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Dear Editor,

Histone lysine crotonylation (Kcr) is a recently
identified non-acetyl acylation conserved from yeast
to human. We have previously shown that histone Kcr
marked active chromatin and was enriched at promoter
and enhancer regions [1]. Different from the histone ly-
sine acetylation (Kac), histone Kcr preferentially marks
“escapee genes” during post-meiotic gene inactivation,
suggesting a unique regulatory mechanism centered on
Kecr independent of Kac [2]. Nevertheless, in contrast to
the histone Kac readers that are well documented, selec-
tive readers for histone Kcr remain unknown. Although a
few bromodomain-containing proteins (e.g., TAF1) were
shown to recognize Kcr, their binding affinities are much
compromised as compared to Kac binding [3].

YEATS?2 is a YEATS domain-containing protein con-
served from fly to human (Figure 1A). It is a stoichio-
metric subunit of the ADA Two A-Containing (ATAC)
histone acetyltransferase complex involved in transcrip-
tion regulation, stress signaling and mitotic progression
[4-7]. Previously, we identified the YEATS domain as
a histone Kac reader module [8]. Given the structural
similarity between the acetyl and the crotonyl groups
amongst other acylation types (Figure 1B), we explored
the binding of recombinant YEATS2 YEATS domain to
histone peptides modified by different acyl groups using
a modified histone peptide array. We found that YEATS2
bound to a repertoire of acylated histone peptides with
the best preference for histone H3 with crotonylation on
lysine 27 (H3K27cr) in the peptide array bearing 64 re-
ported histone acylations (Figure 1C and Supplementary
information, Figure S1).

To quantify the binding property of YEATS2 towards
histone peptides bearing different acylations, we per-
formed Isothermal Titration Calorimetry (ITC) using
synthetic histone peptides. We tested various acylations
on H3K27, including formylation (fo), acetylation (ac),
propionylation (pr), butyrylation (bu), crotonylation (cr),
and 2-hydroxyisobutyrylation (hib), and used trimethyl-
ation (me3) as a negative control. Calorimetric titrations
revealed that the YEATS domain of YEATS2 bound to
H3,,, peptides with acylations on K27 in a preference

order of K27cr (31.7 uM) > K27bu (123.6 uM) > K27hib
(141.4 uM) > K27pr (148.4 uM) > K27ac (226.2 uM) >
K27fo (N.D.) and K27me3 (N.D.) (K, values are shown
in parenthesis, N.D., not detected; Figure 1D). This sug-
gests that YEATS2 favors acyl groups harboring longer
hydrocarbon chains with the best selectivity for Ker that
discriminates against Kac by approximately 7-fold. To
further validate site specificity, we synthesized peptides
bearing crotonyl modifications at H3 K4, K9, K14, K23,
K27, or H4 K12. Calorimetric titration revealed that the
YEATS domain of YEATS2 bound to H3,5;,K27cr with
the strongest affinity (K, = 27.5 uM), and showed com-
promised binding activities towards H4, ;K12cr (K, =
62.0 uM), H3, ;;Kdcr (K= 121.4 uM), H3,,;K23cr (K,
=172.4 uM) and H3, ;K9cr (K, = 341.3 uM). No bind-
ing was observed for H3,,;K14cr, and the adjacent S28
phosphorylation (S28ph) reduced H3,5,,K27cr binding
by 5-fold (Figure 1E). Collectively, these results demon-
strate that the YEATS domain of YEATS2 is a selective
reader for H3K27cr.

To explore the molecular basis for H3K27cr recogni-
tion by YEATS2, we determined the complex structure
of the YEATS domain (aa 201-332) of human YEATS2
bound to H3,,;,K27cr peptide at 2.1 A (Supplementa-
ry information, Table S1). The overall structure of the
YEATS domain adopts an immunoglobin -sandwich
fold (Figure 1F, left). Based on the electron densities,
we could clearly trace the H3 fragment, “A24-A25-R26-
K27¢r-S28-A29-P30-A31”, with the Kcr group clamped
by Y262 and W282 (Figure 1F, left and middle). The
H3K27cr peptide is snugly stapled into the YEATS do-
main with a buried solvent accessible surface area of
636 A’. The histone peptide-binding surface of YEATS2
is less negative compared to that of AF9 [8] due to sur-
rounding positively charged patches (Figure 1F, right),
which may partly account for the relatively weak histone
binding activity observed for YEATS2. Another striking
difference of H3 peptide recognition between YEATS2
and AF9 is the opposite orientation of the peptides. In
the complex structure of AF9-H3K9ac [8], the N-termi-
nal motif “K4-Q5-T6-A7-R8” of H3 participates in AF9
binding (Figure 1G, top panel). However, in the complex
structure of YEATS2-H3K27cr, the C-terminal motif
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Figure 1 The YEATS domain of YEATS2 is a selective reader of H3K27cr. (A) Domain architecture of the YEATS2 protein. (B) Chem-
ical structure of different acyl groups (abbreviations correspond to data shown in D). (C) Representative peptide array results for the
YEATS domain of YEATS2 (full view of the array is shown in Supplementary information, Figure S1). (D) ITC fitting curves of the
YEATS domain of YEATS?2 titrated by a series of H3, 3, peptides with acylations or trimethyclation (me3) on K27. (E) ITC fitting curves
of YEATS2 titrated by a series of crotonylated histone peptides. (F) Overall structure of YEATS2,,53, bound to the H3,,;,K27cr
peptide in ribbon view (left) and space-filling-surface view color-coded by electrostatic potential ranging from —10 to 10 kT/e (right).
YEATS2,,.33, (light green) is shown as ribbons, and the histone H3 peptide (yellow) is depicted as sticks. Purple mesh: Fo-Fc omit
map around H3,,3,K27cr peptide contoured at 2.0 o level. Middle, close-up view of the Kcr-sandwiching pocket; interplanar distances
are labeled in the unit of angstrom. (G) The orientation of the H3 peptide bound to the YEATS domain. Upper, the YEATS domain of
AF9 bound to the H3K9ac peptide (PDB ID: 4TMP); lower, the YEATS domain of YEATS2 bound to the H3K27cr peptide; bottom, se-
quence alignment around H3K9 and H3K27 sites. The consensus “ARKS” motif is highlighted in red. (H) Hydrogen bonding network
between H3K27cr peptide and YEATS2. Hydrogen bonds are shown as pink dashes. Key residues of YEATS2 are depicted as cyan
sticks and labeled black; the H3 peptide is shown as yellow sticks and labeled red. () ITC titration fitting curves of binding of YEATS2
YEATS mutants with the H3,5.3, K27cr peptide. (J) Comparison of the acyl-binding pockets of AF9 and YEATS2. Left, H3K9ac in AF9

(PDB ID: 4TMP); right, H3K27cr in YEATS2. (K) Sequence alignment of the acyl-binding pocket among YEATS proteins. S230 of
YEATS?2 is indicated with a red arrowhead.
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“S28-A29-P30-A31” of H3 contributes to binding (Fig-
ure 1G, middle panel). Notably, the H3P30 inserts into
a hydrophobic pocket of YEATS2 (termed P30 pocket),
facilitating the positioning of H3K27cr (Supplementary
information, Figure S2A). The recognition of a C-ter-
minal sequence (+1 to +4) signature by YEATS2 partly
explains its site specificity towards H3K27cr but not
H3KO9cr (Figure 1E) because sequences around H3K9
and H3K27 sites share a consensus “A , R, KS,,;” mo-
tif, yet are divergent in flanking regions (Figure 1G, bot-
tom). The H3,,5,K27cr peptide binding is notably stabi-
lized by a hydrogen bonding network involving residues
H259, S261, Y262, W282, G283, E284, F285, and Y313
of YEATS2 (Figure 1H and Supplementary information,
Figure S2B). The four-carbon crotonylamide group is
planar due to m-electron conjugation [1]. H3K27cr adopts
a trans-configuration and is notably recognized by m-aro-
matic stacking interactions within an aromatic sandwich
cage formed by Y262 and W282 (Figure 1F, middle and
Figure 1H). Besides, the amide group of K27cr is further
recognized by relayed hydrogen bonding interactions
involving residues S261 and W282 of YEATS2 (Figure
IH and Supplementary information, Figure S2B). Such
acyl amide recognition accounts for the preference of
YEATS2 for lysine acylation but not methylation. The
~4-fold affinity drop in the case of Kbu versus Kcr (Figure
1D) underscores the importance of m-aromatic interac-
tions originated from an alkenyl feature of the crotonyl
group.

To validate the crucial residues of YEATS2 for
H3K27cr peptide recognition, we next performed struc-
ture-based mutagenesis studies. ITC titrations revealed
that mutations of sandwich pocket residues (Y262A,
W282A and F285A) and residues forming hydrogen
bonds around H3K27cr (H259A and S261A) signifi-
cantly weaken the interaction, highlighting their impor-
tance (Figure 1I). G283 is part of the inner wall of the
K27cr-binding pocket. The complete binding loss of the
G283 A mutant (Figure 1I) suggests the necessity of a
side chain-free G283 for proper Kcr insertion (Figure
1H). A 2.3-fold binding drop of Y313A (Figure 11I) val-
idates a role of Y313 in H3A31 interaction (Figure 1H).
The complete binding loss of E284A (Figure 1I) sug-
gests a key role of E284 in both S28 recognition and P30
pocket formation (Figure 1H and Supplementary infor-
mation, Figure S2A). Of note, the acidic feature of E284
likely explains the sensitivity of the YEATS2-H3K27cr
interaction to S28ph (Figure 1E), considering the effect
of charge repulsion caused by S28ph. However, this ob-
servation contrasts with the reported H3S10ph tolerance
by AF9 YEATS [8].

The S230 of YEATS2 is a small side chain residue,
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rendering a more open pocket around the tip of the acyl
group compared to AF9 (Figure 1J). Such a feature likely
accounts for the recognition of the bulky and branched
Khib by YEATS2 (Figure 1D). Sequence alignment
shows that YEATS?2 is the only YEATS protein in hu-
man that has a small side chain residue at this position
(Figure 1K), suggesting that YEATS?2 is likely the only
YEATS domain protein that reads Khib, a new type of
histone mark that was shown to associate with active
gene transcription in meiotic and post-meiotic cells [9].
In support, AF9 displayed no binding to H3, ,,K27hib in
the ITC assay (Supplementary information, Figure S2C).
In summary, here we identify YEATS?2 as a selective
histone crotonylation reader with site specificity for
H3K27. Our structural study reveals an end-open aro-
matic sandwich pocket within YEATS2 for Kcr binding.
As most Kac-binding bromodomains do not have histone
Ker-binding activity [3], selective reading of Kcr among
other short-chain acyl groups by YEATS2 highlights
the functional difference between the YEATS and the
bromodomain families of Kac readers [9, 10]. Given the
distinct genomic distributions of Kcr and Khib from Kac
during cellular processes such as male germ cell differ-
entiation [8, 9], the current study calls attention to a new
regulatory mechanism that links cellular metabolism to
epigenetic regulation centered on histone Kcr or Khib
reading by YEATS2 and its associated ATAC complex.

Accession code

The atomic coordinate of YEATS2,,, 55, bound to H3,, ;,K27cr
has been deposited in the Protein Data Bank (PDB) under the ac-
cession number SIQL.
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