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ABSTRACT
Post-translational modifications of histones are critical to a plethora of cellular processes.
A key histone modification, histone lysine acetylation, is well orchestrated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs). HATs function as
epigenetic writers by transferring an acetyl group from acetyl-coenzyme A (Ac-CoA) to
the e-amino groups of lysine residues to form e-N-acetyllysine in a histone or non-histone
substrate. Despite the intricate regulation, HAT overexpression has been correlated with
disease states, such as cancer and inflammatory diseases. HAT inhibitors, therefore, are
emerging as promising therapeutics to tune histone acetylation. In this work, we examined
structure-activity relationships between acyl-CoAs and HATs and observed correlation
between acyl chain length and inhibitory potency. Based on our findings, we synthesized
several CoA derivatives, and evaluated their biological activities in vitro and in cells. In
particular, a dimethylaminonaphthalene-CoA derivative A433-CoA was found to be one
of the most potent inhibitors for the HAT p300. This selective HAT inhibitor will be a

useful biological tool to investigate the role of p300-related pathways and may serve as a



lead for development of novel anti-neoplastic therapeutics. In addition, we identified a
novel histone modification, lysine isobutyrylation, which gains more in-depth knowledge
of lysine acylations especially lysine butyrylation. We also found that both butyrate and
isobutyrate could inhibit HDAC activity, increase levels of histone acetylation and
therefore influence global gene transcription. We hope that our work can shed light on

PTMs and epigenetics, providing clues for studies in epigenetics.

INDEX WORDS: Histone acetyltransferases (HATSs), lysine acetyltransferases (KATSs),
post-translational modifications, histone acylations, acyl-CoAs,
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW
1.1 Chromatin and epigenetic modifications

Chromatin is a complex of macromolecules composed of DNA and proteins, which
is found inside the nucleus of eukaryotic cells!. The primary protein components of
chromatin are histones that help organize DNA into “bead-like” structures called
nucleosomes by providing a base on which the DNA can be wrapped around. A
nucleosome consists of 147 base pairs of DNA strands that are wrapped around a set of 8
histones called an octamer consisting of two copies of core histones H3, H4, H2A and
H2B2. Nucleosomes are linked by H1 protein to create highly compressed structures named
chromatin fibers which are further coiled and condensed to form chromosomes?.
Chromatin makes it possible for a number of cell processes to occur including DNA
replication, transcription, DNA repair, and cell division®.

Epigenetics is the study of heritable phenotype changes that do not involve
alterations in the DNA sequence add ref. At least three systems including DNA
methylation, histone modifications and non-coding RNA (ncRNA)-associated gene
silencing are currently considered to initiate and sustain epigenetic changes’. As an
important component of protein post-translational modifications (PTMs), histone
modifications are key epigenetic regulators that control chromatin structure and gene
transcription, thereby impacting on various cellular phenotypes and processes add ref.
There are three modifiers in histone modifications: writers, readers and erasers add ref.

While writers are enzymes that add certain chemical groups to unmodified histone, erasers



are the ones that remove chemical groups from the modified histones. Readers do not add
or remove chemical groups, but recognize these histone modification marks to produce
functional outcomes. By establishing different combinations of histone PTMs, histone
modifiers can form the diverse “histone codes” that can recruit other proteins to form
transcriptional complex, in addition to stabilizing or destabilizing the chromatin structure.
Some of the major modifiers and functions are listed in Table 1.1.

Table 1 Histone modifications, modifiers and functions

Histone Modifications Modifiers Functions
Methylation PRMTs®, EZH1/27 | Transcriptional activation or repression
Acetylation HATs®, HDACs’ Transcriptional activation or repression
DNA repair
Phosphorylation Aurora B!, MSK!' | Mitosis, meiosis, transcriptional
activation
Ubiquitylation USPs'? Transcriptional ~ activation, = DNA
damage response
SUMOylation SAE1/SAE2" Transcriptional repression

1.2. Histone acetylation and deacetylation

Histone acetylation and deacetylation are reversible processes by which the e-
amino group of lysine residues within the N-terminal tail are acetylated and deacetylated
as part of gene regulation (Figure 1.1). In physiological conditions, the cationic e-amino
group interacts with anionic phosphate groups on DNA molecules by electrostatic forces,
which in turn controls the chromatin architecture. By neutralizing or reinforcing the
charges on lysine, histone acetylation and deacetylation alter the binding forces between
DNA strands and histone, loosen or tighten the chromatin structure, leading to
transcriptional activation or inactivation.

Histone acetylation is one of the best-studied histone modifications. As acetylated

lysines on chromatin can promote open chromatin by being bound by a variety of



transcription factors, its deregulation can lead to aberrant gene expression and epigenetic
malignancy, especially cancer'*. Acetylation also occurs on a broad range of non-histone
proteins including tumor suppressors and oncogenes, such as p53 and c-myc to regulate
protein stability, DNA binding, protein-protein interaction, enzymatic activity!®>. On the
other hand, hypoacetylation caused by overexpression of HDACs has been found in a panel
of different cancers and correlates with poor patient prognosis, making it a compelling
therapeutic target for cancer treatment'®. Indeed, HDAC inhibitors are research hotspots
and well-developed epigenetic drugs. Vorinostat and romidepsin are FDA-approved
HDAC inhibitors for the treatment of refractory cutaneous T cell lymphoma (CTCL), and
many others are currently under different stages of clinical assessment!”.

Despite the huge progress targeting HDAC:s in the clinic, targeting HATs has been
challenging and development of HAT inhibitors has been lagged behind. C646'¢, A-485"°
and B026%° are relatively potent and selective synthetic inhibitors for p300/CBP based on
the virtual screening using a p300/Lys-CoA crystal structure (PDB code: 3BIY).?! Their
efficacy in preclinical models warrant more in-depth studies. HAT inhibitors targeting
other HATs are also being developed, mostly peptide-based bisubstrate inhibitors which,

however, lack cell permeability.?>?* Therefore, their cellular applications have been

limited.




Figure 1.1 Histone acetylation and deacetylation. These two modifications are reversibly
catalyzed by HATs and HDACs, using acetyl-CoA as the acetyl group donor.
1.3. Histone acetyltransferases (HATs)

Histone acetyltransferases (HATs) are enzymes that catalyze the acetylation of
lysine amino acids on histone proteins by transferring an acetyl group from acetyl-CoA to
form e-N-acetyllysine?*. Based on their subcellular localization, HATSs are usually divided
into two different classes. Whereas type A HATs are located in the nucleus and are
involved in the regulation of gene expression through acetylating nucleosomal histones,
type B HATs are located in the cytoplasm and responsible for acetylating newly
synthesized histones prior to their assembly into nucleosomes®. So far at least four families
of HATs have been identified including MYST (named after the founding members MOZ,
ySAS3, ySas2 and Tip60), PCAF/GCNS, p300/CBP, and others such as better specify
“others” ?*. MYST family HATs utilize a “ping-pong” mechanism involving the formation
of a covalent acetyl-cysteine intermediate (Ac-Cys) and transfer of Ac to the target Lys?®.
GNAT (Gcen5-related N-acetyltransferases) includes GCNS, PCAF, HATI, and carry out
histone acetylation using a conserved Glu for proton transfer to the target Lys*’. p300/CBP
catalyze acetylation by a “hit and run” mechanism or Theorell-Chance theory?®. Their

catalytic activity is regulated by interaction with other cofactors and autoacetylation?®.

1.4 Histone acetyltransferases p300 and HAT1
Histone acetyltransferase p300 is encoded by the EP300 gene. It functions as
histone acetyltransferase and transcriptional co-activator that regulates transcription of

genes via chromatin remodeling by disrupting the binding between histone and DNA



strands add ref. p300 and its homolog CBP are the most promiscuous HAT enzymes; they
are capable of acetylating all the 4 core histones as well as at least 70 other proteins®.
p300/CBP function primarily as transcriptional cofactors for a number of nuclear proteins
add ref. They are also able to interact with the basal transcription factors TATA-binding
protein (TBP) and TFug and can form a complex with RNA polymerase II*°. The molecular
function of p300/CBP in human diseases is, however, enigmatic and complicated. On one
hand, they are cofactors for oncoproteins transforming viral proteins (e.g., EIA) and on the
other, they can bind to tumor suppressor proteins (e.g., p53, E2F, Rb, or BRCA1).*°
Histone acetyltransferase HAT1 is the founding member of HATs. Originally,
HAT1 was identified as a cytosolic HAT that acetylates newly synthesized histone H4
before their deposition in replicating chromatin ref. /n vitro, HAT1 acetylates Lys5 and
Lys12 of free histone H4, and this specificity is consistent with the pattern of acetylation
found on newly synthesized histone H4 in vivo®’. Like p300, the function of HAT1 remains
less studied despite of numerous reports regarding its role in disease development.
Research has shown that HAT1 was overexpressed in liver cancer’? and pancreatic

cancer?, indicative its potential as a target of anticancer drug discovery.

1.5. Other histone lysine acylations and histone butyrylation

Apart from the classical lysine acetylation, other types of acylations have been
discovered, including propionylation  (Kpro)*, butyrylation (Kbu)**,  2-
hydroxyisobutyrylation (Khib)*®, succinylation (Ksucc)*®, malonylation (Kma)®,
glutarylation (Kglu)*’, crotonylation (Kcr)*® and B-hydroxybutyrylation (Kbhb).*® These

acylations are involved in fatty acid metabolism or ketone body metabolism, with acyl-



CoAs as acyl donors that may generated from different metabolic pathways.*’ For example,
glutaryl-CoA is an important intermediate in lysine and tryptophan metabolism.?” Whereas
propionyl- and succinyl-CoA participate in metabolism of odd-numbered fatty acids®,
malonyl-CoA participates in fatty acid and polyketide biosynthesis>®.

Among these acylations, lysine butyrylation (Kbu) has drawn remarkable attention
due to study on butyrate and amino acid metabolism. It was first discovered by Zhao and
coworkers as a normal straight chain n-butyrylation (Knbu) which is biochemically
dependent on n-butyryl-CoA, which is metabolic intermediate from the fatty acid oxidation
pathway and therefore, serving as an ample donor source for Knbu.** Butyrylation
competes with acetylation on H4K5/K8 and prevents the binding of the reader protein Brdt
on these loci, which causes delayed histone removal and gene expression in spermatogenic
cells.*! p300/CBP is known to butyrylate tumor suppressor p534, but it is not completely

clear how butyrylated p53 would influence molecular mechanism of cancer.

1.6 Butyrate and isobutyrate

Short-chain fatty acids (SCFAs) are organic fatty acids with less than 6 carbons.
They are produced within the intestinal lumen by microbial fermentation of undigested
carbohydrates, and to a lesser extent, dietary and endogenous proteins entering the colon*?.
Acetate, propionate, and butyrate are the most abundant in the gastrointestinal tract (GIT).
Butyric acid or butyrate is formed in the human colon by microbial fermentation of
carbohydrates.*? Isobutyrate can also be taken in by food or environment, or produced by
gut microbes. Studies have demonstrated that n-butyrate is an HDAC inhibitor that inhibits

growth cancer cells***, but it is not completely understood whether isobutyrate could also



be HDAC inhibitors. Efforts to exploit the potential of butyrate in clinical application of
cancer treatment are disappointing due to its poor pharmacological properties (short half-
life and first-pass hepatic clearance) and multiple doses needed to achieve therapeutic

concentrations in vivo.

1.7 Rationale and Goal for this Work

As reviewed in this chapter, lysine acetylation is important for regulating gene
transcription, DNA damage and cell signaling*®. This PTM is regulated by several families
of HATs that are upcoming targets in drug discovery with potential applications in many
diseases especially cancer’. Nevertheless, developing HAT modulators becomes more
challenging as HATs have various cellular substrates ranging from histones and
transcription factors to enzymes and nuclear receptors. In addition, HATs operate as part
of multi-protein complexes which determine their functions, their enzymatic activities and
their substrate specificities in physiological conditions*’. This complicates translational
research on recombinant enzymes to cellular studies and in vivo studies. Many HAT
inhibitors have been identified with micro- or submicro levelled potency*, but most of
them suffer from undesired properties such as poor cell permeability, complexity of cellular
environment, or lack of selectivity between HAT subtypes and other enzymes. * In
addition, presence of other proteins can modulate HAT activity by the formation of
protein—protein complexes which also affect the catalytic mechanism as well as efficiency
of HATs.*

HATSs also play a role in other types of acylations including lysine n-butyrylation

with butyric acid as direct source.>* However, branched lysine acylations have been less



studied than linear lysine acylations. Lysine acylations usually utilize acyl-CoAs as
cofactor which are important intermediates in fatty and amino acid metabolism, and these
modifications, usually regulated by HATs, are also involved in gene transcription and
disease progression.*’

In this work, we first studied the structure-activity relationship between acyl-CoAs
and HATs, and then develop novel probes to target lysine acetylation and finally identify
new histone marks. 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. These studies broaden knowledge of histone acylations.
Despite the difficulty of investigating knowledge on developing HAT probes deciphering
functions of HATS, state-of-the-art technology such as HPLC-MS/MS and biorthogonal
labeling®® will greatly enhance discovery of HAT inhibitors and improve their chances to

become therapeutic agents.



CHAPTER 2

INHIBITORY EFFECTS OF ACYL-COAS ON HATS

2.1 Introduction

Lysine acetylation of core histones in eukaryotic chromatin is catalyzed by HATs
which regulate nucleosomal remodeling and lead to chromatin structural relaxation and
thereafter gene activation*®. HATs comprise of several distinct families based on sequence
and structural homology, including MYST family, GCN5/PCAF, p300/CBP and others®.
HATs are essential to regulate gene transcription in normal cellular processes, but
deregulation of HATs has also been observed in a diversity of pathological states,
especially cancer®!. As such, development of HAT modulators possesses pharmacological
and therapeutical values in targeting the disease types that are caused by HAT malfunction,
primarily HAT overexpression. In recent years, HAT inhibitors have been developed by
various strategies. Among them are natural HAT inhibitors such as anacardic acid and
curcumin which show remarkable inhibitory potency yet poor selectivity'®. In reality, the
endogenous metabolite CoA has also been found to inhibit HAT activity>?, which inspires
us to gain insight into inhibition pattern of other CoA analogs and investigate structure-
activity relationship between HATs and different acyl-CoAs.

Fatty acyl-CoAs are fatty acid derivatives formed of one fatty acid and one CoA
molecule, joined by thioester linkage (R-CO-SCoA) to the -SH group of CoA, where R is
a fatty carbon chain. Acyl-CoAs are classified according to the length of fatty acid moiety

as short-chain (acetate, propionate, butyrate, i.e., C2-C4 fatty acids), median-chain (C6-



C12), long-chain (C12-C20) and very long-chain (> C20)3. They are important metabolic
intermediates in fatty acid oxidation and amino acid catabolism. While acetyl-CoA is the
classic cofactor for histone and non-histone acetylation, other acyl-CoAs have been found
to be cofactors in such acylations as lysine propionylation®, butyrylation®*,
succinylation, etc., catalyzed by certain HATs. The crystal structures of acyl-CoAs bound
to HATs have shown that those acyl-CoAs share the same binding pocket with acetyl-CoA.
Therefore, it is of great interest to investigate how they would influence lysine acetylation.
Herein, we present our work on profiling inhibitory patterns of CoA analogs in various
HATSs, providing strategies for developing CoA-based chemical tools for the mechanistic

study of the HATs and pharmacological intervention.

2.2 Materials and Methods
2.2.1 Chemical Reagents
The N-o-Fmoc-protected amino acids were purchased from either Novabiochem or
ChemPep Inc. High-performance liquid chromatography (HPLC) grade acetonitrile was
purchased from either Sigma-Aldrich. Phenylmethanesulfonyl fluoride (PMSF) was
purchased from either Gold Biotechnology or Sigma-Aldrich. Kanamycin, ampicillin, and
isopropyl B-D-1-thiogalactopyranoside (IPTG) were purchased from Gold Biotechnology.
Unless otherwise stated, the remaining chemical reagents described were purchased from
Thermo Fisher Scientific, Acros Organics, Sigma-Aldrich, Alfa Aesar, BDH, Research
Products International Corp., Bio-Rad, or J. T. Baker.

The syntheses, purification and structural characterization of the acyl-CoA molecules

used in this study were performed by Dr Maomao He.

10



2.2.2 Protein Expression
Full-length MOF-wild type and human GCNS HAT domain (hGCN5-HAT)

pET19b-MOF or pET-28a(+)-GCNS plasmid was transformed into Escherichia
coli BL21(DE3) (Stratagene) through heat shock method. Protein expression was induced
at ODsos 0.6-0.8 by 0.3 mM of isopropyl 1-thio-fB-D-galactopyranoside (IPTG) at 16 °C
overnight. Cells were harvested by centrifugation and resuspended in the lysis buffer (25
mM HEPES pH 7.0, 150 mM NaCl, 1 mM MgSOs4, 5% glycerol, 5% ethylene glycol and
1 mM phenylmethanesulfonyl fluoride [PMSF]). Cells were lysed on French Press and the
supernatant was loaded onto the Ni-charged His-tag binding resin (Novagen) which was
equilibrated with column buffer (Na-HEPES pH 7.0, 150 mM NaCl, ImM MgSOa, 10%
glycerol, and 1 mM PMSF, 10% glycerol and 30 mM imidazole). Resins were washed
thoroughly with column buffer, followed by washing buffer (25 mM Na-HEPES pH 7.0,
300 mM NacCl, 1 mM PMSF, 10% glycerol and 70 mM imidazole), and protein was eluted
with elution buffer (25 mM Na-HEPES pH 7.0, 300 mM NaCl, 1 mM PMSF, 100 mM
EDTA, 10% glycerol and 200 mM imidazole). Proteins were dialyzed against dialysis
buffer, followed by concentration using Millipore centrifugal filters. Different eluent
fractions were checked by 12% SDS-PAGE, and enzyme concentrations were determined
by Bradford assay. Enzymes were aliquoted, flash-frozen in liquid nitrogen and stored at -
80 °C for future use.
p300 HAT domain (p300-HAT)

The expression of p300-HAT (residues 1287-1666) was done following the method

developed by Cole’s lab>>. pTYB2-p300 plasmid was transformed into E.coli BL21(DE3)
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codon plus RIL strain (Stratagene) through heat shock method spreading on plates
containing both ampicillin and chloramphenicol antibiotics. Colonies were harvested,
grown at 37 °C in 8 mL, and inoculated to 1 L culture of 2XYT media containing both
ampicillin and chloramphenicol. Protein expression was induced with 1 mM IPTG and
shaken for 16 h at 16°C. The cells were collected by centrifugation at 4,000 rpm for 25 min
and were resuspended in lysis buffer containing 25mM Na-HEPES pH 8.0, 500 mM Nac(l,
ImM MgSOs4, 10% glycerol, and 2 mM PMSF.

Cells were lysed on French Press. The supernatant was purified on chitin resins
equilibrated with column buffer (25mM Na-HEPES pH 8.0, 250 mM NaCl, ImM EDTA,
0.1%Triton X-100, and 1 mM PMSF). The protein-loaded beads were thoroughly washed
with the column buffer and wash buffer (25mM Na-HEPES pH 8.0, 500 mM NaCl, ImM
EDTA, 0.1% Triton X-100, and 1 mM PMSF). Next, the catalytic motif CT14 peptide
(NH>-CMLVELHTQSQDRF) was dissolved in the cleavage buffer (25mM Na-HEPES pH
8.0, 250mM NaCl, ImM EDTA, and 200 mM 2-mercaptoethanesulfonic acid [MESNAY])
and added to the column. The column was shaken at room temperature for 16 h before the
protein was eluted from the column, and several volumes of cleavage buffer were added to
ensure the complete protein elution. Further purification was done using the Bio-Rad NGC
fast protein liquid chromatography system. p300-HAT domain protein band was checked
by 12% SDS-PAGE. The enzyme was concentrated by Millipore centrifugal filters and the
concentration was determined by Bradford assay. The protein was finally aliquoted, flash-
frozen in liquid nitrogen and stored at -80 °C for future use.

HAT1 domain

pET28a-LIC-HAT1 plasmid was transformed into E. coli BL21 (DE3) codon plus

12



RIL strain (Stratagene) through heat shock method spreading on plates containing both
kanamycin and chloramphenicol antibiotics. Protein expression was induced by 0.4 mM
IPTG and incubated overnight at 15 °C. Harvested cells were resuspended in the lysis
buffer containing 50 mM sodium phosphate buffer (pH 7.4) 250 mM NaCl, 5 mM
imidazole, 5% glycerol 1 mM PMSF and 2 mM B-mercaptoethanol. Cells were lysed and
the supernatant was loaded onto the Ni-charged His-tag binding resin (Novagen) which
was equilibrated with column buffer (20 mM Na-HEPES pH 8.0, 150 mM NaCl, ImM
MgS0s4, 10% glycerol, and 1 mM PMSF, and 30 mM imidazole). Resins were washed
thoroughly with washing buffer (20 mM HEPES pH 8.0, 250 mM NaCl, 1 mM PMSF, 5%
glycerol and 30 mM imidazole), followed by washing buffer (20 mM HEPES pH 8.0, 250
mM NaCl, 1 mM PMSF, 5% glycerol and 50 mM imidazole), and protein was eluted with
elution buffer (20 mM HEPES pH 8.0, 250 mM NaCl, 1 mM PMSF, 1 mM EDTA, 5%
glycerol and 250 mM imidazole). Further purification was done using the Bio-Rad NGC
fast protein liquid chromatography (FPLC) system. Protein band was checked by 12%
SDS-PAGE. The enzyme was concentrated by Millipore centrifugal filters and the
concentration was determined by Bradford assay. The protein was finally aliquoted, flash-

frozen in liquid nitrogen and stored at -80 °C for future use.

2.2.3 Peptide Synthesis

All peptide sequences are based on the histone H3 and H4 N-terminal tail. Ac-H3(1-
20) includes N-terminal tail of H3 residues 1-20 with N-terminus acetylated. Ac-H4(1-20)
includes N-terminal H4 residues 1-20 with N-terminus acetylated. All peptides were

synthesized on an AAPPTec Focus XC synthesizer from Wang resin (Novabiochem) with

13



N-a-Fmoc protected amino acids. Each amino acid was double coupled to the solid phase
with 5 eq of amino acid/HCTU [O-(1H-6-chlorobenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate] (Novabiochem and ChemPep) and 20 eq of N-
methyl-morpholine (NMM). The Fmoc deprotection reactions were performed with 20%
(v/v) piperidine in dimethylformamide (DMF). The N-terminus of each peptide was
acetylated by mixing the Fmoc deprotected peptides with 50 eq acetic anhydride, 50 eq
DIPEA prepared in DMF (4:1, DMF:acetic anhydride) for 30 min. Peptides were cleaved
from Wang resin with 2.5% ethanedithiol (EDT), 5% deionized water, 5% thioanisole, 5%
phenol, 1% triisopropylsilane, and 81.5% trifluoroacetic acid (TFA). Peptides were
precipitated in cold diethyl ether and pelleted by centrifugation (5 min, 2000 rpm). After
centrifugation, the crude peptides were dissolved in water for lyophilization. Purification
was performed on a Shimadzu reversed-phase high-performance liquid chromatography
(RP-HPLC) system equipped with a Polaris 5 CI18-A, 150 mm x 21.2 mm column
(Agilent). Peptides were purified with a linear gradient using 0.05% TFA in water and
0.05% TFA in acetonitrile as the two mobile phases. The purified peptides were confirmed

and characterized by MALDI, and the peptide purity was checked by analytical HPLC.

2.2.4 Enzymatic HAT assay

Following the protocol developed by Zheng’s 1ab>®, the SPA experiments were
conducted in a 96-well plate (Isolate-96; Perkin Elmer) at 30°C using a reaction buffer
containing 50 mM HEPES (pH 8.0) and 1 mM EDTA. The cofactor used as an acetyl donor
was [°’H]Ac-CoA (PerkinElmer), and the substrate was either H4(1-20)-BTN or H3(1-20)-

BTN. The 30 pL reaction volume typically consisted of 2.5 uM of substrate, followed by

14



1 uM [*H]Ac-CoA. After 5 min of incubation, 0.050 pM of HATs (final concentration)
were added and samples were re-incubated for 15 min. The reaction was quenched with 30
mL of 1 M guanidium HCI and 10 pL of suspended 20 mg/mL streptavidin-coated SPA
beads (Perkin Elmer) in the reaction buffer were added to each well and thoroughly mixed.
The plate was placed in the MicroBeta2 scintillation counter (Perkin Elmer) in total
darkness for 1 min before each of the wells containing samples was scanned. Samples were
performed in duplicate and were typically within 20% of each other. ICso values were
obtained by quantification of formed product at various concentrations of inhibitors, and
fit with equation 1. Relative activity of protein in presence of the inhibitor is normalized to

the value of product formation without inhibitor present.

Relative Activity= 1/(1+([Inhibitor]/ IC50)h

2.3 Results

We first examined the effects of CoA and neutral short-chain acyl-CoAs (SCACs)
including propionyl-, butyryl-, isobutyryl-, and crotonyl-CoA on four HAT representatives
(Table 2.1). As an acyl group carrier and global regulator of cellular metabolism, CoA
itself can inhibit HATs to varying degrees. On MOF it possesses unremarkable potency
(ICso: 33.2 uM), whereas neutral short-chain acyl-CoAs show better activities with ICso
values ranging from 2 to 12 uM. Crotonyl-CoA, with a rigid structure, is the least active
(ICs0: 12.1 uM) possibly due to its less flexible acyl chain that is poorly-accommodated in
the binding pocket in MOF. Butyryl- and isobutyryl-CoA has similar activities against
MOF, with isobutyryl-CoA being slightly potent (ICso: 3.8 uM), suggesting that the
branched chain may favor inhibition yet not to a great extent. On GCNS5, CoA has a leading

inhibitory activity over other SCACs (ICso: 5.5 uM), almost as twice as that of propionyl-

15



CoA (ICs0: 10.5 uM). Isobutyryl-CoA, on the other hand, possesses almost 2-fold potency
of butyryl-CoA (ICso: 18.0 uM) possibly because the side-chain methyl group may restrict
the rotation and enhance hydrophobic interactions between the acyl chain and the enzyme.
Crotonyl-CoA is the worst SCAC inhibitor for GCNS5 with 1Cso of 46.3 uM, which may
result from unsaturation that could hinder the flexibility of the side chain and make it more

difficult for crotonyl-CoA to bind within the pocket.

Table 2.1 Structure-activity relationship between neutral short-chain acyl-CoAs (SCACs)
and HAT representatives: MOF, GCNS, p300 and HAT1. ICso values were measured by

scintillation proximity activity (SPA) assay, and shown in Mean + SD.

Compound Structure SPA IC;, (LM)
MOF GCN5 p300 HAT1
Coenzyme A CoASH 33.2+4.7 5.5+ 0.6 224+7.1 11.1+05
@)

Propionyl-CoA \)J\SCOA 21+0.1 10.5 + 0.5 82 +0.9 1.7 £ 0.1

Butyryl-CoA /\)J\s cop 47%02 352 +1.6 4.4 +0.2 1.1+0.2

0
Isobutyryl-CoA %SCOA 3.8+ 0.2 18.0 + 0.4 76+02  24+0.1

O
Crotonyl-CoA /\)J\SC A 121+14 463 + 3.3 10+01 13.7+1.2
X (o)

While less potent against other HATs, crotonyl-CoA outruns other SCACs against
p300 (Table 2.1, ICso: 1.0 uM). The other hydrophobic SCACs behave well against HAT1

with ICso values under 3 pM. It is interesting that isobutyryl-CoA is twice potent than the
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linear n-butyryl-CoA in inhibiting HAT1, which is similar with inhibition pattern for
GCNS, also a member of GNAT family. Crotonyl-CoA is again the worst HAT1 inhibitor
among tested SCACs (ICso: 13.7 uM), almost the same as that of CoA (ICso: 11.1 uM). In
short summary, increased acyl chain length may favor inhibition of saturated SCACs to
MOF, p300 and HAT1, whereas the less flexible crotonyl-CoA has the best potency and
selectivity towards p300 with the worst potency towards GCNS5. These findings
demonstrate distinction among neutral SCACs caused by unsaturation and the branched
structure.

We also examined the inhibitory effects of median- and long-chain acyl-CoAs
(MCACs and LCACs). As shown in Table 2.2, hexanoyl-CoA and octanoyl-CoA have the
best potency towards p300 with ICso values less than 1.0 uM. While hexanoyl-CoA is not
a remarkable inhibitor for HAT1 (ICso: 17.2 uM), it is the most selective towards p300. In
general, LCACs are excellent HAT inhibitors yet with poor selectivity. Of note, the long-
chain palmitoyl-CoA and the unsaturated palmitoleoyl-CoA possess decent pan-
acetylation inhibition (ICso < 1 uM) against tested HATs. This finding is in agreement with
a previous study reported by Montgomery et al’?, which suggests a close connection

between epigenetics and metabolism.

Table 2.2 Structure-activity relationship between median- and long-chain acyl-CoAs

(MCACs and LCACs) and HAT representatives: MOF, GCN5, p300 and HATI. ICso

values were measured by scintillation proximity assay (SPA), and shown in Mean + SD.
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Compound Structure SPA IC;, (kM)
MOF GCNS5 p300 HAT1
U
Hexanoyl-CoA )k 9.6 + 0.3 25+02 056+0.04 172 +1.7
n-CsHq4 SCoA
(0]
Octanoyl-CoA PS 21+0.1 0.85+0.28 031+0.01 22+05
n-C7H4s SCoA
(0]
Capryl-CoA 0 CoHr” “SCoA 0.83+0.03 0.37+0.07 042 +0.04 0.54=+0.15
(0]
Myristoyl-CoA 1.3+0.2 0.71 +0.04 0.65+0.05 0.93 + 0.08
n-Cy3Hy7 SCoA
O
Palmitoyl-CoA 0.63+0.12 0.36+0.03 0.67 +0.04 0.75 + 0.07
n-CqsHa; SCoA
0
0.16 + 0.01 0.16 = 0.03 0.51 + 0.08

Palmitoleoyl-CoA o

— 0.92 + 0.15
JCHE > (CHap Ascar

In addition to neutral acyl-CoAs, we finally examined the charge effects of C4 acyl-
CoAs on HAT inhibition (Table 2.3). The cationic y-butyrobetainyl-CoA has selective
potency against p300 (ICso: 1.3 uM) and similar potency on MOF and GCNS5 (ICso: 6.4
uM and 6.5 uM respectively). However, on HATI it has similar activity (ICso: 33.13 uM)
to the anionic succinyl-CoA (ICso: 35.2 uM). Compared with neutral acyl-CoAs, negative
charges may not assist HAT inhibition while positive charges could make contribution to
inhibiting p300. Based on the observations above, we summarized correlation of ICso of
linear saturated acyl-CoAs and acyl chain length (Figure 2.1). Decrease in ICso was
observed in MOF, p300 and HAT1 between CO and C3, whereas a huge increase was seen
in GCNS between CO and C4 and a dramatic decrease to C6. The median (above C8) and

long chain acyl-CoAs (above C12) are excellent HAT inhibitors with ICso values below 1

uM but rather possess poor selectivity.
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Table 2.3 Structure-activity relationship between different C4 acyl-CoAs and HAT
representatives: MOF, GCNS, p300 and HAT]1. ICso values were measured by scintillation

proximity activity (SPA) assay, and shown in Mean + SD.

Compound Structure SPA IC;, (M)
MOF GCN5 p300 HAT1

O

ButyrylCoA M goop 4702 352216 44+02 11102
o

Isobutyryl-CoA %SCOA 3.8+0.2 18.0+0.4 7.6 0.2 24 +0.1

(@]
Crotonyl-CoA M 12.1+1.4 46.3 + 3.3 1.0+ 0.1 13.7+£1.2
X SCoA

. ¢}
y-butyrobetainyl-CoA| - 6.4 +0.2 6.5+04 1.3+0.1 33.6 + 9.7
/mMSCOA
(@)

Succinyl-CoA OT(\)kSCoA 46.0+ 4.4 251+27 1144+203 352+7.0
O
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Figure 2.1 Correlation of ICso values of linear saturated acyl-CoAs and acyl chain length.

Acyl chain length is measured by the number of carbons in the side chain with C0O as CoA.

2.4 Discussion

Lysine acetylation of histones is an important regulatory mechanism for gene
transcription that is correlated with disease progression®’. Recent studies have shown that
canonical HATs can catalyze the acylation of histones utilizing acetyl, propionyl and
butyryl-CoA as cofactors.’® However, they were reported to be less efficient in catalyzing
the acylation with charged, branched or planar acyl-CoA cofactors.”® These findings
suggest that acyl-CoAs may compete with acetyl-CoA and inhibit HAT activity in
structure- and charge-dependent manner. The correlation of acyl-chain and ICso values
(Figure 2.1) shows that neutral SCACs possess increased inhibitory activities on MOF,
p300 and HAT1 with acyl-chain length increasing from 0 to 4, which is the opposite of
GCN5 that could, however, utilize the anionic succinyl-CoA as cofactor®®. The crystal
structure of GCNS5 (PDB code: STRL)® suggest that it does not have an extended aliphatic
back pocket to accommodate the acyl chain, but it is of interest to investigate why
hexanoyl-CoA, with 6 carbons in its acyl-chain, was shown to be better inhibitor that C4
acyl-CoAs. Hexanoyl-CoA is an ideal p300 inhibitor due to its potency as well as excellent
selectivity. This may help determine the size of HAT inhibitors in designing and
developing CoA-based modulators.

The results also show that crotonyl-CoA, which possesses an unsaturated moiety
that seems to render its use by most HATs unfavorable except p300. Both MOF and p300

have been found to be crotonyltransferases®', but crotonyl-CoA has more than 10-fold
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potency in inhibiting p300 than in MOF (Table 2.1). The crystal structure of p300 bound

with crotonyl-CoA (PDB code: 5LKZ)® shows that the crotonyl group was sandwiched

between Trp1436 and Tyr1446, forming n-m interactions. The cationic y-butyrobetainyl-

CoA has similar potency and good selectivity towards p300 (Table 2.3), which suggests
that  system or positive charges could greatly favor interactions between acyl-chain and
the active pocket of p300. This provides an effective strategy of structural optimization for
structure-based drug design. In addition to SCACs and MCACs, LCACs are found to be
good pan-acetylation inhibitors. They are seemingly large molecules, but they may form
micelles®, readily occupy the binding pocket of HATs and inhibit histone acetylation in a
highly efficient way. Therefore, in designing CoA-based HAT inhibitors, a long and
flexible side chain may not be an optimal option for improving selectivity.

In general, we observed a strong correlation between metabolic acyl-CoAs
inhibiting HAT-catalyzed acetylation with acyl-chain structures. It is thereby intriguing to
design CoA-based compounds as HAT modulators or probes to explore more functions of
HATs. It is also of great demand to investigate how those acyl-CoAs affect histone
acetylation in cells. Such studies require improved tools for the rapid development of
HAT-metabolite interactions, such as chemical proteomic approaches, which could
provide novel insights into the metabolic regulation of KAT activity and strategic

manipulation of acetylation-dependent signaling in disease.
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CHAPTER 3

COA-DERIVATIVES AS INHIBITORS OF HISTONE ACETYLTRANSFREASE P300

3.1 Introduction
Post-translational modifications (PTMs) of histones are critical to a plethora of

6567 " gene transcription®®’? and DNA

cellular processes including chromatin remodeling
repair’!"73. A key histone modification, histone lysine acetylation, is well orchestrated by
histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs function as
epigenetic writers by transferring an acetyl group from acetyl-coenzyme A (AcCoA) to the
g-amino groups of lysine residues to form e-N-acetyllysine in a histone or non-histone
substrate such as p53, c-Myc and NF-kB7+76. So far at least four families of HATs have
been identified including MYST (named after the founding members MOZ, ySAS3, ySas2
and Tip60), GNATs (GenS-related acetyltransferases), p300/CBP and SRC nuclear
receptor coactivators*’. Based on substrate specificity and subcellular localization, HATs
are divided into two types’': type A HATs are localized in the nucleus to acetylate histones
that are incorporated into chromatin, whereas type B HATs are synthesized in the
cytoplasm and transported into the nucleus to acetylate newly synthesized histones H3 and
H4. Whereas the therapeutic effects of HDAC inhibitors have been well characterized, less
is known about potential of HATs as targets for drugs or chemical probes due largely to

diverse roles of HATs in gene regulation and disease development. Despite the intricate

regulation of HATs, overexpression of HATs has been recognized as a hallmark of a broad
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spectrum of diseases especially cancer’’””-’®. HAT inhibitors, are therefore emerging as
promising therapeutics for cancer treatment.

Natural products and their derivatives have been shown to inhibit GNAT and p300
family members with remarkable potency yet poor selectivity’*8!. In vitro studies have
revealed that the endogenous CoA can inhibit various HATs via the feedback inhibition
mechanism.>>%? In recent years, bisubstrate peptide-CoA conjugates such as Lys-CoA and
H3-CoA-20 have shown improved potency and selectivity??. Bisubstrate inhibitors and
CoA derivatives have been considered as cell impermeable until a polyamine-based
bisubstrate inhibitor Spd-CoA was found to inhibit HATs in cancer cells®*. Although it did
not show good selectivity and great potency to HATs®}, Spd-CoA provides evidence that
CoA derivatives are able to travel through cell membrane, which inspires us to develop
cell-permeable CoA-based compounds as novel HAT inhibitors. Here, we report a
dimethylaminonaphthalene-CoA derivative A433-CoA as a potent and selective p300
inhibitor CoA that can also act on whole cells to inhibit histone acetylation. We aim to
investigate biochemical properties of CoA derivatives and discover novel chemical probes

that help dissect HAT activities.

3.2 Materials and Methods

3.2.1 Chemical Reagents

Acrylodan  (6-acryloyl-2-dimethylaminonaphthalene,  Cat# A433) and
monobromobimane (mBBr, Cat# M1378) were purchased from Thermo Fisher Scientific.
4-bromomethyl-7-methoxycoumarin (Br-MMC, Cat# 235202). CoA (Cat# F15115) was

purchased from AstaTech.
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3.2.2 Protein Expression

Details are described in Chapter 2, section 2.2.2.

3.2.3 Chemical Synthesis

The syntheses and purification of these compounds were conducted by Dr. Maomao He,
who was a postdoctoral research associate in Dr. Zheng’s laboratory.

0.0065 mmol of CoA hydrate (5 mg) was dissolved in 1.5 mL of deionized water
and cooled down on an ice bath. A433 (2.9 mg), M1378 (3.5 mg) and Br-MMC (3.5 mg,
0.013 mmol) dissolved in 1 mL of DMF respectively. The DMF solution was added
dropwise to the CoA solution on ice. The reaction solution was stirred at 4 ° C overnight
and then quenched by adjusting the pH to 4 with 1 M HCI. The reaction mixture was

subjected to RP-HPLC purification with gradient 5—60% Acetonitrile over 30 min at a

flow rate of 5 mL/min; UV detection wavelength was fixed at 214 and 254 nm. HPLC
buffer was 0.05% TFA in water (solution A) and 0.05% TFA in acetonitrile (solution B).
The fractions were collected and lyophilized after flash-freeze with liquid nitrogen to
afford the desired products. Based on analytical HPLC the purity was 99.5%. The synthesis

routes and percent yield for each reaction are shown in Figure 3.1.
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4 °C, overnight, 20.1%
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Acrylodan (A433) A433-CoA
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NN/ 4 °C, overnight, 12.8% y-N_¢
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Monobromobimane (M1378) M1378-CoA
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4-Bromomethyl-7-methoxycoumarin (Br-MMC) Coumarin-CoA

Figure 3.1 Synthesis of CoA derivatives A433-CoA, M1378-CoA and coumarin-CoA.
3.2.4. Enzymatic HAT assays
Details are described in Chapter 2, section 2.2.4.
3.2.5. Western blot analysis of histone acetylation inhibition by A433-CoA

PC-3 cells were cultured to 90% confluence in F-12K medium supplemented with
10% FBS and 1% streptomycin-penicillin antibiotics. Cells were treated with 10 uM of
A433-CoA, C646 and DMSO for 24 hours, or with varied concentrations of A433-CoA for
48 hours. Total histones were extracted with EpiQuik Total Histone Extraction Kit
(Epigentek, Cat# OP-0006-100) and quantified by Bradford assay. Histone extracts were
then resolved on a 15% polyacrylamide gel and Kac levels were determined with Western
blot using anti-acetyllysine antibody (PTM Biolabs, Cat# PTM-101). H3Kl18ac and
H3K27ac levels were analyzed by anti-H3K18ac (Cat# 9675S) and anti-H3K27ac (Cat#
43538S) antibodies. Histone H3 was used as the loading control using histone H3 antibody

(Santa Cruz Biotechnology, Cat# sc-517576).
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3.2.5. Molecular docking of A433-CoA to p300

The crystal structure of p300 bound to Lys-CoA (PDB ID:3BIY) was used to
perform molecular docking with the program CDOCKER built in DiscoveryStudio 4.0 (DS
4.0). The binding site of Lys-CoA was chosen as the active site with an adjusted size. The

optimal binding mode was used to study ligand-receptor interactions.

3.3 Results

By means of SPA, we characterized inhibitory effects of the investigational
compounds on four HAT representatives MOF, GCNS5, p300 and HAT1 (Table 3.1). The
endogenous feedback inhibitor CoA could indeed inhibit HATs, which is consistent with
the literature.’>%? Among the three synthetic CoA derivatives, A433-CoA shows a potent
and selective inhibitory effect on p300 with ICso of 0.37 uM, comparable to a bisubstrate
p300 selective inhibitor Lys-CoA with ICso of 0.32 uM which is in reasonable agreement
with Cole’s report??. It also shows moderate inhibition for MOF with ICso of 8.1 uM.
M1378-CoA has the worst potency against MOF, p300 and HAT1 (ICso over 100 uM) and
mediocre potency on GCNS5 (ICso: 25 uM). Another synthetic derivative coumarin-CoA
exhibits similar inhibition patterns against MOF and GCNS with ICso being 11 pM and less
potent activity on p300 (ICso: 58 uM) and HAT1 (ICso: 84 uM). All three synthetic
compounds possess aromatic structures in their side chain of CoA, resulting in
differentiating selectivity towards HATs. A433-CoA is also more powerful than the current
p300 inhibitor C646 that has an ICso of 1.6 uM.* Given these findings, it is of great interest
to study A433-CoA as a hit and generate more S-substituted CoA derivatives for further

investigations.
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Table 3.1 ICso values for CoA and synthetic compounds. The values written > 100 uM
indicate that less than 50% inhibition was observed at the upper limit concentration of

inhibitors used in the particular assay. A433-CoA shows the highest potency and selectivity

against p300.
ICs0 (M)
Compound

MOF GCN5 p300 HAT1

CoASH 335 55+0.6 22+7 11+1

Lys-CoA 49+0.3 58 + 8 0.32 +£0.03 > 100

A433-CoA 8.1+1.8 19 +1 0.36 £0.03 29+3

M1378-CoA > 100 25+4 > 100 >100
Coumarin-CoA 11+1 11 +£1 58+ 6 84 +10

To understand molecular basis of p300 inhibition by A433-CoA, we performed
molecular docking to predict how A433-CoA interacted with p300. The putative binding
mode (Figure 3.2) shows that the CoA moiety forms m-cation interactions with Argl462
and Lys1456, salt bridges with Argl410, H-bonds with Thr1411, Trp1456, Pro1439,
Asp1399 and Leul398. In particular, the dimethylaminonaphthalene group on the S-
warhead is sandwiched between Tyr1397 and Trp1436, forming n-n stacking interactions
with these two aromatic residues. This aromatic flank is unique to p300 binding pocket,
and therefore enhancing interactions with these two aromatic residues can improve
selectivity as well as potency. Hence, A433-CoA could be used as a template for structural
optimization to obtain CoA derivatives with different alkyl linkers and the neighboring

capping moiety.
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Figure 3.2 Schematic representation of molecular docking results of A433-CoA binding to
p300. The crystal structure of p300 bound to Lys-CoA (PDB ID:3BIY) was used to perform
molecular docking with the program CDOCKER built in DiscoveryStudio 4.0 (DS 4.0).
The binding site of Lys-CoA was chosen as the active site with an adjusted size. The
optimal binding mode was used to study ligand-receptor interactions. The types of
interactions and engaged amino acids are indicated in respective colors. Arg1462 is shown
in half orange and half brown because it is involved in two types of interactions.

We next sought for cellular inhibition of A433-CoA to prostate cancer cell line PC-
3 in which p300 is overexpressed. In comparison with C646, A433-CoA did not cause
significant change to histone pan-acetylation (Figure 3.3). This may be due to insufficient
incubation time, less dosage or poor permeability. Therefore, we examined whether A433-
CoA could inhibit histone acetylation, p300 targets H3K18ac and H3K27ac, in a dose-
dependent manner. We observed significant decrease in levels of histone acetylation,
H3K18ac and H3K27ac with increase in A433-CoA concentrations (Figure 3.4).

Unfortunately, we were unable to observe dose-dependency in all three investigational
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modifications. Nevertheless, A433-CoA, as a CoA-based compound, was shown to
influence histone acetylation through direct treatment to cells. However, we only observed

H3 bands (Lanes 1 and 2) in the blot. This may arise from antibody recognition or low

loading amount.

M 1 2 3
15KkD— i S w—

10— .

H3 (15 kD) 2 0 =]

Figure 3.3 Detection of histone acetylation in PC-3 cells. PC-3 cells were treated with
DMSO (Lane 1), 10 uM of A433-CoA (Lane 2) and C646 (Lane 3) for 24 hours. Total

histones were extracted and tested with anti-acetyllysine antibody (PTM Biolabs, Cat#

PTM-101). Histone H3 was used as the loading control.

M 1 2 3 4 5 6 7 8
[A433-CoA] 0 0.625 125 25 5 10 20 40puM

1.00 0.41 0.51 0.51 0.41 0.61 0.31 0.34
15 —
Histone total Kac Y —

—Ac-H3 (15 kD)
10 —

1.00 0.97 0.83 0.62 0.79 0.95 0.70 0.68
H3K18ac -_—

1.00 0.65 0.63 0.44 0.50 0.60 0.40 0.46
H3K27aCc e

H3 (15 kD) S e— C— —— G— ——— —

Figure 3.4 Effects of varied concentrations of A433-CoA on histone pan-acetylation,
H3K18ac and H3K27ac levels. PC-3 cells were treated with DMSO (Lane 1), varied

concentrations of A433-CoA (Lanes 2-8) for 48 hours. Total histones were extracted and
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analyzed with Western blot to probe for different targets. Histone H3 was used as the

loading control.

3.4 Discussion

Structure-activity relationship studies of bisubstrate inhibitors indicate that CoA
moiety, carbonyl group and the methylene linker are essential for strong inhibition to
p300%, and that varying S-substituents could change selectivity towards p300%¢. Despite
remarkable potency and selectivity, bisubstrate inhibitors lack good cell permeability
which limits their application to in vivo studies?*?*. Cell-penetrating peptides have been
applied for prodrug design yet with reduced potency.®’-*® Enhancing cell permeability can
also be accomplished by appending nonpeptide S-substituents, as evidenced by a cell-
permeable CoA-based HAT inhibitor Spd-CoA%3. The crystal structure of p300 bound to
Lys-CoA (PDB ID: 3BIY)¥ suggests that Tyr1397 and Trp1436 constitute a distinct
aromatic cavity that sandwiches the S-substituent. This indicates that enhancing
interactions with this cavity can potentially improve selectivity and potency. n-cation and
T-T interactions are two common interactions involving aromatic systems. Enhancing -
cation interactions can be achieved by appending polyamine analogues that are widely
applied in developing anti-tumor agents’’, while enhancing n-m interactions can be
achieved by appending aromatic S-substituents. With a combination of synthetic chemistry,
biochemical screening and structural biology, it is of great benefit to identify hits from
diverse CoA derivatives that can directly applied in cell and animal cell and animal studies.

The docking model of A433-CoA to p300 (Figure 3.2) shows that the CoA moiety

forms m-cation interactions with Argl462 and Lys1456, salt bridges with Argl410, H-
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bonds with Thr1411, Trpl1456, Prol439, Aspl1399 and Leul398. In particular, the
dimethylaminonaphthalene group on the S-warhead is sandwiched between Tyr1397 and
Trp1436, forming n-w stacking interactions with these two aromatic residues. This aromatic
flank is unique to p300 binding pocket, and therefore enhancing interactions with these two
aromatic residues can improve selectivity as well as potency. The carbonyl group between
ethylene linker and naphthalene ring is considered essential to potent p300 inhibition of
bisubstrate inhibitors®®, and its absence in M1378-CoA and coumarin-CoA may explain
weak inhibition of both derivatives, although the docking results do not show its interaction
with p300. Moreover, the alkyl linker between the carbonyl group and CoA moiety could
also influence p300 inhibition potency®. Although cellular results suggest that A433-CoA
was less potent than C646 in inhibiting histone acetylation in PC-3 cells (Figures 3.3 and
3.4), it could be used as a template for structural optimization to obtain CoA derivatives
with different alkyl linkers and the neighboring capping moiety, which would alter cell-

permeability and influence cellular acetylation.
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CHAPTER 4

IDENTIFICATION OF LYSINE ISOBUTYRYLATION AS A NEW HISTONE

MODIFICATION MARK

This work is adapted with permission from the personal account article: Zhu Z, Han Z,
Halabelian L, Yang X, Ding J, Zhang N, Ngo L, Song J, Zeng H, He M, Zhao Y,
Arrowsmith CH, Luo M, Bartlett MG, Zheng YG. Identification of lysine isobutyrylation
as a new histone modification mark. Nucleic Acids Res. 2021 Jan 11;49(1):177-189.

Oxford University Press is the Publisher.
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4.1 Introduction
Protein posttranslational modifications (PTMs) fundamentally impact on cellular
physiology and phenotype in eukaryotic organisms.’! Fatty acylation on the side-chain
amino group of lysine residues has been recognized as an important type of reversible PTM
marks that impart various regulatory functions on key cellular processes such as gene
transcription, metabolism, protein homeostasis, and signal transduction.®>°>* So far about
20 types of lysine acylations have been discovered including acetylation (Kac),
propionylation (Kpro), butyrylation (Kbu), crotonylation (Kcro), succinylation (Ksuc),
malonylation (Kmal), and glutarylation (Kglu).*>**® Lysine acetyltransferases (KATs) are
the writer enzymes that introduce acylation marks on specific lysine residues using acyl-
CoA molecules as the acyl donor.”” Acyllysines are recognized by downstream reader
proteins, and enzymatically reversed by eraser proteins, histone deacylases (HDAC).®%
Deregulation of lysine acylation dynamics caused by aberrant expression or mutation of
either writer, reader, or eraser proteins is broadly associated with various disease
phenotypes including inflammation, neurodegeneration, cancer, etc.!°*!%2 Even occurring
on the same residues, different acylations could result in distinct biological outcomes. For
instance, butyrylation competes with acetylation on H4K5/K8 and prevents the binding of
the reader protein Brdt on these loci, which causes delayed histone removal and gene
expression in spermatogenic cells.*! It remains an imperative task to map out cellular
substrates and modification sites of different lysine acylations and investigate their
functional impacts in different physiological and pathological pathways.
In the last decade, the development of high resolution mass spectrometry has greatly

facilitated discovery of many novel lysine acylation marks.'*!% Lysine butyrylation (Kbu)
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was first discovered by Zhao and coworkers as a normal straight chain n-butyrylation
(Knbu) which is biochemically dependent on n-butyryl-CoA.>* Recent studies
demonstrated that KAT members p300/CBP possess lysine n-butyryltransferase activity.!%
Etiologically, n-butyryl-CoA is a metabolic intermediate from the fatty acid oxidation
pathway and therefore, serving as an ample donor source for Knbu. From a chemical
perspective, butyrylation mark may also exist in its isomeric structure, i.e., isobutyrylation
(2-methylpropionylation) (Figure 1). Our proposal is further inspired by the natural
existence of isobutyryl-CoA which is endogenously generated as a result of valine
catabolism and the oxidation of branched chain fatty acids.'” Taking into account the
physiological existence of isobutyryl-CoA and its structural relevance with n-butyryl-CoA,
we posit that isobutyryl-CoA may also function as an acyl group donor and lead to an
unexplored acylation mark in proteins, lysine isobutyrylation. Pathologically,
dysregulation of isobutyryl-CoA level caused by genetic deficiency of isobutyryl-CoA
dehydrogenase (IBD) is associated with multiple disease symptoms including speech
delay, anemia, and dilated cardiomyopathy in newborn patients while the mechanism
underlying these disorders are still poorly defined.'””!®® Hence, understanding the
catabolism of isobutyryl-CoA in relationship with dynamic regulation of protein function
through the PTM mechanism has a profound pathophysiological significance. In the
present study, we report lysine isobutyrylation (Kibu) as a bona fide PTM in nuclear

histones through a combined suite of biochemical, biophysical, and cellular studies.
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Figure 1. Distinct pathways of two isoforms of butyryl-CoA and isobutyl-CoA and
their consequence in leading to protein lysine butyrylation. Lysine butyrylation was
identified in 2007** and was recognized as n-butyrylation. In this study, we found that
lysine butyrylation also exists in the form of isobutyrylation in histones. Endogenous n-
butyryl-CoA is derived from fatty acid metabolism while isobutyryl-CoA is derived from
valine metabolic pathway. Exogenous butyrate and isobutyrate can be converted to their

acyl-CoA by the action of cellular short-chain acyl-CoA synthetases.

4.2 Materials and Methods
Quantification of butyryl-CoA level in HEK293T cells

HEK293T cells were purchased from ATCC and cultured to 90% confluence in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% streptomycin-penicillin. Sodium d7-isobutyrate was prepared by adding
concentrated NaOH solution to d7-isobutyric acid (Sigma-Aldrich, Cat# 632007),

lyophilized and quantified by reverse phase (RP)-HPLC. Cells were treated with varied
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concentrations of sodium d7-isobutyrate and valine (Sigma-Aldrich, Cat#V0500) for 24
hours, and washed with ice-cold PBS buffer followed by fixing in methanol at =80 °C for

15 minutes. Cells were collected in 50% of methanol with gentle scrape, and centrifuged
at 16,000 g at 4 °C. The supernatant was collected for HPLC-MS/MS analysis.

An Atlantis® T3 (4.6x150 mm, 3 um) column with a Phenomenex SecurityGuard
C-18 guard column (4.0 mmx2.0 mm) was applied to separate analytes. The column
temperature was constant at 32 °C. The mobile phase A was 10 mM ammonium acetate,
and mobile phase B was acetonitrile. A gradient method was applied for separation, with a
0.4 mL/min flow rate, (time/minute, % mobile phase B): (0, 6), (15, 30), (15.01, 100),
(22.50, 100), (22.51, 6). The injection volume was 30 pL, and the autosampler injection
needle was washed with methanol after each injection. Nitrogen was used as the
desolvation gas at a flow rate of 500 L/h. The desolvation temperature was 500 °C and the
source temperature was 120 °C. Argon was used as the collision gas, and the collision cell
pressure was 3.5x10 mbar. Samples were analyzed in the positive ion mode. The capillary
voltage was 3.2 kV, the cone voltage was 42 V and the collision energy was 22 eV. A
multiple reaction monitoring (MRM) function was applied for the detection of analytes.
The ion transition 838—331 was monitored for iso- and n-butyryl-CoA, and 845—-338 for

d7-isobutyryl CoA.

Expression and purification of p300 and HAT1
The expression of p300 HAT domain (1287-1666) was done using the semisynthetic
method developed by the Cole lab.”> A CT14 peptide aa 1653-1666 (sequence:

CMLVELHTQSQDRF) was synthesized by solid-phase peptide synthesis and purified by
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C18 RP-HPLC. The pTYB2 plasmid encoding the inactive p300 HAT domain (region
1287-1652) fused to intein-chitin-binding domain was transformed into E.coli
BL21(DE3)/RIL competent cells through heat-shock method and then grown on lysogeny
broth (LB)-agar plates containing both ampicillin (final concentration: 100 pg/mL) and
chloramphenicol (final concentration: 50 pg/mL). Colonies were harvested and grown at
37°C in 8 mL then 1 L cultures of terrific broth media containing both ampicillin and
chloramphenicol. Protein expression was induced by the addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 1.0 mM final concentration and shaken for 16 h at 16 °C.
The cells were collected by centrifugation at 4000 rpm for 25 min, suspended in lysis buffer
(25 mM Na-HEPES (pH 8.0), 500 mM NaCl, 1 mM MgSOs4, 10 % glycerol, and 2 mM
phenylmethanesulfonyl fluoride (PMSF)), and lysed by a microfluidic cell disruptor. The
lysates were cleared by centrifugation to obtain the supernatant. Chitin resin were
equilibrated with column buffer (25 mM Na-HEPES (pH 8.0), 250 mM NaCl, 1 mM
EDTA, 0.1 % trition X-100, and 1 mM PMSF) before they were used to purify the
supernatant. The column was thoroughly washed with column buffer and wash buffer (25
mM Na-HEPES (pH 8.0), 500 mM NaCl, 1 mM EDTA, 0.1 % triton X-100 and 1 mM
PMSF) before being ligated to the CT14 peptide to obtain active p300. CT14 peptide was
dissolved in cleavage buffer (25 mM Na-HEPES (pH 8.0), 250 mM NaCl, 1 mM EDTA,
and 200 mM 2-mercaptoethanesulfonic acid (MESNA)) and added to the column. After the
addition of the CT14 peptide in cleavage buffer, the column was shaken at room
temperature for 16 h. The protein was then eluted from the column, and several volumes
of cleavage buffer were added to ensure the complete elution. The eluted protein was

further purified by cation exchange chromatography using the NGC fast protein liquid
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chromatography (FPLC) system, Biorad. The identification of p300 HAT domain was
confirmed using a 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Millipore centrifugal filtration was used to concentrate protein solution and the
Bradford assay was used to determine final protein concentration. Lastly, the protein was
aliquoted, flash frozen by liquid nitrogen and stored at -80°C.

The expression and purification of human HAT1 (20-341) was done following the
method described Hong Wu et al'®. The pET28a-LIC-HAT1 plasmid (plasmid #25239,
Addgene) was transformed into BL21 (DE3)/ RIL competent cells through heat-shock and
then spread on agar plates containing antibiotics kanamycin and chloramphenicol. Protein
expression was induced by the addition of IPTG (final concentration: 1.0 mM) and shaken
for 16 h at 16 °C. The cells were collected and suspended in lysis buffer (50 mM Na-
phosphate (pH 7.4), 250 mM NaCl, 5 mM imidazole, 5 % glycerol, 2 mM -
mercaptoethanol, and 1 mM PMSF) then disrupted using the cell disruptor. The supernatant
was passed through a column containing Ni-NTA resin equilibrated with column washing
buffer (20 mM Tris-HCI (pH 8.0), 250 mM NaCl, 5% glycerol, 30 mM imidazole, and 1
mM PMSF) and the resin was washed with the same column washing buffer for twice.
Next, the resin was washed with buffer containing a higher concentration of imidazole (20
mM Tris-HCI (pH 8.0), 250 mM NaCl, 5% glycerol, 50 mM imidazole, and 1mM PMSF)
for three times. The proteins on the resin were then eluted with elution buffer (20 mM Tris-
HCI (pH 8.0), 250 mM NacCl, 5% glycerol, 500 mM imidazole, and 1 mM PMSF), and
dialyzed in the dialysis buffer (25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% glycerol, 1
mM DTT) at 4°C overnight. Thrombin was added to the dialyzed protein containing HAT1

and dialyzed in thrombin cleavage buffer (20 mM Tris-HCI (pH 8.0), 100 mM NacCl, 2.5
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mM CaClz, 5% glycerol, 1 mM DTT) for 20 hours at 4°C to remove the His6x-tag. The
resultant protein was concentrated and purified by anion exchange chromatography using
the NGC FPLC system. HAT purity was checked using SDS-PAGE. Millipore centrifugal
filter and Bradford assay were used to concentrate and determine protein concentration,
respectively. The protein was aliquoted, flash frozen by liquid nitrogen and stored at -80°C.
Synthesis of isobutyryl-CoA

2 mmol of isobutyric acid (176.2 mg) was dissolved in 5 mL of freshly distilled
CH»Cl. To this solution was added 1 mmol of N, N’-dicyclohexylcarbodiimide (DCC)
(206.4 mg), and the reaction was allowed to proceed at room temperature for 4 h. The
reaction mixture was filtered to remove dicyclohexylurea (DCU), and then CH>Cl, was
removed using rotary evaporation. The dried crude material was used in the next step
without further purification. 0.013 mmol of CoA hydrate (10 mg) was dissolved in 1.5 mL
of 0.5 M NaHCOs (pH 8.0) and cooled down on ice bath. Then the crude isobutyric
anhydride (10.3 mg, 0.065 mmol) in 1 mL of CH3CN/acetone (1:1 v/v) was added dropwise
to the CoA solution. The reaction solution was stirred at 4 °C overnight and quenched by
adjusting pH to 4 with 1 M HCI. The reaction mixture was subjected to RP-HPLC
purification with gradient 5—45% acetonitrile over 30 min at flow rate 5 mL/min; UV
detection wavelength was fixed at 214 and 254 nm. HPLC buffer was 0.05% TFA in water
(solution A) and 0.05% TFA in acetonitrile (solution B). The fractions were collected,
rotary evaporated and lyophilized to yield 6.34 mg white solid. The purity of final product
was checked by analytical RP-HPLC and molecular weight was confirmed by MALDI MS

(found [M+H]" 838.6).
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Biochemical assays of lysine acyltransferase activities of KATs.
Acetyl-CoA (Sigma-Aldrich, Cat#A2181), propionyl-CoA (Chem Impex Int'l Inc,
Cat# 01895) and n-butyryl-CoA (Sigma-Aldrich, Cat#B1508) salts were purchased from
commercial suppliers. Synthetic histone peptides H3(1-20) or H4(1-20) (20 amino acids
from the N-terminal of histone H3 and H4 (the sequence of H3(1-20) is Ac-
ARTKQTARKSTGGKAPRKQL, the sequence of  H4(1-20) is  Ac-
SGRGKGGKGLGKGGAKRHRK) were used as acyl acceptor substrates. For single-point
quantification assays, 30 uM of each acyl-CoA molecule was incubated with individual
KAT enzymes and 100 uM histone peptides. The enzymatic reactions were conducted in
KAT reaction buffer containing 50 mM HEPES-Na and 0.1 mM EDTA-Na at pH 8.0. KAT
enzymes were mixed with individual acyl-CoA molecules and peptide substrates, followed
by incubation at 30 °C for 15 minutes to allow enzymatic transfer of acyl groups to lysine
substrates and release of by-product CoASH. The fluorogenic probe 7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin (abbr. CPM, ThermoFisher, Cat# D346) in 100%
DMSO was then added to both quench the enzymatic reaction and react with CoASH to
yield the fluorescent CPM-SCoA complex for fluorescence quantification ''°. The
fluorescence intensities were measured with excitation and emission wavelengths at 392
nm and 482 nm, respectively, with a FlexStation®3 microplate reader. Duplicated
experiments were performed and the results were shown in a bar graph.
For kinetic characterization of p300 and HAT1 with acyl-CoA molecules, varied
concentration of acyl-CoA was incubated with p300 or HAT1 and 200 uM of H4(1-20)
peptide. All the reactions were conducted in the same KAT reaction buffer as the single-

point assay. The fluorescence intensity was measured with the same method as the single-
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point assay and catalytic rate was determined based on fluorescence intensities. Kinetic
constants including binding affinity (K,:) and catalytic efficiency (kc;) were determined by
fitting the acyl-CoA concentration-catalytic rates to the Michaelis-Menten equation using
KaleidaGraph.
Western blot analysis of HAT1 mediated in vitro histone H4 isobutyrylation

1 pg of human recombinant histone H4 (BioLabs, Cat# M2504S) was incubated
with 50 uM n-butyryl- or isobutyryl-CoA and 0.2 uM of HAT1 at 30 °C for 1 hour. The
reaction mixture was boiled in SDS-PAGE gel loading buffer and resolved on a 15%
polyacrylamide gel followed by wet membrane transfer to a nitrocellulose (NC) membrane.
The NC membrane was blocked with 5% non-fat milk in Tris-Buffered Saline+0.1%
Tween-20 (TBST) for 1 hour at room temperature. Anti-butyryllysine antibody (PTM
BioLabs, PTM#301) at 1:2000 dilution was incubated with the membrane overnight at 4
°C. The membrane was washed with TBST buffer for three times and incubated with the
goat anti-rabbit [gG-HRP (Santa Cruz Biotechnology, Cat# sc-2004) with 1:3000 dilution
at room temperature for 1 hour. The membrane was then washed and subjected to
chemiluminescence detection with the ECL substrate (ThermoFisher, Cat# 32209) on a LI-
COR Odyssey system (LI-COR Biosciences).
Western blot analyses of in cellulo lysine isobutyrylation and lysine acetylation in
response to isobutyrate treatment.

HEK293T cells were cultured to 90% confluence in DMEM medium supplemented
with 10% FBS and 1% streptomycin-penicillin antibiotics. For in-cell Kibu level analysis,
cells were treated with 10 mM d7-isobutyrate for 16 hours followed by cellular protein

extraction. Whole cell lysate was extracted in M-PER™ Mammalian Protein Extraction
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Reagent (ThermoFisher Scientific, Cat# 78501) with gentle sonication and core histone
proteins were extracted with the EpiQuik Total Histone Extraction Kit (Epigentek, Cat#
OP-0006-100). The extracted lysates and histone proteins were resolved on a 4-20%
gradient gel (Biorad) and a 15% polyacrylamide gel, respectively. Kibu levels were
detected by Western blot using the same procedure aforementionedFor in-cell Kac level
analysis, cells were treated with 20 mM d7-isobutyrate for 24 hours followed by core
histone extraction. Histone extracts were then resolved on a 15% polyacrylamide gel and
Kac levels were determined with Western blot using anti-acetyllysine antibody (PTM
Biolabs, Cat# PTM-101), with anti-Knbu/Kibu as the positive control using anti-
butyryllysine antibody (PTM Biolabs, Cat# PTM-301) and histone H3 as the loading
control using histone H3 antibody (Santa Cruz Biotechnology, Cat# sc-517576).

In cellulo analyses of lysine isobutyrylation in response to p300 and HATI1
overexpression.

HEK293T cells were cultured to 90% confluence in DMEM medium supplemented
with 10% FBS and 1% streptomycin-penicillin antibiotics. Plasmids N-flag-HAT 1wt
(GeneCopoeia, Cat# EX-10105-M13-11) and pCMVB-p300-myc (Addgene, Cat# 30489)
were transfected into cells with Lipofectamine 3000™ Transfection Reagent
(ThermoFisher, Cat# L3000008). The cells were then incubated with 20 mM sodium d7-
isobutyrate for 24 hours followed by core histone extraction. Kibu levels were analyzed by
Western blot using the same procedure and antibodies aforementioned.

HAT1 crystallization and structural determination
HAT1 was expressed and purified as described previously.!® HAT1 at 8 mg/mL

was incubated with isobutyryl coenzyme A (IBuCoA) and histone H4 K12 A mutant peptide
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(amino acids 1-20 of H4) at a 1:10:5 molar ratio of HAT1:IbuCoA:H4(K12A) and
crystallized using the sitting drop vapor diffusion method by mixing 2 pL of protein
solution with 1 pL of the reservoir solution containing 2 M Sodium Dihydrogen Phosphate
and 0.1 M MES, pH 6.5. Crystals were cryo-protected in the corresponding mother liquor
supplemented with 30% glycerol and cryo-cooled in liquid nitrogen. X-ray diffraction date
were collected at the Advanced Photon Source (APS) BEAMLINE 19-ID. Data were
processed using XDS!!! and merged with Aimless.!'? PDB ID: 2POW was used in Fourier
transform using Refmac5.'"® Model building and visualization was performed in COOT!!#
and the structure was validated with Molprobity.'!> Data collection and refinement statistics
are summarized in Table S1. The HATI1-IbuCoA-H4(K12A) structure factors and
coordinates have been deposited in the Protein Data Bank with the PDB ID: 6VOS.
HPLC/MS/MS analysis

Core histones (~4 pg) extracted from d7-sodium isobutyrate treated 293T cells were
resolved in SDS-PAGE. Histones were excised from the gel, and subjected to in-gel
digestion by trypsin (Tan eta al, 2011, Cell, 146: 1016-28). The digested peptide was
dissolved in 2.5 pL water containing 0.1% formic acid (v/v), and then loaded onto a home-
packed capillary column (10 cm length x 75 mm ID, 3 um particle size, Dr. Maisch GmbH,
Germany) which was connected to an EASY-nLC 1000 system (Thermo Fisher Scientific
Inc.). The mobile phase A was water containing 0.1% formic acid (v/v), and mobile phase
B was acetonitrile containing 0.1% formic acid (v/v). A 60-min gradient of 2% to 90%
mobile phase B at a flow rate of 200 nl/min was used for the peptide separation. The eluted
peptides were analyzed by a Q-Exactive mass spectrometer (Thermo Fisher Scientific Inc.).

A Full mass scan was conducted in the Orbitrap mass analyzer in the range m/z 300 to
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1,400 with a resolution of 70,000 at m/z 200. The top 15 ions were fragmented with
normalized collision energy of 27 and tandem mass spectra were acquired with a mass
resolution of 17,500 at m/z 200.

The obtained MS/MS spectra were searched with Mascot (Matrix Science, London,
UK) against UniProt Human protein database. Mono-methylation and di-methylation on
Lysine and Arginine, tri-methylation on lysine, acetylation on lysine and protein N-
terminal, oxidation on methionine, and d7-isobutyrylation on lysine were specified as
variable modifications. Maximum missing cleavage was set at 4, and mass tolerance was
set at 10 ppm for precursor ions and +0.05 Da for MS/MS.
RNA-seq

Total RNA was extracted using TRIzol reagent (Thermo Fisher). Indexed libraries
were constructed using the [llumina TruSeq Stranded mRNA library prep kit. Samples were
then sequenced on NovaSeq (PE50) with paired-end reading. Raw reads in FASTQ files
were submitted for differential expression analysis using DEseq2. Gene set enrichment
analysis (GSEA) was performed against KEGG pathway. Significantly altered gene sets
were defined with the False Discovery Rate (FDR) and p value less than 0.25 and 0.05,

respectively.

4.3 Results
Isobutyryl-CoA is an abundant metabolite in the mammalian cell

Upon its discovery with mass spectrometry, lysine butyrylation (Kbu) was defined as
a straight chain n-butyrylation.’* Nevertheless, two isomeric structures may contribute to

the same molecular mass of the butyryl mark (+70 au): either normal linear butyryl or
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branched isobutyryl group. Lysine acylations rely on acyl-CoA molecules as the reactive
acyl group donor (Figure 1); therefore, an ample pool of acyl-CoA is a prerequisite for the
incidence of cognate lysine acylation. To determine cellular butyryl-CoA composition, we
measured the levels of n- and iso-butyryl-CoA in human embryonic kidney 293T
(HEK293T) cells with high-performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS). Iso- and n-butyryl-CoA standards were resolved on the
chromatogram at retention times of ~13.85 and 14.05 minutes respectively, and monitored

at the same ion transition (838 —331) on the mass spectrometer (Figure 2A). The

chromatographic peak area of n- or iso-butyryl-CoA molecules was integrated as the
quantitation reference. Then HEK293T cell’s acyl-CoA extracts were subjected to the same
HPLC-MS/MS analysis and the abundance of n- and iso-butyryl-CoAs was compared.
Duplicate experiments were conducted, showing that the ratios of iso- and n-butyryl-CoA
were 2~3:1 (Figure 2B). This data revealed that the cellular butyryl-CoA is a mixture of
two isomers, both of which may act as acyl donors leading to lysine butyrylation on cellular

proteins.
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Figure 2. Detection and quantification of n- and iso-butyryl-CoA using LC-MS/MS.
A. Control experiments showing that N- and iso-butyryl-CoA were separated with the LC-
MS/MS system with the retention times at 14.06 and 13.86 minutes and were detected at
the same 1on transition 810 — 313. B. n- and iso-butyryl-CoA from the 293T cell extracts
were detected under the same LC-MS/MS condition. Their levels were compared by using

the integrated chromatographic peak areas.

Cellular metabolism of isobutyrate and valine lead to isobutyryl-CoA production
Acyl-CoA molecules are metabolic intermediates mostly from glucose catabolism,
fatty acid B-oxidation, and amino acid degradation.!!® Also short chain fatty acids such as
propionate and butyrate taken up from surrounding media can be converted to cognate
acyl-CoA molecules with the catalysis of short chain acyl-CoA synthetases (ACS).!7!18 It
is thus highly possible that isobutyryl-CoA can be synthesized from this pathway with

isobutyrate as the source agent. Importantly, isobutyryl-CoA is a key intermediate of valine

metabolism pathway so valine may also stimulate biosynthesis of isobutyryl-CoA (Figure
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1).!" These isobutyryl-CoA synthetic pathways would further strengthen the possibility
that isobutyryl-CoA acts as an important regulator in physiological processes. Herein, we
studied the effect of isobutyrate and valine treatment on the change of cellular isobutyryl-
CoA level. 293T cells were treated with varied concentrations of deuterated sodium
isobutyrate (d7-isobutyrate), and acyl-CoA molecules were extracted and analyzed with
the HPLC-MS/MS method aforementioned. The levels of butyryl-CoA molecules were
measured and normalized to total cellular proteins (Supplementary Figure S1A). With
the increase of d7-isobutyrate doses, d7-isobutyryl-CoA level increased drastically until a
plateau was reached at 5 mM of d7-isobutyrate. The level of endogenous, non-isotopic
isobutyryl-CoA remained barely changed. We also tested how isobutyryl-CoA level would
change in response to valine feeding. The data showed that treatment of 293T cells with
valine significantly increased the level of isobutyryl-CoA until a plateau was reached at the
concentration of 5 mM valine (Supplementary Figure S1B). In contrast, the level of n-
butyryl-CoA was not affected by valine treatment. This observation is consistent with the
aforementioned valine metabolic pathway, in which isobutyryl-CoA is an important
intermediate.!!® Taken together, these data demonstrate that isobutyryl-CoA can be
biosynthesized from the acyl-CoA synthetase pathway and valine metabolism, which not
only defines the anabolism of isobutyryl-CoA in mammalian cells but also provides us with
an amenable approach to study the dynamic change of lysine isobutyrylation levels in
cellular proteins.
KAT enzymes catalyze lysine isobutyrylation

Lysine acylations are enzymatically driven by KATs, which can covalently deposit

acyl groups from the cosubstrate acyl-CoA to lysine residues in protein substrates.
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Identification of isobutyryl-CoA as an ample acyl-CoA donor points out the high
probability for the existence of lysine isobutyrylation in cellular proteins. In this regard, it
is necessary to examine whether and which KATs can catalyze this acylation reaction. We
quantitatively measured the acylation activities of nine human KATs from three major
KAT families, MYST, GCN5/PCAF/HAT1, and p300/CBP, using a fluorogenic assay that
was designed to quantify the byproduct CoA.!'? Histone peptides H3(1-20) or H4(1-20)
was used as the acyl acceptor to characterize the acetyl-, propionyl-, n-butyryl-, and
isobutyrylation activities of individual KAT enzymes (Figure S2). Consistent with our

recent study, 2’

all the tested KAT enzymes show remarkable Kpr activity, more than 20%
of their nascent acetyl transfer activity, which demonstrates that almost all eukaryotic
KATs may possess this intrinsic activity. Nevertheless, further increase of acyl chain length
to four carbon units leads to a drastic decrease of butyrylation activity (Kbu) of KAT
enzymes. Among the tested KAT enzymes, HAT1 showed outstanding isobutyrylation
(Kibu) activity with ~25% of its acetylation activity, followed by HBO1 while the other
KAT enzymes exhibited much lower or even barely detectable Kibu activity. p300 is
known for its great cofactor promiscuity, functioning as lysine acetyl-, propionyl-, butyryl-
, and crotonyltransferase.>*%>!1%° Its unique acyl-CoA binding pocket enables p300 to bind
with larger acyl-CoA molecules without need of protein engineering.!?!"'?? Therefore, we
carried out steady-state kinetic characterization of p300 and HAT1 with various acyl-CoAs
to determine their acyltransferase activities. The results show that the catalytic specificity
constants kc./Km of p300 with n- and isobutyrylation activities were 0.25 min™'.uM™! and

0.13 min'.uM! respectively, about 7% and 13% of p300 acetylation activity (Figure 3).

In comparison, Knbu and Kibu activity of HAT1 was about 13% and 31% of its acetylation
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activity, respectively. Thus, both HAT1 and p300 possessed appreciable activities of lysine

n-butyrylation and iso-butyrylation.
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Figure 3. Kinetic characterization of p300 and HAT1 acylation activities. p300 or
HATI1 was incubated with individual acyl-CoA molecule at varied concentrations and
H4(1-20) peptide substrates. The enzymatic reaction was quantified using CPM assay. The
reaction rate-acyl-CoA concentration were plotted with the Michaelis-Menten equation to
get the kinetic constants K, and kca. The kca/Km value were used to evaluate lysine
acylation activity. A. initial velocity curves of p300 with acetyl-, propionyl-, n-butyryl-,
and isobutyryl-CoA. B. initial velocity curves of HAT1 with acetyl-, propionyl-, n-butyryl-
, and isobutyryl-CoA. C. Kinetic parameters from the velocity data fitting. Experimental
conditions: 200 uM H4(1-20) peptide, 0-50 uM acyl-CoA, 40 nM or 100 nM HATI, 20

nM or 100 nM p300, 15 min reaction time, temperature at 30 °C.

HATI1 and p300 isobutyryltransferase activity on synthetic H3 and H4 peptides was
further confirmed by MALDI-MS analysis of the reaction mixtures (Supplementary
Figure S3). The recombinant p300 and HAT1 were incubated with isobutyryl-CoA and
H3(1-20) (for p300) or H4(1-20) peptides (for HAT1) for 1 h. Next, the reaction mixture
was subjected to MALDI-MS test. Product peaks (M+70) were observed in both p300 and
HAT]1 catalytic reactions, demonstrating that both enzymes can catalyze isobutyrylation
on peptide substrates. We further tested if the isobutyrylation activity of HAT1 on histone
H4 substrate can be detected with Western blot using the commercially available anti-
butyryllysine antibody (PTM Biolab, Cat# PTM-301). Although this antibody was

41123 incubation of n- or iso-butyryl-CoA, histone H4 and

designed for detection of Knbu,
HATT1 drastically increased the band intensity of both n-butyrylated H4 and iso-butyrylated

H4, whereas lack of HAT1 induced little histone labeling (Supplementary Figure S3).
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Hence, this anti-Knbu antibody was also able to recognize Kibu mark. Our finding on the
promiscuous specificity of the anti-butyryllysine antibody indicates that some butyrylated
lysines identified in previous work could be a mixture of n- and iso-butyrylated lysines.
Overall, the biochemical measurements and western blot data validated the Kibu activity
of HATI and p300. Importantly, the capability of PTM-301 antibody in recognizing Kibu
mark allows for a technical means to study protein Kibu signals from the cellular contexts.
Lysine isobutyrylation is a bona fide PTM mark on nucleosomal histones

We next focused on the detection of lysine isobutyrylation (Kibu) on cellular
proteins. 293T cells were treated with sodium d7-isobutyrate for 16 h, followed by
extraction of the nuclear histone proteins or whole cellular proteome. The extracted
proteins were resolved on a SDS-PAGE gel and analyzed with Western blot using the anti-
Kbu antibody PTM-301. The chemiluminescent protein bands on the Western blot
membrane are collective signals corresponding to Knbu and Kibu levels because of the
promiscuity of this antibody. Nevertheless, any intensity change upon d7-isobutyrate
treatment will reflect changes in the Kibu level because isobutyrate treatment induced
synthesis of isobutyryl-CoA rather than n-butyryl-CoA. As shown in Figure 4, both whole
proteome extracts and histone extracts showed increased Kibu levels on histones H3 and
H4, as a result of isobutyrate treatment. Thus, Kibu is a bona fide histone PTM and is

driven by isobutyryl-CoA. Surprisingly, under our condition, no appreciable change of
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chemiluminescence intensity was observed on non-histone proteins upon isobutyrate

treatment.
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Figure 4. Detection of lysine isobutyrylation on protein lysines. HEK293T cells were
treated with sodium isobutyrate to induce the synthesis of isobutyryl-CoA. Cellular
proteome and core histone proteins were extracted and tested with anti-butyryllysine
antibody (PTM Biolabs, Cat#PTM-301). Treatment of cells with isobutyrate induced
increase of lysine isobutyrylation level on core histone proteins while no appreciable

change was observed on non-histone protein isobutyrylation upon isobutyrate treatment.

To confirm histone Kibu in cells, we performed HPLC-MS/MS analysis of the histone

extract (Figure 5). The core histones were extracted from the sodium d7-isobutyrate treated
HEK?293T cells and subsequently digested with trypsin. The resulting tryptic peptides were
subjected to nano-HPLC/MS/MS analysis and protein sequence alignment with Mascot
algorithm. Our analysis led to the identification of two modified H3 peptides,

KSTGGKAPR and KQLATKAAR, which contain a mass shift of + 77.0858 Da at sites

H3K 14 and H3K23, respectively. This mass shift is the same as that caused by the addition
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of a d7-isobutyralation, demonstrating the existence of two novel isobutyralation sites on

histone H3.
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Figure 5. MS/MS spectra of histone H3Kibul4 (A) and H3Kibu23 (B) in 293T cells.
The b and y ions refer to peptide backbone fragment ions containing N- and C-terminus,
respectively.

The p300 acetyltransferase possesses histone isobutyrylation activity in the cell.

We moved on to test which KAT can mediate Kibu levels in cells. We focused on
p300 and HATI1 as they both showed clear isobutyrylation activity on peptide substrates
(Figure 3 and Figure 4). To determine if they could catalyze in cellulo lysine
isobutyrylation, we performed transient transfection of p300 and HAT1 plasmid in 293T
cells and then treated the cells with sodium d7-isobutyrate. Consistent with the above
observations (Figure 4), isobutyrate significantly increased Kibu levels in histones,

suggesting isobutyrate is the source of isobutyryl group to promote isobutyrylation
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(Supplementary Figure S4, Lanes 2 and 6). In the presence of p300 overexpression and
isobutyrate treatment together, Kibu levels were further boosted (Supplementary Figure
S4, Lane 4) especially on histone H3 region. These data suggest that histone H3 may be a
major Kibu target mediated by p300. The result is consistent with previous studies that
p300 acetylates multiple sites in histone H3.!2#!25 Surprisingly, we did not observe any
significant change in the Kibu level with HAT1 overexpression (Supplementary Figure
S4, Lane 8). Such a difference between biochemical and in cellulo assay results in
isobutyrylation may reflect the context dependence of HAT1 activity.
Structural insights of the HAT1 and p300 interactions with isobutyryl-CoA

To elucidate the structural basis of HATSs’ isobutyryltransferase activity, we generated
the 1.6 A crystal structure of the ternary complex of HAT1 with isobutyryl-CoA (IbuCoA)
and histone H4(K12A) mutant peptide, referred to here as HAT1-IbuCoA-H4(K12A)
(PDB ID: 6VO5) (Table S1). We used the H4(K12A) mutant peptide instead of the wild
type counterpart to avoid any reaction intermediates between the g-amino group of lysine12
(K12) of H4 and IbuCoA, and eventually to better resolve the electron density of the
isobutyryl moiety of IbuCoA in HAT1-IbuCoA-H4(K12A). For comparison, the wild type
H4K12 side chain inserts into the HAT1 active site tunnel in the crystal structure of HAT1
bound to acetyl-CoA and H4, referred to here as HAT1-AcCoA-H4 (PDB ID: 2POW).
Previous studies have shown that human HAT1 can acetylate soluble (but not nucleosomal)
histone H4 at K5 and K12 positions.'?® In HAT1-IbuCoA-H4(K12A), the H4(K12A)
peptide adopts a similar conformation and binding pattern with HAT1 compared to that of
HATI1-AcCoA-H4 (Figure 6A, B), suggesting that the N-terminal sequence motif of H4

plays a crucial role in HAT1 substrate recognition and binding, and consistent with H4K 12
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being the preferred HAT1 acetylation site. The overall IbuCoA interaction with HATI is
similar to that of AcCoA-HATTI interaction observed in HAT1-AcCoA-H4, except for the
adenosine ring of IbuCoA in HATI1-IbuCoA-H4(K12A), which adopts a pi-stacking
interaction with Phe288 side chain of HAT1 instead of Lys284 (Figure 6C). The electron
density omit-map for IbuCoA in the crystal structure of HATI1-IbuCoA-H4(KI12A)
contained clear density for the extra isobutyryl moiety of IbuCoA, thus revealing that
HAT]1 also accommodates IbuCoA in its active site without any structural rearrangements

(Figure 6D).

A Al

ﬁ{‘@

ané.Q*n A
K284

Figure 6. Crystal structure of HAT1 in complex with isobutyryl-CoA. (A) Overall fold
of HAT1-IbuCoA-H4(K12A) shown in cyan, superposed on HAT1-AcCoA-H4 (PBD ID:
2POW) shown in grey. IbuCoA and Histone H4(K12A) peptide is shown in stick
representation in magenta in yellow, respectively. Acetyl-CoA and Histone H4 from
HAT1-AcCoA-H4 structure (PBD ID: 2POW) is shown in stick representation in grey. (B)
Close-up view of the Isobutyryl moiety of IbuCoA binding site. (C) Close-up view of the

adenosine ring of IbuCoA binding site. (D) The Fo-F. electron density omit-map of [buCoA
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(chain B) in the crystal structure of HAT1-IbuCoA-H4(K12A), displayed as grey mesh and
contoured at 2.56.

Similarly, p300 was previously shown to accommodate a diverse array of acyl-CoAs
as substrates, and several structures of p300 in complex with acyl-CoA variants including
acetyl-CoA and butyryl-CoA were reported.'® To further corroborate the p300
isobutyryltransferase activity observed in our assays, we modeled an IbuCoA in the crystal
structure of p300 bound to butyryl-CoA (PDB ID: 5LKT). Impressively, we found that
IbuCoA and butyryl-CoA bound to the active pocket of p300 with the same conformation
(Supplementary Figure S5). Clearly p300 accommodates well isobutyryl-CoA in its acyl-
CoA binding pocket, accounting for the observed Kibu activity.

Isobutyrate globally affects the transcriptional profile of 293T cells

To systemically understand epigenetic changes affected by lysine isobutyrylation, we
performed RNA-seq profiling on isobutyrate-treated 293T cells. Gene set enrichment
analysis (GSEA) was used to compare the rank-ordered dataset of isobutyrate-treated
versus control transcripts with respect to the KEGG pathways altered by isobutyrate
treatment (Figure 7 and supplementary Figure S6). The results revealed that isobutyrate
treatment caused upregulation of a number of genes associated with such important
biological pathways as diabetes-related signaling, calcium signaling, hedgehog signaling,
and JAK/STAT signaling. On the other hand, there were also some genes downregulated
by isobutyrate which included aminoacyl-tRNA biosynthesis, mRNA splicing, DNA

replication, and DNA repair.
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Figure 7. Enrichment analysis of the top gene sets altered by isobutyrate treatment in
HEK293T cells. Significantly altered gene sets were defined with the False Discovery
Rate (FDR) and p value less than 0.25 and 0.05, respectively. These genes were analyzed

against the KEGG pathway for upregulation (red) and downregulation (blue).

4.4 Discussion

Histone modifications are key players in the epigenetic regulation of chromatin
dynamics and transcriptional programing. Various histone PTM marks in combination
create unique epigenetic patterns that are associated with transcriptional statuses of target
genes.'?” Lysine butyrylation was recognized as n-butyrylation upon its discovery.** Later
study showed that butyrylation competes with acetylation on the same lysine residue and
leads to different biological outcomes.*! Herein, we identified lysine isobutyrylation, the

structural isomer of n-butyrylation, as a new PTM in histones. Although our mass
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spectrometry experiment only revealed two sites in histone H3, K18 and K23, being
isobutyrylated, the Western blot data suggest that histone H4 was also isobutyrylated
(Figure 5). In future it is needed to develop isobutyryllysine-specific antibody or chemical
probes and apply them to precisely map out lysine isobutyrylation sites in the chromatin
histones and in the whole proteome. Both n-butyryl-CoA and isobutyryl-CoA are ample
metabolites in mammalian cells but differ in their biosynthetic pathways. While n-butyryl-
CoA is derived from fatty acid metabolism, isobutyryl-CoA comes from valine metabolism
(Figure 1). Dairy and ruminant foods are rich in branched chain fatty acids whose
degradation provide another rich source of isobutyryl-CoA.'?® Although butyryl-CoA
mutase enzyme has been known in prokaryotic organisms and is able to interconvert n- and
iso-butyryl-CoA,'” our blast search does not yield any possible orthologs existing in
eukaryotic organisms. Indeed, treatment of 293T cells with d7-isobutyryate or valine only
boosted isobutryl-CoA level, but not n-butyryl-CoA (Supplementary Figure S1),
supporting that an isobutyryl-CoA mutase is not present in higher organisms.

The biochemical activity assays clearly showed that KAT members p300 and HAT1
catalyze lysine isobutyrylation activity in vitro. This is further substantiated by structural
determination that both KATs bind to isobutyryl-CoA in their acetyl-CoA binding pocket.
However only p300 showed cellular Kibu activity in our tested cell model. The discrepancy
of HAT1 isobutyrylation activity in the biochemical assays from its lack of cellular activity
may be a consequence of cellular context. HAT1 has been shown to form a protein complex
with RIP1/3,"3% which may change the molecular environment of HAT1 and contribute to

alterations in isobutyrylation substrate specificity in cells. It will be necessary in future to
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investigate isobutyrylation activity of p300, HAT1, and other KATs (e.g. HBOI) in a
broader scope and in different biological systems.

RNA-seq profiling showed that isobutyrate led to an extensive change in the
expression levels of multiple genes in 293T cells. This exemplifies the intricate connection
between metabolites and epigenetics: isobutyrate increases cellular levels of isobutyryl-
CoA and thereby leads to isobutyrylation of nuclear histones and transcriptional changes.
In terms of biophysical properties, lysine isobutyrylation may have similar effects as
acetylation on chromatin structure and gene transcription: both acylations neutralize the
positive charge on the lysine side chain and disrupt or weaken the electrostatic interaction
between histones and DNA. As a result, the chromatin architecture becomes more loosely
stacked and transcriptionally active gene sets are enhanced. At this point, it is unknown
whether any reader protein modules exist to recognize isobutyryllysine and distinguish it
from other lysine acylation marks. Our preliminary results showed that TAFI
bromodomain binds to acetylated H4 peptide but not isobutyrylated H4 peptide (data not
shown), suggestive of possible antagonistic function of lysine isobutyrylation from
acetylation. In addition, our RNA-seq data showed that certain genes are downregulated
upon isobutyrate treatment. One reason for this phenomenon could be owing to the
pharmacological effect of isobutyrate on cellular HDAC activities. Previous studies
showed that n-butyrate, B-hydroxybutyrate and 4-phenylbutyrate all have inhibitory effects
on the HDAC enzymes,'3! which would positively influence gene expression by increasing
the chromatin accessibility of transcriptional factors. Likely, isobutyrate may also affect

the gene expression profile through inhibiting HDACs. This study calls for a
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comprehensive assessment of transcriptional and pharmacological effects of different short
chain fatty acid (SCFA) molecules.

Acetate, propionate, and n-butyrate, produced by human gut microbiota directly
impact on host physiology. '** For instance, these SCFAs exhibit anti-inflammatory and
anti-proliferative properties in the gastrointestinal tract, which provides novel strategies to
develop anti-inflammation or anti-tumor therapeutics.'> It will be intriguing to examine
the percentage of isobutyrate molecules produced by luminal microbiota and how it affects
the physiology of the intestinal epithelial cells. Protein isobutyrylation in those host cells
may dynamically changes in response to the microbiota environment. During valine
catabolism, degradation of isobutyryl-CoA is catalyzed by isobutyryl-CoA dehydrogenase
(IBD) encoded by the ACADS gene.'** Mutations in ACADS cause a rare inborn metabolic
disorder, IBD deficiency, and lead to impaired isobutyryl-CoA breakdown and reduced
energy production.'** Although most IBD deficiency patients are asymptomatic, some
develop severe features of dilated cardiomyopathy, hypotonia, and anemia.'**> The range of
symptoms associated with IBD deficiency remain unclear, and biomarkers for IBD
deficiency are being investigated to allow efficient and effective diagnosis.!*® We
anticipate that isobutyryl-CoA level would increase and hence protein lysine
isobutyrylation may be upregulated in patients with IBD deficiency. Further proteomic
work will be warranted to screen lysine isobutyrylation and investigate its function in IBD

deficiency disease models.
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Supporting information for Chapter 4

Table S1. Data collection and refinement statistics.

HAT1-TbuCoA-H4(K12A)
(PDB ID: 6VO5)

Data collection®

Space group

Cell dimensions
a,b,c(A)
a, B,y (°)

Resolution (A)

Runerge

Y20

CCip

Completeness (%)

Redundancy

Refinement
Resolution (A)
No. reflections
Ruork / Riee
No. atoms
Protein
ligand
peptide
Water
B factors
Protein
ligand
peptide
Water
R.m.s. deviations

Bond lengths (A)
Bond angles (°)

P2,2,2

116.72, 155.63, 53.47
90.00, 90.00, 90.00
48.62-1.6 (1.63-1.60)"
0.059 (1.066)
20.3(1.9)

0.999 (0.723)

99.5 (99.5)

8.8 (9.1)

47.45-1.6
121983
0.170/0.197
6647
5452

112

189

746

28.3

26.5

37.0

36.7

37.5

0.007
1.406

*Values in parentheses are for highest-resolution shell.
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Figure S1. Cellular levels of isobutyryl-CoA correlate with isobutyrate and valine feeding.
293T cells were incubated with different concentrations of d7-isobutyrate or valine. After
cell culture and lysis, isobutyryl-CoA from extracts were analyzed by HPLC-MS/MS. Of
note, isobutyryl-CoA level was increased, but n-butyryl-CoA level was not affected in

response to isobutyrate or valine treatment.
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Figure S2. Relative lysine acylation activities of different KAT enzymes. Lysine acetyl-,
propionyl-, nbutyryl-, and isobutyryltransferase activities of each KAT enzymes were

tested using the fluorometric CPM assay, with fixed concentration of acyl-CoAs and H3(1-
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20) and H4(1-20) histone peptide substrates. All tested KATs showed strong activity on
lysine acetylation and appreciable activity on lysine propionylation. HATI1 showed the

strongest activity of carrying out lysine isobutyrylation, about 25% of its acetyltransferase

activity.
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Figure S3. Isobutyrylation activity of p300 and HAT1 on the histone peptide substrates
was detected by MALDI-MS. Enzymatic reaction was carried out at 30°C for 1 h;
[Enzyme]: 1 uM; H3(1-20) or H4(1-20) peptide: 50 uM; isobutyryl-CoA: 50 uM. The
reaction was quenched with 10% TFA. A. MS data shows that HAT1 catalyzes histone
isobutyrylation on H4 peptide. B. MS data shows that p300 catalyzes histone H3

isobutyrylation.
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Figure S4. Western blot detection of HAT1-mediated lysine isobutyrylation using an anti
nbutyryllysine antibody. Recombinant histone H4 was incubated with HAT1 and butyryl-
CoA or isobutyrylCoA. Butyrylation levels on histone H4 were detected with the anti n-
butyryllysine antibody from PTM BioLabs (Cat#PTM-301). The results demonstrated this

antibody can detect both n- and isobutyrylation on histone lysines.
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Figure S5. Effect of p300 and HAT1 overexpression on histone isobutyrylation. Histone
extracts were resolved on SDS-PAGE, transferred to nitrocellulose membrane, and

detected with the PTM-301 antibody.
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Figure S6. HATI interaction with IbuCoA and H4(K12A) peptide. The structure was

obtained by overlaying the PDB 2POW and PDB 6VOS5. (A) Close-up view of the
adenosine ring of IbuCoA binding site. (B) The Fo-Fc electron density omit-map of
IbuCoA (chain B) in the crystal structure of HAT1-IbuCoAH4(K12A), displayed as grey

mesh and contoured at 2.5c.
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Figure S7. Gene Set Enrichment Analysis (GSEA) of signaling pathways upregulated by

isobutyratetreatment of 293T cells. RNA-seq data of HEK293T cells with and without
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isobutyrate treatment were submitted for GSEA. Selective pathways of our top interest are

plotted.
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Figure S8. Effects of n-butyrate and isobutyrate on the activity of individual HDAC:s.
Activity inhibition on HDACs 1-11 by sodium n-butyrate and sodium isobutyrate was
measured at 1 mM. The experiment was done using a fluorometric assay by BPS
Bioscience Inc. Results were represented by average remaining % of activity of HDACs
after incubation with tested compounds. The data showed that isobutyryate was able to
inhibit HDACs 1-3, 8 and 10, which are also inhibition targets of n-butyrate. However, the
activities of isobutyryate were weaker than n-butyrate, with % inhibition around 20-40%
of the latter’s activities.
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CHAPTER S

SUMMARY AND FUTURE DIRECTIONS

HATs are important regulators of histone PTMs and have gained increasing
attention for their cellular function and physiological roles in various diseases.
Deregulation especially overexpression of HATs has been seen many types of cancer, and
therefore, pharmaceutical industry and academic research have actively pursued to
understand how HATs contribute to cancer progression develop strategies to inhibit these
enzymes. In addition, HATs are found to catalyze different acylations other than the
canonical acetylation (e.g., propionylation, crotonylation, succinylation), which expands
study scope of HATs and gain more insight into gene regulation. Despite great progress
that has been made in recent years, the “histone code” or histone marks and their functional
consequences are still unknown. Plus, the complexity of cellular environment may pose
challenges to the study, for the catalytic behavior and substrate specificity of HATs could
alter in histone octomer, and the nucleosome. Other chromatin modifiers, such as PRMTs,
can coordinate with HATs and deposit or remove different histone PTMs. In this context,
it is not completely studied how HATs are regulated and what can influence their cellular
functions.

In this work, we sought to understand how HATs are influenced by different CoA-
based compounds. We profiled structure-activity relationships between acyl-CoAs and
HATs in vitro, and found correlation between acyl-chain length of linear acyl-CoAs and

their potency in inhibiting HATs. While short- and median-chain acyl-CoAs have shown
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selectivity towards HATs, long-chain acyl-CoAs are poorly selective pan-acetylation
inhibitors. We also observed that unsaturation could facilitate inhibition and selectivity of
acyl-CoA to p300, possibly due to the cationic binding pocket or aromatic environment
surrounding the acyl chain. This provides a novel strategy to design and develop CoA-
based compounds as selective and potent p300 inhibitors. CoA derivatives have long been
considered cell-impermeable owing to negatively charged phosphate groups on CoA
moiety. However, it is feasible to neutralize negative charges by appending cationic groups
or aromatic groups on S-warhead to promote drug delivery in cells and result in inhibition
of histone acetylation, as exemplified by Spd-CoA.*> Whether or not this strategy could
work for more cell lines and improve potency has not been completed studied yet.

Apart from developing novel CoA derivatives as HAT inhibitors, we discovered a
new histone PTM, histone lysine isobutyrylation, and its modification sites which differ
from its isomeric modification, histone n-butyrylation. This modification involves
isobutyryl-CoA as the cofactor which is produced during valine and isobutyrate
metabolism. Despite lack of specific antibody to detect histone isobutyrylation in cells, we
were able to adopt HPLC-MS/MS strategy to identify substrates and to discover HATs that
are responsible for this new modification. We were unable to obtain its cellular abundance
compared with lysine acetylation, and it is not clear why HAT1 could catalyze histone
isobutrylation in biochemical assays but failed in cells. These are the questions that may
need to address so that we can obtain in-depth knowledge of histone PTM.

In summary, we have examined inhibition of different natural acyl-CoAs and

synthetic CoA derivatives to HATs. We have also expanded outlook of histone PTM by
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identifying a new histone acylation, lysine isobutyrylation. The following addresses some

of these findings and suggests future directions:

(1) Structural optimizations and further development of CoA-based HAT inhibitors

We investigated structure-activity relationship (SAR) between acyl-CoAs and HAT
representatives, and observed correlation between length of linear chain and potency of
linear saturated acyl-CoAs. Unsaturation and branched structure could also affect potency,
varying from different HAT families. Given the limited number of tested enzymes, one can
expand the screening scope of HATs to further verify specificity of CoA derivatives, and
determine the mode of inhibition of the hit compounds since HATs utilize different
substrates and catalytic mechanisms. On the basis of more comprehensive studies, one can
draw detailed conclusions on SAR of CoA-based probes and HATs which can be exploit
to perform structural optimizations.

While it remains unknown whether A433-CoA is cell permeable, one can identify
cellular metabolites pertaining to CoA-based structure. Enhancing cell permeability can
also be accomplished by appending nonpeptide S-substituents, as evidenced by a cell-
permeable CoA-based HAT inhibitor Spd-CoA®*® in which the amine group counteracts
negative charges on CoA moiety. Therefore, one may append positive charges on acyl
chain such as varied polyamine structures and perform cell permeability study or cellular
metabolism study. Also, it would be valuable to examine crystal structures of A433-CoA
or other candidates with HATs to gain insight into molecular basis of ligand-receptor
binding. Binding affinity could also be quantified to analyze cooperativity of drug-target

interactions.
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Our results of cellular data regarding A433-CoA reflects inhibition of histone
acetylation in PC-3 cell line that overexpresses p300/CBP. One should also check its
inhibition of acetylation in other cell lines, including noncancerous and cancerous ones.
Since histone acetylation regulates gene transcription, it would be of great interest to
investigate the effects of drug(s) on transcriptome and transcription of specific genes at the

mRNA level.

(2) Development of chemical probes for profiling lysine isobutyrylation in cells

We have found a novel histone mark lysine isobutyrylation which expands the
scope of histone acylations and paves way for study of butyrate and isobutyrate
metabolism. The research was conducted with canonical HPLC-MS/MS and immunoblot
approaches. However, we met some challenges in detecting cellular lysine isobutyrylation
with specific antibodies that was not available during the time of study. We did find an
alternative, anti-n-butyrylated lysine antibody, but it resulted in cross-reactivity with lysine
n-butyrylation and therefore poor quality of the antibody. In addition to antibody-based
studies, a great deal of progress has been made in bioorthogonal labeling in discovery of
novel modifications on proteins. One would utilize protein engineering and metabolic
labeling under physiological conditions to develop isobutyryl-CoA-based probes to profile
lysine isobutyrylation. The chemical biology approach would supplement antibody-based

studies, and may be more specific in recognizing protein modifications.
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