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Structure of the complete Saccharomyces
cerevisiae Rpd3S-nucleosome complex

Jonathan W. Markert1, Seychelle M. Vos 2 & Lucas Farnung 1

Acetylation of histones is a key post-translational modification that guides
gene expression regulation. In yeast, the class I histone deacetylase containing
Rpd3S complex plays a critical role in the suppression of spurious transcrip-
tion by removing histone acetylation from actively transcribed genes. The S.
cerevisiae Rpd3S complex has five subunits (Rpd3, Sin3, Rco1, Eaf3, and Ume1)
but its subunit stoichiometry and how the complex engages nucleosomes to
achieve substrate specificity remains elusive. Here we report the cryo-EM
structure of the complete Rpd3S complex bound to a nucleosome. Sin3 and
two copies of subunits Rco1 and Eaf3 encircle the deacetylase subunit Rpd3
and coordinate the positioning of Ume1. The Rpd3S complex binds both tri-
methylated H3 tails at position lysine 36 and makes multiple additional con-
tacts with the nucleosomal DNA and the H2A–H2B acidic patch. Direct
regulation via the Sin3 subunit coordinates binding of the acetylated histone
substrate to achieve substrate specificity.

The small histone deacetylase reduced potassium dependency 3
(Rpd3S) complex plays a critical role in the regulation of gene
expression in the yeast S. cerevisiae and is involved both in the acti-
vation and repression of genes in a variety of cellular processes
including metabolism, meiosis, heat shock, and osmotic stress1–3.
Rpd3S is part of the SIN3-HDAC family of histone deacetylase com-
plexes that are conserved from yeast to humans4 and is a five-subunit
complex composed of the class I histone deacetylase (HDAC) subunit
Rpd3 and the additional subunits Eaf3, Rco1, Sin3, and Ume15,6. As part
of the Set2-Rpd3S pathway in S. cerevisiae, Set2 dependent histone H3
lysine 36 (H3K36) methylation directs the Rpd3S complex to coding
genomic regions7,8. Interaction with RNA polymerase II and transcrip-
tion elongation factors fine-tune Rpd3S occupancy on actively tran-
scribed genes9. Rpd3S deacetylates histones H3 and H4 to prevent
cryptic transcription initiation events fromwithin genebodies because
an accumulation of histone acetylation can lead to the destabilization
of transcribed nucleosomes, ultimately resulting in the loss of
nucleosomes from the gene body5,10–16.

Rpd3S is directed to actively transcribed genes by binding of the
Rpd3S subunit Eaf3 to nucleosomes via an association of the Eaf3
chromodomain (CHD) with methylated H3K366,12. The specific
recruitment to H3K36 methylated nucleosomes is additionally

coupled to another Rpd3S subunit, Rco117. Recently, structures of the
H. sapiens SIN3B and the S. cerevisiae Rpd3L complex have been
determined18,19. These structures have provided the first structural
snapshots of the architecture of SIN3-HDAC complexes. How SIN3-
HDAC complexes engage their nucleosomal substrate to achieve a
broad substrate specificity for acetylated H3 and H4 histones, how-
ever, remains elusive.

Here we provide the cryogenic electron microscopy (cryo-EM)
structure of the complete Rpd3S complex bound to a nucleosome at
an overall resolution of 2.8 Å. The structure reveals the architecture of
the Rpd3S complex with a core formed by subunits Rpd3, Sin3, Rco1,
and Eaf3, and an auxiliary module that is composed of Ume1 and
second copies of Rco1 and Eaf3. Rpd3S recognizes the nucleosome via
multiple histone and DNA contacts. The Rco1 subunit binds the
H2A–H2B acidic patch and the core histone fold of H3. Both copies of
Eaf3 bind the trimethylatedH3K36. Additionally, Rpd3S positions itself
on the nucleosomal substrate by interacting with nucleosomal DNA at
super helical locations (SHLs) 1, 1.5, 2, 6.5 and extranucleosomalDNAat
SHL 7.5 and 8. Binding of Sin3 into the catalytic tunnel of Rpd3 and
modulation of Sin3 binding by Rco1 provides additional levels of reg-
ulatory control to achieve substrate specificity in a chromatin envir-
onment. Our structure explains why the Rpd3S complex does not
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require inositol phosphate for enzymatic activity as Sin3 binds an
important surface of Rpd3 that is occupied by inositol phosphate in
other class I deacetylases. Interestingly, the Ume1 subunit associates
with the Eaf3 subunit of the Rpd3S complex in amanner that is distinct
from its association with the related Rpd3L complex. Together, our
structure elucidates how Rpd3S engages a mononucleosome and
provides the structural basis for understanding how the Ume1 subunit
is coordinated within Rpd3S.

Results
Rpd3S-nucleosome complex assembly and cryo-EM
To obtain the structure of the nucleosome bound Rpd3S complex, we
recombinantly expressed and purified S. cerevisiae Rpd3S with sub-
units Sin3, Rpd3, Ume1, Rco1, and Eaf3 (Fig. 1a) in insect cells using a

baculovirus expression system (Supplementary Fig. 1a). We generated
a nucleosomal substrate with a modifiedWidom 601 sequence and 30
and 31 base pairs of extranucleosomal DNA on the DNA entry and exit
side (Methods, Supplementary Fig. 1b-d). The nucleosome contains a
chemically generated analogue of histone H3 with lysine residue 36
trimethylation (H3K36Cme3)20, and histone H4 proteins with lysine
residue 16 acetylation21 (Methods).

We formed a stable complex betweenRpd3S and the nucleosome,
purified the complex by size-exclusion chromatography, and selected
fractions containing the assembled Rpd3S-nucleosome complex
(Supplementary Fig. 1e, f, Methods). The selected fractions underwent
mild cross-linking using glutaraldehyde, followed by dialysis, and
subsequent cryo-EM preparation. The sample was then subjected to
single particle cryo-EM analysis on a Titan Krios microscope. We were

Fig. 1 | Structural overviewof thenucleosomeboundRpd3S complex. aDomain
architecture of Rpd3S subunits. Domain borders are indicated. Black lines indicate
modelled regions. Domain boundaries are indicated by residue number.
b Composite single-particle reconstruction of Rpd3S-nucleosome complex (map
H). DNA, H2A, H2B, H3, H4, Sin3, Rpd3, Ume1, Rco1A, Eaf3A, Rco1B, and Eaf3B are

colored in light blue, yellow, red, dodger blue, chartreuse, purple, orange, green,
dark yellow, dark red, light yellow, and light red, respectively. Color code used
throughout. Ume1 density is shown from map G. c Atomic model of Rpd3S-
nucleosome complex. Dyad axis indicated with black oval on white background.
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able to reconstruct the Rpd3S-nucleosome complex from 481,141
particles, with an overall resolution of 2.8Å (Fig. 1, Supplementary
Figs. 2–4, Supplementary Table 1, Supplementary Movie 1). Additional
masked refinements yielded reconstructions of the nucleosome and
the Rpd3S complex at resolutions of 2.7 Å and 2.9Å, respectively
(Supplementary Fig. 2). We docked a known crystal structure of the
nucleosome into the density and manually built the extranucleosomal
DNA22. AlphaFold2 predictions for the Rpd3S subunits were fit into
corresponding densities. The model was subsequently inspected,
manually rebuilt, and real-space refined (Supplementary Fig. 4, Meth-
ods). Together, this resulted in an atomic model of the complete
Rpd3S-nucleosome complex with good stereochemistry (Fig. 1c, Sup-
plementary Tables 2, 3).

Our model suggests that the Rpd3S complex is comprised of
single copies of Sin3, Rpd3, and Ume1, alongside two copies of Rco1
and Eaf3 (Fig. 1). The Rpd3S complex containing two copies of Rco1 is
consistent with in vitro data17. It was previously unknown that two
copies of Eaf3 were present within the Rpd3S complex. This observa-
tion, however, is consistent with previous findings that the Rpd3S
complex preferentially engages dinucleosomal substrates16. In our
structure, we observe binding of the Eaf3 chromodomains to the
H3K36Cme3 analog of both H3 histones on both sides of the nucleo-
some (Fig. 1b, c).

Overall architecture of the complete Rpd3S complex
The Rpd3S complex is positioned above one face of the nucleosomal
disk (Fig. 2). The Rpd3S core module consists of Rpd3, Sin3, one copy
of Rco1 and Eaf3 (Fig. 2a). Our cryo-EM map enables the confident
modeling of side-chain residues for these components (Supplemen-
tary Table 3). The coremodule positions the Rpd3 histone deacetylase
subunit centrally and positions it above the N-terminal tail of H4
(Fig. 2a). Rpd3 adopts a fold that is highly similar to other class I HDAC
enzymes consisting of a single ɑ/β domain that contains an eight-
stranded parallel β-sheet sandwiched between 13 α-helices23. Impor-
tantly, the catalytic tunnel of Rpd3 with the deacetylase active site is
oriented towards thenucleosomaldisk. All other subunits of Rpd3Sare
arranged around Rpd3 and form an extensive network of inter-subunit
contacts (Fig. 2a).

Sin3 scaffolds the Rpd3S complex17 and envelopes Rpd3 with its
paired amphipathic helix domain 3 (PAH3), its middle domain, the
HDAC interacting domain (HID), and the C-terminal region of Sin3 that
encompasses a region (Sin3 residues 966-1142) N-terminal of the PAH4
domain, the PAH4 domain itself and the highly conserved region
(HCR) (Figs. 1a, 2b). The arrangement of Rpd3 in relation to Sin3
resembles the interaction observed in the Rpd3L complex18 (Supple-
mentary Fig. 5). In contrast to other class I HDACs, Rpd3 does not
interact with inositol phosphate19,24. Instead Sin3 HID residues Glu811
and Glu812 insert into the Rpd3 basic patch and form an electrostatic
network with Rpd3 residues Lys41, Arg280, and Arg316 (Fig. 2c, Sup-
plementary Fig. 6). Consequently, the presence of Sin3 makes the
requirement of inositol phosphate obsolete in the Rpd3S complex.
Like theH. sapiens SIN3B complex, a loop (“gate loop”) in the Sin3 HID
inserts into the catalytic tunnel of Rpd319 (Fig. 2d, e).

Beyond Sin3, one copy of Rco1 (Rco1A) serves as an additional
scaffold and plays a key role in organizing the Rpd3S core module
(Fig. 3). The N-terminus of Rco1A (Rco1A residues 78-130) interacts with
the Sin3 HID domain (Fig. 3b, Supplementary Fig. 5), mirroring the
interaction seen between Sds3 and the Sin3 HID domain in the Rpd3L
complex18,25. Rco1A meanders across the surface of Rpd3 via residues
163-190 and complements Rpd3’s β-sheet by contributing an addi-
tionalβ-strand (Rco1A residues 176-179) (Fig. 3c). Notably, in the Rpd3L
complex, Dep1 engages in similar contacts across the Rpd3 surface but
does not augment the Rpd3 β-sheet18,25 (Supplementary Fig. 5). Via its
PHD finger 1 (PHD1) and Sin3 interacting domain (SID), Rco1A forms a
heterodimer with one copy of Eaf3 (Eaf3A) (Fig. 3d). This interaction is

mediated by the Eaf3 MORF4-related gene (MRG) domain and ratio-
nalizes how deletion of the Rco1A SID results in dissociation of Eaf3
from the Rpd3S complex26. A Rco1A region connecting the SID domain
and PHD2 contact the Sin3 gating loop. The Rco1A PHD2 packs against
Rpd3, the Sin3 C-terminal region, and Sin3 PAH3 domain (Fig. 3e). The
C-terminus of Rco1A then forms the interface with the second copy of
Rco1 (Rco1B) and Eaf3 (Eaf3B) (Fig. 3f). The additional copies of Rco1
and Eaf3 form the auxiliarymodule that sits near the extranucleosomal
DNA on the Sin3 side of the nucleosome (Fig. 2a).

The interface of Rco1B and Eaf3B is less resolved, so AlphaFold2
predictions of these domains were rigid body docked into the sec-
ondary features visualized in our cryo-EM map (Supplementary
Table 3). This interface appears highly similar to the Rco1A and Eaf3A
interface and is again formed by the Eaf3 MRG domain and the Rco1
PHD1 and SID (Fig. 3d, f).

Ume1 is positioned between Sin3 and the Eaf3B chromodomain
During cryo-EM analysis, we discovered an additional density between
the Eaf3B chromodomain and the Sin3 HCR (Supplementary Figs. 2, 7).
Further classification and refinements revealed density that resembled
a WD40 repeat domain-like fold (Supplementary Fig. 2). Using the S.
pombe Sin3S complex as an initial model27, we identified this extra
density as the Ume1 subunit. While our resolution is currently insuffi-
cient for accurateUme1positioning,we can clarify its globalplacement
relative to other Rpd3S subunits (Supplementary Table 3). Recent
structures of Rpd3L and S. pombe Sin3S show that Ume1 is primarily
coordinated by the Sin3HCRdomain18,25. TheUme1-binding part of the
Sin3 HCR domain is only flexibly tethered to the Rpd3S core, ratio-
nalizing why we can observe Ume1 only at limited resolutions of
greater than 8Å. In addition to Ume1 being in close proximity to the
Sin3 HCR domain, we observe that Ume1 is positioned near the chro-
modomain of Eaf3B. Specifically, the backside of the Eaf3B chromo-
domain is oriented towards the WD40 repeat domain of Ume1
(Supplementary Fig. 7). Our data explain previous genetic and bio-
chemical observations where it was observed that the Sin3 PAH3
domain was essential for Ume1 association with Rpd3S28. The PAH3
domain coordinates Rco1 and Eaf3B of the auxiliary module16,17, sug-
gesting that the Ume1 positioning we observe near Eaf3B could con-
tribute to Ume1 incorporation into Rpd3S28 in the context of the
nucleosome but is not necessarily required29. Ume1, Rpd3, and Sin3
can form a complex in the absence of Eaf329.

Rpd3S-nucleosome contacts
The distinct architecture of the Rpd3S complex facilitates various
interactions between its constituent subunits and both nucleosomal
and extra-nucleosomal DNA and histones (Fig. 4a). These interactions
are mediated via subunits Sin3, Rco1, and Eaf3.

Firstly, Sin3 contacts the DNA phosphate backbone at SHL 2 via
the C-terminal region of Sin3 (Fig. 4b). Specifically, Sin3 residues
Lys940 and Lys1244 and Gln937 and Gln1222 contact both strands of
the nucleosomal DNA via electrostatic interactions at SHL 2.

Secondly, Rco1A contacts extranucleosomal DNA via its SID
(residues Lys320, Lys321, and Lys 328) at SHL 8 (Fig. 4c). This inter-
action of Rco1A rationalizes the requirement for the Rco1 SID and
extranucleosomal DNA for nucleosomal substrate binding by the
complex7,17. Due to the asymmetric arrangement of the auxiliary Rco1B/
Eaf3B module, the interaction is not mirrored by the Rco1B SID. Addi-
tionally, we observe Rco1A arginine 384 is positioned near the phos-
phate backbone of the nucleosomal DNA at SHL ~1.5.

Thirdly, Eaf3 interfaces with both nucleosomal DNA and extra-
nucleosomal DNA (Fig. 4d, e). Specifically, both Eaf3 copies contact
nucleosomalDNA at SHL + 6.5 and −6.5 via lysine residue 85 in the Eaf3
chromodomains (Fig. 4d, e). The Eaf3 chromodomain lysine residue 26
contacts the nucleosomal DNA at SHL 1.5. Furthermore, a helix in the
Eaf3 chromodomains projects towards the linker DNA on both sides of
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Fig. 2 | Rpd3S modules and Sin3-Rpd3 interactions. a Overview highlighting the
Rpd3S core module with Rpd3, Sin3, Rco1A, and Eaf3A, and the auxiliary module
withRco1B, Eaf3B, andUme1.bSin3 encircles Rpd3 and interactswith theHDAC fold
of Rpd3 via multiple domains. c Detailed interaction of Sin3 via residues Sin3

residues Glu811 and Glu812 with Rpd3 residues Lys41, Arg280, and Arg316 reveals
allosteric activation of Rpd3 by Sin3. d View as in b with 180° rotation. e The Sin3
gating loop binds the Rpd3 HDAC fold.
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the nucleosome with lysine residues 129 and 130 placed near the
extranucleosomal DNA at SHL ± 7.5 (Fig. 4d, e, Supplementary Fig. 8a).
The low resolution within this region limits confidence that a direct
contact with DNA occurs via Rco1A lysine residues 129 and 130, but
their relative placement rationalizes previous observations that Rpd3S
requires extranucleosomal DNA for optimal binding7. This interaction
induces a ~30° bend in the extra-nucleosomal DNA (Supplementary
Fig. 8b, c).

Rpd3Salso interactswith theH2A–H2Bacidicpatch.We identified
residues interacting with the H2A–H2B acidic patch on the Rpd3S-
facing side of the nucleosomal disc (Fig. 4f). The cryo-EM density was,

however, ambiguous in this region and could only be broadly assigned
to the N-terminus of Rco1. To identify the interface, we used Alpha-
Fold2 multimer predictions of the N-terminal Rco1 with H2A–H2B and
identified a Rco1 region encompassing residues 30-65 as a likely can-
didate for H2A–H2B acidic patch binding (Supplementary Fig. 5d, e).
The binding is mediated by a canonical arginine anchor that inserts
into the acidic patch30 and forms interactions with H2A residues Glu61,
Asp90, and Glu92 (Fig. 4f). It is possible that the acidic patch serves as
an anchor for Rpd3S to both promote recruitment to the nucleosome
and enhance deacetylase activity, a model that is consistent with other
known histone deacetylase-nucleosome interactions31,32.

Fig. 3 | Rco1 interactions in the Rpd3S complex. a Overview of Rco1 interactions
with Sin3, Rpd3, and Eaf3. Interfaces shown in b-f are highlighted. b Interaction of
the Rco1A N-terminus with the Sin3 HID. Interacting residues Rco1A Glu98 and Sin3
Lys896 and Arg897 are shown as sticks. c Rco1A complements the eight-strand β-
sheet of Rpd3. d Rco1A SID and PHD1 form a heterodimer with Eaf3A. e Rco1A PHD2

and the linker region of Rco1A are located below Rpd3 and interact with the Sin3
linker, gating loop (HID), and PAH3. f The Rco1B–Eaf3B interface is similar to the
Rco1A–Eaf3A heterodimerization interface. Additionally, Rco1A packs against the
Rco1B SID and the MRG domain of Eaf3B.
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Together, these interactions position the Rpd3S complex above
the N-terminal tail of histone H4 and in close proximity to the H3
N-terminal tail, explaining how the Rpd3S complex can achieve a wide
substrate specificity and deacetylate a broad range of acetylated resi-
dues on both H3 and H4.

Eaf3 interaction with methylated H3K36
The recruitment of the Rpd3S complex to regions of active gene
transcription is facilitated by the interaction between the Eaf3 chro-
modomain and the trimethylated lysine residue 36 of histone H3
(Fig. 5a, b, Supplementary Fig. 9a). Our structure highlights thebinding
of both Eaf3 copies to the trimethylated histone tails. Situated at
SHL ± 1, the Eaf3 chromodomains interact with nucleosomal DNA at
SHL ± 1 and on the opposite DNA gyre at SHL ± 6.5. This interaction
across DNA gyres is reminiscent of the engagement of the LEDGF
PWWP domain with the trimethylated H3K36 nucleosome33

(Supplementary Fig. 9b). Interaction with both DNA gyres positions
the Eaf3 chromodomains proximal of the H3 tail, allowing the tri-
methylated H3K36C analogue to insert into the Eaf3 chromodomain
aromatic cage that is formed by Eaf3 residues His18, Tyr23, Tyr81,
Trp84, andTrp88 (Fig. 5a, b). The binding of nucleosomalDNA and the
trimethylated histone tail is identical for both Eaf3 chromodomains
(Supplementary Fig. 9a). Interestingly, both Eaf3 chromodomains
interact with the same nucleosome in our structure. It is plausible,
however, that oneof the Eaf3 chromodomains can engageneighboring
H3K36me3 nucleosomes. This mechanism could explain how the
Rpd3S complex can execute processive deacetylation of nucleosomes
by spreading to neighboring nucleosomes16.

Interaction of the Rpd3S active site with an H3/H4 substrate
Our cryo-EM analysis revealed density for a seven amino acid long
peptide in the active site of Rpd3 (Fig. 5c). The density is of sufficiently

Fig. 4 | The Rpd3S complex forms extensive contacts with the nucleosome.
a Overview of Sin3, Rco1, and Eaf3 interaction interfaces with nucleosomal, extra-
nucleosomal DNA, H3 and the H2A–H2B acidic patch. Interfaces shown in b-f are
highlighted.b Sin3 contacts thephosphate backbone of nucleosomalDNAat SHL 2.
c Rco1A interacts with the phosphate backbone of extranucleosomal DNA at SHL 8.

d Eaf3A contacts both DNA gyres at SHL 1 and 7.5 and is positioned near extra-
nucleosomal DNA at SHL8. e Eaf3B interacts with nucleosomal DNA similar to
EAF3A. f Rco1 interacts via an N-terminal arginine residue with the H2A-H2B acidic
patch. Interaction of the arginine residue with H2A residues Glu61, Asp90, and
Glu92 are shown as sticks. Heteroatoms are colored canonically.
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high quality that we can assign a centrally located lysine residue that
projects towards the Rpd3 active site and three amino acids of
unknown identity on the N- and C-terminal site of the lysine residue.
This heterogeneity is expected as Rpd3S has a broad substrate speci-
ficity for lysine residues of the H3 and H4 tails, resulting in a hetero-
geneous mixture of possible H3 and H4 substrates bound by the Rpd3
active site. Consistent with the binding of the peptide, the Sin3 gate
loop is in a flipped position that facilitates binding of the peptide19

(Fig. 5c). Like the H. sapiens SIN3B complex, the gate loop participates
in stabilizing the peptide substrate in the Rpd3 active site19. Impor-
tantly, the Sin3 gate loop is additionally stabilized by hydrogen bonds
between the backbone of Rco1A Tyr391 and Sin3 Arg799 (Fig. 5c).
Additionally, residues connecting the SID and PHD2 of Rco1A form a
hydrophobic pocket that the Sin3 gating loop residue Ile796 inserts
into (Fig. 5c). Conversely, the Sin3 gate loop is likely positioned to fully
cover the catalytic tunnel of Rpd3 and prevent association of any
substrate within the active site of Rpd3 in the absence of a histone
substrate19.

Discussion
Herewe report the structure of the complete Rpd3S complex engaging
a nucleosomal substrate. Our structure describes the subunit com-
position of the Rpd3S complexwith one copy of Rpd3, Sin3, andUme1,
and two copies of Rco1 and Eaf3.While we do not have any evidence to
suggest additional copies of subunits present in the Rpd3S complex,
future work will focus on fully characterizing the Rpd3S stoichiometry
in higher-order chromatin contexts. Our findings demonstrate the
importance of Sin3 and Rco1 as constitutive scaffolding proteins in the
Rpd3S complex. We show how DNA and histone contacts between
Rpd3S and the nucleosome position Rpd3 above the nucleosome to
guarantee broad substrate specificity. Additionally, the structural work
clarifies allostericmechanismsofSin3 binding toRpd3 todrive binding
of appropriate substrates and achieve substrate specificity. Together,
our structure provides an overview of a complete Sin3-HDAC complex
with all its subunits bound to its nucleosomal substrate.

Our structure clarifies the core architecture of Sin3-HDAC com-
plexes bound to a nucleosomal substrate. The centrally located

Fig. 5 | The Eaf3 chromodomains bind the H3K36Cme3 analogue. a, b The
chromodomain of Eaf3A and Eaf3B bind the H3K36Cme3 analogue via an aromatic
cage formed by Eaf3 residues His18, Tyr23, Tyr81, Trp84, and Trp88. The binding
mode for both H3K36Cme3 analogues to Eaf3 is conserved. c The peptide lysine

residue inserts into the active site. Upon binding, the Sin3 gating loop undergoes a
conformational rearrangement to accommodate the substrate peptide. Rco1A
further stabilizes the rearranged gating loop. Important interactions are indicated.
Zn2+ ion in the Rpd3 active site and its coordination is indicated.
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histone deacetylase subunit is positioned above the nucleosomal disk,
Sin3/SIN3 is organized around the deacetylase, and Rco1 (or structural
homologues) bridge towards additional subunits that can thenprovide
nucleosome specificity. In contrast to other HDACs such as the
MiDAC34, SMRT HDAC335 or NuRD36 complexes, Sin3-containing com-
plexes do not require the co-factor inositol phosphate as
Sin3 substitutes for inositol phosphate19,36. Binding of Sin3 in the cat-
alytic tunnel of Rpd3 provides additional regulatory control over the
binding of histone substrates. As H. sapiens Sin3-HDAC complexes are
attractive targets of novel drug inhibitors against human diseases37,
the Rpd3S complex presents an initial framework that can guide novel
small-molecule inhibitor studies. Going forward, this initial work will
help to elucidate how the Rpd3S complex acts co-transcriptionally in a
chromatin environment.

During manuscript preparation, multiple preprints and one peer-
reviewed manuscript reporting Rpd3S-nucleosome complex struc-
tures missing the Ume1 subunit became available24,38,39. Overall, these
structures corroborate our findings and support the significance of
extensive multivalent nucleosome interactions in facilitating effective
deacetylation. Notably, Guan et al. describe the Rpd3S core as identical
to ours anddemonstrates the importance of Rco1A in deacetylating the
H3 and H4 N-terminal tails, but is missing the Rco1A-acidic patch
interaction and Ume139.

Methods
No statistical methods were used to predetermine sample size. The
experiments were not randomized, and the investigators were not
blinded to allocation during experiments and outcome assessment.

Cloning and expression of the Rpd3S complex
S. cerevisiae Sin3, Rpd3, Ume1, Rco1, and Eaf3 were amplified from S.
cerevisiae genomic DNA from strain BJ5464 and cloned into the Mac-
roLab 438 vector series for expression in insect cells using ligation-
independent cloning. TheMacroLabvector series is based onpFastBac
vectors. Rpd3wascloned into the438-C vectorwith anN-terminalHis6
tag, followed by a maltose binding protein (MBP) tag, a 10 amino acid
linker, and a TEV protease cleavage site. All other subunits were cloned
into 438-A vectors with no tag. All subunits were then combined into
the pBigBac1a vector40. Bacmid, virus, and protein production were
then performed as previously described41. The Rpd3S complex was
expressed in Hi5 insect cells.

Purification of the Rpd3S complex
The Rpd3s complex was purified from 600mL Hi5 insect cells. Cells
were resuspended in lysis buffer (300mM NaCl, 20mM Na·HEPES pH
7.4 at 25 °C, 10% (v/v) glycerol, 30mM imidazole pH 8, 1mM TCEP pH
8, 0.284 µgml–1 leupeptin, 1.37 µgml–1 pepstatinA, 0.17mgml–1 PMSF
and 0.33mgml–1 benzamidine) and lysed by sonication. Lysed cells
were subsequently centrifuged and then ultra-centrifuged. The
supernatant was then cleared through a0.45 µM filter, and then loaded
onto a 5mL HisTrap HP (Cytiva) column equilibrated in lysis buffer.
After 10 CV washes with lysis buffer, a self-packed XK column (Cytiva)
with 15mLof Amylose resin (New England Biolabs)was attached to the
HisTrap column. Sample was directly eluted onto the Amylose column
with 25mL nickel elution buffer (300mM NaCl, 20mM Na·HEPES pH
7.4 at 25 °C, 10% (v/v) glycerol, 500mM imidazole pH 8, 1mMTCEPpH
8). The HisTrap column was then removed, and the Amylose column
waswashed with 5 CV lysis buffer. The Rpd3S complex was eluted with
5 CVAmylose Elution buffer (300mMNaCl, 20mMNa·HEPES pH7.4 at
25 °C, 10% (v/v) glycerol, 30mM imidazole pH 8, 116.9mM maltose,
1mM TCEP pH 8). Fractions containing intact Rpd3S complex were
pooled,1.5mg of TEV protease was added to remove the N-terminal
His6-MBP tag, and immediately dialyzed into dialysis buffer (100mM
NaCl, 20mM Na·HEPES pH 7.4 at 25 °C, 10% (v/v) glycerol, 30mM
imidazole pH 8, 1mM TCEP pH 8) overnight at 4 °C. The next day, the

Rpd3S complex was applied to a 5mL HiTrap Q (Cytiva) column
equilibrated in dialysis buffer. TheRpd3S complexwaselutedwith a 20
CV gradient with high salt buffer (1M NaCl, 20mMNa·HEPES pH 7.4 at
25 °C, 10% (v/v) glycerol, 30mM imidazole pH 8, 1mM TCEP pH 8).
Fractions containing intact complex were concentrated using an
Amicon 100,000 MWCO centrifugal filter unit (Millipore). The con-
centrated sample was applied to a Superose 6 Increase 10/300 GL
(Cytiva) equilibrated in gel filtration buffer (300mM NaCl, 20mM
Na·HEPES pH 7.4 at 25 °C, 10% (v/v) glycerol, 1mM TCEP pH 8). The
elutionwas fractionated and analyzed by SDS-PAGE. Rpd3S-containing
fractions were concentrated with an Amicon 100,000 MWCO cen-
trifugal filter unit (Millipore), aliquots were frozen in liquid nitrogen,
and stored at −80 °C.

Expression and purification of acetylated lysine 16 histone H4
Expression of H4K16Ac was performed as previously described21.
Briefly, H3-H4K16Amber plasmid and pACKRS plasmid were co-
transformed into a C321Δ E. coli expression strain. Picked colonies
were placed into LB and grown at 37 °C. Once the OD reached 0.8,
20mM NAM and 10mM acetyllysine were added to the flasks. After
30min, 0.2 (w/v) % arabinose was added to the flasks. Cells were then
grown at 37 °C for 16 h. Pellets were harvested, and then purification of
the expressed histone was carried out as described21.

Expression and purification of histone H2A, H2B, and H3K36C
Histones H2A, H2B, and H3K36C were expressed and purified as
described41,42. TheH3K36Cmutant was generated by ‘Round-The-Horn
site-directed mutagenesis.

Preparation of H3K36Cme3
H3K36Cme3 was generated as described33,43.

Preparation of nucleosomal DNA
The following templatewith a TsprI site andmodifiedWidom601were
inserted into a pIDTSmart-Kan vector (IDT): 5’-ACGAAGCGTAGCATC
ACT GTC TTG TGT TTG GTG TGT CTG GGT GGT GGC CGT TTT CGT
TGT TTT TTT CTG TCT CGT GCC AGG AGA CTA GGG AGT AAT CCC
CTT GGC GGT TAA AAC GCG GGG GAC AGC GCG TAC GTG CGT TTA
AGC GGT GCT AGA GCT GTC TAC GAC CAA TTG AGC GGC CTC GGC
ACC GGG ATT CTG ATA TCG CGC GTG ATC TTA CGG CAT TAT ACG
TA-3’ using the same approaches as previously described44.

DNA was prepared using large-scale PCRs in the same way as
previously described44 with primers 5ʹ-ACG AAG CGT AGC ATC ACT
GTC TTG-3ʹ and 5ʹ-TAC GTA TAA TGC CGT AAG ATC ACG CG-3ʹ. The
TspRI site was cleaved resulting in a 30bp double-stranded DNA
overhang on one side of the nucleosome and a 9-nt overhang single-
stranded DNA followed by a 31 bp overhang on the other side of the
nucleosome.

Octamer formation and nucleosome reconstitution
Histone octamers were formed as described41,42. Nucleosomes were
reconstituted using a salt-gradient dialysis. Nucleosomes were subse-
quently purified by native PAGE using a PrepCell (Bio-Rad) and con-
centrated using an Amicon 30,000 MWCO centrifugal filter unit
(Millipore). Nucleosome concentration was quantified by absorbance
at 280 nm. The molar extinction coefficient of the nucleosome was
obtained by summing themolar extinction coefficients of the octamer
and the DNA components at 280 nm.

Complex formation for cryo-EM
100 µL of nucleosome (0.9 µM) and Rpd3S (1.8 µM) were mixed on
ice for 1 h in S6 buffer (50mM NaCl, 20mM Na·HEPES pH 7.4 at
25 °C, 1 mM TCEP pH 8, 4 % (v/v) glycerol). Sample was then applied
to a Superose 6 Increase 3.2/300 column (Cytiva) equilibrated in S6
buffer. Fractions were analyzed by SDS-PAGE and then briefly cross-
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linked as previously described. Sample was dialyzed into dialysis
buffer (50mM NaCl, 20mM Na·HEPES pH 7.4 at 25 °C, 1 mM TCEP
pH 8) for 3 h.

Quantifoil R2/1 on 200 Mesh copper grids were glow discharged
for 30 s at 15mA using a Pelco Easiglow plasma discharge system. 4μL
of dialyzed sample was applied to grids for 8 s, blotted for 5 s with a
blot force of 8, and vitrified by plunging into liquid ethane using a
Vitrobot Mark IV (FEI) at 5 °C and 100 % humidity.

Cryo-EM data collection
Cryo-EM data was collected on a ThermoFisher Titan Krios at 300 keV
equipped with a Gatan K3 direct electron detector and a Gatan Bio-
Quantum energy filter. Data collection was automated using EPU
software. Data was collected at a pixel size of 0.822 Å with a defocus
range of −0.5 to −2.25 µm. The data set yielded 32,564 micrographs
with 50movie frames at an exposure timeof 1.92 swith anelectronflux
of 17.983 e- Å−2 s−1 for a total exposure of 51.1 e- Å−2.

Cryo-EM data processing
Initial data processing was performed in cryoSPARC (v4.1.0)45. Movie
alingment was performed using patch motion correction followed by
patch CTF estimation. Blob picker was then used and 8,797,734 par-
ticles were extracted at a box size of 450 pixels and binned by two.
Particles were split into half (4,638,532 particles and 4,159,202 parti-
cles) and four rounds of heterogenous refinement were performed to
enrich for Rpd3S bound nucleosome. Remaining Rpd3S-bound parti-
cles were combined, un-binned, and subjected to homogenous
refinement. Global and local CTF refinements were performed, and
after non-homogenous refinement of the remaining 481,141 particles,
we obtained a 2.8 Å map (map A). Local masked refinements for the
nucleosome (map B—2.7 Å) and Rpd3S (map C—2.9 Å) allowed us to
visualize features at greater detail. To enrich for the Eaf3 CHD-
H3K36Cme3 interactions, we performed masked classifications with-
out image alignments in RELION46 (v4.0) with masks encompassing
Eaf3A CHD or Eaf3B CHD. After classifications, particles were
re-imported to cryoSPARC and masked local refinement on the
nucleosome provided clear density for Eaf3A CHD (map F—2.9Å) and
Eaf3B CHD (map E—3.0Å). A similar approach was used to visualize the
auxiliary Rco1B—Eaf3B module: after classifications with a mask
encompassing Rco1B—Eaf3B in RELION, particles were re-imported to
cryoSPARC and masked local refinement on Rpd3S provided clear
density for Rco1B—Eaf3B (map D—3.3 Å). After five rounds of hetero-
genous refinement in cryoSPARC enriching for particles containing
Ume1, non-uniform refinement provided a map with clear density
corresponding toUme1 (mapG—4.0 Å). A compositemapofmapsA, B,
C, D, E, F and G was created using FrankenMap47,48 (map H) and shar-
pened in cryoSPARC.

Model building and refinement
AlphaFold generated models of Rpd3S components were manually
rigid body docked into map H with the aid of S. pombe Sin3S (PDB
8I02) and locally adjusted in Coot49. The nucleosome (PDB 3LZ0)
was rigid body docked into map H22 and locally adjusted in Coot.
DNA trajectories were de novo built in UCSF ChimeraX and locally
adjusted in Coot. An arginine inserting into the nucleosome acidic
patch could be modeled de novo with adjacent residues visible.
Since the adjacent residues could not be identified, they have been
labeled as unknown in the model. A lysine in the Rpd3 active site
could be modeled de novo with three adjacent residues on both
sides visible. Since the adjacent residues could not be identified,
they have been labeled as unknown in the model. The resolution of
Ume1 is not sufficient for confident assignment of residues, so it
was not included in the PDB deposition. All models were subse-
quently real-space refined in PHENIX50 with secondary restraints
using map H.

Rco1-H2A-H2B Alphafold multimer prediction
AlphaFold multimer predictions for the Rco1-H2A-H2B acidic patch
interaction were generated with AlphaFold multimer predictions
(v2.3.1). The predictions were seeded with sequences for S. cerevisiae
H2A.1 (P04911), S. cerevisiae H2B (P02293), and S. cerevisiae Rco1
(residues 1-79, Q04779). The AlphaFold multimer prediction yielded
two potential canonical arginine anchors (Rco1 residues Arg38
and Arg51).

Figure generation
All figures were generated using Adobe Illustrator, GraphPad Prism,
and UCSF ChimeraX v1.551. Supplementary Fig. 8 used PDB https://doi.
org/10.2210/pdb5NL0/pdb52.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM reconstructions and finalmodels were depositedwith the
Electron Microscopy Data Base (maps A-H; accession code EMD-
41449) and with the Protein Data Bank (accession code 8TOF). Source
data are provided with this paper.

References
1. Kadosh, D. &Struhl, K. Repression byUme6 Involves Recruitment of

a Complex Containing Sin3 Corepressor and Rpd3 Histone Dea-
cetylase to Target Promoters. Cell 89, 365–371 (1997).

2. Rundlett, S. E., Carmen, A. A., Suka, N., Turner, B.M. &Grunstein,M.
Transcriptional repression by UME6 involves deacetylation of lysine
5 of histone H4 by RPD3. Nature 392, 831–835 (1998).

3. Vidal, M. & Gaber, R. F. RPD3 Encodes a Second Factor Required To
Achieve Maximum Positive and Negative Transcriptional States in
Saccharomyces cerevisiae. Mol. Cell. Biol. 11, 6317–6327 (1991).

4. Adams, G. E., Chandru, A. & Cowley, S. M. Co-repressor, co-
activator and general transcription factor: the many faces of the
Sin3 histone deacetylase (HDAC) complex. Biochem J 475,
3921–3932 (2018).

5. Carrozza, M. J. et al. Histone H3 Methylation by Set2 Directs Dea-
cetylation of Coding Regions by Rpd3S to Suppress Spurious
Intragenic Transcription. Cell 123, 581–592 (2005).

6. Keogh,M.-C. et al. Cotranscriptional Set2Methylation ofHistoneH3
Lysine 36 Recruits a Repressive Rpd3 Complex. Cell 123,
593–605 (2005).

7. Li, B. et al. Combined Action of PHD and Chromo Domains Directs
the Rpd3S HDAC to Transcribed Chromatin. Science 316,
1050–1054 (2007).

8. Kurdistani, S. K., Robyr, D., Tavazoie, S. & Grunstein, M. Genome-
wide binding map of the histone deacetylase Rpd3 in yeast. Nat.
Genet. 31, 248–254 (2002).

9. Drouin, S. et al. DSIF and RNA Polymerase II CTD Phosphorylation
Coordinate the Recruitment of Rpd3S to Actively Transcribed
Genes. PLoS Genet. 6, e1001173 (2010).

10. Lickwar, C. R. et al. The Set2/Rpd3S Pathway Suppresses Cryptic
Transcription without Regard to Gene Length or Transcription Fre-
quency. PLoS ONE 4, e4886 (2009).

11. Li, B. et al. Infrequently transcribed longgenes dependon the Set2/
Rpd3S pathway for accurate transcription. Genes Dev. 21,
1422–1430 (2007).

12. Joshi, A. A. & Struhl, K. Eaf3 Chromodomain Interaction with
MethylatedH3-K36 Links Histone Deacetylation to Pol II Elongation.
Mol Cell 20, 971–978 (2005).

13. Kim, J. H. et al. Modulation of mRNA and lncRNA expression
dynamics by the Set2–Rpd3S pathway. Nat. Commun. 7,
13534 (2016).

Article https://doi.org/10.1038/s41467-023-43968-8

Nature Communications |         (2023) 14:8128 9

https://doi.org/10.2210/pdb8I02/pdb
https://doi.org/10.2210/pdb8I02/pdb
https://doi.org/10.2210/pdb3LZ0/pdb
https://doi.org/10.2210/pdb5NL0/pdb
https://doi.org/10.2210/pdb5NL0/pdb
https://www.ebi.ac.uk/emdb/EMD-41449
https://www.ebi.ac.uk/emdb/EMD-41449
https://doi.org/10.2210/pdb8TOF/pdb


14. Smolle, M. & Workman, J. L. Transcription-associated histone
modifications and cryptic transcription. Biochimica Et Biophysica
Acta Bba - Gene Regul Mech 1829, 84–97 (2013).

15. Kaplan, C. D., Laprade, L. & Winston, F. Transcription Elongation
Factors Repress Transcription Initiation from Cryptic Sites. Science
301, 1096–1099 (2003).

16. Huh, J. et al. Multivalent di‐nucleosome recognition enables the
Rpd3S histone deacetylase complex to tolerate decreased H3K36
methylation levels. EMBO J. 31, 3564–3574 (2012).

17. Ruan, C. et al. Domain-containing Rco1 Subunit Constitutes a Cri-
tical Interaction Hub within the Rpd3S Histone Deacetylase Com-
plex*. J. Biol. Chem. 291, 5428–5438 (2016).

18. Guo, Z. et al. Structure of a SIN3–HDAC complex from budding
yeast. Nat. Struct. Mol. Biol. 30, 753–760 (2023).

19. Wan, M. S. M. et al. Mechanism of assembly, activation and lysine
selection by the SIN3B histone deacetylase complex. Nat. Com-
mun. 14, 2556 (2023).

20. Simon, M. D. et al. The Site-Specific Installation of Methyl-Lysine
Analogs into Recombinant Histones. Cell 128, 1003–1012 (2007).

21. Wilkins, B. J. et al. Genetically Encoding Lysine Modifications on
Histone H4. Acs Chem Biol 10, 939–944 (2015).

22. Vasudevan, D., Chua, E. Y. D. & Davey, C. A. Crystal Structures of
Nucleosome Core Particles Containing the ‘601’ Strong Positioning
Sequence. J Mol Biol 403, 1–10 (2010).

23. Somoza, J. R. et al. Structural Snapshots of Human HDAC8 Provide
Insights into the Class I Histone Deacetylases. Structure 12,
1325–1334 (2004).

24. Wang, X., Zhang, Y. & Cai, G. Structure of a Rpd3/HDAC holoen-
zymecomplexbound to the nucleosome. https://doi.org/10.21203/
rs.3.rs-2667786/v1 (2023).

25. Patel, A. B. et al. Cryo-EM structure of the Saccharomyces cerevi-
siae Rpd3L histone deacetylase complex. Nat. Commun. 14,
3061 (2023).

26. Ruan, C., Lee, C.-H., Cui, H., Li, S. & Li, B. Nucleosome Contact
Triggers Conformational Changes of Rpd3S Driving High-Affinity
H3K36me Nucleosome Engagement. Cell Rep. 10, 204–215 (2015).

27. Wang, C. et al. Two assembly modes for SIN3 histone deacetylase
complexes. Cell Discov. 9, 42 (2023).

28. Mallory, M. J. & Strich, R. Ume1p Represses Meiotic Gene Tran-
scription in Saccharomyces cerevisiae through Interaction with the
Histone Deacetylase Rpd3p*. J. Biol. Chem. 278,
44727–44734 (2003).

29. Chen, X.-F. et al. The Rpd3 Core Complex Is a Chromatin Stabili-
zation Module. Curr. Biol. 22, 56–63 (2012).

30. McGinty, R. K. & Tan, S. Principles of nucleosome recognition by
chromatin factors and enzymes. Curr. Opin. Struct. Biol. 71,
16–26 (2021).

31. Chio, U. S. et al. Cryo-EM structure of the human Sirtuin
6–nucleosome complex. Sci. Adv. 9, eadf7586 (2023).

32. Wang, Z. A. et al. Structural Basis of Sirtuin 6-Catalyzed Nucleo-
some Deacetylation. J. Am. Chem. Soc. 145, 6811–6822 (2023).

33. Wang, H., Farnung, L., Dienemann, C. & Cramer, P. Structure of
H3K36-methylated nucleosome–PWWP complex reveals multi-
valent cross-gyre binding. Nat. Struct. Mol. Biol. 27, 8–13 (2020).

34. Turnbull, R. E. et al. The MiDAC histone deacetylase complex is
essential for embryonic development and has a unique multivalent
structure. Nat. Commun. 11, 3252 (2020).

35. Watson, P. J., Fairall, L., Santos, G. M. & Schwabe, J. W. R. Structure
of HDAC3 bound to co-repressor and inositol tetraphosphate.
Nature 481, 335–340 (2012).

36. Millard, C. J. et al. Class I HDACs Share a Common Mechanism of
Regulation by Inositol Phosphates. Mol. Cell 51, 57–67 (2013).

37. Xu, W. S., Parmigiani, R. B. & Marks, P. A. Histone deacetylase
inhibitors: molecular mechanisms of action. Oncogene 26,
5541–5552 (2007).

38. Wang, H. & Cui, H. Structure of histone deacetylase complex
Rpd3S bound to nucleosome. https://doi.org/10.21203/rs.3.rs-
2374304/v1 (2023).

39. Guan, H. et al. Diverse modes of H3K36me3-guided nucleosomal
deacetylation by Rpd3S.Nature 1–7 (2023) https://doi.org/10.1038/
s41586-023-06349-1.

40. Weissmann, F. et al. biGBac enables rapid gene assembly for the
expression of large multisubunit protein complexes. Proc. Natl.
Acad. Sci. 113, E2564–E2569 (2016).

41. Farnung, L., Vos, S. M., Wigge, C. & Cramer, P.
Nucleosome–Chd1 structure and implications for chromatin
remodelling. Nature 550, 539–542 (2017).

42. Dyer, P. N. et al. Reconstitution of Nucleosome Core Particles from
Recombinant Histones and DNA. Methods Enzymol 375,
23–44 (2003).

43. Simon, M. D. & Shokat, K. M. Chapter Three A Method to Site-
Specifically Incorporate Methyl-Lysine Analogues into Recombi-
nant Proteins. Methods Enzymol 512, 57–69 (2012).

44. Filipovski, M., Soffers, J. H. M., Vos, S. M. & Farnung, L. Structural
basis of nucleosome retention during transcription elongation.
Science 376, 1313–1316 (2022).

45. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure deter-
mination. Nat. Methods 14, 290–296 (2017).

46. Zivanov, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. Elife 7, e42166 (2018).

47. Tegunov, D., Xue, L., Dienemann,C., Cramer, P. &Mahamid, J.Multi-
particle cryo-EM refinement with M visualizes ribosome-antibiotic
complex at 3.5 Å in cells. Nat. Methods 18, 186–193 (2021).

48. Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data
preprocessing with Warp. Nat. Methods 16, 1146–1152 (2019).

49. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr Sect. D Biol. Crystallogr 66,
486–501 (2010).

50. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr Sect D Struct. Biol. 74,
531–544 (2018).

51. Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges
in visualization and analysis. Protein Sci 27, 14–25 (2018).

52. Bednar, J. et al. Structure and Dynamics of a 197 bp Nucleosome in
Complex with Linker Histone H1. Mol. Cell 66, 384–397.e8 (2017).

Acknowledgements
We thank Manuel Osorio Valeriano, Felix Steinruecke, and Sophie Roth
for support with insect cell maintenance. We thank all members of the
Farnung lab for discussions. We thank The Harvard Cryo-EM Center for
Structural Biology at HarvardMedical School and theCryo-EM Facility at
MIT for support with data collection. S.M.V is supported by the NIH New
Innovator Award (DP2-GM146254) and The Smith Family Awards Pro-
gram for Excellence in Biomedical Research. L.F. is supported by The
Smith Family Awards Program for Excellence in Biomedical Research,
Rita Allen Foundation, the NIH New Innovator Award (DP2-ES036404),
and the Damon Runyon Rachleff Innovation Award in Cancer Research.

Author contributions
L.F. cloned the Rpd3S complex and performed bacmid and virus pro-
duction. J.W.M. expressed and purified protein components and con-
ducted all biochemical experiments. J.W.M. prepared the complexes for
cryo-EM. J.W.M collected an initial dataset and S.M.V. collected the final
cryo-EM dataset. J.W.M. processed all cryo-EM data with input from L.F.
L.F. designed research. S.M.V. and L.F. supervised research. J.W.M.,
S.M.V. and L.F. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-43968-8

Nature Communications |         (2023) 14:8128 10

https://doi.org/10.21203/rs.3.rs-2667786/v1
https://doi.org/10.21203/rs.3.rs-2667786/v1
https://doi.org/10.21203/rs.3.rs-2374304/v1
https://doi.org/10.21203/rs.3.rs-2374304/v1
https://doi.org/10.1038/s41586-023-06349-1
https://doi.org/10.1038/s41586-023-06349-1


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43968-8.

Correspondence and requests for materials should be addressed to
Seychelle M. Vos or Lucas Farnung.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-43968-8

Nature Communications |         (2023) 14:8128 11

https://doi.org/10.1038/s41467-023-43968-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structure of the complete Saccharomyces cerevisiae Rpd3S-nucleosome complex
	Results
	Rpd3S-nucleosome complex assembly and cryo-EM
	Overall architecture of the complete Rpd3S complex
	Ume1 is positioned between Sin3 and the Eaf3B chromodomain
	Rpd3S-nucleosome contacts
	Eaf3 interaction with methylated�H3K36
	Interaction of the Rpd3S active site with an H3/H4 substrate

	Discussion
	Methods
	Cloning and expression of the Rpd3S complex
	Purification of the Rpd3S complex
	Expression and purification of acetylated lysine 16 histone�H4
	Expression and purification of histone H2A, H2B, and�H3K36C
	Preparation of H3K36Cme3
	Preparation of nucleosomal�DNA
	Octamer formation and nucleosome reconstitution
	Complex formation for cryo-EM
	Cryo-EM data collection
	Cryo-EM data processing
	Model building and refinement
	Rco1-H2A-H2B Alphafold multimer prediction
	Figure generation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




