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The regulatory enzymes and protein substrates
for the lysine B-hydroxybutyrylation pathway

He Huang'**!, Di Zhang?*, Yejing Weng?, Kyle Delaney3, Zhanyun Tang*, Cong Yan'?,
Shankang Qi'?, Chao Peng®*, Philip A. Cole®, Robert G. Roeder*, Yingming Zhao®'

Metabolism-mediated epigenetic changes represent an adapted mechanism for cellular signaling, in which lysine
acetylation and methylation have been the historical focus of interest. We recently discovered a B-hydroxybutyrate—
mediated epigenetic pathway that couples metabolism to gene expression. However, its regulatory enzymes and

Copyright © 2021

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

substrate proteins remain unknown, hindering its functional study. Here, we report that the acyltransferase p300 can
catalyze the enzymatic addition of B-hydroxybutyrate to lysine (Kbhb), while histone deacetylase 1 (HDAC1) and
HDAC2 enzymatically remove Kbhb. We demonstrate that p300-dependent histone Kbhb can directly mediate
in vitro transcription. Moreover, a comprehensive analysis of Kbhb substrates in mammalian cells has identified
3248 Kbhb sites on 1397 substrate proteins. The dependence of histone Kbhb on p300 argues that enzyme-catalyzed
acylation is the major mechanism for nuclear Kbhb. Our study thus reveals key regulatory elements for the Kbhb
pathway, laying a foundation for studying its roles in diverse cellular processes.

INTRODUCTION

In addition to serving as an energy source and metabolic intermediate,
a metabolite can exert a signaling function by binding to a protein
either covalently or noncovalently. Covalent binding to proteins
occurs either through spontaneous chemical reactions (1, 2) or
enzyme-catalyzed reactions (3, 4). As examples, acetyl coenzyme A
(CoA) and S-adenosylmethionine can be used by acetyltransferases
and methyltransferases for lysine acetylation (Kac) and methylation,
respectively (3, 5). While many metabolites’ roles in metabolism are
largely known, their functions in cellular signaling and regulation
remain to be explored.

Ketone bodies, including acetone, acetoacetate, and -hydroxybutyrate,
are products of lipid metabolism. Liver-produced ketone bodies can
serve as an alternative energy source to glucose for peripheral tissues
that include the brain (6). The concentration of B-hydroxybutyrate
in blood can be dynamically regulated under some physiopathological
conditions. For example, it can be elevated from 0.1 mM or lower to
2 to 3.8 mM during starvation (7), intense exercise (8), and diabetic
ketoacidosis (9). B-Hydroxybutyrate is the key element of keto-
genic diet and has been used as a drug for epilepsy (10). In addition,
this compound has been investigated for its possible use as an adju-
vant for cancer therapeutics (11). These lines of evidence suggest
that B-hydroxybutyrate has functions beyond serving as an ener-
gy source.

Our recent work indicates that B-hydroxybutyrate is a precursor
for a type of previously unknown posttranslational modification
(PTM), lysine B-hydroxybutyrylation (Kbhb) (12). We identified
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36 Kbhb marks on histones. This type of histone mark is markedly
induced in response to the concentration of B-hydroxybutyrate during
starvation and in mouse models of type I diabetes. Histone Kbhb
plays important roles in gene expression. For example, H3K9bhb is
associated with active gene expression of multiple metabolic path-
ways in response to starvation. Therefore, our results indicated that
histone Kbhb is a type of previously unknown PTM that is physiolog-
ically relevant and can contribute to transcription regulation. De-
spite these findings, key regulatory elements of Kbhb pathway,
including “writers,” “erasers,” and “readers,” and protein substrates
bearing this modification, remain largely unknown, thereby hinder-
ing its biological characterization.

Here, we biochemically characterized the Kbhb pathway using
biochemical and proteomic approaches. Beyond a proof-of-principle
demonstration of a direct function of Kbhb in transcription, we
identified writer and eraser proteins for this PTM. We carried out a
proteomic screen, identifying 3248 unique Kbhb sites on 1397 pro-
teins in human embryonic kidney (HEK) 293 cells. Together, this
study validates the regulation of Kbhb by pharmacologically targe-
table enzymes, expands the list of protein substrates and pathways
potentially regulated by Kbhb, and lays the foundation necessary
for further interrogation of the roles of Kbhb in various physio-
pathological conditions.

RESULTS
p300 catalyzes histone Kbhb and stimulates
transcription in vitro
Our earlier study suggested that histone H3K9bhb is a dynamic and
active histone mark during starvation (12). We therefore hypothe-
sized that Kbhb is a type of reversible PTM that can be regulated by
enzymes with opposite activities, in a fashion similar to that for Kac
(Fig. 1A). p300 has been identified as an acyltransferase for acetyla-
tion, propionylation, and crotonylation (3). Further biophysical
studies showed that the ac-CoA-binding pocket of p300 can prefer-
entially accommodate uncharged short-chain acyl-CoAs (13). Thus,
it is highly likely that p300 can catalyze Kbhb reaction.

To gain further support for Kbhb function, we took advantage of
an in vitro-reconstituted transcription system that involves the
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Fig. 1. p53- and p300-dependent histone Kbhb assay on recombinant chromatin templates. (A) lllustration of enzymatic reaction for acetyl-lysine and the hypoth-
esized mechanism for B-hydroxybutyryllysine. (B) Schematic of the p300-dependent in vitro transcription assay. NTPs, nucleoside triphosphates. (C) The histone acyltrans-
ferase assay with indicated factors, ac-CoA and bhb-CoA. The Kbhb and Kac levels of histones were analyzed by immunoblotting with indicated antibodies.
(D) p300-dependent histone Kbhb facilitates active transcription by p53 on recombinant chromatin templates, which can be abolished by histone H3 and H4 K-R mutations.

RNA products were visualized by autoradiography. “Oct” represents octamer.

transcription factor p53- and short-chain CoA-dependent histone
acylations (Fig. 1B) (14, 15). We first tested whether p300 could catalyze
histone Kbhb on recombinant chromatin substrates (Fig. 1C). As a
positive control, and as expected, we first showed that histone Kac
could be robustly enhanced on core histones in a p300- and ac-CoA-
dependent manner, serving as a positive control. Likewise, Kbhb sites
on core histone were also elevated in response to addition of p300
and bhb-CoA, indicating that p300 is a histone Kbhb transferase on
nucleosomes in vitro.

Next, we examined whether the resulting histone Kbhb can, in turn,
mediate in vitro transcription. bhb-CoA could substitute for ac-CoA
in facilitating p53-stimulated and p300-dependent in vitro transcrip-
tion (Fig. 1D). As a further control, and as expected, K-R mutations in
either histone H3 or histone H4 abolished the p53-dependent in vitro
transcription, regardless of the presence of p300, p53, and ac-CoA
(16). Together, these two lines of evidence indicate that p300-catalyzed
histone Kbhb can directly mediate transcription in vitro.

Huang et al., Sci. Adv. 2021; 7 : eabe2771 24 February 2021

p300 has histone Kbhb transferase activity in cells
To examine the Kbhb transferase activity of p300 ex vivo, we tested
whether p300 could affect the levels of Kbhb on histones in cultured
cells. The knockdown of either p300 or CREB-binding protein (CBP)
slightly, but notably, reduced the levels of Kac and Kbhb on his-
tones (Fig. 2A). To corroborate the knockdown result, we examined
Kac and Kbhb levels in p300 knockout HCT116 cells (Fig. 2B). The
results show that levels of multiple histone Kbhb sites were decreased
in response to p300 knockout, with some histone Kbhb sites being more
sensitive to p300 knockout than corresponding Kac sites. Similar re-
sults were observed in p300 knockout mouse embryonic fibroblast (MEF)
cells. To confirm Kbhb transferase activity of p300, we treated HCT116
cells with A485, a recently reported potent p300 inhibitor (17). As
expected, inhibition of p300 by A485 dose-dependently reduced both
Kac and Kbhb levels on H3K9, H3K18, and H4K8 (Fig. 2C).

Next, we examined whether other acetyl transferases can catalyze
Kbhb reaction. To this end, we overexpressed p300, CBP, GCN5,
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Fig. 2. p300 has histone lysine p-hydroxybutyryltransferase activity in vivo. (A) p300 knockdown by siRNA transfection impairs histone Kbhb in HCT116 cells. Histone Kbhb
and Kac levels were analyzed by immunoblotting with indicated antibodies. NS, nonsilencing. (B) p300 knockout (KO) decreases histone Kbhb levels in HCT116 cells. The indicated
histone PTMs were analyzed by immunoblotting with indicated antibodies. WT, wild type. (C) p300 inhibitor A485 reduces histone Kbhb and Kac levels dose-dependently
in HCT116 cells. HCT116 cells were treated with A485 for 24 hours, and the Kbhb and Kac levels of histones were analyzed by immunoblotting with indicated antibodies.

and p300/CBP-associated factor (PCAF) in 293T cells and determined
the dynamics of Kbhb levels by Western blot. The preliminary results
showed that overexpression of either p300 or CBP elevated H3K18bhb
and H4K8bhb levels, while overexpression of GCN5 and PCAF did
not substantially change the levels of H3K18bhb and H4K8bhb (fig.
S1). Together, we conclude that p300 is a histone Kbhb transferase
both in vitro and ex vivo.

In vitro screening of Kbhb deacylases

Given the fact that some histone deacetylases (HDACs) have
acetylation-independent deacylation activities (18, 19), we next asked
which HDACs have de-B-hydroxybutyrylation activity. To this end,
we first carried out an in vitro assay using 18 recombinant HDACs
(including HDAC1 to HDACI11 and SIRT1 to SIRT7) and HelLa
cell-derived core histones (Fig. 3A). Our results showed that five
HDACs, namely, HDAC1 to HDAC3 and SIRT1 and SIRT2, exhibited
notable de-Kbhb activity toward core histones in vitro. The in vitro
de-Kbhb activity of the five HDACs was further confirmed by using
a Kbhb-containing histone peptide as a substrate followed by a high-
performance liquid chromatography (HPLC) assay (Fig. 3B). To-
gether, these data suggest that HDAC1 to HDAC3 and SIRT1 and
SIRT2 have de-Kbhb activity in vitro.

HDAC1 and HDAC2 are Kbhb deacylases in cells
We next asked whether the HDACs have deacylation activity of Kbhb
ex vivo. First, we tested the ability of HDAC inhibitors to block their
deacylation activity. To this end, we dosed cultured HEK293 cells with
sodium butyrate (NaBu), trichostatin A (TSA), FK228, and nicotin-
amide (NAM), with NAM being a class IIl HDAC inhibitor and the
other three reagents being inhibitors for class I and II HDACs.
Treatment with the three class I and II HDAC inhibitors, but not
with NAM, stimulated both Kac and Kbhb, presumably by blocking
HDAC activity (Fig. 4A), suggesting that class | HDAC:s are the major
deacylases for histone Kbhb. In addition, TSA inhibited both Kac
and Kbhb in a dose-dependent manner (Fig. 4B). Thus, the deacylation
activities of class I/Il HDACs were confirmed by the inhibition ex-
periment using HDAC inhibitors.

Next, to determine whether HDAC1 to HDACS3 could catalyze
the deacylation of Kbhb in cells, we overexpressed HDACI to HDAC3
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individually in 293T cells. Unexpectedly, we did not observe obvious
changes in the histone Kbhb sites that were investigated (fig. S2). A
possible reason is that these Kbhb sites are regulated by multiple
HDAC:s, such that the dynamics induced by one HDAC might be com-
pensated by another HDAC with overlapping functions. Given the
high deacylase activities of HDACI and HDAC?2, we next investigated
dynamic changes of histone Kbhb in response to HDACs by knocking
down both HDACI and HDAC2. Notably, the simultaneous knock-
down of HDACI and HDAC2 increased levels of Kbhb in both HEK293
and HeLa cells (Fig. 4C). Combined with the above data, we con-
clude that HDAC1 and HDAC?2 are Kbhb deacylases both in vitro and
in cells. In support of this observation, we found that treatment of
cells with a selective HDAC1/2/3 inhibitor, MS275, clearly increased
multiple Kbhb site signals in a dose-dependent manner (Fig. 4D).

Proteome-wide identification of Kbhb substrates

in HEK293 cells

In our previous study, the identified Kbhb sites were limited to
histones. However, we now have found that B-hydroxybutyrate
treatment increases Kbhb across a wide range of proteins in a dose-
dependent manner (fig. S3). In contrast, we did not see an effect
on Kac levels for nonhistone proteins among the doses we tested,
although B-hydroxybutyrate has been shown to act as an HDAC
inhibitor (20). This observation is supported by a recent study in
which butyrate, but not B-hydroxybutyrate, promotes histone Kac
in multiple cell types and in vitro experiment (21).

To identify protein substrates bearing Kbhb, we carried out a
proteomics screening using an affinity-directed mass spectrometry
(MS) method that involves tryptic digestion of extracted proteins,
high-pH HPLC fractionation, affinity enrichment of Kbhb peptides
with an anti-Kbhb antibody, and, lastly, HPLC-MS/MS analysis and
database searching (Fig. 5A). This method led to the identification
of 3392 Kbhb sites on 1431 proteins. To improve the reliability of
identified sites, the peptides with MaxQuant scores below 40 or
localization probabilities below 0.75 were removed. Using such cri-
teria, we identified 3248 unique Kbhb sites on 1397 proteins with
high confidence (average site score is 140.33 in MaxQuant).

Next, we experimentally confirmed the identification of Kbhb
on two selected nonhistone proteins: non-POU domain-containing
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Fig. 5. Systematic profiling of the Kbhb proteome. (A) Schematic representation of experimental workflow for the identification of Kbhb-containing protein substrates
in HEK293 cells. (B) MS/MS spectra of two representative Kbhb peptides derived from HEK293 core histones. (C) Distribution of the Kbhb protein (left) and Kbhb sites

(right) based on the site number per protein.

octamer-binding protein and nucleophosmin. Flag-tagged target pro-
teins were overexpressed in 293T cells with or without B-hydroxybutyrate
treatment. Western blot analysis of the enriched target proteins showed
obvious increase of Kbhb levels upon B-hydroxybutyrate treatment

(fig. S4).

Analysis of Kbhb sites

In total, we identified 3248 Kbhb sites present in varied distribu-
tions across 1397 proteins (table S1). Among these proteins, 53%
contain single Kbhb sites, while 2% contain more than 10 Kbhb
sites, corresponding to at least 14% of all identified sites (Fig. 5B).
We identified 36 histone Kbhb sites, including two previously un-
known histone Kbhb sites located at H1K97 and H2BK23, respec-
tively (Fig. 5C and fig. S5).

To identify the Kbhb sites that are likely to be physiologically
relevant, we searched the literature for lysine residues that have
been reported to be critical for biological functions. We found that
some Kbhb sites are located in regions critical for the binding of
enzymatic cofactors (table S2). For example, K143 of aurora kinase
A and K87 of dual specificity testis-specific protein kinase 2 are im-
portant for binding to adenosine 5'-triphosphate (22). Similarly,
K263 and K268 of ac-CoA acetyltransferase (ACAT1) are necessary
for binding to ac-CoA (23). The changes in structure and charge
state of these lysine residues caused by Kbhb are likely to disrupt
cofactor binding to the corresponding enzymes. In addition, 26 Kbhb

Huang et al., Sci. Adv. 2021; 7 : eabe2771 24 February 2021

sites are located at the mutation sites recorded in the UniProt data-
base (table S2). Transcription intermediary factor 1p (TRIM28) is
B-hydroxybutyrylated at K779. A previous study showed that the
K779R mutation leads to complete abolishment of SUMOylation
and transcriptional repression (24). Likewise, a K11R mutation in
small ubiquitin-related modifier 2 (SUMO?2) abolishes the forma-
tion of polySUMO chains (25). Together, these results suggest that
the signaling effects of Kbhb go beyond histone marks by function-
ally affecting a variety of substrates throughout the proteome.

Sequence preference and functional annotation

of the Kbhb proteome

To test for any possible Kbhb motifs in the substrate proteins iden-
tified here, we compared the amino acid sequences surrounding
Kbhb sites against the human proteome background. We found a
notable preference for positive-charged lysines at most positions
(-6, -5, -4, -3, 3, 4, 5, and 6), while negative-charged amino acids
were underrepresented at the —2 position (Fig. 6A). In addition, al-
anine was enriched in the +1 and +2 positions. Serine and proline
were highly enriched in the -1 and -2 positions, respectively.

We also carried out a cellular compartment analysis to probe the
subcellular localizations of the Kbhb proteins in cells (Fig. 6B). We
found that Kbhb proteins are more represented in nucleus (P =
4.37 x 1072), accounting for 78.2% of all proteins. Unlike Ksucc and
lysine malonylation (Kma), which occur largely in mitochondria
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(26-28), only 12.8% Kbhb proteins are located in mitochondrion
(P =2.65x 107), suggesting that Kbhb modifications have regulatory
functions largely different from those of Ksucc and Kma.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis indicated that most Kbhb proteins are in-
volved in spliceosome (P = 4.84 x 107%), ribosome (P=2.16 x 107"3),
and RNA transport (P = 2.09 x 107'?) functions (table $3). This
analysis also showed that DNA repair-related pathways, such as
nucleotide excision repair (P = 3.00 x 10™'!), mismatch repair (P =
1.12 x 107%), and base excision repair (P = 2.78 x 1077), were highly
enriched, with 43, 57, and 39% of proteins in these pathways being
B-hydroxybutyrylated (table S3). These results also suggest that the
Kbhb proteome has a wide distribution of functions that mainly af-
fect the nucleus.

To describe the classification of the Kbhb proteome, we also per-
formed a protein class enrichment analysis (Fig. 6C). Notably, hydratase,
DNA helicase, and mRNA splicing factors were highly represented.
In addition to these classes, we identified a notable enrichment of
chromatin/chromatin-binding proteins (P = 4.94 x 1072Y), includ-
ing a series of bromodomain-containing (BRD2, BRD3, BRD4, BAZ1A,

Huang et al., Sci. Adv. 2021; 7 : eabe2771 24 February 2021

BAZ1B, BAZ2A, BAZ2B, CBP, and BPTF) and epigenetic reader
domain-containing (YEATS2) proteins. Some of the members of
these protein families are known to specifically recognize histone
marks bearing short-chain lysine acylations (29, 30).

Identification of protein complexes for the Kbhb pathway rep-
resents a key step toward the description of Kbhb cellular functions.
We performed a protein complex enrichment analysis that was fa-
cilitated by a manually curated CORUM database (31) and the re-
ported protein-protein interaction network (BioPlex 2.0) (Fig. 6D)
(32). Our analysis showed that BRG-/BRM-associated factor (BAF)
(P=720x107%), ubiquitin E3 ligase (P = 1.05 x 10™), and methyl-
CpG-binding domain protein 1 (MeCP1) (P =4.19 x 107%) com-
plexes are highly enriched. The BAF complex has been reported
to regulate gene expression by remodeling chromatin structure
(33, 34). Notably, six of the nine subunits in this complex were
B-hydroxybutyrylated, and one of them, transcriptional repres-
sor p66p (GATAD2B), contains 11 Kbhb sites. Similarly, eight of
the nine subunits in the MeCP1 complex and four of the five sub-
units in the ubiquitin E3 ligase complex were B-hydroxybutyrylated.
These complexes play important roles in transcription and DNA
damage responses, respectively (35-37). Collectively, these results
suggest that Kbhb may also engage in diverse cellular functions, such
as chromatin remodeling, transcriptional regulation, and DNA repair.

DISCUSSION
The metabolic importance of B-hydroxybutyrate has been ap-
preciated for many decades. However, its function as a signal-
ing molecule was only discovered recently. It was reported that
B-hydroxybutyrate can bind cell surface G protein—coupled receptors
(38) and influence transmembrane transporters (39). B-Hydroxybutyrate
is a precursor for histone lysine acylation and can regulate gene ex-
pression (12). Accordingly, B-hydroxybutyrate can also serve as a
signaling molecule in addition to its role as a metabolite.
Functional characterization of the Kbhb pathway demands an
understanding of its regulatory elements, including substrate pro-
teins as well as enzymes that can add and remove the modification.
In this study, we demonstrate that p300 acts as a Kbhb transferase
and has corresponding enzymatic activity both in vitro and in vivo.
A previous study showed that this enzyme can bind a family of
short-chain acyl-CoAs and catalyze reactions for diverse short-chain
lysine acylations (13). Using an in vitro reconstituted, chromatin-
templated transcription assay, we show that histone Kbhb by p300
can mediate direct transcriptional activation by p53. Our earlier
study demonstrates a close correlation of histone H3K9bhb and ac-
tive gene expression (12). These results clearly suggest that histone
Kbhb can contribute to chromatin structure and regulation of gene
expression. In addition to establishing p300 as the Kbhb writer, we
demonstrated that HDAC1 and HDAC2 can serve as erasers of
Kbhb. SIRT3 did not decrease global Kbhb level in our in vitro
assay, although it recently was reported to show deacylase activity
toward Kbhb (40). This is not unexpected, because the reported
data suggest that SIRT3 predominantly removes (S)-Kbhb, while
the endogenous Kbhb monitored here is the (R)-isoform (40). In
addition, SIRT3 removes (R/S)-Kbhb on H3 peptides slowly (40).
Moreover, the substrates used in our in vitro assay were extracted
core histones, such that slight dynamic changes on a few individual
sites by SIRT3 may have little influence on the global Kbhb level,
especially when compared to HDAC1 to HDAC3. Together, our
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study thus identified the major writer and eraser enzymes for the
Kbhb pathway.

Emerging evidence suggests that lysine acylations are widely dis-
tributed throughout subcellular organelles (41). Kbhb was initially
identified on histones. However, potential nonhistone protein sub-
strates remained unknown. To address this issue, we performed a
comprehensive characterization of Kbhb substrates in HEK293 cells
and provide the first global Kbhb proteome dataset, which con-
tains 3248 reliable Kbhb sites on 1397 proteins. Notably, we also
identified several previously unidentified histone Kbhb marks, such
as H2BK23bhb and H1K97bhb. Moreover, Kbhb proteins were
found to be highly enriched in the nucleus, which is quite different
from the substrate proteins that bear either Ksucc or Kma and that
are prevalent in mitochondria. Consistent with this observation,
Kbhb substrates are enriched in proteins associated with diverse
nuclear biological processes such as RNA metabolism, chromatin
organization, and DNA repair.

Mounting evidence suggests that histones can be modified by
diverse enzyme-catalyzed reactions, such as acetylation and methyl-
ation (3, 42). In addition, they can also be subjected to spontaneous
nonenzymatic reactions, which occur between the nucleophilic side
chains of amino acids in proteins and highly electrophilic acyl-CoAs
(1), e.g., bhb-CoA and ac-CoA. Given that p300 has a strong impact
on the levels of histone Kbhb (Fig. 1), we argue that enzyme-catalyzed
acylation is the major mechanism for histone Kbhb.

When comparing the Kbhb proteome with reported Kac (43),
Kcr (44), Khib (43), and Ksucc proteomes (45), we found that only
a small part of the modified proteins bear three or more types of
PTMs (fig. S6A), and most of the diverse PTMs do not occur at same
lysine residues (fig. S6B), suggesting that a large proportion of the
PTMs that we investigated have unique functions. In addition, se-
quence preference analysis of PTM substrate proteins reveals distinct
motifs of different PTM:s (fig. S6C). KEGG pathway analysis also
confirms the unique functions among these acylations (fig. S6D).
For example, compared with other types of PTMs, Kac primarily
targets proteins involved in RNA biology, while Kcr targets proteins
involved in ribosome pathways. On the other hand, Ksucc and Khib
are highly enriched in proteins associated with diverse metabolic path-
ways, whereas Kbhb is associated with DNA repair and spliceosome.
These results indicate that different types of PTMs have unique sub-
strate profiles, suggesting differential regulatory mechanisms.

Diverse histone lysine acylations are known to be associated with
genetic diseases (26, 46), to contribute to gene expression, and to
affect cellular and physiological changes (18, 47, 48). A fundamental
question in this field is how the lysine acylation pathways are differ-
entially regulated. There are several possibilities. One mechanism
may be caused by dynamic changes of short-chain CoAs and corre-
sponding short-chain fatty acids. For example, B-hydroxybutyrate
can be elevated in a variety of physiological conditions, such as fasting.
Recent work by Lu and his colleagues showed that locally generated
succinyl-CoA can be used by GCNG5 for histone Ksucc (49). Thus,
local concentration of short-chain fatty acids could be an important
factor in influencing particular lysine acylations. In principle, a few
possibilities exist: (i) bhb-CoA generation outside of, and then im-
ported into, nuclei; (ii) bhb-CoA generation in situ similar to succinyl-
CoA production by the nuclear a-ketoglutarate dehydrogenase
complex; and (iii) bhb-CoA is generated from nuclear B-hydroxybutyrate
by short-chain CoA synthetase. It will be interesting to examine
which mechanism is the driving force for production of nuclear
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bhb-CoA. Furthermore, we recently showed that p300-dependent
Kac and Khib have different substrate profiles, suggesting that the
same acyltransferase can produce distinct patterns of lysine acyla-
tions (43). Third, there may be unique enzymes specific for a lysine
acylation. As an example, SIRTS5 is a robust eraser for lysine acyla-
tions bearing a negative charge but not for lysine acylations with
hydrophobic and polar side chains (50). Identification of CPT1A as
a succinyltransferase also suggests such a possibility (51). Last, unique
reader proteins may specifically recognize certain PTMs, which, in
turn, trigger downstream cellular events. The YEATS domain-con-
taining protein AF9 serves as a good example for this case (52). Given
the substantial structural difference between Kbhb and other types
of PTMs, we speculate the possible existence of reader proteins that
can specifically recognize Kbhb and cause downstream alterations
in diverse biological processes. It is highly likely that multiple mech-
anisms could act synergistically for the regulation of diverse lysine
acylation pathways.

MATERIALS AND METHODS

Proteins, antibodies, siRNAs, and material

The sequence-specific anti-H3K4bhb (PTM-1258), anti-H3K9bhb
(PTM-1250), anti-H3K18bhb (PTM-1252), anti-H3K27bhb (PTM-
1293), anti-H4K8bhb (PTM-1253), anti-H3K9ac (PTM-156), anti-
H3K18ac (PTM-158), anti-H3K27ac (PTM-160), anti-H4K8ac
(PTM-164), and pan anti-Kbhb (PTM-1201) antibodies were pur-
chased from PTM Biolabs Inc. (Chicago, IL). Anti-histone H3
antibody (07-690) was purchased from Millipore (Billerica, MA).
Anti-H3K9me3 (ab8898), anti-actin (ab8224), and anti-tubulin
(ab6046) antibodies were purchased from Abcam (Cambridge, MA).
Anti-p300 antibody (sc-585) and CBP small interfering RNA (siRNA)
(sc-29244) were purchased from Santa Cruz Biotechnology (Dallas,
TX). Anti-CBP antibody (NB100-91721) was bought from Novus
Biologicals (Littleton, CO). HDACI to HDACI11 and SIRT1 to SIRT7
enzymes were purchased from BPS Bioscience (San Diego, CA).
HDACI siRNA, HDACI siRNA, and p300 siRNA were purchased
from GE Healthcare Dharmacon Inc. (Lafayette, CO). Recombinant
human p300 (31124) and p53 (31465) proteins were purchased from
Active Motif (Carlsbad, CA).

Other chemicals were obtained from the following suppliers:
Sigma-Aldrich (St. Louis, MO): formic acid, trifluoroacetic acid
(TFA), Hepes, NHsHCOs, trichloroacetic acid (TCA; 6.1 N), dithio-
threitol (DTT), iodoacetamide (IAA), EDTA, EGTA, NP-40, sodium
B-hydroxybutyrate (Na-bhb), glycerol, urea, acetone, sucrose, am-
monium formate, HCI solution (37.3%), Triton X-100, NaBu, TSA,
romidepsin (FK228), and NAM. Merck & Co. (Kenilworth, NJ):
acetonitrile (ACN; mass spectrometry grade) and water (mass spec-
trometry grade). Thermo Fisher Scientific (Waltham, MA): Dulbecco’s
modified Eagle’s medium (DMEM) and GlutaMAX. Serum Source In-
ternational (Charlotte, NC): fetal bovine serum (FBS). C;5 ZipTips
were bought from Millipore (Billerica, MA).

Cell culture and protein preparation

HEK293 [American Type Culture Collection (ATCC) CRL-1573],
HEK293T (ATCC CRL-11268), HeLa (ATCC CCL-2), HCT116
(ATCC CCL-247), and MEF (ATCC SCRC-1040) cells were cul-
tured in DMEM containing 10% FBS, 1% GlutaMAX, and 5% COx.
For proteomics analysis, HEK293 cells were treated with 10 mM
Na-bhb for 24 hours. Then, the collected cells were washed twice
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with ice-cold phosphate-buffered saline and suspended in a lysis
buffer (8 M urea, 2 mM EDTA, 3 uM TSA, 50 mM NAM, 5 mM
DTT, and 1% Protease Inhibitor Cocktail III), followed by ultrason-
ication on ice. After centrifugation at 16,000g at 4°C for 15 min, the
supernatants were collected and processed with TCA precipitation.
The protein concentration was determined by Bradford assay.

Histone proteins were extracted using a previously published
method (53). Briefly, HCT116, MEF, HEK293, and HeLa cells were
suspended in cold extraction buffer [10 mM Hepes (pH 8.0), 10 mM
KCl, 1.5 mM MgCl,, 0.34 M sucrose, and 0.1% Triton X-100] at 4°C
for 30 min. After centrifugation, the pellets were resuspended in
300 pl of no-salt buffer (3 mM EDTA and 0.2 mM EGTA) and incu-
bated on a rotator at 4°C for 30 min. After washing two times, the
pellets were extracted with 0.2 M H,SO, at 4°C overnight. The sus-
pensions were centrifuged at 16,000¢ for 15 min at 4°C. Then, the
histone-containing supernatants were precipitated by slowly adding
20% (v/v) TCA. The precipitated histone pellets were washed twice
with cold acetone and dried at 4°C, followed with protein concen-
tration determination by Bradford assay.

Protein digestion

The proteins extracted from HEK293 cells were subjected to in-
solution tryptic digestion with minor modifications of a previously
reported method (54). Briefly, the proteins were reduced in 20 mM
DTT at 37°C for 1.5 hours, and the products were alkylated in 40 mM
TAA at room temperature in the dark for 30 min. After that, trypsin
was added into the solution (trypsin:protein = 1:50, w/w), and
the mixtures were incubated at 37°C for 12 hours before peptide
fractionation.

Peptide fractionation and immunoaffinity enrichment
We used HPLC buffer A (10 mM ammonium formate in water, pH 7.8)
and HPLC buffer B (10 mM ammonium formate in 90% acetonitrile
and 10% water, pH 7.8) for high-pH reverse-phase fractionation of
peptides. The reverse-phase Agilent 300 Extend C18 column [5-pm
particles, 4.6 mm inner diameter, and 250 mm length] was equili-
brated with 2% HPLC buffer B. The peptide mixture of interest in
HPLC buffer A was loaded onto the HPLC column and eluted with
linear gradient of 2 to 30% HPLC buffer B in 60 min, 30 to 90%
buffer B in 15 min, and 90% buffer B in 15 min. Eighty-one frac-
tions were collected and combined into 27 final fractions over equal
time intervals, followed by lyophilization using SpeedVac.
Enrichment of Kbhb peptides from different fractions by immuno-
precipitation with pan anti-Kbhb antibody was carried out as de-
scribed previously (54). Briefly, the peptides were first dissolved
in NETN buffer [100 mM NaCl, 50 mM tris-HCI, 1 mM EDTA, and
0.5% NP-40 (pH 8.0)] and incubated with pan anti-Kbhb beads at
4°C overnight. Then, the beads were washed three times with NETN
buffer and twice with ddH,O. The combined peptides were eluted with
0.1% (v/v) TFA. The isolated Kbhb peptides were dried in SpeedVac.

HPLC-MS/MS analysis and database searching

The resulting peptide samples were dissolved in 2.5 ul of buffer A
(0.1% formic acid in water, v/v) and loaded onto a homemade cap-
illary column (10 cm length with 75 pm ID) packed with Jupiter C12
resin (4-um particle size, 90-A pore size; Phenomenex) connected
to an EASY-nLC 1000 HPLC system (Thermo Fisher Scientific,
Odense, Denmark). Peptides were eluted with a 2-hour gradient of
8 to 28% buffer B (0.1% formic acid in 90% ACN) in 85 min, 28 to
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90% buffer B in 12.5 min, and 90% buffer B in 22.5 min at a flow rate
of 200 nl min~". The Linear Trap Quadrupole Orbitrap Velos MS
was operated in positive ion data-dependent mode, and the 20 most
intense ions were subjected to collision-induced dissociation frag-
mentation with the normalized collision energy at 35%. The MS1
scan was performed at a resolution of 30,000 from m/z (mass/charge
ratio) 350 to 1800 (automatic gain control value, 1 x 10% maximum
injection time, 30 ms). The MS/MS scans were performed in ion trap.
The repeat duration for the data-dependent scan was 5 s, the repeat
count was 2, and the exclusion duration was set at 90 s. Following
procedures previously described (55), the unassigned ions or those
with a charge of +1 and >+5 were rejected. One microscan was ac-
quired for each MS and MS/MS scan. A lock mass correction was
also appended using a background ion (m/z 445.12002).

The raw data were uploaded into MaxQuant (version 1.3.0.5) and
were searched against the UniProtKB human complete proteome
sequence database (release April 2017). The reverse sequences were
appended for a false discovery rate (FDR) evaluation. The mass tol-
erances were set at 10 parts per million for the parent ions and at
0.5 Da for the fragments. The peptides were searched using tryptic
cleavage constraints, and a maximum of two missed cleavages were
allowed. The minimal peptide length was seven amino acids. Carba-
midomethylation (C, +57.0215 Da) was used as the fixed modifica-
tion. Oxidation (M, +15.9949 Da), acetylation (K, +42.0106 Da), and
B-hydroxybutyrylation (K, +86.0368 Da) were included as variable
modifications. Results were further filtered by a 1% FDR at protein,
peptide, and site levels. We also removed the peptides with MaxQuant
score below 40 or site localization probability below 0.75.

Western blot

Protein extracts (2 to 4 pg of histone or 20 ug of whole-cell lysate)
were separated in SDS—polyacrylamide gel electrophoresis and then
transferred to polyvinylidene difluoride membrane. The membrane
was blocked in 3% bovine serum albumin in TBST [20 mM tris
(pH 7.6), 150 mM NaCl, and 0.1% Tween 20] for 1 hour at room tem-
perature. The membranes were then incubated overnight at 4°C in
primary solutions. The resulting membranes were washed in TBST
and incubated in horseradish peroxidase-conjugated secondary an-
tibody solutions for 1 hour at room temperature. The membranes
were washed again in TBST before detecting signal using enhanced
chemiluminescence system.

siRNA transfection

Transfection of siRNAs was performed according to the manufac-
turer’s instructions. Briefly, cells were trypsinized and plated in six-well
dishes at 2.5 x 10* cells per well for 12 to 16 hours before transfec-
tion. Cationic lipid complexes, prepared by incubating 200 pmol of
the indicated siRNA with 2 pl of DharmaFECT (Dharmacon) in
100 pul of DMEM for 20 min, were added to the wells in a final vol-
ume of 1 ml. After 12 hours, cells were passaged and harvested at
48 hours for Kbhb immunoblot.

In vitro Kac and Kbhb assay

In each band, 250 ng of p53 and/or p300 proteins, 2.5 pg of histone
H3 or H4 protein, and 10 uM ac-CoA and/or bhb-CoA were added
in reaction buffer [50 mM tris-HCI (pH 8.0), 10% glycerol, 10 mM
butyric acid, 0.1 mM EDTA, 1 mM DTT, and 1 mM phenylmethylsulfo-
nyl fluoride]. The mixtures were incubated at 30°C for 1 hour, fol-
lowed with detection of the levels of Kac and Kbhb by Western blot.
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In vitro transcription assay

The materials and method used for in vitro transcription assays were
described previously (14), except that bhb-CoA was used as the
high-energy acyl donor in addition to ac-CoA. Histone modifications
were detected by immunoblot, and the in vitro transcription prod-
ucts were detected by autoradiography as previously described (14).

In vitro de-Kbhb assay
The in vitro de-Kbhb assay was performed based on our previous
report (15) using 18 recombinant HDAC candidates.

Bioinformatics analyses

Sequence preference motif was generated by iceLogo using the hu-
man proteome as the background (56). Gene ontology analysis was
performed using Bonferroni correction for multiple testing in
PANTHER (version 12.0) (57). The identified Kbhb sites were
matched with the recorded binding and mutation sites extracted
from the UniProt database (www.uniprot.org). The KEGG pathway
enrichment analysis was carried out with the help of GOstats pack-
age along with a hypergeometric test in R (58). Protein complexes
were enriched on the basis of the CORUM mammalian protein
complex database (31) using hypergeometric test. The protein com-
plexes of interest were further described by BioPlex 2.0 (32, 59)
based on the known protein-protein interaction network and final-
ly visualized in Cytoscape (version 3.3.0).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabe2771/DC1

View/request a protocol for this paper from Bio-protocol.
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