aminonaphthalene (10), showed an IC50 of 180 mM; the
most potent hit from the screening. Testing similar structures
showed that 1-nitro naphthalene (11) or a sulphonic acid
substituted aminonaphthalene (12) were not active. The hydroxyl
substituted fragment, 4-amino-1-naphthol (13), showed an excel-
lent IC50 of 9.7 ± 3.0 mM. Strikingly, 9, which is very similar to 13,
was not active, showing that the naphthalene moiety is also
important for KAT8 activity. Therefore, compound 13 was investi-
gated in more detail.

2.2. Structure-activity relationship

A SAR study was done around the structure of 13 to investigate
the importance of the different parts of the scaffold. Derivatives of
13 were synthesized and tested for their inhibitory potency on
KAT8 (Table 2, Fig. S2). The naphthalene ring was replaced by a
isoquinoline (14). This moiety has a slightly different logP and is
weakly basic, but it did not significantly influence the activity. To
investigate the importance of the free amine on R1 position, the
amine was included in the ring (16) or a carbon or carboxyl spacer
was introduced (17, 18). These compounds did not show inhibitory
activity on KAT8. Additionally, the amine was replaced by a nitro
(19). This compounds had a reduced potency compared to 13, but



Table 1
IC50 values of the fragment screening hits and a small number of related structures for KAT8.

Compound R1 R2 R3 IC50 (mM)

1 -NHNH3
þ Cl� 4 - F e 310

2 -NHNH3
þ Cl� 4 - OCH3 e 680

3 -NHNH2 H e >1000
4 -NHNH3

þ Cl� H e >1000
5 -NHNH3

þ Cl� 2, 4 - Cl e >1000
6 -NH2 4- F e >1000
7 -CH2NH2 4-F e >1000
8 -NH2 4- Cl e >1000
9 -NH2 4- OH e >1000

10 -NH2 H H 181
11 -NO2 H H >1000
12 -NH2 H SO3

� 940
13 -NH2 OH H 9.7 ± 3.0

Table 2
IC50 values of compound 13 derivatives and the selectivity for KAT2B and KAT3B of compounds 13, 9 and the derivatives showing activity on KAT8. Data presented are IC50
values.

Compound R1 R2 R3 X Y IC50 KAT8 (mM) IC50 KAT2B (mM) IC50 KAT3B (mM)

13 NH2 OH H C C 9.7 ± 3.0 3.6 ± 1.1 1.4 ± 0.1
9 >500 >500 >500
14 NH2 OH H C N 7.6 ± 0.8 7.1 ± 0.8 1.1 ± 0.3
15 NH2 CN H C C >500 n.d. n.d.
16 e OH H N C >500 n.d. n.d.
17 CH2NH2 OH H C C >500 n.d. n.d.
18 CONH2 OH H C C >500 n.d. n.d.
19 NO2 OH H C C 141 ± 43 221 ± 115 106 ± 22
20 NH2 OH OMe C C 177 ± 22 200 ± 28 52 ± 28
21 NH2 CH2OH H C C >500 n.d. n.d.
22 NH2 OMe H C C 89 ± 11 >500 95 ± 60
23 NH2 OAc H C C >500 n.d. n.d.
24 NH2 OBn H C C >500 n.d. n.d.
25 NMe2 OH H C C 23 ± 4 4.2 ± 1.9 3.7 ± 2.1
26 NHAc OH H C C >500 n.d. n.d.
27 OH H C C >500 n.d. n.d.

28 OH H C C 250 ± 96 160 ± 25 60 ± 22

29 OH H C C 365 ± 110 >500 250 ± 137

30 NHSO2Me OH H C C 66 ± 12 3.8 ± 2.8 3.0 ± 1.9
31 NHSO2toluene OH H C C 37 ± 5.3 12 ± 1.4 2.6 ± 1.4

Me ¼ methyl, Ac ¼ acetyl, Bn ¼ benzyl, n.d ¼ not determined.
Data represent the mean and standard deviation from two independent experiments.
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still showed activity. This suggests that the position of the amine is
important, but it can be slightly modified. To investigate an ortho
substitution to the amine, a methoxy was inserted (20). This
reduced activity compared to 13, but was still reasonably active.
Next, the hydroxyl group was investigated. Both replacing it with a
nitrile (15) as well as introducing a carbon spacer (21), completely
abolished activity. When the hydroxyl moiety was substituted with
a methyl (22), it retained reasonable activity, but the acetyl and
benzyl (23e24) substituted compounds lost activity, suggesting
that the free hydroxyl is important for activity and there is little
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space for substituents here. Subsequently, substitutions to the
amine were investigated. The dimethylated amine (25) showed
good potency, but the acetylated (26) and propionylated (27) amine
lost activity. Strikingly, substituting with a long aliphatic tail (28)
recovered activity again, which is probably due to lipophilic in-
teractions. The preference of KAT8 for lipophilic substitutions has
been previously observed with the anacardic acid derived in-
hibitors as well [18]. A phenyl instead of a aliphatic tail (29) also
showed better activity than the propionyl, suggesting that a lipo-
philic or aromatic interaction is gained close to the aminonaphthol
scaffold. This was observed with two sulphonamide derivatives as
well (30, 31). These derivatives showed good activity for KAT8 and
the toluene sulphonyl derivative was approximately twice as active
as the methyl sulphonyl, suggesting a gained lipophilic or aromatic
interaction. However, none of the derivatives was significantly
more active than compound 13. Therefore, compound 13 was
chosen for further investigation.

2.3. Inhibitor properties

An often encountered problemwith high-throughput screening
is the discovery of hits that turn out to be pan assay-interfering
compounds (PAINS) [19]. Computational tools are available to
easily test structural entities for PAIN properties [20], but recent
criticism warns against blind use of these tools, since it was
observed that the tools will not recognize all PAIN structures [21]. It
is therefore necessary to experimentally test the properties of the
high throughput hit to test for PAINS behavior. Therefore, com-
pound 13was investigated for thiolreactivity, stability, reversibility,
anti-oxidant properties and selectivity.

Compounds similar to compound 13 were discovered to be
assay interfering compounds (PAINS), seeming to inhibit the HAT
Rtt109 in an assay based on detection of the product CoA, but
instead reacting with the thiol group of the product, which pre-
vented detection of CoA [22]. The proposed mechanism was a
Michael addition-elimination reaction in which the thiol, glutha-
thion, replaced a thiol or halogen substituent on position 2 from the
hydroxyl moiety. Therefore, the thiolreactivity of compound 13was
investigated in an assay containing all elements of the IC50 assay,
but where Ac-CoAwas replaced with CoA (Fig. S3). No reduction in
fluorescence was found in this assay, suggesting that compound 13
does not react with thiols under these conditions. Additionally, the
stability of compound 13 was investigated using HPLC and no
degradation of the compoundwas observed up till 4 h of incubation
with the assay buffer (Fig. S4). Longer incubation times were not
tested.

To investigate whether 13 shows irreversible inhibition, a pre-
incubation assay was performed (Fig. 1A). Three different concen-
trations (0.75, 2 and 10 � the IC50) of compound 13 were pre-
incubated with KAT8 for 2, 5 or 10 min before adding the enzyme
substrates and measuring enzyme activity. An irreversible inhibitor
will show time-dependent inhibition and therefore give more in-
hibition when pre-incubated with the enzyme for a longer time.
However, no difference was observed between 2, 5 or 10 min pre-
incubation with any of the concentrations, indicating that 13 is a
reversible inhibitor of KAT8. This was confirmed using a dilution
experiment (Fig. 1A) in which KAT8 was pre-incubated with 13 at a
concentration of >5 times the IC50 value and subsequently diluted
100 times in a solution containing the substrates. The enzyme ac-
tivity was measured over time and was shown to recover linearly,
indicating a fully reversible inhibitor [23]. These data are consistent
with a model where 13 is a reversible inhibitor of KAT8.

Due to their phenolic structure, 13 and several other de-
rivatives have anti-oxidant activity. Although KAT8 does not
depend on redox cycling mechanisms in its enzymatic reaction, it
may interfere with the assay, which could lead to observation of
inhibition, where no true inhibition of KAT8 takes place. There-
fore, the anti-oxidant activity of 13 and all derivatives was
determined in a DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, a
widely used assay for determination of anti-oxidant activity of
single molecules [24]. The concentration that gave 50% reduction
in DPPH absorbance (EC50) was determined for all compounds
(Fig. S5A). As expected, many derivatives containing the phenolic
structure were anti-oxidants, showing very similar EC50's be-
tween 7 and 26 mM. However, their anti-oxidant activity did not
show a relationship with their inhibitory activity on KAT8. For
example, many compounds showing anti-oxidant activity, did
not show KAT8 inhibition (9, 23, 26, 27). Compound 19 showed
no anti-oxidant activity due to the strong deactivating properties
of the nitro substituent, but did show inhibitory activity on KAT8.
Additionally, the IC50 of compound 13 was determined in the
presence of non-thiol containing redox active substances (tris(2-
carboxyethyl)phosphine (TCEP, 1 mM), NADþ (nicotinamide ade-
ninedinucleotide, 100 mM) and NADH (100 mM)) (Fig. S5B). The
presence of these redox active substances in the assay did not
significantly influence the IC50 of 13. Taken together, these data
indicate that the anti-oxidant activity of compound 13 does not
influence the inhibition of KAT8.

The selectivity of 13 and the active derivatives was investigated
using KAT3B and KAT2B, representing two main other HAT fam-
ilies; p300/CBP and GNAT. An assay similar to that of KAT8 based on
fluorescence detection of CoAwas set up for KAT2B and KAT3B and
the IC50 values of 13 and all derivatives showing activity on KAT8,
were determined for KAT2B and KAT3B (Table 2, Figs. S6 and S7).
Compound 13 showed inhibitory activity for both KAT2B
(IC50 ¼ 3.6 ± 1.1) and KAT3B (IC50 ¼ 1.4 ± 0.1). Although the de-
rivatives showed in general no selectivity over KAT2B and KAT3B,
based on IC50 values, some differences were observed. For example,
compound 22 shows activity for KAT8 and KAT3B, but seems
inactive on KAT2B, suggesting that substitutions on the hydroxyl
group are even more constrained for this enzyme. Additionally,
compound 19 shows moderate activity on KAT8 and is preferred
above for example 20 and 28, but on KAT2B and KAT3B, it is less
active compared to these others. This suggests that the nitro group
is not preferred on KAT2B and KAT3B as on KAT8. Therefore,
although 13 and derivatives are generally non-selective between
KAT8, KAT2B and KAT3B based on IC50 values, the different en-
zymes were inhibited to different extents by the derivatives.

However, due to differences in catalytic mechansims, substrates
and substrate affinities of the different HATs, which all influence
the IC50 values, for accurate comparison of the potency for different
enzymes, the Ki values should be calculated. For the calculation of
the Ki values it is essential to determine the Km values of the sub-
strates for KAT2B and KAT3B. Therefore, both KAT2B and KAT3B
were kinetically investigated for their catalytic mechanisms as
initially done for KAT8 (Fig. S8A/B). KAT2B showed sigmoidal ki-
netics, suggesting a catalytic process with multiple steps of
different velocities, for example cooperative subunits or two
preferred catalytic mechanisms which depend on the concentra-
tion of Ac-CoA present [10] (Fig. S8A). This deviation from
Michaelis-Menten kinetics is clearly observed when transforming
the data to a Lineweaver-Burke plot. The normally linear regression
of the double reciprocal is not linear, but curves upward (Fig. S8A).
In case of KAT3B, it was not possible to fully reach saturation of the
velocity (Fig. S8B). The histone 3 peptide substrate (H3 substrate),
for which p300 has affinity as well, showed the same behavior.
Unfortunately, since the determination of Km values is based on
model enzymes that follow Michaelis-Menten kinetics, in both of
these cases it is not currently described how to determine Km
values of the substrates. Therefore, calculation of the Km values, and



Fig. 1. A) A preincubation assay was performed to investigate whether 13 is an irreversible inhibitor. Compound 13 (0.75, 2 and 10 � IC50) was preincubated for 2, 5 or 10 min with
KAT8. Subsequently, the substrates were added and the enzyme reaction was performed. No difference in percentage inhibition was observed between 2, 5 or 10 min preincubation
with any of the concentrations. This indicates that 13 is a reversible inhibitor. A dilution experiment was done to further confirm that 13 is a reversible inhibitor. KAT8 was
preincubated with 13 at a concentration of 50 mM (>5 times the IC50) and subsequently diluted 100 times in a solution containing the substrates. The enzyme activity was recovered
linearly over time, indicating fully reversible inhibition. B) The velocity of the substrate conversion of KAT8 was measured at increasing concentrations of Ac-CoA in the presence of
different concentrations of 13. An increase in 13 concentration resulted in a decrease in Vmax, but no change in the Km of Ac-CoA. This indicates non-competitive behavior with Ac-
CoA. The velocity of the substrate conversion of KAT8 was measured at increasing concentrations of histone substrate in the presence of different concentrations of 13. An increase
in 13 concentration did not influence the Vmax, but resulted in an increase in Km of the histone substrate. This indicates competitive behavior with the histone substrate. C) The
equilibrium dissociation constant (Kd) of 13 to KAT8 was determined using isothermal titration calorimetry (ITC). Compound 13 showed a Kd of 2.6 mM for KAT8. N ¼ stoichiometry,
K ¼ association constant (1/Kd), Kd ¼ equilibrium dissociation constant (1/K). D) The equilibrium dissociation constant (Kd) of 13 to KAT8 in the presence of Ac-CoAwas determined
using isothermal titration calorimetry (ITC). Compound 13 showed a Kd of 0.7 mM. N ¼ stoichiometry, K ¼ association constant (1/Kd), Kd ¼ equilibrium dissociation constant (1/K).
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an accurate determination of the selectivity of the inhibitors, could
not be done and remains to be investigated.

Additionally, the selectivity of compound 13 was investigated
towards two unrelated enzymes, human arginase 1 and histone
deacetylase 3 (HDAC3) (Fig. S9). Compound 13 was tested for ac-
tivity on HDAC3 in a biochemical enzyme activity assay and on
human arginase 1 in a binding assay based on differential scanning
fluorimetry (DSF). Compound 13 showed inhibition of HDAC3 at
higher concentrations (estimated IC50 z 80e90 mM). In the DSF
assay, compound 13 showed no change in the melting temperature
(Tm) of human arginase 1, suggesting that compound 13 did not
bind this enzyme.

Taken together, considering the lack of selectivity for other HATs
and HDAC3 and its anti-oxidant properties, which could cause ef-
fects unrelated to KAT8 inhibition in more advanced systems such
as cells, wewould not suggest using compound 13 for development
of a selective drug targeting KAT8. However, control experiments
suggest compound 13 does not interfere in the KAT8 assay due to
thiolreactivity or its anti-oxidant properties. Since the aim of this
study was to investigate the kinetic behavior of an inhibitor
structurally unrelated to the current inhibitors on KAT8, compound
13 was considered suitable for further investigation of the mech-
anism of inhibition.

2.4. Mechanism of inhibition

To investigate the mechanism of inhibition by 13, kinetic studies
were done using Michaelis-Menten enzyme kinetics. The velocity
of substrate conversion by KAT8 was measured at increasing con-
centrations of Ac-CoA or histone substrate in the presence of
different concentrations of 13. The apparentmaximal velocity (Vmax

app.) and Michaelis constants (Km app.) of Ac-CoA and the histone
substrate were determined. In case of Ac-CoA, an increase in 13
concentration resulted in a decrease in Vmax app., but no change in
the Km app. of Ac-CoA (Fig. 1B). This indicates non-competitive
behavior with Ac-CoA, where binding of 13 does not influence
binding of Ac-CoA. In case of the histone substrate, an increase in 13
concentration did not influence the Vmax app., but resulted in an



Fig. 2. KAT8 uses a ping-pong mechanism in which the cofactor, acetyl coenzyme A
(Ac-CoA), binds first to the free enzyme form (E) and acetylates a residue on the
enzyme (AcE). Coenzyme A (CoA) leaves the enzyme as product. Subsequently, the
histone substrate can bind and is acetylated by the enzyme. The enzyme returns to its
free form (E). Compound 13 (I) can interact with the free enzyme (E), with an inhib-
itory potency (Ki1). It can also interact with the acetylated enzyme form (AcE) with an
inhibitory potency (Ki2).
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increase in Km app. of the histone substrate. This indicates
competitive behavior with the histone substrate. KAT8 has been
shown to operate via a ping-pong mechanism [18] inwhich Ac-CoA
has to bind first to KAT8, followed by an acetylation of the enzyme,
which creates a second intermediate form of the enzyme. Subse-
quently the histone substrate binds and is acetylated, generating
the acetylated lysine and returning KAT8 back to its free form.
Competitive behavior of 13 with the histone substrate therefore
suggests that 13 binds not only to the free KAT8 enzyme, but also to
the acetylated intermediate.

To further investigate this, binding studies of 13 to KAT8 were
done using isothermal titration calorimetry (ITC). Compound 13
was titrated to KAT8 in the absence of Ac-CoA (the free enzyme)
and the equilibrium dissociation constant (Kd) of 13 was deter-
mined (2.6 ± 0.7 mM, Fig. 1C, Fig. S10A). The stoichiometry of the
interaction was close to one, suggesting that one molecule of 13
binds to onemolecule of KAT8. Compound 13 thus directly interacts
with KAT8. Additionally, 13 was titrated to KAT8 in the presence of
Ac-CoA to generate a certain amount of the acetylated/Ac-CoA
bound enzyme form. The binding data showed a Kd of
0.7 ± 0.06 mM (Fig. 1D, Fig. S10B). The Kd for Ac-CoA bound KAT8 is
lower than for free KAT8, indicating that 13 binds with a higher
affinity to the acetylated intermediate than to the free enzyme.
These data suggest that compound 13 inhibits KAT8 by interacting
both with the free enzyme form as well as with the Ac-CoA bound
form, but has higher affinity for the acetylated intermediate.

2.5. Determination of the Ki values

The IC50 value determined in an enzyme inhibition assay is
dependent on the conditions used in the assay, such as the con-
centration of the enzyme substrates and their respective Km values.
This value is therefore not reproducible unless exactly the same
assay conditions are used. The Ki value is a potency value inde-
pendent of the substrate concentration and Km values and is
therefore much more representative as potency of the inhibitor [6].
Calculation of the Ki value from the IC50 is crucial for the compar-
ison of the potency with known inhibitors or between different
assays and for the determination of selectivity. KAT8 is a bi-
substrate enzyme that converts two substrates (Ac-CoA and the
histone substrate) to two products (CoA and the acetylated histone
substrate). Therefore, knowledge on the catalytic mechanism of the
enzyme, as well as the mechanism of inhibition by the inhibitor is
needed to calculate the Ki value [9]. It was previously reported by us
that KAT8 follows a ping-pong mechanism in which Ac-CoA binds
first and acetylates a residue on the enzyme. Subsequently the
histone substrate binds and is acetylated [18]. Combining the
knowledge that KAT8 follows a ping-pong mechanism and that 13
inhibits KAT8 by interacting both with the free enzyme form as
with the Ac-CoA bound form as determined from the kinetic ex-
periments, equation (1) can be used to calculate the Ki values [9]. It
must be noticed that this equation yields two Ki values, one for the
free KAT8 enzyme (Ki1) and one for the acetylated intermediate
(Ki2). Fig. 2 schematically shows the ping-pong mechanism of KAT8
and the inhibition of 13 of the free enzyme (E) and the acetylated
enzyme form (AcE) and its respective Ki values. The Kmvalues of Ac-
CoA and the histone substrate were derived from a kinetic assay
with both substrates as described by Segel [10] and were consistent
with previously reported values (Fig. S10C/D) [18]. We assumed
that the Ki1 was equal to the Kd of 13 to KAT8 as determined by ITC,
since for the process of inhibiting the free enzyme (E), only binding
of 13 is of influence. The Ki1 of 13 was therefore assumed to be
2.6 mM and the Ki2 was 0.017 mM as derived from the equation (see
SI for calculation). This suggests that the inhibitory potency was
much better for the acetylated intermediate than for the free
enzyme. This stronger interactionwas also observed in the Kd value
of 13 for KAT8 in presence Ac-CoA as determined by ITC, which was
lower than the Kd for KAT8 in absence of Ac-CoA. Additionally, the
kinetic behavior of 13 is different from the behavior of the previ-
ously reported anacardic acid derivatives, which did not interact
with the free enzyme [18]. This kinetic behavior has a large influ-
ence on the calculation of the resulting Ki values, suggesting that
kinetic evaluations of inhibitors for this enzyme are crucial for
determining inhibitory potency. Taken together, this suggests that
the inhibition of compound 13 is mostly due to inhibition of the
acetylated enzyme intermediate by competition with the histone
substrate and that these kinetic evaluations are crucial for deter-
mining the inhibitory potency of KAT8 inhibitors.

kbAþ KaBþ AB ¼
�
Kb

B
1
Ki2

Ka

A
1
Ki1

�
IC50 (1)

IC50 ¼ the IC50 determined in the enzyme inhibition assay
Ka ¼ Km of Ac-CoA
Kb ¼ Km of the histone substrate
A ¼ the concentration of Ac-CoA used in the IC50 assay
B ¼ the concentration of the histone substrate used in the IC50
assay
Ki1 ¼ the Ki of 13 for the free enzyme
Ki2 ¼ the Ki of 13 for the acetylated intermediate

3. Conclusion

In conclusion, this study describes the discovery of a potent
fragment inhibitor of KAT8, compound 13, via a fragment screening
approach. A SAR study was done, which showed that 13 could be
modified, although no derivatives were found that were signifi-
cantly more potent. Investigation of the compound properties
suggested that compound 13 was not selective for other HATs or
HDAC3 and had anti-oxidant properties. However, experiments
with CoA and redox active substances suggest compound 13 was a
reversible inhibitor that did not interfere in the KAT8 assay due to
thiolreactivity or its anti-oxidant properties. Therefore it was used
for investigation of its mechanism of inhibition of KAT8. The results
of kinetic studies and ITC are consistent with a model where the
fragment interacts with both the free enzyme and the acetylated
intermediate form. This enabled the calculation of the assay-
independent Ki values of 13 for both the free enzyme form of
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KAT8 (Ki1 ¼ 2.6 mM), and the acetylated form (Ki2 ¼ 0.017 mM),
which suggested that its inhibition is mostly due to interactionwith
the acetylated form of the enzyme. Taken together, in this study a
fragment screening is presented that provides a fragment inhibitor
of KAT8 that is further characterized by enzyme kinetics and
biophysics. This combination reveals a striking difference in bind-
ing affinity between the acetylated enzyme and the free enzyme
that is not revealed by the IC50 determinations. This shows that
kinetic characterization of inhibitors and calculation of Ki values is
crucial for determining the binding constants of HAT inhibitors. We
anticipate that more comprehensive characterization of enzyme
inhibition, as described here, is needed to advance the field of HAT
inhibitors.
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