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YEATS domain: Linking histone crotonylation to gene regulation
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ABSTRACT
Recent research reveals that the YEATS domains preferentially recognize crotonylated lysines on
histones. Here, we discuss the molecular mechanisms that enable this recognition and the
biological significances of this interaction. The dynamics of histone crotonylation and its potential
roles in the regulation of gene expression will also be discussed. KEYWORDS
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Introduction

Post-translational modifications (PTMs) on histones
are important epigenetic regulatory mechanisms oper-
ating in diverse biological processes, such as gene
expression, development, DNA repair, and chromatin
dynamics. Archetypical histone PTM lysine acetylation
(Kac) has been proposed to function by neutralizing
the positive charge on the lysine side chain, thereby
weakening the electrostatic interaction between histone
and DNA and creating a permissive chromatin envi-
ronment for transcription.1 Kac also serves as docking
sites for various protein complexes in transcriptional
regulation.2 Acyl moieties other than the acetyl group
can also modify histone lysines in vivo. Thanks to the
recent progress of proteomic technology, a growing
number of novel lysine acylations have been identified,
including propionylation (Kpr), butyrylation (Kbu),
crotonylation (Kcr), 2-hydroxyisobutyrylation (Khib),
and 2-hydroxybutyrylation (Kbhb).3-5 Accumulating
evidence indicates that these new histone acyl modifi-
cations may have differentiated functions from histone
Kac, and that competition among these different acyla-
tions could be a critical epigenetic regulatory mecha-
nism.6 Importantly, since the bio-generation of various
lysine acylations is closely linked to the metabolism
and the energy status of the cell, these acyl marks

provide a direct link between extra-/intra-cellular envi-
ronments and transcriptional responses.5,7,8

Histone PTMs often have dedicated writers, erasers,
and readers. It was observed that some histone acetyl-
transferases (HATs) and deacetylases (HDACs) are
co-opted to install and remove other acyl species,
although with relatively lower enzymatic activities.7,9

In contrast, readers recognizing these acyl marks have
remained largely unknown.

Recently, the YEATS (Yaf9, ENL, AF9, Taf14, and
Sas5) family proteins AF9, Taf14, and YEATS2 were
reported as effective readers of histone Kcr, indispens-
able for Kcr-mediated active transcription.10-13 YEATS
family proteins are usually implicated in chromatin
remodeling and transcriptional regulation.14,15 While
bromodomain, the prototypical reader of Kac, exhibits
minimal binding to Kcr, the YEATS domain is the first
reader module preferring Kcr to Kac. These two fami-
lies of acyllysine readers might exert differential regula-
tory functions by engaging their own cognate targets.8

The expanding repertoire of histone lysine acylation

Up to now, about nine types of short-chain acylations
on histone lysines besides acetylation have been
reported, including formylation, propionylation, butyr-
ylation, crotonylation, malonylation, succinylation,
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glutarylation, 2-hydroxyisobutyrylation, and 2-hydrox-
ybutyrylation, and the list is still growing.5,16,17 Nowa-
days, the establishment, removal, and interpretation of
these acyl marks, as well as their biological function,
have been extensively studied.18 We will focus on Kcr in
the remaining part of this commentary.

Histone Kcr functions in various biological processes

Histone Kcr is an active mark conserved from yeast to
human.3 Kcr is found on all four core histones and is
enriched at promoters or enhancers.3, 7 Like Kac, Kcr
neutralizes the positive charge on histone lysines, de-
compacts the chromatin structure, and facilitates tran-
scription.19 Structurally Kcr is four-carbon in length
and planar in shape, distinct from Kac and other
lysine acyl modifications. Interestingly, in mouse tes-
tis, Kcr marks sex chromosome-linked escape genes
responsible for spermatogenesis. In a globally repres-
sive transcriptional environment in post-meiotic cells,
most genes remain inactive, whereas Kcr facilitates a
small group of sex chromosome-linked genes to
escape this transcriptional repression.3,20 This anti-
repression effect of Kcr might originate from the fact
that Kcr is not a good substrate for HDACs, which
effect repression of gene transcription by removing
histone Kac.9 In this regard, Kcr may represent a
“long-acting” form of Kac, which is conceivably bene-
ficial to enable a robust and productive transcription.
It is worth investigating whether this Kcr-mediated
anti-repression mechanism operates in other biologi-
cal processes.

The level of histone Kcr can be modulated by
the fluctuation of cellular metabolic intermediates,
such as crotonyl-CoA over acetyl-CoA ratio.7 A
recent research found that histone Kcr increases
and modulates gene expression during acute kidney
injury (AKI), providing a protective effect against
inflammation and mitochondrial stress during
AKI.21 Further studies are needed to investigate the
function of histone Kcr in other cellular processes,
including virus infection (e.g., Borna disease
virus),22 cell reprogramming and development, and
human diseases.

An unique aromatic-p stacking mechanism for
crotonyllysine recognition by YEATS domain

Previously, we found that the YEATS domain utilizes
an aromatic “sandwich” cage to encapsulate Kac.23

We reasoned that the YEATS might accommodate the
longer and more rigid Kcr better than Kac due to an
end-open feature of the aromatic “sandwich” cage. To
our expectation, Kcr enhances its binding to different
YEATS domains by 2–5-fold as compared to Kac.10-13

By contrast, most bromodomains do not bind
Kcr.10,24 These three YEATS domains adopt a highly
similar structure while engaging Kcr. The extended
side chain of Kcr fits snugly into the end-open narrow
pocket of the YEATS domain (Figs. 1A and B). In con-
trast, the Kac-binding pockets of bromodomains are
end-blocked, which can hardly tolerate Kcr. The sec-
ond bromodomain of human TAF1 is the only one
that displays detectable yet compromised binding to
histone Kcr peptide with a binding KD of »110 mM
for H4K5crK8cr peptide (KD � 50 mM for
H4K5acK8ac).10,24 Thus, the YEATS domains repre-
sent the first family of Kcr-preferential readers.

The planar crotonylamide group is sandwiched by
two aromatic residues conserved among different
YEATS domains (F59 and Y78 for AF9; F62 and W81
for Taf14; Y268 and W282 for YEATS2), which
enables “aromatic-p-aromatic” stacking (also called
“p–p–p” stacking) optimal for Kcr-specific recogni-
tion (Fig. 1B). Collectively, the unique aromatic-p
stacking, the CH–p hydrogen bonding 25 as well as
the hydrophobic interactions between the side chain
of Kcr and the pocket residues contribute substantially
to a preferential recognition of Kcr by the YEATS
domains (Fig. 1B).

Site-selectivity of AF9, Taf14, and YEATS2 YEATS
domains

Peptide array and calorimetric titration studies revealed
that AF9 YEATS recognizes histone crotonylation at
H3 K9, K18, and K27 with highest affinity for
H3K9cr,10 and similar binding preference was observed
for Taf14.12 By contrast, the YEATS domain of
YEATS2 displays a selectivity only toward H3K27cr.11

Histone H3 K9, K18, and K27 share a common motif
of “A(¡2)R(¡1)KS(C1).” Structural studies of AF9 and
Taf14 YEATS domains bound to H3K9cr peptide
revealed an acidic Asp residue that forms charge-stabi-
lized hydrogen bonding interactions with H3R8
(Fig. 1B), stressing an “R(¡1)K” recognition signature
common for H3 K9, K18, and K27.23

Interestingly, YEATS2 has a neutral residue Asn
instead of an Asp, which disfavors the recognition of
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“R(¡1).” Correspondingly, co-crystal structural studies
revealed that the H3K27cr peptide binds to the YEATS
domain of YEATS2 in an opposite orientation as com-
pared to that of AF9 and Taf14 (Fig. 1B).10-12 In this
arrangement, H3 segment “K4-Q5-T6-A7-R8” that is
N-terminal to H3K9 contributes to binding through
extensive interactions with the surface formed by loops
L6 and L8 of the YEATS domains of AF9 and Taf14.
Whereas H3 segment “S28-A29-P30-A31” that is C-
terminal to K27cr is nicely docked into and registered
in the “L6-L8” surface of the YEATS2 YEATS domain
(Figs. 1A and B). The involvement of a signature motif
such as P30 at the “C3” position for recognition is
unique to H3 K27 but not K9 and K18, thus explains
the observed H3K27 site-selectivity. The histone pep-
tide binding surface of YEATS2 is less negative
(Fig. 1B), which partly accounts for the weak binding
affinity between H3K27cr peptide and YEATS2
(Fig. 1B and refs.10-12). Of note, the primary sequences
of loop L8 vary among different YEATS domains, pro-
viding one major determinant for histone Kcr site-
selectivity (Fig. 1A and ref.23). In support of its impor-
tance, hot-spot mutations within loop L8 of the ENL
YEATS have been found in Wilms tumor.26

Sensing the tip of acyllysine by the YEATS reader
pocket

Besides Kcr, the YEATS domains can interact with
several other types of short-chain lysine acylations,
such as Kpr, Kbu, Khib.10-12 The YEATS domains of
AF9 and YEATS2 displayed similar preference for his-
tone Kpr and Kbu over Kac.10,11 Kpr and Kbu do not
contain a double bond, thereby aromatic-p interaction
could not contribute to the tip recognition of both
acyllysines. In these cases, CH–p interaction and
hydrophobic contacts likely dominates favorable rec-
ognition of Kpr and Kbu.25

In terms of acyl marks bulkier than Kcr, AF9 does
not bind branched Khib or acidic succinylation at H3
K9.10 In contrast, YEATS2 binds H3K27hib well and
2-fold stronger than H3K27ac.11 A smaller side chain
residue S230 within loop L1 of YEATS2 renders a
more open pocket around the tip of the acyl group
compared to AF9 (F28 for AF9 and ENL, H43 for
GAS41 and Yaf9, V29 for Taf14, and L30 for Sas5).
Such a feature likely accounts for the recognition of
the bulky and branched Khib by YEATS2 (Figs. 1A
and C and refs.11,23).

Figure 1. Molecular details of crotonyllysine recognition by YEATS domains. (A) Superimposition of AF9-H3K9cr, Taf14-H3K9cr,
and YEATS2-H3K27cr complex structures. YEATS proteins and H3 peptides are depicted as cartoon, with sidechains of crotonylly-
sine shown as sticks. The color code is given in the bottom-right corner, and the same code is applied throughout the entire
figure. (B) Aromatic-p-aromatic stacking and electrostatic potential surfaces ranging from ¡10 to C10 (kT/e) of AF9, Taf14, and
YEATS2 YEATS domains. Key aromatic residues, crotonyllysine sidechains, and H3 peptides are shown as sticks. Oxygen atoms:
red; Nitrogen atoms: blue. The W81 side chain of Taf14 is shown in dual conformation. (C) Relative positions of space-filling
crotonyllysine and adjacent loop 1 residue in AF9, Taf14, and YEATS2 YEATS domain structures.
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Regulation and possible roles of Kcr and YEATS
proteins in vivo

The preferential readout of Kcr by the YEATS
domains is implicated in diverse cellular processes
(Fig. 2). We found that Kcr-AF9 YEATS positively
regulates gene expression in inflammatory response.10

Currently, four YEATS domain proteins are identi-
fied in human: AF9, ENL, Gas41, and YEATS2.14 AF9
or ENL is associated with several nuclear proteins/
complexes, including super elongation complex
(SEC), the histone H3K79-specific methyltransferase
DOT1L, and the polymerase II-associated factor
(PAF) complex. These complexes can facilitate pause-
release and elongation in transcription. AF9 regulates
HOX gene expression in both normal embryonic
development and cancer cells via recruitment of the
above complexes.23,27 Gas41 is a common subunit of
the SRCAP remodeling and Tip60 HAT complexes,
and is oncogenic. Meanwhile, GAS41 can interact
with several transcription factors such as Myc.28

YEATS2 is an integral member of the ADA Two A-
Containing (ATAC) HAT complex, which is involved
in nucleosome remodeling, transcription regulation,
stress signaling, and mitotic progression.29-31 YEATS2
also interacts with the TATA-binding protein (TBP)
to modulate the basal transcription machinery.30 Yeast
Taf14, Yaf9, and Sas5 are also associated with several
distinct chromatin remodelers, transcription factors,
or HAT complexes.14

Concluding remarks

Histone Kcr is a novel histone PTM closely related to
active transcription. Its unique features have attracted
extensive research efforts in the field of chromatin
biology. YEATS domains recognize histone Kcr by a
unique mechanism of aromatic-p stacking, and link
Kcr to transcription, nucleosome remodeling, and
other important cellular functions. It remains largely

unknown how levels of Histone Kcr is modulated by
extracellular signals and how Kcr–YEATS interactions
activate downstream biological pathways. It is also
tantalizing to investigate whether any other kind of
reader of Kcr and newly identified acyllysine marks
exists. If so, what are their recognizing mechanism
and their functional outcome.
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