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Abstract

Modifications of histones play important roles in balancing transcriptional output. The discovery
of acyl marks, besides histone acetylation, has added to the functional diversity of histone
modifications. Since all modifications use metabolic intermediates as substrates for chromatin
modifying enzymes, the prevalent landscape of histone modifications in any cell type is a snapshot
of its metabolic status. Here we review some of the current findings of how differential use of
histone acylations regulates gene expression as response to metabolic changes and differentiation
programs.
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In all eukaryotes, nucleosomes are formed by DNA wrapped around histone octamers that
are composed of two copies each of the four core histones, H2A, H2B, H3, and H4.
Organization into this chromatin structure helps in DNA compaction and plays important
roles in dynamic regulation of transcription, DNA repair and recombination. Changes in
chromatin organization are dependent primarily on modification of amino acid residues in
histones, particularly within the N-terminal histone tails. The expanding list of histone
modifications and the complexity of their actions has been an area of intense study, with
recent efforts directed toward understanding their roles in nuclear processes and their effects
on cellular homeostasis.

Histone lysine acetylation was one of the first histone modifications to be discovered, where
it was shown to correlate with RNA synthesis (Allfrey et al., 1964). The link between
histone acetylation, changes in chromatin structure, and altered transcription was later
established in parallel groundbreaking reports. These studies revealed a role for histone
lysine acetylation in transcription silencing at yeast telomeres (Aparicio et al., 1991),
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regulation of the yeast mating type loci (Johnson et al., 1990; Megee et al., 1990), and the
presence of distinct domains of histone acetylation on polytene chromosomes in flies
(Turner et al., 1992). The pivotal link between transcription and histone acetylation came
with the discovery of an orthologue of yeast Gen5 in 7etrahymena that acetylated histones
(Brownell and Allis, 1995; Brownell et al., 1996) and a bovine orthologue of yeast Rpd3 that
aided in removal of histone acetyl marks (Taunton et al., 1996). Following the initial
discovery of the Genb histone acetyltransferase (HAT) (Brownell et al., 1996) and the Rpd3
histone deacetylase (HDAC) (Rundlett et al., 1996), studies have identified several members
of both enzyme families. The HATs include CREB-binding protein (CBP), Ela-binding
protein p300, and the MYST family of proteins (MOZ, YBF2/SAS3, SAS2 and TIP60) (Lee
and Workman, 2007; Marmorstein and Zhou, 2014). HDACs include Rpd3-related proteins,
HDAC1-HDAC3 and HDACS (Class | HDACs), Hdal-related proteins, HDAC4-HDACY7,
and HDAC9 (Class Il HDACs) and Sir family proteins (Class 111 HDACs), HDAC10 and
HDACL11 (Delcuve et al., 2012). Biochemical purification of several of these enzymes
showed that they function within large multi-subunit complexes that are conserved from
yeast to humans. For example, the Gen5 HAT was shown to be part of SAGA, SLIK and
ADA complexes in yeast, and part of SAGA and ATAC in flies and humans (Brand et al.,
1999; Eberharter et al., 1999; Grant et al., 1997; Guelman et al., 2006; Kusch et al., 2003;
Martinez et al., 1998; Pray-Grant et al., 2002). Similarly, histone deacetylases HDAC1/
HDAC?2 are part of chromatin modifying complexes Sin3, NURD and CoREST (Kelly and
Cowley, 2013).

Since the 1990’s, an extensive number of studies have uncovered proteins with enzymatic
activities that work in opposition to each other through modifying histones. These studies
demonstrate that acetylation of lysine residues is a highly dynamic process regulated by
HATs and HDACs. HATSs use acetyl-CoA to catalyze addition of the acetyl group onto the e-
amino group of lysine side chains, and HDACs remove this histone mark (Anne-Lise
Steunou, 2013). Neutralization of the positive charge on lysine residues by acetylation
weakens interactions between histones and DNA and may allow access to the transcription
machinery. The stimulatory effect of histone acetylation on transcription through
nucleosomes has been demonstrated by elegant in vitro studies in which addition of HATS,
including yeast SAGA, Nua3 and Nua4 complexes or human CBP/P300, facilitated
transcription of RNA polymerase thorough nucleosomal templates (Kundu et al., 2000;
Steger et al., 1998). While opening of chromatin by acetylation has a stimulatory effect on
transcription through nucleosomes, HDACs like Rpd3, play opposing roles in suppressing
spurious transcription by deacetylation of histones both at promoters and in gene bodies
(Burgess et al., 1999; Carrozza et al., 2005; Deckert and Struhl, 2002; Li et al., 2007).

In addition to altering chromatin structure, acetylated lysines function as docking sites for
protein domains, which are therefore referred to as “readers” of the histone marks.
Bromodomains recognize acetylated histones and are present in many nuclear proteins,
including ATP dependent chromatin remodelers, HATS, transcriptional co-activators,
methyltransferases and the BET (bromodomain and extraterminal) family of proteins
(Marmorstein and Zhou, 2014; Yun et al., 2011). For example, the Gen5 HAT bromodomain
recognizes histones that it has actually acetylated itself (Li and Shogren-Knaak, 2009). This
property could, in principle, act as in a positive feedback loop to recruit and stabilize Gen5
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containing complexes. Other functions of histone acetylation at gene promoters include
recruitment of chromatin remodelers like Swi/Snf and RSC via bromodomains in subunits of
these complexes (Cairns et al., 1999; Dutta et al., 2014; Hassan et al., 2001; Kasten et al.,
2004) which, in turn stimulate nucleosome remodeling. In addition, acetylated histones can
act as a docking platform for transcription initiation factor TFIID via interaction with Tafl
double bromodomains (Jacobson et al., 2000), which promotes transcription initiation.

Though histone acetylation has been an area of extensive investigation for the last quarter
century, the variety of different histone acylations has continued to expand. As early as
1992, studies showing that histone succinylation (Kg,) facilitates transcription through
nucleosomal cores hinted at roles for other histone lysine acylations (Pineiro et al., 1992).
Proteomic approaches have broadened the landscape of histone acylation to include lysine
propionylation (Kp,) and butyrylation (Kg,) (Chen et al., 2007), and recent studies have
shown that histone lysines are extensively decorated with crotonylation (Kcy), B-
hydroxybutyrylation (Kgh,), succinylation (Kg,), malonylation (Ky,) and glutarylation
(Kgu) (Figure 1) (Dai et al., 2014; Li et al., 2016; Tan et al., 2011; Tan et al., 2014; Xie et
al., 2012; Xie et al., 2016; Zhang et al., 2009). These recent studies have shown that the
newly discovered histone acylations can have a stimulatory effect on transcription at several
genomic loci, akin to histone acetylation. In the remainder of this perspective we highlight
the roles of differential histone lysine acylations working in consort or in opposition to help
respond to varying cellular conditions.

In order to mark histones post-translationally, chromatin modifiers use metabolic
intermediates such as acetyl-CoA, the key metabolite used as a cofactor by HATS, and S-
adenosylmethionine, the cofactor for histone methyltransferases. Thus, histone
modifications may reflect the metabolic status of cells and be influenced by the
concentrations of these metabolites. The delicate balance between metabolic processes and
the levels of their intermediates is key to cellular homeostasis, and misregulation of this
balance can trigger a variety of diseases. Moreover, metabolites and metabolic enzymes can
directly regulate transcription, as shown by several studies involving the glycolytic enzyme
PKM2, which is responsible for pyruvate synthesis. PKM2 phosphorylates histone H3T11
(YYang et al., 2012), and the epidermal growth factor receptor (EGFR) mediated activation of
PKM2-dependent H3T11 phosphorylation is required for H3K9 acetylation (Yang et al.,
2011). Further, a complex of PKM2 and B-catenin functions to dissociate HDAC3 from gene
promoters (Yang et al., 2011). Pyk1, the yeast PKM2 orthologue, forms a novel complex
termed SESAME that includes other metabolic enzymes involved in serine and acetyl-CoA
synthesis. In addition to Pykl, SESAME contains SAM (S-adenosylmethionine) synthetases
and an acetyl-CoA synthetase, and it regulates crosstalk between H3K4 methylation and
H3T11 phosphorylation at gene promoters (Li et al., 2015). However, unlike the human
PKM2, yeast Pyk1 does not affect histone acetylation, specifically at histone H3 lysine 9 (Li
et al., 2015). The enzyme 5” adenosine monophosphate (AMP)-activated protein kinase
(AMPK) also influences histone modification and gene expression. AMPK acts as a sensor
of cellular ATP/ADP levels in cells and promotes B-oxidation of fatty acids (Suter et al.,
2006). It is phosphorylated in response to several stress conditions, including low
concentrations of glucose. Phosphorylated AMPK, in turn, activates P53 responsive genes
by phosphorylating histone H2BS36 (Bungard et al., 2010).
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Acetyl-CoA is produced from pyruvate through the tricarboxylic acid (TCA) cycle or by p-
oxidation of fatty acids. Growth of yeast in nutrient-limiting conditions causes cells to
oscillate between oxidative and reductive growth (Tu et al., 2007). This rhythmic pattern
results in changes in acetyl-CoA levels and concomitant fluctuations in the level of
acetylation on both histones H3 and H4 (Cai et al., 2011). The change in histone acetylation
status then results in differential gene expression during these two phases of growth (Tu et
al., 2007). In mammalian systems, undifferentiated embryonic stem cells have higher levels
of acetyl-CoA than differentiating cells (Wang et al., 2011). This difference results, in part,
from changes in expression of threonine dehydrogenase (TDH), which catalyzes the
conversion of threonine into glycine and acetyl-CoA (Alexander et al., 2011). The drop in
levels of TDH during differentiation can directly affect gene expression by regulating acetyl-
CoA levels.

Since many of the same histone lysine residues can be modified by several types of
acylation, changes in the concentrations of intermediary metabolites seem likely to affect
histone modifications. For example, upon depletion of carbohydrates during prolonged
starvation, cells use fatty acid oxidation as source of energy. Much of the acetyl CoA
produced in this process is converted into ketone bodies consisting of p-hydroxybutyrate,
acetoacetate and acetone (Laffel, 1999). A recent study by Zhao and colleagues has
identified that p-hydroxybutyrylation (Kgpp), @ new histone lysine acylation, is induced by
starvation and is present on all four core histones (Figure 1) (Xie et al., 2016). p-
hydroxybutyrylation is present with the activating marks H3K4me3 and H3K9ac at many
gene promoters. Also, a different group of genes specifically upregulated by starvation
contained only H3K9Bhb, completely replacing H3K9ac at these genes. Interestingly, p-
hydroxybutyrate, the substrate for this new histone mark, is elevated in untreated diabetes
(Laffel, 1999). B-hydroxybutyrate is used as a source of energy by the brain and heart during
starvation (Cahill, 2006). It is also used as a protective agent to treat neurological disorders,
including epilepsy (McNally and Hartman, 2012), Parkinson’s and Alzheimer’s (Kashiwaya
et al., 2000). Thus, positive regulation of transcription by lysine f-hydroxybutyrylation
provides an entry into the mechanism by which histone modifications regulate specific
subsets of genes, and how a failure to produce optimal concentrations of key cellular
metabolites may result in diseased states. Future studies should allow us to determine
metabolite concentrations in normal vs diseased tissues, and explore whether histone
modifications influenced by these differing concentrations impact the disease phenotypes. It
then remains only to evaluate whether exogenously provided cellular metabolites correct
histone modification defects and, in turn, impact the diseased state.

The finding that histone acylation changes during metabolic stress leads to the question of
whether dynamic regulation of differential histone acylation occurs in response to other
cellular changes. Such mechanisms could play important roles during development in
eukaryotes, where temporal and spatial control of gene expression is a key determinant.
Spermatogenesis, for example, involves a specialized differentiation program and requires a
program of gene expression aimed at producing haploid cells that carry the male genome.
Goudarzi and colleagues have now explored histone acylation during spermatogenesis, and
uncovered competing roles for histone lysine butyrylation (Kg,) and histone lysine
acetylation (Kac) (Goudarzi et al., 2016). These studies have revealed that levels of histone
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H4K5g, and H4K8g,, increase as spermatocytes differentiate into elongating spermatids and
are associated with a concomitant loss of acetylation on the same lysine residues. Moreover,
increased histone butyrylation corresponds well with genes that increase in expression as
spermatocytes differentiate. In addition to histone lysine butyrylation (Kgy), histone lysine
crotonylation (K,) marks testis-specific genes on sex chromosomes and is enriched in male
germ cells following meiosis (Tan et al., 2011). The increased use of butyrate and crotonate
in the male germ line hints at a metabolic flux during spermatogenesis that changes levels of
these metabolites. It seems likely that the metabolic profiles of other differentiating tissues
will be similarly reflected in their pattern of histone-acyl marks, and that these changing
marks will guide specific cellular differentiation programs. As noted above, histone H4K5
can be either acetylated or butyrylated during spermatogenesis (Goudarzi et al., 2016).
Change in these histone H4K5 marks regulates the affinity of the testis specific
bromodomain protein Brdtl for nucleosomes. While the Brdtl bromodomain readily binds
acetylated H4KS5, butyrylation of H4K5 blocks this binding. Structurally, a steric clash
within the Brdt1 bromodomain binding pocket prevents binding to the bulkier butyryl group.
The authors hypothesize that alternating H4K5Ac and H4K5Bu could regulate Brdtl
recruitment and dissociation and, in turn, stimulate waves of transcription initiation by RNA
polymerase 11 (RNAPII) recruitment. In fact, many bromodomains can accommodate only
smaller acyl groups such as acetyl and propionyl in their binding pockets, and fail to bind
bulky succinyl marks (Flynn et al., 2015).

Recent studies have revealed that several non-acetyl histone acylations occupy promoters of
highly expressing genes, in a pattern similar to that observed for histone acetyl marks
(Goudarzi et al., 2016; Li et al., 2016; Xie et al., 2016). Acetylation of lysine residues plays
a dual roles in decompacting chromatin and acting as a docking site for proteins containing
bromodomains. While the direct effects of various other histone acylations on chromatin
structure have not been studied, their presence at active genes raises the speculation that they
regulate chromatin decompaction in a similar manner as acetylation. In addition, while
recognition of acetyl lysine by bromodomains is well documented, readers of bulkier acyl
groups are only beginning to be described. Histone lysine crotonylation, which is also
associated with active transcription, binds selectively to the bromodomains in Brd9, Tafl
and Cecr2, albeit at a lower affinity than their binding to acetyl-lysine (Flynn et al., 2015).
However, a recent study has shown that YEATS domains in AF9, Yaf9, Taf14, ENL and
YEATS2 preferentially bind histone lysine crotonyl marks with higher affinities than acetyl
marks (Andrews et al., 2016; Li et al., 2016; Zhao et al., 2016). This differential binding is
due, in part, to the architecture of acyl group binding pockets in bromodomains versus
YEATS domains. While a smaller acetyl group can be accommodated in the center of the
four helix bundle within the binding pocket of a bromodomain, bulkier acyl groups would
have to be bent to be accommodated, which would require significant energy cost for
binding. On the other hand, a more open and flat binding pocket in the YEATS domain can
easily fit a bulky rigid acyl group like crotonyl. As predicted by increased binding of AF9 to
crotonyl marks, treatment of cells with crotonate increases AF9 occupancy at crotonate-
responsive genes. AF9 is a part of both the Super Elongation Complex (SEC) and DOT1C
(Biswas et al., 2011; Bitoun et al., 2007; Smith et al., 2011), and recruitment of the SEC to
promoters allows for release of polymerases from paused state to one of productive
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elongation. In higher organisms, many genes that are responsive to changes in environmental
cues and developmental signals contain paused polymerases at their promoters. Histone
crotonylation mediated recruitment of AF9 to promoters of these genes can thus allow robust
transcription by directly stimulating release of paused polymerases into productive
transcription elongation. The identification of the YEATS domain as a histone crotonylation
reader is the first in what is likely to be an expanding number of novel domains that binding
an ever increasing number of histone modifications, especially bulky acyl modifications.

The identification of a varied repertoire of acyl modifications, many of which can occur on
the same lysine residues, promotes the hypothesis that cells use alternate strategies to
stimulate transcription when the balance between metabolite levels changes (Figure 1).
These changes could be either a response to or a consequence of altered metabolism.
Readers with domains that recognize only one acyl mark or prefer one mark over another
allows for specific targeting of transcription complexes to regulate defined spatio-temporal
output. For example the SAGA complex contains a bromodomain on the acetyl transferase
subunit Genb, while Taf14 in TFIID and the Nua3 acetyltransferase complex contains a
YEATS domain. In yeast, genes prefer to use either the SAGA or TFIID complexes to
regulate transcription initiation (Huisinga and Pugh, 2004). The presence of YEATS domain
containing Tafl14 in TFIID and TFIIF, a general transcription factor, could alter transcription
initiation programs in response to cellular accumulation of acyl group precursors. On the
other hand, chromatin modifying complexes such as Swi/Snf, that are critical for gene
regulation under metabolic and other stress conditions, have both the bromodomain
containing Snf2 subunit and the YEATS domain containing Taf14 subunit. Thus, Swi/Snf
could be recruited by different histone lysine acyl marks to carry out similar or distinct
functions at gene promoters. In addition to influencing the recruitment and binding of
chromatin remodelers, different histone lysine acylations could trigger different activities of
these complexes. For example, histone acetylation stimulates both the binding of Swi/Snf to
nucleosomes (Hassan et al., 2001) and enhances its ability to displace histones (Chandy et
al., 2006).

In summary, HATs and HDACs that acetylate and deacetylate various histone residues have
been extensively studied. However, a variety of approaches over the last few years have now
identified additional histone acyl modifications. We lack a clear understanding of the writers
and erasers of these non-acetyl acyl groups. CBP/P300 is the only HAT in higher eukaryotes
that has been shown to acylate histones with bulkier acyl groups (Chen et al., 2007;
Goudarzi et al., 2016; Tan et al., 2014). Also. only HDAC3 (Madsen and Olsen, 2012), Sirt1,
Sirt2 and Sirt3 (Bao et al., 2014; Feldman et al., 2013) have been shown to decrotonylate
histones. Moreover, though the CBP/P300 HAT is not present in organisms like yeast, the
yeast Rtt109 is structurally orthologous to CBP/P300 (Tang et al., 2008) and a recent study
has shown that yeast HATs Rtt109 and Gcn5 may play roles in non-acetyl histone
acylations, as loss of these HATS in yeast reduces H3K9 crotonylation. The time is now ripe
for the discovery of both writers and erasers of these differential acyl marks, and their
identification and description of functional roles will influence this expanding field for years
to come.
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Figure 1.
The levels and types of short chain histone lysine acylations are influenced by metabolism.

The levels of short chain acyl metabolic intermediates increase or decrease (arrows)
dependent on metabolic state. These include acetate, crotonate, butyrate, p-hydroxybutyrate,
and more. When conjugated to coenzyme A (CoA) these short acyl-CoAs function in fatty
acid metabolism and can be used by acyl-transferases to modify lysines on histones within
nucleosomes (disks). The levels of each type of histone acylation (e.g. acetylation Ac,
crotonylation Cr, butyrylation Bu and B-hydroxybutyrylation Bhb) are influenced by the
levels of these metabolites in the cell. Thus, metabolism affects the type and levels of histone
acylation in chromatin and chromatin can in principle serve as a reservoir of these
metabolites. Recent work suggests this will have epigenetic effects on chromatin function.
Bromodomain-containing chromatin modifying complexes interact (arrow) with
nucleosomes containing acetylated histones (Ac). By contrast, histone butyrylation (Bu), and
perhaps other acylations, reduce or resist (blocked line) bromodomain containing protein
complex interaction with nucleosomes. Histone acetylation and histone butyrylation are in
competition (double arrow) with each other leading to dynamic interactions of
bromodomain-containing complexes with nucleosomes. Acylations other than acetylation
may have reader domain proteins that prefer those modifications. For example YEATS
domain containing chromatin modifying complexes prefer to interact (arrow) with
nucleosomes containing crotonylated (Cr) histones.
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