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CHAPTER 1
INTRODUCTION
1.1 Protein posttranslational modifications
1.1.1 Significance

The central dogma of biology is that the flow of genetic information proceeds from DNA
to RNA to protein. Proteins are the main functional macromolecular components of living
beings. It is estimated that there are approximately 19,000 nuclear protein coding genes in the
human genome.' However, the number of unique proteins (aka proteoforms) is not as simple as a
one to one ratio with gene number. One of the main systems for diversifying proteins is through
posttranslational modifications (PTMs).

PTMs broadly refer to covalent attachment of chemical groups to protein backbone or
side chains or the cleavage of proteins at specific residues after translation by the ribosome.’
Over 450 unique types of posttranslational modifications are recorded on in the UniProt
database.’ The proteoforms that result from combinations of posttranslational modifications,
alternative gene splicing, and coding mutations create a proteome that is multiple orders of
magnitude more complex than that represented by gene number alone.” Understanding biology
requires functional characterization of not only genes and proteins but also the regulatory
mechanisms that dictate activity of proteins

Protein structure dictates function. Thus, the ability of proteins to be posttranslationally
modified creates one of the central paradigms for altering of protein structural conformation and
therefore function. For example, protein phosphorylation involves the addition of a negatively
charged group to serine, threonine, or tyrosine side chains. This leads to a conformational change

that affects enzymatic activity of multiple types of proteins including kinases.” From this system



of adding onto protein structure with chemical moieties, cells are able to carry out a number of
cell signaling processes PTMs can also positively or negatively impact the ability for protein-
protein interactions to occur. Phosphorylation signaling cascades are foundational in cell
signaling. Reactive oxygen species mediate key signals in modulating cellular stress response. .
The addition of hydrophobic lipid modifications provides a mechanism for attachment and
localization of proteins to lipid membranes. Ubiquitination of proteins marks them for
degradation by the proteasome. Lysine methylation of histones is associated with the activation
or repression of gene transcription. These are but a few of the many examples of ways that PTMs
function in physiology.

PTMs are also critically important to our understanding of diseases. The regulation of
PTMs are central to many of the hallmarks of cancer.” Regulators of phosphorylation including
kinases and phosphatases are some of the most commonly disrupted oncogenes in cancer.’
Likewise, many genes that regulate the epigenome are also disrupted in cancer and represent key
therapeutic targets.” For example, the histone methyltransferse EZH2 is frequently altered in a
variety of cancers including breast, prostate, and lymphoid.® An EZH2 inhibitor has also recently
been FDA approved for the treatment of epithelioid sarcoma.” In another example, multiple
histone deacetylase (HDAC) inhibitors have been FDA approved for the treatment of cutaneous
or peripheral T cell lymphomas.” There are also oncogenic mutations in histone proteins
themselves at residues that disrupt their epigenetic patterns.'® As demonstrated, PTMs represent
a crucial factor in pathology and understanding their regulation has therapeutic implications for
diseases such as cancer.

The list of important PTMs and their associations with disease go on. Thus, it would not

be possible to succinctly and comprehensively cover all of the work that has been done on



PTMs. In the interest of brevity, this work will use the epigenetic regulation of gene expression
by histone lysine acetylation (Kac) as an example of the effects of PTMs. We selected to focus
on lysine acetylation as its history is highly relevant to the original work contained herein.
1.1.2 Lysine acetylation of histones and epigenetic regulation

The acetylation of amino acids was first discovered in the late 1940s.'" In the early
1960s, it was discovered that histones were heavily acetylated using extracts from calf thymus.'*
Shortly thereafter, Allfrey and colleagues showed that isotopic acetate could be incorporated into
histones independent of protein synthesis inhibition suggesting that it occurred
posttranslationally.”> Allfrey and colleagues further proposed that the acetylation of histones
could serve as a mechanism regulating transcription." Since these initial experiments,
acetylation of histones has emerged as a key factor in the epigenetic regulation of gene
expression. The term “epigenetics” refers to mechanisms that modulate gene expression without
directly impacting the underlying genetic code. Two of the most studied types of epigenetic
histone modifications are acetyllysine and methyllysine (Figure 1.1). The history of the
acetylation of histones provides key insight into the process by which a PTM is confirmed to be

an epigenetic regulator and will be discussed presently.



L N
HN

Lysine Acetyllysine

Lys Lys

W

HNe _HNe N

CH

Methyllysine Dimethyllysine Trimethyllysine

Figure 1. 1 Structures of acetyllysine and methyllysine.
The structures of lysine, acetyllysine, methyllysine, dimethyllysine, and trimethyllysine are
shown as indicated.



The first direct evidence of a connection between histone acetylation and gene expression
was published in the late 1980s and early 1990s. Crane-Robinson and colleagues found that
chromatin around the alpha D globin gene in chicken embryo erythrocytes was strongly
acetylated relative to input controls.'* Around this time, multiple groups reported that mutations
of specific histone lysine residues in yeast affected telomeric gene silencing and expression of

15-18

the mating locus. In 1996, the major discoveries of enzymes that either added or removed

Kac from histones demonstrated that this was a directed cellular process and not simply the

result of chemical reactions.'”*

This represented a critical turning point in the understanding of
Kac on histones and was followed by a tremendous expansion in the field as visualized by the
dramatic output in the number of publications in the following years up until present day.*'
Jenuwein and Allis proposed that the epigenetic modification of histones provided a type
of code that dictated chromatin related processes.*> The primary regulatory proteins to add,
interpret, and remove histone modifications are referred to as writers, readers, and erasers,
respectively (Figure 1.2). Much work has been done to study histone marks in efforts to decode
their effects on these processes. For purposes of brevity, this work will cover a few milestones in
this field. Ming-Ming Zhou and colleagues reported that Kac was bound by the bromodomain of
PCAF, thus identifying the first reader protein.> This and the further study of reader proteins
demonstrated that proteins could recognize Kac sites and effectively served to interpret the signal
generated by patterns of histone marks. In 2007, chromatin immunoprecipitation coupled with
next generation sequencing (ChIP-Seq) was developed.** " ChIP-Seq has since become the
dominant technology in understanding the correlations with histone marks and transcriptional
processes. The attempts to decode the functions of specific Kac histone marks are still an area of

active research.
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Figure 1. 2 Schematic of writers, readers, and erasers.

There are three main classes of regulatory proteins relevant to histone marks. Writer proteins
(shown on left) catalyze the addition of the PTM to the histone protein. Readers (middle) are
proteins with binding pockets that are capable of interacting with the PTM modified form of the
histone. Erasers (right) catalyze the removal of the PTM moiety from histones. The diagram
depicts three nucleosome complexes with protruding N-terminal histone tails represented by blue
cylinders. The orange line indicates the DNA that surrounds the histone octamers. A yellow
diamond represents the PTM moiety.



While the discussion thus far has been on histone acetylation, Kac is found a variety of
different proteins. The acetylation of tubulin was first reported in 1983.” Outside of tubulin and
histones, only a handful of Kac substrates were known for a long time. For example, lysine

acetylation was identified to activate p53.%**°

However, it wasn’t until our laboratory published
the first proteome wide study of Kac sites that the true scope of Kac substrates was appreciated.”’
In particular, it was discovered that mitochondrial proteins were heavily acetylated to an extent
that had not been previously appreciated. Later work further confirmed that mitochondrial

32,33
= Thus, Kac serves as a

proteins were heavily acetylated and impacted cellular metabolism.
key regulatory mechanism across the proteome.
1.1.3 Open questions

The discovery of previous PTMs revolutionized our knowledge of cell signaling and
biology. What would modern biology look like without protein phosphorylation? What if the
field had never identified histone lysine acetylation or methylation? Where would this put us in
our ability to understand cell-signaling mechanisms? The identification of previous
posttranslational modifications has had far reaching implications across many fields.

A driving goal of our laboratory is to discover new types of PTMs that have important
biological functions. We argue that true understanding of cell signaling mechanisms requires
proper identification of all of the chemical moieties that are involved. It is unclear how many
types of PTMs that have roles in cell signaling are still yet to be discovered. The following
sections will provide a historical look at the discovery and validation of PTMs to provide a
background for understanding the methods for discovering new modifications. This includes

understanding the rational for the discovery of a new PTM, lysine methacrylation (Kmea), which

is the focus of the experimental work contained herein.



1.2 Acyl-CoAs as sources of posttranslational modifications
1.2.1 Metabolic origins of PTMs

The chemical moieties that constitute PTMs need to be derived from a reaction donor.
High energy metabolites serve as precursors for enzymatic PTMs. Kinases use ATP to add a
phosphate moiety to hydroxyl group on serine, threonine, or tyrosine residues.”*
Methyltransferases use S-adenyl-methionine to add methyl groups to the side chains of lysine,
arginine, and histidine residues.® Acetyltransferases add acetyl groups to lysine using the
cofactor acetyl-CoA." The list of enzymatically catalyzed modification types goes on and
includes the likes ubiquitination and glycosylation among others.” It is thus evident that
organisms have evolved to utilize a variety of metabolic precursors to serve signaling functions
at the molecular level.

In addition to enzymatically-regulated modifications, the existence of reactive molecules
can also lead to non-enzymatic protein modifications. Reactive oxygen species such as hydrogen
peroxide are highly reactive for the thiol group of the cysteine side chain.’® Aldehydes are highly
reactive chemical species that are produced as byproducts of metabolism or by the oxidation of
lipids.””*® Acyl-CoAs can react with free lysines, especially at pH representative of the inner
mitochondrial matrix.” These are a few of the many types of reactive metabolites that are able to
modify proteins.

In summary, it is well established that a host of reactive metabolic species are involved in
chemical reactions whether enzymatically catalyzed or not. The scope of this work is focused on
the acyl-CoA species. For this purpose, the chemistry of acetyl-CoA with relation to its role
connecting metabolism and signaling will be discussed. Following that example, more general

observations regarding the acyl-CoAs will be explored. Finally, the background of metabolite



methacrylyl-CoA will be examined due to its central importance to the experiments presented in
this work.
1.2.2 Lysine acetylation is derived from acetyl-CoA

40,41

Coenzyme A (CoA) and Acetyl-CoA were discovered in the late 1940s.”™" The coupling
of acetate to CoA was referred to as activated acetate. It was around this time that protein
acetylation was first discovered.'' Bloch, Lipmann, and Lynen would later win the Nobel Prize
for these discoveries. This work established that acetyl-CoA was a chemically reactive molecule
that modified proteins.

Acetyl-CoA is generated from the catabolism of pyruvate, fatty acids, or amino acids
within mitochondria.** Since acyl-CoAs cannot cross the mitochondrial membrane, the
metabolism of citrate by ATP citrate lyase serves as the primary source for nucleocytosolic
acetyl-CoA.* Acyl-groups can be transported out of mitochondria through the carnitine shuttle
pathway.* It has been proposed that acetyl-carnitine from the mitochondria can be converted
into nuclear acetyl-CoA.*’ Free acetate can also be converted into acetyl-CoA by short chain
acyl-CoA synthetases like ACSS2.* Hypoxic cancer cells and some tumors are highly dependent

on acetate for the generation of their acetyl-CoA pools.*’**

The pyruvate dehydrogenase
complex is also reported to partially localize to the nucleus to produce acetyl-CoA.*
Acetyl-CoA concentrations in cells range from approximately 2-13 pumol in cultured cells
depending on the glucose concentration in the media.”® Varying concentrations between
subcellular compartments are thought to be important, but at the time of the writing of this
document the technology for isolating and measuring those pools are still in early development.*

There is however evidence that certain biological circumstances require acetyl-CoA production

in the proximity of chromatin. Chromatin bound ACSS2 is hypothesized to provide local high



concentration microenvironments of acetyl-CoA for histone acetylation under certain

conditions.’*>?

Mice with attenuated hippocampal ACSS2 have decreased transcription of genes
where wild type ACSS2 localizes and have impaired long term spatial memory.”' Under
conditions of nutrient starvation, ACSS2 localizes to lysosomal and autophagic genes to promote
their expression.”” The pyruvate dehydrogenase complex has also been reported to associate with
p300 on chromatin to provide local acetyl-CoA production for acetylating histones at
enhancers.” It is not clear to what extent local generation of acetyl-CoA species is needed for
histone acetylation instead of generalized availability of diffuse nuclear acetyl-CoA. In
summary, acetyl-CoA levels are metabolized in various compartments of the cell in part to serve
as the precursors for Kac across the proteome.
1.2.3 Acyl-CoAs

The human metabolome database (HMDB) lists over 300 types of acyl-CoA species.
Only a small fraction of these have been associated with posttranslational protein modifications.
Acyl-CoAs are reactive thioester metabolites. Acetyl-CoA and succinyl-CoA non-enzymatically
modify proteins in vitro at physiological pH levels.” The reaction increases with increasing pH
that is consistent with the environment of the mitochondrial matrix. Negatively charged
dicarboxyl-acyl-CoAs like succinyl-CoA reportedly can form anhydride intermediates that are
highly reactive with lysines.”* Levels of acyl-CoA species correlate to the levels of histone
acylations.” Kcr is an exception to this trend as it does not correlate as closely with crotonyl-
CoA.” If the nonenzymatic transfer is a general property of acyl-thioesters, then it is likely that
many more if not all acyl-CoA species can produce lysine modifications at some frequency. The

challenge to the field will be to determine those species that are the most relevant to biological
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function. One way to prioritize those likely to have impacts in cell signaling processes is to focus
on those acyl-CoA species that yield enzymatic regulated PTMs.
1.2.4 Methacrylyl-CoA

Methacrylyl-CoA is an endogenous intermediate involved in the catabolism of valine.”® A
diagram illustrating the pathway for valine catabolism is shown in Figure 1.3. Valine is one of
the branched chain amino acids (BCAAs) along with leucine and isoleucine. Unlike other amino
acids, the branched chain amino acids typically avoid first pass metabolism in the liver due to the
low levels in liver BCKDC.”” Skeletal muscle and to a lesser extent adipose contribute the most
to the initial breakdown of branched chain amino acids. Though it confirmed the metabolic
importance of skeletal muscle, a recent isotopic tracer study in mice demonstrates that most

bodily tissues rapidly catabolize branched chain amino acids into the TCA cycle in vivo.™
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Vali Bear ketoi leri id Bekbe Isobutyryl-CoA
aline ——— a-ketoisovaleric aci 7_> sobutyryl-Co
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crotonase

3-hydroxyisobutyryl-CoA <«——— Methacrylyl-CoA

(i.e. ECHS1)
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3-hydroxyisobutyric acid =—— Methylmalonic acid semialdehyde

CoA 4 MMSDH

propionyl-CoA
Figure 1. 3 Valine catabolic pathway.
The mitochondrial metabolic pathway for valine catabolism is shown with the names of the
metabolic intermediates and abbreviations for key enzymes. Note that while this pathway is
drawn with regards to the direction of complete catabolism, certain steps in the pathway are
bidirectional such as the conversion of methacrylyl-CoA to 3-hydroxyisobutyryl-CoA. The
abbreviations used in this figure stand for the following enzymes or enzyme complexes: BCAT,
branched-chain amino acid transferase; BCKDC, branched-chain a-ketoacid dehydrogenase
complex; ACADS, acyl-CoA dehydrogenase family member 8§ (aka isobutyryl-CoA
dehydrogenase); crotonase (aka enoyl-CoA hydratase), multiple members of the crotonase
family have been implicated in this interaction including ECHS1; ECHS1, enoyl-CoA hydratase
short chain 1; HIBCH, 3-hydroxyisobutyryl-CoA hydrolase; HIBADH, 3-hydroxyisobutyrate
dehydrogenase; MMSDH, methylmalonate-semialdehyde dehydrogenase.
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Beyond understanding the pathway, how can we understand if methacrylyl-CoA itself has
a role in pathophysiology? One possibility is to examine diseases where methacrylyl-CoA and
BCAA metabolism are disrupted. For this purpose, we will examine three disease areas that may
be informative: leigh syndrome, cancer, and diabetes

The potential relevance for methacrylyl-CoA in diseases is perhaps most obviously
associated with leigh syndrome. Leigh and leigh like syndromes are the most common form of
in-born error of metabolism and can result from monogenic mutations in over 75 different
genes.” While the majority of mutations are associated with mutations in the electron transport
chain, there is a subset of individuals with the diseases that have disrupted valine catabolism.
Multiple cases have been reported of Leigh syndrome patients with mutations in either ECHS1

A% For patients with these

or HIBCH, two enzymes downstream of methacrylyl-Co
mutations, the accumulation of methacrylyl-CoA is hypothesized to be a causal factor due to its
capacity to alkylate cysteines.®” Elevated levels of the alkylated cysteine products S-2-
carboxypropyl-cysteine and S-2-carboxypropyl-cysteamine are detectable in the urine of patients
with HIBCH and ECHS1 mutations.>”" Supporting the possibility for toxicity, the enzymes
directly downstream of methacrylyl-CoA production have been speculated to be expressed at
high levels under healthy physiological conditions in order to prevent the accumulation of
methacrylyl-CoA.”* " It is still unknown which proteins are the critical targets of alkylation by
methacrylyl-CoA. Deficiencies in respiratory chain proteins and pyruvate dehydrogenase have
been reported in these patients suggesting that they may be potential alkylation targets.®>**%
However, the exact pathologically relevant protein cysteine residues that are alkylated have yet

to be reported. There are efforts by physicians to neutralize the effects of methacrylyl-CoA

through dietary restriction of valine and treatment with nucleophile N-acetylcysteine.*
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Another area where methacrylyl-CoA may be relevant is in cancer. Disruption of BCAA
metabolism has also been associated with a variety of forms of cancer. Patients that develop
pancreatic ductal adenocarcinoma have elevated plasma BCAA levels between 2 to 5 years prior
to diagnosis.”® This appears to due to reduce uptake of BCAAs in pancreatic ductal
adenocarcinoma tumors relative to normal tissue.”” In hepatocellular carcinoma, elevated BCAA
levels resulting from reduced catabolism supports carcinogenesis through activation of
mTORC]1.” The role of BCAASs in cancer appears to be tissue dependent as non-small cell lung
cancer tumor models with the same causal mutations as pancreatic ductal adenocarcinoma
tumors instead increase uptake of BCAAs to use as a source of nitrogen to support their
metabolic requirements.’’” Glioblastoma tumors upregulate BCAT1 to increase BCAA
catabolism.”” While it is evident that BCAA metabolism is disrupted in a variety of cancers,
there is limited evidence for a role of methacrylyl-CoA in the pathology. Ishigure and colleagues
found that hepatocellular carcinoma tumors have reduced expression of catabolic enzymes and
thus would be expected to be associated with higher levels of methacrylyl-CoA.”” However,
methacrylyl-CoA levels were not measured directly in this work. Thus, further research is
needed to determine if methacrylyl-CoA levels have pathological relevance to cancer.

A final potential condition of pathological relevance for methacrylyl-CoA is that of
obesity and diabetes. It has been known for 50 years that there is a connection between increased
blood levels of BCAAs and obesity.**®' This connection was given renewed attention in 2009
when Newgard and colleagues found that blood BCAA levels strongly correlated with insulin
resistance in patients.® Furthermore, they found that high fat diet when combined with high
dietary levels of BCAAs led to development of insulin resistance in mice. Similarly, restriction

of dietary BCAAs was associated in improved insulin sensitivity in animal models.*** As such,
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insulin resistance is associated with disrupted BCAA metabolism in patients and animal models.
One hypothesis for the mechanism behind this phenomenon is that BCAA catabolism interferes
with lipid oxidation and leads to lipid accumulation.®® Obesity suppresses expression of BCAT
and BCKDH in adipose and increases BCKDK expression in liver.**®’ In insulin resistant mice,
there is an increased burden on skeletal muscle for BCAA catabolism associated with decreased
BCAA metabolism in adipose and liver.”® Skeletal muscle catabolism of valine leads to the
release of 3-hydroxyisobutyrate which stimulates trans-endothelial fatty acid transport in a
paracrine manner.*® This allows for accumulation of lipid species in muscle. Furthermore, 3-
hydroxyisobutyrate levels are elevated in muscles of db/db mice and human patients with
diabetes. The role of other intermediates in the catabolism of valine such as methacrylyl-CoA in
this pathology is poorly understood.
1.3 Discovery of novel lysine acylations
1.3.1 Methods to discover new lysine acylations
Given the importance of PTMs in biology, it is critical that the field have an
understanding of the prevalence and breadth of all biologically relevant modifications. The
challenge therefore is to identify any and all PTM types that occur in biological systems. In
section 1.2, we established that acyl-CoAs represent a class of metabolites that are capable of
generating PTMs. The existence of over 300 types of acyl-CoAs, as reported on HMDB, presents
a wide array of potential modifications that can occur on lysine residues. Our laboratory used this
knowledge to explore the breadth of lysine acylations that exist. In total, we have discovered and

89-91
Here

published 10 new types of acylations as of the composition of this work (Figure 1.4).
we summarize the methods that have been utilized to discover new modifications and the

knowledge gained from studying lysine acylations.
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Figure 1. 4 Structures of acyllysines discovered by our lab.

Structures of the 10 published lysine acylations discovered by our laboratory are highlighted in
red. The structure of acetyllysine is included for reference. All relevant acyl-CoA species that
give rise to these lysine acylations are listed beside the structures. The abbreviations for each

acyllysine name are included below each structure.
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Where does one begin to look for undiscovered lysine acylations? Histone proteins
provide an ideal substrate for the discovery of new types of posttranslational modifications for
multiple reasons. First, they are known to be heavily modified by a variety of posttranslational
modifications.”” Second, they are readily purified and isolated by acid extraction.” Third, the
unstructured nature of histone tails makes them relatively easy to mimic in vitro using synthetic
peptide chemistry.”* These traits have made histones a fruitful system for the detection and
validation of new PTMs.

Our laboratory has employed mass spectrometric proteomics technologies to search for
new modifications. Acyllysine modifications have the advantage of being relatively stable during
sample preparation and analysis by mass spectrometry when compared to many other types of
modifications. For example, S-acetylation of cysteine occurs more readily than N-acetylation of
lysine in vitro, but the cysteine modification is less stable and prone to nucleophilic attack.”
Lysine acylations are also readily enrichment by immunoprecipitation. This is in contrast to
cysteine modifications like cysteine succination for which efforts of antibody enrichment have so
far been unsuccessful.”® Together these qualities allow lysine acylations to be readily enriched
and detected using mass spectrometric technology.

In our lab, we have employed two major approaches to discover new types of
posttranslational modifications on histones.* The first method relies on cross-reactivity of
modification specific antibodies for modifications of similar structures. We used anti-Kac
antibodies to enrich and identify histone peptides bearing propionyllysine (Kpr) and
butyryllysine (Kbu) modifications, the first lysine acylations that our laboratory discovered.”’
We employed this same method for the discovery of malonyllysine (Kmal) and glutaryllysine

98,99

(Kglu) given their structural and charge similarity to succinyllysine (Ksuc).”” The second
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major approach has been to look for novel mass shifts on proteins’ specific amino acid residues.
Our laboratory developed and utilized the software program PTMap to scan peptides for novel
mass shifts between -100 and +200 Da in 1 Da increments among all the 20 ribosomally coded
amino acid residues.'” Other software programs that look for new posttranslational
modifications continue to be developed. One such program is MSFragger, which uses a
fragment-ion indexing method.'’' Once a novel mass shift is identified the possible structural
isomers can be inferred under the assumption that the structure is an acylation. The detection of
novel mass shifts led our laboratory to discover crotonyllysine (Kcr), 2-hyrdroxyisobutyryllysine
(Khib), benzoyllysine (Kbz), and lactyllysine (Klac).”"""'*'% In addition, other groups have
also reported on the identification of new lysine acylations on proteins using similar
methodology.”*'**'% All of the new modifications that our laboratory has discovered have been

102 76 illustrate the

lysine acylations, with the lone exception of tyrosine hydroxylation.
knowledge gained from the discovery of these modifications, we will closely examine studies of
Kcr. Kcr is one of the more highly studies modifications studied by our laboratory and highly
relevant for the original research described in this work.
1.3.2 Lysine crotonylation
During a set of experiments to catalog histone marks, our laboratory discovered detected

192 I the same work

a novel mass shift of +68.0230 Da on lysine residues from HeLa histones.
we validated that this new mark was Kcr on the basis of MS/MS fragmentation patterns, co-
elution with synthetic peptides, isotopic metabolite labeling, and pan specific Kcr antibody
detection. Furthermore, we demonstrated that this modification was enriched on testis specific

genes that escape X-chromosome inactivation in mouse spermatogenesis through ChIP-Seq. The

sites of Kcr correlated with active gene expression and were enriched at promoters and
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enhancers. This provided the first evidence that the discovery of Kcr represented the
identification of a new functionally relevant epigenetic histone mark.

In the time since the initial discovery of Kcr, a number of important studies have been
performed that have improved our understanding of the roles and regulation of Kcr. The
transcriptional activator and acetyltransferase p300 can catalyze the addition of Kcr to histones
in a way that promotes transcription using in vitro and cell culture assays.'*® Similarly, additional
work established that this modification was reversible as HDAC 1-3 and SIRT 1-3 were

11021071 Thege studies established that the addition and

identified to catalyze its remova
removal of Ker could be enzymatically regulated, which is considered to be crucial requirement
for modifications that serve epigenetic and signaling functions.

How does Kcr promote transcription? One way is through promotion of the open
chromatin state by neutralizing the positive charge state of lysine to disrupt contact with
negatively charged DNA. This is presumably the main mechanism for Kcr mediated
transcription in in vitro transcription assays.'*° Another way that epigenetic marks function is
through the interaction with reader proteins. Readers are proteins that contain structural pockets
that recognize PTMs and mediate protein-protein interactions. With regards to histones, readers
serve a critical function to recognize the modifications on chromatin and to bring other proteins
such as transcriptional activators or repressors to key sites. In support of its ability to serve as a
bona fide epigenetic mark, Kcr is recognized by multiple reader proteins. YEATS2, Af9, and
Taf14 are all YEATs domain containing proteins that bind to Ker.''*''* Similarly, the double
PHD finger containing proteins DPF2 and MOZ can also bind Kcr.'"> Collectively this work

suggests that Kcr is a regulated epigenetic modification that can be detected to assist with

transcriptional activation.
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1.3.3 Other lysine acylations

Lysine acylations range from those with short carbon chains like Kac to longer fatty acyl
chains like myristoyllysine. New lysine acylations have been discovered in recent years. In
addition to Kcr, our laboratory has published the first identifications of 9 additional types of
lysine acylations (Figure 1.4) including: Kcr,97 Kbu,97 Kmal,98 Ksuc,116 Kglu,99 Khib,103 B-
hydroxybutyrylation (Kbhb),'"” Kbz,”* and Kla.”! Matthew Hirschey and colleagues reported the
first identification of lysine 3-hydroxy-3-methylglutarylation (Khmg), 3-methylglutaconylation
(Kmgc), and 3-methylglutarylation (Kmg).>* The literature thus far suggests that these new types
of lysine acylations play important roles cellular processes akin to the roles of Kac.

Like Kac and Kcr, many of these lysine acylations are correlated with active gene
transcription. H4K8hib is associated with active gene transcription in meiotic and post-meiotic

male germ cells during their differentiation.'®

H3K9bhb is enriched at active genes associated
with starvation induced metabolism in fasted mice.''” H3K79suc localizes to transcription start
sites and is positively associated with tumor growth.''® H4K91glu is positively associated with
actively transcribed genes and appears to be downregulated during mitosis and in response to
DNA damage.'” Increases in H3K 18la are associated with upregulation of M2-like genes
including Argl following prolonged stimulation of macrophages with M1 stimuli.”’ While all of
the aforementioned modifications have a positive association with transcription like Kac, it does
not necessarily mean that they are equivalent with Kac. While Kbu is associated with active gene
expression, the bromodomain reader protein Brdt does not bind at sites modified with H4K5bu in

120

contrast to the Kac modified site. © Thus, there appear to be important distinctions between Kac

and other acylations that still require further study.
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The second way that lysine acylations have been associated with function is through
regulation of enzymatic activity. The lipoylation of lysines has been known to be critical for the
function of multienzyme complexes like pyruvate dehydrogenase since the 1970s."*!
Biotinylated lysines are critical for the enzymatic activity of ATP-dependent carboxylases.'**
Ksuc occurs on residues that affect enzymatic activity of isocitrate dehydrogenase,
glyceraldehyde 3-phosphate dehydrogenase, and serine hydroxymethyltransferse.''® Other
enzymes proposed to be regulated by Ksuc include pyruvate dehydrogenase, succinate
dehydrogenase, GAPDH, and carbamoyl-phosphate synthase 1.'>'** The glutarylation of
carbamoyl-phosphate synthase 1 also negatively affects its enzymatic activity as has been
observed in mouse models of glutaric acidemia.” Malonylation of glycolytic enzymes including

GAPDH was associated with decreased glycolytic flux.'*®

Furthermore, macrophage stimulation
with LPS induces malonylation of GAPDH, which disrupts its binding to TNFa and promotes
translation.'”’ Similarly, Khib occurs on multiple enzymes in the glycolytic pathway and in

particular is associated with negative regulation of enolase 1.'**

Khmg and Kglu reduce the
activity of malate dehydrogenase.”* Khmg, Kmgc, Kmg, and Kglu block the biotinylation of
K677 on methylcrotonyl-CoA carboxylase A, which results in reduced leucine catabolic flux.'*
Thus, multiple lysine acylations appear to provide a feedback mechanism for the modulation of
metabolic flux.

Long chain fatty acyllysines are comparably not as well understood. The hydrophobicity
of these modifications has presented technical challenges for sample preparation and analysis
that is compatible with LC-MS/MS workflows. A few proteins to date have been identified that

129

contain myristoyllysine including TNFa. =~ Work on myristoylation of K-Ras suggests that it has

. . . 130 . . . . .
a role in endomembrane localization. ~~ Regulation of protein-membrane interactions is observed
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in other lipid modifications S-palmitoylation."”' More work needs to be performed in this area to
better catalog and understand the roles of fatty acyllysine modifications.

The field of lysine acylations has rapidly progressed in recent years and there continue to
be new discoveries. Marcus Glomb and colleagues reported the identification of lysine tigylation,
2-methylbutyrylation, acetoacetylation, and isovalerylation.'” These were all hypothesized to
result from acyl-CoA species in contrast to the acylations reported by the Glomb group that are

12133 The functional roles of these modifications

hypothesized to result from aldehyde reactions.
are poorly understood. Given the deluge and variety of potential modifications on proteins, it will
be critical for the field to identify those that are the most physiologically relevant. One potential
criterion for focusing on critical modifications is to focus on those that are enzymatically
regulated. For this purpose, a more thorough review of the importance and types of enzymatic
regulators is discussed in the following section.
1.4 Writers: acetyltransferases
1.4.1 Overview

The enzymatic addition of acetyl moieties to lysine residues is catalyzed by lysine

acetyltrasnferases (HAT or KAT). HAT1 was the original acetyltransferase to be identified and

. 134
cloned in yeast.

Yeast without functional HAT1 did not have a readily observable phenotype.
Thus, the discovery of HAT1 did not immediately validate the hypothesis at the time that
acetyltransferases regulated gene expression. Instead it was the discovery of GCNS5 by Allis and
colleagues in tetrahymena that provided the smoking gun for the connection between
acetyltransferases and gene expression.'” More acetyltransferases were discovered and they can

broadly be classified into at least five families: HAT1, GCN5/PCAF, p300/CBP, MYST, and the

fungus specific Rtt109."** In addition there are other subfamilies of acetyltransferases that
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include ACTR, ATF-2, CLOCK, TAF250, and SRC1."°°"*° There is an alternative nomenclature
for these enzymes that renames them as KAT1-KAT13D which will be used interchangeably in
this work.'* The majority of these enzymes have been associated with transcriptional activation
via their ability to acetylate nucleosomal histones. HAT1 (aka KAT1) is unique from the others
in multiple regards. Given the relevance of HAT]1 to the work contained herein, the following
section will summarize current knowledge of HAT1 in greater detail.
1.4.2 HATI

Chicoine and colleagues were the first to report that newly synthesized H4 histones are
acetylated at lysine residues 4 and 11 in tetrahymena thermophilia.'*' It was later discovered that
the acetylation of analogous lysine residues of 5 and 12 was conserved in newly synthesized H4
histones in drosophila and human cell lines.'* Chromatographic separation of drosophila
melanogaster embryos yielded extract with acetyltransferase activity specific for histone H4.'*?
Similarly, fractionation experiments by Lopez-Rodas and colleagues suggested the existence of
multiple acetyltransferases in yeast which were classified as being type A or B.'**'** The
hallmark difference between the type A and type B histone acetyltransferases was that only the
former type used nucleosomes as substrates while the latter targeted soluble histones. Their work
further suggested that the type B histone preferentially targeted histone H4. Additional work in
other organisms supported the existence of acetyltransferases specific for free histone H4.'*"'#°
Through a temperature sensitive mutant screen in yeast, HAT1 became the first acetyltransferase
to ever be identified and cloned."** The recombinant catalytic subunit of the HAT1 complex had
acetyltransferase activity for histone H4 at residues 5 and 12 in vitro."™® The activity of HAT1
was consistent with it being a type B acetyltransferase. Subsequent work suggested that a type B

HAT was also responsible for the H4K5 and H4K 12 acetylation in human cells."”! Collectively,
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this work provided the foundation for our current understanding of HAT1 as the primary enzyme
responsible for acetylation of H4K5 and H4K 12 on nascent histones.
The initial work on type B HATSs suggested that the enzymes were primarily localized to

143-148,150-154

the cytoplasm. However, later experiments using fractionation and

immunofluorescence microscopy revealed that HAT] is primarily localized to the nucleus.'”> "
HAT]1 has been reported to be necessary for telomeric silencing in S cerevisiae in a manner that
requires both its catalytic activity and nuclear localization.”*'** A similar requirement in

161 .
Recent work has found connections

telomeric silencing has also been reported in S pombe.
between HAT1 and mitochondrial function which may involve expression of mitochondria
associated genes in a cell specific manner.'*>'®® Given that it does not directly acetylate
chromatin bound histones, the effects of HAT1 on transcription are likely to proceed through
mechanisms distinct from HATs that serve as transcriptional activators.

Despite being the first acetyltransferase gene to be identified, the exact functional roles of
HAT]1 continue to largely remain unclear. One of the long standing proposed functions of HAT1
is that it functions in the nuclear import of nascent histones.'®* Mutation of H4K5 and H4K12 to
the unacetylatable arginine or the acetyl-mimetic glutamine were found to decrease and increase
nuclear import in Physarum polycephalum, respectively.'® Similarly, using glutamine mutations
to mimic H4K5ac and H4K 12ac also increased rates of nuclear import using an in vitro assay.'®
The role of these modifications in nuclear import is consistent with findings that diacetylated H4
and HAT1 have been isolated in complex with the chaperone Asfl and karyopherin/importin

167,168 However, deletion of HAT1 in MEF cells affected the modification status but not

proteins.
the availability of histones for newly deposited histones.'® Furthermore, histone H4 in MEF

HAT]1 knockouts still primarily localizes to the nucleus without noticeable accumulation in the
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cytoplasm.'”’ Similarly, stable knockdown of HAT1 does not affect HAT1 protein levels despite
the fact that transient knockdown reduces histones H3 and H4 in a nutrient dependent manner.'”"
Loss of HAT1 also does not prevent histone H4 nuclear import in Drosophila melanogaster.'”
As such, it appears that HAT1 and the diacetylation of H4 are either not required for nuclear
import or that there are compensatory pathways for histone import into the nucleus.

Another model for HAT1 activity was related to its proposed role in histone
deposition.'** The catalytic unit Hatlp exists in the NuB4 complex paired with Hat2p and Hiflp

10138 Dye to its association with the protein Hiflp that is involved in histone

in nuclei of yeast.
deposition, it was hypothesized that HAT1 may also have a role in the histone deposition. In
human cells, HATT1 has also been reported to interact with the human homolog of Hiflp known
as NASP suggesting evolutionary conservation of this interaction.'®”'”> Of note, the importance
of the acetylation of H4KS5 and H4K 12 by HAT1 was found to not be required for chromatin
assembly in yeast.'” Indeed, the entire the H3 and H4 N-terminal histone tails are not necessary
for nucleosome assembly mediated by CAF-1 in vitro.'”” However, more recent evidence using
MEF HAT1 knockout cells suggest that not only is HAT1 not necessary for deposition, but that
rates of deposition might be slightly higher in its absence.'” As such the involvement of HAT1
and its targets of acetylation are thought to only have a limited effect on chromatin assembly at
least those associated with replication.

Despite its reportedly limited impact on replication associated chromatin assembly,
HATTI still may be involved in histone deposition for certain situations. Multiple papers have
indicated the involvement of HAT1 with assembly of proteins at the centromere, including being

vital in the deposition of CENP-A.""*'”” HAT1 was also reported to be required for chromatin

reassembly following DNA double strand break repair.'™ A screen in yeast for genes that
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affected histone turnover revealed that the NuB4 complex including Hatlp affected turnover

181

rates. = The role of HAT1 in histone turnover has been proposed to be associated with double

strand break repair in mammalian cells.'™ Deletion of HAT1 was associated with defects in

. : . . 156,183—
repair of double-strand breaks in various eukaryotic systems.'>*'*1%

Furthermore, Hatlp
localizes to sites of double stranded breaks in yeast.'*® Further supporting an important role in
DNA repair, MEF HAT1 knockout cells have genomic instability and are sensitive to both
double and single strand DNA damage.'®

Another potential function is that HAT1 is necessary for maintaining the appropriate
epigenetic state for newly incorporated histones.'”® Agudelo and colleagues found that
bromodomain containing proteins like Brd3 were depleted at nascent chromatin in HAT1
knockout MEF cells. The effects of recruiting reader proteins are likely transient as it is known
that H4K5ac and H4K 12ac modifications are rapidly removed by deacetylases following
incorporation into chromatin.'®'*” While engagement of reader proteins may be one function of
maintaining the acetylation pattern, it is not the only proposed function. Gruber and colleagues
have proposed that the acetylation of histones in the cytoplasm followed by deacetylation in the
nucleus creates a way to shuttle acetate to the nucleus.'”' All together, it is evident that the
functional roles of HATT are still an active area of study and may be more complicated than a
single mechanism.

The necessity of HAT1 for viability appears to vary based on the model organism
employed. In the early genetic studies of HATI, deletion of Hatlp had no effect on viability in
Saccharomyces cerevisiae.**'*" Similarly, viability was unaffected following knockout in

184,185

Saccharomyces pombe and DT40 chicken cells. Drosophila melanogaster lines with

deletion of HAT] are also viable.'” In contrast, mice bearing homozygous deletion HAT1 are
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embryonic lethal and die in late embryogenesis.'® Mice that are heterozygous for HAT1 have
decreased survivability relative to wild type mice and show a range of phenotypes associated

' The functional reason that HAT] is required for viability in mice is currently

with early aging.
unknown. Collectively, the data suggests that HAT1 may be required for life in mice and other
mammals but not in other eukaryotes.

With regards to its role in pathology, HAT1 has been associated with cancer in multiple
studies. Analysis of TCGA data shows that high HAT1 expression is correlated with poor
outcome relative to patients with low HAT1 expression in multiple cancer types including
adrenocortical carcinoma, bladder urothelial carcinoma, kidney chromophobe, lower-grade
glioma, hepatocellular carcinoma, and lung adenocarcinoma.'”' Osteosarcoma patients had
higher expression of HAT1 by IHC than control bone samples from amputee patients.'*® The
authors proposed that low expression of microRNA miR-377 in osteosarcomas led to increased
HAT]1 and reduced apoptosis. In contrast, another group reported that degradation of HAT1
promoted osteosarcoma growth in cells expressing oncogenic RAS mutations.'® In pancreatic
ductal adenocarcinoma, HAT1 negatively regulates PD-L1 expression and knockdown of HAT]1
in xenograft tumors improved response to PD-1 checkpoint blockade inhibitors in vivo.'"”® HAT]1
downregulates BCL2L 12 to protect cells against apoptosis in nasopharyngeal cancer.'”' HAT1
had a proapoptotic effect in lung cancer cells in which it was overexpressed through upregulation
of FAS."”> HATI is reported to promote proliferation and confer cisplatin resistance in

193

hepatocellular carcinoma. "~ HAT1 levels are elevated in rat hepatocellular carcinoma induced

" HAT1 mRNA transcripts were found to be higher in primary and

by methyl deficient diet.
metastatic colorectal cancer when compared to normal tissue.'”” Together this data suggests that

HATI1 may have multiple roles depending on the type of cancer.
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1.4.3 Activity for other acylations

The work of our laboratory and others has found that a variety of previously classified
acetyltransferases can catalyze the activity of other modifications. Of the acyltransferases
identified thus far, p300 has the greatest promiscuity of substrate utilization. The enzyme p300
serves as a writer for Kpr,97’196 Kbu,97’120 Kcr,106 Khib,128 Kbhb,197 and Klac.”! CBP is a close
family member of p300 and the two are often referred to in combination as CBP/p300 in the
literature. Based on kinetic analysis, p300 activity decreases as a factor of increasing acyl-CoA
chain length.”>'"” The ability to accommodate a wide variety of cofactors is likely due to the fact
that p300 contains deep aliphatic pocket in its active site."”’ Importantly, p300 catalyzed
acylations are able to activate in vitro transcription providing direct evidence of a functional

- 91,106,120,128
relevance for the new types of histone marks.” >

Interestingly, the detected Khib
substrates of p300 regulation have minimal overlap with its Kac substrates.'*® Furthermore, Khib
modifications on glycolytic enzymes like ENOI are associated the regulatory effects of p300 on
glycolysis.'*® As such, the evidence suggests that p300 is able to utilize acyl-CoAs for activities
equivalent and distinct from those mediated by its Kac substrates.

Others previously classified acetyltransferases besides p300 also act as writers for
acylations. In vitro, Kpr and Kbu are catalyzed by KAT2A and KAT2B."”"*" Kpr is also
catalyzed by KATS, KAT6A, KAT7, and KATS in vitro."””*® KAT6A is notable in that it can
catalyze Kac, Kpr, Kbu, and Kcr on H3K23.%°! The loss of its binding partner BRPF1 results in
loss of H3K?23 acylations and is associated with various pathologies including intellectual
disability and cancer.*”' KAT2A in complex with nuclear succinyl-CoA producer a-KGDH are

responsible for H3K79suc at transcription start sites.''® KAT2A has also been reported to

correlate with active gene expression through the enzymatic addition of H4K91glu.'"” Tip60 (aka
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KATS5) is a writer for Khib.**> As such there are a variety of acetyltransferases that can utilize a
variety of acyl-CoA substrates.

The aforementioned results highlight that acetyltransferases represent an ideal candidate
pool for finding enzymatic writers for any newly discovered acylations. However, it cannot be
said that any of these enzymes are unique for any of the new acylations as all of these enzymes
also possess activity for Kac. Additional approaches such as fractionation can be used to look for
specific acyltransferases. This approach was used in finding that p300 has activity for Kcr.'*
However, no non-acetyl specific writers have been reported to date. It is worth noting that
CPT1A, which is not an lysine acetyltransferase, has been reported to function as a lysine
succinyltransferase.””> Whether enzymes similar to this exist should be the subject of future
research.

Not all HATs have reported promiscuity for other acyl-CoA species. Therefore it is still
the subject of ongoing research to determine how many of them can utilize alternative substrates.
HAT]I is an acetyltransferase for which acetyl-CoA has been the only reported cofactor. Indeed,
Levy and colleagues recently reported that butyryl-CoA and crotonyl-CoA were not strong

binding competitors for HAT1 binding relative to immobilized CoA.***

However, other many
other acyl-CoA species that yield modifications were not tested by this assay. In summary,
acetyltransferases are known to catalyze a variety of acyllysine modifications and are still the

subject of ongoing investigations. The acetyltransferases that are capable of catalyzing non-

acetyl lysine acylations are summarized in Table 1.1.
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KAT ID Alternative Name  Acylations

KAT2A GCN5 Kbu, Kglu, Kpr, Ksuc

KAT2B PCAF Kbu, Kpr

KAT3A/B CBP/p300 Kbhb, Kbu, Kcr, Khib, Klac,
Kpr

KATS Tip60 Khib, Kpr

KAT6A MOZ Kbu, Kcr, Kpr

KAT7 HBOI1 Kpr

KATS MOF Kpr

Table 1. 1 List of acetyltransferases that catalyze lysine acylations in addition to Kac.

The lysine acetyltransferases that can catalyze acylations in addition to Kac are listed here.
Both KAT and HAT nomenclature is given for each listed enzyme. Also listed are the
corresponding acylations that are catalyzed by each enzyme. The acylation are abbreviated
as follows: Kbhb, B-hydroxybutyryllysine; Kbu, butyryllysine; Kcr, crotonyllysine; Kglu,
glutaryllysine; Khib, 2-hyrdroxyisobutyryllysine; Klac, lactyllysine; Kpr, propionyllysine; and
Ksuc, succinyllysine.
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1.5 Erasers: deacylases
1.5.1 Overview

There are a total of 18 mammalian deacetylase genes. They are divided into five classes:
I, IIa, IIb, III, and IV. One of the main distinctions is with regard to the mechanism of
catalysis.””” Classes I, II, and IV catalyze the removal of Kac modifications in a zinc dependent
manner. In contrast, the class III enzymes (aka sirtuins) utilize NAD+ as a cofactor. The
following sections provide the background for these genes separating them by the mechanism of
catalysis.

1.5.2 HDAC [-11: zinc dependent deacylases

Part of the initial indication that histone acetylation was enzymatically regulated came
from the observation that butyrate treatment of Friend erythroleukemic cells led to increased
acetylation and cell differentiation.*® Shorty thereafter it was discovered that butyrate acts
through inhibiting deacetylation of histones in cell extracts.**”**® Additional naturally occurring
small molecule HDAC inhibitors including Trichostatin A and Trapoxin were discovered
approximately 20 year later.”*>'

HDAC inhibitor compounds were critical to the initial identification of the relevant
proteins. Schreiber and colleagues used an affinity matrix based on Trapoxin to identify
HDAC1.* Mammalian HDAC1 was a homolog of yeast Rpd3, which had been previously
reported to be involved in repression of transcription.”'' Shortly thereafter, HDAC2 was
discovered as a mammalian homolog to Rpd3 and confirmed to have deacetylase activity.*'* 2"

HDAC3 was also discovered based on its homology to Rpd3.*'**'” Thus these studies established

that histone acetylation was an enzymatically reversible modification.
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However other enzymes were also annotated as “HDACs” largely due to their homology
with these and related proteins. HDAC 4-6 were discovered based on their homology to the Rpd3

218

related protein Hdalp.” ® HDAC7 was identified as a SMRT interacting protein in a yeast two-

hybrid screen.”"”

HDACS8 was revealed by searching GenBank for genes with homology to a
conserved domain of HDAC1 and HDAC3.**° The splice variants of HDAC9 were reported by
multiple groups based on the similarity of these transcripts to HDACs 4 and 5.*'**° Four
different groups independently discovered HDAC10.>**** HDAC11 was identified in a
GenBank search for genes homologous to the yeast protein HOS3.%° As such, these enzymes
were classified as histone deacetylases largely on the basis of homology. With the exception of
HDACS6, none of these enzymes possess strong lysine deacetylation activity. The study of
HDAC 1-11 for other acyllysines has provided additional insight into their regulatory roles.

Of the lysine acylations discovered by our group, Kcr has been the one most studied with
regards to its potential regulation by HDACI1-11. In our lab’s original publication on the
discovery of Kcr, we reported that none of HDAC1-11 had significant activity for Ker.'” Shortly
thereafter, Christian Olsen’s group reported that HDAC3 was the only zinc dependent
deacetylase to remove Kecr in vitro.”>' However, a later screen by members of the same group
demonstrated that HDAC1, HDAC2, and HDACS3 are in vitro decrotonylases.110 HDACI-3 and
HDACS were also reported to regulate Kcr in culture as assessed by overexpression and
knockdown experiments.'” Similarly, HDAC1-3 were able to catalyze the removal of Kcr
groups from modified recombinant histones in vitro.>** However, knockout of HDAC1 and
i

HDAC?2 but not HDAC3 was associated with increased Kcr in mouse embryonic stem cel

Thus, the majority of evidence to date ascribes decrotonylase activity to HDAC1-3 with the
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caveat there may be cell type or assay associated differences that explain the inconsistencies in
the published results.

HDACI1-3 can also regulate some of the other acylations discovered by our group.
Specifically, HDAC1-3 catalyzes the removal of Kbu™* and Khib*** in vitro. Haitao Li and
colleagues were the first to report that HDAC3 catalyzes the removal of the S form of Kbhb.>*?
This combined with the aforementioned Kecr data demonstrate that HDAC1-3 are the most
promiscuous of this class of enzymes for short-chain and hydroxylated acylations.

Despite being referred to as “deacetylases”, there are members of the zinc dependent
deacetylase family that are incapable of catalyzing the removal of Kac. The class Ila HDAC: 4,
5,7 and 9 do not remove any known naturally occurring substrate though they do catalyze the

234

removal of trifluoroacetyllysine in vitro.”" HDACS possesses weak deacetylation activity but

can remove longer acyl-chains.”> Similarly, HDAC11 also has higher activity for fatty

110,236

acylations like myristoylation. While HDACI0 is reported to deacetylate a few cytosolic

237,238 239

Kac substrates, it has recently been identified as a polyamine deacetylase.”” Thus, several
of the previously classified acetyltransferases are now better understood to regulate substrates
other than Kac. It is still to be determined whether there are additional substrates to be uncovered
for enzymes HDACI-11.
1.5.3 SIRT 1-7: NAD+ dependent deacylases

The other category of HDACs corresponds to those that use NAD+ as a cofactor. These
are the class IIl HDACs, otherwise known as sirtuins. “Silent information regulator” or Sir
proteins including Sir2 were found to be associated with repression of transcription in

240,241

yeast. The initial biochemical analyses suggested that the activity of Sir2 was that of an

242,243

ADP-ribosyltransferase. Within the following year, Sir2 was identified to catalyze the
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removal of Kac from histones.****” In humans, there are 7 members in the sirtuin family so

named for their similarity to the yeast Sir2 protein.***

The sirtuins have a unique mechanism of
catalysis among the HDAC family of proteins. The sirtuin catalytic reaction involves transfer the
acetyl group to an NAD+ cofactor yielding the products of 2’-O-acetyl-ADP-ribose and

244,249

nicotinamide. The activities of sirtuins have since been implicated in a wide variety of

biological functions including regulation of transcription and metabolism, and extending life
span to name a few.”" >
It was recognized early on that not all of the human sirtuin enzymes demonstrated

deacetylation activity.>**

The breadth of modifications that are targeted by sirtuins began to
become clear as new types of acyl modifications were discovered. As new types of acyl
modifications continue to be discovered, the substrate diversity of sirtuins continues to be an
expanding field.

Much like HDAC 1-3, SIRT1-3 are bona fide deacetylases that are able to catalyze the
removal of other types of acylations.'” SIRT1 and SIRT2 in particular are able to catalyze the
removal of Kpr, Kbu, and Kcr in vitro. 1% Knockdown SIRT3 was also observed to increase
histone Ker levels.'”’ This observation is interesting given that canonically SIRT3 is considered a
mitochondrial protein. SIRT3 is also a reported eraser for Kbhb, though specifically the S-form
of the modification rather than the R-form that our laboratory hypothesized to be the dominant
one.”>* Overexpression of SIRT1 is also reported to decreased levels of multiple site specific Ker
signals including the canonical target H3K9 as well as noncanonical substrates H3K4, H3K 18,
and H4KS8.'” Of the aforementioned sirtuins, SIRT? is notable for the diversity of structures that

it can reportedly remove. SIRT2 can remove the comparably bulky lysine benzoylation moiety

from histones.” SIRT2 is also reported to remove fatty acyl groups from RAS proteins.'*"
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Through initially identified for their deacetylase activity, it is now apparent that SIRT1-3 are
capable of regulating diverse types of acyl modifications.

The aforementioned examples were cases where deacetylases had other targets besides
Kac. Given the defined role of these enzymes on Kac, the other members of the sirtuin family
were also designated as deacetylases. However, SIRTS is a clear example of a case where the
classification of “deacetylase” has turned out to be a misnomer. In contrast to its weak affinity to
Kac, SIRTS has strong deacylase activity for the negatively charged lysine acylations Ksuc,
Kmal, and Kglu.”***'** Our lab’s characterization of the SIRT5 knockout mouse succinylome
identified effects on respiration associated with succinylation of pyruvate dehydrogenase
complex and succinate dehydrogenase.'** Another laboratory also found that succinylation of

HMGCS?2 has negative effects on ketogenesis.'*

The effects of Ksuc accumulation following
SIRTS deletion were particularly pronounced in heart tissue and associated with cardiac
hypertrophy.*>* The proteome wide profile for malonylated substrates differed from the
succinylated sites through it also occurred on multiple enzymes involved in metabolic processes
like glycolysis.'**** Collectively this demonstrates that SIRT5 is an enzyme that is a specific
regulator of negatively charged acylations that has important roles in regulating metabolic
enzyme activity.

The remaining sirtuins SIRT4, SIRT6 and SIRT7 all have reported activity for targets
other than Kac. SIRT7 is a desuccinylase for H3K122suc as part of DNA damage response.”
SIRT4 can catalyze the removal of the negatively charged acylations Ksuc, Kglu, Khmg, and
Kmg.'” In the case of SIRT4, this enzyme does not appear to be specific for negatively charged

modifications as it also catalyzes the removal of lipoyllysine (Klip).>*® SIRT6 removes long

chain acylations like lysine myristoyllysine.'”**” The catalytic efficiency of SIRT6 is 300 fold
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greater for peptides myristoyllysine than acetyllysine.”>’ However, the presence of micromolar

concentrations of long chain free fatty acids increase the deacetylase activity of SIRT6 while

109

simultaneously decreasing its affinity for myristoylated peptides. "~ It should also be noted that

the in vitro activity for SIRT6 is increased if nucleosomes are used as substrate rather than

% Taken together, the evidence suggests multiple HDAC enzymes have

peptides or free histone.
evolved with the capacity to regulate a wide range of acyl modifications. The lysine acylations

that are the reported substrates of HDACs are summarized in Table 1.2.
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 HDAC ID

Acylations

HDACI1 Kac, Kbu, Kcr, Khib
HDAC2 Kac, Kbu, Kcr, Khib
HDAC3 Kac, Kbhb, Kbu, Kcr, Khib
HDAC4 N/A

HDACS N/A

HDACG6 Kac

HDAC7 N/A

HDACS8 Kac*, Kmyr

HDAC9 N/A

HDACI10 Kac*

HDACI1 Kmyr

SIRT1 Kac, Kbu, Kcr, Kpr
SIRT2 Kac, Kbu, Kbz, Kcr, Kpr
SIRT3 Kac, Kbu, Kcr, Kpr
SIRT4 Kglu, Khmg, Kmg, Ksuc
SIRTS Kglu, Kmal, Ksuc
SIRT6 Kac*', Kmyr

SIRT7 Kac*, Ksuc

Table 1. 2 List of HDAC lysine acylation substrates.

The reported lysine acylations for all 18 HDACs are listed. The abbreviations for the
acylations are as follows: Kac, acetyllysine; Kbhb, B-hydroxybutyryllysine, Kbu, butyryllysine;
Kbz, benzoyllysine; Kcr, crotonyllysine; Kglu, glutaryllysine; Khib, 2-hyrdroxyisobutyryllysine;
Khmg, 3-hydroxy-3-methylglutaryllysine; Klac, lactyllysine; Kmal, malonyllysine; Kmg, 3-
methylglutaryllysine; Kmyr, myristoyllysine; Kpr, propionyllysine; and Ksuc, succinyllysine. (*)
denotes enzymes that are reported to weakly catalyze removal of Kac. (1) SIRT6 weakly
catalyzes Kac removal of peptides in vitro, but is reported to have higher activity for
nucleosomes and in the presence of long chain free fatty acids.

109,258
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CHAPTER 2
DISCOVERY OF METHACRYLLYSINE
2.1 Introduction
As discussed in the preceding sections, the discovery of new modifications in recent
years has expanded the field’s understanding of the cell signaling mechanisms. In particular,
lysine crotonylation has emerged as an enzymatically regulated epigenetic modification

. . . . 102,106
associated with active gene expression.

While it is known that there are multitudes of acyl-
CoA metabolite species involved in cell metabolism, it is poorly understood to what extent other
acyl-CoA metabolites are used in enzymatically regulated processes.

The identification of PTM identity by mass shift has important caveats. Comparison of
MS/MS fragmentation of synthetic peptides to in vivo samples is insufficient for correct
identification of PTMs.”>” One reason for this is that structural isomers of the same modification
will often yield the same MS/MS fragmentation pattern. For example, Khib and Kbhb are
structural isomers that derive from distinct acyl-CoAs.'”!"” Methacrylyl-CoA is a known
metabolite that is a structural isomer of crotonyl-CoA.>® We thus hypothesized that methacrylyl-
CoA could serve as a precursor to PTMs similar to the role of crotonyl-CoA in Kcr

In the following section, we report the identification of a new type of histone
posttranslational modification, methacryllysine (Kmea). Kmea is a structural isomer of Kcr. We
validated the identity of Kmea as being separate from Kcr using synthetic peptides for MS/MS
fragmentation, HPLC co-elution, and ozonolysis. We also validated the existence of this PTM in

cells using a pan specific Kmea antibody for western blot and IP enrichment. Furthermore, we

confirmed that treatment of cells with methacrylate led to direct incorporation into this
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modification using isotopic labeling. In total, we identified 25 Kmea modified histone sites in
HeLa cells. This work establishes Kmea as a new type of histone mark.
2.2 Results
2.2.1 Discovery and validation of methacryllysine (Kmea)
Based on the ability of other CoA species to form lysine acylations, we hypothesized that
the endogenous metabolite methacrylyl-CoA would lead to the formation of the modification
methacryllysine (Kmea) (Fig 2.1). Kmea is a structural isomer of another modification that we

previously discovered, crotonyllysine (Kcr).'**

Due to the structural similarity, we hypothesized
that we could enrich Kmea modified sites using a Kcr pan antibody. To narrow our search for
potential Kmea sites, we focused on sites detected in HeLa cells by IP-MS/MS that were not
detected by isotopic crotonate labeling in our previous work.'"® This provided us with seven

candidates for which we generated synthetic peptides including: H2AK95, H3K 122, H4K59,

H4K31, H4K59, H4K77, and H4K79.
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H
N +68.023 D3 > ]N
Vethacr\/\\/"coA
+42.011 Da
Acetyl-CoA +68'023 Da Lys
NH3+ HN

Figure 2. 1 Structure of methacryllysine and comparison to other acylations.

Lysine (center) is capable of being modified with multiple different PTMs depending on which
acyl-CoA is involved in the reaction. The appropriate acyl-CoAs as well as the associated
additional mass added to lysine is indicated for acetyllysine (left), methacryllysine (upper right),
and crotonyllysine (lower right).

40



We performed immunoenrichment on trypsin digested histone extracts from HeLa cells
using a pan Kcr antibody. These enriched samples were submitted to LC-MS/MS for analysis.
We compared the fragmentation patterns for histones with +68.023 Da mass shifts on H4K91
from HeLa histones to synthetic peptides with either the Kcr or Kmea modifications (Fig 2.2A).
The fragmentation patterns obtained by LC-MS/MS were identical for all three sets of peptides
(Fig 2.2A). To validate the identity of the peptide from HeLa histones, we performed co-elution
experiments. In co-elution, any peptides that can be separated by chromatography are confirmed
to have distinct chemical structures. We found that the synthetic H4K91cr peptide eluted in a
different peak than the H4K91+68.023 peptide isolated from HeLa cells (Fig 2.2B), confirming
that the peptide isolated from cells was not modified with Kcr. In contrast, we found that the
H4K91+68.023 Da peptide from HeLa cells co-eluted with the synthetic H4K91mea peptide
(Fig. 2.2C), supporting its identification as a Kmea peptide. We validated H4K3 Imea using the
same approach (Figure 2.3). These results provide the first evidence for the existence of Kmea

as a novel and distinct type of modification.
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Figure 2. 2 MS/MS fragmentation and validation by co-elution of H4K91mea.
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Figure 2.2 (continued) MS/MS fragmentation and validation by co-elution of
H4K91mea. (a) MS/MS spectrum of HeLa histone peptide (top), synthetic H4K91ma
peptide (middle), and synthetic H4K91cr peptide (bottom). (b) Extraction ion
chromatograms of HeLa histone peptide (TVTAMDVVYALK.¢sR) (top), synthetic H4K91cr
peptide (middle), and a mixture of both synthetic peptide with in vivo sample (bottom). (c)
Extraction ion chromatograms of HeLa histone peptide (TVTAMDVVYALK.ssR) (top),
synthetic H4K91mea peptide (middle), and a mixture of both synthetic peptide with in vivo
sample (bottom).
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Figure 2. 3 MS/MS fragmentation and validation by co-elution of H4K31mea.
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Figure 2.3 (continued) MS/MS fragmentation and validation by co-elution of
H4K31mea. (a) MS/MS spectrum of HeLa histone peptide (top), synthetic H4K31ma
peptide (middle), and synthetic H4K31cr peptide (bottom). (b) Extraction ion
chromatograms of HeLa histone peptide (DNIQGITK.6sPAIR) (top), synthetic H4K31cr
peptide (middle), and a mixture of both synthetic peptide with in vivo sample (bottom). (c)
Extraction ion chromatograms of HeLa histone peptide (DNIQGITK.ssPAIR) (top), synthetic
H4K31ma peptide (middle), and a mixture of both synthetic peptide with in vivo sample
(bottom).
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In the process of performing co-elution experiments, we encountered two sites, H2AK95
and H4K59, which we were unable to validate on the basis of chromatographic separation alone.
To properly identify these sites, we took advantage of the ability of ozonolysis chemistry to
differentiate between Kmea and Kecr sites. In an ozonolysis reaction, ozone cleaves molecules at
unsaturated bonds. Structural differences between Kmea and Kcr modifications mean that
products with different masses will result from the reaction (Figure 2.4). We measured the
reaction products by LC-MS/MS to validate the identity of the posttranslational modification
isolated from cells. Following ozonolysis, the spectra for the HeLa H2AK95+68.023 Da
modified peptide matched the same pattern as the synthetic H2AK95mea peptide (Figure 2.5).
In contrast, fragmentation of H2AK95cr peptide yielded distinct fragmentation patterns with
multiple products (Figure 2.6). We also validated the identity of H4K59mea by this method
(Figure 2.7). These experiments further support the existence of the Kmea modification as a

naturally occurring PTM.
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Chemical oxidation by ozone
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Figure 2. 4 Diagram of ozonolysis reactions.

Chemical reactions for ozonolysis of Kmea (1) and Kcr (2) peptides. The 2 step reaction
conditions used for this procedure are indicated. Ozonolysis is predicted to yield an end product
lysine modification with +70.00548 Da mass shift for peptides bearing Kmea modification. In
contrast, Kcr peptides are expected to yield products with mass shifts of approximately +56, +72,

+74, or +88 Da.
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Figure 2. 5 Validation of H2AK95mea peptide by ozonolysis.

(a) MS/MS of synthetic H2ZAK95mea peptide following ozonolysis reaction. (b) MS/MS of
HeLa peptide following ozonolysis reaction. The fragmentation pattern of the peptide from HeLa
histones matches that of the synthetic H2AK95mea peptide following ozonolysis.
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Figure 2. 6 H2ZAK95cr peptide has distinct fragmentation pattern after ozonolysis.

Three peaks were detected by MS1 (top) following ozonolysis of synthetic H2ZAK95c¢r peptide.
These corresponded to the unmodified, +28 Da, and +72 Da versions of the peptide. The +72 Da
peptide is consistent with one of the predicted products listed in Figure 2.4. Importantly, the
fragmentation pattern of the H2AK95cr peptide does not match the pattern for the HeLa histone
extract peptide shown in Figure 2.5.
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Figure 2. 7 Validation of H4K59mea by ozonolysis.

(a) MS/MS of synthetic H2ZAK59mea peptide following ozonolysis reaction. (b) MS/MS of
HeLa peptide following ozonolysis reaction. The fragmentation pattern of the peptide from HeLa
histones matches that of the synthetic H2AK59mea peptide following ozonolysis.
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2.2.2 Generation and validation of Kmea antibodies
Antibody based enrichment methods are ideal for detection of low abundance
posttranslational modifications. We generated a rabbit polyclonal pan-specific antibody for
Kmea. By dot blot analysis, we found that the Kmea antibody was about 20 fold more specific
for Kmea peptide library used in its generation than the other acylated peptide libraries we tested
(Figure 2.8A). The pan Kmea antibody was able to detect a signal when used in immunoblotting
with acid extracted histones from HeLa cells (Figure 2.8B). We performed a competition assay
by incubating the Kmea pan antibody in the presence of various peptide libraries. The
immunoblot signal was competed away using synthetic Kmea peptide library to a greater extent
than when competition was performed with any other tested synthetic peptide library with
unmodified or acylated lysines (Figure 2.8B). This confirms that the signal we detected by
western blot was due to the presence of antibodies in the polyclonal mixture that are specific for
the Kmea peptide library.
2.2.3 Methacrylate is a metabolic precursor for histone Kmea
We hypothesized that methacrylyl-CoA would serve as the precursor for lysine
methacrylation. Similar to the effects of acetate and crotonate, we hypothesized that treatment of
HeLa cells with sodium methacrylate would provide a substrate for the formation of Kmea.
Consistent with our hypothesis, we found that increasing doses of sodium methacrylate
coincided with increases in histone Kmea signal (Figure 2.8C). Furthermore, the effect of
equimolar doses of methacrylate and crotonate had the strongest effects on increasing signal on
Kmea and Kcr, respectively (Figure 2.8C). This further suggests that Kmea and Kcr antibodies

are primarily detecting distinct posttranslational modifications.

51



\ &
e
° t\'\a‘-‘“\at S
A c 0{\ N\e )
. K Kac Kpr Kbu Kcr Kmea . (@ (&)
4ng ; | s == IB: Kmea
16 ng ®
S S | Ko
64 ng < (@) — — — —— —
B. ool ——— IB: Kac
Library: K Kac Kpr Kbu Kcr Kmea % ol
H3 .
H2B— e b D | B d g P———— L R
H2A o || sy | ene
H4 .
. Coomassie
Coomassie
Blue Blue

Figure 2. 8 Validation using pan Kmea antibody.

(a) Dot blot for pan anti-Kmea antibody using synthetic peptide libraries spotted onto
nitrocellulose membrane. The amount and identity of each peptide library are indicated. (b)
Immunoblot results following incubation of the pan anti-Kmea antibody with indicated acylated
synthetic peptide libraries. Western blot images are taken from the same film at the same
exposure time. Images are cropped for aesthetics. (c) Western blot results for histones extracted
from HeLa cells. HeLa cells were treated for 24 hours with 1, 3, 5, or 10 mM sodium
methacrylate or 10 mM sodium crotonate.
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The previous experiment did not rule out the possibility that the effects that we observed
in western blot were not due to factors other than metabolic incorporation. For example, certain
short chain fatty acids, most notably butyrate, lead to increases in Kac by acting as histone
deacetylase inhibitors.””’ Indeed, crotonate has been reported to also inhibit HDACs in vitro.”**
To confirm that methacrylate was capable of serving as a metabolic precursor, we used an
isotopic labeling approach. We treated HeLa cells with 20 mM d7-labeled methacrylate for 24
hours before isolating histones through acid extraction. We then tryptically digested the histones
and enriched Kmea sites using our newly generated pan Kmea antibody. Through this approach,
we detected two sites where the isotopic methacrylate was incorporated into the Kmea
modification (Figures 2.9 and 2.10). These results clearly demonstrate that methacrylate can

serve as a metabolic precursor for histone Kmea. Furthermore, these results further validate the

existence of Kmea as a unique modification that is separate from Kecr.
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Figure 2. 9 DS labeled sodium methacrylate is directly incorporated into H3K23mea.
MS/MS spectra of H3K23mea isolated from HeLa histones following treatment with 20 mM
methacrylate (top). MS/MS spectra of isotopic H3K23mea isolated from HeLa histones
following treatment with 20 mM d-7 methacrylate (bottom). (*) indicate b and y ions with 5 Da
mass shift consistent with incorporation of the isotopic metabolite.
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Figure 2. 10 D5 labeled sodium methacrylate is directly incorporated into HZBKSmea.
MS/MS spectra of H2ZBK5mea isolated from HeLa histones following treatment with 20 mM
methacrylate (top). MS/MS spectra of isotopic H2ZBK5mea isolated from HeLa histones
following treatment with 20 mM d-7 methacrylate (bottom). (*) indicate b and y ions with 5 Da
mass shift consistent with incorporation of the isotopic metabolite.
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2.2.4 Mapping histone Kmea sites using IP-MS/MS

An understanding of the potential effects of Kmea will require that we know the modified
residues. We treated cells with 20 mM of sodium methacrylate for 24 hours before harvesting
cells and performing acid extraction of histones. The histones were tryptically digested and
enriched by immunoprecipitation with the pan Kmea antibody. The aforementioned greater
specificity of the antibody for Kmea over Kcr is critical as this discrimination is the basis for our
referring to sites as Kmea sites when performing MS/MS surveys for Kmea sites. We performed
LC-MS/MS on the enriched sample and then analyzed the results using MASCOT to search for
lysine residues bearing +68.023 Da additional mass. Spectra with a MASCOT score greater than
20 were further evaluated manually for spectral quality (Appendix). From the results of the IP-
MS/MS in addition to the sites that we validated by co-elution and ozonolysis, we identified a
total 25 sites that represent potential Kmea sites across the core histones (Figure 2.11). As
indicated in the figure, many of these sites overlapped with previously reported Kac and Kcr

92,260,261

sites , This suggests that Kmea is a widespread modification found throughout the core

histones similar to Kac and Kecr.
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Figure 2. 11 List of all Kmea sites detected in HeLa cells
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Figure 2.11 (continued) List of all Kmea sites detected in HeLa cells. Schematic of the
sequences of the 5 core histone proteins with sites of Kmea, Kcr, and Kac indicated. The key for
the modifications is as follows: Kmea, blue squares; Kcr, orange diamonds; Kac, green circles.
Kmea sites include both those detected by IP-MS/MS with pan Kmea antibody as well as sites
that were validated by co-elution or ozonolysis.
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2.3 Discussion

In summary, these results demonstrate that Kmea is a novel widespread type of histone
mark. We comprehensively validated the existence of this modification through MS/MS
fragmentation, HPLC co-elution, ozonolysis, isotopic labeling, and antibody validation. This
work provides new directions for the study of the effects of methacrylyl-CoA in cell biology.
The enzymatic regulation of this new modification is further explored in chapters 3 and 4.

The fact that Kcr and Kmea are structural isomers raises important points regarding the
study of each moving forward. It also poses a potential issue for the use of methods that do not
distinguish between these two modifications. For example, Bos and Muir proposed that a TCEP
conjugated chemical probe can be used in the detection of Kcr due to the presence of an a,3-

unsaturated carbonyl.**>

This probe would be likely to cross-react with Kmea as it also contains
an o,B-unsaturated carbonyl group. In addition, the recent discovery of tigyllysine presents
another case of an o,B-unsaturated carbonyl that would present an off-target substrate.'” Our
work also suggests that careful optimization must be made in separating Kcr and Kmea by
HPLC. In our hands, there were sites that we still were unable to confidently separate certain
sites based on retention time alone. Certain methods for quantitation of modified peptides or

263204 Therefore, methods that use

acyl-CoAs rely heavily on retention times for identification.
such approaches should be validated to demonstrate that they can properly differentiate between
methacryl and crotonyl signals.

In this work, we utilized Kmea antibodies for the specific detection of Kmea over Kcr.
We limited our analysis to using antibodies that had approximately 20 fold greater specificity for

Kmea over other related acyllysine peptides. Nonetheless, the specificity still remains as

potential caveat for correct identification. Our laboratory has used the inherent cross-reactivity of

59



other antibodies to detect new modifications with similar structures.*” That also applies to the
discovery of Kmea as detailed in this work, using pan Kcr antibodies for initial enrichment.
While the data overall demonstrates that Kmea is a new and unique modification, there
nevertheless remains the possibility that certain signals like those from IP-MS/MS include off-
target Kcr detection.

2.4 Methods
Reagents
We developed the pan-Kmea antibody in collaboration with PTM Biolabs (Chicago, IL). We
obtained pan Kcr (PTM-501) and pan Kac (PTM-101) antibodies from PTM Biolabs (Chicago,
IL). The anti-H3 antibody (ab12079) were obtained from Abcam (Cambridge, MA). Methacrylic
acid and crotonic acid were obtained from Sigma-Aldrich (St. Louis, MO). The d7-methacrylic
acid was obtained from CDN Isotopes (Pointe-Claire, Quebec, Canada). GL Biochem (Shanghai,
China) synthesized the peptide libraries for this work. Sequencing grade modified trypsin was
obtained from Promega (Madison, WI). Chemicals used in buffers were obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise noted.
Cell culture
HeLa were obtained from ATCC and not validated further. Cells were grown in high glucose
DMEM (Thermo Fisher Scientific, Waltham, MA) with 10% FBS at 37°C in 5% CO..

Methacrylate and crotonate treatment

The salt forms of methacrylic acid and crotonic acid were prepared by raising pH to 7.0-7.3
using NaOH. HeLa cells were treated with 0, 1, 3, 5, or 10 mM of methacrylate or 10 mM of

crotonate after cells reached approximately 50% confluency. Cells were harvested for histone
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extraction at 24 hours post treatment. HeLa cells treated with 20 mM d7-methacrylic acid (CDN
Isotopes, Pointe-Claire, Quebec, Canada) were prepared in the same way.

Histone extraction

Acid extraction of histones was performed according to modified version of a published protocol
%3 Briefly, cells were harvested in 10 cm plates after reaching approximately 90% confluency.
Cells were washed in phosphate buffered saline (PBS) before detaching from plate by cell
scraper. Cells were then washed and pelleted in PBS twice at 1,000 x g for 5 min at 4°C. Cell
membranes were lysed in extraction buffer (10 mM HEPES pH 7.0, 10 mM KCI, 1.5 mM
MgCl2, 0.34 M sucrose, 0.5% NP-40, 5 mM sodium butyrate, 10 mM nicotinamide) for 10
minutes with gentle agitation at 4°C. Nuclei were then pelleted at 2,000 x g at 4°C for 10 min
and supernatant was discarded. Cells were resuspended in extraction buffer without NP-40. Cell
nuclei were pelleted at 2,000 x g at 4°C for 5 min. Nuclear pellets were then lysed in a nuclear
lysis buffer (3 mM EDTA, 0.2 mM EGTA, 5 mM sodium butyrate, 10 mM nicotinamide) for 30
min with gentle agitation at 4°C. Chromatin was pelleted at 6,500 x g for 5 min at 4°C and then
resuspended in 0.4 N H,SO,4. Chromatin suspension in acid was incubated overnight at 4°C with
gentle agitation. After centrifuging at 16,000 x g for 10 min, acid soluble supernatant was
collected and used in TCA precipitation. Following TCA precipitation, histones were pelleted
and washed three times in acetone. Histones were finally resuspended in deionized H,O.

Trypsin digestion

Isolated histones were in-solution digested using sequencing grade modified trypsin (Promega)
at a ratio of 50:1, respectively. Buffer was adjusted to pH 8 using ammonium bicarbonate.
Samples were incubated at 37°C overnight. Following incubation, samples were boiled for 1

minute to inactivate trypsin.
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Validation of Methacryllysine Peptides Using HPLC-MS/MS

We injected synthetic methacrylated or crotonylated peptides with or without mixing with
tryptically digested histone extract into nano-HPLC system. Peptides were analyzed using LTQ
Orbitrap Velos Mass Spectrometer according to the methods in our previous work.'*

Peptide enrichment by immunoprecipitation and identification by LC-MS/MS

We began by conjugating pan anti-Kmea antibodies to nProtein A Sepharose beads (GE
Healthcare Bio-Sciences). The bead conjugated antibodies were then incubated in the presence
of tryptically digested peptides overnight at 4°C with gentle agitation. We washed the beads with
NETN buffer (50 mM Tris-Cl pH 8.0, 1 mM EDTA, 100 mM NaCl, 0.5% NP-40) three times.
This was followed by two washes in ETN buffer which lacked the 0.5% NP-40. This was
followed once with deionized water. We then eluted peptides using 0.1% trifluoroacetic acid.
The eluted peptides were then dried in a SpeedVac (Thermo Fisher Scientific, Waltham, MA).
Dried peptides samples were dissolved in HPLC Buffer A (0.1% formic acid in water, v/v) and
loaded into a homemade capillary column (10 cm length x 75 mm ID, 3 um particle size, Dr.
Maisch GmbH) attached to an EASY-nLC 1000 system (Thermo Fisher Scientific, Waltham,
MA). We separated and eluted peptides along a gradient of 2% to 90% HPLC Buffer B (0.1%
formic acid in acetonitrile, v/v) in HPLC Buffer A at a flow rate of 200 nl min™ over 60 minutes.
The peptides were ionized and analyzed using a Q-Exactive mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). The MS/MS analysis was performed in accord with our previous
publication.” RAW files were converted into msm files and then analyzed by MASCOT
software. The parameters for the search included the following modifications: Kmea (lysine

+68.023 Da), Kac, N-terminal acetylation, K/Rmel, K/Rme2, and Kme3. Histone peptide

62



matches with Kmea sites were manually verified for correctness for all spectra with MASCOT
scores of at least 20.

Dot blot

Synthetic peptides were spotted onto nitrocellulose membrane in the amounts indicated in the
figures. Membranes were incubated in blocking buffer (3% bovine serum albumin, 20 mM tris-
buffered saline pH 7.6, 0.1% Tween-20) for 1 hour at room temperature with gentle agitation.
Membranes were incubated in solution of primary antibody diluted in 1% BSA blocking buffer
and incubated for 30 minutes at room temperature with gentle agitation. Blots were washed three
times in TBST. Then, membranes were incubated in secondary antibody diluted in 1% BSA in
TBST for 30 minutes at room temperature with gentle agitation. Blots were washed three times
in TBST and then incubated for 1 minute in enhanced chemiluminescence reagent. Film was
exposed in dark room to visualize antibody binding. Film was scanned into digital image and
then the entire image contrast adjusted using the autocontrast tool in Photoshop.

Western blot

A total of 4 ng histone extract was loaded per lane in 15% tris-glycine polyacrylamide gel in
Mini-Protean electrophoresis system (Bio-Rad, Hercules, CA). SDS-PAGE was performed using
running buffer (25 mM tris, 192 mM glycine, 0.1% SDS). Voltage was set to 80V for the first 30
minutes before increasing to 120V until loading dye reached the bottom of the gel. Tank transfer
in mini-trans-blot module (Bio-Rad, Hercules, CA) was performed using transfer buffer (25 mM
tris, 192 mM glycine, 0.1% SDS) with 20% methanol for 1 hour and 15 minutes at 100 V
constant. We transferred proteins to 0.2 um PVDF membranes. Membranes were incubated in
blocking buffer (3% bovine serum albumin, 20 mM tris-buffered saline pH 7.6, 0.1% Tween-20)

for 1 hour at room temperature. Membranes were probed with primary antibody in 1% BSA
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blocking buffer overnight at 4°C with gentle agitation. Secondary HRP conjugated antibodies
were incubated for 1 hour at room temperature. Membranes were washed 3 times for 8 minutes
each in TBST (20 mM tris-buffered saline pH 7.6, 0.1% Tween-20) following both primary and
secondary antibody incubations. Film was exposed in dark room after incubating for 1 minute in
enhanced chemiluminescence reagent with gentle agitation. Film images were scanned into
digital files. The entire image contrast for each image was adjusted using the autocontrast tool in
Photoshop.

Peptide competition assay

Pan Kmea antibody was incubated in the presence of 500 molar excess of peptide libraries for 4
hours at room temperature with gentle incubation. This solution was used as the primary
antibody incubation overnight at 4°C with gentle agitation. All other steps are consistent with the
western blot protocol as described.

Coomassie blue stain

SDS-PAGE was performed as described in the western blot protocol. Gel was rinsed briefly in
deionized H,O. Gel was then incubated in Protoblue Safe colloidal coomassie blue G-250 stain
(National Diagnostics, Atlanta, Georgia) overnight with gentle agitation according to
manufacturer instructions. Gels were then periodically washed in deionized H,O until bands

were clearly visible. Gels were scanned into digital images and contrast adjusted in Photoshop.
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CHAPTER 3
HAT1 IS A WRITER FOR KMEA
3.1 Introduction

A central factor that allows for PTMs to be involved in signaling is that they are often
reversibly added and removed by enzymes. Enzymes that catalyze the addition of chemical
groups to amino acid residues are known as writers. For the new lysine acylations discovered by
our lab, the writers identified for lysine acylations thus far consist almost entirely of previously
classified lysine acetyltransferases. Carnitine palmitoyltransferase 1A is currently the lone
exception as it is a carnitine acyltransferase, but is reported to act as a lysine
succinyltransferase.”” Thus, targeted analysis of previously classified lysine acetyltransferases
has been a fruitful avenue for discovering writers for newly identified lysine acylations.

The reasons for the substrate promiscuity of lysine acetyltransferases is perhaps best
exemplified by p300, the writer with the most diverse set of substrates identified thus far. With
regard to its structure, p300 contains a deep aliphatic pocket in its active site that is capable of
accommodating a variety of acyl-CoA substrates.'”’ The measured kinetics of p300 activity
decrease as a factor of increasing acyl chain length.”>'”” Mutagenesis of a key isoleucine residue
in the active site pocket increased or decreased the kinetics for Kcr and Kbu depending on if the
substituted residue expanded or occluded the pocket, respectively.'®” Thus, the structure of
acetyltransferases can in some cases accommodate alternative substrates to acetyl-CoA.

The activity associated with writers can provide key insight into the potential functional
roles of newly identified acylations. For example, p300 was known to be associated with
transcriptional activation prior to its identification as an acetyltransferase.”> Consistent with this

previously identified function, p300 can catalyze in vitro transcription using Kcr, Kbu, Khib, and
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Klac.”"'%!2%12% This does not preclude the possibility that the use of alternative substrates may

have distinct functions. We found that p300 regulates glycolysis through Khib of glycolytic

enzymes rather than by Kac.'*®

This conclusion was reached due to a variety of evidence. There
was minimal overlap in proteome wide analysis of p300 associated Khib and Kac sites. Khib
sites were uniquely enriched on glycolytic enzymes including enolase 1. We found that enolase 1
activity increases in vitro following 2-hydroxyisobutyrylation by p300. Furthermore, enolase 1
had detectable increases in Khib levels following glucose deprivation. Finally, we demonstrated
that enolase 1 is modified by Khib at a residue critical for its enzymatic activity. This study
demonstrates that identifying additional substrates for KATs can provide key insight into their
functions beyond what can be ascribed to Kac alone.

While p300 appears to have tremendous promiscuity in substrate choices, it is unclear to
what extent other writers utilize cofactors beyond acetyl-CoA. For example, HAT1 is a KAT
with no known cofactors other than acetyl-CoA. Indeed, a recent study measuring competitive
binding of other acyl-CoAs for KATs suggested that butyryl-CoA and crotonyl-CoA have low
affinity for HAT1.?** The functional role of HAT1 remains largely unclear despite being the
original KAT to be cloned."** Given the aforementioned discovery of p300 being able to utilize
different acyl-CoAs for different functions, the study of substrates for writers like HAT1 may
yield additional clues to their functional activity.

We screened four candidate KATs for the ability to catalyze the addition of Kmea in
vitro. Of these, HAT1 catalyzed the addition of the Kmea on histone H4 peptide in vitro. We

generated a H4K5mea specific antibody to test the hypothesis that perturbing HAT1 would affect

cellular Kmea. Consistent with this hypothesis, we validated that overexpression, knockdown,
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and knockout altered HAT1 in cells altered H4K5mea levels detected by immunoblot. This is the
first report of HAT1 using any substrates other acetyl-CoA.
3.2 Results

3.2.1 In vitro acetyltransferase screen and identification of HATI as Kmea writer

We hypothesized that previously classified acetyltransferases may be able to catalyze the
addition of the methacryl moiety to lysine. We chemically synthesized methacrylyl-CoA. This
was then combined with recombinant KAT enzyme and peptide for the in vitro assay. The
samples was then analyzed by MALDI-TOF MS analysis. We selected four acetyltransferases to
identify in vitro writers: MOF, GCNS5, HAT1, and p300. The synthetic peptide substrate for each
experiment corresponded to the first 20 amino acids of either the H3 or H4 peptide.

For the experiments using p300 and GCNS5, we used a synthetic peptide substrate that
consisted of the first 20 amino acid residues of the H3 histone. As described in the introduction,
p300 is a KAT with promiscuous activity for Kpr,””""® Kbu,””'* Kcr,' Khib,'*® Kbhb,"” and
Klac.”' Surprisingly, p300 did not catalyze the addition of Kmea in vitro (Figure 3.1). GCN5
(aka. KAT2A) has reported activity for Kpr, Kbu, Ksuc, and Kglu.”&“g’199 However, GCN5 was
also unable to catalyze the addition of Kmea in vitro (Figure 3.1). As expected, both p300 and
GCNS were able to catalyze the addition of Kac to the H3 peptide in vitro (Figure 3.1). Thus, we

conclude that p300 and GCNS are not writers for Kmea at least under these conditions.
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Figure 3. 1 In vitro screen of GCNS and p300 for Kmea writer activity.

Synthetic peptides consisting of the first 20 amino acid residues of the H3 histone were
incubated with the indicated acyl-CoA and recombinant enzyme in vitro. The samples were
subjected to MALDI-TOF analysis to detect modified peptide forms. Experiments using acetyl-

CoA were incorporated as positive technical controls. Neither GCNS nor p300 catalyzed the
addition of Kmea in this assay.
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For experiments with MOF and HAT1, we used a synthetic peptide substrate consisting
of the first 20 amino acids of the H4 histone. MOF (aka KATS) is a reported writer for Kpr*"°
and Ker.”® In our assay, MOF had no activity for Kmea even though it successfully catalyzed
the addition of Kac (Figure 3.2). It should be noted that, while MOF has been ascribed to have
crotonyltransferase activity in cells, MOF has not been successfully demonstrated to catalyze

106260 The designation of MOF as a Kcr writer was based upon results using pan and

Ker in vitro.
site specific Kcr antibodies for immunofluorescence and immunoblot experiments.”*® The
authors speculated that the absence of activity in vitro was due the need for protein complex
formation for MOF under in vivo conditions.”®® As a caveat, other published studies have raised
issues for detection of off-targets including Kac for western blots using certain Kcr

antibodies.””'**. As such, we chose to prioritize enzymes that had in vitro enzymatic activity in

addition to cellular activity for this study. We did not further pursue MOF activity for Kmea.
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Figure 3. 2 In vitro screen of MOF and HAT1 for Kmea writer activity.

Synthetic peptides consisting of the first 20 amino acid residues of the H4 histone were
incubated with the indicated acyl-CoA and recombinant enzyme in vitro. The samples were
subjected to MALDI-TOF analysis to detect modified peptide forms. Experiments using acetyl-
CoA were incorporated as positive technical controls. Only HAT1 catalyzed the addition of
Kmea to H4 peptides in this assay.



HAT]I is a lysine acetyltransferase with no known cofactors other than acetyl-CoA. Of
the tested enzymes, we found that only recombinant HAT1 was able to catalyze the formation of
Kmea in the presence of methacrylyl-CoA (Figure 3.2). Interestingly, the HAT1 reaction
including acetyl-CoA resulted in detection of both mono and diacetylated peptides while
reactions with methacrylyl-CoA only yield singly modified peptides (Figure 3.2). HAT1 is
known to acetylate nascent histones on lysine residues 5 and 12."° Thus it is likely that the
diacetylated peptides correspond to H4K5K12ac. As we used MALDI-TOF MS to detect
peptides, this data does not provide the exact positions modified. For example, the singly
modified peaks could be a mixture of singly modified H4K5 and H4K 12 peptides. The data does
suggest that HAT1 is only capable of modifying a single site with Kmea as opposed to two with
Kac. In summary, this in vitro data provides the first evidence that the addition of Kmea could be
enzymatically catalyzed. It also demonstrates for the first time that HAT1 can use substrates
other than acetyl-CoA.

3.2.2 HATI is a H4K5mea writer in cells

To test for the effects of HAT1 on Kmea in cells, we developed a site-specific antibody
for H4K5mea. This antibody had approximately 20 fold greater specificity for H4K5mea than
other acylations tested (Figure 3.3A). This assay was performed using synthetic peptides that all
contained the same amino acid sequence, but differed with regards to the modification on the
center lysine residue. This is important as peptides that differ in sequence composition can yield
false negatives for reactivity in this type of assay. To further validate the antibody’s ability to
detect H4KSmea, we treated HeLa cells for 24 hours with doses of methacrylate or crotonate.
We isolated histones through acid extraction and then subjected them to western blot analysis.

The H4K5mea antibody responded with increasing signal in a dose dependent fashion to
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methacrylate treatment (Figure 3.3B). The effect was greatest for the highest methacrylate
dosage even when crotonate was used at an equimolar dose. We also observed that H4K5ac
increased in a dose dependent manner. This was consistent with the observations for the pan Kac
antibody that were detailed in section 2.2.3. As discussed there, it is entirely possible that some
of the observed effects of methacrylate’s activity may correspond to its ability to act as an
HDAC inhibitor similar to short chain fatty acids like butyrate.

HAT]1 exclusively acetylates nascent histone H4 without targeting histones incorporated

into chromatin.'>°

The HAT1 dependent H4K5ac modifications are rapidly removed following
incorporation of nascent histones into chromatin.'®*'®” These two factors combined make it
imperative to isolate nascent histones when assaying for the effects of HAT1 perturbation.
Gruber and colleagues recently published methods for the isolation of nascent and soluble
histones using RIPA buffer when studying HAT1."”' When they used acid extracted histones,
they did not detect any effect of HAT1 perturbation on H4K5ac or H4K12ac. Thus, we prepared
lysates using RIPA buffer according to their method for all of our experiments involving cellular
HAT]1 perturbation. We hypothesized that H4K5mea levels on nascent histones would respond
to overexpression of HAT1. We transfected HEK 293T for 48 hours with empty vector or flag

tagged HAT1 plasmids. Consistent with our hypothesis, both H4K5ac and H4K5mea signals

increased following overexpression of HAT1-Flag protein in HEK 293T cells (Figure 3.3C).
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Figure 3. 3 HAT1 regulates H4K5mea in cells.

(a) Dot blot analysis of H4K5mea peptide specificity. Synthetic peptides of the same amino acid
sequence that were distinct only by the modification status of the center lysine residue were
spotted onto nitrocellulose membrane. The identity and positions of the peptides are indicated in
the key. (b) HeLa cells were treated with 0, 1, 3, or 5 mM sodium methacrylate or 5 mM sodium
crotonate for 24 hours. Histone were acid extracted and subjected to western blot analysis. (c)
HEK 293T were transfected with empty vector or HAT1-Flag plasmid for 48 hours before
harvesting. H4K5mea western blot signal increases in HEK 293T cells overexpressing HAT1-
Flag relative to empty vector control transfected cells. (d). HEK 293T cells were transfected for
72 hours with 25 nM of control or HAT1 siRNA. H4K5mea signal decreases in HEK 293T cells
following knockdown of HAT]1 relative to control. (¢) H4K5mea signal is lower in MEF HAT]1 -
/- cells relative to MEF HAT1 +/+ cells.

73



We treated HEK 293T cells for 72 hours with pooled siRNA that was either specific for
HATT or non-specific control. Consistent with our hypothesis, knockdown of HAT1 selectively
decreased both H4K5ac and H4K5mea signals (Figure 3.3D). HAT1 has previously been
reported to still maintain near normal levels of H4K 12ac following knockdown.'®” In our
experiment, we observed dramatic reductions for H4K5ac and H4K5mea. Gruber and colleagues
reported that transient knockdown of HAT1 over 72 hours results in decreased H3 and H4 levels

in a metabolism dependent manner.'”!

We did not observe a decrease in H4 levels. This may be
due to the fact that we changed the media every 24 hours post transfection to ensure maintenance
of high glucose levels. In any case, the results are consistent with the hypothesis that HAT1 is a
writer for H4K5mea in cultured cells.

Mice that are HAT1 knockouts die during late embryogenesis.'® As such, there are no
viable mice lines with whole body HAT1 knockout. However, Parthun and colleagues generated
a HAT1 knockout MEF knockout cell line.'” We hypothesized that H4K 5mea levels on nascent
and soluble histones would be greatly reduced in HAT1 knockout MEFs relative to controls.
Consistent with this hypothesis, both H4K5mea and H4K5ac levels were much lower in MEF
HAT]1 -/- samples relative to HAT1 +/+ control samples (Figure 3.3E). In summary, our results
suggest that HAT1 catalyzes the transfer of methacryl moiety to histone H4 in vitro and in
cultured cells.

3.3 Discussion

In summary, these results demonstrate that HAT]1 is a writer for Kmea in vitro and in cell

culture. Thus, the addition of Kmea can be enzymatically regulated. This is provides an

important step for understanding Kmea activity in signaling. For example, our previous work on

p300 regulated lysine acylations has found that many of them are correlated with active gene
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21106120 The discoveries that these acylations are enzymatically regulated and

expression.
associated with transcription provides the foundation for their classification as bona fide
epigenetic modifications. In contrast, the mechanistic role of Kmea is less clear in part due to the
uncertainties surrounding its associated writer, HAT]1.

The functional significance of HAT1 has largely remained unclear since its initial
discovery. Formerly, the field hypothesized that HAT1 acetylation of histones was critical for
H3/H4 import and incorporation into nucleosomes.'®* However, neither histone import nor
histone incorporation into replicating chromatin are affected by loss of HAT1 in MEF cells.'®
There is recent evidence that HAT1 regulates cellular metabolism. Mice that are heterozygous
for HAT1 expression have defects in their mitochondria and present early aging phenotypes.'®
Another study found that HAT1 phosphorylation by AMPK promoted mitochondrial
biogenesis.'** Indeed, even the HAT1 mediated acetylation of histones has been proposed to act
as a nutrient sensor coupling the state of cellular metabolism to signals for cell division.'”' We
speculate that HAT1 binding to methacrylyl-CoA may provide additional ways for it to sense
and respond to the state of cellular metabolism. Our previous work on p300 suggests that
acetyltransferases can use different acyl-CoAs for the regulation of distinct pathways.'*® As such,
the discovery of Kmea may provide new insight into deciphering the functions of HAT1.

3.4 Methods
Reagents
We developed the pan-Kmea and H4K5mea antibodies in collaboration with PTM Biolabs
(Chicago, IL). We obtained the pan Kac (PTM-101) antibody from PTM Biolabs (Chicago, IL).

The anti-Tubulin (ab6160), anti-H4 (ab31830) and anti-H3 antibody (ab12079) were obtained

from Abcam (Cambridge, MA). Anti-Flag (F7425) was obtained from Sigma Aldrich (St. Louis,
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MO). We obtained anti-H4K5ac antibody (39700) from Active Motif (Carlsbad, CA). The anti-
actin antibody (4967S) was from Cell Signaling Technologies (Danvers, MA). Methacrylic acid
and crotonic acid were obtained from Sigma-Aldrich (St. Louis, MO). Pooled siRNA for control
(D-001810-10-05) and HAT1 (L-011490-00-0005) were obtained from Horizon Discovery
(Waterbeach, United Kingdom). GL Biochem (Shanghai, China) synthesized the acylated
peptides for this work. Sequencing grade modified trypsin was obtained from Promega
(Madison, WI). Chemicals used in buffers were obtained from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted.

Cell culture

HeLa and HEK 293T cells were obtained from ATCC and not validated further. MEF HATI1
wild type and knockout cells were a gift from Mark Parthun’s lab. Cells were grown in high
glucose DMEM (Thermo Fisher Scientific, Waltham, MA) with 10% FBS at 37°C in 5% CO,.

Methacrylate and crotonate treatment

The salt forms of methacrylic acid and crotonic acid were prepared by raising pH to 7.0-7.3
using NaOH. HeLa cells were treated with 0, 1, 3, or 5 mM of methacrylate or 5 mM of
crotonate after cells reached approximately 50% confluency.

Histone extraction

Acid extraction of histones was performed according to modified version of a published protocol
% Briefly, cells were harvested in 10 cm plates after reaching approximately 90% confluency.
Cells were washed in phosphate buffered saline (PBS) before detaching from plate by cell
scraper. Cells were then washed and pelleted in PBS twice at 1,000 x g for 5 min at 4°C. Cell
membranes were lysed in extraction buffer (10 mM HEPES pH 7.0, 10 mM KCI, 1.5 mM

MgCl2, 0.34 M sucrose, 0.5% NP-40, 5 mM sodium butyrate, 10 mM nicotinamide) for 10
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minutes with gentle agitation at 4°C. Nuclei were then pelleted at 2,000 x g at 4°C for 10 min
and supernatant was discarded. Cells were resuspended in extraction buffer without NP-40. Cell
nuclei were pelleted at 2,000 x g at 4°C for 5 min. Nuclear pellets were then lysed in a nuclear
lysis buffer (3 mM EDTA, 0.2 mM EGTA, 5 mM sodium butyrate, 10 mM nicotinamide) for 30
min with gentle agitation at 4°C. Chromatin was pelleted at 6,500 x g for 5 min at 4°C and then
resuspended in 0.4 N H,SO,4. Chromatin suspension in acid was incubated overnight at 4°C with
gentle agitation. After centrifuging at 16,000 x g for 10 min, acid soluble supernatant was
collected and used in TCA precipitation. Following TCA precipitation, histones were pelleted
and washed three times in acetone. Histones were finally resuspended in deionized H,O.

Plasmid transfection

HEK 293T cells were grown to approximately 80% confluence before transfected 2 pg of
plasmid DNA using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA) according to
manufacturer instructions. Culture media was replaced with fresh media at 24 hours post-
transfection. Cells were harvested by whole cell lysis at 48 hours post-transfection.

RIPA whole cell lysis

For experiments involving HAT1 validation, a lysis approach was used to enrich nascent
histones as previously described.'”' Briefly, cells were washed in PBS once before the addition
of RIPA buffer (50 mM Tris-HCL, pH 7.4; 150 mM NaCl; 0.1% SDS; 0.5% sodium
deoxycholate; 1% Triton X-100) with the additional inhibitors 1 mM PMSF, 10 mM
nicotinamide, and 5 mM sodium butyrate. Adherent cells were scraped in lysis buffer using cell
scraper. Lysates were briefly vortexed before centrifuging at greater than 16,000 x g for 10
minutes. Supernatants were then transferred to a new tube without disturbing pelleted chromatin.

Laemmli buffer was added to samples that were boiled for 5 minutes prior to use in SDS-PAGE.
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RNAI transfection

HEK 293T cells were transfected with siRNA using Lipofectamine RNAIMAX (Thermo Fisher
Scientific, Waltham, MA) for reverse transfection according to manufacturer instructions.
Briefly, we added 62.5 pmol of either siControl (Horizon Discovery, D-001810-10-05) or
HAT1 (Horizon Discovery, L-011490-00-0005) to 500 pl Opti-MEM (Thermo Fisher
Scientific, Waltham, MA) per well of 6 well plates. Then 10.5 pl of RNAIMAX were added to
each well. This mixture was incubated at room temperature for 20 minutes. Then 2 ml of
HEK 293T cell suspension in complete media was added to each well. The cells were
incubated for 72 hours post-transfection at 37°C in 5% CO,. We replaced the media at the 24
and 48 hour time points post-transfection with fresh complete media. Cells were then harvested
and lysates were prepared using RIPA buffer.

Dot blot

Synthetic peptides were spotted onto nitrocellulose membrane in the amounts indicated in the
figures. Membranes were incubated in blocking buffer (3% bovine serum albumin, 20 mM tris-
buffered saline pH 7.6, 0.1% Tween-20) for 1 hour at room temperature with gentle agitation.
Membranes were incubated in solution of primary antibody diluted in 1% BSA blocking buffer
and incubated for 30 minutes at room temperature with gentle agitation. Blots were washed three
times in TBST. Then, membranes were incubated in secondary antibody diluted in 1% BSA in
TBST for 30 minutes at room temperature with gentle agitation. Blots were washed three times
in TBST and then incubated for 1 minute in enhanced chemiluminescence reagent. Film was
exposed in dark room to visualize antibody binding.

Western blot
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A total of 4 ng histone extract or 20 pg RIPA whole cell lysate was loaded per lane in 15% tris-
glycine polyacrylamide gel in Mini-Protean electrophoresis system (Bio-Rad, Hercules, CA).
SDS-PAGE was performed using running buffer (25 mM tris, 192 mM glycine, 0.1% SDS).
Voltage was set to 80V for the first 30 minutes before increasing to 120V until loading dye
reached the bottom of the gel. Tank transfer in mini-trans-blot module (Bio-Rad, Hercules, CA)
was performed using transfer buffer (25 mM tris, 192 mM glycine, 0.1% SDS) with 20%
methanol for 1 hour and 15 minutes at 100 V constant. We transferred proteins to 0.2 um PVDF
membranes. Membranes were incubated in blocking buffer (3% bovine serum albumin, 20 mM
tris-buffered saline pH 7.6, 0.1% Tween-20) for 1 hour at room temperature. Membranes were
probed with primary antibody in 1% BSA blocking buffer overnight at 4°C with gentle agitation.
Secondary HRP conjugated antibodies were incubated for 1 hour at room temperature.
Membranes were washed 3 times for 8 minutes each in TBST (20 mM tris-buffered saline pH
7.6, 0.1% Tween-20) following both primary and secondary antibody incubations. Film was
exposed in dark room after incubating for 1 minute in enhanced chemiluminescence reagent with
gentle agitation. Film images were scanned into digital files. The entire image contrast for each
image was adjusted using the autocontrast tool in Photoshop.

Coomassie blue stain

SDS-PAGE was performed as described in the western blot protocol. Gel was rinsed briefly in
deionized H,O. Gel was then incubated in Protoblue Safe colloidal coomassie blue G-250 stain
(National Diagnostics, Atlanta, Georgia) overnight with gentle agitation according to
manufacturer instructions. Gels were then periodically washed in deionized H,O until bands
were clearly visible. Gels were scanned into digital images and contrast adjusted in Photoshop.

Synthesis of methacrylyl-CoA
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The synthesis of acyl-CoA was performed as previously published.”’ We dissolved methacrylic
acid in 5 ml of CH,Cl,. Then we added N-hydroxysuccinimide and sonicated the solution until it
became clear. Then we added N,N’-dicyclohexylcarboiimide which led to the formation of a
white precipitate. The solution was incubated at room temperature overnight with constant
stirring. We then evaporated the organic solvent by vacuum to yield crude product methyl-NHS.
We dissolved CoA hydrate in 1.5ml of 0.5M NaHCO; (pH 8.0) and then cooled the solution in
an ice bath. Methacryl-NHS in 0.5 ml CH3CN/acetone was then added dropwise to the CoA
solution. This solution was then stirred overnight at 4°C which was then quenched by adding 1M
HCI to adjust to pH 4.0. We then performed RP-HPLC purification with gradient 5-45% buffer
A (0.05% TFA in water) in buffer B (0.05% TFA in acetonitrile) at a flow rate of 5 ml min™' over
30 min. The collected fractions were lyophilized after flash-freeze with liquid nitrogen.

In vitro acetyltransferase assay

In vitro acetyltransferase assays were performed as previously described.** We combined 0.5
UM recombinant enzyme, 100 uM acetyl-CoA or methacrylyl-CoA, with 50 pM histone H3 or
H4 peptide. Reaction mixtures were incubated at 30°C for 2 hours. Synthetic histone peptides
substrates consisted of the first 20 amino acids of the N-terminal tails of histones H3 and H4
with acetylation of the N-terminal peptide amine. The sequences for H3 (1-20) and H4 (1-20)
were Ac-ARTKQTARKSTGGKAPRKQL and Ac-SGRGKGGKGLGKGGAKRHRK,
respectively. Reactions with GCN5 and p300 as enzymes were paired with synthetic H3 (1-20)
peptide as substrate. Similarly, reactions with MOF and HAT1 were paired with synthetic H4 (1-
20) as substrate. Samples were analyzed by MALDI-MS to identify if peptide substrates were

modified in the reaction.
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CHAPTER 4
HDACS3, SIRT1, AND SIRT2 ARE KMEA ERASERS
4.1 Introduction

Enzymes can regulate both the addition and removal of PTMs. The opposing action to the
writer discussed in chapter 3 is that of the eraser. While no non-acetyl specific lysine acylation
writers have been discovered, there are erasers that are specific for newly discovered acylations.
This is the case for SIRTS that specifically targets negatively charged lysine acylations.”®**'*
Prior to the discovery of these substrates, it was unclear what the enzymatic function of SIRTS
was. As such, the discovery of new substrates aids in expanding our understanding of the roles of
previously classified deacetylases in cellular processes.

Herein we examined the erasers for Kmea. We provide evidence that supports previous

10 We also identified for the first time that

literature that HDAC3 is an eraser for Kmea in vitro.
the class III deacetylases SIRT1 and SIRT2 catalyze the removal of Kmea in vitro. Furthermore,
overexpression of SIRT?2 in cells is associated with decreased H3K 18mea signal. Thus, we
provide evidence that Kmea is a reversible modification that is regulated through enzymatic
removal.
4.2 Results
4.2.1 HDAC3 is an eraser for Kmea in vitro

We and others have shown that many of the previously classified lysine deacetylases are
able to enzymatically remove other types of lysine acylations besides lysine acetylation.*®’
Crotonyl moieties on lysine residues can be enzymatically removed by HDAC 1-3 and SIRT 1-

31021077109 A recent screen of HDAC 1-11 that included previously discovered and hypothetical

lysine acylation substrates revealed that HDAC3 acts an eraser for lysine methacrylation in
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vitro."'® Consistent with this report, we observed that in vitro incubation of HDAC3 with histone
extract reduced the Kmea signal by western blot (Figure 4.1A). Similarly, we observed a large
increase in Kmea signal in cells treated for 24 hours with the HDAC class I inhibitors butyrate
and Trichostatin A (Figure 4.1B). Thus, our results are consistent and complimentary to the

work published by Moreno-Yruela and colleagues.
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Figure 4. 1 HDAC3 is an eraser for Kmea.
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(a) Recombinant HDAC3 was incubated for 12 hours with acid extracted histones. Samples were
then analyzed by western blot. (b) HEK 293T cells were treated for 24 hours with 10 mM
sodium butyrate or 1 uM TSA. Histones were acid extracted and then subjected to western blot

analysis.
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4.2.2 In vitro screen reveals SIRT1 and SIRT2 as Kmea erasers
Unlike HDAC 1-11, the sirtuin family of enzymes has not been studied for the removal of
methacryllysine. We screened recombinant SIRT 1-7 for the ability to enzymatically remove
methacryl moiety from synthetic H3K18mea peptides in vitro. We found that SIRT1 and SIRT2
had the strongest methacryllysine eraser activity in vitro (Figure 4.2). This was in contrast to the
H3K18ac control that where removal was efficiently catalyzed by SIRT1-3 (Figure 4.3). In
general, the deaceylase activity was greater for H3K18ac peptides than H3K18mea peptides.

These results suggested that SIRT1 and SIRT2 were the candidate erasers of the sirtuin family.
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Figure 4. 2 SIRT1 and SIRT2 are Kmea erasers in vitro.

(a) Synthetic H3K 18mea peptides were incubated with indicated recombinant enzymes and then
subjected to LC-MS/MS. Chromatograms of each sample condition is shown. Open diamonds
indicate the H3K 18 unmodified peptide peaks. Filled diamonds indicate the H3K 18mea peptide
peaks. (b) Quantitation of in vitro screen of SIRT 1-7 against H3K 18mea peptide. Deacylase
activity percentage is calculated by dividing the area of the H3K 18 unmodified chromatogram
peak over the sum of the H3K18 unmodified and modified chromatogram peaks.
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Figure 4. 3 SIRT1-3 catalyze the removal of H3K18ac in vitro.
(a) Synthetic H3K 18ac peptides were incubated with indicated recombinant enzymes and then
subjected to LC-MS/MS. Chromatograms of each sample condition is shown. Open diamonds
indicate the H3K 18 unmodified peptide peaks. Filled diamonds indicate the H3K 18ac peptide
peaks. (b) Quantitation of in vitro screen of SIRT 1-7 against H3K 18ac peptide. Deacylase
activity percentage is calculated by dividing the area of the H3K 18 unmodified chromatogram
peak over the sum of the H3K 18 unmodified and modified chromatogram peaks.
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We confirmed that the effects of SIRT1 and SIRT2 were due to their enzymatic activity
as removal of the essential cofactor NAD+ from the buffer abolished their ability to remove the
methacryl moiety from peptide (Figure 4.4A). This strongly suggests that SIRT1 and SIRT2 are
enzymatically catalyzing the removal of Kmea in vitro. As further support for in vitro activity,
we found that incubation of recombinant SIRT1 and SIRT2 enzymes with histone extract in vitro
greatly reduced the Kmea western blot signal (Figure 4.4B). These experiments confirm that
SIRT1 and SIRT2 possess the ability to catalytically remove the methacryl moiety from lysines
in vitro.

4.2.2 SIRT? is an eraser for H3K18mea in cells

The sirtuin family of deacylases are reported to work on specific histone marks **°. One

of the SIRT2 substrates is H3K18ac which has been reported to be regulated by the translocation

of SIRT?2 to the nucleus under certain conditions 2*®

. We hypothesized that we could simulate
these conditions through overexpression of SIRT2-Flag in HEK 293T cells. Consistent with our
hypothesis, overexpression of SIRT2-Flag was associated with decreases in the H3K 18ac,

H3K18cr, and H3K18mea western blot signals relative to the empty vector control (Figure

4.4C). In summary, SIRT2 catalyzes the removal of H3K18mea both in vitro and in cells.
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Figure 4. 4 Validation of SIRT1 and SIRT2 as erasers for Kmea.

100 0 100 0
SIRT1 | SIRT2
.
|
50 60 7.0 50 60 70
.
100 100
| SIRT1 SIRT2
- NAD+ -NAD+
50 60 70 50 60 70
Time (min)
<> H3K18 unmodified @ H3K18mea

88

SIRT2-Flag:

IB: Flag

IB: SIRT2

IB: Tubulin

IB: H3K18mea

IB: H3K18cr

IB: H3K18ac

IB: H3




Figure 4.4 (continued) Validation of SIRT1 and SIRT?2 as erasers for Kmea. (a) H3K18mea
synthetic peptides were incubated with SIRT1 or SIRT?2 in presence of reaction buffer with or
without essential cofactor NAD+. Chromatograms of each sample condition are shown. Open
diamonds indicate the H3K 18 unmodified peptide peaks. Filled diamonds indicate the
H3K18mea peptide peaks. (b) Recombinant SIRT1 and SIRT2 were incubated for 12 hours with
acid extracted histones. Samples were then analyzed by western blot. (¢) HEK 293T cells were
transfected with empty vector or SIRT2-Flag plasmids for 48 hours. H3K18mea western blot
signal decreased in HEK 293T cells overexpressing SIRT2-Flag relative to empty vector
transfected control.
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4.3 Discussion

In summary, we have identified that the removal of Kmea is enzymatically regulated and
identified erasers that perform this action. This includes the first identification of sirtuins capable
of removing Kmea. In addition, our data also supports previous reports that HDAC3 can act as a
Kmea eraser in vitro.''’ Collectively, these data demonstrate that Kmea is a reversible
modification, which provides an important contribution to understanding its potential in cell
signaling.

When it comes to histone marks, the sirtuins are reported to regulate specific sites in
vivo.*®” SIRT1 reportedly targets acetylation on H1K26,** H3K9,**” H3K14,** H3K56,”” and
H4K16.*” Likewise, SIRT2 targets acetylation on H3K18,>*® H3K56,”"° and H4K 16.*”" It should
be noted that mass spectrometric proteomics analysis by our laboratory and others have found

272,273
72273 Though we have focused on

that the major targets for SIRT1 are non-histone proteins.
histone substrates in this work, it is possible that SIRT1 and SIRT2 primarily regulate non-
histone Kmea substrates. We observed dramatic effects on pan Kmea signal in response to class I
HDAC inhibitors (Figure 4.1B). Therefore, it is entirely possible that HDAC3 is the
predominant eraser for Kmea on histones.

As methacrylyl-CoA is a mitochondrial intermediate in the catabolism of valine, it seems
likely that mitochondrial proteins are also modified by Kmea. If so, then it will be of interest to
determine which erasers affect mitochondrial substrates of Kmea. Our results suggest that
SIRT3, an enzyme predominantly located in mitochondria, has little to no activity for removing

Kmea. This is in contrast to the reported activity of SIRT3 for Kcr.'”” Further work is needed to

determine the affects of eraser activity on non-histone targets.
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4.4 Methods
Reagents
We developed the pan-Kmea and H3K18mea antibodies in collaboration with PTM Biolabs
(Chicago, IL). We obtained pan Kac (PTM-101) and H3K18cr (PTM-517) antibodies from PTM
Biolabs (Chicago, IL). The H3K18ac (ab1191), anti-Tubulin (ab6160), and anti-H3 antibody
(ab12079) were obtained from Abcam (Cambridge, MA). GL Biochem (Shanghai, China)
synthesized the H3K18ac and H3K18mea peptides for this work. Chemicals used in buffers were
obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Cell culture
HEK 293T cells were obtained from ATCC and not validated further. Cells were grown in high
glucose DMEM (Thermo Fisher Scientific, Waltham, MA) with 10% FBS at 37°C in 5% CO,.

Plasmid transfection

HEK 293T cells were grown to approximately 80% confluence before transfected 2 pug of
plasmid DNA using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA) according to
manufacturer instructions. Culture media was replaced with fresh media at 24 hours post-
transfection. Cells were harvested by whole cell lysis at 48 hours post-transfection.

Whole cell lysis

Cells were harvested upon reaching experimental time points and were greater 80% confluent.
Cells were washed in PBS once before the addition of lysis buffer (60 mM Tris HCL, pH 6.8;
10% glycerol; 2% SDS; and 5% B-mercaptoethanol) with the additional inhibitors 1 mM PMSF,
10 mM nicotinamide, and 5 mM sodium butyrate. The adherent cell lysate was scraped from dish

and transferred to a microcentrifuge tube. The lysate was then briefly vortexed, boiled for 5

91



minutes, and centrifuged at greater than 16,000 x g for 5 minutes before supernatant was
transferred to new tube.

Histone extraction

Acid extraction of histones was performed according to modified version of a published protocol
%3 Briefly, cells were harvested in 10 cm plates after reaching approximately 90% confluency.
Cells were washed in phosphate buffered saline (PBS) before detaching from plate by cell
scraper. Cells were then washed and pelleted in PBS twice at 1,000 x g for 5 min at 4°C. Cell
membranes were lysed in extraction buffer (10 mM HEPES pH 7.0, 10 mM KCI, 1.5 mM
MgCl2, 0.34 M sucrose, 0.5% NP-40, 5 mM sodium butyrate, 10 mM nicotinamide) for 10
minutes with gentle agitation at 4°C. Nuclei were then pelleted at 2,000 x g at 4°C for 10 min
and supernatant was discarded. Cells were resuspended in extraction buffer without NP-40, cell
nuclei were pelleted at 2,000 x g at 4°C for 5 min. Nuclear pellets were then lysed in a nuclear
lysis buffer (3 mM EDTA, 0.2 mM EGTA, 5 mM sodium butyrate, 10 mM nicotinamide) for 30
min with gentle agitation at 4°C. Chromatin was pelleted at 6,500 x g for 5 min at 4°C and then
resuspended in 0.4 N H,SO,4. Chromatin suspension in acid was incubated overnight at 4°C with
gentle agitation. After centrifuging at 16,000 x g for 10 min, acid soluble supernatant was
collected and used in TCA precipitation. Following TCA precipitation, histones were pelleted
and washed three times in acetone. Histones were finally resuspended in deionized water.
Western blot

A total of 4 ng histone extract or 20 pg whole cell lysate was loaded per lane in 15% tris-glycine
polyacrylamide gel in Mini-Protean electrophoresis system (Bio-Rad, Hercules, CA). SDS-
PAGE was performed using running buffer (25 mM tris, 192 mM glycine, 0.1% SDS). Voltage

was set to 80V for the first 30 minutes before increasing to 120V until loading dye reached the
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bottom of the gel. Tank transfer in mini-trans-blot module (Bio-Rad, Hercules, CA) was
performed using transfer buffer (25 mM tris, 192 mM glycine, 0.1% SDS) with 20% methanol
for 1 hour and 15 minutes at 100 V constant. We transferred proteins to 0.2 um PVDF
membranes. Membranes were incubated in blocking buffer (3% bovine serum albumin, 20 mM
tris-buffered saline pH 7.6, 0.1% Tween-20) for 1 hour at room temperature. Membranes were
probed with primary antibody in 1% BSA blocking buffer overnight at 4°C with gentle agitation.
Secondary HRP conjugated antibodies were incubated for 1 hour at room temperature.
Membranes were washed 3 times for 8 minutes each in TBST (20 mM tris-buffered saline pH
7.6, 0.1% Tween-20) following both primary and secondary antibody incubations. Film was
exposed in dark room after incubating for 1 minute in enhanced chemiluminescence reagent with
gentle agitation. Film images were scanned into digital files. The entire image contrast for each
image was adjusted using the autocontrast tool in Photoshop.

Coomassie blue stain

SDS-PAGE was performed as described in the western blot protocol. Gel was rinsed briefly in
deionized H,O. Gel was then incubated in Protoblue Safe colloidal coomassie blue G-250 stain
(National Diagnostics, Atlanta, Georgia) overnight with gentle agitation according to
manufacturer instructions. Gels were then periodically washed in deionized H,O until bands
were clearly visible. Gels were scanned into digital images and contrast adjusted in Photoshop.

In vitro recombinant sirtuin screen

Recombinant sirtuin proteins were obtained from BPS Biosciences (San Diego, CA). In vitro
sirtuin reactions performed by combining 0.5 pM synthetic peptide with 0.25 pM sirtuin in 20
mM Tris-HCL, pH 8 with 1 mM NAD+ and 1 mM DTT in total volume of 50 pl. The peptide

sequence for H3K18ac and H3K18mea were GGKAPRK(acetyl]JQLATKA and
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GGKAPRK(methacryl)QLATKA, respectively. Mixtures incubated at 37°C for 1 hour. Adding
50 pul of 200 mM HCl and 320 mM acetic acid in HPLC grade methanol quenched the reaction.
Samples were dried using SpeedVac. Samples were desalted by ZipTip before being subject to
LC-MS/MS. Percent deacylase activity was measured by dividing the area of the unmodified
peptide chromatographic peak over the sum of the area of the unmodified and modified
chromatographic peaks.

In vitro HDAC histone extract assay

Recombinant HDAC3, SIRT1, and SIRT2 were all obtained from BPS Biosciences. The reaction
buffer for the sirtuins was 20 mM Tris-HCL, pH 8 with | mM NAD+ and 1 mM DTT. HDAC3
reaction buffer consisted of 25 mM Tris pH 8, 130 mM NaCl, 3.0 mM KCI, I mM MgCl,, and
0.1% PEG8000, pH 8.0. We treated HeLa cells with 20 mM sodium methacrylate for 24 hours
prior to performing histone extraction. Recombinant enzyme was mixed with histone extract at a
ratio of 0.2 ug enzyme per 2 pg of histone extract in the appropriate buffer. Mixtures incubated
at 37°C for 12 hours. Adding laemmli buffer followed by boiling of samples ended the reaction.

The samples were then analyzed by western blotting.
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CHAPTER 5
DISCUSSION AND FUTURE DIRECTIONS

In summary, we have discovered the new modification Kmea as wells as enzymes
capable of regulating it. We validated the existence of the modification by multiple
complimentary methods including MS/MS fragmentation, HPLC co-elution, ozonolysis, isotopic
labeling, and antibody-based detection. We demonstrated that methacrylate increases Kmea
signals by western blot and demonstrated its direct incorporation in the modification by isotopic
labeling. We found a total of 25 Kmea sites across the core histone proteins in HeLa cells
through a combination of IP-MS/MS and synthetic peptide validation approaches. We identified
HAT]1 as a writer for Kmea through a combination of in vitro and cell based experiments. This is
particularly notable as methacrylyl-CoA is the first known metabolic cofactor for HAT1 outside
of acetyl-CoA. In addition, we identified erasers for Kmea that include HDAC3, SIRT1, and
SIRT2. Taken all together, this work lays the foundation Kmea as a new type of reversible
histone mark. This work also raises a number of questions for future analysis.

The functional significance of Kmea in physiological processes will be an area for future
study. For other lysine acylations that our laboratory has discovered, enzymatic writers can
provide clues for functional relevance. For example, p300 is a known transcriptional activator
and the newly discovered lysine acylations that it utilizes can also activate transcription in

o1.106.120.128 1 this work, we discovered that HATI is a writer for Kmea. Due to the

vitro.
enigmatic nature of HAT1’s activity, the function of HAT1 catalyzed Kmea is not immediately
clear. Given that methacrylyl-CoA and acetyl-CoA are distinct metabolites, we speculate that the

utilization of these substrates by HAT1 could provide a mechanism for sensing and responding

to changes in metabolism. There are a number of recent publications that support the notion that
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HAT]1 serves as a metabolic sensor. AMPK phosphorylates HAT1 to promote mitochondrial
biogenesis.'** Mice that are heterozygous for HAT1 have defects in mitochondria and exhibit

' HATI acetylation of nascent histone H4 has been proposed to serve

early aging phenotypes.
as a mechanism sense cytoplasmic acetyl-CoA and shuttle acetate into the nucleus to support cell
division.!”" Therefore, we speculate that HAT1 may similarly be able to respond to levels of
methacrylyl-CoA in ways that affect metabolism. Our previous work suggests that p300 uses
different acyl-CoAs to regulate distinct pathways.'*® Future experiments are needed to determine
if HAT1 regulates different pathways through Kmea and Kac as well.

Kcr has become established in the literature as a bona fide epigenetic histone mark. This
is in part due to the identification of Kcr writers, erasers, and readers.”’ Furthermore, Kcr is
associated with transcriptional activation.'’>'* Given the significance of Kecr, it will be
important for the field to properly parse the roles of Kcr and Kmea. Our experiments highlight
some of the potential technical caveats for previously relied upon methods. For example, the
existence of Kmea creates issues for the validity of chemical probes that were proposed to
uniquely react with Kcr.”** Similarly, mass spectrometric methods that rely on a combination of
retention time and MS/MS to detect Kcr may require further optimization to demonstrate that the
detected signals do not include co-eluting Kmea peptides. In this work, we have attempted to
circumvent these pitfalls primarily through the use of antibodies with greater than 20 fold
specificity to separately detect Ker and Kmea signals. It is imperative that the field considers the
technical issues associated with separating Kcr and Kmea signals for research moving forward.

Crotonyl-CoA and methacrylyl-CoA are the products of distinct metabolic pathways in
mitochondria (Figure 5.1). As such there is reason to think that their roles in cellular biology

may be differentially regulated. How methacrylyl-CoA accumulates in the nucleus is another
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subject that requires further study. The evidence from other acylations suggests that the acyl-
CoA species used for histone modifications are produced within the nucleus. The major source
of acetyl-CoA for histones is derived from the metabolism of citrate by nuclear ACLY.*
Similarly, nuclear a-KGDH complexes provide succinyl-CoA for histone lysine succinylation.''®
We previously reported that ACSS2 was able to produce nuclear crotonyl-CoA for histone
crotonylation.'” In addition, the nuclear pools of crotonyl-CoA can be further metabolized into
B-hydroxybutyryl-CoA by CDYL.?”* Whether similar enzymes regulate nuclear methacrylyl-

CoA pools is still to be determined (Figure 5.1).
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Figure 5.1 (continued) Metabolic pathways for methacrylyl-CoA and crotonyl-CoA.
Diagram of known and speculative pathways for the metabolism of methacrylyl-CoA and
crotonyl-CoA separated by compartment. For simplicity, portions of the pathways are
condensed that involve multiple steps. Reaction arrows that indicate multiple steps are
unaccompanied by enzyme name. The relevant enzyme or enzyme complex are
abbreviated next to the reaction arrow for single step portions of the pathway. The
abbreviations represent the following enzymes or enzyme complexes: ACAD8, acyl-CoA
dehydrogenase family member 8 (aka isobutyryl-CoA dehydrogenase); ACSSZ2, acyl-CoA
sythetase short-chain family member 2; CDYL, chromodomain Y like; crotonase (aka enoyl-
CoA hydratase), multiple members of the crotonase family have been implicated in this
interaction including ECHS1; ECHS1, enoyl-CoA hydratase short chain 1; GCD, glutaconyl-
CoA decarboxylase complex; HIBCH, 3-hydroxyisobutyryl-CoA hydrolase. Question marks
denote speculative single step reactions where the enzyme is unidentified. The
mitochondrial export of 3-hydroxyisobutyric acid is indicated by a single arrow in the
figure.
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Another consideration for determining functional relevance is whether the abundance of a
given modification exceeds a level to impose a physiological function. There is currently limited
data available on the abundances of newly discovered lysine acylations. We did not measure
Kmea abundance in this work. Given the aforementioned technical caveats for separating Ker
and Kmea, it is possible that some of the measured Kcr abundances include measurements of
Kmea levels. With regards to Kcr, certain sites like H3K9cr, H3K122cr, H4K59cr, and H4K91cr
have been reported within one log of Kac levels at those sites for certain models.’**” Other sites
like H3K 18cr and H4K5cr have either been unreported or below the limit of quantitation despite
measurements being available for Kac at the same positions.”>*”> Current technology for
quantitation of abundance at specific sites has the technical caveat that it is a measure of relative
rather than absolute abundance. Baldensperger and colleagues recently reported quantitative
measurements of acyllysine amino acids following extensive proteolytic digestion of proteins
extracted from different mouse tissues.'” Their measurements suggest that Kcr levels are
approximately 3 logs below that of Kac in mouse liver, kidney, heart, and brain.'”> Crotonyl-
CoA levels have been measured to be approximately 2 to 3 logs below acetyl-CoA levels in
different samples.”® Further work is needed to determine how Kmea and methacrylyl-CoA levels
compare to these measurements.

Many of the newly discovered lysine acylations have been found to be associated with
active gene transcription through ChIP-Seq analysis.”"'%>'%1%17 119 1¢ {5 possible that Kmea
serves a similar function in transcription and should be the subject of further study. ChIP-Seq is
highly dependent upon the use of specific antibodies in order to obtain biologically meaningful
results. Previous surveys of commercially available ChIP-grade antibodies have found

widespread issues with specificity.”’®*** Antibodies against lysine acylations have also been
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reported to detect off target modifications in immunoblot and western assays.”*%'2>*%> While
synthetic peptides arrays have been the gold standard for determining specificity, a recent
publication by Alex Ruthenburg and colleagues suggests that peptide array results only weakly
correlate with specificity in ChIP assays.*®' The authors went on to demonstrate that ChIP-Seq
data from previous publications using insufficiently specific H3K4me3 antibodies was

confounded by off target detection of H3Kme2 modification.*®!

H3Kme?2 is approximately 1 log
more abundant than the structurally similar H3Kme3.?** It is unclear to what extent off target
Kac binding may affect ChIP-Seq results for structurally similar lysine acylations that are 2 to 3
logs lower in abundance. Interestingly, Bos and Muir reported that covalent binding of TCEP to
Ker can selectively block antibody binding.*** They proposed that this could provide a method to
test for off target detection of Kcr antibody signals. As both Kcr and Kmea have reactive a,f3-
unsaturated carbonyl groups, antibodies against these modifications may be uniquely positioned
to interrogate issues regarding specificity in biological samples with varying PTM abundances.
While our work was focused on histones, the existence of methacrylyl-CoA in the
mitochondria suggest that there are likely to be mitochondrial Kmea substrates. The pH of the
inner mitochondrial matrix is particularly suitable for non-enzymatic reaction of acyl-CoAs with
lysines.*” Hirschey and colleagues hypothesize that the accumulation of lysine acylations creates

a form of carbon stress that interferes with biological processes.285 286

In support of this
hypothesis, proximal cysteine and lysine pairs are less conserved in species with longer lifespans
suggesting evolutionary selection to prevent detrimental acylations.”® The concept of reactive
acyllysine accumulation has been tested in multiple models with varying results. Acyl

modifications have been discovered on lysines critical for enzymatic function.”*”''®'?® This has

been confirmed through point mutations of the acylated lysine residues. A potential caveat to this
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is that the point mutants mimic effects of a fully modified state in cases where the levels of the
modification are unknown. The effects in certain models have been less pronounced or
situational. Fisher-Wellman and colleagues measured the effects of deletion of malonyl
decarboxylase, SIRT5, or SIRT3 on a variety of metabolic phenotypes.”® They found that the
only consistent effect was a marginal reduction in ATP synthetase activity across the tested
conditions. Despite causing major changes in the acetylproteome, the effects of SIRT3 knockout
in mice were limited to a modest decrease in insulin secretion and only for mice fed high-sucrose

289 The localization and effects of Kmea mitochondrial substrates will be a

and high-fat diets.
subject of future study.

The potential for Kmea to modify mitochondrial proteins may be especially relevant for
leigh syndrome, a neurological disorder characterized by mitochondrial defects.” Inherited
mutations in the ECHS1 and HIBCH enzymes of the valine catabolic pathway lead to the

60,6163 Methacrylyl-CoA accumulates in patients with these

development of Leigh syndrome.
mutations and has been hypothesized to act as a causal factor in the disease through its
electrophilic capacity to alkylate cysteines.”” The discovery of Kmea raises a potential alternative
mechanism for pathological effects of methacrylyl-CoA accumulation. In other in-born-errors of
metabolism, elevated levels of acyl-CoAs correlate with higher levels of lysine acylations.® An
overabundance of certain lysine acylations is reported to have negative effects on ATP synthase
activity, albeit to a relatively small amount.”® We speculate that Kmea accumulation on
mitochondrial proteins could be associated with impaired mitochondrial function. However, it
may be informative that isobutyryl-CoA accumulation resulting from ACADS8 mutation leads to

a different metabolic disorder, namely isobutyryl-CoA dehydrogenase deficiency.””’ Assuming

that isobutyryl-CoA would also be capable of forming non-enzymatic lysine acylations, the
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pathological significance may be more complicated than simply accumulation of lysine
acylations in the presence of incomplete valine metabolism. Future work should examine the
modifications incurred through methacrylyl-CoA both at lysine and cysteine residues with
regards to leigh syndrome.

While they are often useful, cell culture models have caveats for the study of BCAA
catabolism. Cell culture media was not designed to be representative of physiological conditions
and its composition can lead to metabolic phenomena in culture that are unrepresentative to in
vivo conditions.”* Culturing cardiomyocytes in the high glucose conditions commonly found in

2% Furthermore, downregulation of BCAA catabolic

cell culture suppresses BCAA catabolism.
enzymes promotes proliferation of culture cell lines in part through activation of mTORC1.”* A
similar mechanism of mTOR activation through degradation of ECHS1 has also been
reported.””* Better culture models may therefore be reliant on post mitotic differentiation
systems. Preadipocyte NIH 3T3-L1 cells significantly upregulate BCAA catabolism following
differentiation into adipocytes.”” Similarly, C2C12 cells that have been differentiated to
myotubes and overexpress PGC-1a secrete notable amounts of 3-hydroxyisobutyrate consistent
with upregulated valine catabolism.®® Thus careful selection of culture models are necessary for
the study of BCAA catabolic conditions that will be informative of in vivo conditions. As such,
the study of Kmea associated with BCAA perturbation will require careful selection and
optimization cell culture systems.

There are currently no genetic mouse model knockouts for either HIBCH or ECHS1. The
effects of deletion of these enzymes have been studied in other model organisms, albeit without

yielding phenotypes that resemble leigh syndrome in humans. In drosophila melanogaster,

deletion of HIBCH was associated with delayed degeneration of axons and synapses following

103



injury.”® Knockdown of a crotonase (HADHA) and HIBCH also exacerbated the degenerative
phenotype observed in CLN mutant expressing drosophila.”’ In caenorhabditis elegans, the
accumulation of acrylyl-CoA through deletion of ech-6 (enoyl-CoA hydratase) and hach-1 (3-
hydroxyisobutyryl-CoA hydrolase) reduced growth and viability relative to wild type controls.*”
Thus while none of these models are representative of leigh syndrome, they do provide in vivo
evidence that the accumulation of acryl-CoA compounds can have neurodegenerative and lethal
effects depending on the organism. These models may be informative for understanding the
effects of Kmea and should be considered for future work.

The discovery of Kmea provides further evidence that a multitude of reactive metabolites
are capable of serving as sources for histone PTMs. The work described herein has the potential
to broaden our understanding of the mechanisms at play in the regulation of cellular processes. In
order for the field to understand the effects of PTMs on pathophysiological processes, it is

necessary to identify all of the relevant PTMs. This author hopes that the discovery of Kmea will

prove to be useful in decoding such processes in future work.
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APPENDIX

Appendix Figure 1 Spectra for Kmea sites identified by IP-MS/MS.

Annotated MASCOT images for the 22 histone Kmea sites identified by IP-MS/MS using pan
Kmea antibody. The parameters for the search included the following modifications: Kmea
(lysine +68.023 Da), Kac, N-terminal acetylation, K/Rmel, K/Rme2, and Kme3. Histone peptide
matches with Kmea sites were manually verified for correctness for all spectra with MASCOT
scores of at least 20. All spectra were manually verified for quality.
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