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Context-dependent dynamic histone modifications constitute a key epigenetic
mechanismin gene regulation'™*. The Rpd3 small (Rpd3S) complex recognizes
histone H3 trimethylation on lysine 36 (H3K36me3) and deacetylates histones H3 and
H4 at multiple sites across transcribed regions®”. Here we solved the cryo-electron

microscopy structures of Saccharomyces cerevisiae Rpd3S inits free and H3K36me3
nucleosome-bound states. We demonstrated a unique architecture of Rpd3S, in which
two copies of Eaf3-Rcol heterodimers are asymmetrically assembled with Rpd3 and
Sin3 to form a catalytic core complex. Multivalent recognition of two H3K36me3
marks, nucleosomal DNA and linker DNAs by Eaf3, Sin3 and Rcol positions the catalytic
centre of Rpd3 next to the histone H4 N-terminal tail for deacetylation. In an alternative
catalytic mode, combinatorial readout of unmethylated histone H3 lysine 4 and
H3K36me3 by Rcol and Eaf3 directs histone H3-specific deacetylation except for the
registered histone H3 acetylated lysine 9. Collectively, our work illustrates dynamic
and diverse modes of multivalent nucleosomal engagement and methylation-guided
deacetylationby Rpd3S, highlighting the exquisite complexity of epigenetic regulation
with delicately designed multi-subunit enzymatic machineries in transcription and

beyond.

Dynamic histone modifications and their crosstalk have critical roles
ingene regulation'*. For example, histone H3 lysine 4 trimethylation
(H3K4me3) and H3K36me3 are hallmarks that demarcate transcrip-
tional initiation sites and coding regions across a transcription unit.
The histone methyltransferase Set2 can be directly recruited by elon-
gating RNA polymerase Il and specifically methylates H3K36%°. The
Rpd3Shistone deacetylase (HDAC) complex recognizes H3K36me3 at
coding regions and suppresses transcription from cryptic promoters
viaits deacetylaseactivity in yeast>”. Thus, the Set2-Rpd3S regulatory
axis establishes a crosstalk between H3K36 methylation and histone
deacetylation to inhibit abnormal transcription™ %,

Rpd3, whichwas originally identified as aglobal gene regulatorand a
co-repressor™, was first reported to function asa HDAC in 1996 (ref.15).
This discovery, along with the characterization of Gen5 as the first
histone acetyltransferase linked to transcription, established a new
paradigm of chromatin biology and epigenetics. Yeast Rpd3, a class-I
HDAC family member, could assemble with Sin3, mel, Rcol and Eaf3 to
form a 0.6-MDa Rpd3S complex™. Meanwhile, Rpd3, Sin3 and Umel
canalsoassemble with adifferent set of factors, including Pho23, Cit6
and Ume6, to form a 1.2-MDa Rpd3 large (Rpd3L) complex in yeast.
Both Rpd3S and Rpd3L contribute to gene repression, depending on
the methylation context of H3K36me3 versus H3K4me3". The Rpd3S

complex recognizes H3K36me3 through the chromodomain (CHD)
of the Eaf3 subunit (CHD,;), as well as the unmodified histone H3
N-terminal tail through the plant homeobox domain (PHD) finger of
Rcol across coding regions'®*. Histone H3K36me3 promotes the dea-
cetylase activity of the Rpd3S complex towards histones H3 and H4,
which is associated with coordinated intra-subunit interactions and
allosteric regulation?*?, Furthermore, the Rpd3S complex displayed
adi-nucleosome preference with an optimal linker DNA length for
H3K36me3-directed deacetylation?* %, Collectively, these biochemical
features suggest multivalent and dynamic engagement of Rpd3S with
its modified nucleosomal substrates, whose structural basis awaits
in-depthinvestigation. Here, using cryo-electron microscopy (cryo-EM)
and biochemical and yeast-based assays, we provide molecular and
mechanisticinsightsinto crosstalk between Rpd3S assembly, catalysis
and modification at the open chromatin level.

Overall architecture of the Rpd3S core complex

For structural analysis, we co-expressed full-length S. cerevisiae Rpd3,
Sin3, Rcol, Eaf3 and Umelinabaculovirus-insect cell system and suc-
cessfully reconstituted the Rpd3S holo-enzyme (Fig. 1aand Extended
DataFig.1a). Next, we performed single-particle cryo-EM analysis and
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Fig.1| Cryo-EMstructure of Rpd3S complex and interactionsamong
subunits. a, Schematic representation of the domain organizations of the
Rpd3S complex. The colour scheme for Rpd3S complex subunitsisindicated
inb. Domains thatare notstructurally resolved are coloured grey. b, Cryo-EM
map of the entire Rpd3S complex integrated with a2.7 Amap of the head-
bridge-right armregion and a3.2 Amap of the left arm region. WD40, WD40
B-propeller domain. ¢, Global view of the Rpd3S complex, highlighting the
Rcol-Eaf3 heterodimers. The PHDI1 (light brown) and MID (reseda) domains

acquired an overall structural map of Rpd3S at 3.2 A resolution. Using
afocused refinement strategy, we obtained 2.7 A and 3.2 A maps of
two local regions, the head-bridge-right arm and the left arm of the
Rpd3S complex, which enabled de novo model building of approxi-
mately 1,800 residues of Rpd3S components with high accuracy
(Fig. 1b, Extended Data Fig. 2, Extended Data Table 1 and Supplemen-
tary Video1).

Inthe structural model, weidentified one copy of Rpd3 and Sin3, and
two copies of Eaf3 and Rcol (Fig.1b and Extended Data Fig. 3a). Although
Umel exists as a stoichiometric component of Rpd3S (Extended Data
Fig.1a), its map is missing. Cross-linking mass spectrometry (XL-MS)
further confirmed the existence of Umel, which mainly interacts
with the C-terminal tail of Sin3 (Extended Data Fig. 1d). Both the Sin3
C-terminal tailand Umel areinvisible in the map, suggesting their flex-
ible disposition. The modelled structure contains residues 664-1322
ofSin3,17-384 of Rpd3,220-401 of Eaf3-A, 221-374 of Eaf3-B,107-565
of Rcol-A and 262-358 of Rcol-B (Fig. 1a), which constitute a catalytic
core complex with Rpd3 positioned at the centre. The overall architec-
ture of the Rpd3S core complex can be divided into four parts: ahead
region consisting of the HDAC-interacting domain (HID) of Sin3 and
full-length Rpd3; a bridge region consisting of the plant homeobox
domain 2 (PHD2) and Sin3-binding domain (SBD) of Rcol-A and the
paired amphipathic helix 3 (PAH3) domain of Sin3; and right and left
arms each composed of the MORF-related gene (MRG) domain of Eaf3
(MRGg,s;) and the PHD1 domain and MRG-interacting domain (MID) of
Rcol (PHD1-MIDg.,) (Fig.1b, Extended DataFig.3aand Supplementary
Video1).

Asymmetric assembly of two Eaf3-Rcol dimers

It has been reported that the Rpd3S complex contains two copies of
Rcol, which are critical for the integrity of the complex and nucleosomal
substrate recognition®. However, our structural study also revealed the
existence of two copies of Eaf3. Within Rpd3S, Eaf3 and Rcol first form
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of Rcoland the MRG domain (blue violet) of Eaf3 are shownin surface
representation; other domains are shownin cartoon form. The dotted lines
represent the SBD surfaces (SBD-Rand SBD-L) at different angles. d, Close-up
view of interactions of the SBD domains of Rcoland the PAH3 domain of Sin3in
the SBD-L surface and bridge region. e, Isothermal titration calorimetry fitting
curves forindicated histone peptides with PHDs of Rcol. H3un, unmodified
H3, ,, peptide; PHD1-DM, PHD1double mutant (E260K/D261K). ND, not
determined.

aheterodimer primarily through MRG,; and PHD1-MIDg,;. Then, two
heterodimers asymmetrically bind Rpd3 and Sin3 to form a six-subunit
catalytic core complex (Fig. 1c). Eaf3 comprises three domains: CHD,
the DNA-binding region (DBR) and MRG, and Rcol comprises the PHD1,
MID, PHD2 and SBD domains. The MID domain was previously defined
as a Sin3-interacting domain (SID), which was supposed to interact
with the PAH domain of Sin3**. However, here we reveal that this SID
domain dominates MRG,; engagement. Therefore, we renamed it MID.
Meanwhile, our structural analysisidentified an SBD that occurs after
PHD2 of Rcol. This SBD is composed of a knotted coil followed by an
«-helix and directly interacts with PAH3 of Sin3 (Fig. 1c and Extended
DataFig. 4a-d).

The two highly integrated MRG-PHD1-MID modules constitute
the right and left arms of the Rpd3S complex, which use distinct sur-
faces for asymmetric Rpd3S assembly. On the left arm, MRGg,; ; and
MIDg....s form the SBD-L surface that interacts with the Rcol-A SBD
and subsequently with Sin3 PAH3 for assembly (Fig. 1c). By contrast,
the MRG-PHD1-MID modulein theright arm uses the opposite SBD-R
surface thatinvolves MRGg,;., and the Rcol-A PHD1 domain for Rpd3S
assembly (Fig.1c). Surprisingly, the helix element of Rcol-B’s C-terminal
SBD domain also participates in SBD-L surface engagement despite
the invisibility of the knotted coil motif. As shown in Fig. 1d, the SBD
domain of Rcol-A (orange) and the SBD helix of Rcol-B (pink) weld
PAH3, ;and theleft arm through extensive hydrophobic interactions.
The occurrence of two adjacent SBD helices is supported by XL-MS
studies (Extended DataFig.1d) and suggests an overall conformational
distinction between the two Rcol-Eaf3 heterodimers. Rcol has two PHD
fingers. Ourisothermal titration calorimetry titration assays confirmed
unmodified histone H3 residues 1-10 (H3,_,,) readout by PHD1 with a
measured K of approximately 39 uM, but PHD2 displayed no H3,_,,
reader activity owing to histone surface blocking (Fig. 1e and Extended
DataFig.4e-h).Infact, PHD2is sandwiched by Rpd3 and Sin3 and func-
tions more like an assembly module rather than a reader (Fig. 1c). In
summary, the Rpd3S complex has two CHDs for H3K36me3 readout



and two PHD1s for unmodified H3K4 readout, which can cooperatively
increase the nucleosome-binding multivalency.

Rpd3 coordinationin the Rpd3S core complex

Most Rpd3 were modelled, except for the flexible terminal tails,
which enables us to examine the structural organization centred on
Rpd3. As shown in Extended Data Fig. 3b, Rpd3 is wrapped around by
discrete regions of Sin3, Rcol-A and Eaf3-A, including HID-N, loopS,
four-helix-finger (FHF) and HID-C of Sin3 HID domain, PHD1and PHD2
fingers of Rcol-A, and a C-terminal helix tail («E) of Eaf3-A from the front
surface, as well as an extended a-3-coil (afC) motif of Rcol-A from
the back surface. This highly coordinated intra-subunit assembly is
dominated by extensive hydrogen bonds and electrostatic pairs, which,
along with several featured hydrophobic contacts, notably involving
HID-N and FHF, ensure astable association of the Rpd3S catalytic core
(Extended DataFig. 5a-g).

In additionto Rpd3, the largest subunit, Sin3, also has a scaffolding
role in Rpd3S. The N-terminal PAH1 and PAH2 domains of Sin3, which
are not visible in the structure, have been proposed to interact with
specific transcription factors®?%, Our structural studies characterized
athird PAH3 domain of Sin3, whichis responsible for Rcol interaction
and left arm assembly. Moreover, we have redefined an HID region
(749-1322) that wraps around the catalytic centre of Rpd3 from the
front (Fig. 1a and Extended Data Fig. 3b). A PAH4 domain (1143-1216)
hasbeenreported to exist within Sin3”. However, structural alignment
hasrevealed that the proposed PAH4 does not adopt a PAH fold despite
afour-helix composition (Extended Data Fig. 4i). In fact, it exists as
anintegrated part of the HID-C subdomain in the head region of the
Rpd3S complex (Fig. 1b).

Inmammals, class-IHDACs form distinct complexes such as SMRT-
NCoR, NuRD and MiDAC, whose activities are regulated by inositol
phosphate that binds to abasic pocket around the catalytic centre?>°
(Extended Data Fig. 5h-k). As a class-l HDAC, yeast Rpd3 harbours a
conserved basic surface. However, the activities of yeast Rpd3 com-
plexand its mammalian SIN3A and SIN3B counterparts do not require
inositol phosphate®2°, Inthe Rpd3S complex, we observed thatalong
a-helix of Sin3 (al) within the FHF motif covers the basic surface of
Rpd3 andinserts two Glu fingers (Glu811 and Glu812) into the inositol
phosphate-binding pocket (Extended DataFig. 3b). The two acidic resi-
dues are conserved among Sin3 orthologues (Extended Data Fig. 3e),
which suggests arole of Sin3 in regulating Rpd3 catalytic activity and
explains why the Sin3 family class-lHDAC complexes are exempt from
inositol phosphate regulation.

Structure of Rpd3S bound to H3K36me3 nucleosome

The Rpd3S complex functions mainly as a H3K36me3-dependent
nucleosomal deacetylase?®?. Our observation of two copies of Eaf3in
the Rpd3S complex further underscores theimportance of H3K36me3
readoutin histone deacetylation at the nucleosome level. To explore the
underlying molecular basis, we reconstituted the H3K36me3 modified
‘designer’ nucleosome and prepared cross-linked Rpd3S-nucleosome
complex for cryo-EM studies. Two engagement modes (‘close’ and
‘loose’) of the Rpd3S-nucleosome complexes were acquired in global
density maps of 4.0 and 4.0 A, respectively. Focused refinement led to
significantlyimproved local maps, with 2.8 A for the CHD-H3K36me3
nucleosome, 3.3 A for the Rpd3S complex of the close state, and 3.4 A
for the Rpd3S complex of the loose state (Extended Data Fig. 6).

The overallstructure of the Rpd3S catalytic coreis largely unchanged,
except for poorer density of the left arm, probably owing to a lack of
nucleosomal contact (Fig. 2a and Extended Data Fig. 7a). Of note, the
two CHD domains of Eaf3 became visible in the presence of H3K36me3
nucleosome, with Eaf3-B CHD recognizing H3K36me3 at the DNA super-
helical location (SHL) +1site and Eaf3-A CHD bound to the H3K36me3

mark at the DNA SHL +7 site (Fig. 2b, Extended Data Fig. 7b and Sup-
plementary Video 2). Although the two H3K36me3 marks are symmetri-
cally related by a dyad axis, simultaneous readout of two methyl marks
by Rpd3S leads to its asymmetric engagement with the H3K36me3
nucleosome. In this case, one Rpd3S associates with the nucleosome
disc from one side by grabbing two H3K36me3 marks and positions
its catalytic centre of Rpd3 next to the N-terminal tail of histone H4
for deacetylation (Fig. 2b).Inboth close and loose states, the two CHD
domains are similarly anchored by the H3K36me3 marks (Fig. 2c). Struc-
tural alignment revealed rotational displacement of the Rpd3S catalytic
core from the close to the loose states, in which the MID domain of
Rcol-Awithintheright armleaves the linker DNA nextto SHL +7 inthe
loose state (Fig.2c and Supplementary Videos 3 and 4). The existence
of two engagement modes suggests dynamic association between the
Rpd3S enzyme and its nucleosomal substrate, which may be beneficial
for enzymatic turnover towards different acetylationsites occurred to
histones H3 and H4 tails. Moreover, our structural study revealed that
the catalytic centre of Rpd3Sis far away from the H2A and H2B tails in
the context of a nucleosome (Fig. 2d), consistent with a primary role
of Rpd3Sin H3 and H4 deacetylation.

Engagement of H3K36me3 nucleosome by Rpd3S

Ourstructures revealed multivalent engagements between Rpd3S and
H3K36me3 nucleosome, including two pairs of CHD,;—H3K36me3 rec-
ognition, MIDg.,,—linker DNA interaction, and Sin3 HID-nucleosomal
DNAinteraction, which collectively contribute to the positioning of the
H4 N-terminal tail towards the catalytic centre of Rpd3 (Fig.3a,b). The
CHD¢,; domain adopts a chromo barrel fold and binds to H3K36me3
as well as nucleosomal DNA (Fig. 3¢c). The trimethyllysine group of
H3K36me3isinserted into an aromatic cage formed by Y23, Y81, W84
and W88 of CHD.,;, and is stabilized by cation-1 and hydrophobic
interactions. Moreover, a G83-W88 loop of CHDg,; contributed to
DNA contacts through electrostatic (K85) and hydrogenbonding (G83)
interactions (Fig. 3c and Extended Data Fig. 7c-e). The linker DNA is
recognized by the S315-K321segment within the Rcol-AMID, whichis
consistent with previous biochemical studies® (Fig. 3d). The nucleo-
somal DNA at SHL +2.5 is recognized by the HID-C region of Sin3 with
multiple electrostatic or hydrogen bonding pairs involving residues
Q937,K941,H1221, Q1222 and K1244 of Sin3 and backbone phosphates
across the DNA minor groove (Fig. 3e). Upon engagement mode switch
from the close to loose states, the H3K36me3 readout and SHL +2.5
DNA contacts act as anchoring sites to allow rotational displacement
of Rpd3S, and the linker DNA contacts are temporally disrupted dur-
ing the process, reflecting enzyme-substrate engagement dynamics
(Supplementary Video 5).

Readout-guided histone deacetylation by Rpd3S
To biochemically explore multivalent engagement-guided histone
deacetylation by Rpd3S, we synthesized combinatorially modified
histones H4(K5acK8acK12acK16ac) and H3(K9acK14acK18acK23ack2
7acK36me3) and reconstituted a designer nucleosome for enzymatic
assays. We used acetylation site-specific antibodies to monitor the
removal of a particular histone acetylation mark. The site specificity
was validated by dot blot assays, and notably, all the antibodies could
tolerate ahyperacetylated state of H3 or H4 (Extended Data Fig. 8a). We
measured the deacetylation efficiency of the designer nucleosome sub-
strate (500 nM) by titrating enzyme concentrations from 0 t0 25.6 nM
under optimized conditions. Asshownin Fig.4a (left), wild-type Rpd3S
could effectively remove most H3 and H4 acetylation marks to various
extents, except for H3K9ac. This is consistent with previous reports
that Rpd3S could act as a HDAC for histones H3 and H4%.

Our structural studies revealed that the PHD1 finger of Rcol-A is
next to the catalytic centre of Rpd3S. Given that PHD1 is a reader of
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Fig.2|Cryo-EMstructure of Rpd3S complexbound to H3K36me3
nucleosome. a, Amodel of the core Rpd3S complex bound to the H3K36me3
modified nucleosomeinthe close state.b, Astereo view of contactbetween
the core Rpd3S complex and the H3K36me3 modified nucleosome in the close
state. Sin3, Rpd3, Eaf3 and Rcol are shownin cartoon form. The nucleosomeis
showninsurfacerepresentation. Theinvisible leftarmregionis coloured grey.

unmodified histone H3K4 (Fig. 1e) and H3K14acis one of the most pre-
ferred deacetylation sites (Fig. 4a, left), we docked a histone H3K14ac
peptide onto Rpd3S based on homologous complex structures®®
of PHD-H3K4 and HDAC1-H4K16ac (Extended Data Fig. 4e). In our
energy-minimized model (Fig.4b,c), the histone H3K4 tailisanchored
tothe B1surface of PHD1such that H3K14acis directed towards the cata-
lytic centre of Rpd3inanextended conformation. In this case, H3K9 is
registered and consequently restricted ata place several residues away
from the catalytic centre (Fig. 4d), which explains the observed low
efficiency of H3K9ac deacetylation. Efficient deacetylation of H3K14ac
underscores a crosstalk between unmodified H3K4 readout and H3
deacetylation. The promiscuous activities of Rpd3S towards histone
H3K18ac, K23ac, and K27ac suggest dynamic engagement of these sites
with the catalytic pocket following combinatorial readout of H3K4 by
Rcol-A PHD1 and of H3K36me3 by Eaf3-B CHD (Fig. 4b).
Toexploretherole ofthe PHD1and CHD reader domains, we gener-
ated a Rcol(E260K/D261K) mutant that disrupted the reader activity
of PHDI1 (Fig. 1e and Extended Data Fig. 1b) and Rcol(L509A/Q510A/
K511A/1512A/Y549A/Y556 A/M560A) (Rcol(7mu)), which destabilized
the SBD interface and consequently the left arm and Eaf3-B CHD (Fig. 1d
and Extended DataFig. 1c). Enzymatic assays revealed that, following
PHD1 mutation, the deacetylation activities of Rpd3S towards histone
H3, but not H4 were significantly affected (Fig.4a, middle). Additionally,
trimethylation of H3K4 had a similar effect on nucleosomal deacety-
lation as the E260K/D261K mutant (Extended Data Fig. 8b,d). This
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is consistent with a previous report indicating that the presence of
H3K4me3 negatively regulates Rpd3S activity and localization”, and
underscores the importance of unmodified H3K4 readout by PHD1
in H3 deacetylation. Meanwhile, the Rpd3S complex with Rcol(7mu)
displayed severely compromised activities towards both H3 and H4
with a stronger effect on the latter (Fig. 4a, right). This result high-
lights an important role of the left arm, especially the Eaf3-B CHD
domain, in coordinating nucleosomal substrate recognition and
H3K36 methylation-guided deacetylation. Next, we investigated the
effect of H3K36 methylation on Rpd3S activity by creating designer
nucleosomes with unmodified H3K36 and poly-acetylated H3 and H4.
Enzymatic assays revealed that H3K36me3 consistently enhances the
activity of the Rpd3S complex across different sites, as observed inboth
wild-type and mutant samples (Extended Data Fig. 8d-f).

Invivo modification crosstalk studies

Toevaluate theimportance of PHD1-guided H3 deacetylation by Rpd3S
in yeast, we used a STE11-HIS3 reporter system in which the HIS3 gene
is fused to a naturally occurring cryptic promoter in the STEII gene?.
Asexpected, the E260K/D261K reader mutant of Rcol caused a marked
cryptic transcription phenotype in spotting assays (Fig. 5a), suggest-
ingin vivo functional defects of the Rpd3S mutant. Next, we examined
changes in H3 and H4 acetylation levels between the wild-type strain
and the PHD1 mutant. Consistent with our in vitro enzymatic assays,
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Fig.3 | Details of theinterface between the Rpd3S complexand the
H3K36me3 nucleosome.a, Amodel of the core Rpd3S complex bound to
the H3K36me3 modified nucleosome following histone H4 deacetylation.
Interactions are outlined and shownin closeupintheindicated panel.
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closestateasshownina.c, Detailed view of theinteractions between CHD
and the H3K36me3 modified nucleosome as shownina. The residues of CHD
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the acetylation levels of histone H3 but not histone H4 were affected
by the PHD1 mutant (Fig. 5b). These results confirmed a role for PHD1
in H3-specific deacetylation and highlighted the contribution of H3
acetylationin permitting cryptic transcription. Meanwhile, Rpd3S(7mu)
exhibited asimilar cryptic transcription phenotype and yielded consist-
entresultsinvivo compared to the invitro enzymatic assays (Fig. 5a,b).

Eaf3-A CHD

residues are shown as sticks. Selected hydrogen bonds are shown as red
dashed lines.d, Detailed view of interactions between the Rcol MID and linker
DNA of nucleosome as shownin a. Residues at the interface are depicted as
sticks. e, Detailed view of interactions between Sin3 and nucleosomal
DNAatSHL +2.5asshownina. Theresidues of Sin3 and the nucleotides of
nucleosomal DNA involved in recognition are shown as sticks. Selected
hydrogenbonds areshown as red dashed lines.

H3K9 remained largely acetylated following Rpd3S treatment in our
designer nucleosome-based deacetylation assays (Fig.4a). We reasoned
that H3K9ac may serve as an anchoring mark for the reestablishment
of H3 and H4 acetylation, given that both NuA3 and NuA4 histone
acetyltransferase complexes contain an H3K9ac reader subunit—
Tafl4 and Yaf9, respectively®2, We generated a H3K9R mutant strain
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Dataarerepresentative of threeindependent experiments. b, Global view of
the docking model of the Rpd3S complex with histone H3, ;;K14ac on histone
H3 deacetylation. c,d, Detailed views of interactions between the Rpd3S
complex and histone H3K14acin cartoon (c) and surface (d) representation.
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to investigate the role of H3K9ac. The H3K9R mutant caused clear
growthdefects inspotting assays (Fig. 5c). We further observed global
acetylation defects of histone H3 and H4 (Fig. 5d), suggesting that
H3K9ac-mediated modification crosstalk may indeed have arolein
promoting hyperacetylation of H3 and H4. Notably, our enzymatic
assays revealed that the decreased acetylation of H3 and H4 is not the
result of enhanced enzymatic activity of Rpd3S. Instead, we observed
slightlyimpaired deacetylation activity of Rpd3S due to the K9R muta-
tion (Extended Data Fig. 8¢,d).

On the basis of our cryo-EM, biochemical, and functional studies,
we propose the following modification crosstalk model for the Rpd3S
regulatory axis. Histone H3K36me3 dual-mark readout by Rpd3S over
asingle nucleosome positions the catalytic centre of Rpd3 next to
the histone H4 N-terminal tail for efficient deacetylation (Fig. Se).
By contrast, coordinated readout of H3K4un by Rcol-A PHD1 and of
H3K36me3 by Eaf3-B CHD over one histone H3 tail determined the
deacetylationactivity of Rpd3S toward histone H3 (Fig. 5f). Moreover,
the Rpd3S-resistant H3K9ac mark may raise another level of modifica-
tion crosstalk to restore chromatin hyperacetylation.

Discussion

Since the discovery of Rpd3 asaHDACin1996 (refs.15,33), subsequent
biochemical studies have revealed delicate regulatory mechanisms of
the multi-subunit Rpd3 complexes'®?2. Here we present the cryo-EM
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structures of Rpd3Sinits free and designer nucleosome-bound states,
which together with our enzymatic and yeast genetics studies, enable a
molecular dissection of Rpd3S complex assembly, its substrate engage-
ment and enzymatic regulation.

The identification of two CHD-containing Eaf3 subunits was unex-
pected, expandingalayer of previously unappreciated multivalency for
Rpd3S-nucleosome engagement. Structural studies revealed that two
CHD¢,; domains cooperatively bind to a fully methylated H3K36me3
nucleosome, which oriented Rpd3S over anucleosomal disc for histone
H4-specific deacetylation. Efficient histone deacetylation of the H4
tail depends on full methylation of H3K36me3 over a single nucleo-
some. Disruption of H3K36me3 readout by one CHD,; reader largely
impaired the deacetylation efficiency of histone H4 but not the H3 tail
(Fig. 4a, right). Fullmethylation of nucleosomal H3K36me3 probably
indicates achromatin state of prolonged active elongation after multi-
ple cycles of Set2-mediated H3K36 methylation. Thus, the occurrence
of afull H3K36me3 state, but not its hemimethylated form, may serve
asanattenuation ‘checkpoint’ for Rpd3S-mediated H4 deacetylation.

Besides the H3K36me3-H3K36me3-H4ac mode of ‘reading-erasing’
crosstalk, our structural and mutagenesis analyses further suggested a
H3K4un-H3K36me3-H3ac mode of crosstalk accomplished by combi-
natorial actions of PHD1,.,; and CHD,. Notably, our complex structural
studies revealed that the catalytic centre of Rpd3 is positioned away
from the H2A and H2B tails upon methylated nucleosome engagement.
By contrast, a recent structural study of the yeast HDA1 complex, a
class-Il HDAC, revealed that its catalytic centre is positioned next to
the H2B tail in the nucleosomal context, therefore acting as an H2Bac
eraser*, Collectively, these findings highlight the importance of differ-
ent modes of multivalentengagementin achieving catalytic specificity
towards different histone tails by amulti-subunit deacetylase complex.

Rpd3S deacetylates multiple acetylation sites on H3 and H4, except
for H3K9ac (Fig. 4a, left and Extended Data Fig. 9a). It efficiently tar-
gets H3K14ac and H3K23ac, which are primary products of the NuA3
acetyltransferase that regulates transcriptional elongation by antag-
onizing Rpd3S*. NuA3 contains reader modules, such as the TAF14
YEATS domain for H3K9ac readout and the Pdp3 PWWP domain for
H3K36me3 readout®. Of note, NuA4, the histone H4 acetyltransferase
inyeast, also contains an H3K9ac reader subunit—Yaf9*>—and shares the
H3K36me3 reader subunit Eaf3 with Rpd3S*¥. Conceivably, H3K9ac
and H3K36me3 may serve as ‘seed’ marks for NuA3-NuA4 recruitment
and the reestablishment of a hyperacetylated H3 or H4. Therefore,
Rpd3Sand NuA3-NuA4 act as counteracting ‘eraser-writer’enzymatic
pairs to optimize gene expression dynamics during transcriptional
elongation and beyond (Extended Data Fig. 9b).

Deleting Set2 in yeast leads to an increase in histone exchange and
the accumulation of H3K56ac over transcribed genes®. However,
H3K56ac within anucleosome cannot be erased by Rpd3S owing toits
buried nature and the need for anintact nucleosome for Rpd3S engage-
ment. This finding is consistent with previous functional studies®
and our yeast knockout experiments (Extended Data Fig. 9c). Rtt109,
in partnership with histone chaperones Asfl and Vps75, serves as a
writer for H3K56ac and H3K9ac, regulating histone exchange*’. The
inability of Rpd3S to deacetylate H3K56ac and H3K9ac suggests that
Rpd3S does not directly downregulate histone exchange by counter-
acting Rtt109. Set2 methylation of H3K36 is likely to indirectly sup-
press histone exchange by inhibiting cryptic transcription following
H3K36me3-mediated H3 and H4 deacetylation by Rpd3S.

Previous studies suggest that Rpd3S activity can be enhanced by a
di-nucleosome context®. Our structural studies show that the Rpd3S
complex primarily binds to a single nucleosome through readout of
dual H3K36me3 mark. Modelling studies suggest that although the CHD
domains of Eaf3-A and Eaf3-B—along with Rcol-A PHD1—-recognize one
nucleosome, the PHD1finger of Rcol-B is well-positioned for unmodi-
fied histone H3K4 readout of an adjacent nucleosome approximately
40 bp away (Extended Data Fig. 9d). This may suggest amechanism by



which Rpd3S spreads from one nucleosome to another for efficient
deacetylation. Alternatively, when the stoichiometry of Rpd3S to
nucleosome is high, two Rpd3S molecules may simultaneously bind
totwoadjacent nucleosomes (Extended DataFig. 9e,f), cooperatively
recognizing a di-nucleosome unit with optimal linker DNA length?,
such as 30-40 bp, for catalysis. Further structural studies are needed
to fully understand the recognition mechanism of di-nucleosome
engagement by Rpd3S.

Epigenetic regulation ensures complexities from genes to pheno-
typictraits, and the evolution of multi-subunit epigenetic machineries
represents a molecular strategy to afford the regulatory potential.
Beyond Rpd3S and Rpd3Lin yeast, adiverse family of HDAC complexes
have been characterized in high eukaryotes to exert versatile physi-
ological function, and their dysregulation is often linked to human
disease. By offering a molecular visualization of a prototype class-I
HDAC complex in chromatin context-dependent gene regulation,
the studies described here lay a framework for better understand-
ing versatile class- HDAC complexes in eukaryotic species and pave
the way for structure- and mechanism-based development of HDAC
activity-modifying drugs.
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Methods

Protein expression and purification

The components of the Rpd3S complex, including full-length Rpd3,
Sin3, Rcol, Umel, and Eaf3, were amplified from total yeast DNA by PCR.
All of these components and their mutants were cloned into modified
pFastbac baculoviral expression vectors. A TEV-cleavable Strep-tag
wasengineered at the N terminus of Rcol for affinity purification. The
bac-to-bac baculovirus system was used to express the target protein
ininsect cells. Baculovirus of all components of Rpd3S were mixed in
apredetermined ratio to achieve stoichiometric expression in cells.
Sf9 insect cells were co-transfected at 27 °C for 72 h. Cells were har-
vested by centrifugationat2,700 rpmfor 20 minat4 °C, and the pellet
was resuspended in cell lysis buffer 20 mM Tris-HCI pH 7.5,300 mM
NaCl, 5% glycerol, 0.1% NP-40) supplied with1mM PMSF and a protease
inhibitor cocktail. Cells in the lysis buffer were sonicated using 56%
amplification with 3 s on and 7 s pulse for 15 min on ice. Cell debris
were removed by centrifugationat4 °C,25,000 rpmfor1h. Thecleared
lysate was co-incubated with strep beads and then successively washed
by cell lysis buffer, and the target protein was finally eluted by elution
buffer (100 mM Tris-HCI pH 8.0,150 mM NaCl, 10mM b-desthiobiotin).
Fractions containing Rpd3S were incubated overnight at 4 °C with TEV
protease to cleave offthe tag. The digested protein was further purified
with an anion-exchange column (GE Healthcare). Target proteins were
collected, concentrated and purified by size-exclusion chromatogra-
phy using a Superose 6 Increase 5/150 GL column (GE Healthcare) in
buffer (20 mM HEPES pH 7.5,150 mM NacCl).

Nucleosome reconstitution

Widom 601 sequence and a 20-bp linker DNA emitting from one side
were purified froma plasmid encoding 20 repeats (each flanked by the
EcoRV restriction enzyme cutting site) of the sequence as previously
described*. The full-length unmodified Xenopus laevis histones H2A,
H2B, H3 and H4 were expressed in Escherichia colistrain BL21(DE3) and
purified using a previously reported method*%. All modified H3 or H4
were synthesized by KS-V Peptide (KS-V Peptide). Histone octamers
containing either unmodified, K36me3 H3, or acetylated H3/H4 were
refolded as previously described*. Amodification of the salt gradient
method described by Thomas and Butlerz** was used for the reconsti-
tution of histone octamer with DNA. Histone octamer and DNA were
combined at2 M NaCl; the gradual reduction of the salt concentration
to0.25MNaCloveraperiod of 36 hled to the formation of nucleosome
core particles (NCPs).

Sample preparation and cryo-EM data collection

The Rpd3S-NCP complex was obtained by mixing 15 uM protein with
5 UM NCP. We purified and stabilized the Rpd3S and Rpd3S-NCP com-
plexes using the GraFix method**. To form the gradient, 6 ml top solu-
tion containing 50 mM NaCl, 20 mM HEPES (pH 7.5), and 10% glycerol
(Sigma) was added to a tube (Beckman, 331372). The bottom solution
(6 ml) containing 50 mM NaCl,20 mM HEPES (pH7.5),30% glycerol, and
0.15%glutaraldehyde was theninjected into the bottom of the tube using
asyringe withablunt-ended needle. The tubes were placed into a gradi-
entmaster (BioComp) to forma continuous density and glutaraldehyde
gradient. Finally, 200 pl of sample was loaded. The sample tubes were
ultracentrifuged at 4 °C for 14 h at a speed of 35,000 rpm. (Beckman,
Rotor SW-41Ti). Fractions were collected every 500 pl. The best fractions
were selected and dialysed to buffer 20 mMHEPES pH7.5,50 mM NaCl,
3%glycerol) for electron microscopy sample preparation. For cryo-EM,
an aliquot of 4 pl of the sample at a concentration of ~0.2 mg ml™ was
applied to glow-discharged grids (Quantifoil 1.2/1.3). The grids were
then blotted for 3.5 s and plunged into liquid ethane cooled by liquid
nitrogen, using a Vitrobot (FEI). The EM grids were imaged on a Titan
Krios transmission electron microscope (FEI) operated at 300 kV. A total
of 6,990 images of the Rpd3S complex were collected on K3 (Gatan) with

apixel size of 0.55 A per pixel, and a total of 10,786 images of Rpd3S-
nucleosome were collected on K3 (Gatan) with a pixel size of 0.541 A per
pixel. AutoEMation2 was used for automated data collection*’. Defocus
was set automatically, with values ranging from -1.5to -1.8 um. The flu-
encewas-~50 e” A2 fractionated into 32 frames (exposure time 2.56 s).

Image processing
Motion correction was performed using the MotionCor2*. CTF
parameters were estimated using GCTF¥. For the Rpd3S complex
dataset, after automatic particle picking and 3 rounds of 2D classi-
fication in RELION*3*°, -2.63 million particles were selected for the
first round of 3D classification. The initial model was generated by
RELION and low-pass-filtered to 60 A for a 3D reference. After 2 rounds
of 3D classification, ~-670,000 particles were selected and used for 3D
auto-refinementand post-processing, resultinginareconstruction of
the entire Rpd3S complex at 3.2 A. Following local mask 3D classifica-
tion for head-bridge-right arm,~348,000 particles were selected and
3D auto-refined and post-processed, resulting inalocal density map of
the head-bridge-right arm with aresolution of 2.7 A. Similarly, the local
density map of the bridge-left arm was reconstructed at 3.2 A. For the
Rpd3S-nucleosome complex datasets, two datasets 0f 10,786 micro-
graphs were selected. After automatic particle picking and 2 rounds
of 2D classification in RELION, ~2.59 million particles were selected
for 3D classification. The initial model was generated by RELION and
low-pass-filtered to 60 A for a3D reference. After 2 rounds of 3D classi-
fication, two representative classes of the Rpd3S-nucleosome complex
wererelatively better distinguished with the change of the Rpd3S com-
plexonthe nucleosome. For the CHD-nucleosome complex, ~427,000
particles were used to 3D auto-refine and post-processinaclose state,
resultinginalocal density map of the CHD-nucleosome complex with
aresolution of 2.8 A. After one round of 3D classification on the Rpd3S
complex, two classes were performed, resulting in two distinct states
of stable Rpd3S complexes. Both classes were subject to global 3D
refinement, yielding two density maps at resolutions of 4.0 A (close
state), 4.0 A (loose state). After 3D refinement of Rpd3S complex, a
3.3 Amap and a 3.4 A map of the Rpd3S in two classes were resolved.
The local resolution map was created using RELION* and repre-
sented using UCSF Chimera*. All reported resolutions are based on
the gold-standard Fourier shell correlation (FSC) 0.143. The final FSC
curves were corrected for the effect of a soft mask with high-resolution
noise substitution.

Model building

Thewhole structural model of the Rpd3S complex was manually built
in COOT* according to the 2.7 A map of the head-bridge-right arm
region and a 3.2 A map of the bridge-left arm region. AlphaFold was
used to predict and determine the special knotted coil in Rcol*. The
structures of the nucleosome (PDB ID: 6ESF) and Eaf3 CHD (PDB ID:
3E9G) served as initial structural templates for the CHD-nucleosome
model, whichwas docked into the cryo-EM maps using UCSF Chimera®.
The Eaf3-A CHD was built and adjusted in COOT, while Eaf3-B CHD was
docked into the cryo-EM map. Two structural models of the Rpd3S-
nucleosome complex were built by docking the Rpd3S complex and
CHD-nucleosome structuresintoa2.8 A map of CHD-nucleosome, a
3.3 Amapand a3.4 A map of the Rpd3S complex, respectively in two
states, followed by rigid-body fitting and manual model building. The
models were refined in real space using Phenix®. Statistics of the map
reconstruction and model refinement are shown in Extended Data
Tables 1and 2. The final models were evaluated using MolProbity**.
Map and model representationsin the figures were prepared by PyMOL
(https://pymol.org/), UCSF Chimera® or UCSF ChimeraX®.

Isothermal titration calorimetry
All calorimetric experiments on the wild-type or mutant PHD1domain
of Rcol proteins were conducted at 25 °C using a MicroCal PEAQ-ITC
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instrument (Malvern Panalytical). All proteins and synthetic histone
peptides were prepared under the same titration buffer containing
20 mM Tris 7.5, 50 mM NacCl, and 5% glycerol. The protein concentra-
tionwas determined by absorbance spectroscopy at 280 nm. Peptides
(>95% purity) were quantified by weighing on alarge scale, aliquoted,
and freeze-dried for individual use. Acquired calorimetric titration
curves were analysed using Origin 7.0 (OriginLab) with the ‘one set of
binding sites’ fitting model. The detailed peptide sequence informa-
tionis H3, ;oun: ARTKQTARKS.

Antibodies

Antibodies used: rabbit polyclonal anti-H3K9ac (ABclonal, A7255, dilu-
tion: 1:5,000), mouse monoclonal anti-H3K14ac (PTM BIO, PTM-157,
clone name: 1A4, dilution: 1:500), mouse monoclonal anti-H3K18ac
(PTM BIO, PTM- 158, clone name: 9E1, dilution: 1:750), rabbit poly-
clonal anti-H3K23ac (PTM BIO, PTM- 115, dilution: 1:1,500), mouse
monoclonal anti-H3K27ac (PTM BIO, PTM- 160, clone name:12G5, dilu-
tion: 1:2,000), mouse monoclonal anti-H3K56ac (PTM BIO, PTM- 162,
clonename: 9G9, dilution: 1:1,000), rabbit polyclonal anti-H3K36me3
(PTMBIO, PTM- 625, dilution: 1:1,000), rabbit monoclonal anti-H4K5ac
(Sigma-Aldrich, 04-118, clone name: RM156, dilution:1:5,000), rabbit
polyclonal anti-H4K8ac (ABclonal, A7258, dilution: 1:6,000), rabbit
polyclonal anti-H4K12ac (ABclonal, A22754, clone name: ARC56881,
dilution: 1:1,000), rabbit monoclonal anti-H4K16ac (Cell Signaling
Technology, 13534S, clone name: E2B8W, dilution:1:500), mouse
monoclonal anti-H4 (PTM BIO, PTM- 1009, clone name: 3F2, dilution:
1:1,000), and rabbit polyclonal anti-H3 (ABclonal, A2348, dilution:
1:2,000).

HDAC assays

For the Rpd3S deacetylation assays, H3Kac, H4Kac and H3K36me3
nucleosomes (500 nM) assembled in vitro were treated with different
Rpd3S complexes at different concentrations in a buffer with 20 mM
HEPES 7.5,150 mM NaCl, and 0.2 mg ml™ BSA at 30 °C. For the differ-
ences in enzyme activity caused by different histone modifications
and H3K9R mutant, we adopted the enzyme activity assays in abuffer
with 20 mM HEPES 7.5,150 mM NacCl, 0.2 mg mI™ BSA and 0.15 pg pl™
salmon sperm DNA at 30 °C. For nucleosome samples, 80 mM EDTA
and 5x SDS-PAGE gel loading buffer were added after 25 min. The sam-
ples were boiled for 5 min at 95 °C and resolved by 4-20% SDS-PAGE.
After transferring to PVDF membrane, H3K9ac, H3K14ac, H3K18ac,
H3K23ac, H3K27ac, H4K5ac, H4K8ac, H4K12ac, H4K16ac and total H4
were detected by western blot with specific antibodies on separate
gels. Western blot bands were visualized by ECL.

Cross-linking mass spectrometry

The purified Rpd3S complex was cross-linked with 5 mM bis (sulfosuc-
cinimidyl) suberate (BS3) atroom temperature for 2 h. The reaction was
quenched with40 mM Tris-HCI pH 7.5. The cross-linked sample was then
excised for in-gel digestion and identified by mass spectrometry. To
begin the in-gel digestion process, the sample was disulfide-reduced
with 25 mM dithiothreitol (DTT) and alkylated with 55 mMiodoaceta-
mide. In-gel digestion was performed using sequencing grade-modified
trypsinin 50 mM ammonium bicarbonate at 37 °C overnight. The pep-
tides were extracted twice with 1% trifluoroacetic acid in a 50% ace-
tonitrile aqueous solution for 30 min. The peptide extracts were then
centrifugedinaSpeedVactoreduce the volume.

Forliquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis, peptides were separated by a 60 min gradient elution ata
flow rate 0.300 pl min™ with a Thermo-Dionex Ultimate 3000 HPLC
system, which was directly interfaced with the Thermo Orbitrap
Fusion mass spectrometer. The analytical column was a homemade
fusedsilica capillary column (75 uminternal diameter, 150 mm length;
Upchurch) packed with C-18 resin (300 A, 5 um; Varian). Mobile phase
A consisted of 0.1% formic acid, and mobile phase B consisted of100%

acetonitrileand 0.1% formic acid. The Orbitrap Fusion mass spectrom-
eter was operated in the the data-dependent acquisition mode using
Xcalibur3.0 software, and there was a single full-scan mass spectrum
in the Orbitrap (350-1,550 m/z, 120,000 resolution) followed by 3 s
data-dependent MS/MS scansin an lon Routing Multipole at 30% nor-
malized collision energy. The MS/MS spectra from each LC-MS/MS
run were searched against the selected database using the Proteome
Discovery searchingalgorithm (version1.4). Raw datawere processed
with pLink2 software®. A crosslink network diagram was prepared
using xiNET”.

Computational docking of H3,_,,K14ac into the Rpd3S complex
The readouts of histone H3K4un by the PHD1 of Rcol and PHD of
BHC80 are highly conserved. Additionally, Rpd3 is highly conserved
with HDACL1. Based on this information, structures of the Rpd3S and
Rpd3S-H3K36me3 nucleosome complexes, BHC80-PHD (PDB ID:
2PUY) and HDAC1-H4K16Hx (PDBID: 5ICN) were prepared for docking
using the protein preparation wizard in Maestro (Schrodinger, release
2018-1). Hydrogens were added and the protonation states of titratable
amino acids were determined during the protein preparation. Docking
was then performed using GLIDE/SP-peptide in Schrédingers. Histone
H3,_,K4unwas dockedintothe PHD1of Rcol-A and histone H3,,_;,K14ac
was docked into the HDAC catalytic pocket of Rpd3. Simultaneously,
H3;_;, was stretched out between H3, ,K4unand H3,,_(K14ac, hindered
by hydrogen bond interactions and steric hindrance.

Spotting assays

The Rcol and mutants, along with their native promoters, were cloned
onto pRS415 plasmids. The plasmids (including control plasmid) were
thentransformedintothe STE1I-HIS3reporter strain (YBL853). To ana-
lyse the growth of the yeast strains, fivefold serial dilutions of fresh
culture concentrated to an optical density at 600 nm (ODy,) of 0.4
were spotted onto the SC-Leu (control) and SC-His-Leu plates until
saturation.

To analyse the importance of H3K9ac on yeast growth, we used a
CRISPR-Cas9 genome editing method* to target the HHT1and HHT2
genes and obtain the H3K9R mutant in the W303-1a strain. The cells
were diluted to an OD,,, of 0.4 and fivefold serially diluted. About 5 pl
of each dilution was spotted ona100 pg ml™ 6-AU plate until saturation.

Western blotting

To examine the levels of acetylation caused by Rcol mutants in vivo,
the Rcol wild type and mutants, along with their native promoters,
were cloned to pRS415 plasmids. The plasmids were then transformed
into an Rcol-deleted strain (YBL534). The yeast strains were grown
overnightat30 °CinLeu medium, diluted to an OD,,0f 0.1,and grown
for another 8 h to an OD, of 0.8-1.0. To examine the changes of H3
and H4 acetylationin an H3K9R mutant strain, the W303-1aand W303-
1a-H3K9R were grown overnight at 30 °Cin YPD, diluted to an OD, of
0.1,and grown for another 8 hto an OD,, 0f 0.8-1.0. Yeast cell protein
was extracted as described®. The samples were boiled for 20 min at
95 °C and resolved by 4-20% SDS-PAGE. After transferring to a PVDF
membrane, H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K27ac, H3K56ac,
H4KS5ac, H4K8ac, H4K12ac, H4K16ac and total H4 were detected by
western blot with specific antibodies on separate gels. Western blot
bands were visualized by ECL.

To examine the levels of H3K56ac caused by Rpd3S complexin vivo,
the pRS415-Rcol and control plasmid were then transformed into the
YBL534 strain. The yeast strains were grown overnight at 30 °Cin Leu
medium, diluted to an OD,, of 0.1, and grown for another 8 h to an
0D, of 0.8-1.0. H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K27ac,
H3KS56ac, and total H3 were detected by western blot with specific
antibodies on separate gels. Western blot bands were visualized by ECL.

All yeast strains were constructed using standard procedures and
are listed in Supplementary Fig. 1.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Cryo-EM maps have been deposited in the Electron Microscopy Data
Bank (EMDB) under accession numbers EMD-33845 (whole Rpd3S
complex), EMD-33846 (head-bridge-right arm), EMD-33847 (bridge-
left arm), EMD-33848 (Eaf3 CHD bound to H3K36me3 nucleosome),
EMD-33849 (Rpd3S complexinloose state), EMD-33850 (Rpd3S com-
plexinclose state), EMD-33851 (Rpd3S complex bound to H3K36me3
nucleosomein close state) and EMD-33852 (Rpd3S complex bound to
H3K36me3 nucleosomeinloose state). Atomic coordinates have been
deposited in the Protein Data Bank under accession numbers 7YIO
(whole Rpd3S complex), 7YI1 (Eaf3 CHD bound to H3K36me3 nucleo-
some), 7YI2 (Rpd3S complex in loose state), 7YI3 (Rpd3S complex in
close state), 7YI4 (Rpd3S complex bound to H3K36me3 nucleosome
in close state) and 7YI5 (Rpd3S complex bound to H3K36me3 nucleo-
some in loose state).
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Extended DataFig.1|Protein purification and XL-MS analysis of Rpd3S PHD1 of Rcol; (c) Rcol-7mutants of Rpd3S complex to disrupt the leftarm

region.d.Schematicrepresentation of the intermolecular cross-links within
the Rpd3S complex. The domains of Rpd3S areindicated, and the identified
inter-subunit cross-links or subunit self-links are shown as cyan or modena
solid lines, respectively. The specialintermolecular self-links in the C-terminal

complex. a-c. Purification of Rpd3S and mutant complexes. Purification of
the Rpd3S and mutant complexes. The complexes were purified using size-
exclusion chromatography (Superose 6), and the peak fractions were subjected
to SDS-PAGE for Coomassie blue staining. The complexesinclude: (a) wild-type
of Rpd3S complex; (b) Rcol-E260A/D261A of the Rpd3S complex to disrupt the of Rcol areshownasredsolid lines.
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Extended DataFig.7|Cryo-EMstructure of Rpd3S complexbound to
H3K36me3 nucleosome intheloosestate and the interface details between
CHD domains and histone H3K36me3. a. Core Rpd3S complexbound to the
H3K36me3 modified nucleosomeintheloose state. b. Stereo view of contact
between core Rpd3S complex and H3K36me3 modified nucleosomein the
loose state.Sin3, Rpd3, Eaf3,and Rcol are shown in cartoon form. Nucleosome
isshowninsurfacerepresentation. Theinvisible leftarmregionis colored white.
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c.Detailed view of interactions between CHD and H3 tail. Close-up views of the
loop of CHD and H3 tail for interactions with cryo-EM densities shown as meshes.
d.Detailed view of the interactions between Eaf3*-CHD and the H3K36me3
modified nucleosome. e. Detailed view of the interactions between Eaf3®-CHD
and the H3K36me3 modified nucleosome. The residues of CHDs and H3 tail
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Extended DataFig. 8| The catalyticactivity of Rpd3S on modified
nucleosomes. a. Validation of the site-specificity of antibodies used in HDAC
assay.b.Arepresentative HDAC assay measuring activity of Rpd3S complex on
H3K4me3K36me3 nucleosome.c.Arepresentative HDAC assay measuring

nucleosomes. There
representative exam

activity of Rpd3S complex on H3K9RK36me3 nucleosome. A representative

HDAC assay measuring the activity of Rpd3S complex containing wild-type (d),
mutants of PHD1 (e), and left arm region (f) on H3K36me3 and H3K36meO

action products were identified using Westernblot. One
pleofthree (a-f) independent experimentsis shown.
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Extended DataFig. 9| The regulatory models of Rpd3S complex.
a.Arepresentative HDAC assay measuring the activity of Rpd3S complexin
sufficient time, where only H3K9ac can be retained over time. b. A “seeding
mark” model of “Rpd3S-NuA3/NuA4” enzymatic pairs in balancing chromatin
acetylation levels during transcription. The complexes are showninacartoon
model. The Rpd3S complex recognizes H3K36me3 and removes most N-terminal
acetylation marks of H3 and H4, except for H3K9ac. The Rpd3S-resistent
H3K9ac, along with H3K36me3, may serve as “seeding marks” that can recruit
NuA3 and NuA4 for the reestablishment of hyperacetylated histones H3 and
H4, respectively. c. The H3K56ac modificationis not directly affected by the
Rpd3S complexinvivo. Western blot shows H3 acetylation levels at different

$H3K9ac + H3K36me3

sitesin Rpd3S wild-type and Rcol-deleted strains. The alterations observedin
H3K9acand H3K56ac are not significantin comparisonto other H3 sites in
Rcol-deleted strains. The black vertical linesin the figureindicate that the
rearranged lanes are fromnon-adjacentlanes within the same gels. The
catalytic models of Rpd3S with di-nucleosome (d-f). d. The two CHD domains
of Eaf3-A and Eaf3-B with PHD1of Rcol-A are involved in recognizing one
nucleosome, and PHD1 of Rcol-Bisinvolvedin recognizing another nucleosome.
eandf. TwoRpd3S canbind to two nucleosomes, respectively, atasuitable
40bp linker DNA length. The latter Rpd3S complexes may be assembled on
two nucleosomediscsrespectively. Onerepresentative example of three
(a,c)independent experimentsis shown.
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Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics of Rpd3S complex

Rpd3S complex Rpd3S complex Rpd3S complex
(head-bridge-right arm) (left arm)

EMDB 33845 33846 33847
PDB 7YI0

Data collection and processing

Magnification 64000 64000 64000
\oltage (kV) 300 300 300
Electron exposure (e-/ A2) 50 50 50
Number of frames per movie 32 32 32
Energy filter slit width (eV) 20 20 20
Automation software AutoEMation2 ~ AutoEMation2 AutoEMation2
Defocus range (um) -1.8t0-2.5 -1.8t0-2.5 -1.81t0-2.5
Pixel size (A) 1.10 1.10 1.10
Symmetry imposed C1 C1 C1
Micrographs (no.) 6990 6990 6990
Initial particles images (no.) 2.63 M 2.63 M 2.63 M
Final particles images (no.) 466 K 466 K 466 K
Map resolution (A) 3.2 2.7 3.2
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 2.5-3.5 2.5-3.5 2.7-3.5
Map sharpening B-factor (A)  -147.8 -70.9 -108.1
Refinement

Refinement package Phenix

R.m.s. deviations

Bond lengths (A) 0.003

Bond angles (°) 0.567

Validation

MolProbity score 1.84

Clashscore 8.46

Rotamer outliers (%) 0.93

CpB outliers (%) 0.00

CaBLAM outliers (%) 3.31

EMRinger score 3.23

Overall correlation coefficients

CC (mask) 0.80
CC (box) 0.79
CC (peaks) 0.75
CC (volume) 0.81
Ramachandran plot

Favored (%) 94.33
Allowed (%) 5.67
Disallowed (%) 0.00




Extended Data Table 2 | Cryo-EM data collection, refinement, and validation statistics of Rpd3S-nucleosome

CHD-NCP Rpd3S Rpd3S Rpd3S-NCP Rpd3S-NCP
(close state) (loose state) (close state) loose state)
EMDB 33848 33850 33849 33851 33852
PDB 7YI1 7YI3 7YI12 Y14 7YI5
Data collection and processing
Magnification 64000 64000 64000 64000 64000
\oltage (kV) 300 300 300 300 300
Electron exposure (e-/ A2) 50 50 50 50 50
Number of frames per movie 32 32 32 32 32
Energy filter slit width (eV) 20 20 20 20 20
Automation software AutoEMat AutoEMat  AutoEMat  AutoEMat AutoEMat
ion2 ion2 ion2 ion2 ion2
Defocus range (um) -1.8to-25 -1.8to-25 -1.8t0-25 -18to-25 -1.8t0o-2.5
Pixel size (A) 1.08 1.08 1.08 1.08 1.08
Symmetry imposed C1 C1 C1 C1 C1
Micrographs (no.) 10786 10786 10786 10786 10786
Initial particles images (no.) 259 M 259 M 259 M 2.59 M 259 M
Final particles images (no.) 427 K 87.7K 89.6 K 87.7K 89.6 K
Map resolution (A) 2.8 3.3 34 4.0 4.0
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.5-6.0 2.8-5.8 2.8-6.0 3.5-9.5 3.5-10.0
Map sharpening B-factor (A) -85.2 -85.0 -100.5 -113.143 -120.048
Refinement
Refinement package Phenix Phenix Phenix Phenix Phenix
R.m.s. deviations
Bond lengths (A) 0.003 0.003 0.003 0.004 0.005
Bond angles (°) 0.562 0.523 0.594 0.608 0.662
Validation
MolProbity score 1.40 1.83 1.95 1.81 2.01
Clashscore 7.33 7.77 9.63 10.64 15.59
Rotamer outliers (%) 0.37 0.00 0.23 0.00 0.00
CpB outliers (%) 0.00 0.00 0.00 0.00 0.00
CaBLAM outliers (%) 0.98 2.93 3.59 2.18 2.35
EMRinger score 2.94 2.60 2.10 0.23 0.30
Overall correlation coefficients
CC (mask) 0.84 0.77 0.77 0.82 0.84
CC (box) 0.81 0.73 0.75 0.85 0.87
CC (peaks) 0.74 0.62 0.62 0.77 0.78
CC (volume) 0.82 0.75 0.75 0.82 0.84
Ramachandran plot
Favored (%) 98.09 93.91 93.12 96.13 95.49
Allowed (%) 1.91 6.09 6.88 3.87 4.51

Disallowed (%) 0.00 0.00 0.00 0.00 0.00
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Antibodies used Anti-Acetyl-Histone H3 (Lys14) Mouse mAb (PTM BIO, Cat.#: PTM-157, Dilution: 1:500), Anti-Acetyl-Histone H3 (Lys18) Mouse mAb
(PTM BIO, Cat.#: PTM- 158, Dilution: 1:750), Anti-Acetyl-Histone H3 (Lys23) Rabbit pAb(PTM BIO, Cat.#: PTM- 115, Dilution: 1:1500),
Anti-Acetyl-Histone H3 (Lys27) Mouse mAb (PTM BIO, Cat.#: PTM- 160, Dilution: 1:2000),
Anti-Tri-Methyl-Histone H3 (Lys36) Rabbit pAb (PTM BIO, Cat.#: PTM- 625, Dilution: 1:1000), Anti-Histone H4 Mouse mAb (NT) (PTM
BIO, Cat.#: PTM- 1009, Dilution: 1:1000), Histone H3 Rabbit pAb(ABclonal, Cat.#: A2348, Dilution: 1:2000), Anti-Acetyl-Histone H3
(Lys56) Mouse mAb (PTM BIO, Cat.#: PTM- 162, Dilution: 1:1000), Acetyl-Histone H3-K9 Rabbit pAb(ABclonal, Cat.#: A7255, Dilution:
1:5000), Acetyl-Histone H4-K8 Rabbit pAb (ABclonal, Cat.#: A7258, Dilution: 1:6000), Acetyl-Histone H4-K12 Rabbit mAb(ABclonal,
Cat.#: A22754, Dilution: 1:1000), Anti-acetyl-Histone H4 (Lys5) Antibody, rabbit monoclonal(Sigma-Aldrich, Cat.#: 04-118,
Dilution:1:5000), and Acetyl-Histone H4 (Lys16) (E2B8W) Rabbit mAb((Cell Signaling Technology, Cat.#: 13534S, Dilution:1:500).

Validation The antibodies employed in this research were commercially obtainable and were authenticated by the provider based on the
information presented in the relevant data sheets.
Anti-Acetyl-Histone H3 (Lys14) Mouse mAb (PTM BIO, Cat.#: PTM-157): https://www.ptmbiolabs.com/product/ptm-157/
Anti-Acetyl-Histone H3 (Lys18) Mouse mAb (PTM BIO, Cat.#: PTM- 158): https://www.ptmbiolabs.com/product/ptm-158/
Anti-Acetyl-Histone H3 (Lys23) Rabbit pAb (PTM BIO, Cat.#: PTM- 115): https://www.ptmbiolabs.com/product/ptm-115/
Anti-Acetyl-Histone H3 (Lys27) Mouse mAb (PTM BIO, Cat.#: PTM- 160): https://www.ptmbiolabs.com/product/ptm-160/
Anti-Tri-Methyl-Histone H3 (Lys36) Rabbit pAb (PTM BIO, Cat.#: PTM- 625): https://www.ptmbiolabs.com/product/ptm-625/
Anti-Histone H4 Mouse mAb (NT) (PTM BIO, Cat.#: PTM- 1009): https://www.ptmbiolabs.com/product/pan-h4-mouse-mab/
H3 Rabbit pAb(ABclonal, Cat.#: A2348): https://abclonal.com/catalog-antibodies/HistoneH3RabbitpAb/A2348
Anti-Acetyl-Histone H3 (Lys56) Mouse mAb (PTM BIO, Cat.#: PTM- 162): https://www.ptmbiolabs.com/product/ptm-162/
Acetyl-Histone H3-K9 Rabbit pAb(ABclonal, Cat.#: A7255): https://abclonal.com/catalog-antibodies/AcetylHistoneH3K9RabbitpAb/
A7255
Acetyl-Histone H4-K8 Rabbit pAb (ABclonal, Cat.#: A7258): https://abclonal.com/catalog-antibodies/AcetylHistoneH4K8RabbitpAb/
A7258
Acetyl-Histone H4-K12 Rabbit mAb(ABclonal, Cat.#: A22754): https://abclonal.com/catalog-antibodies/
AcetylHistoneH4K12RabbitmAb/A22754
Anti-acetyl-Histone H4 (Lys5) Antibody, rabbit monoclonal(Sigma-Aldrich, Cat.#: 04-118): https://www.sigmaaldrich.cn/CN/en/
product/mm/04118
Acetyl-Histone H4 (Lys16) (E2B8W) Rabbit mAb((Cell Signaling Technology, Cat.#: 13534S): https://www.cellsignal.com/products/
primary-antibodies/acetyl-histone-h4-lys16-e2b8w-rabbit-mab/13534?_=1682335024811&Ntt=13534S&tahead=true

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) SF9, obtained from invitrogen
Authentication Cell lines were directly purchased from Invitrogen. Cell line authentication was not performed at our hand during cell culture.
Mycoplasma contamination Cell lines had been tested negative for mycoplasma contamination by Invitrogen before purchase. They were not tested at

our hand during cell culture.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)
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