University of Groningen

Kinetics and inhibition of enzymes in early stage drug discovery
Wapenaar, Hannah

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wapenaar, H. (2017). Kinetics and inhibition of enzymes in early stage drug discovery: A MOF and MIF
symphony. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-01-2023

Chapter 5
KAT8 inhibition in a different
manner
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KAT8 inhibition in a different manner

Introduction
Enzyme inhibitors form an important part of the therapeutic agents currently on the
market. Many diseases are linked with an increased activity of enzymes or can be
remedied by reduction of the activity of a certain enzyme. Biochemical assays are
essential for the discovery of enzyme inhibitors. These assays often operate by detecting
the product formed in the enzyme reaction. A decrease in observed detection of the
product in presence of a potential inhibitor will then indicate enzyme inhibition. In this
project, potential inhibitors of the enzyme lysine (K) acetyltransferase 8 (KAT8) were
tested. KAT8 is a histone acetyltransferase (HAT) that catalyzes the reaction between
lysine residues on target proteins and the cofactor acetyl coenzyme A (Ac-CoA), resulting
in acetylation of the lysine and generation of coenzyme A (CoA). The activity of KAT8
can therefore be measured by detecting the acetylated lysine using western-blot and
ELISA or radioactive counting using tritiated [3H]-Ac-CoA (1,2). However, these methods
are time-consuming and depend strongly on the availability of a specific antibody or
require special equipment, trained people and laboratories for working with radioactive
substances. Another possibility is to detect the product CoA, which contains a free thiol
group(3). This free thiol group can be detected using a maleimide-based fluorophore
(7-Diethylamino -3-(4’- Maleimidylphenyl) -4-Methylcoumarin, CPM) through a Michaeladdition reaction. This assay is fast and does not require any specific equipment and is
therefore readily available for small academic groups. Therefore, this assay was used to
measure KAT8 activity and to test potential inhibitors.
Although the principle of discovering enzyme inhibitors through their reduction of
enzyme activity is straightforward, there are several challenges in interpreting the
results from these biochemical assays. The enzyme inhibition can be influenced by
several factors such as temperature, pH, the presence of organic solvents and metal
ions (4). Additionally, the inhibitors can have reactive groups which may interfere with
the detection of the product. These compounds can react with the enzyme, substrates
or products, resulting in a non-specific decrease in detected product. Therefore, close
attention should be payed to the results of the biochemical assays and suitable control
experiments should be included.
Efforts toward developing HAT inhibitors has so far led to only a limited number of HAT
inhibitors. Additionally, these HAT inhibitors suffer from undesired physicochemical
properties, lack of potency and limited selectivity (5). C646 is an inhibitor for the HAT
subtype p300 and is considered the most potent and selective HAT inhibitor currently
available with a Ki of 0.4 µM (6) (Figure 1). In this project, two classes of potential KAT8
inhibitors based on the known HAT inhibitor C646 with general structures 1 and 2 (Figure
1), were tested for inhibition on KAT8. A pre-incubation and dilution experiment indicated
that compounds with structure 1 were irreversible inhibitors. Consistent with this,
compound 4 showed non-competitive behavior with both substrates. The irreversible
inhibition of the compounds could be due to the benzophenone-like moiety. A thiol
reactivity control experiment suggested that the compounds with structure 2 reacted
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Figure 1: Structure of the known p300 inhibitor C646 and general structures of the irreversible compound (1)
and thiol reactive compounds (2).

with CoA under the assay conditions. Consistent with these result kinetic evaluations of
the inhibition mechanism showed non-competitive inhibition with both substrates. The
mechanism of this thiol reactivity could not be concluded from the results. Therefore, the
compounds will be tested for possible interaction with KAT8 in an assay not dependent
on detection of CoA. In this project we show that the pre-incubation assay, the CoA
thiol reactivity assay and the Michaelis-Menten kinetics are straightforward control
experiments that can be done in parallel with screening for inhibitory potency. This will
lead to better understanding of the inhibitors in an early stage of discovery and prevent
unexpected results in a later phase.

Results and discussion
Inhibitors with general structure 1
To investigate the compounds with general structure 1 for potential inhibitory activity on
KAT8, all compounds (3-15) were tested in a biochemical assay based on fluorescence
detection of CoA. First a single point assay at 200 µM was performed and for all
compounds giving more than 50% inhibition, an IC50 was determined (Table 5.1, Figure
S1, Figure S2). The structure-activity relationship (SAR) suggests that 3-7, 10 and 14 are
KAT8 inhibitors. Substitutions on the ortho position of the phenyl ring (3-7) were all
active, except for the alcohol (8). Substitutions on meta position (9-12) were less active,
with only the chloride (10) giving inhibition. Changing the chloride to para position (13)
decreased activity. Removing the acid group (14, 15) showed that this group contributed
to the activity. To investigate the reversibility of the inhibition, a pre-incubation assay was
performed. Compound 4 was pre-incubated for 2, 5 and 10 minutes with KAT8 before
adding the substrates and then incubated 15 minutes to let the enzyme reaction proceed.
Figure 2A shows that a longer pre-incubation time of compound 2 with KAT8 gives an
increased inhibition of enzyme activity. Additionally, a dilution experiment showed
that after pre-incubation of KAT8 with a very high concentration of compound 4, the
enzyme activity could not be recovered by dilution (Figure 2A). This indicates irreversible
inhibition, which may be caused by the benzophenone-like moiety. The inhibitor kinetics
were investigated using Michaelis-Menten plots. The velocity of substrate conversion
by KAT8 was measured at increasing concentrations of Ac-CoA or histone substrate
in the presence of different concentrations of compound 4. The apparent maximal
velocity (Vmax app.) and Michaelis constants (Km app.) of Ac-CoA and the histone substrate
were determined. Consistent with irreversible inhibition, the Michaelis-Menten kinetics
of the inhibitor showed a decrease in the Vmax values with both substrates, suggesting

136

KAT8 inhibition in a different manner
non-competitive behavior (Figure 2B). The inhibitor did, however, also increase the
Km of both inhibitors, suggesting mixed inhibition, where the inhibitor has a different
affinity for the free enzyme and the enzyme substrate complex. The structure activity
relationship of compounds 3-15 can therefore be due to KAT8 binding and inhibition,
but also due to their reactivity. Additionally, irreversible inhibitors show time-dependent
inhibition, meaning that the IC50 varies with incubation time. The IC50 values presented
here are therefore limited to the incubation time of 15 minutes and therefore do
not reliably indicate inhibitory potency. The inhibitory constants of these inhibitors
could be determined using for example Kitz-Wilson plots (7). All compounds have a
moiety consisting of a carbonyl connecting a phenyl and a pyrrole, which shows some
resemblance to benzophenones. The conjugated carbonyl group of benzophenones
has been shown to form reactive radical species upon irradiation with UV light, which
can covalently attach to proteins (8). Benzophenones have therefore for example been
used for ligand-protein interaction studies or identification of targets (9). Although UV
irradiation is necessary for activation of the benzophenones, and no UV irradiation was
used in these experiments, it has been described that substitution of the benzophenone
Table 1: IC50 values of compounds 3-15 with general structure 1

*IC50 values were measured after 15 minutes incubation.
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moiety can influence the reactivity of these moieties and the wavelength at which they
absorb light (10,11). Therefore this moiety might cause the irreversible behavior of the
compounds. In drug discovery, this type of irreversible inhibitors is not often used as
lead compound for therapeutic purposes due to their reactivity and potential toxicity.
However, irreversible inhibitors may be used as probes if sufficient selectivity is found.

Figure 2: Kinetic evaluation of compound 4. A) Compound 4 (100 µM) was pre-incubated with KAT8 for 2,
5 and 10 minutes before adding the substrates and initiating the enzyme reaction. The enzyme reaction
was stopped after 15 minutes incubation and the product formation was detected. Compound 4 showed
time-dependent inhibition, indicating irreversible inhibition. A dilution experiment was performed by preincubating compound 4 with KAT8 in a concentration of 10 x IC50. Subsequently, the mixture was diluted 100 x
with a solution containing the substrates, which initiated the enzyme reaction. PC = positive control containing
DMSO instead of compound 4. The enzyme activity could not be recovered after dilution of the compound,
indicating irreversible inhibition. B) The velocity of substrate conversion by KAT8 was measured at increasing
concentrations of Ac-CoA or histone substrate in the presence of different concentrations of compound 4.
The apparent maximal velocity (Vmax app.) and Michaelis constants (Km app.) of Ac-CoA and the histone substrate
were determined. The Michaelis-Menten kinetics of the inhibitor showed a decrease in the Vmax values with
both substrates, suggesting non-competitive behavior. The inhibitor did, however, also increase the Km of both
inhibitors, suggesting mixed inhibition, where the inhibitor has a different affinity for the free enzyme and the
enzyme substrate complex.
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Inhibitors with general structure 2
Compounds with general structure 2 were tested for inhibitory activity on KAT8 as
well, similarly to the compounds with general structure 1 (Table 2, Figure S1, Figure
S3). The structure activity relationship suggests that the benzoic acid substituted
methyl pyrazolone core (16) alone is not active. Substituting this core with different
5- or 6-membered rings connected by a vinyl to the methyl pyrazolone showed that
furan (18), thiophene (19), 2-pyrrole (20) and 2-indole (24) substituents led to active
compounds, but not phenyl (17), imidazole (21) , pyrazole (22), 3-pyrrole (23) or 3indole (25), suggesting that the heteroatom should be directly next to the vinyl linker.
Substitution of the pyrrole amine with methyl or benzyl (26-27) did not influence
the activity. Surprisingly, reducing the double bond to a methylene linker, resulted in
compounds that showed strong fluorescent properties. These could therefore not be
tested for KAT8 inhibition due to a high, concentration dependent background signal
that interfered with detection. The pyrrole with vinyl linker (20) was therefore chosen
as a scaffold for further investigation. Substitutions to the pyrazolone were varied (3032). A phenyl substitution was active, but not isopropyl or benzyl. No substitution was,
however, significantly better than the methyl. The vinyl linker could be substituted with
a methyl (33), although the activity was slightly reduced. Finally, substitutions to the
phenyl were varied (34-40), showing that other substitutions than the acid reduced the
activity of the compounds. Therefore, compound 20 was further investigated.
The reversibility of the KAT8 inhibition by compound 20 was investigated in the preincubation assay as compound 4, but did not show time-dependent inhibition (Figure
S4). Compound 20 does not have a benzophenone-like structure, therefore this was as
expected. This suggests that compounds of general structure 2 are reversible inhibitors
unlike the compounds with general structure 1. The mechanism of inhibition was
investigated using Michaelis-Menten kinetics. The velocity of substrate conversion by

Figure 3: Kinetic evaluation of compound 20. The velocity of substrate conversion by KAT8 was measured
at increasing concentrations of Ac-CoA or histone substrate in the presence of different concentrations of
compound 20. The apparent maximal velocity (Vmax app.) and Michaelis constants (Km app.) of Ac-CoA and the
histone substrate were determined. In both cases, an increase in compound 20 concentration resulted in a
decrease in Vmax app., but no change in the Km app.. This indicates non-competitive behavior with both Ac-CoA and
the histone substrate, where binding of compound 20 does not influence binding of either substrate.
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KAT8 was measured at increasing concentrations of Ac-CoA or histone substrate in the
presence of different concentrations of compound 20. The apparent maximal velocity
(Vmax app.) and Michaelis constants (Km app.) of Ac-CoA and the histone substrate were
determined. In both cases, an increase in compound 20 concentration resulted in a
decrease in Vmax app., but no change in the Km app.. This indicates non-competitive behavior
with both Ac-CoA and the histone substrate, where binding of compound 20 does not
influence binding of either substrate.
As explained above, close attention should be payed to the results of the biochemical
assays and suitable control experiments should be included. The fluorescence-based
KAT8 assay is especially sensitive toward thiol reactive molecules (12). For example,
a compound containing thiols or strong nucleophiles can react with the maleimide
on the fluorophore. Therefore, adding this type of compounds in the reaction will
give an increase in fluorescence or a high background. Similarly, maleimide moieties
or other thiol-reacting groups will give a decrease in fluorescence that is not due to
enzyme inhibition. Avoiding these kind of reactive groups in this biochemical assay
is therefore recommended. Recently, it was discovered using a clickable C646 probe,
that C646 reacts with thiols, for example with cysteines on cysteine rich proteins
(13). Since the compounds in this project are C646 analogues, the thiol reactivity was
investigated. To investigate the thiol reactivity, the biochemical assay can be run under
the same conditions as the IC50 assay, but using CoA instead of Ac-CoA. Since one of the
substrates (Ac-CoA) is missing, no enzyme reaction occurs. The added amount of CoA
will be the same in all conditions. Therefore the amount of CoA detected at increasing
concentrations of the inhibitor, should also be the same, unless the inhibitor interferes
with the detection. The thiol reactivity of a selection of active or inactive compounds
with general structure 2 was tested. This showed a decrease in CoA detection for
many of the compounds (Table 2, Figure S5). The thiol reactivity was expressed as the
concentration in µM that gave 50% of the total CoA detection (without inhibitor). All of
the active compounds showed thiol reactivity. Three of the tested compounds (17, 22,
34) did not show thiol reactivity and these compounds were consistently not active.
However the two IC50 values and thiol reactivity values were not completely consistent.
Some inhibitors with an IC50 over 250 µM still showed thiol reactivity (23, 32, 36, 37)
and this thiol reactivity was sometimes lower than that of one of the active compounds
(37 vs 19). This could be due to a difference between the amount of CoA in the IC50 and
in the CoA assay. In the IC50 assay, KAT8 is producing CoA during 15 minutes incubation
time, in presence of the inhibitor. In the thiol reactivity assay, a fixed amount of CoA is
present, which is equal in all conditions. It can’t be excluded from this assay that the
compounds do bind and inhibit KAT8 next to their reactivity with CoA. The IC50 value
can be a combination between KAT8 inhibition and thiol reactivity and therefore give an
inconsistency between thiol reactivity and IC50 value.
Looking further into the structure of the compounds, it was expected that the vinyl
moiety was responsible for the thiol reactivity due to its electrophilic properties. The
vinyl can participate in an addition reaction of a thiol, a thiol-ene reaction, which is
similar to the Michael addition reaction occurring between CoA and the fluorophore
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CPM in the detection step of the assay (14). The reduced compounds 28 and 29 could
have been used as control to investigate this hypothesis. Unfortunately, due to their
fluorescent properties, these could not be tested for activity or thiol reactivity. However,
the compounds that did not show thiol reactivity (17, 22, 34) have this moiety as well.
It has not been described that the substitution pattern on the vinyl, such as a change
from pyrrole (20) to phenyl (17) or pyrazole (22) influences the reactivity of this group.
Certainly in case of compound 34, the change of the carboxylic acid on the phenyl group
into an amide is a great distance away from the vinyl linker and does not greatly influence
the electronic properties of the phenyl ring. It was not expected that this would influence
the thiol reactivity of the compound as it did. It could therefore not be confirmed that
the vinyl group is responsible for the thiol reactivity. In case of C646, although thiol
reactivity was shown, it has not been described by which mechanism C646 covalently
attaches to cysteines. Compounds with general structure 2 react with CoA, but it is not
Table 2: IC50 values and thiol reactivity of compounds with general structure 2. The thiol reactivity
is given as the concentration that gives 50% inhibition of the fluorescence intensity without
inhibitor in µM.
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possible from the current results to conclude by which mechanism this reaction occurs.
Therefore, the mechanism of thiol reactivity needs to be investigated to be able to avoid
thiol reactivity in future inhibitors. Additionally it was described that C646 does interact
with p300 and that it still seems to be correlated with the biological effect in cells (13).
Therefore, studies are currently ongoing to test the compounds of general structure 2
for interaction with KAT8 in biophysical assays that do not depend on detection of CoA.

Conclusions and future perspectives
In this project, two types of potential KAT8 inhibitors based on the known inhibitor
C646 have been investigated. The compounds with general structure 1 were shown in a
pre-incubation and dilution assay to be irreversible inhibitors, which may be due to the
benzophenone-like structure. This was consistent with the non-competitive behavior
in the Michaelis-Menten assays. Compounds of general structure 2 were shown to be
reversible inhibitors in the pre-incubation assay, but were discovered to be thiol reactive
in the CoA control assay. Based on the structure-activity and -thiol reactivity relationship
it could not be concluded by which mechanism the thiol reactivity occurs. This remains
to be investigated. Due to the interference with CoA, the biochemical assay is not
suitable for investigating whether compounds with this kind of moieties interact with
the KAT8 enzyme. Therefore, studies are currently ongoing to test the compounds of
general structure 2 for interaction with KAT8 in biophysical assays that do not depend
on detection of CoA. The pre-incubation assay, Michaelis-Menten kinetics and the CoA
assay are straightforward control experiments that can be done with the biochemical
assay used for inhibition studies. These experiments are therefore very useful to use in
early stage inhibitor discovery. Therefore we recommend performing these experiments
in parallel with screening for inhibitory potency. This will lead to better understanding
of the inhibitors in an early stage of discovery and prevent unexpected results in a later
phase.
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Materials and methods
All assays were performed as described in Wapenaar et al. (2017)(15), Chapter 4. The
same concentrations of reagents were used unless otherwise indicated. Characterization
of all compounds can be requested from Dr. Dante Rotili, Sapienza University of Rome,
Italy, dante.rotili@uniroma1.it.

Supplementary figures

Figure S1: The compounds were screened for inhibition of KAT8 at a concentration of 200 µM. Compounds
giving more than 50% inhibition were tested for their IC50 value. Data presented as mean and standard
deviation from two or three individual experiments.

Figure S2: IC50 curves of compounds with general structure 1. Data presented as mean and standard deviation
from two individual experiments.
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Figure S3: IC50 curves of compounds with general structure 2. Data presented as mean and standard deviation
from two individual experiments.
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Figure S4: Compound 20 was investigated in a pre-incubation assay. Compound 20 (130 µM) was pre-incubated
with KAT8 for 2, 5 and 10 minutes before adding the substrates and initiating the enzyme reaction. The enzyme
reaction was stopped after 15 minutes incubation and the product formation was detected. Compound 20 did
not show time-dependent inhibition, indicating reversible inhibition. Data presented as mean and standard
deviation from two individual experiments.

Figure S5: Thiol reactivity of compounds with general structure 2. The thiol reactivity was measure by
performing the IC50 assay, but by adding the product CoA instead of the substrate Ac-CoA. A decrease in
relative fluorescence intensity (normalized to the fluorescence without inhibitor) indicates interference with
the detection by reactivity with CoA. The graphs presented represent a single experiment in duplo.
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