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Wie heeft wijsheid? 
Wie kent de verklaring van de dingen?

De wijsheid straalt de mens van het gezicht
en verandert strenge ogen in een milde blik

Prediker 8, 1

Who is like the wise?
    Who knows the explanation of things?
A person’s wisdom brightens their face

    and changes its hard appearance.
Ecclesiastes 8, 1
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Introduction and scope of the thesis

Inhibition of enzymes in early stage drug discovery
The discovery of inhibitors is an essential part of drug discovery. Not only can inhibitors 
be developed into therapeutic agents or diagnostics, they may also be used as tools to 
study biological or pathological processes. Many enzymes are drug targets and many 
drugs are enzyme inhibitors, for example the well-known COX1-2 inhibitors against pain 
and fever, kinase inhibitors in cancer and ACE inhibitors against high blood pressure. 
Lysine acetyltransferase 8 (KAT8) and macrophage migration inhibitory factor (MIF) are 
potential targets in diseases and there is a need for (novel) inhibitors for these enzymes. 
Therefore, this thesis describes the discovery of KAT8 and MIF inhibitors. The thesis is 
divided in three parts: PART 1: Inhibition of lysine acetyltransferase 8 (KAT8); PART 2: 
Inhibition of macrophage migration inhibitory factor (MIF); PART 3: Summary and future 
perspectives.

PART 1: Inhibition of lysine acetyltransferase 8 (KAT8)

Epigenetics and the histone language
Epigenetics is a field of study that includes reversible changes in gene activity without 
changing the DNA sequence (1). Epigenetic processes include DNA methylation, histone 
modifications, and chromatin remodeling, which all, directly or indirectly, modify the 
expression of the target genes. Histone modification is an indirect mechanism controlling 
chromosome structure and gene expression. Histones are octameric complexes of four 
different histone proteins (H2A, H2B, H3 and H4) that each wrap 147 base pairs of the 
DNA. Protruding from these complexes are the N-termini of the histones, which can be 
modified trough post-translational modification such as acetylation, phosphorylation, 
methylation, ubiquitination and ADP-ribosylation. These modifications form what is 
sometimes called a “language”, which can be “written”, “read” and “erased” (2). The 
“readers” are proteins containing domains such as bromodomains (“reading” acetylated 
lysines), chromodomains (“reading” methylated lysines), Tudor domains (“reading” 
methylated lysines and arginines), BRCT and 14-3-3 (“reading” serine phosphorylation) 
(3). The “writers” and “erasers” of histone modification are (nuclear) enzymes 
including kinases, phosphatases, methyltransferases, demethylases, ubiquitinases, 
deubiquitinases, acetyltransferases and deacetylases. Together these “readers”, 
“writers” and “erasers” form a dynamic process controlling gene transcription and 
influencing many down-stream pathways.

Histone acetylation and KAT8
Lysine acetylation is one of the main post-translational modifications of histones 
and plays an important role in the regulation of gene transcription by controlling the 
chromatin structure of DNA (4). One of the mechanisms proposed to be responsible 
for the regulation of transcription is the difference in charge between acetylated and 
non-acetylated lysines. Lysines are positively charged residues that can interact with 
the negatively charged DNA, resulting in a more condensed chromatin structure and a 
reduced accessibility for transcription factors. When the lysines are acetylated, they lose 
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their positive charge, resulting in a more open chromatin structure and more accessibility 
to gene transcription. The “writers” and “erasers” of this post-translational modification 
are the histone acetyltransferases (HATs) and histone deacetylases (HDACs). Although 
these enzymes are primarily known for their function in histone (de)acetylation, they 
do not exclusively modulate histones. Many other proteins, such as nuclear enzymes 
and receptors, are substrates as well (5). As such, the function of these enzymes is 
not limited to chromatin remodeling, but extends to modulating the function of many 
nuclear processes. Although the most common names for these enzymes are histone 
acetyltransferases and histone deacetylases, more suitable names that are becoming 
more in use are lysine acetyltransferases (KATs) and lysine deacetylases (KDACs). In 
this thesis, the acronyms HATs and HDACs are used for the enzyme classes to limit the 
discussion to those enzymes that are indeed histone modifying enzymes and exclude 
non-histone acetyltransferases/deacetylases such as α-tubulin acetyltransferase. In case 
of the human HAT iso-enzymes, a preference has been given for the KAT acronym to 
include the broad spectrum of targets.

Here, we focus on the “writers’ of histone acetylation, the HATs. HATs can be assigned 
to families based on primary structure homology. Three families have been studied 
extensively, which 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 (6). Lysine (K) acetyltransferase 8 (KAT8) is a member of the MYST HAT 
family. KAT8 was initially discovered as a homologue of males absent on the first (MOF) 
in drosophila, which is the crucial histone acetyltransferase of the male-specific-lethal 
(MSL) complex. This complex is responsible for dose compensation of X chromosomal 
gene expression in drosophila males and is largely conserved in humans. As part of this 
complex in humans, KAT8 specifically acetylates histone H4 lysine 16 (7). Although this 
human complex is not responsible for dose-compensation, H4 lysine 16 acetylation 
has been shown to be important for chromatin structure (8). KAT8 forms additional 
complexes with WD repeat domain 5 (WDR5), the KAT8 Regulatory NSL Complex Subunit 
(KANSL) proteins and the methyl transferase mixed lineage leukemia 1 (MLL1) (9-11). 
This broadens the substrate specificity to histone H4 lysines 5 and 8 and non-histone 
targets, such as lysine 120 on the tumor-suppressor protein p53. Recently it has also 
become clear that KAT8, together with the KANSL proteins, is present in mitochondria 
and influences mitochondrial DNA transcription (12). KAT8 has been described as a 
housekeeping enzyme involved in cell proliferation, DNA damage response and stem 
cell pluripotency (13). Therefore, investigations of its role in cancer has started to arise 
recently. Although KAT8 clearly does not play identical roles in different types of cancer, it 
has been suggested as a potential drug target in some cases (14-17). The exact functions 
of KAT8 are, however, still under investigation and there is a limited number of tools 
available to study the enzyme. To aid the investigation of KAT8 function and its use as a 
potential drug target, KAT8 inhibitors would be a great advantage.

Inhibitors and their potency
The development of inhibitors for HAT enzymes has been a challenging task so far and 
no inhibitors for KAT8 were available at the start of this project. A complicating factor is 
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the kinetic behavior of the HAT enzymes and the consequences of this for determination 
of the potency of inhibitors. The potency of enzyme inhibitors is often measured by 
determining the 50% inhibitory concentration (IC50). This is done by measuring the 
enzyme activity in the presence of increasing concentrations of inhibitor relative to the 
enzyme activity without inhibitor. The concentration of inhibitor giving 50% inhibition 
of enzyme activity, the IC50, is then used as a measure for the potency. However, this 
IC50 value depends on the conditions used in the assay, such as the concentration of 
the enzyme substrates and their affinities for the enzyme, the Km values. A change in 
assay conditions will therefore give a change in IC50 value. For an initial screen of the 
potency of inhibitors relative to a reference compound for a certain enzyme, this IC50 
can be used and is relatively straightforward to obtain. However, for the comparison 
of the potency between different assays and for the determination of selectivity this 
value is not suitable. The inhibitory potency (Ki) value is a potency value independent 
of the assay conditions and is therefore much more representative as measure for the 
potency of an inhibitor (18). In case of competitive inhibitors of enzymes converting 
only one substrate, this Ki can be calculated using well-known methods like the Cheng-
Prusoff equation, Dixon plot or using double reciprocal plots (19-21). However, since 
HATs, including KAT8, use a cofactor, acetyl coenzyme A (Ac-CoA), as an acetyl donor 
for the acetylation of the lysine on their target proteins, they are bisubstrate enzymes: 
they convert two substrates into two products. In this case, it is not possible to use these 
methods for calculation of the Ki and more elaborate kinetic evaluations are necessary 
(22). It is therefore important to investigate the kinetic behavior of HAT inhibitors for 
the determination of reproducible inhibitory constants. PART 1 of this thesis describes 
novel inhibitors of KAT8 and the kinetic evaluations that enable the calculation of their 
Ki values. 

In chapter 2, a thorough summary is given from the known literature on HATs and HAT 
inhibitors. The specificity of the histone acetylation of each HAT is described as well as 
their function in cells. The role of HATs in diseases such as cancer, inflammatory diseases, 
viral infections and neuronal diseases is discussed and it is described where and how 
HATs have been suggested as suitable targets in these diseases. Finally, the current HAT 
inhibitors with their limitations and opportunities are described. 

In chapter 3, the aim was to find inhibitors for the HAT subtype KAT8, since no inhibitors 
for this enzyme were described as yet. Anacardic acid, an inhibitor of other HAT subtypes, 
was discovered as KAT8 inhibitor and several derivatives were synthesized to investigate 
the structure-activity relationship. Using biochemical and biophysical methods, the 
catalytic mechanism of KAT8 and the mechanism of inhibition of anacardic acid was 
investigated. This led to a proposed model for the catalytic activity of KAT8 and enabled 
calculation of the inhibitory potency (Ki) values. 

In chapter 4, a fragment screening method was used to discover compound 13 as a 
novel KAT8 inhibitor. A broad scope of control experiments and kinetic evaluations was 
employed to investigate this inhibitor. This showed that compound 13 was non-selective 
over other enzymes and had anti-oxidant activity, but did not show interference with the 
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KAT8 assay. Therefore this inhibitor was used to investigate the kinetic behavior of the 
enzyme and the inhibitor. Due to the enzyme catalytic mechanism and the remarkable 
mechanism of action of the inhibitor, this inhibitor was shown to have two Ki values. This 
stresses the importance of calculating the Ki values for inhibitors of KAT8 and other HATs.

In chapter 5, the aim was to discover novel KAT8 inhibitors based on C646, an inhibitor 
for the HAT subtype p300. Two classes of inhibitors showed inhibition in the KAT8 assay 
and their kinetic behavior was investigated. For the first class was shown that these 
were irreversible inhibitors of KAT8. The second class was shown to be reactive with 
the enzymatic product, which made it impossible to say whether these are true KAT8 
inhibitors. This chapter shows the importance of further investigating the behavior of 
inhibitors and describes suitable and straightforward experiments to use as control 
experiments.

Chapter 6 gives an overview of HAT inhibitors and discusses the challenges that are 
met in the discovery of inhibitors for these enzymes. Challenges such as the substrate 
specificity of HATs, the molecular properties of the inhibitors, the catalytic mechanism 
of HATs and the lack of kinetic investigation of HATs and their inhibitors complicate the 
development of HAT inhibitors. Suggestions are given for strategies to improve the 
discovery of HAT inhibitors.

PART 2: Inhibition of macrophage migration inhibitory factor (MIF)

Inflammation and MIF
Inflammatory processes have been found to play a key role in diseases like asthma 
(23), rheumatoid arthritis (24) and inflammatory bowel disease (25). Additionally, 
inflammation seems to be involved in cancer and neurodegenerative diseases such 
as Alzheimer’s (26) and Parkinson’s (27) disease. The inflammatory response involves 
several different cell types that work together to fight a potential threat to the body. 
Communication between these immune cells is therefore essential for a fast and 
efficient mobilization of the immune response. Cytokines are the signaling molecules 
of the cells. They are expressed and excreted by immune cells upon recognition of a 
danger signal and interact with membrane receptors on target cells. This can lead to 
activation or inhibition of the inflammatory response depending on the type of cytokine 
and interacting target. Therefore, targeting pro-inflammatory cytokines and their 
interaction with receptors can be an efficient approach to inhibit the inflammatory 
response in disease. That this may be a feasible method, has been shown by studies with 
recombinant cytokine analogs, antibodies, decoy receptors and several small-molecules 
(28-31) in inflammatory diseases.

Macrophage migration inhibitory factor (MIF), is one of the pro-inflammatory cytokines 
involved in signaling between immune cells. Unlike other cytokines, MIF is constitutively 
expressed and stored in cytoplasmic pools (32). Therefore, it is rapidly released in response 
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to a stimulus. MIF is expressed by several immune cells, such as T-cells, macrophages, 
basophiles, eosinophils and B-cells (33). MIF interacts with surface receptors on B-cells, 
T-cells, macrophages and some epithelial cells, such as type II cluster of differentiation 
74 receptor (CD74) and mediates signaling through complex formation of CD74 with 
CD44 and chemokine receptors CXCR2 and CXCR4 (34-36). This results in a stimulation 
of inflammation through for example leukocyte recruitment, upregulation of toll-like 
receptor 4 (TLR4) and activation of the NF-κB pathway. It was shown that neutralization 
of MIF with antibodies or genetic deletion provides benefits in several disease models, 
such as sepsis, inflammatory bowel disease and rheumatoid arthritis (37-40). MIF has 
also been shown to play a role in cancer through the downregulation of p53, which 
enhances the proliferation and survival of malignant cells. MIF has been shown to be 
overexpressed in several cancer cell types such as colon cancer, lung cancer, breast 
cancer, glioblastoma and melanoma (41-45). In a tumor mice model, the small molecule 
MIF inhibitor, ISO-66, was able to reduce the volume growth of mice inoculated with 
melanoma or colon cancer cells (46). Therefore, MIF is a potential target in both immune 
diseases and cancer and inhibitors of MIF may be ultimately used as therapeutic agents. 

In chapter 7, the aim was to discover novel inhibitors of macrophage migration inhibitory 
factor (MIF). Making use of the tautomerase activity of MIF, novel derivatives based on 
known triazole and isoxazole MIF inhibitors, were synthesized. Additionally, a library of 
compounds of the chromene scaffold were screened for inhibition of MIF and several hits 
were found. The active compounds from these two groups will be further investigated 
for their inhibition of the interaction between MIF and CD74 and may ultimately lead to 
novel therapeutics against inflammatory diseases or cancer.

PART 3: Summary and future perspectives

Finally, both parts of the thesis are summarized and discussed in chapter 8 and future 
perspectives are described. Hoofdstuk 8 bevat ook een samenvatting in het Nederlands. 
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The “histone code”
Post-translational modifications (PTM) of chromatin-associated proteins (e.g. histones) 
play an important role in the epigenetic regulation of gene transcription. These 
modifications are crucial for the ‘’fine-tuning’’ of cellular responses and increase the 
adaptability of cells to a changing environment. Histone proteins are highly conserved 
in eukaryotic species and function as building blocks to package the DNA into folded 
nucleosomal units that form chromatin fibers. The nucleosome contains 146 base pairs 
of DNA wrapped around a histone octamer core, which structure has been described 
as beads on a string (1,2). Core histones are globular except for their N-terminal tails, 
which protrude from the DNA-histone complex and are exposed to the environment. 
The histone tails are therefore accessible for modification by enzymes. PTMs of histone 
tails include acetylation, phosphorylation, methylation, ubiquitination and ADP-
ribosylation (Figure 1)(3,4). These modifications affect the chromatin structure, which 
has an influence on the accessibility of the DNA to transcription factors. Additionally, it is 
thought that they form a ‘histone code’ on the N-terminal histone tails, that are ‘read’ by 
signaling proteins or complexes, which in turn activate signaling pathways (5). Histones 
have therefore an important function in epigenetic regulation of gene transcription and 
could additionally play a role in in nuclear signaling complexes.

Histone acetylation
Acetylation is one of the main PTMs that form the histone code. Acetylation of lysine 
residues on the histone tails is directly involved in regulation of gene transcription. Already 
in 1964, it was shown that histone binding to DNA inhibited gene transcription (6). In 
addition, it was shown that chemical acetylation of histones could reduce this inhibiting 
effect. The reduced inhibitory effect of histone acetylation on gene transcription can be 
explained by a reduced packing of the chromatin structure. This is due to reduction of 
the attractive forces of the positively charged histone tails and the negatively charged 

Figure 1: Histone structure and modifications. The nucleosome contains 146 base pairs of DNA wrapped around 
a histone octamer core, which consists of two copies of histone H2A, H2B, H3 and H4. Histone N-terminal tails, 
which protrude from the DNA-histone core complex and are exposed to the environment and are therefore 
accessible for modification by enzymes. The most common post-translational modifications of N-terminal 
histone tails include acetylation (Ac), phosphorylation (P) and methylation (Me).
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DNA. The reduced packing of the chromatin structure allows transcription factors to 
bind to the DNA, thus promoting gene transcription. Indirectly, histone acetylation can 
regulate gene transcription through interactions with bromodomains. Bromodomains 
are protein interaction domains that recognize ɛ-N-lysine acetylation and are often part 
of multidomain proteins. Proteins containing bromodomains are mostly transcription 
factors and transcriptional regulators (e.g. the BRD and BAZ family), possibly using 
acetylated lysine tails as anchor to get in close proximity to the DNA. Additionally, several 
histone modulators (histone methyl- and acetyltransferases) contain bromodomains, 
suggesting that acetylation of the histone tail lysines can precede subsequent 
modification of the ‘histone code’ (7). 
Acetylation levels are regulated by a dynamic equilibrium between acetylation and 
deacetylation reactions. Histone acetyltransferases (HATs) are enzymes that catalyze 
lysine acetylation reactions. Histone deacetylases (HDACs) catalyze the hydrolysis of 
acetylated lysine residues. Dysregulation of the acetylation-deacetylation equilibrium is 
implicated in disease, such as for example cancer or cardiac diseases. This chapter will 
focus on the current knowledge on different families of HATs, their connection to specific 
diseases and their respective small molecule inhibitors. 

Histone acetyltransferases (HATs)
HATs acetylate histones by transferring the acetyl group from acetyl coenzyme A to the 
ε-amino groups of lysine residues on the histone tails. HATs not only acetylate histones, 
but several non-histone proteins as well. There are several families of HATs consisting 
of more than 20 subtypes currently discovered in plants, animals and fungi. The main 
families are GNAT (Gcn5 (general control of amino acid synthesis protein 5) -related 
N-acetyltransferases), p300/CBP (CREB (cAMP response element binding protein) 
-binding protein) and MYST (MOZ, YBF2/SAS3, SAS2 and TIP60) with additionally the 
TAFII250 (TATA-binding protein (TBP)-associated factor 250) and nuclear receptor 
coactivator families. This chapter will focus on the human homologs, which are classified 
as KAT (lysine (K) acetyltransferases) 1, 2 and 5 – 8 in addition to p300 and CBP. They are, 
except for KAT1, divided in the three families: GNAT (KAT2A and B), MYST (KAT5, 6A and 
6B, 7, 8) and p300/CBP (p300 and CBP) based on their sequence homology. Figure 2A 
shows the evolutionary relationship between the human HATs and their families. 

HATs from all families share a structurally conserved central catalytic domain that 
mediates interactions with the cofactor, acetyl coenzyme A, but have divergent N and 
C-terminal domains (8). The central core domain plays a role in the catalysis of the 
acetylation that is shared between HATs, the N and C-terminal domains contain specific 
domains that recruit the HAT to the correct location in the genome (Figure 2B). The 
p300/CBP and GNAT family HATs contain a bromodomain that can facilitate interactions 
with modified histones. P300/CBP family HATs contain a kinase-inducible (KIX) domain 
that can interact with kinases, resulting in phosphorylation of the HAT (9,10). MYST and 
p300/CBP family HATs contain a cysteine-rich, zinc-binding domain, which could facilitate 
binding directly to DNA. Some MYST family HATs contain in addition an N-terminal 
chromodomain, which binds to methylated lysine residues. 
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HAT function
Although most HATs are nuclear enzymes (A-type) which acetylate histones that are 
attached to the DNA, B-type HATs (KAT1, HAT4) are found in the cytoplasm as well as in 
the nucleus. B-type HATs modify free histones in the cytoplasm just after their synthesis, 
upon which they are transported to the nucleus and integrated in newly synthesized 
DNA, creating the nucleosome (11,12). Immediately after the histones are integrated in 
the DNA, they are deacetylated by HDACs and later reacetylated by nuclear HATs with 
new acetylation patterns (13-15). Nuclear HATs are transcriptional regulators involved in 
a variety of cellular processes like cell cycle control, differentiation, DNA damage repair 
and apoptosis. They operate in protein complexes, which increase the specificity of HATs 
to histone acetylation and target genes as well as expand the range of targets to non-
histone proteins (Table 1). The different nuclear HAT subtypes, their function and protein 
complexes will be discussed below.

The GNAT family
GNAT family HATs (KAT2A, GCN5 and KAT2B, PCAF (p300/CBP-associated factor)) 
acetylate histone H3 and histone H4. Both KAT2A and 2B are components of the 
human STAGA (SPT3-TAF9-GCN5 acetyltransferase) and ATAC (Ada Two-A containing) 
complexes, which are a large complex consisting of more than 20 components. The exact 
extent of functions of these complexes is still unknown, but involvement in chromatin 
structure modification and regulation of transcription as well as DNA damage repair 
have been identified (16). Although these two HATs have a sequence identity of 70% and 
seem to occupy the same protein complexes in humans, a large difference was shown 
in generating knockout mice. KAT2A mice turned out not to be viable, whereas KAT2B 
knockout mice were both viable and fertile, showing a remarkable difference in the 
function of the two enzymes (17). 

Figure 2: A) Phylogenetic tree of human HAT enzymes showing the evolutionary relationship between HATs and 
their families. GNAT = Gcn5-related N-acetyltransferases, MYST = MOZ, YBF2/SAS3, SAS2 and TIP60, CBP = CBP 
(cAMP response element binding protein) binding protein. B) HAT subtypes and their domains. The p300/CBP 
and GNAT family HATs contain a bromodomain that can facilitate interactions with modified histones. P300/
CPB family HATs contain a kinase-inducible domain that can interact with kinases, resulting in phosphorylation 
of the HAT. MYST and p300/CBP family HATs contain a cysteine-rich, zinc-binding domain, which could facilitate 
binding directly to DNA. Some MYST family HATs contain in addition an N-terminal chromodomain, which 
binds to methylated lysine residues. HAT = catalytic histonae acetyltransferase domain, BRO = bromodomain, 
CHR = chromodomain, ZN = zinc-binding domain, KIX = kinase-inducible domain.
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Apart from their role in chromatin modification, several non-histone proteins have been 
identified as targets for KAT2A and 2B. KAT2A interacts with c-Myc, a transcription factor 
involved in transcription of proto-oncogenes. The c-Myc cofactor TRRAP (transformation/
transcription domain-associated protein) recruits KAT2A to c-MYC, which activates 
transcriptional activity (18). KAT2A is not the only HAT that acetylates c-Myc. Also KAT2B 
and KAT5 have been identified as acetyltransferases for this transcription factor, which 
will be further discussed in the “HATs in disease, cancer” section (21). In contrast, KAT2B 
acetylates p53, activating its transcriptional activity, and is therefore also associated 
with tumor suppression (22). KAT2B acetylates the enzyme ATP-citrate synthase (ACLY), 
which is involved in the citric acid cycle and synthesizes acetyl coenzyme A. Acetylation 
stabilized ATP synthase, whereas deacetylation by SIRT2 (NAD-dependent protein 
deacetylase sirtuin-2)destabilized the enzyme (19). This may function as a positive 
feedback mechanism, since acetyl coenzyme A is the cofactor and acetyl donor for all 
HATs. KAT2B also acetylates a nuclear hormone receptor, the androgen receptor (AR), 
which is coactivated by several HATs of different families, including KAT5, KAT7 and p300 
(20,27).

The MYST family
The MYST family is currently the biggest family of human HATs. MYST family members 
show a high sequence similarity of 36-61%, but have a variety of different functions. 
KAT5 (TIP60) is a global acetyltransferase of histone H4 and histone H2A and is involved 
in cell cycle progression and DNA damage repair (38). KAT5 is part of the NuA4 complex 
that contains 13 associated proteins in yeast of which 12 are conserved in humans. 
Among the proteins in this complex are inhibitor of growth 1 and 3 (ING1, ING3), 
which regulate cell cycle progression, apoptosis and DNA repair. Several non-histone 
targets for KAT5 have been currently identified. Ataxia telangiectasia mutant (ATM) is 
a protein kinase, which regulates DNA damage response in cells by phosphorylation of 
cell cycle check-point proteins and proteins involved in DNA damage repair. KAT5 was 

Table 1: Human histone acetyltransferases: families, subtypes, complexes and substrates.
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shown to acetylate ATM following DNA damage, which was essential for its function 
(23). Additionally, KAT5 acetylates the orphan nuclear hormone receptor NR1D2, which 
modulates apolipoprotein C-III gene expression (24).

Two remarkable members of the MYST family are KAT6A and 6B (MYST3, MOZ and 
MYST4, MORF). KAT6A and 6B are not found in drosophila or yeast: They are vertebrate 
specific. They function as part of a complex with inhibitor of growth 5 (ING5), Esa1-
associated factor 6 orthologue (EAF6), and the bromodomain-PHD finger protein (BRPF) 
1, -2, or -3 (39). This complex has mainly H3 acetyltransferase activity. KAT6B acetylates 
p53 at K120 and K382 and enhances its tumor suppressor function (25). KAT6A has 
been shown to interact with CBP, a HAT from the p300/CBP family, thereby inhibiting its 
function (26). This suggests that this HAT might not only regulate gene transcription and 
signaling transduction, but influences other HATs as well. Both KAT6A and 6B have been 
associated with embryogenesis and the maintenance of healthy stem cells. KAT6A has 
been shown to be essential for the maintenance of neuronal and hematopoietic stem 
cell proliferation capacity through inhibition of the cyclin-dependent kinase inhibitor 
p16INK4a and interaction with the BRPF proteins (40-42). KAT6B is the homologue of a 
mice histone acetyltransferase called “querkopf” (translated “squarehead”). Querkopf is 
called after the craniofacial abnormalities that occur in querkopf mutant mice. Studies in 
these mice revealed that this HAT is essential for the development of the central nervous 
system in the cerebral cortex. It was suggested that querkopf regulates the differentiation 
of neuronal cells (43). Additionally, both KAT6A and 6B were shown to interact with 
Runx2, a transcription factor involved in differentiation of osteoblasts and formation of 
the skeleton (44). They are also known to form fusion proteins often found in different 
types of leukemia, which will be discussed further in the section “HATs in disease”.

The majority of the bulk H4 acetylation is done by KAT7 (MYST2, HBO1). KAT7 was initially 
discovered as Histone acetyltransferase Binding to ORC (origin recognition complex) 1 
(HBO1) in yeast and Drosophila. ORC is a protein involved in initiation of DNA replication 
and the interaction with HBO1/KAT7 is conserved in humans (45). KAT7 is part of the HBO 
complex which, as KAT6A and 6B complexes, contains ING5 and BRPF2. This suggests a 
role of KAT7 in cell cycle progression and cell growth and erythropoiesis (46,47). KAT7 
also interacts with a nuclear receptor, the androgen receptor, and modulates its function 
(27). KAT8 (MYST1, MOF (males absent on the first)) is part of the male-specific lethal 
(MSL) complex. In Drosophila, the MSL complex is crucial for dosage compensation in 
male flies. The complex is evolutionary conserved in mammals and a human homologue 
has been described. In humans, the MSL complex is responsible for acetylation of 
specifically histone H4 lysine 16 (H4K16) and plays a role in gene transcription and cell 
cycle progression (48). KAT8 is also part of a second complex, KAT8-MSL1v1, which 
acetylates K120 of p53, a tumor suppressor protein. This complex contains WDR5, a part 
of the mixed lineage leukemia (MLL) complex, which is associated with acute leukemia 
(28). KAT8 knockout mice were not viable, showing abnormal chromatin architecture 
and lack of H4K16 acetylation. This points out the importance of this HAT in eukaryotic 
embryogenesis (49). Indeed, it was shown that KAT8 complexes were essential for the 
differentiation and development of mouse embryonic stem cells, both by regulating 
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cellular homeostasis and proliferation as well as histone acetylation (50). Also in human 
embryonic cells, KAT8 was essential for self-renewal and pluripotency (51).

The p300/CBP family
The p300/CBP HAT family, consisting of p300 and CBP (cAMP response element binding 
protein (CREB) binding protein), is the most studied among HAT families. HATs from 
this family acetylate all four core histones and several non-histone proteins. p300 and 
CBP both bind and activate phosphorylated CREB protein, which is involved in cAMP 
gene regulation (52). Knockout mice of either p300 or CBP died early in embryogenesis 
due to defective blood vessel formation. Even double heterozygous mice were not 
viable, showing the importance of these enzymes (53). p300 and CBP acetylate 
several non-histone proteins. The first interaction of p300 and CBP with a non-histone 
protein discovered, was with the tumor suppressor protein p53. CBP and p300, like 
KAT2B, acetylate p53 and thereby induce a conformational change that activates the 
transcriptional activity of p53 (22). After this, many more interaction partners were 
discovered. For example, they acetylate proliferating cell nuclear antigen protein 
(PCNA), which leads to removal and degradation after nucleotide excision repair. This 
degradation is important for the re-stabilization of the DNA (31). p300 has been shown 
to acetylate cartilage homeoprotein 1 (CART1), a protein of which the exact function is 
still unknown, but that might be involved in chondrocyte and cervix development. CBP 
co-activates CART1 in the presence of p300 (29). p300 also inactivates deacetylases by 
acetylation, for example SIRT2, which is known to deacetylate histones and inactivate 
HATs (including p300) by deacetylating them (30). This leads to a positive feedback, 
increasing acetyltransferase activity and histone acetylation. Both p300 and CBP have 
been shown to acetylate β-catenin, a component of the Wnt signaling pathway which 
is important in inflammation and cell proliferation. However, the influence of both 
HATs on β-catenin is strikingly different. Acetylation by CBP was suggested to regulate 
activity of β-catenin, inhibiting its role in cancer progression (36), whereas acetylation 
by p300, was shown to activate β-catenin and promote cancer (54,55). CBP was shown 
to also activate β-catenin, but this was independent of its acetyltransferase activity. This 
interaction was shown to be important for the maintenance of stem cell pluripotency 
(37). Having noticed this difference between p300 and CBP, Teo and Kahn (56) did an 
interesting proposal for a model in which the cell, upon a certain stimulus, chooses 
between β-catenin interacting with p300 or with CBP, leading to either proliferation or 
differentiation. When β-catenin associates with CBP, the cell will proliferate and maintain 
pluripotency, but when β-catenin associates with p300, the cell will differentiate to a 
specific cell type.

CBP acetylates Forkhead box, class O 1 (FOXO1), which is involved in metabolic 
homeostasis in response to oxidative stress. Acetylation of CBP attenuates the 
transcriptional activity of FOXO1 by disrupting the interaction with the target DNA. On 
the other hand, association of CBP with FOXO1 was necessary for transcriptional activity, 
again showing the complexity of HAT function (57). Another Forkhead box protein, 
FOXP3, also interacts with p300. p300 can acetylate FOXP3, which controls FOXP3 levels 
in T cells and regulates the function of regulatory T cells. It has been suggested that 
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the influence of p300 on FOXP3 is cooperative with KAT5 and that KAT5 and p300 work 
together in regulating FOXP3 (58,59). 

The variety of targets for HATs and the elaborate complexes they function in, result 
in a role for HATs in many cellular processes. The very details of these functions are 
still unknown, but in the last decade, increasing interest in these important epigenetic 
enzymes have resulted in a growing number of studies into their structure and function. 
This growing number of studies also resulted in an increased interest in the role of these 
HATs in disease state. It is therefore important to evaluate what opportunities there are 
in medicine for these enzymes and whether they could be new targets to meet medical 
need.

HATs in disease
Due to their influence on many processes, dysfunction of HATs has been associated with 
many diseases ranging from neurodegenerative diseases to cancer. This section will give 
an overview of what is currently known about HATs in cancer, inflammatory diseases, 
viral infections and neurological disorders (Figure 3).

Cancer
Cancer is the collective term for a broad group of diseases marked by tumor growth and 
metastasis of malignant cells. Some studies suggest that HATs act protectively against 
cancer. In tumor cells, HAT protein and global acetylation levels are changed and can 
be correlated with clinical outcome. For example, high levels of acetylated H3K9 and 
H4K16 were correlated with improved prognosis and patient survival in non-small cell 
lung cancer patients (60). A genetic factor was found in tumor cells of both mice and 
humans, where mutation or loss of the second allele of p300/CBP HATs was found in 
primary tumors of colorectal and breast cancer and in different cancer cell lines. It was 
suggested that the p300 gene could function as tumor suppressor gene (61). However, 
high p300 mRNA levels in colorectal cancer have been associated with poor prognosis 
whereas high expression levels of CBP predicted long-term survival (62). This shows that 
global acetylation or protein levels do not provide a clear answer to whether HATs are 
pro- or anti- cancer.

HATs can activate tumor suppressor proteins by indirect or direct acetylation. For example, 
p300 was shown to inactivate SIRT2, an HDAC, leading to increased p53 activity, which 
is a marker for tumor suppression. Direct acetylation of the tumor suppressor protein 
FOXO1 by CBP was shown to inhibit pancreatic tumor cell growth (34). This, however is 
in contrast to the finding that FOXO1 acetylation by CBP inhibited transcriptional activity 
(see “the p300/CBP family”). 

On the contrary, there is increasing evidence that HATs can play a role in the onset and 
progression of cancer. Global histone acetylation has not only been correlated with 
improved prognosis, but also with tumor recurrence and negative clinical outcome. 
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Histone H3 and H4 of hepatic stellate cells were hyperacetylated in hepatocellular 
carcinoma (63) and in prostate cancer, acetylation of H3K18 was correlated with an 
increased risk of tumor recurrence (64). Lower levels of acetylated H3K18 predicted 
better survival of glioma patients (65). It is striking to see that acetylation of the same 
histone tail can predict opposite outcomes in different types of cancer. This suggests that 
the role of global histone acetylation depends on the tissue type and may be influenced 
by other, currently unknown factors.

Figure 3: HATs are involved in several diseases including cancer, inflammatory diseases, viral infections and 
neuronal disorders. HATs exert their effects both through histone as well as non-histone substrate acetylation. 
Interaction with APP (amyloid precursor protein) is associated with progression of Alzheimer’s disease; 
acetylation of c-MYC, ATM (ataxia telangiectasia mutant), ING (inhibitor of growth) proteins, β-catenin, p53, 
FOXO1 (forkhead box, class O 1) and nuclear receptors (NR) has been associated with cancer; Acetylation of the 
viral transcription factors E1A (adenovirus early region 1A) and Tat (trans-activator of transcription) promotes 
virus invasion. Fusion proteins of several HATs have been associated with acute leukemias. Changes in global 
histone acetylation levels have been found in diabetes, Huntington’s disease, asthma, prostate cancer, glioma 
and COPD (chronic obstructive pulmonary disease). Acetylation of the promotors of different interleukins (IL) 
and NF-κB (nuclear factor kappa B) is involved in inflammation, of E2F1 (E2F transcription factor 1) in resistance 
to chemotherapeutic agents, of COX-2 (cyclooxygenase-2), MODY (maturity –onset diabetes of the young) and 
TNFα (tumor necrosis factor alpha) in diabetes, of E2a and Tat in viral infections.
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Several HAT enzymes have been linked to different cancer types through their non-
histone interaction partners. High levels of p300 predicted large tumor size and 
aggressive progression in patients with prostate cancer (66). A possible mechanism of 
this promotion of prostate cancer cell growth is acetylation of the androgen receptor by 
p300 and several other HATs (KAT2B, KAT5, KAT7) (67). The oncogene c-MYC is acetylated 
by KAT2A, 2B and 5, which slows its degradation, promoting cancer progression 
(21). In contrast, KAT5, as well as KAT6A, was shown to counteract c-MYC induced 
lymphomagenesis in in pre- or early- tumoral stage (68,69), showing that the same HAT 
can have opposite effects on oncogenes in different situations. Another example is the 
influence of CBP on β-catenin that was discussed under “HAT function-p300/CBP family”. 

Genetic rearrangements of HAT genes can lead to fusion proteins that are involved in 
acute leukemias. Fusion proteins like KAT6A-CBP, KAT6A-p300, KAT6B-CBP have different 
chromatin organizing functions than the singular HATs and were correlated with acute 
myeloid leukemia and benign uterine leiomyomata. The KAT6A-TIF2 fusion protein 
has been associated with self-renewal of leukemic stem cells by inhibiting CBP and 
transcription through p53 and nuclear receptors (26,70). Some HATs have been associated 
with tumor resistance against chemotherapeutics. KAT2B (GNAT family) and KAT5 (MYST 
family) have been shown to be overexpressed in cisplatin-resistant tumor cells (71,72). 
The protein kinase ATM was shown to be an important factor for cisplatin resistance in 
squamous cell carcinoma and acetylation by KAT5 is essential for its function, providing 
a possible pathway for KAT5 mediated cisplatin resistance in this type of tumor cells 
(73). KAT2B was also overexpressed in cells resistant to other chemotherapeutic agents 
and led to reduced apoptosis through enhancement of E2F1 expression, a transcription 
factor associated with different cancer types (72). 

HATs have important functions in cell cycle progression, cell proliferation and 
differentiation as well as activation or inactivation of non-histone proteins like androgen 
receptors, oncogenes, tumor suppressor genes and HDACs. The pro- or anticancer action 
of HATs may depend on the balance between acetylation and deacetylation, on the type 
of tumor cells and the coaction of the HAT protein complexes. 

Inflammatory diseases
HATs are involved in inflammation via several different pathways. HATs can regulate gene 
transcription of interleukins (IL), which are important mediators of inflammation. For 
example, CBP and p300 were shown to activate IL-5 expression as well as IL-8 and IL-4 
(74-76). As previously mentioned, HATs play a role in Wnt signaling through β-catenin, 
which is involved in cancer. Wnt signaling also plays an important role in inflammation. 
This role does not seem to be mediated through β-catenin, but via cross-regulation with 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (77), which is also 
an important transcription factor for interleukins and many other inflammatory proteins. 

NF-κB is a transcription factor that plays a key role in regulating inflammatory responses 
to stimuli like stress, cytokines and bacterial or viral antigens. The active form consists 



Chapter 2

34

of a homo- or hetero dimer between two Rel homology domain containing proteins: 
RELA/p65, RELB, NFKB1/p105, NFKB1/p50, REL and NFκB2/p52. The most prevalent 
form is the p50/p65 dimer. NF-κB is present in an inactive form in almost all cell types 
and rapidly induces an inflammatory response upon activation. In resting cells, NF-κB 
is bound to IκB, an inhibitory protein of NF-κB. In case of an inflammatory reaction, 
inflammatory cytokines induce ubiquitination and degradation of IκB, which releases 
NF-κB. NF-κB translocates to the nucleus, where it upregulates inflammatory gene 
expression. Malfunction of NF-κB has been associated with inflammation related 
diseases as autoimmune disorders, chronic obstructive pulmonary diseases (COPD), 
neurodegenerative diseases and cancer (78).

Histone acetylation plays an important role in NF-κB activity. Presence of HATs and 
HDACs at the gene promotor influences the activity of NF-κB by acting as coactivators 
or repressors of NF-κB mediated gene transcription (79,80). NF-κB itself is acetylated 
on multiple positions by HATs, activating or deactivating transcriptional activity, which 
results in a fine-tuning of NF-κB activity by HATs (81). p300 and CBP have been shown to 
increase the binding affinity of NF-κB to the DNA and decrease affinity for the inhibitory 
protein IκB by acetylating lysines 218, 221 and 310 of p65 (32). Acetylation of the p50 
subunit by p300 on lysine 431, 440 and 441 was shown to increase binding to the DNA, 
enhancing transcriptional activity of NF-κB (33). However, acetylation of p65 can also 
inhibit transcriptional activity of NF-κB. p300 and KAT2B were shown to acetylate lysine 
122 and 123, which increased its affinity for IκB (82).

Other post-translational modifications such as phosphorylation, methylation and 
ubiquitination work together with acetylation to regulate NF-κB function. For example, 
ubiquitination competes for the same lysine residue as acetylation on the p65 subunit, 
having an opposite effect (83). Phosphorylation of serines 276 and 536 of p65 was 
shown to precede acetylation of lysine 310 by p300 and determine association with 
either p300/CBP or HDAC-1 (84,85). Acetylation of lysine 310 of p65 was shown to 
impair methylation of lysines 314 and 315, preventing ubiquitination and subsequent 
degradation of p65 (86). Thus, NF-κB is regulated by HATs both on the promotor level 
as well as on the transcription factor itself. This suggests that HATs could be a target to 
modulate inflammation.

Inflammatory lung diseases
Inflammatory lung diseases are characterized by an increase in inflammatory gene 
expression, which correlates with the severity of the disease state. HATs and HDACs 
are important regulators of inflammatory gene expression and their levels are altered 
in inflammatory lung diseases. In blood monocytes of patients with asthma, increased 
HAT activity was observed, although no increase in gene expression was shown (87). An 
inhibitor of airway inflammation was shown to decrease histone H4 acetylation and a 
potentiator of the HDAC Sirtuin 1, SRT1720, was shown to suppress inflammation in a 
mouse model for asthma (88). In asthmatic patients HAT activity is increased. Interestingly, 
glucocorticoids reduce HAT activity in asthmatic patients to levels seen in healthy patients 
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(89). In contrast, in COPD there is no increase in HAT activity, but a decrease in HDAC 
activity. Consequently, histone H4 acetylation was increased at the IL-8 promoter, which 
activated transcription of this interleukin (90). The same hyperacetylation of histone 
H4 at the IL-8 promotor was seen in cystic fibrosis (91). Not only the NF-κB pathway 
but also Wnt signaling, another very important inflammatory pathway, is affected by 
HAT activity. β-catenin is the main mediator of this pathway by enhancing transcription 
of inflammatory genes. As discussed in section “HAT function-p300/CBP family”, the 
HATs p300 and CBP, have an important influence on this factor. In pulmonary fibrosis, it 
was shown that inhibiting the CBP/β-catenin interaction attenuated and even reversed 
disease by influencing the Wnt signaling pathway (35). 

Cardiovascular diseases
In many cardiovascular diseases like diabetes and atherosclerosis, inflammatory 
processes play a major role in pathogenesis. Histone acetylation of inflammatory gene 
promotors and HAT/HDAC activity have been shown to be dysregulated in cardiovascular 
diseases. Global histone acetylation and histone acetylation patterns have been shown 
to be important in proliferation of smooth muscle cells and matrix remodeling, which are 
important processes in atherosclerosis and restenosis (92). In diabetic type-2 patients, 
inflammation has been associated with increased insulin resistance. Both recruitment 
of NF-κB and direct acetylation of inflammatory gene promotors, like TNFα and COX-2 
has been observed in diabetic patients (93). Acetylation of several non-inflammatory 
genes plays a direct role in diabetes. Regulation of insulin gene expression by glucose, 
an important factor that is dysregulated in diabetes, was shown to be mediated through 
hyperacetylation of histone H4 on the gene promotor (94). Histone acetylation has been 
shown to be important for the dysregulation of several MODY (maturity –onset diabetes 
of the young) genes, which are then responsible for a type 2-like diabetes that starts at 
a young age (95). 

Other inflammatory diseases
HATs have been associated with a number of other inflammatory diseases. In patients 
with rheumatoid arthritis, treatment with TNFα inhibitors, HDAC inhibitors or rituximab 
changed levels and activity of HATs and HDACs (96). Through their influence on 
inflammatory pathways like NF-κB, HATs have been linked to acute pancreatitis (97), 
renal injury (98) and granulomatosis with polyangiitis (Wegener’s granulomatosis) (99).

Viral infections
Several human HATs interact with the HIV-1 transactivator protein (Tat). Tat is a viral 
transcription factor that is essential for the transcription of viral DNA and additionally 
works as a toxin for host cells. Tat recruits p300 and CBP to the viral promotor site, where 
acetylation of histone H3 and H4 enables viral mRNA transcription (100,101). Tat itself 
is acetylated by p300 and KAT2A, which is necessary for its transcriptional activity (101-
103). The MYST family HAT KAT5 was initially identified as 60 kD Tat interactive protein 
(Tip60) even before its HAT activity was discovered. Unlike with other HATs, binding of 
KAT5 and Tat inhibited KAT5 acetylation activity rather than promote Tat activity (104). 
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HIV-1 is not the only virus using the hosts HATs. The adenoviral oncoprotein E1A binds 
p300/CBP and KAT2A/B shortly after invading and consequently may interfere with 
cellular processes (105). Type 12 of the E1A protein complexes with p300 and CBP, which 
has transcriptional activity on the viral E2a promoter. The E2a protein is essential for 
virus replication (106). Taken together, it seems that viruses like HIV-1 and adenovirus 
recruit HATs for efficient invasion of the host. HAT inhibitors may be suggested as 
potential antiviral therapeutics, although no extensive research has currently been done 
to develop HAT inhibitors for this purpose.

Neurological disorders 
Rubinstein-Taybi syndrome is a syndrome characterized by growth impairment, mental 
retardation and aberrant morphologies like broad thumbs and halluces and distinct 
facial features. The syndrome is caused by mutations in the genes of the HATs CBP and, in 
fewer cases, p300. In Rubinstein-Taybi syndrome caused by mutations only in the p300 
gene, physical symptoms are less severe and patients often have normal thumbs and 
halluces. The occurrence of both physical and mental symptoms caused by mutations in 
a single gene, suggests that these HATs are involved in development of the skeleton and 
in processes of learning and memory (107). Neurodegenerative disorders as Alzheimer’s 
disease and Huntington’s disease are complicated and progressive diseases, which 
include neuronal degradation and protein accumulation. HATs may play a role in onset 
and regression of these diseases through their function as transcriptional regulators. 
A change in global histone acetylation, particularly H3, was seen in cellular and animal 
models of Huntington’s disease, suggesting a possible role for HATs and HDACs in 
this neurodegenerative disease (108). KAT5 was shown to interact with the neuronal 
protein amyloid precursor protein (APP), which is the main protein involved in the 
onset of Alzheimer’s disease. APP is cleaved in an intracellular and extracellular part. 
The extracellular part forms β-amyloid fibers, which are the main factors in Alzheimer’s 
disease. The intracellular part associates with KAT5 and plays a role in gene transcription, 
possibly contributing to the disease state (109-111). Although little is known about their 
exact role, HATs appear to be involved in neurodegenerative diseases through regulation 
of transcription and association with disease proteins. Whether they will become a 
target in these diseases remains to be investigated. 

HAT inhibitors
HATs have many different functions, different subtypes can even have contradictory 
functions and there seems to be a delicate balance between HATs and their interaction 
partners. Not only in their physiological function, but also in pathological states, HATs 
have many different roles and the details of their involvement are yet unknown. The 
development of therapeutics targeting HATs is therefore still in a very early stage. The 
current focus of research is to develop HAT modulators, in this case also referred to 
as chemical probes, that can be used as tools to study the HAT enzymes and form a 
basis for potential therapeutics. With inhibitors or activators, the activity of enzymes 
can be modified, mechanisms of action can be elucidated and difficulties that occur 
with generating knockout mice can be avoided. Inhibitors can additionally be used to 
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study the potential for HATs as a molecular target in disease. However, before newly 
developed inhibitors or probes are taken further into clinical trial research, they must be 
considered promising by one of the larger pharmaceutical companies. However, there 
is no concluding set of criteria to define a chemical compound as “promising”. There 
have been some suggestions from the scientific community for requirements that must 
be met by a certain chemical compound to be seen as useful. The Structural Genomics 
Consortium (SGC), for example, hold its own set of requirements for the probes that 
are developed within the consortium. A good chemical probe is a compound that I) has  
in-vitro potency (IC50 or Kd) of less than 100 nM, II) has more than 30-fold selectivity 
over other subfamilies and III) shows on-target effect in cells at less than 1 µM (http://
www.thesgc.org/chemical-probes). However, the potency needed to have effect in-vivo, 
differs for different targets, making this an easy-to-follow rule of thumb, but giving no 
real guaranty for success. A broader set of guidelines is given by Steven Frye (112), which 
essentially covers the same issues as the SGC criteria:
1. Molecular profiling: A quality chemical probe has sufficient in vitro potency and 

selectivity data to confidently associate its in vitro profile to its cellular or in vivo 
profile.

2. Mechanism of action: A quality chemical probe has sufficient mechanistic data 
versus its intended molecular target to enable interpretation of its qualitative and 
quantitative effect (dose dependency) on a target-dependent action in either a 
cell-based assay or a cell-free assay that recapitulates a physiologic function of the 
target.

3. Identity of the active species: A quality chemical probe has sufficient chemical and 
physical property data to permit utilization in in vitro and cell-based assays with 
interpretations of results attributed to its intact structure or a well-characterized 
derivative.

4. Proven utility as a probe: A quality chemical probe has sufficient cellular activity 
data to confidently address at least one hypothesis about the role of the molecular 
target in a cell’s response to its environment.

5. Availability: A quality chemical probe is readily available to the academic community 
with no restrictions on use.

But, as discussed by Thomas Kodadek (113), the criteria for chemical probes are different 
from the criteria for new drugs. Probes must be selective for a target and applicable in 
research. Drugs should mainly have the desired effect on the pathological condition, 
a lack of side effects and be sellable to patients. Significant effort has been made to 
develop HAT inhibitors or probes and studies show promising results for HAT inhibitors 
to become therapeutics to meet medical need. This section will discuss the current state 
of the art concerning HAT inhibitors (Figure 4).

Bisubstrate inhibitors
One class of HAT inhibitors are the bisubstrate inhibitors. Bisubstrate HAT inhibitors are 
synthetic molecules that consist of coenzyme A attached to a peptide that resembles 
part of the histone tail connected by a linker. The shortest bisubstrate inhibitor is 
Lysine-Coenzyme A (Lys-CoA), which is non-selective between HATs, however, selective 
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bisubstrate inhibitors have been made by modifying the peptide part to fit specific 
subtypes. Several bisubstrate inhibitors have been shown to inhibit transcriptional 
activation for both p300 and KAT2B (114). For KAT5, more potent multivalent peptide 
inhibitors were developed by methylating the peptide segment. This revealed interesting 
results on the influence of the KAT5 chromodomain (115). However, due to their 
chemical properties these inhibitors suffer from limited cell/permeability and metabolic 
instability. This is a major drawback when doing cell-based assays and limits the potential 
therapeutic possibilities of these inhibitors. 

Natural products and derivatives
Plant derived natural products have been investigated for HAT modulation and this has 
resulted in the first class of small-molecule inhibitors for the different families of HATs. 
Garcinol is one of the major active components found in kokum, a spice extracted from 
the fruit of the Garcinia indica tree. It is a potent inhibitor of both KAT2B and p300, 
which has been investigated for its anti-cancer activity. Human cancer cell lines were 
more sensitive to irradiation after treatment with garcinol due to inhibition of non-
homologous end joining (116). In a mouse-model of colon carcinogenesis, treatment with 
garcinol decreased tumor size and incidence. Additionally, a reduction of inflammatory 
mediators was observed (117). Based on garcinol, several specific and non-specific 
derivatives have been developed that showed both inhibitory as well as activating 
properties (118-120). One example is a recently published noncompetitive p300/CBP 
benzylidenebarbituric acid that was reported to be cell-permeable and selective for the 
p300/CBP family over KAT2B (121). Curcumin is a widely investigated natural product in 
medicine that is derived from turmeric, a spice used in Chinese and Indian traditional 
medicine (122). Among HATs, it inhibits p300/CBP and is suggested to be an allosteric 
inhibitor that does not bind to the binding sites of either histone tail or acetyl coenzyme 
A. Curcumin has many potential clinical applications and is currently investigated in
about 120 clinical trials for diseases ranging from cancer to Alzheimer’s disease, alone or
in combination with other drugs (123). Nevertheless, from the structure of curcumin, it
is clear that curcumin is a potentially reactive molecule. It has a phenolic structure that
can function as an anti-oxidant and the unsaturated ketone can participate in a michael
addition reaction with anions of alcohols and thiols, for example on proteins (124). Due
to its chemical properties, it is likely that the biological effect of curcumin is not only due
to its inhibiting effect on HATs, but also originates from its chemical reactivity with other
proteins as well as reactive oxygen species.

Plumbagin is another non-competitive p300 inhibitor, which has been reported to 
induce apoptosis and cell-cycle arrest in human lung cancer cells (125,126). Quercetin 
is a well-known and intensively studied natural product of the flavonoid group of plant 
metabolites. It is most studied for its protective effects against cancer (127) and has been 
shown to reduce HAT activity, probably modulating p300/CBP activity (128). Gallic acid is 
found abundantly in many plant species, for example gallnuts, tea and several berries. It 
is a non-selective HAT inhibitor and has also been reported to inhibit carbonic anhydrase 
(129). Gallic acid has been linked to inhibition of NF-κB acetylation and suggested as a 
possible treatment for Alzheimer’s disease and lung cancer (130,131). 
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Figure 4: HAT inhibitors and their reported HAT targets. Bisubstrate inhibitors: bisubstrate HAT inhibitors are 
synthetic molecules that consist of CoA attached to a peptide that resembles part of the histone tail connected 
by a linker. These inhibitors are selective between different HAT subtypes. However, due to their chemical 
properties these inhibitors suffer from limited cell/permeability and metabolic instability. Natural products: 
natural product inhibitors of HATs are generally non-selective and inhibit a range of targets besides HATs 
in addition to anti-oxidant activity. Natural product derivatives: derivatives of natural products have been 
developed that are selective between HAT families. Other small molecule inhibitors: structure-based design 
and high throughput screening have resulted in new, structurally unrelated small molecule inhibitors. Protein-
HAT inhibitors: Inhibiting bromodomains or the interaction between HATs and other proteins, is a promising 
way of targeting specific HAT pathways.
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Anacardic acid is a natural product derived from cashew nut shell liquid, a byproduct in 
cashew nut processing. Like other natural product inhibitors of HATs, anacardic acid has 
been shown to sensitize human tumor cells to the cytotoxic effects of ionizing radiation 
(132). It has been reported to inhibit a diverse number of enzymes in addition to HATs 
(133-137). In fact, derivatives of anacardic acid have been described to be active on 
enzymes from all different families of HATs. For p300 it was shown that the amide 
derivative N-(4-chloro-3-trifluoromethyl-phenyl)-2-ethoxy-6-pentadecyl-benzamide was 
selective for p300 over KAT2B and enhances the p300 HAT-dependent transcription from 
in vitro assembled chromatin template (138). Other derivatives reduced p300 mediated 
acetylation in MCF7 breast carcinoma cells (139). For KAT2B, a derivative showed improved 
inhibitory potency compared to anacardic acid and inhibited histone acetylation in HEP 
G2 cells (140). Interestingly, an analogue of anacardic acid, pentadecylidenemalonate, 
was found to inhibit p300/CBP while activating KAT2B. It showed apoptotic effects in 
human leukemia U937 cell line (141). Also for KAT2A, anacardic acid showed inhibitory 
potency. It induced hypoacetylation of histone H3 in Plasmodium falciparum and 
blocked the growth of both chloroquine-sensitive and -resistant strains (142). In 2011, 
the anacardic acid derivative MG149 was reported to inhibit KAT5 (143). MG149 was 
shown to have an effect on a select set of nuclear processes including p53 and NF-κB 
gene expression (144). Not only plant-derived natural products can be HAT inhibitors. 
From a screen for microbial metabolites in a strain of penicillin, the natural product and 
peptide mimic NK13650A was discovered. This inhibitor was shown to be selective for 
p300 over KAT5 and inhibit androgen receptor activation as well as growth of prostate 
cancer cells (145).

One might appreciate that many of these natural products and derivatives are non-
selective with a wide range of biological targets. They often have phenolic structures 
and therefore have antioxidant properties. This can possibly give additional biological 
effects separate from the on-target effects. For the development of drugs, for example 
against cancer, this might not be a problem, but in case of probes selectivity is an 
important issue. Therefore, other methods have been used to find starting point for the 
development of HAT modulators.

Other small molecule inhibitors 
In addition to bisubstrate inhibitors and natural products, a series of small-molecules 
have been developed using a variety of methods. High throughput screening of databases 
consisting of a large number of synthetic compounds is a common method to look for new 
inhibitors with new scaffolds. For such a screen, an efficient assay to test the compounds 
is needed and efforts have been done to develop assays to screen for inhibition of HAT 
activity (146). From a high throughput screening, the class of isothiazolones was found to 
inhibit the HAT subtype KAT2B. Several derivatives were made that inhibited KAT2B and 
p300. These isothiazolones were shown to inhibit cell growth and proliferation of human 
cancer cell lines (147,148). The isothiazole NU9056 has been shown to inhibit KAT5 and 
has been suggested as application for treatment of prostate cancer. NU9056 induced 
apoptosis in prostate cancer cell lines via activation of caspase 3 and caspase 9 and was 
correlated with the physiological function of KAT5 by effecting the androgen receptor 
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and ATM (see also section “HAT function”) (149). The pyridoisothiazolone PU139 is a 
non-selective HAT inhibitor with activity on KAT2B, CBP and p300, which was shown to 
inhibit neuroblastoma cell growth in xenograft mice. Interestingly, this inhibitor was also 
found to control the transmission of schistosomiasis, a disease caused by the parasitic 
worm Schistosoma mansoni, by inhibiting egg formation (150,151). A high throughput 
screening in cancer cell lines yielded the p300 inhibitor L002, which showed activity in 
mouse xenograft models as well (152). 
For p300, computational design has been used for the development of new inhibitors. 
Bowers et al. (2010) used virtual screening of a database of commercially available 
compounds to find C646, which is currently the most potent small molecule inhibitor 
of p300 (153). Zeng et al. (2013) used the same computational technique to discover 
an inhibitor 4-acetyl-2-methyl-N-morpholino-3,4-dihydro-2H-benzo[b][1, 4]thiazine-7-
sulfonamide referred to as ‘Zeng’ in figure 4 (154). 

With the availability of crystal structures of HATs and the identification of small 
molecule inhibitors, structure-based in-silico design has become a possible method 
for development of HAT inhibitors. Based on pentamidine (PNT), an inhibitor of 
endoexonuclease activity that was found to inhibit KAT5, TH1834 was designed. This 
inhibitor was shown to inhibit KAT5 selectively over KAT8 and increased apoptosis in 
breast cancer cells following radiation (155,156). 

Protein-HAT inhibitors
Another way to inhibit HATs is to target their interactions with interaction partners. 
HATs interact with many other proteins in addition to histones and inhibition of these 
interactions might provide more specific inhibition in a biological context. 
In a high throughput screening, ICG-001, an inhibitor of the interaction between CBP and 
β-catenin was discovered. This inhibitor was specific for the CBP/β-catenin interaction 
and did not inhibit the p300/β-catenin interaction. This is essential, since CBP and p300 
have differential roles in their activation of β-catenin (see also “HAT function – p300/CBP 
family) (157). Another inhibitor of a HAT-protein interaction is chetomin, a metabolite 
from the fungal species Chaetomium. Chetomin inhibits the interaction between p300 
and hypoxia-inducible factor-1 (HIF-1), a protein characteristically overexpressed in 
malignant gliomas, which is also a known interaction partner of β-catenin. Treatment of 
malignant glioma cell lines attenuated the hypoxia-induced radioresistance, suggesting 
that chetomin could possibly be used as a strategy to sensitize human malignant gliomas 
to radiotherapy (158). 

The bromodomain inhibitors are a class of molecules that inhibit the interaction of 
the bromodomain with the acetylated lysine on histones or other proteins. There are 
several classes of proteins containing bromodomains, including HATs from the GNAT and 
p300/CBP family (see “Histone acetylation”, Figure 2B) (159). Bromodomain inhibitors 
are mainly known for their inhibition of the bromodomain and extra-C-terminal domain 
(BET) protein family and a few of these inhibitors are currently in clinical trials for 
treatment of NUT midline carcinoma and hematological malignancies (160). Inhibitors of 



Chapter 2

42

HAT bromodomains have been described for CBP and KAT2B. A small molecule inhibitor 
of the CBP BRDs is ischemin, an azobenzene-based inhibitor. Ischemin was shown to 
inhibit the interaction of CBP with p53 and efficiently prevent apoptosis in ischaemic 
cardiomyocytes (161), although the selectivity of ischemin for the CBP BRD has not been 
investigated yet. Also a collection of cyclic peptides were designed, based on the NMR 
structure of CBP, to inhibit CBP-p53 interaction inhibitor (162). In case of KAT2B, N1-
aryl-propane-1,3-diamine derivatives, for example NP-1, were found as bromodomain 
inhibitors for the interaction with the acetylated HIV protein Tat and the inhibitors 
were shown to inhibit HIV-1 replication in cellular assays (163,164). Although HAT 
bromodomain inhibitors are still in early development, they may be developed towards 
a class of therapeutics for cancer or viral diseases in the coming years.

Therapeutic possibilities of HAT inhibitors
HATs form a diverse group of enzymes that play an important role in the post-translational 
modification of histones. They regulate gene transcription and contribute to the histone 
code, which is one of the main epigenetic mechanisms influencing signaling cascades. 
HATs function in diverse protein complexes that determine substrate specificity and 
expand the range of targets. HATs have been associated with several different diseases 
both through global and specific acetylation of histones and acetylation of non-histone 
substrates. 

Both activity of HDACs and HATs have been associated with different types of cancer. This 
might seem contradictory, but although the direct action of HATs and HDACs is opposite, 
the substrates of these enzymes differ. Inhibiting acetylation may not necessarily mean 
deacetylation and vice versa. The pro- or anticancer action of HATs may therefore depend 
on the balance between acetylation and deacetylation, on the type of tumor cells and the 
co-action of the HAT protein complexes. HATs are associated with different inflammatory 
diseases including asthma, COPD, rheumatoid arthritis and several cardiovascular 
diseases. In asthma, an increase in HAT activity is seen and in COPD a decrease in HDAC 
activity. Also in other inflammatory diseases, acetylation seems to promote disease. 
This suggests that hyperacetylation or changes in the acetylation pattern are involved in 
inflammatory diseases and that patients will benefit from a restored balance between 
acetylation and deacetylation. HAT inhibitors can all cause a reduction of acetylation, but 
in the end this might lead to very different responses due to the many different functions 
of HATs. It is therefore important to investigate which HATs are involved in inflammatory 
diseases and which HATs need to be targeted to restore the balance.

HAT inhibitors may also have a therapeutic application in viral diseases. HATs promote 
viral replication and invasion of the host by interaction with viral proteins. The interaction 
of HATs with viral proteins like Tat or E1A, might be an interesting target for further 
exploration with inhibitors. Some evidence exists that correlates HAT activity with 
neurodegenerative diseases. HATs seem to play a role in transcriptional regulation in 
Alzheimer’s and Huntington’s disease, but further research must be done to confirm that 
this is a feasible target for HAT inhibitors. 
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Due to the large differences in function and similarities in structure of HAT subtypes, 
selectivity might become an important issue to prevent side effects. Already, inhibitors 
have been developed that are selective between HAT families, although selectivity 
between different subtypes within one family will, due to the structural similarity of the 
catalytic domains, be very challenging. Natural product inhibitors of HATs are generally 
non-selective and inhibit a range of targets besides HATs, in addition to anti-oxidant 
activity or protein reactivity. This might be useful when targeting multiple targets 
simultaneously, but can cause problems due to unwanted or unpredicted side-effects. 
Certainly as chemical probes, these inhibitors are not applicable. Some derivatives of 
these natural products have been developed that are selective between HAT families. 
Allosteric inhibitors have the potential to be selective between subtypes of the same 
family, since there is much variation in N- and C-terminal regions, but the catalytic 
domain is almost identical for all HATs. Structure-based design and high throughput 
screening have resulted in new, structurally unrelated small molecule inhibitors. These 
inhibitors have been shown to exhibit promising biological effects, although still limited 
to in-vitro studies. HATs interact with many proteins, modulating their activity where 
sometimes acetylation activity is not even required, for example through bromodomains 
or other protein interaction domains. Inhibition of these protein-protein interactions is 
a promising way of targeting specific HAT pathways. 

Knowledge about HATs, HAT subtypes and the correlation with histone- and non-histone 
acetylation is too fragmented to predict the effect of HAT inhibitors in human disease 
state as yet. However, the current research on HAT inhibitors shows promising results 
for these important epigenetic enzymes to become drug targets for therapeutics against 
disease. 
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Introduction

Epigenetic modifications of histones, such a lysine acetylation, play a key role in the 
regulation of gene transcription. Histone acetyltransferases (HATs) are a class of 
acetyltransferases that catalyze the acetylation of ε-amino groups on lysine residues 
in both histone and non-histone proteins. Through histone acetylation, they play a 
regulatory role in the chromatin structure, thereby influencing gene transcription. The 
acetylation of non-histone proteins, for example transcription factors, is involved in the 
regulation of many processes, such as cell growth and inflammatory signaling (1). This 
enzyme class has been linked to the pathology of various diseases, including cancer 
(2-4), inflammatory diseases (5-7), viral infections (8) and neurological diseases (9,10). 
However, knowledge on their role in specific diseases and drug discovery efforts towards 
this class of enzymes are still limited. In particular the HAT lysine acetyltransferase 8 
(KAT8) is marginally explored in drug discovery projects.

The HATs are a disparate group of enzymes that can be divided into different families 
based on their structural homology. The three main families are GNAT (Gcn5-related 
N-acetyltransferases), MYST (MOZ, YBF2/SAS3, SAS2 and TIP60) and p300/CBP (CREB 
binding protein). The HAT of our interest, KAT8, is a member of the MYST family. 
This enzyme was originally discovered in Drosophila, where it is involved in dose-
compensation of the X-chromosome gene transcription in male flies. KAT8 functions in 
two protein complexes, MSL and MSL1v1, that are conserved throughout the eukaryotic 
kingdom, including humans(11). Both KAT8 complexes have been described to be 
responsible for acetylating lysine 16 on histone H4 (H4K16) and were shown to play 
a role in cell cycle progression (12). However, only the MSL1v1 complex seems to be 
involved in acetylation of the tumor suppressor protein p53 (13). KAT8 has also been 
shown to play a role in embryonic stem cell renewal. Embryonic stem cells lacking KAT8 
lose differentiation potential and show changes in morphology and gene expression of 
essential transcription factors (14). Thus, it is clear that KAT8 plays a very important role 
in normal physiology and disease. 

KAT8 is a bi-substrate enzyme that binds two substrates; acetyl coenzyme A (Ac-CoA) 
and histone H4 containing free lysine ε-amino groups. Development of inhibitors for 
bi-substrate enzymes requires knowledge of the catalytic mechanism. It is important to 
understand if the substrates, acetyl coenzyme A and histone H4, bind simultaneously 
or consequently and if the individual binding events are inter-dependent. In addition, 
knowledge on the catalytic mechanism combined with inhibitor kinetics, enables the 
calculation of the assay-independent inhibition constant (Ki) from the assay-dependent 
inhibitory concentration (IC50) as described by Cheng and Prusoff (15). Therefore, we 
investigated the catalytic mechanism of KAT8 using enzyme kinetic studies based on 
models described by Copeland (16). We demonstrated that the non-selective HAT 
inhibitor anacardic acid (AA) (17) also inhibits KAT8 and performed kinetic studies to 
further investigate this inhibitor. Based on the results, we proposed a model comprising 
the catalytic activity of KAT8 and the inhibitory action of AA. We employed this 
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knowledge to study the inhibitory potency of a small collection of anacardic acid derived 
inhibitors and to calculate their respective binding constants (Ki). Inhibition studies on 
p300 did not reveal selectivity between both enzymes for the compound collection that 
was investigated. 

Results and discussion

Catalytic mechanism 
As described by Copeland (16), steady state kinetic experiments can be employed to 
determine by which catalytic mechanism the enzyme operates. In our studies we adapted 
an enzyme activity assay based on fluorescence detection of the HAT reaction product 
CoA, as described by Gao et al. (18) for use with KAT8. In this assay the CoA thiolate is 
detected by the thiol sensitive fluorescent dye 7-diethylamino-3-(4’-maleimidylphenyl)-
4-methylcoumarin (CPM). As histone substrate, a synthetic peptide corresponding to 
the first 20 amino acids of the histone H4 N-terminal (histone H4 peptide) was used. 
First, the Km of the histone substrate and kcat of the enzyme were determined using 
increasing concentrations of histone substrate at constant concentration of Ac-CoA 
(Figure 1A). Then the catalytic mechanism was determined according to procedures 
described by Copeland. The velocity of recombinantly expressed KAT8 was determined 
at different concentrations of Ac-CoA in the presence of varying concentrations of 
histone substrate (Figure 1B). The Km and Vmax of Ac-CoA were determined. Both Km and 
Vmax of Ac-CoA increased at increasing concentrations of histone substrate (Table 1), 

Figure 1: Kinetics and catalytic mechanism of the bi-substrate enzyme KAT8. A) Determination of Vmax, Km and 
kcat of the histone substrate (histone H4 peptide). The steady-state velocity was determined of recombinantly 
expressed KAT8 using 0 - 400 µM histone substrate and 4µM Ac-CoA. Vmax, Km and kcat of the histone substrate 
were derived from the non-linear Michaelis-Menten regression. B) KAT8 operates via a ping-pong mechanism. 
The steady-state velocity was determined of KAT8 at 0 – 20 µM of Ac-CoA in the presence of 15, 30, 60 and 
90 µM of histone substrate. Both Km and Vmax of Ac-CoA increased at increasing concentrations of histone 
substrate (H4peptide), which suggests a ping-pong mechanism.

A                      B

Table 1: Km, Vmax and kcat of Ac-CoA at varying concentrations of histone H4 peptide (Figure 1).
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which is characteristic for a ping-pong mechanism. In a ping-pong mechanism the donor 
substrate binds first to the enzyme. In case of KAT8, Ac-CoA acts as an acetyl donor. 
Subsequently the acetyl group is transferred temporarily to a residue on the enzyme and 
CoA leaves the binding pocket. Then the histone substrate binds and the acetyl group is 
transferred onto its lysine residue, upon which the second product is formed. 

From the Vmax and the enzyme concentration, the turnover number of the enzyme (kcat) 
can be calculated. This is the maximum number of substrate molecules that the enzyme 
can convert per catalytic site per unit of time. The kcat ranged between 0.2 and 1.1 
molecules per minute, which is lower than the kcat observed by Yang et al. (19). This 
difference can be explained by the concentration dependency of Vmax and kcat on the 
concentration of both substrates (Table 1). As described by Copeland, in case of a ping-
pong mechanism the histone peptide should have little or no affinity for the enzyme 
in absence of Ac-CoA. To find further evidence for this mechanism isothermal titration 

Figure 2: ITC experiments support a ping-pong mechanism. ITC experiments were done to determine 
the affinity of the substrates for KAT8. Ac-CoA had a Kd of 8.7 µM for KAT8. The histone substrate (histone 
H4peptide) had a Kd of 6.7 µM for the KAT8/Ac-COA complex, but did not show affinity for KAT8 without Ac-
CoA present. This supports a ping-pong mechanism. The binding energies were calculated and revealed that 
binding of both Ac-CoA and histone H4 peptide was due to an increase in entropy.

Table 2: Parameters for Ac-CoA and the histone substrate as derived from ITC experiments (Figure 2).
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calorimetry (ITC) experiments were performed (Figure 2). Titration of Ac-CoA to KAT8 
indicated binding with an equilibrium dissociation binding constant (Kd) of 8.7 µM (Table 
2). This is close to the Kd determined for GNAT family HATs (20) and the yeast HAT ESA1 
in the picNuA4 complex (21). The stoichiometry (N) of the interaction was close to 1, 
showing that one molecule of Ac-CoA binds to one molecule of enzyme. Subsequent 
titration of histone substrate to the KAT8/Ac-CoA complex demonstrated a Kd of 6.7 µM 
for the histone substrate. In contrast, titration of the histone substrate solution to the 
KAT8 enzyme in absence of Ac-CoA showed no measurable binding. These observations 
are consistent with the ping-pong mechanism for the KAT8 acetyltransferase activity as 
postulated based on the enzyme kinetic experiments, providing further proof for this 
mechanism. 

It is of interest to mention that binding of both substrates has an unfavorable enthalpy 
component that is compensated for by a strongly favorable entropy component (Table 2). 
Strongly favorable entropy components in equilibrium binding kinetics are often linked 
to the release of bound water molecules upon substrate binding, which may also be the 
case in KAT8. A requirement for a ping-pong mechanism is that the binding pocket has 
a residue that can temporarily accept the acetyl group before transfer to the substrate. 
This role is usually taken by a cysteine residue because acetylation of a cysteine residue 
results in a thioester, which is prone to aminolysis by the lysine ε-amine functionalities 
of the histone substrates. Previously published KAT8 crystal structures (PDB: 2GIV, 3TOA 
(19)) indicate that cysteine-143 is close to the binding site of Ac-CoA (Figure 3A). It seems 
reasonable to presume that this cysteine residue plays a role as an initial acceptor of the 
acetyl group in the postulated ping-pong mechanism, although none of these published 
crystals structures contain an acetylated cysteine residue in this position. Surprisingly, 
close to this cysteine, both crystal structures show an acetylated lysine residue (Ac-
Lys-101) that is auto-acetylated by KAT8 itself. As shown by mutagenesis studies, both 
the cysteine and lysine residues were essential for HAT activity (19). The observation 
that the cysteine residue is essential for catalysis also supports the postulated ping-pong 
mechanism. 

Further support for the ping-pong mechanism in KAT8 catalysis comes from the crystal 
structure of the yeast HAT ESA1, which has a high sequence and structural similarity with 
KAT8. Importantly, the Ac-CoA binding pocket is almost identical and the aforementioned 
cysteine and lysine residues are conserved (Cys-304 and Lys-262). Interestingly, a crystal 
structure of ESA1 co-crystallized with Ac-CoA showed bound CoA rather than Ac-
CoA and acetylation of cysteine-304 (PDB: 1MJA, Figure 3B) (22). Taken together, the 
postulated ping-pong mechanism as observed in the enzyme kinetic experiments can be 
rationalized by structural data for KAT8 and closely related HATs thus further supporting 
the evidence for this mechanism.

Despite this evidence we should note that enzyme kinetics for HATs frequently seem 
to depend on the assay conditions. For example, in contrast to the structural data 
described before, a kinetic study on the yeast analog ESA1 indicated the formation of 
a ternary complex between the enzyme, Ac-CoA and the substrate in catalysis (21). 
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Comparable complications were encountered in the analysis of the catalytic mechanism 
of p300. Based on enzyme kinetics a ping-pong mechanism was proposed (23). However, 
it was demonstrated that an electrophilic acetyl-CoA affinity labelling-based probe did 
not target a residue that is critical for catalysis, arguing against a ping-pong mechanism 
(24), but a ternary complex mechanism could not be confirmed either. Despite the fact 
that p300 contains a cysteine in the binding pocket no mutagenesis studies have yet 
been performed to investigate whether this cysteine is important for HAT activity. Based 
on structural and biochemical data, it was proposed that p300/CBP uses a modified 
mechanism denoted as the Theorell-Chance (‘hit-and-run’) catalytic mechanism. In the 
Theorell–Chance mechanism, there is no stable ternary complex as formed in a standard 
ternary complex mechanism. After acetyl-CoA binds, the histone substrate associates 
weakly with the p300 surface, allowing the lysine to react with the acetyl group, but 
kinetically only the interaction with acetyl-CoA is important (25). Therefore, we do not 
exclude the possibility that a more refined enzyme kinetic model will be assigned to 
KAT8 in the future. Nevertheless, the steady state kinetic study here clearly indicates 
a ping-pong mechanism in which Ac-CoA binds first followed by binding of the histone 
H4 peptide. Therefore, we applied this mechanism for calculation of the Ki values of 
inhibitors of this enzyme using an adaptation of the Cheng-Prusoff equation as described 
by Copeland (16).

Inhibitors – Chemistry
Anacardic acid is a known natural product HAT inhibitor, which also shows activity 
on KAT8. A focused compound collection inspired by AA was assembled from newly 
synthesized compounds 8a-b, 11c-e and 13, previously synthesized compounds 14 and 

Figure 3: Structural support for a ping-pong mechanism. A) A crystal structure of KAT8 (PDB:2GIV) shows Ac-
CoA bound to the enzyme. Close to the binding pocket, a cysteine is situated, which could facilitate a ping-pong 
mechanism. Additionally, an acetylated lysine is shown, which is essential for activity of KAT8(19). B) A crystal 
structure of yeast ESA1, a MYST family HAT and homologue to KAT5, shows an almost identical binding pocket 
with an acetylated cysteine. It is possible that either the cysteine or the lysine, or both, contribute to a ping-
pong mechanism.
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15 (26) and the known p300 inhibitor C646. The compound collection was designed to 
vary the position of alkylation of the salicylate core and the length and polarity of the 
aliphatic substituent. The compounds were synthesized, using a convenient and flexible 
synthetic route employing Sonogashira coupling as a key step as published previously 
(27). Using this strategy, different salicylate triflates or halides were linked to various 
alkynes. 

6-alkyl substitution of the salicylate core was achieved using Sonogashira coupling of 
terminal alkynes to triflate 5. Triflate 5 was synthesized from 2,6-dihydroxybenzoic acid 
using a previously published two-step synthesis (28). 5-alkyl substitution of the salicylate 
core was achieved with aryl halides 9 as starting materials, which were prepared using 

Scheme 1: Synthesis of anacardic acid derivatives. a) lithium hydroxide, THF/water, RT; b) LiAlH4, THF, 0 °C - 
RT; c) Benzyl bromide, NaH, THF, 0 °C - RT; d) PdCl2(PPh3)2, CuI, Et2NH, CH3CN, respective aliphatic alkynes or 
alkyne 4a-b, 100 °C, MW; e) Hydrogenation triple bond and hydrogenolysis of benzyl protected salicylic acids 
or alkynes: H2 (3 atm), Pd/C, MeOH/ethyl acetate, 40 °C, PARR apparatus; f) 5N KOH, THF, 55 °C or HCl (37%), 
dioxane, RT; g) deprotection of methyl protected salicylic acids: 1M BBr3 in DCM, acetonitrile, -78 °C to RT; h) 
1-heptanethiol, KOH, MeOH, 0 °C to RT.
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known procedures (29,30). Commercially available terminal alkynes were used, except 
for terminal alkynes 4a and 4b. Alkyne 4a was synthesized by benzylation of 3a using 
previously published procedures (31) (Scheme1A). Alkyne 4b was synthesized from 
methyl undec-10-ynoate (1) by hydrolysis of the ester (2), reduction of the acid (3b) and 
subsequent benzylation in an overall yield of 44% over 3 steps. Sonogashira couplings in 
the salicylate 6-position (Scheme 1B) and the 5-position (Scheme 1C) were performed 
with moderate to good yields (46-98%). The purification was in some cases demanding 
due to side products formed in the reaction. The resulting alkynes were reduced by 
hydrogenation, which simultaneously resulted in the removal of the benzyl moiety 
from the aliphatic alcohols. Intermediate 6b could not be completely purified after the 
Sonogashira coupling due to presence of a side product with similar polarity. After an 
initial hydrogenation step, which proved to reduce the triple bond, the impurity could 
be removed. Removal of the benzyl required a separate hydrogenolysis step giving 7b 
in 60% yield. Hydrolysis of the acetonide of 7a using the published procedures of 5N 
KOH in THF/water at 55°C required 5 days giving 8a in 24% yield. Therefore 7b was 
deprotected by acid using 11 M HCl in dioxane/water. An improved yield of 46% was 
observed under these conditions. The methyl protecting group of 10c was removed 
with boron tribromide in 53% yield. The removal of the benzyl protective group could 
be done simultaneously with the hydrogenation and was therefore used for the other 
compounds. Hydrogenation and hydrogenolysis of 10d-e was done very efficiently, giving 
11d-e in 88-97% yield. To investigate whether the salicylic acid could be replaced by a 
2-hydroxy acetophenone group, product 13 was synthesized (Scheme 1D). A substitution 
reaction using 2-bromo-2′-hydroxyacetophenone 12 and 1-heptane thiol provided 13 in 
one step in 85% yield. 

Inhibitor kinetics-KAT8
To investigate the binding kinetics of the inhibitors, we conducted enzyme kinetic studies 
on KAT8 with AA. The velocity of KAT8 was determined at different concentrations of 
Ac-CoA and constant concentration of the histone substrate in the presence of varying 
concentrations of AA (Figure 4A). A clear decrease in Vmax and Km with increasing 
concentrations of AA was observed (Table 3). The decrease in Vmax indicates that AA 
binds a site allosteric from the Ac-CoA binding pocket. The decrease in Km suggests 
that the binding of AA stabilizes the binding of Ac-CoA. This is a characteristic of 
uncompetitive inhibition, where the substrate must be present for the inhibitor to bind. 
The same experiment was done using different concentrations of the histone substrate 
and a constant concentration of Ac-CoA (Figure 4B). Strikingly, the curves do not follow 
Michaelis-Menten kinetics when AA is present, but have a sigmoidal appearance. This 
shows that there is cooperativity resulting in a Hill coefficient, a measure for the slope 
of the curve, that is not equal to 1 as described in the Monod-Wyman-Changeux (MWC) 
model (32). It is not possible to derive a true Km from a sigmoidal curve and therefore the 
concentration of peptide that gives half-maximal velocity (khalf) is determined, which 
resembles the Km, but is dependent on the hill slope (for calculation of khalf see SI). At 
increasing concentrations of AA, the Vmax is constant, but an increase is observed in khalf. 
This suggests that the binding of AA opposes the binding of the histone substrate. 
The cooperativity may be explained using a model based on the existence of two 
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Figure 4: Inhibitor kinetics of AA on KAT8. The velocity of KAT8 was determined at 0 – 20 µM Ac-CoA in the 
presence of 0, 80, 160 and 240 µM AA respectively. Both Km and Vmax decrease at increasing concentrations of 
AA. The velocity of KAT8 was determined at 0 – 200 µM of the histone substrate (histone H4 peptide) in the 
presence of 0, 80, 160 and 240 µM AA respectively.

A                 B

Table 3: Vmax and Km for Ac-CoA at different concentrations of inhibitor AA. Vmax, hill slope and khalf for histone 
H4 peptide at different concentrations of inhibitor AA (Figure 4).

conformations of the enzyme, E and E* (Figure 5). Ac-CoA binds the free enzyme (E), which 
has low catalytic activity. The histone substrate is not able to bind this conformation, 
which is shown by the ITC data (Figure 2). Upon binding of Ac-CoA, the acetyl group (X) is 
transferred onto the enzyme (EX) and the histone substrate (S) can bind. This is shown by 
the ITC experiments as well as the mechanistic studies. Binding of the histone substrate 
induces a conformational change (E*XS), which is catalytically active. Ac-CoA has lower 
or no affinity for this conformation, which is shown by the increase in Km of Ac-CoA 
induced by higher concentrations of histone H4 peptide (Figure 1). The histone substrate 
is acetylated, leaves the enzyme as product (Ac-histone substrate) and free enzyme (E) 
is regenerated. The inhibitor AA binds to EX, thereby stabilizing the catalytically inactive 
conformation of the enzyme (E). This is shown by the increase in Km of the histone 
substrate and especially by the decrease in Km of Ac-CoA. Ac-CoA regains affinity for 
the enzyme, even though the enzyme activity is inhibited. Additionally, an increasing 
concentration of histone substrate, which induces conformation E* for which AA has 
little or no affinity, will eventually be able to restore activity of the enzyme. Cooperativity 
between an active and an inactive conformation can cause the sigmoidal behavior 
observed in the inhibitor kinetics with the histone substrate. This was also observed in 
case of the bi-substrate enzyme phosphofructokinase. Michaelis-Menten kinetics can 
be observed when the enzyme has maximal activity. A shift towards sigmoidal kinetics is 
therefore only observed in case of the histone substrate where the khalf decreases due 
to the presence of an inhibitor (33). Based on mechanistic and inhibitor kinetic studies, 
we propose a model comprising the catalytic activity of KAT8 and the inhibitory action of 
AA, which can be used to further investigate the inhibitor properties.
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Figure 5: Proposed model for the inhibitory and 
catalytic activity of AA and KAT8. Ac-CoA binds 
to the free enzyme (E), which has low catalytic 
activity. The histone substrate is not able to 
bind this conformation. Following the ping-pong 
mechanism, the acetyl group (X) is transferred 
to the enzyme (EX). Binding of the histone 
substrate (S) induces a conformational change 
of the enzyme (E*XS), which is catalytically 
active. Ac-CoA has no or lower affinity for 
this conformation. The histone substrate is 
acetylated and leaves the enzyme as product 
(Ac-histone substrate) upon which the free 
enzyme conformation (E) is regenerated. The 
inhibitor AA binds to EX and stabilizes the 
catalytically inactive conformation, therefore 
inhibiting the catalytic activity of the enzyme, 
but increasing the affinity of Ac-CoA.

Inhibitors – Ki calculation
The inhibitory potency for the HAT enzyme KAT8 was determined using the same 
fluorescence-based assay as used for the kinetic studies. The inhibitory concentrations 
50% (IC50) were determined if more than 50% inhibition was observed at 400 µM inhibitor 
concentration. As shown in the kinetic studies for the catalytic mechanism, the Km of one 
substrate depends on the concentration of the other substrate. The observed IC50 values 
are therefore dependent on the concentrations of both substrates in the assay and their 
respective Km values. This will give large variations in the IC50 values observed in different 
assays and makes direct comparison of inhibitors published in literature impossible. 
Correcting for the assay conditions by calculating the Ki enables comparison between 
assays and assay conditions. The Ki values were calculated from the IC50 values using a 
model that takes into account that the enzyme operates via a ping-pong mechanism as 
observed in the enzyme kinetic study. It also takes into account that the inhibitors like 
AA affect only one form of the enzyme, EX, as shown by the kinetic model (Figure 5). 
According to Cheng and Prusoff, if these requirements are met, Equation 1 can be used, 
which includes the Km values of both substrates and their respective concentrations used 
in the assay (15). The Ki values of the inhibitors were calculated (example calculation in SI) 
using Equation 1 in which Ka is the Km of Ac-CoA at the concentration of histone substrate 
used in the assay (2.1 µM), Kb is the Km of the histone substrate at the concentration of 
Ac-CoA used (71 µM) and A and B the concentrations of either substrate in the assay (4 
and 60 µM respectively).

The results show that the inhibitors 15 and 11d with the 10 carbon atom aliphatic tail 
bind slightly better than the inhibitors with the 15 carbon atom tail AA and 11e. The 
inhibitors with the 5 carbon atom tail 14 and 11c completely lose their affinity within the 
investigated range of concentrations as was observed in a previous study on KAT5 (26). 
This indicates that hydrophobic interactions with the aliphatic tail play a major role in the 
inhibitory potency of this type of compound for KAT8. The importance of hydrophobic 
interactions of the aliphatic tail is further confirmed by the loss of potency of compound 

Eq. 1
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8b that includes an aliphatic alcohol in the aliphatic tail. The substitution position of 
the salicylate makes a small difference in the observed potencies with the best potency 
observed in the salicylate 6-position. We also note that replacing of the salicylate moiety 
by a 2-hydroxy acetophenone moiety (13) completely removed activity, stressing the 
importance of the salicylate functionality.

Table 4: Inhibitory potency of anacardic acid (AA) derivatives on KAT8 and p300. The inhibitory potency for 
KAT8 was measured using an assay based on fluorescent detection of CoA. The Ki values were calculated 
an adaptation of the Cheng-Prusoff equation based on the postulated ping-pong mechanism and inhibitor 
kinetics (Equation 1). The inhibition of p300 was measured using an assay based on radiolabeling of the histone 
substrate. * The IC50 of C646 is similar to the Ki value reported in literature(34).
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Inhibitors – p300
In order to assess the selectivity of the KAT8 inhibition by the compounds of this 
focused collection, we tested them for inhibitory potency on p300. Towards this aim 
we employed an assay based on radiolabeling of the histone substrate (Table 4). The 
reference compound C646 had an IC50 of 0.32 µM, which is consistent with literature 
(34). AA showed 97% inhibition at a concentration of 50 µM. The salicylic acid derivatives 
inhibited p300 as well and showed comparable SAR as observed for KAT8. This suggests 
a similar binding mode and interactions, although KAT8 and p300 are structurally very 
different. It is not possible to align either the amino acid sequence or the 3D structures 
of KAT8 and p300 by conventional means. It is however possible that either the Ac-
CoA or histone substrate pockets, due to the similarity of the ligands, show a certain 
resemblance thus resulting in a comparable SAR for these inhibitors. 

Conclusions
In this study, the catalytic mechanism of KAT8 histone acetyltransferase has been 
investigated. Enzyme kinetic experiments indicate that this bi-substrate enzyme operates 
by a ping-pong mechanism. This mechanism is supported by the observation that binding 
of the first substrate Ac-CoA is required for binding of the second substrate histone H4 
as determined by ITC measurements. The presence of cysteine 143 in the KAT8 active 
site combined with the previous evidence that this residue is essential for catalysis 
further supports the evidence for ping-pong mechanism for acetyltransferase activity 
of KAT8. We employed this model for calculation of the Ki values of inhibitors of this 
enzyme. In order to generate small molecule inhibitors for KAT8 we assembled a focused 
compound collection around the known non-selective HAT inhibitor AA. This compound 
collection was tested for inhibition of KAT8. Kinetic studies were performed with the 
reference compound AA and based on both inhibitor kinetics and mechanistic studies, 
a catalytic model was proposed involving two different conformations of the enzyme. 
The equilibrium binding constant Ki was calculated using an adaptation of the Cheng-
Prusoff equation based on the catalytic mechanism and the proposed model. AA and 
its derivatives inhibited KAT8 and both the aliphatic tail and the salicylate functionality 
proved to be important for binding. The inhibitors were tested for activity on p300 and 
showed a similar SAR as on KAT8, suggesting a similar binding mode even though the 
two enzymes are structurally different. 

This study gives insight in KAT8 through the catalytic mechanism and presents a series 
of small-molecule inhibitors for this HAT. Based on kinetic studies of AA and the catalytic 
mechanism, a model has been proposed comprising the catalytic activity of KAT8 and 
the inhibitory action of AA, which includes an active and an inactive conformation of the 
enzyme. This provides a basis for development of inhibitors and the interpretation of 
the enzyme inhibition studies, which will ultimately enable the exploitation of KAT8 as a 
novel drug target in disease.
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Supporting Information 

Biology

Expression and purification of KAT8-His
The KAT8 protein, carrying an N-terminal His-tag without linker sequence, was produced 
in E. Coli BL21(DE3) using the T7 expression system. BL21(DE3) was transformed with 
the expression plasmid pET19b (KAT8-His6) and grown overnight on ampicillin agar 
plate (50 µg/mL ampicillin) at 37 ˚C. A preculture of LB medium containing ampicillin (10 
mL, 50 µg/mL ampicillin) was inoculated with 1 colony from the agar plate and grown 
overnight at 37 ˚C, 180 rpm. Fresh LB medium (1 L, 50 µg/mL ampicillin) was inoculated 
with the preculture and grown for 6 hours at 37 ˚C, 180 rpm. Expression of the KAT8-
His6 gene was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final 
concentration of 300 µM. The culture was incubated at 20 ˚C overnight, 180 rpm. The 
cells were harvested by centrifugation (20 minutes, 4000 rpm) and resuspended in lysis 
buffer (10 mM Tris pH 7.4, 750 mM NaCl, 1% glycerol, 1 mM 2-mercaptoethanol and 
Pierce EDTA-free protease inhibitor cocktail tablet). The cells were lysed by sonication 
for 2 times 30 seconds at 50% amplitude on a Branson digital sonifier W-250D and 
spun down 1 hour at 15000 x g. The supernatant was loaded on a gravity flow column 
containing 1 mL Ni-sepharose resin, calibrated with lysis buffer. The column was washed 
with 6 mL imidazole (50 mM) in lysis buffer and eluted with 2 mL imidazole (250 mM) in 
elution buffer (10 mM MES, 750 mM NaCl, 10 mM MgCitrate, 1 mM 2-Mercaptoethanol, 
1 % glycerol pH 6.5). The protein was further purified by size-exclusion chromatography. 
The protein (1 mL ± 10 mg/mL) was loaded on a HiLoad 16/60 Superdex 200 pg (GE 
Healthcare) connected to a NGC Medium-Pressure Chromatography System (Bio-Rad) 
and eluted with elution buffer (elution peak at 78 mL). Purity was analyzed by SDS-
PAGE (Figure S1, MW 40 kD), protein concentration was measured by UV280 or Pierce 
Coomassie Protein Assay (Thermo Scientific). Pure KAT8 was immediately aliquoted, 
flash-frozen in liquid nitrogen and stored at -80 ˚C. The protein was stable for at least 6 
months. 

Figure S1: Expression and purification of KAT8. 1 = lysate, 2 = pellet, 3 = Histrap wash, 4 = elution 1, 5 = elution 
2, 6-10 = size-exclusion chromatography fractions, 11 = protein marker.
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Isothermal titration calorimetry (ITC)
ITC experiments were done using 40 µM KAT8 in buffer (10 mM MES, 750 mM NaCl, 10 
mM MgCitrate, 1 mM 2-Mercaptoethanol, 1% glycerol). As substrate, a peptide of amino 
acids 1-21 of the N-terminal histone H4 tail was used: SGRGKGGKGLGKGGAKRHRK-NH2 
(Pepscan, The Netherlands), referred to as histone H4 peptide. Acetyl coenzyme A 
sodium salt (Sigma-aldrich, USA) (Ac-CoA) was used as cofactor. The MicroCal iTC200 
(Malvern) was equilibrated at 20 ˚C. Ac-CoA (400 µM) in the same buffer was titrated 
over KAT8 with 2 µL per injection, 20 injections in total, 0.5 µL pre-injection (Figure S2). A 
binding curve was generated using MicroCal ITC-ORIGIN Analysis Software by calculating 
the area under the peak (AUP) and baseline subtraction. Subsequently, histone H4 
peptide (400 µM) dissolved in the same buffer was titrated over KAT8/Ac-CoA from the 
first experiment with 2 µL per injection, 20 injections in total, 0.5 µL pre-injection and a 
binding curve was generated. Then histone H4 peptide (400 µM) was titrated over KAT8 
with 2 µL per injection, 20 injections in total, 0.5 µL pre-injection. A proper binding curve 
could not be generated. From the ITC data the change in enthalpy (ΔH) generated by the 
binding of the substrate was derived. Based on this, the change in entropy (ΔT*S) and 
the Gibb’s free energy (ΔG) were calculated using the equation ΔG = ΔH - ΔT*S (Figure 
S2).

Figure S2: ITC experiments. ITC injection peaks for Ac-CoA vs KAT8, histone H4 peptide vs KAT8/Ac-CoA and 
histone H4 peptide vs KAT8. Energy distribution for binding curves. The change in enthalpy (ΔH), the change in 
entropy (ΔS) and Gibb’s free energy (ΔG) were calculated form the ITC experiments. Binding of both substrates 
was due to an increase in entropy of the system.
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KAT8 activity assays
Activity of KAT8 was measured using fluorescent chemical detection of coenzyme 
A (CoA). Acetyl coenzyme A sodium salt (Sigma-aldrich, USA) (Ac-CoA) was used as 
cofactor. As substrate, a peptide of amino acids 1-21 of the N-terminal histone H4 tail 
was used: SGRGKGGKGLGKGGAKRHRK-NH2 (Pepscan, The Netherlands), referred to 
as histone H4 peptide. 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin 
(CPM, Sigma-aldrich) was used to detect CoA produced in the enzymatic reaction(18). 
All dilutions were made in assay buffer (50 mM HEPES pH7.4, 0.1 mM EDTA, 0.01 % 
TritonX-100). Substrates and, in case of inhibitor assays, inhibitors were added to a black 
96-well plate (Costar flat-bottom black polystyrene). The enzyme reaction was initiated 
by adding KAT8 and incubated 15 minutes at room temperature. The reaction volume 
was 50 µL. The reaction was stopped by adding 2-propanol (50 µL). For detection of 
produced CoA, CPM was added (final concentration 12.5 µM in 0.4 % DMSO in assay 
buffer) and incubated 15 minutes at room temperature. The final volume was 200 µL. 
The fluorescence intensity was measured using a BioTek Synergy H1 hybrid plate reader. 
The excitation wavelength was 392 nm and the emission was measured at 470 nm, gain 
50. Raw data were exported to Excel and analyzed in GraphPad Prism 5.0 software. All 
experiments were done in triplicate and repeated at least two times.

Standard curve
A standard curve was made using 2-mercaptoethanol (BME) as mimic for the product 
CoA (Figure S3). CPM (12.5 µM final) was added to a serial dilution of BME (0 - 12.5 µM 
final) with Ac-CoA (12.5 µM), recombinant KAT8 (25 nM) and 2-propanol (25%) in a total 
volume of 200 µL and incubated 15 minutes at room temperature. The fluorescence 
intensity was measured at an excitation wavelength of 392 nm and emission wavelength 
of 470 nm. The presence of Ac-CoA, KAT8 and 2-propanol did not influence the slope 
(data not shown). The baseline was subtracted, arbitrary fluorescence units (AFU) were 
plotted against the concentration of BME, a linear regression was done and the slope 
was determined, which was 2291.5 AFU/µM. The concentration was converted to pmol, 
giving 11.5 AFU/pmol of product. This factor was used to convert AFU to velocity in 
steady state kinetic experiments. 

Figure S3: Standard curve using 
2-mercaptoethanol (BME) as mimic for the 
product CoA.
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Km histone H4 peptide
The Km of histone H4 peptide was determined using steady state kinetics. The AFU 
was determined at varying concentrations of histone H4 peptide (0 - 400 µM), KAT8 
(570 nM) and Ac-CoA (4 µM). The reaction time was 15 minutes. The negative control 
contained no Histone H4 peptide, KAT8 (570 nM) and Ac-CoA (4 µM). The velocity was 
calculated using the conversion factor derived from the standard curve. The data were 
analyzed using GraphPad Prism. The negative control was subtracted from all data and 
the curve was fitted using non-linear regression, Michaelis-Menten. The Vmax was 
defined as the maximum velocity as extrapolated by the curve fit. The Km of histone 
H4 peptide was defined as the concentration of histone H4 peptide at which 50 % of 
maximum velocity was reached. The kcat was calculated using the Vmax in pmol/min 
and the number of enzyme catalytic sites (ET) in pmol. ET was calculated by converting 
the enzyme concentration to pmol and multiplying with the reaction volume in liters: 
570*1000*0.00005 = 28.5. kcat was calculated using the following equation: Kcat = 
Vmax/ET = 20/28.5 = 0.7 min-1.

Catalytic mechanism
The catalytic mechanism was determined using steady state kinetics. The Km of Ac-CoA 
and the Vmax of the enzyme were determined at varying concentrations of Ac-CoA (0 – 
20 µM, two-times dilution series) with KAT8 (274 nM) and 15, 30, 60 and 90 µM histone 
H4 peptide respectively. Reaction time was 15 minutes and the reaction volume 50 µL. 
The negative control contained no Ac-CoA, KAT8 (274 nM) and 15, 30, 60 and 90 µM 
histone H4 peptide respectively. The data were analyzed using GraphPad Prism. The 
velocity was calculated using the conversion factor derived from the standard curve. The 
negative control was subtracted from all data and the curve was fitted using non-linear 
regression, “kcat”. Vmax was defined as the maximum velocity as extrapolated by the curve 
fit. The kcat was calculated using the number of enzyme molecules in pmol in the assay: 
274*1000*0.00005 = 13.7. The Km of Ac-CoA was defined as the concentration of Ac-CoA 
at which 50 % of maximum velocity was reached. 

Inhibitor kinetic studies
The Km of Ac-CoA and Vmax of the enzyme were determined at varying concentrations 
of Ac-CoA (0 -20 µM, two-times dilution series) with KAT8 (264 nM), histone H4 peptide 
(60 µM) and 0, 80, 160 and 240 µM of AA (10% DMSO in buffer) respectively. The velocity 
was calculated using the conversion factor derived from the standard curve. The data 
were analyzed using GraphPad Prism. The negative control (0 µM Ac-CoA) was subtracted 
from all data and the curve was fitted using non-linear regression, Michaelis-Menten. 
Vmax was defined as the maximum velocity as extrapolated by the curve fit. The Km of 
Ac-CoA was defined as the concentration of Ac-CoA at which 50 % of maximum velocity 
was reached. 
The concentration of histone H4 peptide that gives half-maximum velocity (Khalf), the hill 
slope and the Vmax of the enzyme were determined at varying concentrations of histone 
H4 peptide (0 - 200 µM, two-times dilution series) with KAT8 (274 nM), Ac-CoA (4 µM) 
and 0, 80, 160 and 240 µM of AA (10% DMSO in buffer) respectively. The velocity was 
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calculated using the conversion factor derived from the standard curve. The data were 
analyzed using GraphPad Prism. The negative control (0 µM histone H4 peptide) was 
subtracted from all data and the curve was fitted using non-linear regression, allosteric 
sigmoidal. The Vmax was defined as the maximum velocity as extrapolated by the curve 
fit. The Hill slope (H) is a measure for the steepness of the curve. The Khalf was calculated 
from the Kprime as generated from the curve fit according to the equation Kprime = Khalf^H.

Figure S4: Single point screening and IC50 curves of KAT8 inhibitor assay. Single point measurements were 
performed using a final concentration of 400 µM inhibitor in 10 % DMSO. IC50 measurements were performed 
using a two times serial dilution at a final concentration of 0 - 1000 µM inhibitor in 10 % DMSO in triplicate. 
Mean and standard deviations are plotted. *N = 2, **N = 3.
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KAT 8 inhibitory potency assays
In all inhibitor assays, a final concentration of 4 µM Ac-CoA, 60 µM histone H4 peptide, 
260 nM KAT8 was used. Single point measurements were performed using a final 
concentration of 400 µM inhibitor in 10 % DMSO. IC50 measurements were performed 
using a two times serial dilution at a final concentration of 0 - 1000 µM inhibitor in 10 
% DMSO. The positive control (100 % activity) contained Ac-CoA (4 µM), histone H4 
peptide (60 µM), KAT8 (260 nM) and 10 % DMSO. The negative control (0 % activity), 
contained the same as the positive control, however KAT8 was boiled for 5 minutes at 
90 ˚C to inactivate it and added after stopping the enzyme reaction. Raw data were 
analyzed using GraphPad Prism software. Negative controls were subtracted as baseline 
and data were normalized to the positive control. Concentrations were converted to 
log scale. The sigmoidal curves were fitted using non-linear regression, log [inhibitor] vs 
response (Figure S4). The IC50 was defined as the concentration of inhibitor which gave 
50 % inhibition (Table S1). 

Figure S5: Adapted Cheng-Prusoff equation 
and example of Ki calculation.

Calculation Ki
The Ki values were calculated from the IC50 values 
using equation 1. The IC50 values were determined 
from the KAT8 inhibitor assays. The Ka is the Km of 
Ac-CoA at 60 µM histone H4 peptide as calculated 
in the mechanism studies (2.1 µM), Kb is the Km 
of histone H4 peptide at 4 µM Ac-CoA as derived 
from the steady state kinetic assay (71 µM). A is 
the concentration of Ac-CoA used in the assay (4 
µM) and B the concentration of histone H4 peptide 
used in the assay (60 µM). For example AA showed 
a log IC50 value of 2.33 µM. The IC50 is 10^2.33 = 214 
µM. Solving the equation gives 64 µM (Figure S5). 
This was done for all inhibitors.

P300 assay
The anacardic acid derivatives were tested for inhibitory potency on the recombinant 
catalytic domain (aa 1284-1672) of human p300 (MW= 45.1 kDa) using radio-isotope-
labeled [3H]-Acetyl-CoA (PerkinElmer). The reaction buffer was 50 mM Tris-HCl (pH 8.0), 
50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 1% DMSO. The inhibitors (3% 
DMSO final) were added to a solution of recombinant catalytic domain of p300 (80 nM) 
and the histone H3 substrate (5 µM) using Acoustic Technology (Echo 550, LabCyte Inc. 
Sunnyvale, CA) in a 2-fold serial dilution starting at 200 μM. C-646 was tested in a 10-
dose IC50 mode with 2-fold serial dilution starting at 25 μM. [3H]-Acetyl-CoA (2.3 µM) 
was added to initiate the enzyme reaction (final volume 5 µL) and incubated 1 hour 
at 30 ˚C. The reaction mixture was applied onto filter paper (P-81, Upstate), washed 
with PBS to remove free [3H]-Acetyl-CoA, dried and placed in vials containing scintillation 
fluid. Radioactive counts were recorded on Tri-Carb 2800TR Liquid Scintillation Analyzer 
(PerkinElmer) Raw data were exported to Excel and analyzed in GraphPad Prism 
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Table S1: Log IC50 values of inhibitors on KAT8.

4.0 software. The percentage of residual enzyme activity at 50 µM of inhibitor was 
determined. For 13, 14 and 11c no inhibition was observed up to the maximum tested 
dose of 200 µM.
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Figure S6: IC50 curves of p300 inhibitor assay. All compounds were tested in 10-dose IC50 mode with 2-fold serial 
dilution starting at 200 μM. The percentage of residual enzyme activity at 50 µM of inhibitor was determined; 
C-646 was tested in a 10-dose IC50 mode with 2-fold serial dilution starting at 25 μM.

Chemistry

General
Chemicals were purchased from commercial suppliers and used without further 
purification. If required, glassware was oven-dried before use. Reactions in the 
microwave were carried out in a Biotage InitiatorTM Microwave Synthesizer. The reactions 
were monitored by thin layer chromatography (TLC) using Silica Gel 60 F254 aluminium 
sheets. TLC’s were visualised using UV light or KMnO4 solution. Column chromatography 
was performed using MP Ecochrom Silica Gel 32-63, 60 Å. Products were analyzed by 
proton (1H) and carbon (13C) nuclear magnetic resonance (NMR), recorded on the Bruker 
Advance 500 MHz. Chemical shifts were reported as part per million (ppm) relative to 
residual solvent peaks (CDCl3, 

1H δ = 7.26, 13C δ = 77.16; CD3OD, 1H δ = 3.31, 13C δ = 49.00). 
Intermediate products were analysed by electrospray ionization mass spectra (ESI-MS) 
using an Applied Biosystems/SCIEX API3000-triple quadrupole mass spectrometer. Final 
products were analysed by high resolution mass spectrometry (HRMS) on a LTQ-Orbitrap 
XL mass spectrometer with a resolution of 60,000 at m/z 400 at a scan rate of 1Hz. 

Synthesis of anacardic acid derivatives
((pent-4-yn-1-yloxy)methyl)benzene (4a)

O

Sodium hydride (60% in mineral oil, 0.96 g, 24 mmol) was added to 4-pentyn-1-ol (1.1 
mL, 12 mmol) in THF (5mL) at 0 °C under nitrogen atmosphere. The solution was stirred 
for several minutes and benzyl bromide (1.6 mL, 13 mmol) was added dropwise. The 
reaction mixture was allowed to warm to room temperature and stirred for 16 hours. 
The reaction was cooled to 0 °C and quenched with methanol followed by water untill 
all solid was dissolved. The mixture was extracted with ethyl acetate (2 x 50 mL) and 
washed with water and brine (2 x 50 mL). The combined organic layers were dried over 
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MgSO4, filtered and concentrated under reduced pressure. The product was purified 
on silica gel (1 : 20 ethyl acetate : petroleum ether) and concentrated under reduced 
pressure to obtain 14 as colorless oil (1.95 g, 11 mmol). Yield: 92%. Rf = 0.49 (1 : 10 ethyl 
acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 7.33 – 7.26 
(m, 1H), 4.53 (s, 2H), 3.59 (t, J = 6.2 Hz, 2H), 2.34 (td, J = 7.1, 2.6 Hz, 2H), 1.96 (t, J = 2.7 
Hz, 1H), 1.85 (quint, J = 6.7 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 138.5, 128.4 (2x), 127.8, 
127.6 (2x), 83.98, 73.01, 68.68, 68.51, 28.70, 15.33. For full characterization see(35).

5-(5-(benzyloxy)pent-1-yn-1-yl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (6a)

O

O

O

O

((pent-4-yn-1-yloxy)methyl)benzene (1.5 g, 8.8 mmol) and freshly distilled Et2NH (1.6 
mL, 16 mmol) were added to a solution of 2,2-dimethyl-5-trifluoromethanesulfonyl-2,4-
dihydro-1,3-benzodioxin-4-one (2.6 g, 8 mmol), CuI (0.15 g, 0.8 mmol) and Pd(PPh3)2Cl2 
(0.3 g, 0.4 mmol) in anhydrous acetonitrile (4 mL) under argon atmosphere. The reaction 
mixture was stirred under microwave irradiation for 30 minutes at 100 °C, extracted with 
ethyl acetate (2 x 30 mL) and washed with brine (2 x 30 mL). The combined organic layers 
were dried with MgSO4, filtered and concentrated under reduced pressure. The product 
was purified by column chromatography (1 : 10 ethyl acetate : petroleum ether) and 
concentrated under reduced pressure to yield 15 as yellow oil (1.6 g, 4.6 mmol). Yield: 
57%. Rf = 0.44 (1 : 4 ethyl acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.45 – 
7.26 (m, 6H), 7.19 (d, J = 7.7 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 4.58 (s, 2H), 3.74 (t, J = 6.1 
Hz, 2H), 2.68 (t, J = 7.0 Hz, 2H), 2.00 (m, 2H), 1.73 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 
159.0, 156.5, 138.7, 134.8, 128.9, 128.3 (2x), 127.7, 127.46, 126.2, 117.9, 116.6, 114.1, 
105.5, 97.7, 79.0, 73.0, 68.9, 28.6, 25.7, 25.6, 16.9. MS (ESI): m/z 351 [M+H]+.

5-(5-hydroxypentyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (7a)

O

O

O

OH

Pd/C 10 wt. % (0.46 g, 4.6 mmol) was added to a solution of 5-(5-(benzyloxy)pentyl)-2,2-
dimethyl-4H-benzo[d][1,3]dioxin-4-one (1.6 g, 4.6 mmol) in ethyl acetate (30 mL) under 
nitrogen atmosphere. The suspension was shaken for 24 hours at 40 °C under hydrogen 
atmosphere (3 bar) in a PARR apparatus. The reaction mixture was filtered over Celite 
and concentrated under reduced pressure. The resulting oil was redissolved in DCM and 
washed with water. The product was purified by column chromatography (100% CH2Cl2 
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and subsequently 100% ethyl acetate) yielding 16 as yellow oil (1.0 g, 3.7 mmol). Yield: 
91%. Rf = 0.25 (1 : 6 ethyl acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.42 
(t, J = 7.9 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.83 (d, J = 8.2 Hz, 1H), 4.08 (t, J = 6.7 Hz, 2H), 
3.17 – 3.04 (m, 2H), 2.06 (s, 2H), 1.73 – 1.66 (m, 8H), 1.55 – 1.37 (m, 2H). 13C NMR (126 
MHz, CDCl3) δ 160.2, 157.1, 148.0, 135.1, 125.1, 115.2, 112.0, 105.0, 64.5, 34.2, 30.7, 
28.4, 25.9, 25.6, 21.0. MS (ESI): m/z 265 [M+H]+.

2-hydroxy-6-(5-hydroxypentyl)benzoic acid (8a)
OH

OH

O

OH

5N potassium hydroxide (1.8 mL, 8.5 mmol) was added to a solution of 5-(5-hydroxypentyl)-
2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (0.21g, 0.85 mmol) in THF (10 mL). The 
reaction mixture was stirred for 6 days at 55 °C and acidified with 1N Aqueous HCl. 
The product was extracted with ethyl acetate (2 x 30 mL) and washed with water (2 x 
30 mL). The combined organic layers were dried with MgSO4, filtered and concentrated 
under reduced pressure. The product was purified by column chromatography (100% 
ethyl acetate) and concentrated under reduced pressure to yield 17 as yellow solid 
(0.043 g, 0.20 mmol). Yield: 24%. Rf = 0.26 (1 : 9 methanol : ethyl acetate). 1H NMR (500 
MHz, MeOD) δ 7.22 (t, J = 7.7 Hz, 1H), 6.71 (d, J = 7.7 Hz, 2H), 3.53 (m, 2H), 3.03 – 2.79 
(m, 2H), 1.64 – 1.49 (m, 4H), 1.43 – 1.35 (m, 2H). 13C NMR (126 MHz, MeOD) δ 176.0, 
169.6, 157.4, 141.7, 129.1, 118.0, 110.8, 58.0, 31.7, 28.5, 28.1, 22.1. Melting point: 88 
°C. HRMS: m/z [M-H], calculated for C12H15O4 223.0975, found 223.0974.

Undec-10-ynoic acid (2)

OH

O

8

Methyl-10-undecynoate (0.49 mL, 2.5 mmol) was added to a solution of lithium hydroxide 
(0.29 g, 12 mmol) in a 1 : 3 mixture of water : THF (25 mL). The yellow mixture was stirred 
at RT for 24 hours and then acidified with 1N aqueous HCl (20 mL). The product was 
extracted with ethyl acetate (2 x 20 mL) and washed with 1N aqueous HCl (2 x 20 mL) 
and water (20 mL). The combined organic layers were dried with MgSO4, filtered and 
concentrated under reduced pressure to yield 19 as purple crystals (0.46 g, 2.5 mmol). 
Yield: 100%. Rf = 0.25 (1 : 5 ethyl acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 
2.34 (t, J = 6.8 Hz, 2H), 2.17 (td, J = 7.1, 2.6 Hz, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.65 – 1.61 (p, 
J = 7.4 Hz, 2H), 1.55 – 1.48 (quint, J = 7.4 Hz, 2H), 1.40 – 1.30 (m, 8H). 13C NMR (126 MHz, 
CDCl3) δ 180.4, 84.6, 68.1, 34.1, 29.1, 28.9, 28.8, 28.6, 28.4, 24.6, 18.3.



Enzyme kinetics and inhibition of histone acetyltransferase KAT8

83

Undec-10-yn-1-ol (3b)

OH
9

Lithium aluminium hydride (0.19 g, 5.0 mmol) was added to dry THF (10 mL) at 0 °C 
under nitrogen atmosphere. Subsequently, undec-10-ynoic acid (0.46 g, 2.5 mmol) in 
dry THF (5 mL) was added dropwise over 20 minutes. The mixture was allowed to warm 
to room temperature, stirred for 2 hours and then quenched with ethyl acetate (5 mL) 
and water (5 mL). The mixture was filtered over a glass filter. The product was extracted 
with ethyl acetate (3 x 30 mL) and washed with and water (3 x 30 mL). The combined 
organic layers were dried with MgSO4, filtered and concentrated under reduced pressure 
to yield 20 as pink oil (0.40 g, 2.4 mmol). Yield: 97%. Rf = 0.24 (1 : 10 ethyl acetate : 
petroleum ether). 1H NMR (500 MHz, CDCl3) δ 3.60 – 3.57 (t, J = 7.1 Hz, 2H), 2.19 – 2.13 
(td, J = 7.1, 2.6 Hz, 2H), 1.93 (t, J = 2.6 Hz, 1H), 1.56 – 1.47 (m, 4H), 1.32 (m, 10H). 13C NMR 
(126 MHz, CDCl3) δ 84.7, 68.1, 62.8, 32.7, 29.4, 29.3, 29.0, 28.7, 28.4, 25.7, 18.3. For full 
characterization see (36)

((undec-10-yn-1-yloxy)methyl)benzene (4b)

O
9

Sodium hydride 60% in mineral oil (0.19 g, 4.8 mmol) was added to a solution of undec-
10-yn-1-ol (0.40 g, 2.4 mmol) in dry THF at 0 °C under nitrogen atmosphere. The mixture 
was stirred for 5 minutes and subsequently benzyl bromide (0.32 mL, 2.6 mmol) was 
added. The reaction was allowed to warm to room temperature and stirred for 18 hours. 
The reaction was quenched with methanol untill all solids were dissolved, concentrated 
under reduced pressure and redissolved in ethyl acetate (20 mL). The product was 
extracted with ethyl acetate (2 x 25 mL) and washed with and water (3 x 25 mL). The 
combined organic layers were dried with MgSO4, filtered and concentrated under 
reduced pressure. The product was purified by column chromatography (1 : 12 ethyl 
acetate : petroleum ether and 100% ethyl acetate) and concentrated under reduced 
pressure to yield 21 as yellow crystals (0.29 g, 1.1 mmol). Yield: 46%. Rf = 0.93 (1 : 5 ethyl 
acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.40 (m, 5H), 4.56 (s, 2H), 3.52 (t, 
J = 6.6 Hz, 2H), 2.23 (td, J = 7.1, 2.6 Hz, 2H), 1.99 (t, J = 2.6, 1H), 1.68 (p, J = 7.4 Hz, 2H), 
1.58 (p, J = 7.4 Hz, 2H), 1.44 (m, 4H), 1.35 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 138.8, 
129.1, 128.8, 128.4, 127.7, 127.5, 84.8, 72.9, 70.5, 68.2, 33.6, 29.8, 29.5, 29.1, 28.8, 28.5, 
26.2, 18.4. MS (ESI): m/z 259 [M+H]+. 
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5-(11-(benzyloxy)undec-1-yn-1-yl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (6b)

O

OO

O

9

 ((undec-10-yn-1-yloxy)methyl)benzene (0.29 mL, 1.1 mmol) and freshly distilled 
Et2NH (0.21 mL, 2 mmol) were subsequently added to a solution of 2,2-dimethyl-5-
trifluoromethanesulfonyl-2,4-dihydro-1,3-benzodioxin-4-one (0.33 g, 1.0 mmol), CuI 
(0.019 g; 0.1 mmol) and Pd(PPh3)2Cl2 (0.07 g, 0.05 mmol) in anhydrous acetonitrile 
(1.5 mL) under argon atmosphere. The reaction mixture was stirred under microwave 
irradiation for 90 minutes at 100 °C, extracted with ethyl acetate (2 x 25 mL) and washed 
with water (2 x 25 mL) and brine (25 mL). The combined organic layers were dried with 
MgSO4, filtered and concentrated under reduced pressure. The product was purified by 
column chromatography (1 : 15 ethyl acetate : petroleum ether) and concentrated under 
reduced pressure which yielded 22 with impurities as a yellow solid (0.21 g, 0.5 mmol). 
The crude product was used in the next step without further purification. Rf = 0.21 (1 : 
10 ethyl acetate : petroleum ether). Crude product (impurity): 1H NMR (500 MHz, CDCl3) 
δ 7.43 – 7.37 (m, 1H), 7.34 (m, 3H), 7.20 (d, J = 7.7 Hz, 1H), 6.86 (d, J = 8.2 Hz, 1H), 6.58 
(d, J = 8.5 Hz, 1H), 6.32 (d, J = 8.0 Hz, 1H), 4.50 (s, 2H), 3.47 (t, J = 6.6 Hz, 2H), 3.33 - 3.35 
(m, 4H), 2.55 – 2.47 (m, 2H), 1.72 (s, 6H), 1.70 (s, 6H), 1.16 (t, J = 7.1 Hz, 4H).

5-(11-hydroxyundecyl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (7b)

OH

OO

O

11

Pd/C 10 wt. % (0.1 g, 1 mmol) was added to a solution of 5-(11-(benzyloxy)undec-1-yn-
1-yl)-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (0.2 g, 0.5 mmol) in ethyl acetate (30 
mL) under nitrogen atmosphere. The suspension was shaken for 16 hours at 40 °C under 
hydrogen atmosphere (3 bar) in a PARR apparatus. The reaction mixture was filtered over 
Celite and concentrated under reduced pressure. The product was purified by column 
chromatography (1 : 10 ethyl acetate : petroleum ether to yield 23 as transparent oil and 
the hydrogenolysis was continued (0.12 g, 0.28 mmol). Yield: 60%. Rf = 0.54 (1 : 10 ethyl 
acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.41 (t, J = 7.6 Hz, 1H), 7.37 (m, 
4H), 7.33 – 7.27 (m, 1H), 6.95 (d, J = 7.6 Hz, 1H), 6.82 (d, J = 8.1 Hz, 1H), 4.53 (s, 2H), 3.49 
(t, J = 6.7 Hz, 2H), 3.16 – 3.08 (m, 2H), 1.72 (s, 6H), 1.64 (m, 4H), 1.43 – 1.29 (m, 14H). 

Pd/C 10 wt. % (0.04 g, 0.4 mmol) was added to a solution of 5-(10-(benzyloxy)decyl)-2,2-
dimethyl-4H-benzo[d][1,3]dioxin-4-one (0.1 g, 0.2 mmol) in ethyl acetate (25 mL) under 
nitrogen atmosphere. The suspension was shaken for 18 hours at 40 °C under hydrogen 
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atmosphere (3 bar) in a PARR apparatus. The reaction mixture was filtered over Celite 
and concentrated under reduced pressure to yield 24 as transparent oil (0.10 g, 0.28 
mmol). Yield: 100%. Rf = 0.10 (1 : 5 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
CDCl3) δ 7.38 (t, J = 7.9 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 3.62 (t, 
J = 6.7 Hz, 2H), 3.12 – 3.02 (m, 2H), 1.69 (s, 6H), 1.65 – 1.49 (m, 4H), 1.37 – 1.22 (m, 
14H). 13C NMR (126 MHz, CDCl3) δ 160.3, 157.1, 148.5, 135.1, 125.1, 115.1, 112.0, 104.9, 
62.9, 34.4, 32.8, 31.2, 29.7, 29.6, 29.5 (2x), 29.4 (2x), 25.9, 25.7, 25.6. MS (ESI): m/z 349 
[M+H]+.

2-hydroxy-6-(11-hydroxyundecyl)benzoic acid (8b)

OH

OHOH

O

11

Aqueous HCl was added (11M, 3 mL) to a solution of 5-(11-hydroxyundecyl)-2,2-dimethyl-
4H-benzo[d][1,3]dioxin-4-one (0.080 g, 0.26 mmol) in dioxane (20 mL). The reaction 
mixture was stirred for 20 hours at room temperature. The product was extracted with 
ethyl acetate (2 x 25 mL) and washed with 1N aqueous HCl (20 mL) and water (2 x 25 
mL). The combined organic layers were dried with MgSO4, filtered and concentrated 
under reduced pressure. The product was purified by column chromatography (4 : 1 
ethyl acetate : petroleum ether) and concentrated under reduced pressure to yield 25 as 
white crystals (0.040 g, 0.13 mmol). Yield: 46%. Rf = 0.71 (100% ethyl acetate). 1H NMR 
(500 MHz, CDCl3) δ 7.31 (t, J = 7.9 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.74 (d, J = 7.5 Hz, 1H), 
3.71 (t, J = 6.5 Hz, 2H), 3.07 – 2.90 (m, 2H), 1.58 (m, 4H), 1.36 – 1.25 (m, 14H). 13C NMR 
(126 MHz, CDCl3) δ 174.7, 163.3, 147.4, 134.7, 122.5, 115.6, 111.4, 63.2, 36.5, 32.2, 32.1, 
29.7, 29.5, 29.0 (2x), 28.9, 28.8, 25.4. Melting point: 94 °C. HRMS: m/z [M-H], calculated 
for C18H27O4 307.1914, found 307.1921.

Methyl 2-methoxy-6-(pent-1-yn-1-yl)benzoate (10c)

O

O
O

1-pentyne (0.27 g, 2.8 mmol) and freshly distilled Et2NH (0.51 mL, 5.0 mmol) were added 
to a solution of methyl 2-iodo-6-methoxybenzoate (0.73 g, 2.5 mmol), CuI (0.05 g, 0.3 
mmol) and Pd(PPh3)2Cl2 (0.090 g, 0.13 mmol) in anhydrous acetonitrile (1.5 mL) under 
argon atmosphere. The reaction mixture was stirred under microwave irradiation for 30 
minutes at 100 °C, extracted with ethyl acetate (2 x 20 mL) and washed with brine (2 x 
25 mL). The combined organic layers were dried with MgSO4, filtered and concentrated 
under reduced pressure. The product was purified by column chromatography (1 : 8 
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ethyl acetate : petroleum ether) and concentrated under reduced pressure to yield 26 as 
yellow oil (0.49 g, 2.1 mmol). Yield: 87%. Rf = 0.35 (1:5 ethyl acetate : petroleum ether). 

1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 2.0 Hz, 1H), 7.48 (dd, J = 8.6, 2.1 Hz, 1H), 6.89 
(d, J = 8.6 Hz, 1H), 3.90 (s, 3H), 3.88 (s, 3H), 2.36 (t, J = 7.0 Hz, 2H), 1.66 – 1.58 (m, 2H), 
1.04 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 166.0, 158.4, 136.4, 134.9, 120.1, 
116.2, 112.0, 89.5, 79.4, 56.1, 52.0, 22.2, 21.3, 13.5. MS (ESI): m/z 233.3 [M+H]+, 482.2 
[2M+NH4]

+.

Methyl 2-methoxy-6-pentylbenzoate (11c first step)

O

O

O

 

Pd/C 10 wt. % (0.23 g, 2.3 mmol) was added to a solution of methyl 2-methoxy-6-(pent-
1-yn-1-yl)benzoate (0.49 g, 2.1 mmol) in methanol (35 mL) under nitrogen atmosphere. 
The suspension was shaken for 16 hours at 40 °C under hydrogen atmosphere (3 bar) in 
a PARR apparatus. The reaction mixture was filtered over Celite and concentrated under 
reduced pressure to yield 27 as yellow oil (0.50 g, 2.1 mmol). Yield: 97%. Rf = 0.57 (1 : 4 
ethyl acetate : petroleum ether). 1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 2.3 Hz, 1H), 7.28 
(dd, J = 8.6, 2.3 Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 3H), 2.66 – 2.52 (m, 
2H), 1.68 – 1.58 (m, 2H), 1.35 (m, 4H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
δ 166.9, 157.3, 134.7, 133.2, 131.3, 119.9, 112.2, 56.2, 51.8, 34.7, 31.4, 31.1, 22.5, 13.9. 
MS (ESI): m/z 237.2 [M+H]+, 490.6 [2M+NH4]

+.

2-hydroxy-6-pentylbenzoic acid (11c final)

HO

HO

O

Boron tribromide 1M solution in DCM (10 mL, 10 mmol) was added dropwise to a solution 
of methyl 2-methoxy-6-pentylbenzoate (0.50 g, 2.1 mmol) in anhydrous acetonitrile at 
-78 ˚C under nitrogen atmosphere. The reaction mixture was allowed to slowly warm 
to room temperature and stirred for 15 hours. The reaction was quenched with a few 
drops of water and sodium carbonate 1M in water (30 mL). The mixture was acidified 
with 1N aqueous HCl (20 mL), extracted with ethyl acetate (2 x 20 mL) and washed with 
water (2 x 20 mL) and brine (2 x 20 mL). The combined organic layers were dried over 
MgSO4 and concentrated under reduced pressure. The product was purified by column 
chromatography (1 : 3 ethyl acetate : petroleum ether) and concentrated under reduced 
pressure to yield 28 as a white solid (0.23 g, 1.1 mmol). Yield: 53%. Rf = 0.71 (100% ethyl 
acetate) 1H NMR (500 MHz, CDCl3) δ 7.75 (s, 1H), 7.37 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 
8.5 Hz, 1H), 2.59 (t, J = 7.7 Hz, 2H), 1.70 – 1.56 (m, 2H), 1.37 (m, 4H), 0.94 (t, J = 6.9 Hz, 
3H). 13C NMR (126 MHz, CDCl3) δ 175.3, 160.3, 137.4, 134.1, 130.0, 117.6, 111.0, 34.8, 
31.3, 31.1, 22.5, 14.0. Melting point: 96 °C. HRMS: m/z [M-H], calculated for C12H15O3 
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207.1026, found 207.1025. 

Benzyl 2-(benzyloxy)-5-(dec-1-yn-1-yl)benzoate (10d)

O

BnO

BnO

7

1-decyn (0.50 mL, 2.8 mmol) and freshly distilled Et2NH (0.51 mL, 5.0 mmol) were added 
to a solution of benzyl 2-(benzyloxy)-5-iodobenzoate (1.1 g, 2.5 mmol), CuI (0.053 g, 
0.25 mmol) and Pd(PPh3)2Cl2 (0.088 g, 0.13 mmol) in acetonitrile (1.5 mL) under argon 
atmosphere. The reaction was stirred under microwave irradiation for 30 minutes at 
100 °C. The reaction mixture was extracted with ethyl acetate (2 x 20 mL) and washed 
with brine (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered 
and concentrated under reduced pressure. The product was purified by column 
chromatography (1 : 15 ethyl acetate : petroleum ether) to yield 7 as yellow oil (0.83 
g, 1.8 mmol). Yield: 73%. Rf = 0.47 (5 : 1 petroleum ether : ethyl acetate). 1H NMR (500 
MHz, CDCl3) δ 7.91 (d, J = 2.3 Hz, 1H), 7.48 – 7.29 (m, 11H), 6.95 (d, J = 8.6 Hz, 1H), 5.36 
(s, 2H), 5.19 (s, 2H), 2.40 (t, J = 7.1 Hz, 2H), 1.67 – 1.54 (m, 2H), 1.45 (q, J = 7.5 Hz, 2H), 
1.40 – 1.24 (m, 8H), 0.91 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.6, 157.4, 
136.4, 136.3, 136.0, 135.1, 128.6 (2x), 128.5, 128.3 (2x), 128.1, 127.9 (2x), 127.1 (2x), 
120.7, 116.5, 113.6, 89.9, 79.2, 70.7, 66.8, 31.9, 29.2, 29.1, 29.0, 28.8 (2x), 22.7, 19.4, 
14.1. MS (ESI): m/z 455.3 [M+H]+, 472.3 [M+NH4]

+, 926.8 [2M+NH4]
+.

5-decyl-2-hydroxybenzoic acid (11d)

O

HO

HO

9

Pd/C 10 wt. % (0.2 g, 2 mmol) was added to a solution of benzyl 2-(benzyloxy)-5-(dec-1-
yn-1-yl)benzoate (0.62 g, 1.8 mmol) in methanol (15 mL) and ethyl acetate (15 mL) under 
nitrogen atmosphere. The suspension was shaken for 19 hours at 40 °C under hydrogen 
atmosphere (3 bar) in a PARR apparatus. The reaction mixture was filtered over Celite 
and concentrated under reduced pressure and subsequently freeze-dried a total of 9h 
to obtain to yield 10 as grey crystals (0.50 g, 1.8 mmol). Yield: 97%. Rf = 0.42 (100% ethyl 
acetate). 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1H), 7.37 (d, J = 7.7 Hz, 1H), 6.96 (d, J = 7.3 
Hz, 1H), 2.58 (t, J = 7.2 Hz, 2H), 1.61 (m, 2H), 1.30 (m, J = 19.6 Hz, 14H), 0.90 (t, J = 6.7 Hz, 
3H). 13C NMR (126 MHz, MeOD) δ 173.1, 157.0, 130.4, 129.9, 127.7, 116.4, 113.4, 32.7, 
29.7, 29.6, 27.3 (2x), 27.3, 27.1, 26.9, 20.3, 11.1. Melting point: 95 °C. HRMS: m/z [M-H], 
calculated for C17H25O3 277.1809, found 277.1813.
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Benzyl 2-(benzyloxy)-5-(pentadec-1-yn-1-yl)benzoate (10e)

O

BnO

BnO

12

1-pentadecyn (0.72 mL, 2.8 mmol) and freshly distilled Et2NH (0.51 mL, 5.0 mmol) were 
subsequently added to a solution of benzyl 2-(benzyloxy)-5-iodobenzoate (1.1 g, 2.5 
mmol), CuI (0.050 g, 0.25 mmol) and Pd(PPh3)2Cl2 (0.090 g, 0.13 mmol), in anhydrous 
acetonitrile (1.5 mL) under argon atmosphere. The reaction was stirred under microwave 
irradiation for 30 minutes at 100 °C. The reaction mixture was extracted with ethyl 
acetate (2 x 15 mL) and washed with brine (2 x 30 mL). The combined organic layers 
were dried over MgSO4, filtered and concentrated under reduced pressure. The product 
was purified by column chromatography (1 : 10 ethyl acetate : petroleum ether) to yield 
6 as a white solid (1.2 g, 2.2 mmol). Yield: 88%. Rf = 0.65 (5 : 1 petroleum ether : ethyl 
acetate). 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 2.2 Hz, 1H), 7.48 – 7.27 (m, 11H), 6.95 
(d, J = 8.7 Hz, 1H), 5.37 (s, 2H), 5.18 (s, 2H), 2.40 (t, J = 7.1 Hz, 2H), 1.67 – 1.57 (m, 2H), 
1.52 – 1.40 (m, 2H), 1.30 (m, 18H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
δ 165.5, 157.3, 136.3 (2x), 135.0 (2x), 128.5 (2x), 128.4, 128.2 (2x), 128.0, 127.8 (2x), 
127.0 (2x), 120.9, 116.7, 113.8, 90.0, 79.3, 70.8, 66.79, 31.9, 29.7 (2x), 29.6 (3x), 29.5, 
29.3, 29.2, 29.0 (2x), 28.8, 22.7, 19.4, 14.1. MS (ESI): m/z 525.6 [M+H]+, 542.6 [M+NH4]

+, 
1066.7 [2M+NH4]

+.

2-hydroxy-5-pentadecylbenzoic acid (11e)

O

HO

HO

14

Pd/C 10 wt. % (0.2 g, 2 mmol) was added to a solution of benzyl 2-(benzyloxy)-5-
(pentadec-1-yn-1-yl)benzoate (1.2 g, 2.2 mmol) in methanol (5 mL) and ethyl acetate (30 
mL) under nitrogen atmosphere. The suspension was shaken for 16 hours at 40 °C under 
hydrogen atmosphere (3 bar) in a PARR apparatus. The reaction mixture was filtered 
over Celite and concentrated under reduced pressure to yield 9 as a white solid (0.62 g, 
1.8 mmol). Yield: 80%. Rf = 0.60 (1 : 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, 
CDCl3) δ 7.74 (s, 1H), 7.37 (d, J = 8.2 Hz, 1H), 6.96 (d, J = 8.5 Hz, 1H), 2.59 (t, J = 7.7 Hz, 
2H), 1.62 (m, J = 7.1 Hz, 2H), 1.36 – 1.28 (m, 24H), 0.91 (t, J = 6.8 Hz, 3H). 13C NMR (126 
MHz, CDCl3) δ 174.7, 160.4, 137.4, 134.1, 129.9, 117.6, 110.9, 34.9, 31.9, 31.4, 29.7 (2x), 
29.7 (3x), 29.6, 29.5, 29.4, 29.1 (2x), 22.7, 14.1. Melting point: 90 °C. HRMS: m/z [M-H], 
calculated for C22H35O3 347.2591, found 347.2599.
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2-(heptylthio)-1-(2-hydroxyphenyl)ethanone (13)
OH O

S
6

1-heptanethiol (0.73 mL, 4.7 mmol) was added to a solution of potassium hydroxide 
(0.26 g, 4.7 mmol) in methanol under nitrogen atmosphere. The mixture was cooled 
to 0 °C and 2-bromo-2′-hydroxyacetophenone (1.0 g, 4.7 mmol) was added. White 
precipitate formed upon addition. The reaction mixture was allowed to warm to 
roomtemperature and stirred for 3 hours. Methanol was evaporated under reduced 
pressure. The product was redissolved in ethyl acetate (60 mL) and washed with water 
(3 x 60 mL). The organic layer was dried over MgSO4, filtered and concentrated under 
reduced pressure. The product was purified on silica gel (1 : 20 ethyl acetate : petroleum 
ether) and concentrated under reduced pressure to yield 13 as colorless oil (1.1 g, 4 
mmol). Yield: 85%. Rf = 0.56 (1 : 8 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
CDCl3) δ 12.08 (s, 1H), 7.79 – 7.74 (dd, J = 8.1, J = 1.3, 1H), 7.55 – 7.48 (dt, J = 8.1, J = 1.3, 
1H), 7.03 (d, J = 8.4 Hz, 1H), 6.97 – 6.90 (d, J = 8.4, 1H), 3.80 (s, 2H), 2.66 – 2.61 (t, J = 7.4, 
2H), 1.65 – 1.60 (m, 2H), 1.39 (q, J = 7.4, 2H), 1.30 (m, J = 11.1, 5.0 Hz, 6H), 0.90 (t, J = 
6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 201.0, 163.2, 136.7, 130.5, 119.0, 118.8, 117.9, 
37.0, 32.7, 31.7, 29.0, 28.8, 28.7, 22.6, 14.1. HRMS: m/z [M-H], calculated for C15H23O3S 
283.1362, found 283.1360.
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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 activity (2). Epigenetic processes include post-translational modifications 
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 current HATi include intrinsic chemical reactivity, 
instability, low potency, lack of selectivity as well as the limited kinetic characterization 
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 conditions 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   (7-9). However, since HATs use a cofactor, acetyl coenzyme A (Ac-CoA), for the 
acetylation of the lysine, they are bisubstrate enzymes: 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 inhibitors 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 extensively 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 additionally been shown to form different complexes 
containing WD repeat domain 5 (WDR5, MSL1v1 or NSL complex) and MLL, broadening 
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the substrate specificity to histone H4 lysines 5 and 8 and non-histone targets, such as 
lysine 120 on the tumor-suppressor protein p53   (13-15). As part of these complexes, 
KAT8 has been shown to play a role in stem cell pluripotency, cell proliferation 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 potential 
therapeutic target for MLL-rearranged leukemia (17). Therefore, small molecule KAT8 
inhibitors could facilitate investigation of its function in disease or may be used as 
potential therapeutic 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 µM, the Ki values were in the range of 37 - 64 
µM. 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 inhibitors. 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 inhibition mode and a direct 
interaction with KAT8 for compound 13. Kinetic studies allowed calculation of the Ki 
value for both the free enzyme form of KAT8 (Ki1 = 2.6 µM), and the acetylated form (Ki2 
= 0.017 µM), which indicated very high potency for the acetylated enzyme intermediate. 
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.

Results and discussion

Fragment screening
Towards discovery of a novel inhibitor of KAT8, an in-house library of fragments with 
a broad range of structures and low molecular 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 µM under the same assay conditions (18). Taking this potency as a reference, 
a concentration of 200 µM 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 
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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, Figure S1). 4- fluoro phenyl hydrazine (1) 
showed an IC50 of 310 µM. 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 (3-5). To investigate the hydrazine moiety further, 
4- fluoroaniline or benzylamine (6, 7) were tested. These were not active, and neither 
were two other aniline compounds (8, 9), showing that the inhibition was specific for the 
hydrazine moiety. Taken together, no phenyl hydrazine structures were found to be more 
potent inhibitors than 1. Therefore, this structural entity was not further investigated. 
The hit 1-aminonaphthalene (10), showed an IC50 of 180 µM; 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 excellent IC50 of 9.7 ± 3.0 µM. 
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 investigated in 
more detail.

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 

Table 1: IC50 values of the fragment screening hits and a small number of related structures.
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Table 2: IC50 values of compound 13 derivatives and the selectivity of compounds 13, 9 and the 
derivatives showing activity on KAT8. Data presented are IC50 values. Me = methyl, Ac = acetyl, Bn 
= benzyl, n.d = not determined
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inhibitory potency on KAT8 (Table 2, Figure 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 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 (23-24) substituted compounds lost activity, suggesting 
that the free hydroxyl is important for activity and there is little 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 interactions. The preference of KAT8 for lipophilic substitutions 
has been previously observed with the anacardic acid derived inhibitors as well (18). A 
phenyl instead of a aliphatic tail (29) also showed better activity than the propionyl, 
suggesting that a lipophilic 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.

Inhibitor properties
An often encountered problem with 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 agains 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, 
compound 13 was 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 prevented detection of CoA (22). The proposed mechanism was a 
Michael addition-elimination reaction in which the thiol, gluthathion, replaced a thiol or 
halogen substituent on position 2 from the hydroxyl moiety. Therefore, the thiolreactivity 
of compound 13 was investigated in an assay containing all elements of the IC50 assay, 
but where Ac-CoA was replaced with CoA (Figure S3). No reduction in fluorescence was 
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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 compound was observed for up till 4 hours of incubation with the 
assay buffer (Figure S4). Longer incubation times were not tested. 

To investigate whether 13 shows irreversible inhibition, a pre-incubation assay was 
performed (Figure 1A). Three different concentrations (0.75, 2 and 10 x the IC50) of 
compound 13 were pre-incubated with KAT8 for 2, 5 or 10 minutes before adding the 
enzyme substrates and measuring enzyme activity. An irreversible inhibitor will show 
time-dependent inhibition and therefore give more inhibition when pre-incubated 
with the enzyme for a longer time. However, no difference was observed between 2, 
5 or 10 minutes pre-incubation with any of the concentrations, indicating that 13 is a 
reversible inhibitor of KAT8. This was confirmed using a dilution experiment (Figure 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 
activity 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 derivatives 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. Therefore, 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 (Figure S5A). As expected, many derivatives containing the phenolic 
structure were anti-oxidants, showing very similar EC50’s between 7 and 26 µM. 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 µM), NAD+ 
(nicotinamide adeninedinucleotide, 100 µM) and NADH (100 µM)) (Figure 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 families; p300/CBP and GNAT. An assay similar to that 
of KAT8 based on fluorescence detection of CoA was 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, Figure S6 and S7). Compound 13 showed inhibitory activity for both 
KAT2B (IC50 = 3.6 ± 1.1) and KAT3B (IC50 = 1.4 ± 0.1). Although the derivatives showed 
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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 enzymes 
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 substrates for KAT2B 
and KAT3B. Therefore, both KAT2B and KAT3B were kinetically investigated for their 
catalytic mechanisms as initially done for KAT8 (Figure S8A/B). KAT2B showed sigmoidal 
kinetics, suggesting a catalytic process with multiple steps of different velocities, for 
example cooperative subunits or two preferred catalytic mechanisms which depend on 
the concentration of Ac-CoA present (10) (Figure 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 (Figure S8A). In case of KAT3B, it was not possible to fully reach saturation of 
the velocity (Figure 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 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) (Figure S9). Compound 
13 was tested for activity 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 ≈ 80 
- 90 µM). 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 effects unrelated to KAT8 inhibition in 
more advanced systems such as cells, we would 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 mechanism of inhibition.
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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 concentrations of Ac-CoA or histone substrate in the presence 

Figure 1. A) A pre-incubation assay was performed to investigate whether 13 is an irreversible 
inhibitor. Compound 13 (0.75, 2 and 10 x IC50) was pre-incubated for 2, 5 or 10 minutes 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 minutes pre-incubation 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 pre-incubated with 13 at a concentration 
of 50 µM (> 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 concenaconcentration 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 µM for KAT8. N = stoichiometry, K = association 
constant (1/Kd), Kd = equilibrium dissociation constant (1/K). D) The equilibrium dissociation 
constant (Kd) of 13 to KAT8 in the presence of Ac-CoA was determined using isothermal titration 
calorimetry (ITC). Compound 13 showed a Kd of 0.7 µM. N = stoichiometry, K = association constant 
(1/Kd), Kd = equilibrium dissociation constant (1/K).
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of different concentrations of 13. The apparent maximal 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 (Figure 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 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) in 
which Ac-CoA has to bind first to KAT8, followed by an acetylation of the enzyme, which 
creates a second intermediate form of the enzyme. Subsequently 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 determined 
(2.6 ± 0.7 µM, Figure 1C, Figure S10A). The stoichiometry of the interaction was close to 
one, suggesting that one molecule of 13 binds to one molecule 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 µM (Figure 1D, Figure 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.

Figure 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 inhibitory potency (Ki1). It 
can also interact with the acetylated enzyme form (AcE) with an inhibitory potency (Ki2).
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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 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 Ki value is a potency value independent 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 comparison 
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 experiments, 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). 
Figure 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 Km values 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 (Figure 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 
µM and the Ki2 was 0.017 µM 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 interaction was 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 previously reported anacardic acid derivatives, which did not 
interact with the free enzyme (18). This kinetic behavior has a large influence 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 

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

Eq. 1
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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 determining the inhibitory potency of KAT8 inhibitors. 

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 significantly 
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 inhibiton 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 KAT8 (Ki1 = 2.6 µM), and the acetylated form (Ki2 = 0.017 µM), which suggested that 
its inhibition is mostly due to interaction with 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 binding 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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Supplementary material

Fragment screening

Figure S1. IC50 curves of compound 1 - 13 from the fragment screening
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Structure-activity relationship

Inhibitor properties
Figure S3. The thiolreactivity of compound 13 was 
investigated. The fluorescence intensity was measured in 
the resence of CoA (4 µM), histone substrate (60 µM), 
KAT8 (250 nM) and the compound 13 (0 – 100 µM in 2% 
DMSO). No decrease in fluorescence was observed.

Figure S2. The derivatives of 13 were tested for inhibition of KAT8. A single point screening was done at a 
concentration of 250 µM. Derivatives showing inhibition, were tested for their IC50 values. 
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Figure S4. Stability of compound 13 in assay buffer. HPLC of compound 13 in assay buffer after 0, 1 and 4 hours 
of incubation. 

Figure S5. A) The antioxidant activity (EC50) of 9, 13 and all derivatives was measured in a DPPH assay. B) The 
IC50 of 13 was measured in the presence of TCEP (1 µM), NAD+ (100 µM) and NADH (100 µM). * Different 
conditions were used for this assay: Ac-CoA (1 µM), histone substrate (60 µM) and KAT8 (14.5 nM).
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Selectivity 
KAT2B

Figure S6. Compounds 9, 13 and all derivatives active on KAT8, were tested for activity on KAT2B. IC50 curves of 
these compounds on KAT2B under the following conditions: 25 µM histone H3 substrate, 10 µM Ac-CoA and 
100 nM KAT2B.
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Figure S4. Stability of compound 13 in assay buffer. HPLC of compound 13 in assay buffer after 0, 1 and 4 hours 
of incubation. 

Figure S5. A) The antioxidant activity (EC50) of 9, 13 and all derivatives was measured in a DPPH assay. B) The 
IC50 of 13 was measured in the presence of TCEP (1 µM), NAD+ (100 µM) and NADH (100 µM). * Different 
conditions were used for this assay: Ac-CoA (1 µM), histone substrate (60 µM) and KAT8 (14.5 nM).
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KAT3B

Figure S7. Compounds 9, 13 and all derivatives active on KAT8, were tested for activity on KAT3B. IC50 curves 
of these compounds on KAT2B under the following conditions: 100 µM histone H4 substrate, 50 µM Ac-CoA 
and 100 nM KAT3B.
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Kinetic evaluation of KAT2B and KAT3B

Figure S8. The catalytic mechanism of KAT2B and KAT3B was investigated with the aim of determining the 
Km values of their substrates. A) The velocity of KAT2B was measured at increasing concentrations of Ac-CoA 
(0-20 µM) in the presence of different concentrations of the histone H3 substrate (15, 25, 50 and 100 µM). 
The enzyme showed sigmoidal kinetics. The Lineweaver-Burke plot was created by transforming the data to 
the double reciprocal and was shown to be not linear. B) The velocity of KAT3B was measured at increasing 
concentrations of Ac-CoA (0-500 µM) in the presence of different concentrations of  histone H3 substrate or 
histone H4 substrate (5, 50 and 500 µM). Saturation could not be reached under these conditions. 
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Figure S9. The selectivity of compound 13 was tested for HDAC3 in a biochemical enzyme inhibition assay and 
for Arginase 1 in a differential scanning fluorimetry based assay. 
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Mechanism of inhibition

Figure S10. A) Compound 13 (400 µM) was titrated to KAT8 (top), raw data. A baseline was generated by 
titrating 13 to buffer using the same settings (bottom). B) Compound 13 (400 µM) was titrated to KAT8 (40 
µM) in the presence of Ac-CoA (80 µM) (top) , raw data. A baseline was generated by titrating 13 to buffer 
with Ac-CoA (80 µM) using the same settings (bottom). C) Determination of Km app. values of Ac-CoA for KAT8. 
The velocity was measured at increasing concentrations of Ac-CoA (0-25 µM) in the presence of different 
concentrations of the histone substrate (30, 60 and 90 µM). Representative graph (triplicate) of two individual 
experiments.This yielded three apparent Km values for Ac-CoA, which are dependent on the concentration of 
histone substrate. D) Determination of the real Km values of Ac-CoA and the histone substrate for KAT8. Replot 
of the reciprocal of the Km app. values of Ac-CoA against the reciprocal of the histone substrate concentration 
used in the kinetic assay. A linear regression of these data points gave the Km of Ac-CoA  as reciprocal of the 
intercept of the X axis (4.3 µM) and the  Km of the histone substrate as negative reciprocal of the intercept with 
the X axis (89 µM). 

Calculation Ki2 value of 13
The Ki values of 13 can be calculated as described by Cheng and Prusoff (3). Based on the 
results of the kinetic assays showing that KAT8 uses a ping pong mechanism and that 13 
interacts with both the free enzyme as well as the acetylated intermediate, the two Ki 
values for this inhibition can be calculated using equation 1. Ki1 was assumed to be equal 
to the Kd of 13 to KAT8. Ki2 could be calculated by solving the equation as follows:
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Experimental Procedures

General Reagents and Materials
All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, Missouri, USA) 
or Acros Organics (Geel, Belgium) unless otherwise stated. 

Expression and purification of KAT8-His6

The KAT8 catalytic domain (125-458), carrying an N-terminal His6-tag, was produced in 
E. Coli BL21(DE3) as previously described (4) using a pET15b expression plasmid (50 µg/
mL ampicillin). Expression of the KAT8-His6 gene was induced by adding isopropyl β-D-1-
thiogalactopyranoside (IPTG, 300 µM). The cells were lysed in lysis buffer (10 mM Tris pH 
7.4, 750 mM NaCl, 1% glycerol, 1 mM 2-mercaptoethanol and Pierce EDTA-free protease 
inhibitor cocktail tablet) by sonication for 2 times 30 seconds at 50% amplitude on a 
Branson digital sonifier W-250D and spun down 1 hour at 15000 x g. The supernatant was 
purified using Ni-sepharose resin and size-exclusion chromatography  on a HiLoad 16/60 
Superdex 200 pg (GE Healthcare) connected to a NGC Medium-Pressure Chromatography 
System (Bio-Rad) and eluted with elution buffer (10 mM MES, 750 mM NaCl, 10 mM 
MgCitrate, 1 mM 2-Mercaptoethanol, 1 % glycerol pH 6.5). Purity was analyzed by SDS-
PAGE, protein concentration was measured by UV280 and Pierce Coomassie Protein Assay 
(Thermo Scientific). Pure KAT8 was immediately aliquoted, flash-frozen in liquid nitrogen 
and stored at -80 ˚C. The protein was stable for at least 6 months. 

HAT activity assays - general procedures
The activity of KAT8 was measured using fluorescent chemical detection of coenzyme 
A (CoA). As substrate, a peptide of amino acids 1-21 of the N-terminal histone H4 tail 
was used: SGRGKGGKGLGKGGAKRHRK-NH2 (Pepscan, The Netherlands), referred to 
as “the histone substrate”. Acetyl coenzyme A sodium salt (Sigma-aldrich, USA) (Ac-
CoA) was used as cofactor. Stock concentrations of Ac-CoA in water were determined 
using the extinction coefficient (ε260nm = 16400 M-1cm-1) and stored in aliquots at -80°C. 
7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM, Sigma-aldrich) was 
used to detect CoA produced in the enzymatic reaction (5). The fluorescence intensity 
was measured using a BioTek Synergy H1 hybrid plate reader at an excitation wavelength 
of 392 nm and emission wavelength of 470 nm, the gain was set to 50. All experiments 
were done in duplicate or triplicate and repeated at least two times unless otherwise 
indicated.

Fragment screening
A collection of approximately 700 fragment-like compounds with a low molecular 
weight (MW < 250), mainly aromatic rings, containing nitrogen or sulphur, with different 
substitution patterns (hydrogen bond donors < 5, hydrogen bond acceptors < 4) were 
screened for inhibition of KAT8 in a single point assay. All dilutions were made in assay 
buffer containing 50 mM HEPES pH7.4, 0.1 mM EDTA and 0.01% TritonX100. Ac-CoA (4 
µM), histone substrate (60 µM) and the compounds (200 µM, 10% DMSO) were added 
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to a black 96-well plate. KAT8 (250 nM) was added to start the reaction and the mixture 
was incubated 15 minutes at room temperature. The reaction volume was 50 µL. The 
positive control contained the same conditions without compounds, but with DMSO. 
A negative control was made using the same conditions as the positive control, but 
using heat inactivated KAT8 (incubated 5 minutes at 100 °C). The enzymatic reaction 
was stopped by adding 2-propanol (50 µL) and CPM (12.5 µM) was added. The final 
volume was 200 µL. The mixture was incubated for 15 minutes at room temperature 
and the fluorescence was measured. The data were analyzed by subtracting the negative 
control and normalizing to the positive control as 100%. All compounds showing more 
than 50% inhibition were considered as hits, but structures containing maleimide or 
thiol moieties were excluded due to reactivity with the assay product or fluorophore. 
The resulting compounds were tested for their 50 % inhibitory concentration (IC50). The 
newly synthesized derivatives were screened similarly at a concentration of 250 µM. 

IC50 measurements
The 50 % inhibitory concentration (IC50) was measured of the hits, several similar, 
commercially available compounds and the newly synthesized derivatives. All dilutions 
were made in assay buffer containing 50 mM HEPES pH7.4, 0.1 mM EDTA and 0.01% 
TritonX100. Ac-CoA (4 µM), histone substrate (60 µM) and the compound (0 - 5mM for 
the fragments or  0 – 1 mM for the derivatives, 2 or 10 x dilution series, 2- 10% DMSO) 
were added to a black 96-well plate. KAT8 (250 nM) was added to start the reaction. 
The reaction time was 15 minutes at room temperature and the reaction volume was 
50 µL. A negative control was made using the same conditions including all dilutions of 
the compound, but using heat inactivated KAT8 (incubated 5 minutes at 100 °C). The 
enzymatic reaction was stopped by adding 2-propanol (50 µL) and subsequently CPM 
(12.5 µM) was added. The final volume was 200 µL. The mixture was incubated for 
15 minutes at room temperature and the fluorescence was measured. The data were 
analyzed by subtracting the negative control and normalizing to the positive control 
(no compound) as 100%. The x axis was converted to log scale giving the characteristic 
sigmoidal curve. The IC50 was determined as the concentration of compound giving 50% 
inhibition of KAT8 activity.

Thiolreactivity
All dilutions were made in assay buffer containing 50 mM HEPES pH7.4, 0.1 mM EDTA 
and 0.01% TritonX100. CoA (4 µM), histone substrate (60 µM), KAT8 (250 nM) and the 
compound 13 (0 – 100 µM in 2% DMSO) were added to a black 96-well plate. A negative 
control was made using the same conditions including all dilutions of the compound, but 
without CoA. The reaction time was 15 minutes at room temperature and the reaction 
volume was 50 µL. 2-propanol (50 µL) was added and subsequently CPM (12.5 µM) 
was added. The final volume was 200 µL. The mixture was incubated for 15 minutes 
at room temperature and the fluorescence was measured. The data were analyzed by 
subtracting the negative control and normalizing to the positive control (no compound) 
as 100%. The x axis was converted to log scale. 
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HPLC
To a solution of compound 13 (20 mM in methanol, 200 µL) assay buffer was added (50 
mM HEPES pH7.4, 0.1 mM EDTA and 0.01% TritonX100, 200 µL). Then 800 µL methanol 
was added and the solution was injected on a Shimadzu LC-10A HPLC (5 µL injection, 
EVO C18 100 Å column, gradient 5-90% acetonitrile in water with 0.1% TFA). Samples 
were taken immediately, after 1 hour and 4 hours incubation. For the buffer control, the 
same samplepreparation was followed, but without compound 13. 

Pre-incubation experiment
To test whether 13 is an irreversible inhibitor, a pre-incubation experiment was done. 
Compound 13 (0.75, 2 and 10 x IC50 value) was pre-incubated with KAT8 (250 nM) for 
2, 5 and 10 minutes. Subsequently Ac-CoA (4 µM) and the histone substrate (60 µM) 
were added. The reaction time was 15 minutes at room temperature and the reaction 
volume was 50 µL. The reaction was stopped with 2-propanol (50 µL) and CPM (12.5 
µM) was added. The final volume was 200 µL. The mixture was incubated for 15 minutes 
at room temperature and the fluorescence was measured. The data were analyzed by 
subtracting the negative control and normalizing to the positive control (no 13) as 100%. 

Dilution experiment
To confirm reversible inhibition of 13, a dilution experiment was done. 13 (50 µM, 0.5% 
DMSO) was pre-incubated with KAT8 (1450 nM) for 5 minutes. Subsequently, this mix 
was diluted 100 times in buffer containing Ac-CoA (4 µM) and histone substrate (60 
µM) to start the enzyme reaction. The enzyme reaction (50 µL) was stopped at different 
time points (0 - 30 minutes) by adding 2-propanol (50 µL). and CPM (12.5 µM) was 
added. The final volume was 200 µL. The mixture was incubated for 15 minutes at room 
temperature and the fluorescence was measured. The positive control followed the 
same procedure, but without 13.The data were analyzed by subtracting the negative 
control and normalizing to the positive control (no 13) as 100%. 

Antioxidant activity
To test the antioxidant potency of 13 and the control compound 9, a 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay was used. The inhibitors (0 – 1 mM, 10 x dilution series) in 
methanol were added to a 96 well UV plate (greiner Bio-one). DPPH (0.1 mM) was added 
and incubated for 15 minutes at room temperature protected from light. As a control, 
a compound dilution series in methanol was used. The absorbance was measured at 
515 nm using a BioTek Synergy H1 hybrid plate reader. The control was subtracted and 
the data were normalized to the absorbance without inhibitor. The x axis was converted 
to log scale yielding a sigmoidal curve. The concentration that gave 50% reduction in 
absorbance (EC50) was determined by dose response inhibition non-linear fit.

IC50 of 13 in presence of redox active substances
The IC50 of 13 was measured in the same assay as described in de IC50 measurements. 
To the assay, tris(2-carboxyethyl)phosphine (TCEP, 1 µM), NAD+ (nicotinamide 
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adeninedinucleotide, 100 µM) or NADH (100 µM) were added. A higher concentration 
of TCEP could not be used due to a strong background fluorescence (data not shown). 
Note: A concentration of 1 µM instead of 4 µM Ac-CoA and 14.5 nM instead of 250 nM 
was used. The IC50 of 13 under these conditions without redox active substance was 1.7 ± 
0.5 µM (the calculated Ki2 value using the adapted concentration of Ac-CoA and resulting 
IC50 was 0.011 µM). 

Selectivity
To evaluate the selectivity of 13, 9 and the active derivatives from the SAR study for 
other HATs, the inhibitory potency was tested on KAT3B (p300), as representative of 
the p300/CBP family, and on KAT2B (PCAF), as representative of the GNAT family. KAT3B 
(aa 1284-1673) and KAT2B (aa 492-658) catalytic domains were purchased from Enzo 
Lifesciences as human recombinant pure enzymes. The same fluorescence-based assay 
was employed as for KAT8 as described below. 
In case of KAT2B, a 20 amino acid peptide resembling the N-terminal histone H3 tail 
was used: H-ARTKQTARKSTGGKAPRKQL-OH (Pepscan, The Netherlands). All dilutions 
were made in buffer (50 mM Tris pH 8.0, 0.1 mM EDTA). The histone H3 substrate (25 
µM), Ac-CoA (10 µM) and 13, 9 or active derivatives from the SAR study (0 – 1 mM, 
10 x dilution series, 2% DMSO final) were added to a black 96-well plate. KAT3B (100 
nM) was added and incubated 15 minutes at room temperature. The reaction volume 
was 50 µL. The negative control contained the same conditions including all dilutions 
of the compound, but using heat-inactivated KAT2B (incubated 5 minutes at 100 °C). 
The enzymatic reaction was stopped by adding 2-propanol (50 µL) and CPM (12.5 µM) 
was added. The final volume was 200 µL. The mixture was incubated for 15 minutes 
at room temperature and the fluorescence was measured. The data were analyzed by 
subtracting the negative control and normalizing to the positive control (no compound) 
as 100%. The x axis was converted to log scale giving the characteristic sigmoidal curve. 
The IC50 was determined as the concentration of compound giving 50% inhibition of 
KAT2B activity. Experiments done in duplicate.
In case of KAT3B the same histone H4 substrate was used as for KAT8, Ac-CoA was used 
as cofactor. All dilutions were made in buffer (50 mM Tris pH 8.0, 0.1 mM EDTA). The 
histone substrate (100 µM), Ac-CoA (50 µM) and 13, 9 or active derivatives from the SAR 
study (0 – 1 mM, 10 x dilution series, 2% DMSO final) were added to a black 96-well plate. 
KAT3B (100 nM) was added and incubated 20 minutes at 37 °C. The reaction volume 
was 50 µL. The negative control contained the same conditions including all dilutions 
of the compound, but using heat-inactivated KAT3B (incubated 5 minutes at 100 °C). 
The enzymatic reaction was stopped by adding 2-propanol (50 µL) and subsequently 
CPM (12.5 µM) was added. The final volume was 200 µL. The mixture was incubated for 
15 minutes at room temperature and the fluorescence was measured. The data were 
analyzed by subtracting the negative control and normalizing to the positive control 
(no compound) as 100%. The x axis was converted to log scale giving the characteristic 
sigmoidal curve. The IC50 was determined as the concentration of compound giving 50% 
inhibition of KAT3B activity. Experiments were done in duplicate. 
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Kinetic evaluation KAT2B and KAT3B
The catalytic mechanism of KAT2B and KAT3B was investigated with the aim of 
determining the Km values of their substrates. 

In case of KAT2B, the velocity of the enzyme was measured at increasing concentrations 
of Ac-CoA (0-20 µM) in the presence of different concentrations of the histone H3 
substrate (15, 25, 50 and 100 µM). The fluorescence intensity was converted to velocity 
using the standard curve. The blank was (0 µM Ac-CoA) was subtracted and the curve 
was plotted following sigmoidal kinetics non-linear regression. The Lineweaver-Burke 
plot was created by transforming the data to the double reciprocal.

In case of KAT3B, the velocity was measured at increasing concentrations of Ac-CoA (0-
500 µM) in the presence of different concentrations of  histone H3 substrate or histone 
H4 substrate (5, 50 and 500 µM). The fluorescence intensity was converted to velocity 
using the standard curve. The blank was (0 µM Ac-CoA) was subtracted and the curve 
was plotted following michaelis-menten non-linear regression.

HDAC3 inhibition
Human recombinant C-terminal His-tag HDAC3/NcoR2 (BPS Bioscience, Catalog #: 
50003) was diluted in incubation buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM 
KCl, 1 mM MgCl, 0.01% Triton-X and 1 mg/mL BSA). 40 µL of this dilution was incubated 
with 10 µL of different concentrations of compound 13 in 10% DMSO/incubation buffer 
and 50 µL of the fluorogenic Boc-Lys(ε-Ac)-AMC (20 µM, Bachem, Germany) at 37 °C in a 
black 96-well plate. After 90 min incubation time, 50 µL of the stop solution (25 mM Tris-
HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.01% Triton-X, 6.0 mg/mL trypsin 
from porcine pancreas Type IX-S, lyophilized powder, 13,000-20,000 BAEE units/mg 
protein (Sigma Aldrich) and 200 µM vorinostat) was added. After a following incubation 
at 37 °C for 30 min, the fluorescence was measured on a Synergy H1 Hybrid Multi-Mode 
Microplate Reader (BioTek, USA) with a gain of 70 and an excitation wavelength of 390 
nm and an emission wavelength of 460 nm. 

Arginase 1
All dilutions were made in buffer (50 mM HEPES pH7.4). 1.25 x SYPRO orange 
(Thermofisher Scientific) was added to human recombinant arginase 1 (2.5 µM) and 
compound 13 (0, 0.25, 2.5 and 25 µM in 5% DMSO) in PCR tubes and spun 1 minute 
at 700 rpm. The differential scanning fluorimetry was done on a C100 Thermal cycler 
(Biorad, CFX96 real time system) using 0.5 degree per cycle starting from 20 degrees 
and fluorescence was measured. The melting temperature (Tm) was determined as the 
midpoint of the curve of transition from folded to unfolded protein.

Isothermal titration calorimetry (ITC)
ITC experiments were done using KAT8 (40 µM) in buffer (10 mM MES, 750 mM NaCl, 
10 mM MgCitrate, 1 mM 2-Mercaptoethanol, 1% glycerol, 0.5% DMSO) (Figure S2). 
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The MicroCal iTC200 (Malvern) was equilibrated at 20 ˚C. 13 (400 µM) was titrated to 
KAT8 with 2 µL per injection, 20 injections in total, 200 seconds spacing and 0.7 µL pre-
injection. A baseline was generated by titrating 13 to buffer using the same settings 
(Figure S2A). The data (N = 1) were analyzed using MicroCal ITC-ORIGIN Analysis Software 
by calculating the area under the peak (AUP) and substracting the baseline. 
13 (400 µM) was titrated to KAT8 (40 µM) in the presence of Ac-CoA (80 µM) with 2 
µL per injection, 20 injections in total, 200 seconds spacing and 0.7 µL pre-injection. A 
baseline was generated by titrating 13 to buffer with Ac-CoA (80 µM) using the same 
settings (Figure S2B). The data (N = 1) were analyzed using MicroCal ITC-ORIGIN Analysis 
Software by calculating the area under the peak (AUP) and substracting the baseline.

Kinetic assays
To investigate the mechanism of inhibition, kinetic studies were done with 13. All 
dilutions were made in assay buffer containing 50 mM HEPES pH7.4, 0.1 mM EDTA and 
0.01% TritonX100. The velocity of the substrate conversion of KAT8 was measured at 
increasing concentrations of Ac-CoA in the presence of different concentrations of 13. 
Histone substrate (60 µM), Ac-CoA (0 – 20 µM) and 13 (0, 5 and 10 µM) were added to 
a black 96-well plate. KAT8 (250 nM) was added to start the reaction and the mixture 
was incubated 15 minutes at room temperature. The reaction volume was 50 µL. The 
enzymatic reaction was stopped by adding 2-propanol (50 µL) and CPM (12.5 µM) was 
added. The final volume was 200 µL. The mixture was incubated for 15 minutes at room 
temperature and the fluorescence was measured.
The velocity of the substrate conversion of KAT8 was measured at increasing 
concentrations of histone substrate in the presence of different concentrations of 13. 
Ac-CoA (4 µM), histone substrate (0-400 µM) and 13 (0, 5 and 10 µM) were added to 
a black 96-well plate. KAT8 (250 nM) was added to start the reaction and the mixture 
was incubated 15 minutes at room temperature. The reaction volume was 50 µL. The 
enzymatic reaction was stopped by adding 2-propanol (50 µL) and CPM (12.5 µM) was 
added. The final volume was 200 µL. The mixture was incubated for 15 minutes at room 
temperature and the fluorescence was measured.
The raw data were analyzed by converting the fluorescence intensity to velocity using 
the standard curve described previously (4). The background (0 µM Ac-CoA/histone 
substrate) was subtracted and the curve was fitted using non-linear regression – 
“Michaelis-Menten”.

To calculate the Km values of Ac-CoA and the histone substrate, a kinetic assay was 
done and the data were analyzed as described by Segel (6).The velocity was measured 
at increasing concentrations of Ac-CoA (0 - 25 µM) in the presence of different 
concentrations of the histone substrate (30, 60 and 90 µM). The fluorescence intensity 
was converted to velocity using the standard curve described previously (4). The blank (0 
µM Ac-CoA) was subtracted and the curve was plotted following michaelis-menten non-
linear regression. This yielded three apparent Km values for Ac-CoA and three apparent 
Vmax values, which are dependent on the concentration of histone substrate (Figure S3A). 
The actual or non-dependent Km values of both Ac-CoA and the histone substrate could 
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be derived by plotting the reciprocal of the apparent Km values against the reciprocal 
of the histone substrate concentration used in the kinetic assay (Figure S3B). A linear 
regression of these data points gave the Km of Ac-CoA  as reciprocal of the intercept of 
the X axis (4.3 µM) and the  Km of the histone substrate as negative reciprocal of the 
intercept with the X axis (89 µM). These values are consistent with previously reported 
values (4).
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Chemistry 
Compounds 14-16, 20 and 21 are commercially available, while compounds 13, 17-19 
and 22-31 have been prepared according to literature procedures.1-9 
Melting points were determined on a Buchi 530 melting point apparatus and are 
uncorrected. The 1H and 13C-NMR spectra were recorded at 400 MHz and 100 MHz, 
respectively, on a Bruker AC 400 spectrometer, reporting chemical shifts in δ (ppm) 
units relative to the internal reference tetramethylsilane (Me4Si). HR-MS spectra 
were recorded on an Exactive Orbitrap, source: ESI (+), (Thermo Fisher Scientific Inc.). 
Elemental analyses were performed by a PE 2400 (Perkin-Elmer) analyzer and have 
been used to determine purity of the compounds 13, 17-19 and 22-25, which is > 95%. 
HPLC was used to determine purity of 26-31 on a TharSFC, Waters (Milford, USA) with 
eluent 3-50% methanol in supercritical carbon dioxide, pyridine column, which is > 95%. 
Analytical results are within ± 0.40% of the theoretical values.
All compounds were routinely checked by TLC and 1H-NMR. TLC was performed on 
aluminum-backed silica gel plates (Merck DC, Alufolien Kieselgel 60 F254) with spots 
visualized by UV light. All solvents were reagent grade and, when necessary, were 
purified and dried by standard methods. Concentration of solutions after reactions and 
extractions involved the use of a rotary evaporator operating at a reduced pressure of 
ca. 20 Torr. Organic solutions were dried over anhydrous sodium sulfate or magnesium 
sulfate. All chemicals were purchased from Aldrich Chimica, Milan (Italy), or from TCI 
Europe NV, Zwijndrecht (Belgium), Sigma Aldrich (USA) or Acros Organics (Geel, Belgium) 
and were of the highest purity. As a rule, samples prepared for physical and biological 
studies were dried in high vacuum over P2O5 for 20 h at a temperature ranging from 25 
to 40 °C, depending on the sample melting point. 

Preparation of compounds 17-18

CN

OH OHOH

O NH2NH3

ba

MC4220
 
(18)MC4218

 
(17)

Cl

Reagents and conditions: (a) (1) LiAlH4, dry THF, rt → reflux, 3 h, (2) HCl 4N in dioxane, dry Et2O; (b) NaBH4, 
H2O, EtOH, 80 °C, 8 h.

4-hydroxynaphthalen-1-yl-methanaminium chloride (MC4218, 17).

OH

NH3 Cl

The commercially available 4-hydroxy-1-naphthonitrile (0.305 g, 1.76 mmol) was 
dissolved into 20 mL of anhydrous THF. The resulting solution was then added dropwise 
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to a stirred suspension of LiAlH4 (2 mmol) in dry THF (10 mL) under nitrogen atmosphere. 
Then the suspension was slowly heated to reflux. After 3 h the suspension was cooled 
with an ice bath and then the excess of hydride was decomposed by adding first dropwise 
ethyl acetate and then water until the total volume reached was 50 mL. The solution was 
extracted with ethyl acetate (10 mL x 3). The organic layers were collected, dried on 
sodium sulfate and the solvent was removed under vacuum. After purification by flash 
chromatography (AcOEt/MeOH 7/3), the resulting 4-(aminomethyl)naphthalen-1-ol was 
dissolved in dry diethyl ether and treated with a solution of 4 N HCl (4.4 mL) in dioxane 
to produce the corresponding amine salt 17. Yield: 65%. mp ˃  290 ℃. 1H-NMR (400 MHz, 
DMSO) δ 4.38 (s, 2H, CH2), 6.91-6.93 (d, 1H, C3-H naphthyl ring), 7.44-7.46 (d, 1H, C2-H 
naphthyl ring), 7.51-7.55 (t, 1H, C7-H naphthyl ring), 7.60-7.64 (t, 1H, C6-H naphthyl ring), 
8.04-8.06 (d, 1H, C8-H naphthyl ring), 8.21-8.24 (d, 4H, C5-H naphthyl ring and NH2·HCl), 
10.33-10.55 (sb, 1H, OH). 13C-NMR (100 MHz, DMSO) δ 42.38, 112.80, 122.52, 124.99, 
125.45, 125.97, 126.34, 127.10, 129.07, 133.71, 152.27. HR-MS (ESI) calcd for C11H12NO 
[M+H]+ 174.0913, found 174.0915. Anal. (C11H12ClNO) Calcd. (%): C, 63.01; H, 5.77; Cl, 
16.91; N, 6.68; O, 7.63. Found (%): C, 63.06; H, 5.78; Cl, 16.88; N, 6.66; O, 7.62.

4-hydroxy-1-naphthalencarboxamide (MC4220, 18).

OH

NH2O

To a mixture of commercial 4-hydroxy-1-naphthonitrile (0.34 g, 2 mmol) and EtOH-
H2O (1:1, 10 mL), sodium borohydride (56.7 mg, 1.50 mmol) was added. The resulting 
solution was stirred at 80 ℃, and the progress of the reaction was monitored by thin-
layer chromatography. After 8 hours, the reaction mixture was diluted with MeOH to 
dissolve all the precipitate. The entire mixture was transferred into a 50-mL round-
bottom flask, evaporated under vacuum, and concentrated. The residue was purified by 
column chromatography on silica gel (hexane–ethyl acetate) to give 18. Yield: 88%. mp 
187-189 ℃. 1H-NMR (400 MHz, DMSO) δ 6.76-6.78 (d, 1H, C3-H naphthyl ring), 7.22 (sb, 
1H, NH2), 7.40-7.50 (m, 3H, C2,6,7-H naphthyl ring), 7.69 (sb, 1H, NH2), 8.10-8.12 (d, 1H, 
C5-H naphthyl ring), 8.37-8.39 (d, 1H, C8-H naphthyl ring), 10.50 (s, 1H, OH). 13C-NMR (100 
MHz, DMSO) δ 108.59, 122.86, 124.68, 124.77, 128.15, 129.92, 131.63, 131.78, 132.57, 
151.92, 170.67. HR-MS (ESI) calcd for C11H10NO2 [M+H]+ 188.0712, found 188.0710. Anal. 
(C11H9NO2) Calcd. (%): C, 70.58; H, 4.85; N, 7.48; O, 17.09. Found (%): C, 70.64; H, 4.86; 
N, 7.46; O, 17.04.

4-methoxynaphthalen-1-aminium chloride (MC4197, 22).
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NH3

OMe OMe OMe

NO2

a b

MC4197 (22)

Cl

Reagents and conditions: (a) (benzyltriphenylphosphonium peroxodisulfate, NaNO3, MeCN, reflux, 5 h; (b) 80% 
hydrazine hydrate, Raney nickel, MeOH, reflux, 2 h.

To a mixture of commercially available 1-methoxynaphthalene (1.58 g, 10 mmol) 
and NaNO3 (1.02 g, 12 mmol) in acetonitrile (50 mL), benzyltriphenylphosphonium 
peroxodisulfate (8.99 g, 10 mmol) was added, and the resulting mixture was stirred 
under reflux conditions for 5 h. After completion of the reaction, the mixture was filtered, 
and the filtrate was separated and diluted with n-hexane (50 mL). The resulting solution 
was transferred to a separatory funnel and washed with aqueous solution of Na2S2O3 
(0.1M, 100 mL) and then H2O (100 mL). The organic layer was separated and dried over 
anhydrous Na2SO4. Evaporation of the solvent under reduced pressure gave the product 
which was used in the next step without further purification. Yield: 87%. m.p.79-81 °C. 
1H-NMR (400 MHz, CDCl3) δ 3.95 (s, 3H), 6.61-6.65 (d, 1H, C3-H naphthyl ring), 7.42-7.46 
(m, 2H, C6,7-H naphthyl ring), 7.60-7.64 (m, 1H, C5-H naphthyl ring), 8.19-8.24 (m, 1H, 
C2-H naphthyl ring), 8.66-8.71 (d, 1H, C8-H naphthyl ring).

1-Methoxy-4-nitronaphthalene (1 g, 4.9 mmol) was dissolved in 10 mL of methanol 
followed by addition of 80% hydrazine hydrate (1 mL). Raney nickel (0.3 mg) was carefully 
added before the mixture was refluxed. After completion of the reduction (2 hours), 
the catalyst was filtered out and methanol was removed under reduced pressure. The 
obtained crude 4-methoxynaphthalen-1-amine was converted to the corresponding 
hydrochloric salt (22) via treatment of the amine in dry diethyl ether with 4 N HCl in 
dioxane (12.5 mL). Yield: 90%. mp 249-250 ℃. 1H-NMR (400 MHz, DMSO) δ 4.0 (s, 3H, 
OCH3), 6.94-6.96 (d, 1H, C3-H naphthyl ring), 7.47-7.50 (d, 1H, C2-H naphthyl ring), 7.55-
7.60 (m, 1H, C7-H naphthyl ring), 7.63-7.67 (m, H, C6,-H naphthyl ring), 7.91-7.93 (d, 
1H, C8-H naphthyl ring), 8.16-8.18 (d, 1H, C5-H naphthyl ring), 10.18 (sb, 3H, NH2·HCl). 

13C-NMR (100 MHz, DMSO) δ 55.74, 110.71, 117.93, 122.97, 123.59, 123.97, 126.94, 
128.57, 129.72, 140.75, 151.37. HR-MS (ESI) calcd for C11H12NO [M+H]+ 174.0913, found 
174.0915. Anal. (C11H12ClNO) Calcd. (%): C, 63.01; H, 5.77; Cl, 16.91; N, 6.68; O, 7.63. 
Found (%): C, 63.08; H, 5.78; Cl, 16.87; N, 6.66; O, 7.61.

Preparation of compounds 19, 23, 24
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NO2 NO2
NH2

OH O O

b

d

c

MC4190
 
(19) MC4198

 
(23)

OH
a

e

O O

NO2

O

NH2

O

MC4194
 
(24)  

Reagents and conditions: (a) benzyltriphenylphosphonium peroxodisulfate, NaNO3, MeCN, reflux, 2 h; (b) 
(CH3CO)2O, dry pyridine, 10h; (c) Pd/charcoal, H2 (3 atm), EtOAc, rt, 4 h; (d) benzyl bromide, NaH, dry THF, dry 
DMF, N2, 0 °C → rt, 3 h; (e) Fe, AcOH, 70 °C, 1.5 h.

4-nitronaphthalen-1-ol (MC4190, 19).

NO2

OH

To a mixture of commercial 1-naphthol (1.44 g, 10 mmol) and NaNO3 (1.02 g, 12 mmol) 
in acetonitrile (50 mL), benzyltriphenylphosphonium peroxodisulfate (8.99 g, 10 mmol) 
was added, and the resulting mixture was stirred under reflux conditions for 2 h. After 
completion of the reaction, the mixture was filtered, and the filtrate was separated and 
diluted with n-hexane (50 mL). The resulting solution was transferred to a separatory 
funnel and washed with aqueous solution of Na2S2O3 (0.1M, 100 mL) and then H2O (100 
mL). The organic layer was separated and dried over anhydrous Na2SO4. The solvent 
was removed under reduced pressure and was purified by flash column chromatography 
(hexane/AcOEt 3:2) on silica gel to afford 19. Yield: 88%. mp 166-168 °C. 1H-NMR (400 
MHz, DMSO) δ 6.96-6.98 (d, 1H, C2-H naphthyl ring), 7.62-7.66 (t, 1H, C6-H naphthyl 
ring), 7.81-7.83 (t, 1H, C7-H naphthyl ring), 8.32-8.34 (d, 1H, C3-H naphthyl ring), 8.43 
(d, 1H, C5-H naphthyl ring), 8.67-8.70 (d, 1H, C8-H naphthyl ring), 11.66-12.20 (sb, 1H, 
OH). 13C-NMR (100 MHz, DMSO) δ 112.73, 123.07, 123.66, 123.81, 125.12, 126.62, 
129.88, 130.52, 136.71, 154.77. HR-MS (ESI) calcd. for C10H8NO3 [M+H]+ 190.0504, found 
190.0501. Anal. (C10H7NO3) Calcd. (%): C, 63.49; H, 3.73; N, 7.40; O, 25.37. Found (%): C, 
63.56; H, 3.74; N, 7.37; O, 25.32.

4-aminonaphthalen-1-yl acetate (MC4198, 23).
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O

NH2

O

4-Nitronaphthalen-1-ol 19 (0.45 g, 1.95 mmol) was treated with acetic anhydride (49.6 
mmol, 5 mL) and dry pyridine (31 mmol, 2.5 mL) at room temperature for 10 h. After 
the completion of the reaction, the mixture was concentrated in vacuo, and the crude 
residue was purified by  HPLC to obtain the intermediate 4-acetoxy-1-nitro-naphthalene. 
Yield: 55%. 1H-NMR (400 MHz, DMSO) δ 2.52 (s, 3H, CH3), 7.39 (d, 1H, C3-H naphthyl 
ring), 7.68 (t, 1H, C6-H naphthyl ring), 7.78 (t, 1H, C7-H naphthyl ring), 8.06 (d, 1H, C5-H 
naphthyl ring), 8.31 (d, 1H, C2-H naphthyl ring), 8.66 (d, 1H, C8-H naphthyl ring).
A solution of 4-acetoxy-1-nitro-naphthalene (0.742 g, 3.21 mmol) in ethyl acetate (5 mL) 
in the presence of 5% palladium on charcoal (5 mg) was treated with hydrogen gas at 
3 atm under stirring for 4 h at room temperature. After the completion of the reaction, 
the mixture was filtered off, evaporated and subjected to flash chromatography eluting 
with different mixtures of hexanes-AcOEt (hexanes-AcOEt, 80:20, 50:50, then 0:100) to 
produce pure 4-aminonaphthalen-1-yl acetate 23. Yield: 64%. mp 100-102 ℃. 1H-NMR 
(400 MHz, DMSO) δ 2.21 (s, 3H, CH3), 5.72 (s, 2H, NH2), 6.61-6.63 (d, 1H, C2-H naphthyl 
ring), 6.96-6.98 (d, 1H, C3-H naphthyl ring), 7.41-7.50 (m, 2H, C6,7-H naphthyl ring), 7.67-
7.70 (d, 1H, C5-H naphthyl ring), 8.09-8.11(d, 1H, C8-H naphthyl ring). 13C-NMR (100 MHz, 
DMSO) δ 20.92, 115.01, 115.25, 123.56 (x2), 124.73, 126.73, 128.86, 129.32, 143.51, 
144.95, 169.28. HR-MS (ESI) calcd. for C12H12NO2 [M+H]+ 202.0863, found 202.0866. 
Anal. (C12H11NO2) Calcd. (%): C, 71.63; H, 5.51; N, 6.96; O, 15.90. Found (%): C, 71.68; H, 
5.52; N, 6.93; O, 15.87.

4-(benzyloxy)naphthalen-1-amine (MC4194, 24).
O

NH2

To a stirred solution of 4-nitronaphthalen-1-ol 19 (505 mg, 2.7 mmol) in dry DMF (3 mL) 
was added NaH (60 wt% dispersion in oil, 193 mg, 4.8 mmol) suspended in dry DMF 
(3 mL) at 0°C. Benzyl bromide (0.46 mL, 3.9 mmol) in dry THF (3 mL) was then added 
at 0 °C. The mixture was warmed up to room temperature and stirred under nitrogen 
atmosphere for 3 h. After the completion of the reaction, the mixture was diluted with 
AcOEt (10 mL), washed with H2O (10 mL x 4) and brine (10 mL). The organic phase was 
dried over MgSO4, filtered, concentrated and purified by column chromatography on 
silica gel to obtain the desired 1-(benzyloxy)-4-nitronaphthalene as a light brown solid. 
Yield: 54%.  1H-NMR (400 MHz, CDCl3) δ 5.34 (s, 2H, PhCH2O), 6.88 (d, 1H, C2-H naphthyl 
ring), 7.46-7.35 (m, 3H, C3,4,5-H phenyl ring), 7.53-7.47 (m, 2H, C2,6-H phenyl ring), 7.58 (t, 
1H, C7-H naphthyl ring), 7.73 (t, 1H, C6-H naphthyl ring), 8.36 (d, 1H, C5-H naphthyl ring), 
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8.43 (d, 1H, C2-H naphthyl ring), 8.77 (d, 1H, C8-H naphthyl ring).

To a suspension of iron powder (601 mg, 10.7 mmol) in glacial acetic acid (6 mL) was 
added 1-(benzyloxy)-4-nitronaphthalene (301 mg, 1.08 mmol). The mixture was stirred 
at 70 ℃ under nitrogen atmosphere for 1.5 h when the mixture turned milky. The mixture 
was then diluted with AcOEt (10 mL) and washed with a saturated aqueous solution of 
NaHCO3 (15 mL x 2) and brine (15 mL). The organic phase was dried over MgSO4, filtered 
and the solvent was removed under reduced pressure to give the crude product as a 
purple oil. The crude was finally purified by flash chromatography on silica gel by eluting 
with AcOEt / hexane (1:2) and then AcOEt / hexane (2:1) mixtures to obtain 24. Yield: 
69%.  mp 53-55 ℃. 1H-NMR (400 MHz, DMSO) δ 4.98 (s, 2H, ArCH2O), 5.20 (s, 2H, NH2), 
6.59-6.61 (d, 1H, C2-H naphthyl ring), 6.85-6.87 (d, 1H, C7-H naphthyl ring), 7.32-7.36 (m, 
1H, C4-H phenyl ring), 7.40-7.47 (m, 4H, C2,3,5,6-H phenyl ring), 7.52-7.54 (m, 2H, C3,6-H 
naphthyl ring), 8.01-8.03 (d, 1H, C8-H naphthyl ring), 8.11-8.13 (d, 1H, C5-H naphthyl 
ring). 13C-NMR (100 MHz, DMSO) δ 70.59, 111.20, 115.55, 123.33, 123.59, 124.57, 
126.82, 127.66 (x2), 127.98, 128.32 (x2), 128.66, 129.27, 137.04, 144.01, 151.2. HR-MS 
(ESI) calcd for C17H16NO [M+H]+ 250.1226, found 250.1229. Anal. (C17H15NO) Calcd. (%): C, 
81.90; H, 6.06; N, 5.62; O, 6.42. Found (%): C, 81.94; H, 6.07; N, 5.60; O, 6.39.

Preparation of compounds 25 -31

NH2

OH
R = 
26 

CH3
27 

(CH2)8CH3
28 

CH2CH3
29 

CH2Ph
30 CH3
31 

toluene

NH

OH

O

R NH

OH

S
O

R
or

O

b

NH

OH

Cl

MC4191 (25)
13

a

Reagents and conditions: (a) (1) CH2O, NaBH4, MeOH, 0 °C → rt, (2) HCl 4N in dioxane, 
dry Et2O; (b) acid chloride or sulphonyl chloride, pyridine, dry DMF, 0 °C → rt.

4-hydroxy-N,N-dimethylnaphthalen-1-aminium chloride (MC4191, 25).

NH

OH

Cl

To a solution of 13 (0.44 g, 2.76 mmol) in 10 mL MeOH was added formaldehyde (27.6 
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mmol). The reaction mixture was cooled to 0 ºC and stirred for 5 min. Then NaBH4 (1.04 
g, 27.6 mmol) was slowly added to the reaction mixture, that was stirred in turn at 0 
ºC for 1 h. After the completion of the reaction, H2O (10 mL) was added and the pH 
value was adjusted to 7 by using NaHSO4 0.1N solution. The product was extracted into 
AcOEt (3 x 10 mL). The organic layers were combined and the solvent was removed 
in vacuo. Flash chromatography (5 to 40% AcOEt: hexane) afforded 4-(dimethylamino)
naphthalen-1-ol. The obtained 4-(dimethylamino)naphthalen-1-ol was dissolved in dry 
diethyl ether and treated with a solution of hydrochloric acid 4 N in dioxane. The formed 
precipitate was filtered and washed with dry diethyl ether to give the desired compound 
25. Yield: 61%.  mp 224-226 ℃. 1H-NMR (400 MHz, DMSO) δ 3.21 (s, 6H, N(CH3)), 6.94-
6.96 (d, 1H, C3-H naphthyl ring), 7.58-7.62 (d, 1H, C2-H naphthyl ring), 7.69-7.71 (t, 1H, 
C7-H naphthyl ring), 7.68-7.73 (t, 1H, C6,-H naphthyl ring), 8.25-8.27 (d, 1H, C8-H naphthyl 
ring), 8.40-8.42 (d, 1H, C5-H naphthyl ring), 10.84 (sb, 1H, -NH-),12.02-12.36 (sb, 1H, OH). 
13C-NMR (100 MHz, DMSO) δ 43.25 (x2), 113.43, 118.26, 122.77, 124.20, 124.34, 129.05, 
129.20, 129.57, 143.02, 151.04. HR-MS (ESI) calcd. for C12H14NO [M+H]+ 188.1070, found 
188.1068. Anal. (C12H14ClNO) Calcd. (%): C, 64.43; H, 6.31; Cl, 15.85; N, 6.26; O, 7.15. 
Found (%): C, 64.49; H, 6.32; Cl, 15.82; N, 6.24; O, 7.13.

General procedure for compounds 26-31
Pyridine (122 µL, 1.5 mmol) was added to 4-amino-1-naphtol (200  mg, 1 mmol) in DMF 
(10 mL) at 0°C under nitrogen atmosphere and stirred for 2 minutes. The corresponding 
acid chloride or sulphonyl chloride (1 mmol)  was added dropwise. The reaction mixture 
was allowed to warm to room temperature and stirred for 3-16 hours. The mixture was 
concentrated under reduced pressure and redissolved in ethyl acetate. The product was 
extracted with ethyl acetate (3 x 20 mL) and washed with 1N HCl (2 x 10 mL) and water (3 
x 20 mL). The combined organic layers were dried over MgSO4, filtered and concentrated 
under reduced pressure. The resulting mixture was dissolved in ethyl acetate and 
precipitated with petroleum ether. The solid was filtered, washed with DCM if necessary 
and concentrated under reduced pressure to give the product.

N-(4-hydroxynaphthalen-1-yl)acetamide (26)

NH

OH

O

Pink crystal (56 mg, 0.28 mmol, 28 %), Rf = 0.33 (1:1 ethyl acetate: petroleum ether), 
melting point 183 °C. 1H NMR (500 MHz, (CD3)2SO/CDCl3) δ 9.10 (s, 1H), 8.80 (s, 1H), 7.50 
(d, J = 8.2 Hz, 1H), 7.20 (d, J = 8.2 Hz, 1H), 6.78-6.72 (m, 2H), 6.62 (d, J = 8.0 Hz, 1H), 6.15 
(d, J = 8.0 Hz, 1H), 1.51 (s, 3H).13C NMR (126 MHz, (CD3)2SO/CDCl3) δ 168.23, 150.28, 
128.73, 124.61, 123.71, 123.52, 123.10, 122.50, 121.38, 121.21, 106.06, 21.98.
HRMS (FTMS-ESI): m/z [M-H], calculated 202.0863for [C12H12O2N], found 202.0863[M+H]+. 
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N-(4-hydroxynaphthalen-1-yl)propionamide (27)

NH

OH

O

Light pink solid (27 mg, 0.13 mmol, 13%), Rf = 0.15 (1:1 ethyl acetate: petroleum ether). 
1H NMR (500 MHz, CD3OD) δ 9.73 (s, 1H), 9.34 (s, 1H), 8.21 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 
8.2 Hz, 1H), 7.51 – 7.36 (m, 2H), 7.32 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 8.0, 1H), 2.49 (d, J = 
7.5 Hz, 2H), 1.26 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, (CD3)2SO/CDCl3) δ 172.38, 150.49, 
129.05, 124.84, 123.97, 123.69, 123.31, 122.79, 121.52, 121.45, 106.32, 28.35, 9.12. 
HRMS (FTMS-ESI): m/z calculated 216.1019 for [C13H14O2N], found 216.1019 [M+H]+.

N-(4-hydroxynaphthalen-1-yl)decanamide (28) 

NH

OH

O

8

Purple solid (143 mg, 0.43 mmol, 43%), Rf = 0.65 (1:1 ethyl acetate: petroleum ether). 
1H NMR (500 MHz, CD3OD) δ 9.72 (s, 1H), 9.35 (s, 1H), 8.19 (d, J = 8.2 Hz, 1H), 7.86 (d, J 
= 8.2 Hz, 1H), 7.43 (m, 2H), 7.30 (d, J = 8.0 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 2.44 (t, J = 7.5 
Hz, 2H), 1.77 – 1.67 (m, 2H), 1.42-1.29 (m, 12H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (126 
MHz, (CD3)2SO/CDCl3) δ 171.58, 150.38, 128.96, 124.71, 123.87, 123.64, 123.20, 122.73, 
121.46, 121.34, 106.22, 35.18, 30.45, 28.12, 28.04, 28.01, 27.87, 24.69, 21.25, 12.90. 
HRMS (FTMS-ESI): m/z  calculated 314.2115 for [C20H28O2N], found 314.2113 [M+H]+.

N-(4-hydroxynaphthalen-1-yl)-2-phenylacetamide (29)

NH

OH

O

Purple solid (45 mg, 0.16 mmol, 16%), Rf = 0.56 (1:1 ethyl acetate: petroleum ether). 
1H NMR (500 MHz, CDCl3) δ 9.76 (s, 1H), 9.61 (s, 1H), 8.19 (d, J = 8.1 Hz, 1H), 7.81 (d, J = 
8.1 Hz, 1H), 7.45 – 7.25 (m, 8H), 6.82 (d, J = 8.0 Hz, 1H), 3.77 (s, 2H). 13C NMR (126 MHz, 
(CD3)2SO/CDCl3) δ 169.04, 150.40, 135.06, 128.69, 127.88 (2x), 127.11, 125.29, 124.75, 
123.79, 123.31, 123.19, 122.46, 122.37, 121.33, 121.17, 106.11, 42.08. HRMS (FTMS-
ESI): m/z calculated 278.1176 for [C18H16O2N], found 278.1175 [M+H]+.
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N-(4-hydroxynaphthalen-1-yl)methanesulfonamide (30)

NH
S

O

OH

O

Brown solid (39 mg, 0.16 mmol, 16%). Rf = 0.33 (1:1 ethyl acetate/petroleum ether). 1H 
NMR (500 MHz, CDCl3) δ 9.33 (s, 1H), 8.59 (s, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 8.2 
Hz, 1H), 6.94-6.92 (m, 2H), 6.72 (d, J = 8.0 Hz, 1H), 6.27 (d, J = 8.0 Hz, 1H), 2.33 (s, 3H). 
13C NMR (126 MHz, (CD3)2SO/CDCl3) δ 151.85, 130.65, 125.41, 124.76, 124.26, 123.62, 
122.36, 122.09, 121.46, 106.35, 38.23. HRMS (FTMS-ESI): m/z calculated 238.0532 for 
[C11H12O3NS], found 238.0532 [M-H]+.

N-(4-hydroxynaphthalen-1-yl)-4-methylbenzenesulfonamide (31)

NH
S

O

OH

O

Purple solid (53 mg, 0.17 mmol, 17%). Rf = 0.55 (1:1 ethyl acetate/petroleum ether). 
1H NMR (500 MHz, CD3OD) δ 9.89 (s, 1H), 9.45 (s, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.89 (d, 
J = 8.5 Hz, 1H), 7.49 (d, J = 7.7 Hz, 2H), 7.31 (m, 2H), 7.16 (d, J = 6.9 Hz, 2H), 6.77 (d, J = 
8.0 Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 2.32 (s, 3H). 13C NMR (126 MHz, (CD3)2SO/CDCl3) δ 
151.23, 141.12, 136.20, 130.49, 127.75 (2x), 125.57 (2x), 124.58, 124.15, 123.68, 123.10, 
121.96, 121.82, 120.79, 105.77, 19.84. HRMS (FTMS-ESI): m/z calculated 314.0845 for 
[C17H16O3NS], found 314.0845 [M+H]+.
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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 Michael-
addition 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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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 

Figure 1: Structure of the known p300 inhibitor C646 and general structures of the irreversible compound (1) 
and thiol reactive compounds (2).
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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 pre-
incubating 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 3- 
indole (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 (30-
32). 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 pre-
incubation 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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Introduction
Many diseases are connected to aberrant patterns of post-translational modifications 
of cellular proteins such as acetylations of lysine residues (1,2). Several cellular proteins 
including histones, transcription factors, nuclear receptors and enzymes, are subject 
to lysine acetylations, which play a key role in the regulation of their function (3). 
Acetylations of lysine residues on histones are involved in epigenetic regulation of gene 
transcription (4,5). Apart from histones, lysine acetylations of transcription factors, 
such as Myc proto-oncogene protein (c-MYC), p53 and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), have been shown to influence their promotor 
activities and specificities (6-8). Lysine acetylations of enzymes or nuclear receptors 
play important regulatory roles in their function (9,10). Furthermore, lysine acetylations 
are involved in protein-protein interactions via bromodomains (5) (Figure 1). Reversible 
lysine acetylations are mediated by histone acetyltransferases (HATs), which install acetyl 
groups onto lysine residues, and histone deacetylases (HDACs), which remove acetyl 
groups from lysine residues (Figure 1). HDACs have been studied extensively, mainly 
for their role in cancer, and two HDAC inhibitors are currently on the market (9,10). In 
contrast, no clinical applications of HATs have been described until now. Nevertheless, 
HATs have been shown to play a role in diseases ranging from cancer and inflammatory 
diseases to neurological disorders (11-13).

Figure 1: Lysine acetylation is balanced by histone acetyltransferases (HATs) and histone deacetylases 
(HDACs). Acetylation of lysine residues on the histone tails that protrude from the histone–DNA complex 
modifies the chromatin structure of the DNA, which allows transcription factors to bind. The transcription 
factors themselves can be acetylated, which influences promotor activity and specificity. Lysine acetylation 
of enzymes or nuclear receptors can influence their function. Bromodomain-containing proteins will bind to 
the acetylated lysine residues. Through lysine acetylations, HATs are involved in many different diseases such 
as cancer, inflammatory diseases, and neurological disorders. NR nuclear receptor, BRD bromodomain, NE 
nuclear enzyme, TF transcription factor.
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In cancer, HATs have been shown to suppress as well as to stimulate tumor growth 
and disease progression. Acetylation of histones can lead to a less condensed DNA 
and therefore more gene transcription (5). If these genes are (proto-) oncogenes, 
hyperacetylation might aid in cancer progression, whereas less acetylation might protect 
against disease. Indeed, histone hyperacetylation was found in hepatocellular carcinoma 
and acetylation of a specific lysine on histone H3 (H3K18) was correlated with prostate 
cancer recurrence (14,15). Lower levels of H3K18 were shown to be advantageous for 
glioma patients (16). However, when investigating the HATs themselves, they were found 
to have opposite effects, even within the same type of cancer. For example, the KAT3B 
HAT gene was suggested to function as tumor suppressor gene in colorectal cancer (17), 
but high levels of KAT3B mRNA were correlated with progression of the disease (18). Also 
in non-histone acetylation, HATs seem to exert counteracting effects. The HATs KAT2A, 
2B and 5 acetylate the oncogene c-MYC leading to increased stability of the c-MYC 
protein, which may lead to cancer progression (6). In contrast, KAT2B also acetylates 
the tumor suppressor protein p53 and activates its transcriptional activity, suggesting a 
protective function for KAT2B (19). The exact role of HATs in cancer and the regulatory 
factors influencing HATs are therefore still under investigation.

Histone acetylation and HAT activity are involved in inflammatory diseases. The HATs 
KAT3A and KAT3B were shown to activate the expression of pro-inflammatory interleukins 
like IL-5, IL-8 and IL-4 (20-22). HATs also function as cofactors of NF-κB and activate its 
transcriptional activity (23,24). NF-κB itself is acetylated by HATs on various positions, 
which influences promotor activity and specificity (8). In diabetic type-2 patients, 
inflammatory processes can increase insulin resistance. NF-κB was shown to be recruited 
to gene promotors under diabetic conditions and an increase of histone acetylation was 
observed in monocytes of diabetic patients (25). An increase in the activity of HATs was 
observed in blood monocytes of patients with asthma (26). In pulmonary fibrosis, it was 
shown that inhibiting the KAT3A/β-catenin interaction attenuated and even reversed 
disease by influencing the Wnt signaling pathway (27). HATs have been shown to 
activate inflammatory signaling and may therefore be promising targets for treatment of 
inflammatory diseases. On the other hand, however, a study on KAT2B showed that this 
HAT was essential for inflammation induced post-ischemic arteriogenesis, suggesting 
that activation of KAT2B can aid in recovery after ischemic events such as stroke or 
myocardial infarction (28). 

Genetic mutations or deletions of HAT genes have severe consequences for neuronal 
development and function (13). A mutation in the KAT3A and KAT3B genes causes the 
Rubinstein-Taybi syndrome. This disease is characterized by growth impairment, mental 
retardation and typical morphologies like broad thumbs and halluces and distinct facial 
features (29). Therefore, it is suggested that HATs play a role in the maturation of neurons 
in embryonic development, memory, learning and even skeleton formation.

Most research on HATs and their role in diseases depends on genetically modified 
mice and cellular studies. These methods, however, have limitations. Knock-out mice, 
for example, need to be viable to be studied and knock-out of many HAT genes is 
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incompatible with life (30-32). Immortalized cell-lines may behave very differently from 
the diseased or healthy situation and little information on the molecular level can be 
derived from these models. Therefore, drug discovery projects have been initiated to 
identify small molecule inhibitors of HAT activity that can be used for the development 
of research tools to study their functions as well as the exploration of their potential as 
targets for therapeutic interventions (33,34). Despite their potential, the development 
of small molecule inhibitors for HATs proved to be challenging and a large gap remains 
between the biological activity of inhibitors in in-vitro studies and their use as therapeutic 
agents. To bridge this gap, new potent HAT inhibitors with improved properties need to 
be developed. However, several challenges have been encountered in the investigation 
of HATs and HAT inhibitors that hinder the development of new HAT inhibitors. In this 
review we will discuss these challenges and we propose that careful investigation of the 
molecular aspects of HAT function and inhibition will give a solid starting point for the 
development of new potent and selective HAT inhibitors with therapeutic potential. 

The HAT enzymes – challenges in substrate specificity
The human HATs are classified as lysine (K) acetyltransferases (KATs). It should be noted 
that alternative nomenclature, as indicated in Table 1, is frequently used as well. Type B 
HATs (KAT1, HAT4) are cytoplasmic enzymes – they modify free histones in the cytoplasm 
just after their synthesis, upon which they are transported to the nucleus and integrated 
in newly synthesized DNA (35). Type A HATs are (mainly) nuclear enzymes. They are 

Table 1 Histone acetyltransferases: families, subtypes, and alternative nomenclature frequently used.
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responsible for acetylations of histones and non-histone proteins in the nucleus. Based 
on their sequence homology, most nuclear HATs can be assigned to families. The GNAT 
(Gcn5-related N-acetyltransferases) family consists of KAT2A and KAT2B. The MYST 
family (after the members MOZ, YBF2/SAS3, SAS2 and TIP60) is the largest family and 
consists of KAT5, 6A and 6B, 7 and 8. The p300/CBP family consists of KAT3A and 3B. 
Other HATs are the transcriptional co-activators, such as KAT4 and KAT12, and steroid 
receptor co-activators, such as KAT13A-D, that possess acetyltransferase activity next to 
their other functions. 

The HAT isoenzymes have various substrate specificities for histone or non-histone 
proteins. For example, the HATs KAT3A and KAT3B acetylate all four histone subtypes 
(histone H2A, H2B, H3 and H4), but KAT6A acetylates only histone H3 (36,37) and KAT8 
acetylates specifically lysine 16 on histone H4 (H4K16) (38). This substrate specificity is 
modulated by the incorporation of HATs in large multi-subunit protein complexes (39). 
For example, KAT8 operates through two evolutionary conserved protein complexes, the 
MSL-1 complex and the MSL1v1 complex. The acetylation activity of these two protein 
complexes on histone H4 is identical, but acetylation of the non-histone target p53 
differs dramatically (40). It was also shown that recombinant KAT8, free of interactions 
with proteins from either complex, acetylated H2A and H3 as well as H4, in contrast to 
the specificity of the KAT8 protein complexes for H4K16 (41). Also in the case of KAT2A, 
incorporation into its SAGA and Ada complexes influences the specificity and the catalytic 
activity towards its histone targets as well as its non-histone targets (42). The influence 
of the HAT protein complexes on acetyltransferase activity and substrate specificity is 
one of the challenges that need to be addressed in the development of small molecule 
HAT inhibitors, considering that the activities of recombinant HAT enzymes may not 
reflect their in vivo activity. This may limit the translation from in vitro assays to in vivo 
disease models. 

HAT inhibitors – challenges in molecular properties
Parallel to functional studies on HATs, research has aimed at developing small molecule 
inhibitors as research tools or as potential therapeutic agents. Different approaches 
such as construction of HAT substrate mimics, research on natural products, and high 
throughput- and virtual screening have been used to identify HAT inhibitors. 

One class of inhibitors is the bi-substrate inhibitors. These inhibitors mimic the two HAT 
substrates: the cofactor acetyl coenzyme A (Ac-CoA) and a peptide resembling the lysine 
substrate, connected via a linker (Figure 2). Bisubstrate inhibitors have been made for 
KAT2B, KAT3B, KAT5 and the yeast KAT5 homologue ESA1 (43,44) and are very selective. 
They have been used as dead-end inhibitors, that mimic the natural substrate but cannot 
be converted by the enzyme in kinetic studies (45). However, due to their peptidic nature 
and their size, bisubstrate inhibitors suffer from poor metabolic stability and a lack of 
cell-permeability, which limits their applications in cellular systems. 
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Figure 2: The current HAT inhibitors and activators. Bi-substrate inhibitors mimic the two HAT substrates: Ac-
CoA, connected via a linker to a peptide resembling the lysine substrate. Garcinol, curcumin and anacardic acid 
are natural product HAT inhibitors. Small molecule inhibitors C646 and thiazinesulfonamide were discovered 
from a virtual screening. A high throughput screening yielded isothiazolone derivatives. A pentamidine 
derivative, TH1834, and a benzylidene barbituric acid derivative were developed using structure-based design. 
ICG-001 is a protein-protein interaction inhibitor and inhibits the interaction between KAT3A and β-catenin. 
HAT bromodomain inhibitors have been developed for KAT3A and KAT2B, including the natural product 
ischemin, a set of cyclic peptides and small molecule N1-aryl-propane-1,3-diamine derivatives. CTPB, TTK21 
and SPV106 are salicylic acid derived HAT activators. CTBP activates KAT3B, TTK21 activates both KAT3B and 
KAT3A and SPV106 interestingly is a KAT2B activator and KAT3A/B inhibitor.
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Several small molecule HAT inhibitors have been derived from natural products. Among 
others, garcinol, curcumin and anacardic acid (Figure 2) have shown to be HAT inhibitors 
(46-48). However, these natural products and close derivatives are not selective between 
HATs and often have many other targets (49,50). Many natural product HAT inhibitors 
contain phenolic structures, which are prone to oxidation. As a result, it is often hard 
to determine whether the observed effects in advanced disease models are due to 
inhibition of HAT activity or due to anti-oxidant properties. For other natural products 
such as anacardic acid their lipophilic and amphiphilic character is a limiting factor for 
further exploration and optimization. Nevertheless, promising cellular effects have been 
observed for this type of HAT inhibitors. The natural product HAT inhibitors garcinol and 
anacardic acid have been shown to sensitize cancer cells to irradiation (51,52). Garcinol 
suppressed proliferation of breast cancer cells and inhibited colon carcinogenesis in 
mice (53,54). Curcumin is indeed a HAT inhibitor, but its biological effect can’t be solely 
appointed to HAT inhibition. Curcumin is an anti-oxidant and additionally contains a 
Michael acceptor that can react with nucleophiles present in cells, like thiols or anions 
of alcohols (55). It can, therefore, influence many processes in the cell, unrelated to 
HAT inhibitory activity. Nevertheless, curcumin is currently in clinical trials for many 
applications as therapeutic agent, combination therapy or dietary supplement (Table 
2), although it must be noted that measurements on HATs or their activities are not 
included in the outcome parameters of these trials. Recently, promising results have 
been obtained with a structure-based design to improve natural product HAT inhibitors. 
Modification of the structure of pentamidine lead to the inhibitor TH1834 and a 
benzylidene barbituric acid derivative with improved selectivity and cell-permeability 
was developed from garcinol (56,57). Thus, although natural products may suffer from 
undesired properties, they form excellent starting points for further development of HAT 
inhibitors (Figure 2).

Other methods like virtual- or high throughput screening have yielded small molecule 
HAT inhibitors with diverse structures (Figure 2). In high throughput screening, large 
numbers of commercially available or in-house compounds are tested in enzyme 
inhibition assays. Originating as hits from a high throughput screenings, isothiazolones 
have been developed as inhibitors for various subtypes of HATs, and proved to inhibit 
proliferation in cancer cell lines  (58-60). However, most of these isothiazolones are 
highly reactive towards thiolates, which limits their applicability in biological systems 
(61). In virtual screening methods, the crystal structure or homology model of the target 
protein is used to computationally screen virtual databases of compounds for potential 
binding. The KAT3B HAT inhibitor 4-acetyl-2-methyl-N-morpholino-3,4-dihydro-2H-
benzo[b][1, 4]thiazine-7-sulfonamide (Figure 2, thiazinesulfonamide) was discovered 
using virtual screening on KAT3B (62). The inhibitor C646 has been discovered using the 
same method and is currently the most potent and selective small molecule KAT3B HAT 
inhibitor (63). Since its discovery in 2010, this inhibitor has been shown to be active in 
different cellular models of cancer. Among others, it inhibited proliferation of prostate 
cancer and melanoma cells, induced cell cycle arrest in leukemia cells and sensitized lung 
cancer cells to irradiation  (64-67). Also for other implications, as peritoneal fibrosis, this 
inhibitor recently showed promising results (68). This shows that screening methods are 
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valuable for the discovery of HAT inhibitors with novel structures and are expected to 
yield more inhibitors in the near future.

Another way of inhibiting HAT function, in contrast to inhibiting the acetyltransferase 
activity, is to target protein-protein interactions between HATs and their interaction 
partners. HATs interact with many proteins and influence their function, in some cases 
independent of their acetyltransferase activity. KAT3A, for example, was shown to 
activate β-catenin, a transcription factor involved in inflammatory signal transduction, 
independent of its acetyltransferase activity (69). The inhibitor ICG-001 (Figure 2) 
inhibits the interaction between KAT3A and β-catenin and the inhibition was shown to 
be selective over the interaction between KAT3B and β-catenin (70). Studies with this 
inhibitor revealed a different role for the KAT3A/β-catenin than for the KAT3B/β-catenin 
interaction in survivin gene transcription (71). Therefore, protein-protein interaction 
inhibitors can be used to selectively explore the functions of HATs that are not mediated 
by the enzymatic acetyltransferase activity. These studies additionally revealed anti-
cancer activity in colon carcinoma models for this inhibitor, showing that inhibition of 
the KAT3A/β-catenin interaction has therapeutic potential.

Table 2: HAT inhibitors and activators, their target histone acetyltransferases, and proposed target pathologies.

* Curcumin is currently in clinical trials for many applications as therapeutic agent, combination therapy 
or dietary supplement, although measurements on HATs or their activity is not included in the outcome 
parameters of these trials.
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Several HATs (KAT2A and 2B, KAT3A and KAT3B) contain a bromodomain, which can 
bind specifically to acetylated lysine residues. Bromodomain inhibitors target this 
interaction by preventing the binding of the acetylated lysine to the bromodomain (72). 
HAT bromodomain inhibitors have been developed for KAT3A and KAT2B, including the 
natural product ischemin, a set of cyclic peptides and small molecule N1-aryl-propane-
1,3-diamine derivatives (73-75) (Figure 2). In contrast to the aforementioned inhibitors, 
these inhibitors do not seem to have potential as anti-cancer agents. The cyclic peptides 
were developed as inhibitors of the tumor suppressor protein p53, having opposite 
function as anti-cancer agents (74). Ischemin inhibited apoptosis in cardiomyocytes, 
showing potential as therapeutic in myocardial ischemia and (73). The small molecule 
N1-aryl-propane-1,3-diamine derivatives showed inhibitory effect on HIV-1 replication, 
opening possibilities as anti-viral agents (75). This shows that HAT inhibitors have more 
potential than anti-cancer agents alone and can possibly be used as therapeutics for 
many more indications.

Activators
A small number of positive modulators or activators of HATs have been described (Figure 
2). The KAT3B selective activator N-(4-chloro-3-trifluoromethyl-phenyl)-2-ethoxy-6-
pentadecyl-benzamide (CTPB) was derived from the natural product HAT inhibitor 
anacardic acid and was shown to activate gene transcription (46). The activator TTK21 
was also based on a salicylic acid structure, but was shown to activate both KAT3B and 
KAT3A. This activator improved memory duration in mice and was suggested to have 
opportunities for application in brain disease (76). Another anacardic acid based KAT2B 
activator is the pentadecylidenemalonate SPV106. Interestingly, this compound activates 
KAT2B, but was shown to inhibit KAT3A and KAT3B (77). This HAT modulator has been 
shown to have a positive effect in models of cardiovascular disease, diabetes, wound 
repair and the extinction of conditioned fear (78-82). These examples show that both 
for inhibitors and activators, or mixed activator/inhibitors of HATs there may be future 
clinical applications (Table 2).

Catalytic mechanism – challenges in substrate conversion
HATs catalyze the acetylation of lysine residues using the cofactor Ac-CoA as acetyl 
donor. HATs are therefore bi-substrate enzymes – they bind and convert two substrates 
in the process of catalysis. Although all HATs acetylate lysine residues and use Ac-CoA 
as cofactor, the mechanism of catalysis differs. In theory, there are three standard 
catalytic mechanisms for bi-substrate enzymes: I) a random order ternary complex 
mechanism, II) a compulsory order ternary complex mechanism or III) a ping-pong 
mechanism. In a random order ternary complex mechanism, either substrate can bind 
first to the enzyme, in a random order. The acetyl group is directly transferred from 
Ac-CoA to the lysine residue upon formation of the ternary complex by binding of the 
second substrate. In a compulsory order ternary complex mechanism, a ternary complex 
is formed, but one of the substrates has to bind first before the other substrate can 
bind. In both mechanisms catalysis depends on the presence of a general base, such 
as glutamic acid, which facilitates the nucleophilic attack on the Ac-CoA thioester by 
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deprotonating the lysine residue. In a ping-pong mechanism, Ac-CoA binds first and the 
acetyl group is transferred to an amino acid in the catalytic site of the enzyme. CoA 
leaves the enzyme and subsequently the substrate binds, to which the acetyl group 
is transferred. This mechanism requires, next to a general base, an amino acid in the 
catalytic site of the enzyme suitable for accepting the acetyl group, which is commonly 
a cysteine (83). Knowledge on the catalytic mechanism plays an important role in the 
characterization and development of small molecule enzyme inhibitors. This has for 
example been shown for the well-known NAD+ dependent liver alcohol dehydrogenase, 
which operates via a compulsory order ternary complex mechanism, where NAD+ must 
bind first (84), (85). The development of inhibitors was greatly aided by knowledge on 
the catalytic mechanism of the alcohol dehyrogenase. Also in case of HATs definition of 
the catalytic mechanisms is highly important.

There is evidence that the GNAT family HATs catalyze lysine acetylation by a ternary 
complex mechanism. These enzymes contain a conserved glutamic acid (KAT2A: Glu-173; 
KAT2B: Glu-570) in the active site, which can serve as general base that deprotonates the 
positively charged lysine to allow nucleophilic attack on the Ac-CoA thioester (86). This 
mechanism is supported by a kinetic study on KAT2B using two-substrate kinetic analysis 
and a dead-end inhibitor that mimics CoA, but cannot be converted by the enzyme. The 
study showed that this enzyme follows a compulsory order ternary complex mechanism 
in which Ac-CoA binds first to the enzyme followed by the histone substrate (87). 
Therefore, the current consensus is that the GNAT family HATs catalyze lysine acetylation 
through a compulsory order ternary complex mechanism.

For MYST family proteins, studies have described different catalytic mechanisms. For the 
MYST family HAT KAT8, a kinetic study on the recombinant catalytic domain, showed a 
pattern consistent with a ping-pong mechanism in which the acetyl moiety is transferred 
onto a residue in the active site of the enzyme. The subsequent binding of Ac-CoA and 
the histone peptide was confirmed by calorimetric binding measurements (88). KAT8 
contains the conserved glutamic acid, Glu-177, which can act as a general base as well 
as a cysteine in the catalytic site, Cys143, which is capable of accepting the acetyl moiety 
in case of a ping-pong mechanism [PDB: 3TOA (89)]. In a study with the catalytic domain 
of ESA1, a MYST family HAT from yeast that shows close homology to human KAT5 and 
KAT8, it was shown that cysteine 304 (Cys-304) and glutamic acid 338 (Glu-338) are 
both essential for enzyme activity. Glu-338 was shown to function as general base, as 
in GNAT family HATs (90). A crystal structure of truncated ESA1 co-crystallized with Ac-
CoA, showed that the acetyl moiety of Ac-CoA had transferred from the cofactor to Cys-
304, supporting a ping-pong mechanism (91). However, this was countered by a study 
showing that mutation of Cys-304, in contrast to the aforementioned study, did not 
impair the activity of the enzyme and kinetic studies showed a pattern indicating catalysis 
via a ternary complex mechanism (92). In this study, not the catalytic HAT domain, but 
full-length ESA1 was used and it was combined with two other proteins forming the 
piccolo NuA4 complex, which is naturally occurring in yeast. This shows that the catalytic 
mechanism of ESA1 was influenced by the interaction with other proteins. Therefore, 
just as the substrate specificity and acetyltransferase activity of HATs is influenced by the 
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incorporation into HAT protein complexes, these complexes may influence the catalytic 
mechanism as well.

As for MYST family enzymes, the catalytic mechanism for the p300/CBP family depends 
on the experimental methods applied in the respective study. Based on kinetic 
measurements with the recombinant full-length enzyme it was proposed that KAT3B 
uses a ping-pong mechanism (93). Studies using an Ac-CoA based probe that targets 
cysteine residues, showed that the probe bound a cysteine residue in the catalytic domain 
of KAT3B, which was important for Ac-CoA binding. However, the catalytic activity of 
KAT3B was not abolished by mutation of this cysteine residue, which would be expected 
in a ping-pong mechanism (94). The possibility of a ternary complex mechanism was 
investigated by comparing the affinity pattern of different bi-substrate inhibitors (95). 
In a ternary complex mechanism, inhibitors with a longer peptide part should have 
better affinity but in case of KAT3B, it was shown that the shortest inhibitor was most 
potent. Therefore, it was proposed that KAT3B uses a Theorell-Chance (‘hit-and-run’) 
catalytic mechanism. In the Theorell–Chance mechanism, there is no stable ternary 
complex. Ac-CoA binds first and subsequently the peptide substrate binds weakly to the 
enzyme, allowing the lysine to react with the acetyl group. However, kinetically only 
the interaction with Ac-CoA is important (95). In studies on the catalytic mechanism of 
KAT3B, kinetic measurements, affinity labeling-based probes, substrate mimic inhibitors, 
crystallization and mutagenesis studies, resulted in proposals for different mechanisms. 
This shows that using a single method may not be sufficient to conclude on the catalytic 
mechanism of HATs.

So far, different studies indicate different catalytic mechanisms for specific HATs. The 
use of different constructs of the HAT enzymes and the use of different methods, leads 
to different proposed catalytic mechanisms. Table 3 summarizes the proposed catalytic 
mechanisms for different HAT families, the enzyme constructs that are used and methods 

Table 3: Reported catalytic mechanisms for the different HAT families, the enzyme constructs used, and 
experimental methods applied.
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that are applied. We note that, independent from the mechanism found, all HATs seem 
to conserve both a glutamic acid, which can function as a general base to deprotonate 
the lysine residue, and a cysteine residue, which can serve as acetyl-acceptor in the 
formation of acetylated enzyme intermediate in a ping-pong mechanism. Nevertheless, 
despite the presence of this cysteine residue, it is not in all cases critical for catalysis. 
Apparently, the methods used in these studies cannot distinguish between the types 
of mechanisms for these HATs, which may indicate that both mechanisms could occur, 
depending on the methods used and the conditions applied. If the energetic profile for 
the different catalytic mechanisms is very similar, small changes in assay conditions could 
lead to the observation of different catalytic mechanisms. This may indicate that HATs 
are flexible enzymes which can act via different catalytic mechanisms under different 
conditions.

HAT inhibitors – challenges in inhibitor kinetics
The fact that HATs are bi-substrate enzymes, does not only affect the analysis of their 
catalytic mechanisms, but also has consequences for the development of small molecule 
inhibitors for these enzymes. To characterize the potency of such inhibitors, they are often 
tested in steady-state enzyme inhibition assays. From these assays, the concentrations 
that give 50 % inhibition of the enzyme activity (IC50) are derived. However, these values 
depend on the assay conditions and therefore reporting the inhibitory potency (Ki), 
is preferred. The Ki value allows for better reproducibility between enzyme inhibition 
assays and is therefore important for further development of potent and selective 
inhibitors. In case of a single-substrate enzyme and a competitive inhibitor, the IC50 
can be corrected for the assay conditions using the Cheng-Prusoff equation using the 
substrate concentration and the Michaelis constant (Km) of the substrate (96). However, 
in case of bi-substrate enzymes like HATs, additional factors influence the IC50, namely 
the catalytic mechanism, the concentration of both substrates and their respective 
Michaelis constants (83,96). The KAT3B inhibitor C646 was shown to be competitive with 
Ac-CoA and non-competitive with the histone substrate (63). Further studies showed 
that the level of inhibition by C646 was not time-dependent and that pre-incubation 
did not influence the level of inhibition, showing that it is a reversible inhibitor. A Ki 
value was derived from the Dixon plots, which seems to be justified considering the 
described mechanism. There are, however, few reports on the calculation of Ki values 
in case of a Theorell-Chance mechanism, except in case of bi-substrate analogue 
dead-end inhibitors (97). The Ki value of C646 was shown to be 3.2 fold lower than the 
IC50, showing the significance of the calculation of this value. Although not aimed at 
calculating the inhibitory potency, an interesting mechanistic investigation of garcinol 
and two derivatives used calorimetric binding studies and kinetic evaluations to propose 
a mechanism for the binding of these inhibitors (98). An enzyme kinetic study on 
inhibition of the MYST family HAT KAT8 by the natural product HAT inhibitor anacardic 
acid, revealed a more complicated binding model (88). This enzyme proved to catalyze 
histone acetylation via a ping-pong mechanism and according to the enzyme kinetics 
the inhibitor proved to bind to the acetylated enzyme intermediate. This information 
enabled the calculation of the Ki value for KAT8 inhibition by anacardic acid and several 
derivatives, using an equation reported by Cheng and Prusoff (96). Also in this case the 
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Ki values of anacardic acid were more than threefold lower compared to the IC50 values 
under the applied assay conditions. These examples underline the importance of the 
determination of the kinetic mechanisms and the calculation of Ki values. 

Considering the dependence of the IC50 values on the Km values and concentrations of 
both substrates it is clear that IC50 values are prone to variations between different studies 
and assay set-ups. Nevertheless, very few studies have currently been calculated in which 
the mechanism of inhibition and Ki values of existing HAT inhibitors have been reported. 
This does, however, pose problems for further development of HAT inhibitors. It is for 
example not possible to compare the potencies of the new inhibitors with the potencies 
of existing inhibitors, unless exactly the same assays with the same conditions are used. 
In addition, it is often overlooked that it is not possible to conclude on selectivity of an 
inhibitor based on IC50 values, especially in the case of bi-substrate enzymes in which the 
IC50 values strongly depend on both substrates and the catalytic mechanism. Therefore, it 
is important to investigate the enzyme kinetics of HAT inhibitors carefully, using multiple 
methods (Figure 3). This will aid in deriving a Ki value for the inhibitors and increase the 
understanding of HAT enzymes, which will facilitate the further development of novel 
potent and specific HAT inhibitors.

Conclusions

Figure 3: Challenges to get from the concentration of inhibitor that gives 50 % of inhibition (IC50) to the assay 
independent inhibitory potency (Ki) for a HAT inhibitor. In case of bi-substrate enzymes like HATs, many factors 
need to be considered when calculating the inhibitory potency from the IC50. Kinetic studies combined with 
affinity studies, crystal structures, dead-end inhibitors, and studies on the catalytic mechanism of HATs aid in 
deriving a Ki for HAT inhibitors.
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HATs are upcoming targets in drug discovery with potential applications in many disease 
models. Nevertheless, as our knowledge is progressing, the challenges in targeting these 
enzymes become more and more clear. One of the challenges is that HATs have various 
cellular substrates ranging from histones and transcription factors to enzymes and 
nuclear receptors. In addition, they operate as part of multi-protein complexes, which 
determine their functions, their enzymatic activities and their substrate specificities. 
This complicates the translation of studies on recombinant enzymes to cellular studies 
and more advanced (in vivo) disease models. The challenges in the development of small 
molecule inhibitors of HAT activity have been addressed over recent years, but most of 
the resulting inhibitors still suffer from undesired properties such as anti-oxidant activity, 
instability in a cellular environment, low potency or lack of selectivity between HAT 
subtypes and other enzymes. Another important challenge is the understanding of the 
catalytic mechanisms of HAT activity in relation to enzyme kinetics of small molecule HAT 
inhibitors. As bi-substrate enzymes, HATs catalyze the reaction between two substrates, 
the cofactor Ac-CoA and the lysine residue on the target protein. The catalytic mechanism 
by which these substrates are converted by HATs, is influenced by the enzyme length and 
the experimental methods applied to measure the enzyme activity. Furthermore, the 
presence of other proteins that can modulate HAT activity by the formation of protein-
protein complexes, can also affect the catalytic mechanism. Despite the difficulties of 
investigating the catalytic mechanism, knowledge on the catalytic mechanism is very 
important for further understanding of how HATs work and for the development of 
inhibitors that are potent and selective. Combined with the catalytic mechanism of 
the HAT enzyme, inhibitor kinetics can enable the calculation of assay independent 
inhibitory constants (Ki). The ability to calculate the inhibitory potency of inhibitors will 
enable comparison with existing HAT inhibitors and determination of the selectivity. This 
will greatly enhance the discovery of HAT inhibitors and improve their chances to be 
taken into further development as research tools or therapeutic agents.
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Introduction
Macrophage migration inhibitory factor (MIF) is a central cytokine of the immune system. 
It is expressed in immune cells such as T-cells, macrophages, basophiles, eosinophils 
and B-cells (1). Unlike other cytokines, MIF is constitutively expressed and stored in 
cytoplasmic pools (2). Therefore, it is rapidly released in response to a stimulus. Upon 
release, MIF interacts with surface receptors on B-cells, T-cells, macrophages and some 
epithelial cells, which induce a pro-inflammatory signal transduction. MIF has been 
shown to interact with the type II cluster of differentiation 74 (CD74) receptor, which 
is the invariant chain of the major histocompatibility complex II (MHCII). CD74 does 
not seem to have an intracellular signaling domain and is therefore thought to initiate 
intracellular signaling by recruiting other membrane receptors such as CD44, CXCR2 and 
CXCR4 (3-5). Through these interactions, MIF plays a major role in inflammatory signaling 
and has therefore been suggested to be a target for therapeutics against inflammatory 
diseases. MIF has also been implicated in cancer due to its downregulation of p53 and 
the observation that it was overexpressed in several cancer cell types (6-10). Indeed, 
it was shown that neutralization of MIF through antibodies or genetic deletion, was 
beneficial in several inflammatory disease models and a small molecule inhibitor of MIF 
was able to reduce tumor growth in mouse models (11-15). Therefore, MIF is a potential 
target in both immune diseases and cancer and inhibitors of MIF may ultimately serve as 
therapeutic agents in these diseases. 

MIF is a small protein of 115 amino acids, weighing approximately 12.4 kDa and exists 
predominantly in a homotrimeric form. One human homologue has been described, 
which is D-dopachrome tautomerase (D-DT or MIF2), which shows a similar function 
to MIF (16). MIF has structural similarity to two bacterial enzymes: 4-oxalocrotonate 
tautomerase (4-OT) and 5-carboxymethyl-2-hydroxymuconate isomerase (17). Inspired 
by these similarities, it was discovered that MIF not only functions as a cytokine, but 
has enzymatic activity as well. It has been shown to catalyze the tautomerization of 
D-dopachrome and phenylpyruvate substrates to their respective enol forms (18). 
One residue particularly important for this activity is the N-terminal proline that has 
an unusually acidic pKa of around 5-6 and can therefore act as a catalytic base in the 
tautomerase reaction (19). This enzymatic activity of MIF has drawn the attention of 
the field of inhibitor discovery. It is much more suitable for fast and efficient screening 
of potential inhibitors than the interaction between MIF and CD74. However, to date it 
is not clear whether the tautomerase activity has a biological function and it has been 
suggested to be vestigial (20). Moreover, the tautomerase activity has been shown to 
be unrelated to the CD74 binding (21). Therefore, the question is whether screening 
inhibitors for tautomerase activity is a suitable way to find inhibitors for the interaction 
between MIF and CD74. Inhibitors for the tautomerase activity of MIF showed no one-
to-one relationship between inhibition of tautomerase activity and inhibition of CD74 
binding or pro-inflammatory cytokine production (22,23). However, in these studies it 
was also shown that mutations on the surface near to the tautomerase binding site 
did intervene with CD74 binding and some tautomerase inhibitors also inhibited CD74 
binding. It may therefore be possible that CD74 interacts to the MIF surface close to the 
tautomerase binding site. The tautomerase pocket may then be used to anchor small 



Chapter 7

178

molecule inhibitors that can be expanded towards inhibition of CD74 binding. 

Several small molecule inhibitors of MIF have been developed, some examples of 
which are shown in figure 1. One of the most studied compounds is ISO-1 ((S,R)-3-
(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester), an isoxazoline 
compound. ISO-1 is a competitive inhibitor of the MIF tautomerase activity (24). Although 
it has not been reported whether it inhibits the interaction between MIF and CD74 in-
vitro, it was shown to have a beneficial effect in several disease models such as sepsis, 
chronic obstructive pulmonary disease (COPD) and cancer (15,25-27). Based on ISO-1, 
several other isoxazolines have been described (23,28). Using a structure-based virtual 
screening method, Orita-13 was found to be a competitive inhibitor of the tautomerase 
activity of MIF (29). In a high-throughput screening, the inhibitor P425 was discovered 
that both inhibits MIF tautomerase activity and its interaction with CD74 (30). It was 
shown using crystallographic data that P425 bound on the interface of two MIF trimers, 
blocking, but not entering the tautomerase active site and inhibiting CD74 binding as 
well as pro-inflammatory action. Biaryltriazoles have also been described as competitive 
inhibitors of MIF tautomerase activity. Many derivatives of these triazoles were made, 
however, only a few were tested for inhibition of the interaction between MIF and CD74 
(31-33). The MIF-CD74 inhibition data showed a rather inconsistent structure-activity 
relationship and surprisingly, some compounds were found to be agonists of the MIF-
CD74 binding. Additionally, some of the inhibitors tested for MIF-CD74 inhibition, were 
not tested for tautomerase inhibition. For example the biaryltriazole shown in figure 
1 showed inhibition of the CD74 binding of MIF, but was not tested for tautomerase 
inhibition. Therefore, it is still uncertain whether small molecules for the tautomerase 
activity of MIF can be used to inhibit the binding of MIF to CD74. 

In this project, the aim was to discover novel inhibitors of the MIF tautomerase activity 
and CD74 interaction and to investigate whether the tautomerase binding pocket can 
be used to anchor small molecule inhibitors that can inhibit the interaction of MIF with 
CD74 as well. Two strategies have been applied to find inhibitors of the MIF tautomerase 
activity. First, a rational design approach was chosen based on ISO-1 and the biaryltriazole 

Figure 1: A selection of known MIF tautomerase activity and CD74 interaction inhibitors. 
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scaffold. This showed that the phenol-triazole scaffold was a good scaffold to investigate 
whether the tautomerase active site can be used to anchor small molecule inhibitors 
that can inhibit the CD74 binding as well. Secondly, a library of chromene compounds 
was screened for inhibition, which yielded several inhibitors of MIF tautomerase activity.

Results and discussion

Rational design of MIF inhibitors
The rational design of novel MIF inhibitors was based on known MIF inhibitors ISO-1 
and the biaryltriazoles. A crystal structure of MIF with ISO-1 showed that the inhibitor 
bound in the active site of the tautomerase activity which is positioned at the interface 
between two MIF monomers (Figure 2A(24)). Amino acids Asn-97 and Tyr-95 from one 
monomer (cyan) and Lys-32, Ile-64 and Pro-1 from the other monomer (violet) were 
shown to interact with ISO-1 (Figure 2B). The interaction with Asn-97 plays a key role in 
anchoring the molecule to the catalytic site, due to its strategic position at the end of 
the cavity. A hydrogen bond is formed between the amide group of the amino acid and 
the hydroxyl group of the phenol ring. It is therefore not surprising that this phenol ring 
is a recurrent moiety in many known MIF tautomerase inhibitors. The isoxazoline moiety 
interacts with Lys-32, Ile-64 and Pro-1. The crystal structure of one of the biaryltriazoles 
shows that these inhibitors have a similar binding mode as ISO-1 (Figure 2C). These 
inhibitors contain the same phenol moiety as ISO-1, which interacts with Asp-97. The 
triazole interacts with Pro-1 and surrounding amino acids via hydrogen bond and pi-
stacking interactions.

In the design of novel inhibitors, the recurrent phenol moiety was conserved due to its 
role in anchoring the molecule to the binding pocket as explained above (Figure 3). This 
phenol was substituted with various 5-membered aromatic heterocycles to investigate 
the possibilities on this position. Subsequently the substituent of this heterocycle was 
investigated. This substituent is expected to protrude from the binding pocket and to 
interact on the outside of the MIF tautomerase active site, where it may interfere with 
CD74 binding. This will be important for investigating whether the tautomerase active 

Figure 2: Crystal structures of MIF with known inhibitors ISO-1 and a biaryltrazole. A) Top view of 
the crystal structure of MIF homotrimer (blue) with ISO-1 (green, PDB: 1LJT). B) Close up of the 
interactions of ISO-1 (green) with the residues Pro-1, Lys-32 and Ile-64 of one monomer (violet) 
and Asn-97 and Tyr-95 of the monomer beside it (cyan). C) Close up of the crystal structure of MIF 
with a biaryltriazole inhibitor (yellow) (PDB: 4WR8). The biaryltriazole inhibitor shows a similar 
binding mode as ISO-1.
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site can be used to anchor small molecules that can inhibit the CD74 interaction as 
well. Since no crystal structure is available of MIF bound to CD74, a range of different 
substituents was chosen for this position to pioneer the molecular properties needed to 
inhibit this interaction.

To investigate the nature of the heterocycle, the isoxazoline moiety was replaced by 
an isoxazole (1). The methylated form of isoxazole 1 was synthesized using a one-pot 
three-step reaction as described by Koufaki et al (34) with a yield of 30-50 % (Scheme 
1A). Anisaldehyde was transformed in the corresponding oxime, which yielded an in 
situ nitrile oxide through the reaction with the oxidant chloramine-t, which was rapidly 
coupled with phenylacetylene using the microwave. Interestingly, the oxime formed is 
relatively stable (48 hours) in the solvent system of the reaction This property could 
allow the set-up of a parallel approach to synthesize compounds with an isoxazole 
scaffold. The final product 1, was then obtained using boron trichloride in presence of 
tetra-N-butylammonium iodide with an overall yield of 15% (35). The isoxazoline was 
replaced with a benzoxazole moiety with either the ester group conserved as in ISO-1 
with the hydroxyl on the benzoxazole (2) or a phenol substituted with a benzoxazole (3). 
Benzoxazole 2 was synthesized starting from 2-aminophenol with p-toluenesulphonic 
acid using the reagent dimethylmalonate as a solvent, followed by a demethylation 
(Scheme 1B). The demethylation was done under the same conditions as for 1, which 
allowed selective demethylation of the methoxy on the benzoxazole, leaving the ester 
intact (36). Benzoxazole 3 was synthesized similarly to 2 by reacting 2-aminophenol, 
obtained by reduction of 4-methoxy-2-nitrophenol, with 4-hydroxy benzoic acid in the 
presence of boric acid (Scheme 1C). This reaction gave a disappointing yield of only 5%. 
A more effective method would be a solvent free synthesis using Lawessons’s reagent 
as described by Seijas et al. (data not shown (37)). Triazole 4 was synthesized from 
4-aminophenol by converting the amine to an azide, followed by a click reaction with 
phenylacetylene (Scheme 1D, (38,39)). In this reaction, THF was found to be a better 
solvent than water/t-BuOH, due to limited water-solubility of the alkynes. Therefore THF 
was used as a solvent in the synthesis of 5-8 (Scheme 1E). 

The synthesized compounds were tested for inhibition of the tautomerase activity 
of MIF. A spectrophotometric assay was used, which was based on the absorbance 
detection of the enzymatic enol product of 4-hydroxy phenylpyruvate (4-HPP) after 
reaction with boric acid (31). First, a single point screen was done at a concentration 
of 25 and 50 µM or 250 µM and the compounds showing more than 50% activity at 25 
µM were tested for IC50 values (Figure S1 , Figure S2). Compounds 5-8 were not tested 
in the single point assay, but IC50 values were determined directly. ISO-1 was tested as a 
reference and gave an IC50 of 77 ± 7.6 µM. This corresponds to a Ki value of 58 µM based 
on competitive inhibition, which is similar to the potency reported in literature (40). 

Figure 3: The design of MIF tautomerase inhibitors based on ISO-1 and the biaryltriazoles
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As shown in table 1, isoxazole 1 was not active, which could be due to the lack of sp3 
character in the isoxazole ring compared to the isoxazoline, influencing the orientation 
of the ring. The benzoxazoles 2 and 3 also did not show activity. These compounds 
probably lose the interaction of the isoxazoline with Lys-32, Ile-64 and Pro-1 as described 
for ISO-1. Triazole 4 did show inhibition of the MIF tautomerase activity. Therefore, this 
phenol-triazole scaffold was found to be a scaffold for further investigation. Triazole 
6 was synthesized as a reference as it was shown by Jorgensen et al. to inhibit CD74 
binding (32). This compound was not tested for tautomerase activity by Jorgensen et 
al., but showed activity similar to triazole 4 in this study. Consistently, all other triazoles 
were similarly active except for 5, which may be too bulky and rigid for the triazole to 

Scheme 1: Synthesis of potential MIF inhibitors based on rational design. Reagents and conditions: 
a) NH2OH·HCl, 1N NaOH, t-BuOH/H2O (1:1), RT; b) Chloramine-T hydrochloride, RT, 3 min; c) 
Phenylacetylene, Ph=6, MW, 90°C, 45min; from a to c in the same flask and solvent; d) BCl3, Bu4NI, 
Dry DCM, -78°C to RT, 5h e) Pd/C, H2 (g), MeOH, 3h; f) dimethylmalonate, p-toluenesulphonic acid, 
160°C; g) 4-hydroxybenzoic acid, H3BO3, 1,2-dichlorobenzene, Reflux, 24h; h) HCl conc., NaNO2, 
H2O, 0°C, 1h; i) NaN3, RT, 1h; j) 1%mol CuSO4·5H2O, 10%mol L-ascorbate, t-BuOH/H2O (1:1), 
Refluxing, 16 h; k) corresponding alkynes, 1%mol CuSO4·5H2O, 10%mol L-ascorbate, dry THF, 16 h.
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make the optimal interactions of with the binding pocket. Similar compounds to triazole 
5 have been described to be MIF inhibitors, however, these compounds all contained a 
quinoline moiety instead of a naphthalene (31). As shown in figure 2C, the N from the 
quinoline makes an interaction with Lys-32. This suggests that this interaction is essential 
for the binding of this type of MIF inhibitors. All other substituents were similarly active, 
suggesting that these substituents did not participate in the interaction of the compound 
with the tautomerase active site, protruding from the binding pocket into the space 
outside the MIF protein. This gives great possibilities for studying the inhibition of the 
binding of MIF with the CD74 receptor, which, as described before, potentially occurs 
just outside the tautomerase active site. This will show whether the tautomerase active 

Table 1: IC50 values of compounds 1-8 for the MIF tautomerase activity. IC50 values are given as 
mean and standard deviation of at least 2 independent experiments. 
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site can be used to anchor small molecules that can inhibit the CD74 interaction as well. 
The different substitutions on the phenol-triazole scaffold may then give an indication of 
what substitution would be suitable for inhibition the MIF-CD74 interaction. 

MIF inhibitors with a chromene scaffold
To find MIF inhibitors with a novel structure, a focused library of approximately 100 
compounds with a chromene scaffold was screened for inhibition of the MIF tautomerase 
activity. The chromene scaffold shows similarity to the chromone core of Orita-13 (Ki 
value between 13-22 μM (31)) and had therefore a good potential to show MIF inhibition. 
A wide variety of substituents was present in the library as depicted in Figure 4 (see table 
S1 for a complete list). All chromene compounds were synthesized from coumarines and 
the corresponding cyanoacetamides as described by Rosati et al. (41). The R1 position was 
substituted with methyl, methoxy, ethoxy, 3-chlorobenzyloxy or 3,4-chlorobenzyloxy. 
The R2 position in some cases carried a methyl group instead of a substitution on the 
R1 position. The R3 position was the most diversely substituted position carrying both 
aliphatic as well as aromatic moieties with various substitutions. The compounds were 
screened in the same assay as described before at a concentration of 100, 50 and 25 µM 
and compounds giving more than 50% inhibition at 25 µM were tested for IC50 values 
(Figure S3). Table 2 presents the IC50 values for the hits from the screening. As shown by 
the IC50 values, the relevance of the substituent on position R1 is debatable. There seems 
to be a preference for smaller substitutions, since the inhibitors carrying no substitution 
(12, 13) are the most active compounds. However, compound 13 is a very high molecular 
weight and symmetrical compound, which is undesirable for medicinal chemistry 
purposes. Additionally, although the compounds carrying substitutions on position R1 (9-
11, 14-24) are slightly less active than the ones without substituent, the difference in IC50 
between these inhibitors is minimal. Interestingly, almost all of the compounds carrying 
a 2,3-dichlorobenzyloxy group on R1 were found to be active, despite the great diversity 
of R3 groups. These compounds (17-24) all showed a similar IC50 between 3.2 and 6.6 
µM, indicating that the substituent on the R3 group has little influence on the inhibition 
of the tautomerase activity of MIF. Several compounds with a methyl substitution on 
the R2 position were present in the library. However, substitutions on this position seem 
not to be tolerated, since none of the compounds with a methyl substitution on the R2 
position were active. On the R3 position, the N-dodecane group was a recurrent moiety 
(13, 14, 17), which indicates that lipophilic interactions are favored by the protein. In 

Figure 4: General structure of the chromene compounds. 
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Table 2: IC50 values of the hits from the screening for inhibition of MIF tautomerase activity. IC50 
values are given as mean and standard deviation of at least 2 independent experiments. 
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fact, even though there is a wide variety of substitutions on this position among the 
active compounds, all of them have a lipophilic character. 

To continue the development toward bioactive MIF inhibitors, the active chromene 
compounds will be tested for their mechanism of inhibition of the tautomerase activity 
and the reversibility of the inhibition will be investigated. Then the compounds will be 
tested for inhibition of the interaction between MIF and CD74. Ultimately, this may lead 
to the development of a novel class of MIF inhibitors for the treatment of cancer or 
inflammatory diseases.

Conclusions and future perspectives
MIF is an essential cytokine involved in inflammatory processes. It has been shown that 
MIF plays a role in inflammatory diseases and cancer and is therefore a promising target 
for therapeutic agents against these diseases. MIF binds to the cytokine receptor CD74, 
which results in a pro-inflammatory response in cells, but MIF also has tautomerase 
activity. This tautomerase activity can be used to screen inhibitors in a high-throughput 
fashion, although it is not known whether this activity is biologically relevant. Therefore, 
the aim of this project was both to discover novel inhibitors of the tautomerase activity 
of MIF and to investigate the inhibition of MIF-CD74 binding. Based on two known 
classes of MIF inhibitors, inhibitors with a phenol-triazole scaffold were found to be 
optimal for investigation of both the tautomerase activity and CD74 binding of MIF. After 
validating the competitive binding of these inhibitors in the tautomerase binding pocket 
as described for biaryltriazoles, these compounds will be used to investigate whether the 
tautomerase active site can be used to anchor small molecule inhibitors that can inhibit 
the CD74 binding as well. We discovered chromene compounds as novel inhibitors of the 
tautomerase activity of MIF. The mechanism of inhibition of these compounds will be 
investigated as well as the inhibition of the MIF-CD74 binding. Ultimately, this will lead 
to novel inhibitors of MIF that can be used for the development of therapeutic agents 
against cancer and inflammatory diseases.
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Supplementary figures

Figure S1: Single point screening of compounds 1 – 4. Inhibition of MIF tautomerase activity was measured at 
an inhibitor concentration of 50 and 25 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF and 0.2 M boric acid. 
The compound indicated with * was tested at a concentration of 250 µM. 

Figure S2: IC50 curves of compounds 4 -8 and ISO-1. Inhibition of MIF tautomerase activity was measured at 
an inhibitor concentration of 125 - 0 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF and 0.2 M boric acid. 
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Figure S3: IC50 curves of the hits from the screening. The compounds were tested for inhibition of MIF 
tautomerase activity at 125 - 0 µM, 100 – 0 µM or 25 – 0 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF 
and 0.2 M boric acid. 
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Table S1: The structures of all chromene compounds that were screened for activity on MIF tautomerase 
activity.
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Experimental section
MIF tautomerase activity assay
Inhibition of the tautomerase activity of MIF was measured using recombinantly 
expressed his-tagged MIF, following the procedure of Wasiel et al (42). Dilutions 
were made in 50 mM ammonium acetate buffer pH 6.0 unless otherwise indicated. 
4-hydroxyphenyl pyruvate (4-HPP) was used as substrate. 4-HPP (10 mM) was incubated 
overnight at room temperature to allow equilibration to the keto form. MIF (340 nM 
ditluted in 0.2 M boric acid pH 6.2) and the compounds (single point assay: 25, 50 or 
250 µM, IC50 assay: 250 – 0 µM or 100 – 0 µM or 25 – 0 µM, 2x/0.6x dilution series in 
5% DMSO) were added to a UV-star F bottom 96-well plate. The enzymatic reaction was 
started by addition of 4-HPP (0.5 mM) and the increase of absorbance at 306 nm was 
followed over time using a Spectrostar Omega BMG Labtech plate reader. The positive 
control contained everything except inhibitor (but including 5% DMSO). The negative 
control was as the positive control without MIF. The raw data were analyzed taking the 
slope of the linear part of the increased absorbance over the time. The slopes were 
normalized in to the positive and negative control giving the percentage of inhibition. 

Chemistry 
Chemicals were purchased from commercial suppliers and used without further 
purification. If required, glassware was oven-dried before use. Reactions in the 
microwave were carried out in a Biotage InitiatorTM Microwave Synthesizer. The reactions 
were monitored by thin layer chromatography (TLC) using Silica Gel 60 F254 aluminium 
sheets. TLC’s were visualized using UV light or KMnO4 solution. Column chromatography 
was performed using MP Ecochrom Silica Gel 32-63, 60 Å. Products were analyzed by 
proton (1H) and carbon (13C) nuclear magnetic resonance (NMR), recorded on the Bruker 
Advance 500 MHz. Chemical shifts were reported as part per million (ppm) relative to 
residual solvent peaks (CDCl3, 

1H δ = 7.26, 13C δ = 77.16; CD3OD, 1H δ = 3.31, 13C δ = 49.00). 
Intermediate products were analysed by electrospray ionization mass spectra (ESI-MS) 
using an Applied Biosystems/SCIEX API3000-triple quadrupole mass spectrometer. Final 
products were analysed by high resolution mass spectrometry (HRMS) on a LTQ-Orbitrap 
XL mass spectrometer with a resolution of 60,000 at m/z 400 at a scan rate of 1Hz.

3-(4-methoxyphenyl)-5-phenylisoxazole

O

N O

Hydroxylamine hydrochloride (1.5 mmol) was added to a solution of p-methoxy 
benzaldehyde (1.5 mmol) in water : t-BuOH (1 : 1 ratio, 7 mL) in a MW tube. 
Subsequently, NaOH (1.5 mmol, 1 M solution in water) was added. The reaction 
mixture was left stirring at RT until the p-methoxy benzaldehyde was consumed. Then 
Chloramine-T hydrochloride (1.5 mmol) was added. After 3 minutes, phenyl acetylene 
(1.5 mmol) was added and the pH of the reaction was adjusted to 6. The reaction was then 
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MW irradiated for 45 minutes at 90°C. The product was extracted with ethyl acetate (3 x 
25 mL), was with water (3 x 25 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The crude product was purified using column chromatography (20 : 1 
petroleum ether : ethyl acetate), affording the product as a colorless solid. Yield: 31 %, 
Rf = 0.77 (2 : 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 7.85- 7.80 
(m, 4H), 7.50-7.45 (m, 3H), 7.00 (d, J = 8.8 Hz, 2H) 6.78 (s, 1H), 3.87 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 170.04, 162.47, 160.91, 130.02, 128.87 (2x), 128.09 (2x), 127.46, 125.71 
(2x), 121.55, 114.22 (2x), 97.15, 55.26. Spectroscopic data are in line with literature (34)

4-(5-phenylisoxazol-3-yl)phenol (1)

HO

N O

Tetra-N-butylammonium iodide (0.25 mmol) was added to a solution of 
3-(4-methoxyphenyl)-5-phenylisoxazole (0.19 mmol) in dry DCM (10 ml) under nitrogen 
atmosphere. Subsequently the reaction was cooled down to -78°C using a mixture of 
acetone and liquid N2. Then boron trichloride (0.3 mmol, 1M solution in DCM) was added 
dropwise and stirred for 5 minutes. The reaction was allowed to heat to RT and stirred 
for 5 hours. The mixture was quenched in ice-water, the product was extracted with 
DCM (3 x 20 ml), dried over MgSO4, filtered and concentrated under reduced pressure. 
The crude product was purified on column chromatography (5 : 1 petroleum ether : 
ethyl acetate), to yield a white solid. Yield: 46 %, Rf = 0.16 (2 : 1 petroleum ether : ethyl 
acetate). 1H NMR (500 MHz, Methanol-d4) δ 7.92 (d, J = 7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 
2H), 7.54 (m, 3H), 7.19 (s, 1H), 6.93 (d, J = 8.6 Hz, 2H).13C NMR (126 MHz, Methanol-d4) δ 
171.44, 164.44, 160.76, 136.96, 131.40, 130.18 (2x), 129.36, 128.81, 126.79 (2x), 121.30, 
116.80 (2x), 98.63. Spectroscopic data are in line with literature (43).

2-amino-4-methoxyphenol 

O

OH
NH2

To a solution of 4-methoxy-2-nitrophenol (5 mmol) in MeOH (10 mL) was added palladium 
on carbon (10% w/w, 10% Pd on carbon) under hydrogen atmosphere. The mixture was 
stirred for 3 hours at RT, filtered over celite and concentrated under reduced pressure. 
The product was used in the following reaction without further purification. 1H NMR 
(500 MHz, CDCl3) δ 6.47 (dd, J = 8.5, 2.9 Hz, 1H), 6.18 (d, J = 2.9 Hz, 1H), 6.02 (dd, J = 8.5, 
3.0 Hz, 1H), 3.53 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 153.75, 139.10, 135.79, 115.43, 
103.60, 103.04, 55.69. 

Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate 
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N

O O
O

O
2-amino-4-methoxyphenol (3.6 mmol) was added to dimethylmalonate (18 mmol, 2.4 
mL) under nitrogen. The mixture was heated to 160 °C for 2 hours until 2-aminophenol 
was consumed. Then p-toluenesulphonic acid (0.4 mmol) was added and the mixture 
was stirred at 160 °C for 15 hours. The mixture was directly purified by column 
chromatography (1 : 10 ethyl acetate : petroleum ether) to yield the product as a yellow 
solid. Yield 54 %, Rf = 0.63 (1 : 2 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
CDCl3) δ 7.39 (d, J = 8.9 Hz, 1H), 7.18 (d, J = 2.5 Hz, 1H), 6.93 (dd, J = 8.9, 2.5 Hz, 1H), 3.99 
(s, 2H), 3.84 (s, 3H), 3.77 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 167.46, 160.13, 157.27, 
145.77, 141.95, 113.79, 110.79, 103.00, 55.96, 52.82, 35.17. MS (ESI): m/z [M+H], 
calculated C11H12O4N 221.1, found 222.1.

Methyl 2-(5-hydroxybenzo[d]oxazol-2-yl)acetate (2)

N

O

HO

O
O

To a solution of Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate (0.5 mmol) in dry 
DCM was added t-butylammonium iodide (0.65 mmol) under nitrogen atmosphere. The 
mixture was cooled down to -78 °C and boron trichloride (2.5 mL, 1M in DCM) was 
added dropwise. The mixture was allowed to warm to room temperature and stirred for 
1 hour turning bright orange. The reaction was quenched with ice-water and saturated 
NaHCO3. The product was extracted with DCM and purified by column chromatography 
(1 : 2 ethyl acetate : petroleum ether) yielding the product as a light yellow solid. Yield 43 
%, Rf = 0.3 (1 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, MeOD) δ 7.39 (d, J = 
8.8 Hz, 1H), 7.02 (d, J = 2.3 Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 4.06 (s, 2H), 3.76 (s, 3H). 
13C NMR (126 MHz, DMSO) δ 168.27, 160.93, 155.18, 144.63, 142.05, 113.90, 111.13, 
105.05, 52.90, 35.01. MS (ESI): m/z [M+H], calculated C10H10O4N 207.1, found 208.1.

4-(benzo[d]oxazol-2-yl)phenol (3).

N

O
OH

4-hydroxybenzoic acid (1.8 mmol) was added to a solution of 2-aminophenol (1.8 mmol) 
in 1,2-dichlorobenzene (10 mL) under nitrogen atmosphere. The flask was equipped 
with a condenser and boric acid (0.2 mmol) was added. The suspension was refluxed for 
24 hours, after which it was cooled down. The product was precipitated using petroleum 
ether, filtered and directly purified by column chromatography (4 : 1 petroleum ether : 
ethyl acetate) to yield the product as a red solid. Yield: 5.2 %. Rf = 0.43 (2 : 1 petroleum 
ether : ethyl acetate). 1H NMR (500 MHz, chloroform/MeOH) δ 7.87 (d, J = 8.7 Hz, 2H), 
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7.49 – 7.45 (m, 1H), 7.38 – 7.34 (m, 1H), 7.15 – 7.10 (m, 2H), 6.75 (d, J = 8.7 Hz, 2H). 13C 
NMR (126 MHz, Methanol-d4) δ 163.81, 161.32, 150.41, 141.46, 129.22 (2x), 124.64, 
124.45, 118.55, 117.45, 115.62 (2x), 110.12. MS (ESI): m/z [M+H], calculated C11H14O2N3 
211.06, found 212.07.

4-azidophenol 

N3HO

To a suspension of p-aminophenol (14 mmol) in water (20 mL), concentrated hydrochloric 
acid (3.5 mL) was added dropwise over a period of 5 min. The resulting solution was 
cooled down to 0°C and then NaNO2 (27 mmol) was added portion wise. The reaction 
was then left stirring for 1h, after which a freshly made solution of NaN3 (16 mmol) 
water, was added dropwise. The reaction was left stirring for another hour at room 
temperature. The product was then extracted with ethyl acetate (3x50ml), dried over 
MgSO4, filtered and concentrated under reduced pressure to yield the product as a dark 
red oil. The product was used in other reactions without further purification. Yield: 96 %, 
Rf = 0.63 (2 : 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 6.83-6.81 (m, 
2H), 6.77- 6.75 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 154.18, 131.12, 119.93 (2x), 116.41 
(2x). Spectroscopic data are in line with the literature (38).

4-(4-phenyl-1H-1,2,3-triazol-1-yl)phenol (4)

N
N N

HO

Phenylacetylene (1.5 mmol) was added to a solution of 4-azidophenol (1.5 mmol) in 
water : t-BuOH (1 : 1 ratio, 7 mL). To the vigorously stirred solution, were added in 
sequence, a freshly made solution of CuSO4 5H2O (0.015 mmol) in water (100 µL) and 
a freshly made solution of L-ascorbate (0.15 mmol) water (100 µL). The reaction was 
refluxed for 15 hours. The resulting mixture was then extracted with ethyl acetate (3 x 
20ml), washed with water (5 x 20 mL) dried over MgSO4, filtered and concentrate. The 
product was recrystallized in DCM, which yielded a brown solid. Yield: 8.5 %, Rf = 0.23 (2 
: 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, Methanol-d4) δ 8.74 (s, 1H), 7.91 
(d, J = 7.2 Hz, 2H), 7.67 (d, J = 6.2 Hz, 2H), 7.46 (t, J = 7.2 Hz, 2H), 7.38 (t, J = 6.2 Hz, 1H), 
6.96 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 158.25, 147.90, 130.14, 129.31, 128.61 
(2x), 128.09, 125.35 (2x), 121.94 (2x), 119.02, 115.75 (2x). Spectroscopic data are in line 
with the literature (44).

General procedure for 5-8
The appropriate alkyne (0.5 mmol) was added to a solution of 4-azidophenol (0.5 mmol) 
in dry THF (2 mL). To the vigorously stirred solution were added in sequence a freshly 
made solution of CuSO4 5H2O (0.01 mmol) in water (50 µL) and a freshly made solution 
of L-ascorbate (0.05 mmol) water (50 µL). The reaction was stirred for 15 hours and 
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quenched into ice-water. The product was extracted with ethyl acetate (2 x 20 mL), 
washed with water (5 x 20 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure to afford the products as brown solid. 

4-(4-(6-methoxynaphthalen-2-yl)-1H-1,2,3-triazol-1-yl)phenol (5)

HO N
N N

O

Yield: 57 %, Rf = 0.68 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, DMSO) δ 
10.02 (s, 1H), 9.20 (s, 1H), 8.41 (s, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.96 – 7.88 (m, 2H), 7.75 
(d, J = 8.8 Hz, 2H), 7.37 (s, 1H), 7.22 (d, J = 8.9 Hz, 1H), 6.99 (d, J = 8.8 Hz, 2H). 13C NMR 
(126 MHz, DMSO) δ 158.24, 157.99, 147.66, 134.47, 130.06-129.98 (1x), 129.31, 128.98, 
127.94-127.89 (1x), 126.14, 124.62, 124.07-124.02 (1x), 122.37, 122.27, 119.89, 119.69, 
116.55 (2x), 106.52-106.50 (1x), 55.67. MS (ESI): m/z [M+H], calculated C19H16O2N3 
317.35, found 318.12.

4-(4-benzyl-1H-1,2,3-triazol-1-yl)phenol (6)

HO N
N N

Yield: 95 %, Rf = 0.66 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, DMSO) δ 
9.92 (s, 1H), 8.42 (s, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.35 – 7.29 (m, 4H), 7.26 – 7.15 (m, 1H), 
6.92 (d, J = 8.9 Hz, 2H), 4.07 (s, 2H). 13C NMR (126 MHz, DMSO) δ 157.98, 147.21, 139.89, 
129.37, 128.99 (2x), 128.91 (2x), 126.67, 122.19, 121.13, 121.09, 116.42 (2x), 31.69. MS 
(ESI): m/z [M+H], calculated C11H14O2N3 251.11, found 252.11.

4-(4-(3-hydroxypropyl)-1H-1,2,3-triazol-1-yl)phenol (7)

N
N N

HO
OH

Yield: 27 %, Rf = 0.7 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
Methanol-d4) δ 8.18 (s, 1H), 7.62 (d, J = 6.0 Hz, 2H), 6.96 (d, J = 5.9 Hz, 2H), 3.67 (t, J = 5.8 
Hz, 2H), 2.87 (d, J = 5.8 Hz, 2H), 1.97 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, Methanol-d4) 
δ 158.06, 147.99, 129.43, 121.89 (2x), 120.24, 115.71 (2x), 60.61, 31.86, 21.35. MS (ESI): 
m/z [M+H], calculated C11H14O2N3 219.24, found 220.10.

4-(4-((benzyl(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)phenol (8)
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N
N N

HO
N

Yield: 69 %, Rf = 0.26 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, MeOD) 
δ 8.28 (s, 1H), 7.61 (d, J = 8.5 Hz, 2H), 7.32 (m, 6H), 6.94 (d, J = 8.5 Hz, 2H), 3.77 (s, 2H), 
3.61 (s, 2H), 2.25 (s, 3H). 13C NMR (126 MHz, DMSO) δ 158.02, 144.97, 139.24, 129.40 
(2x), 129.25 (2x), 128.62, 127.37, 122.23 (2x), 122.19, 116.43 (2x), 60.86, 51.84, 41.91. 
MS (ESI): m/z [M+H], calculated C17H19ON4 294.36, found 295.15 

The characterization of the chromene compounds can be requested from Dr. Constantinos 
Neochoritis, University of Groningen, k.neochoritis@rug.nl. 
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Summary

PART 1: Inhibition of lysine acetyltransferase 8 (KAT8)
Histone acetyltransferases are important mediators of epigenetic lysine modification 
of histones as well as post-translational modification of nuclear proteins. Inhibitors of 
HATs may be used to investigate HAT function and to study whether HATs are suitable 
drug targets. This may ultimately lead to novel therapeutics against several diseases. 
The development of HAT inhibitors is, however, challenging. In PART 1 of this thesis, the 
current status of HAT inhibitors is reviewed, novel HAT inhibitors are described and the 
relevance of kinetic evaluation of both enzymes and inhibitors is shown. 
Chapter 2 reviews the current knowledge on HAT enzymes, their role in diseases and 
the known HAT inhibitors. The HATs are enzymes which all acetylate lysine residues on 
proteins, but show a very diverse target specificity. For many HATs, the exact scope of 
targets has not been described as yet. Consequently, their role in diseases is still under 
investigation. The development of HAT inhibitors is currently still challenging and it is 
not possible to predict the effect of targeting HATs with inhibitors as yet. However, the 
current research on HAT inhibitors shows promising results for HATs to become drug 
targets for therapeutics against diseases such as cancer, inflammatory diseases, viral 
infections or neurodegenerative disorders.
In Chapter 3, anacardic acid and several of its derivatives are described as inhibitors 
of KAT8. The enzyme kinetics of KAT8 were investigated using Michaelis-Menten 
curves and isothermal titration calorimetry. This showed that KAT8 uses a ping-pong 
catalytic mechanism. The kinetic behavior of the inhibitors was studied and a model was 
proposed for the mechanism of KAT8 catalysis and its inhibition by anacardic acid where 
Ac-CoA binds first to the free enzyme and acetylates a residue on the enzyme. Binding 
of the histone substrate induces a conformational change of the enzyme, which is then 
catalytically active. The histone substrate is acetylated and leaves the enzyme as product 
upon which the free enzyme conformation is regenerated. Anacardic acid binds to the 
acetylated enzyme intermediate and stabilizes the catalytically inactive conformation, 
thereby inhibiting the catalytic activity of the enzyme. This additionally enabled the 
calculation of the Ki values of the inhibitor. This chapter provides a basis for development 
of inhibitors and the interpretation of the enzyme inhibition studies. 
Chapter 4 describes the discovery of a novel inhibitor of KAT8 using fragment-based 
screening. The mechanism of inhibition and the properties of this inhibitor were 
investigated extensively using biochemical and biophysical methods. These showed 
that this inhibitor, compound 13, was not selective for other HATs or other enzymes 
and had anti-oxidant properties. Nevertheless it showed reversible inhibition and did 
not interfere in the KAT8 assay due to thiol reactivity or its anti-oxidant properties. The 
Ki values of the inhibitor for both the free enzyme form of KAT8 (Ki1 = 2.6 µM), and 
the acetylated intermediate (Ki2 = 0.017 µM) were calculated and revealed a striking 
difference in binding affinity between the acetylated enzyme and the free enzyme. This 
showed that kinetic characterization of inhibitors and calculation of Ki values is crucial 
for determining the binding constants of HAT inhibitors, which is needed for reliable 
determination of the inhibitory potency.
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In Chapter 5, the aim was to discover a class of HAT inhibitors based on the known 
KAT3B inhibitor C646. These derivative were shown to be covalent inhibitors of KAT8 or 
showed thiol reactivity. This chapter showed the challenges in finding KAT8 inhibitors 
and the importance of using certain control experiments. We describe relevant control 
experiments such as an assay to test the reversibility of the inhibition, Michaelis-Menten 
kinetics to investigate the inhibitory mechanism and an assay to test thiol reactivity, that 
can be done using the same assay as for screening the inhibitors for inhibitory activity. 
These provide straightforward methods to investigate the characteristics of newly found 
hits.
Chapter 6 reviews the challenges encountered in the development of HAT inhibitors. In 
vivo, HATs function in multiprotein complexes. These complexes influence HAT function 
and activity. Therefore the translation from in vitro to in vivo experiments is limited. 
Many of the current HAT inhibitors are not suitable for use in disease models. They 
have undesired properties like reactivity, low potency or lack of selectivity. HATs are bi-
substrate enzymes, which leads to multiple possibilities for catalytic mechanisms and 
complicates the determination of the inhibitory potency. Therefore, the characterization 
of molecular aspects of HATs and their inhibitors will aid in the development of potent 
and selective HAT inhibitors, which may ultimately be used as therapeutic agents.

PART 2: Inhibition of macrophage migration inhibitory factor (MIF)

In PART 2 of this thesis, a different target enzyme has been investigated namely 
macrophage migration inhibitory factor (MIF). MIF is a central inflammatory cytokine 
and has been suggested as suitable target in inflammatory or autoimmune diseases. 
The development of MIF small-molecule MIF inhibitors could therefore lead to potential 
therapeutic agents in these diseases. 
In Chapter 7, two classes of MIF inhibitors are described. Chromene compounds were 
discovered as novel class of MIF inhibitors and derivatives were synthesized of the 
triazole scaffold, which is known to inhibit MIF tautomerase activity. These inhibitors will 
be tested for the inhibitory mechanism and Ki values will be determined. Additionally, 
the inhibition of the biologically relevant interaction between MIF and the CD74 
receptor will be tested to investigate whether the MIF tautomerase active site can be 
used as to anchor inhibitors that can also intervene with the interaction between MIF 
and CD74. These inhibitors may then ultimately be developed as therapeutic agents in 
inflammatory diseases.
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Future perspectives

Enzyme and inhibitor kinetics
Kinetic evaluation of enzymes was a blooming field in the twentieth century with famous 
names as Victor Henri, Leonor Michaelis and Maud L. Menten (1910s) who described 
the concentration dependency of the enzyme velocity; George E. Briggs and John B. 
S. Haldane (1920s) who introduced the steady-state concept in enzyme kinetics; Hans 
Lineweaver and Dean Burk (1930s) who described the derivation of the Michaelis-
Menten equation in order to convert the non-linear regression to a linear regression; 
Edward L. King and Carl Altman (1950s) who described a schematic method to derive 
rate equations of enzyme reactions and inhibitors; William. W. Cleland (1963) who 
described the kinetic equations for enzymes with multiple substrates; Yung-Chi Cheng 
and William H. Prusoff (1970s) who described the equations to determine rate constants 
of inhibitors from inhibition assays; and many more. After this time, the kinetics have 
been extensively reviewed and practical applications have been described, for example 
by Irwin H. Segel (1990s) and Robert A. Copeland (2000s) (1-3). Continuing research 
on enzyme kinetics has, however, become mostly a topic in computational prediction 
of enzyme rates, although inhibitors are rarely included in these models (4,5). The 
field of medicinal chemistry has seen a huge increase of alternative methods to 
study enzyme inhibitor interaction such as biophysical techniques (Surface Plasmon 
Resonance, Isothermal Titration Calorimetry, NMR etc) and computational modeling 
(docking, crystallization). These techniques yield important additional information 
to the biochemical data from enzyme activity assays. However, it seems that careful 
kinetic evaluation of enzyme inhibitors other than biochemical determination of the IC50 
values has lost ground. As has been elaborately described and reviewed in PART 1 of this 
thesis, the substrate concentrations and Michaelis constants (Km values) influence the 
IC50 value. The substrate concentration is usually known and therefore easy to control. 
The Km values, however, must be determined  for each (iso)enzyme separately. As a 
consequence, the IC50 value can be used only in cases where these parameters are the 
same. Comparing potency within the same assay, with the same assay conditions and 
the same enzyme is therefore no problem. However, in case of a different assay, different 
substrate concentrations or a different (iso)enzyme, the determined IC50 values cannot 
be directly compared. In some cases, the knowledge on these limitations of using the IC50 
values seems lost. Even in high impact journals, the IC50 is sometimes used to determine 
selectivity between different enzymes, without calculating Ki values or even mentioning 
whether the Km values of the substrate differ between the various (iso)enzymes (6-8). 
This indicates that also in the reviewing process of journals, these limitations are either 
unknown or considered irrelevant. In many cases, fortunately, the inhibitor kinetics 
and Ki values are determined (9,10). In case of bi-substrate enzymes, however, the 
question arises if it is sufficient to make Michaelis-Menten plots with inhibitors and then 
determine the Ki from whichever plot that gives competitive inhibition. Studies on the 
catalytic mechanism of bi-substrate enzymes make clear that in some cases, especially 
a ping-pong mechanism, the concentration of one substrate can influence the Km value 
of the other substrate, which in turn influences the IC50 value. That this is relevant for 
inhibitors as well, is indicated by the distinction that Cheng and Prusoff make between 
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different catalytic and inhibitory mechanisms, each resulting in a different equation 
to calculate Ki values (11). Therefore, it is important that there is clear literature that 
describes which kinetic evaluations and Ki calculations are correct to use in which cases. 
In the current literature for medicinal chemists by for example Copeland (2,12), the 
kinetics of bi-substrate enzymes is described, but not in relation to inhibitors. Only in 
mathematical papers such as by Cheng and Prusoff (11) and elaborate volumes as by 
Segel (1), this is discussed. These are, however, not particularly easy to understand for 
the current medicinal chemist and require advanced mathematical skills and a solid 
understanding of the assumptions made in the equation. Therefore, even though much 
is already known about enzymes and their interaction with inhibitors, there is still a need 
for convenient methods and explanations for medicinal chemists. In general medicinal 
chemists have a basic education in enzyme kinetics and are aiming to calculate Ki 
values for further use without having to (or being able to) derive mathematical velocity 
equations for their specific situation. Having a clear and practical guidance on how to 
calculate a Ki value in case of bi-substrate enzymes (or enzymes with even more than 
two substrates) and their inhibitors would be useful, as was already stated by Cheng 
and Prusoff in their paper from 1973: “Although what is presented is no doubt readily 
apparent to the enzyme kineticist, those who are less familiar with enzyme kinetics and 
yet concerned with studying the effect of drugs on enzymes may find this communication 
useful”. What they couldn’t foresee is that 40 years later even their communication 
would be challenging to understand and that the known enzyme kinetics would not be 
sufficient to calculate Ki values in all cases (see chapter 4, KAT2B and KAT3B). Therefore, 
it is important that the knowledge on enzyme kinetics is maintained within the field 
of medicinal chemistry and further investigated or that, in the worst case, when the 
knowledge is lost, at least the limitations of using IC50 values are widely known among 
medicinal chemists and biochemists working with enzyme inhibitors. 

The consequences of calculating Ki values
Apart from correcting the IC50 values for the assay conditions, calculating the Ki value for 
bisubstrate enzymes can reveal even more inhibitor properties. As described in chapter 
3 and 4, KAT8 follows a ping-pong mechanism. Therefore, during the enzyme reaction, 
an acetylated intermediate is generated next to the free enzyme species. An inhibitor 
can interact in a different way with either enzyme species. As shown for the anacardic 
acid derivatives in chapter 3 and compound 13 in chapter 4, the mechanism of inhibition 
has an influence on how the Ki values are calculated. This has also consequences for their 
interaction with the enzyme species. The anacardic acid derivatives only interact with 
the acetylated enzyme intermediate, but not with the free enzyme, whereas compound 
13 interacts with both enzyme species, but shows a striking preference for the acetylated 
intermediate. This is an interesting observation of the influence the mechanism of 
inhibition has on the Ki values and how much information the IC50 value hides about the 
inhibitory potency in case of bi-substrate enzymes. Additionally, it has consequences 
for the effect of inhibitors in cells. The availability of the acetylated enzyme species will 
strongly determine the effect of the anacardic acid derivatives. If this enzyme species is 
very limited, the effect of the inhibitors will also be limited, simply because they do not 
interact with the free enzyme species. 
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In case of compound 13, the presence of both enzyme species will give an effect, but 
more strongly so if the acetylated enzyme species is plenty. Therefore, the regulation 
of this acetylated enzyme species is important for the potential effect of the inhibitors. 
Unfortunately, little is known about the levels of this protein species in-vivo. One factor 
that could influence acetylated HAT levels is the availability of acetyl-coenzyme A (Ac-
CoA), which is first of all required for formation of this acetylated intermediate. Ac-CoA 
is part of the citric acid cycle and therefore essential for carbon metabolism in the cell. In 
mitochondria Ac-CoA is synthesized from pyruvate, originating from glucose, and through 
β-oxidation of fatty acids (13). Since Ac-CoA is not able to permeate the mitochondrial 
membrane by itself, it crosses this membrane as citrate, which is subsequently modified 
to Ac-CoA by appropriate enzymes in the cytosol or nucleus. The level of Ac-CoA 
in the nucleus are predicted to be sufficient to saturate HATs and it has been shown 
that nuclear levels of Ac-CoA can regulate histone acetylation levels, suggesting that 
the levels of Ac-CoA indeed influence HAT function (14,15). It is however, still unknown 
whether Ac-CoA levels are rate-limiting for the activity of KATs, but it was shown that Ac-
CoA can even acetylate protein spontaneously without requiring enzymatic activity. As 
a consequence, the cellular and mitochondrial metabolism as well as diseases that have 
an altered metabolism, may influence the activity of HATs (13). As suggested from the 
kinetics, metabolism may also influence the activity of inhibitors that interact preferably 
with the acetylated HAT intermediate. Therefore, it would be important to pay attention 
to the kinetics of inhibitors of HATs and calculate the Ki values as well as study the effects 
of Ac-CoA levels on HATs, as this may have consequences for their effect in cellular 
environment.

Protein complexes
Not only Ac-CoA levels can influence HAT activity, more factors are involved in the 
regulation of these enzymes. It is known that HATs form large multi-subunit protein 
complexes in-vivo and that these protein complexes influence the function and target 
specificity of the HATs (16). HAT inhibitors, however, are often discovered using 
recombinant or isolated enzymes without the presence of the proteins from its native 
complex. After discovery of a potent inhibitor for an isolated enzyme, the inhibitor is 
often tested in cells. In this case, the inhibitor interacts with the HAT not as isolated 
enzyme, but as part of its protein complex(es). The inhibitor may interact with the HAT 
as it does with the recombinant HAT, but it may have an altered or even no interaction 
due to the complex. This may give unexpected results as little is known about the 
influence of protein complexes on inhibitor activity. Testing inhibitors with the HAT 
enzyme including other members of the protein complex in biochemical assays, may 
give an indication whether the complex formation influences the inhibitor binding and 
mechanism. Therefore, a project was started with one of the members of the KAT8 
MSL-complex. The aim of this project is to produce and purify both proteins and test 
whether the presence of the protein from the complex influences the kinetics of KAT8 
and its inhibitors. This may give an indication whether the members of the complex 
can influence enzyme and inhibitor kinetics in biochemical assays and whether this is 
something to take into account when developing inhibitors from isolated enzymes. This 
project is currently in progress. 
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Drugs vs probes
In contrast to the lack of attention to inhibitor kinetics, more and more attention is 
payed to compound properties. It has become clear that many seemingly reported 
inhibitors for enzymes or other proteins, are in fact rather promiscuous. Some are not 
selective between targets or have intrinsic chemical reactivity, resulting in false positive 
results in assays or effects that have nothing to do with the target. These compounds 
have been termed pan-assay interference compounds (PAINS). Originating from false 
positives or frequent hitters in high-throughput screening, these compounds have been 
critically surveyed and the ‘dangerous’ chemical structures have been described. This 
has led to substructure filters to exclude these compounds from the screenings (17). 
However, there have been warnings against using these filters blindly, as they do not 
take into account which assay is used or the purpose for which an inhibitor will be used 
(18,19). Some compounds labeled as PAINS, may turn out to be useful and should not be 
excluded without consideration, although they should be treated with caution (20,21). 
This discussion is inherent to the definition used for describing compounds as PAINS. 
The term ‘pan-assay interference compounds’ suggests compounds that interfere with 
assays, showing activity for a specific target which is not due to any interaction with 
the target. Everyone will agree that this would not be a suitable starting point for an 
enzyme inhibitor. However, the PAINS term is also used for a variety of compounds 
that do interact with the target, but are for example covalent inhibitors, non-selective 
inhibitors or have a certain reactivity. An example of this type of PAINS is the KAT8 
inhibitor described in chapter 4. The inhibitor described, compound 13, did not show 
interference with the assay for KAT8. However, it has certainly anti-oxidant activity and 
is not selective over other enzymes. Does this mean that it is completely useless? The 
answer to this lies in what it is used for (22,23). In general, enzyme inhibitors can be 
developed for two aims: as drugs or as probes. As drugs they are used to modify the 
activity of enzymes to restore or improve a disease condition. As probes, inhibitors can 
be used as tools to study the various functions of an enzyme. The criteria for drugs or 
probes are different, related to what they are used or not used for (24). A drug need to 
be effective against a certain disease state and be safe to use in patients. A probe needs 
to be suitable for answering a specific biological question. It is probably not a wise idea 
to try and develop compound 13 into a probe to specifically study KAT8 in a cellular 
system or organism. Its anti-oxidant properties and selectivity profile will influence 
the results observed, which would make it impossible to distinguish the effect of KAT8 
inhibition from the reactivity. It was, however, very useful to show the relevance of Ki 
calculation for inhibitors of KAT8 (chapter 4). What about use as a drug? In principle, if it 
shows a beneficial effect in disease and is safe to use, yes. However, this should be taken 
with caution. Due to its reactivity and selectivity profile, many effects could occur in 
organisms that may not be observed from in-vitro data. It is therefore difficult to predict 
whether the compound will show toxicity in a later stage of development. On the other 
hand, in some diseases a broad activity may be beneficial or even required for efficacy. 
Additionally, even if the inhibitor is selective for the target, the target may not be very 
“selective”. Histone acetyltransferases for example acetylate many different proteins. 
Selectively inhibiting one HAT subtype may therefore still lead to effects on many 
different processes in the body, most of which are even still unknown. Taken together, 
it is important to pay attention to the aim and the strategy in inhibitor development. If 
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a disease has a well-defined target, developing selective inhibitors for that target will 
decrease the possibility of off-target toxicity. If a disease does not have a defined target, 
possibly a more phenotypic screening could be useful to find a drug. From a more basic 
research point of view, developing probes for certain targets can reveal whether these 
could be used in disease states or to investigate other properties of this target. In the 
end, there is no wrong or right, but it is important to take into account the limitations 
and possibilities of inhibitors, their targets and the strategies to discover them. 

The future of HAT inhibitors
Seeing the current lack of good HAT inhibitors, it is unnecessary to say that the 
development of inhibitors for these enzymes is a challenging task (chapter 2 and 6). 
Many strategies have been employed to find inhibitors, but did not yield as good quality 
inhibitors as was expected. Since there is no good inhibitor to use as starting point, 
virtual- or high throughput screenings are useful methods to find de-novo inhibitors. 
Although these methods are prone to false positives, it often results in suitable hits 
which can be further developed. In case of HATs, however, these strategies have so far 
not resulted in compounds that are widely applicable. In high throughput screening, 
the database screened is of much importance and a careful investigation of the found 
hits is important. Fortunately, many fast and relatively easy methods are available to 
do this, a few of which are described in chapter 4 and 5. Fortunately, pharmaceutical 
companies, who are more suited to run high-throughput screenings than academic 
groups, are now starting to be interested in HATs as well (25). This may both stimulate 
research on HATs and inhibitors in academia and industry and yield more knowledge 
on chemical entities that can inhibit HATs. In case of virtual screening, a challenge lies 
in the lack of crystal structures. Several HATs have been crystallized together with the 
cofactor Ac-CoA. Ac-CoA is however the cofactor of all HATs and also interacts with 
many other enzymes. Therefore, selectivity will be difficult to generate based on this 
binding pocket. Only very few structures are available of HATs with the lysine substrate 
(human HAT1: PDB code 2P0W, yeast HAT type B: PDB code 4PSW and tetrahymena 
GCN5: PDB code 1PU9). Since HATs have different lysine substrates, selectivity may be 
easier to achieve using this part of the protein in computational modeling. Therefore, 
crystal structures containing (part of) the lysine substrate may aid in the computational 
design of HAT inhibitors and provide a different pocket to perform virtual screenings. 
Another important feature to take into account in computational work on HAT inhibitors 
is the catalytic mechanism of the enzyme. The catalytic mechanism determines how 
the substrates bind and whether an intermediate species is formed. This influences 
the structure that needs to be used for docking or screening. It has been mentioned 
by others as well that knowledge on the HAT catalytic mechanism can aid in rational 
design of HAT inhibitors (26). However, little research is done toward discovering the 
catalytic mechanism and there is still discussion on the mechanisms found (chapter 6). 
Therefore, investigation of HAT catalytic mechanisms could give important information 
to use in computational chemistry and rational design. Lastly, the kinetic investigation of 
HAT inhibitors will yield essential information on the mechanism of inhibition and may 
eventually lead to a better understanding of their potential use as therapeutic agents.
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MIF enzymatic activity vs receptor binding
In part 2 (chapter 7) of this thesis, novel inhibitors of macrophage migration inhibitory 
factor (MIF) have been discovered. The biological function of MIF is mediated primarily 
via protein-protein interactions, such as binding to the CD74 receptor. However, it also 
has enzymatic tautomerase activity. Although it is not known whether this enzymatic 
activity has any biological relevance, it gives opportunities for inhibitor discovery. 
The tautomerase activity can be easily measured from conversion of the substrate 
p-hydroxyphenylpyruvate, which can be followed over time. This is much more suitable 
for high throughput screening of inhibitors than measuring the binding between MIF 
and the CD74 receptor. For measurement of this protein-protein interaction, an assay 
such as ELISA is often used, which is more expensive and requires much more time. This 
assay is therefore less suitable for inhibitor screening. A possibility would be to develop 
assays like alpha screen or fluorescence polarization that allow testing of the interaction 
between MIF and CD74 and possible inhibition in a more high-throughput fashion. 
However, currently the tautomerase assay is most often used for screening of inhibitors, 
though the question is whether screening inhibitors for tautomerase activity is a suitable 
way to find inhibitors for the (biologically relevant) interaction between MIF and CD74. It 
was shown that the tautomerase activity was not required for the binding to CD74 (27). 
Additionally, there was no one-to-one relationship between inhibition of tautomerase 
activity and inhibition of CD74 binding or pro-inflammatory cytokine production (28,29). 
However, in these studies it was also shown that mutations on the surface near to 
the tautomerase binding site did intervene with CD74 binding and some tautomerase 
inhibitors also inhibited CD74 binding. It may therefore be possible that CD74 interacts to 
the MIF surface close to the tautomerase binding site. The tautomerase pocket may then 
be used to anchor small molecule inhibitors that can be expanded towards inhibition 
of CD74 binding. The continuation of the work in chapter 7 will show if this is possible. 

Closing remarks
The development of good enzyme inhibitors is not a trivial task. However, having good 
inhibitors is very important for both investigating the function of enzymes as well as the 
development of therapeutic agents. Therefore, it is important to pay attention to the 
characterization of the inhibitors and the evaluation of their inhibitory mechanism as 
described here. Kinetic assays of inhibitors and enzymes, biophysical assays and control 
experiments need to be combined to map the possibilities and limitations of an inhibitor 
and a certain target. Then it will be possible to select the right inhibitors for the right 
applications and will the fields of both HAT and MIF inhibitors move forward.
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Aan de basis van onderzoek naar de behandeling van ziekten zoals kanker en 
immuunziekten staat onderzoek naar de werking van processen in het lichaam. Een 
goede manier om deze processen te onderzoeken is door middel van het remmen 
van enzymen. Door een enzym te remmen kunnen we meer te weten komen over het 
enzym zelf en over zijn rol in zowel gezonde als zieke toestand. Dit proefschrift beschrijft 
de ontdekking van remmers voor twee van deze enzymen en bestaat uit drie delen. 
Hoofdstuk 1 is een inleiding op het proefschrift. Hoofdstukken 2 t/m 6 vormen deel 
1 en gaan over remmers van het enzym Lysine acetyltransferase 8. Hoofdstuk 7 vormt 
deel 2 en gaat over remmers van Macrofage migration inhibitory factor. Deel 3 bestaat 
uit hoofdstuk 8 en geeft een samenvatting van het proefschrift en een toekomstvisie op 
vervolgonderzoek.

Hoe zit dat met eiwitten, genen, DNA en epigenetica?

Eiwitten zijn de werkende onderdelen van ons lichaam, ze knippen en plakken moleculen, zetten 
processen aan en uit en vervoeren en transporteren moleculen. Zij laten ons lichaam groeien, 
bewegen, communiceren, kortom, zij zorgen ervoor dat alles bij ons vanbinnen gebeurt. 
Het DNA is een lintvormig molecuul van chemische codetaal. Deze codetaal bevat de informatie 
die nodig is voor het maken van onze eiwitten. Enzymen zijn een subgroep van eiwitten die 
verantwoordelijk zijn voor met name het knippen en plakken (modificeren) van moleculen.
Een gen is een deel van het DNA dat de informatie voor één eiwit bevat. 
Epigenetica is alles wat rondom het DNA gebeurt. Elke cel in ons lichaam bevat een exacte kopie 
van het DNA, maar niet in elke cel zijn dezelfde eiwitten nodig (denk aan: cellen in je ogen moeten 
licht kunnen opvangen zodat we kunnen zien, dat doen ze met eiwitten die gevoelig zijn voor licht, 
maar voor cellen in je neus is dat niet belangrijk, die hebben geen lichtgevoelige eiwitten nodig). 
Daarom is er rondom het DNA een systeem, de epigenetica, om de informatie voor de eiwitten 
die nodig zijn in een bepaalde cel beschikbaar te stellen, maar de informatie voor alle andere 
eiwitten niet. Het DNA, lintvormig als het is, is strak opgerold om eiwitten die histonen heten, als 
een draad om een reeks klosjes. Dit oprollen zorgt ervoor dat de informatie die nodig is om de 
eiwitten te maken, niet beschikbaar is. Modificatievan de histonen, zoals histon acetylering, kan 
ervoor zorgen dat het DNA losser gaat zitten en de informatie weer beschikbaar wordt. Zo kan er 
dus verschil zijn tussen cellen en kan een cel zich bijvoorbeeld ook aanpassen aan veranderingen 
zoals meer of minder voedsel, veel sporten, maar ook een ziekte.

DNA
Gen Gen Gen

Eiwit Eiwit Eiwit

Eiwit

Van DNA tot epigenetica. Het DNA 
(zwart en grijs) is onderverdeeld in 
genen (zwart, donkergrijs, lichtgrijs) die 
elk de informatie bevatten voor een 
eiwit. DNA is strak opgerold om histonen 
(paars) en de informatie voor het maken 
van eiwitten is hierdoor niet beschikbaar. 
Door het de histonen te modificeren 
(oranje, groen), rollen de histonen het 
DNA minder strak op en de informatie 
voor het maken van een bepaald eiwit 
wordt beschikbaar.

NB: Dit is een vereenvoudiging van een 
ingewikkeld proces waar we nog niet 
alles van weten
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DEEL 1: Remming van Lysine acetyltransferase 8 
Inleiding (hoofdstuk 1, DEEL 1)
Histon acetylering is een van de processen die steeds meer in de belangstelling staat in 
het kader van de ontwikkeling van nieuwe behandelingen voor ziekten zoals kanker en 
immuunziekten. In gezonde cellen is er een balans tussen het aanbrengen en verwijderen 
van de acetylgroepen. Deze balans wordt gecontroleerd door enzymen. De enzymen 
verantwoordelijk voor het behouden van deze balans zijn de histon acetyltransferases 
(HATs) en histon deacetylases (HDACS). De HATs zetten een acetylgroep over op histonen 
en de HDACs kunnen de acetylgroep weer van de histonen afhalen. Zo controleren deze 
enzymen wanneer welke eiwitten gemaakt worden. Echter, de balans kan verstoord 
worden, bijvoorbeeld in kanker of immuunziekten, wat kan leiden tot te veel aanmaak 
van de verkeerde eiwitten. Daarom zou het herstellen van de balans door middel van het 
remmen van HATs, een goede strategie kunnen zijn om nieuwe en betere geneesmiddelen 
te vinden voor deze ziekten. 

Hoofdstuk 2 geeft een overzicht van de bestaande literatuur over HATs en HAT remmers. 
Er zijn een aantal verschillende HATs die verdeeld zijn over families, bestaande uit de 
verschillende subtypes. Alle subtypes zetten acetylgroepen over op histonen, maar niet 
allemaal op hetzelfde histon of op dezelfde manier. Veel verschillende functies van HATs 
in het lichaam zijn beschreven en in een heel aantal ziekten zoals kanker, immuunziekten, 
virale infecties en hersenziekten is een rol voor HATs aangetoond. Het is echter niet 
bekend hoe de verschillende HAT subtypes precies werken en welke rol ze spelen in 
deze ziekten. De informatie die we hebben is daarvoor te fragmentarisch. Om de HATs te 
bestuderen kunnen we remmers gebruiken als een soort gereedschap. Een remmer kan 
ervoor zorgen dat de HAT niet meer werkt en dan kunnen we zien welk proces in de cel 
niet meer gaat en of dit kan helpen bij bepaalde ziekten. Helaas zijn er maar weinig HAT 
remmers bekend en voor sommige subtypes zijn er nog geen remmers. Maar gelukkig zijn 

Figuur 1: Het mechanisme van KAT8 en de remmer anacardic acid. KAT8 (rechts) bindt acetyl coenzym A (Ac-
CoA) en zet eerst de acetylgroep (Ac) van Ac-CoA over op zichzelf (midden). Dan bindt KAT8 het histon en zet 
de acetylgroep over op het histon (rechts). De remmer anacardic acid bindt aan KAT8 nadat het de acetylgroep 
op zichzelf heeft overgezet, maar niet daarvóór (midden).
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er met bestaande remmers al wel positieve resultaten geboekt in modellen van ziekten. 
Al staat het onderzoek naar HAT remmers nog in de kinderschoenen, de ontwikkeling 
van HAT remmers zou dus uiteindelijk kunnen leiden tot nieuwe geneesmiddelen. 

KAT8 (MOF) remmers 
Lysine acetyltransferase 8 (afgekort: KAT8 of MOF) is een van de subtypes van de HATs. 
Het is ook een van de subtypes waarvoor nog geen remmers bekend waren. Daarom 
hebben we in het project beschreven in hoofdstuk 3 onderzocht of een HAT remmer 
voor andere HATs, anacardic acid, ook een remmer was voor KAT8. We vonden dat 
dat inderdaad het geval was en hebben deze remmer gebruikt om het mechanisme te 
onderzoeken hoe KAT8 de acetylgroep overzet op de histonen. We ontdekten dat dit 
gebeurt via een ping-pong mechanisme waarbij KAT8 eerst acetyl coenzym A (Ac-CoA), 
de acetyldonor, bindt (Figuur 2). KAT8 zet de acetylgroep van Ac-CoA over op zichzelf en 
bindt vervolgens het histon. Dan zet KAT8 de acetylgroep over van zichzelf op het histon. 
We ontdekten ook dat de remmer alleen kon binden aan KAT8 nadat het de acetylgroep 
op zichzelf had overgezet, maar niet daarvóór. Zo hebben we het mechanisme ontdekt 
van zowel KAT8 als van de eerste KAT8 remmer. 

De kracht van KAT8 (MOF) remmers
Bij het ontwikkelen van remmers wordt altijd gezocht naar de beste kandidaat. Een van 
de karakteristieken van een goede remmer is dat hij sterk aan het enzym bindt. Een 
remmer die sterker bindt, heeft meer remmend effect op het enzym. Deze “kracht” van 
de remmer wordt uitgedrukt in de inhibitie constante, de Ki waarde. Helaas is het niet 
mogelijk om deze waarde direct te meten. In experimenten met remmers wordt vaak de 
50% inhibitie concentratie (IC50 waarde) gebruikt, die afhangt van de “echte kracht”, de Ki 
waarde, maar ook van bijvoorbeeld het mechanisme van het enzym en de remmer, zoals 
we dat in hoofdstuk 3 hebben beschreven voor anacardic acid. In hoofdstuk 4 beschrijven 
we de ontdekking van nieuwe remmers voor KAT8 en hebben we het mechanisme van 

Figuur 2: Het mechanisme van de remmer beschreven in hoofdstuk 4. De remmer bindt zowel voor als nadat 
het de acetylgroep op zichzelf heeft overgezet (rode pijlen), maar heeft een grote voorkeur voor erna (midden).
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de remmers bepaald. Hiermee hebben we de inhibitie constante berekend en dit leidde 
tot een verrassende ontdekking. Deze remmer bond aan KAT8 zowel voor als nadat het 
de acetylgroep op zichzelf had overgezet, maar had een grote voorkeur voor erna (Figuur 
3). Deze vorm van remming heeft consequenties voor hoe de remmer zich zal gedragen 
in cellen en ziekten. Hieruit blijkt dat het heel belangrijk is om het mechanisme van de 
remmers te onderzoeken bij het ontwikkelen van HAT remmers.

Meer remmers van KAT8 (MOF), of toch niet?
Er zijn verschillende manieren waarop een remmer aan een enzym kan binden. In 
hoofdstuk 3 en 4 hebben we gesproken over remmers die reversibel zijn. Hoofdstuk 5 
beschrijft twee andere types remmers. Remmers van type 1 zijn irreversibele remmers 
(Figuur 4). Deze remmers zouden mogelijk gebruikt kunnen worden als gereedschap om 
de functie van KAT8 in cellen te onderzoeken. Het tweede type remmers in hoofdstuk 
5 bleken aan CoA te binden dat gevormd wordt nadat KAT8 de acetylgroep op zichzelf 
heeft overgezet (Figuur 4) en de basis vormt voor de detectie van de enzymactiviteit. 
Voor deze remmers zijn daarom andere experimenten nodig om te onderzoeken of de 
remmers aan KAT8 binden of niet. Dit wordt verder onderzocht. Dit hoofdstuk laat zien 
dat het erg belangrijk is om het mechanisme van remmers te onderzoeken en goede 
controle experimenten te gebruiken. 

Uitdagingen in de ontwikkeling van HAT remmers
Hoofdstuk 6 geeft een overzicht van de huidige ontwikkelingen rondom HAT remmers 
en bespreekt de uitdagingen die hierin liggen. De eerste uitdaging is het gebrek aan 
kennis over de functies van de verschillende HATs in het lichaam. Dit maakt het moeilijk 
om te voorspellen wat het effect zal zijn van het remmen van een bepaalde HAT subtype 
op een gezonde of zieke persoon. De tweede uitdaging is het gebrek aan goede HAT 
remmers. Veel van de huidige HAT remmers zijn nog niet geschikt om te ontwikkelen tot 
geneesmiddelen. De derde uitdaging is de karakterisering van de HATs. Het wordt vaak 
niet onderzocht hoe de HATs het overzetten van de acetylgroep uitvoeren. Dit staat ook 
in verband met de vierde uitdaging, de karakterisering van HAT remmers. Er is slechts 
beperkte informatie over het mechanisme waarmee remmers de HAT remmen en dit is 
ook afhankelijk van hoe HATs werken. Vaak wordt daarom de Ki waarde niet berekend en 
is het moeilijk de remmers onderling te vergelijken. Dit hoofdstuk geeft suggesties over 
hoe om te gaan met deze uitdagingen om tot betere HAT remmers te komen.

Figuur 3: Het mechanisme van de twee types remmers uit hoofdstuk 5. Remmers van type 1 zijn irreversibel 
en remmers van type 2 binden aan CoA. 
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De toekomst van HAT remmers
De ontwikkeling van HAT remmers staat nog in de kinderschoenen. Veel uitdagingen 
zullen aangepakt moeten worden voordat HAT remmers gebruikt kunnen worden als 
nieuwe geneesmiddelen. In dit proefschrift zijn remmers voor de HAT KAT8 ontdekt en 
het mechanisme waarmee ze KAT8 remmen is onderzocht. We hebben laten zien dat deze 
mechanismes consequenties hebben voor de werking van de remmers. Daarom denken 
we dat de karakterisering van het mechanisme van HATs en hun remmers erg belangrijk 
is voor de ontwikkeling van nieuwe en goede HAT remmers die uiteindelijk gebruikt 
zullen kunnen worden als gereedschap om HATs te bestuderen of als geneesmiddel. 

DEEL 2: Remming van macrofage migration inhibitory factor (MIF)

Inleiding (Hoofdstuk 1, DEEL 2)
Het immuunsysteem is onze ingebouwde afweer tegen “gevaar”. Wanneer een 
pathogeen zoals een virus, bacterie of parasiet ons lichaam binnenkomt, wordt meteen 
een heel netwerk aan immuunprocessen aangezet die de pathogeen zo snel mogelijk 
onschadelijk maken. Een andere taak van het immuunsysteem is om toxische stoffen op 
te ruimen of cellen van ons eigen lichaam die oud geworden zijn. Het immuunsysteem 
kan echter ook voor ziekten zorgen, bijvoorbeeld door buitensporig te reageren met een 
stimulus (allergie) of door lichaamseigen weefsel aan te vallen (auto-immuunziekten). 
Sommige ziekten, zoals fibrose, zijn niet direct veroorzaakt door het immuunsysteem, 
maar hebben wel een sterke immuun component. Hierbij is het voor het immuunsysteem 
bijvoorbeeld niet mogelijk om de stimulus op te ruimen of wordt de immuunreactie niet 
stopgezet nadat de originele stimulus opgeruimd is. Hierdoor kunnen cellen en weefsels 
beschadigd raken. In deze gevallen kunnen geneesmiddelen die het immuunsysteem 
remmen een uitkomst bieden. Er zijn al een aantal geneesmiddelen op de markt die een 
dergelijke werking hebben, zoals corticosteroïden, maar in sommige gevallen werken 
deze niet, of hebben ze nare bijwerkingen voor patiënten.

Macrofage migration inhibitory factor (MIF)
Macrofage migration inhibitory factor (MIF) is een belangrijke component van het 
immuunsysteem. Het is een van de moleculen die wordt gebruikt om te communiceren 
tussen cellen van het immuunsysteem. Als een stimulus, zoals een pathogeen, wordt 
ontdekt door een van de immuun cellen, zendt het een boodschap in de vorm van 
MIF naar andere cellen in de buurt, zodat die komen om te helpen met opruimen. MIF 
reist van de ene naar de andere cel en bindt aan een eiwit aan de buitenkant van de 
andere cel die CD74 receptor genoemd wordt. Deze CD74 receptor geeft dan aan de 
binnenkant van de cel door dat hij een MIF “waarschuwingssignaal” heeft gehad. Daarop 
zal deze cel ook immuun factoren gaan versturen (inclusief meer MIF) om nog meer 
cellen op te roepen. Samen zullen de immuun cellen de stimulus opruimen. In het geval 
dat het immuunsysteem niet meer uit zichzelf kan stoppen, kan het remmen van MIF 
voorkomen dat nog meer immuun cellen komen opdraven. Al is het nog niet bekend of 
dit bij patiënten ook werkt, is het een potentiele nieuwe manier om patiënten te helpen 
die een immuunziekte hebben. 
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Hoofdstuk 7 beschrijft de ontdekking dat een groep moleculen die chromenen genoemd 
worden MIF remmen en we synthetiseerden nieuwe remmers op basis van bekende MIF 
remmers. We verwachten dat deze remmers kunnen helpen om te onderzoeken of we 
MIF remming kunnen gebruiken een op hol geslagen immuunsysteem te stoppen. Dit 
kan de basis worden van nieuw te ontwikkelen geneesmiddelen voor immuunziekten.
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