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Abstract

Histone deacetylase 1 and 2 (HDAC1/2) regulate histone acetylation as catalytic and structural components of six unique multiprotein complex
families: SIN3, NuRD, CoREST, MIDAC, MIER, and RERE. Co-immunoprecipitation of HDAC1-Flag followed by mass spectrometry revealed that
92% of HDAC1 in mouse embryonic stem cells resides in three complexes, NURD (49%), CoREST (28%), and SIN3 (15%). We compared the
structures of MTAT:HDAC1 and MIDEAS:HDAC1 to identify critical binding residues on the surface of HDAC1. Surprisingly, a single mutation,
Y48E, disrupts binding to all complexes except SIN3. Rescue experiments performed with HDAC1-Y48E in HDAC1/2 double-knockout cells
showed that retention of SIN3 binding alone is sufficient for cell viability. Gene expression and histone acetylation patterns were perturbed in
both Y48E and a second mutant cell line, HDAC1-E63R, indicating that cells require a full repertoire of the HDAC1/2 complexes to regulate their
transcriptome appropriately. Comparative analysis of MTA1/HDAC1 and SIN3B/HDAC2 structures confirmed the differential modes of HDAC1
recruitment, with Y48 interacting with ELM2/SANT domain-containing proteins, but not SIN3. The E63R mutation shows markedly reduced
binding to NuRD and MiDAC complexes but retains some CoREST binding. We provide novel molecular insights into the abundance, co-factors
and assemblies of this crucial family of chromatin modifying machines.
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Introduction the N-terminal tails of all four core histones leads to a loos-
The post-translational modification of histones is a fundamen-  ening of chromatin structure as well as providing binding
tal mechanism for the regulation of chromatin organization  sites for acetyl-lysine reader proteins [1]. Critically, histone
in all eukaryotes. Acetylation of highly conserved lysines in  acetylation is a dynamic process, with a half-life of 30-120
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min [2, 3], due to the interplay of histone acetyltransferase
(HAT) and histone deacetylase (HDAC) enzymes. HDAC1 and
HDAC2 (HDAC1/2) are highly conserved paralogues that
serve as common catalytic components of six distinct fami-
lies of multiprotein complex: SIN3, NuRD, CoREST, MiDAC,
MIER and RERE. Each consists of a central platform (e.g.
SIN3A) that mediates the binding of HDAC1/2 and numer-
ous auxiliary proteins that add complementary activities [4,
5]. These include additional enzymatic activities, such as the
helicase, CHD4 (NuRD), and lysine-specific demethylase 1
(LSD1/KDM1A) in CoREST. Within each family there are
also distinct assemblies, SIN3A versus SIN3B for instance [6].
While retaining a similar domain structure, SIN3A and SIN3B
form biochemically and structurally distinct complexes [7-15]
resulting in different mouse knockout phenotypes [16-18]. An
analogous arrangement also occurs in NuRD, where MTA1
interacts with either MBD2/3 or PWWP2A/B in a mutually
exclusive manner to form discrete complexes with different
functions [19]. A deeper understanding of the assembly and
structure of these diverse complexes is essential to understand-
ing the mechanism of HDAC1/2 activity in cells.

The 15 HDAC1-binding partners can be split into two
main classes: the majority that employ ELM2-SANT do-
mains (MTA1-3, RCOR1-3, MIER1-3, MIDEAS, TRERF1,
ZNF541, and RERE) and the two highly related corepressors,
SIN3A and SIN3B. With the exception of ZNF541 (testis-
specific), the expression of these proteins is largely ubiqui-
tous in human cells. Each cell type, therefore, has the op-
tion to employ 14 different HDAC1-binding platforms, with a
multitude of accessory proteins, contributing both chromatin
binding and modifying activities. In mice, knockout of criti-
cal components of the SIN3A, NuRD, CoREST, and MIDAC
complexes results in embryonic lethality [16,20-23], suggest-
ing that each possesses a unique and essential function. Why
cells contain such a variety of vehicles for HDAC1/2 activity
remains to be fully understood. Structural biology has pro-
vided insights into the assembly of these macromolecular ma-
chines. In addition to a unique set of components, complexes
have either monomeric (CoREST and SIN3B/Rpd3s), dimeric
(SIN3A/Rpd3L and NURD), or tetrameric (MiDAC) assem-
blies [7-14,21, 24, 25], particularly pertinent for nucleosomal
substrates containing two copies of each core histone.

To disentangle unique from overlapping activities of
HDAC1/2 complexes, we require additional information
about complex components, their relative abundance and
mode of assembly. For example, are all complex compo-
nents present in the same amount? And if not, what con-
stitutes a “core” complex? To address these questions, we
have performed a quantitative mass spectrometry analysis of
HDAC1/2 complexes purified from mouse embryonic stem
cells (ESCs) and found that the majority of HDACT1 is present
in just three complexes (NuRD, CoREST, and SIN3A), with a
relatively small set of unique core components. Their assembly
utilizes HDAC1 as an integral structural component, with con-
served residues on the surface of the enzyme contributing to a
highly stable association. Comparative structural analysis of
individual ELM2-SANT domains bound to HDAC1 allowed
the identification of key surface residues. Surprisingly, given an
extensive protein—protein interaction surface, we found that
single point mutations on the surface of HDAC1 were suffi-
cient to perturb binding to its partners. Furthermore, by in-
terrogating individual binding regions, we have identified the
first mutations of their kind that allow us to discriminate be-

tween different HDAC1-binding proteins and their associated
complexes. By probing how HDAC1/2 complexes are assem-
bled, we have gained insights into their unique functions, and
the first indications of how to perturb specific complexes in-
side cells.

Materials and methods

Cell culture

All experiments described in this research used Hdac1 j2'x/1ox
ES cells cultured as described previously in M135 + leukaemia
inhibitory factor (LIF) media [26]. These cells were engi-
neered to stably express either wild-type (WT) HDACI res-
cue or HDAC1 mutants as indicated. To induce deletion
of endogenous Hdacl/2, cells were cultured with 1 uM 4-
hydroxytamoxifen (OHT) for 24 h and then cultured for a
further 4 days to ensure complete removal of endogenous
HDACT1/2 before use in the experiments detailed below.

Lipofectamine 2000 stable transfections

The cloning of all constructs used in this work was performed
by the PROTEX service at the University of Leicester. Stable
transfection was achieved by co-transfecting Hdac1/2%x/lox
cells with piggyBac transposase and expression vectors as de-
scribed previously [27].

CellTiter-Glo assays

For each HDAC1 mutant, 500 cells were seeded per well
in triplicate on 96-well plates (—/+ OHT). Five days later
CellTiter-Glo (CTG) assays (Promega) were conducted as per
the manufacturer’s instructions.

Crystal Violet viability assays

For each HDAC1 mutant, 8 x 10° cells were seeded into
six-well plates in triplicate (—/+ OHT). Five days post OHT
treatment media was removed and cells were washed once
with PBS prior to fixing with 1 ml of 100% methanol for
2 min. Methanol was removed and cells were washed once
with PBS before being left to dry for 3 h at room temperature.
One milliliters of Crystal Violet reagent (ProLab; PL.7000)
was then added to each well for 2 min, then cells were washed
with water. Plates were allowed to dry for 24 h before imaging.

Co-immunoprecipitations

Five days prior to the co-immunoprecipitations (colPs),
HDACT rescue cell lines were treated with 1 uM OHT to re-
move endogenous HDAC1/2. Cell pellets from a confluent 10-
cm plate were lysed in an appropriate volume of colP buffer
[250 mM NacCl, 20 mM Tris-HCI pH 7.5, 0.5% IGEPAL, 1
mM EDTA, and Protease inhibitor (Roche, 05892791001)] on
ice for 30 min. Lysed samples were then centrifuged at 14 000
rpm at 4°C for 15 min; the supernatant containing the pro-
tein extract was retained, and the concentration was deter-
mined by Bradford assay. Extracts were diluted to a concen-
tration of 5 pg/ul using colP buffer and 300 ul was used per
IP. Sixty microliters of Protein G Dynabeads (Thermo Fisher;
10003D) was washed three times with colIP buffer and then
resuspended in an equal volume of coIP buffer to the origi-
nal volume of bead slurry before the addition of 1 ug of Flag
or normal mouse IgG antibodies. Antibodies were bound to
beads via rotation at 4°C for 1 h. Beads were again washed
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in 500 ul of coIP buffer and then resuspended in 200 ul of
colP buffer before being split equally between IPs. IPs were
incubated at 4°C overnight (18 h) with rotation, and 20% of
the protein extract was kept as an input before the addition
of beads. IPs were then washed three times with colP buffer
before being used for western blotting or mass spectrometry
as described below.

Western blotting

Western blots were performed as described previously [26].
Where colP samples were used for western blotting, the beads
were resuspended in 100 ul of coIP buffer before the addition
of 4x loading buffer (Invitrogen; NP0O007) and denaturation
at 95°C for 5 min.

Preparation of HDAC1-Flag pulldown samples for
mass spectrometry analysis

HDACT1-Flag pulldown samples were eluted by heating in 5%
SDS, 50 mM Tris pH 7.4 at 70°C for 20 min; triethylammo-
nium bicarbonate (TEAB) was then added to a final concen-
tration of 50 mM with a pH of 8. Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP) was added to a final concentra-
tion of 5 mM, and samples were heated to 70°C for 15 min.
Iodoacetamide (IAA) was then added to a final concentration
of 10 mM, and samples were incubated at 37°C in the dark
for 30 min. Samples were acidified with 4 pl of 12% phospho-
ric acid, and 264 ul of S-Trap-binding buffer (90% methanol,
100 mM TEAB pH 7.1) was then added to each sample. Sam-
ples were then passed through S-Trap columns 150 pl at a time
by centrifugation at 4000 rpm for 30 s. Samples were washed
four times with 150 ul of S-Trap-binding buffer through cen-
trifugation at 4000 rpm for 30 s. Two micrograms of trypsin
(Pierce, sequencing grade) was added to each sample, and di-
gestion was allowed to proceed at 47°C for 80 min. Peptides
were eluted with 40 pul of 50 mM TEAB, 40 ul of 0.2% aque-
ous formic acid, and 40 ul of 50% acetonitrile with 0.2%
formic acid, with centrifugation at 4000 rpm for 30 s for each
elution. Eluted peptides were dried in a vacuum concentrator
and resuspended in 0.5% formic acid for LC-MS/MS analy-
sis.

Preparation of histone samples for mass
spectrometry analysis

To obtain histone proteins a whole cell extract was first made
by lysing cell pellets from confluent 10-cm plates in NP-40
lysis buffer [SO mM Tris=HCI pH 8, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 10% glycerol, and protease inhibitor cock-
tail (Sigma, P8340)] for 30 min. Lysates were cleared by cen-
trifugation at 14 000 rpm at 4°C for 15 min. The supernatant
containing the whole cell extract was transferred to a fresh
tube and histones were extracted from the remaining pellet
by overnight incubation (20 h) in 50 ul of 0.4 N H,SO4.
Samples were again centrifuged at 14 000 rpm at 4°C for 15
min, and the supernatant containing the histone proteins was
transferred to a fresh tube. The samples were then neutralised
using 0.8 N NaOH. Histones were derivatized according to
[28]. Briefly, 10 pg of histone samples in 50 pl of 50 mM
ammonium bicarbonate were incubated with 16.6 pul of pro-
pionylation reagent (1:3 v/v propionic anhydride in acetoni-
trile) for 15 min at 37°C with shaking at 900 rpm. Samples
were dried down in a vacuum concentrator and the deriva-
tization steps were repeated. Ten micrograms of derivatized
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histone samples were digested with 1 pug of trypsin in 50 ul
of 50 mM ammonium bicarbonate for 2 h at 37°C with shak-
ing at 900 rpm. Digests were desalted using C18 spin columns
(Thermo Fisher, 89870) according to the manufacturer’s pro-
tocol. Eluted peptides were dried in a vacuum concentrator
and resuspended in 0.5% formic acid for LC-MS/MS analy-
sis.

Mass spectrometry analysis

Each sample was analysed using nanoflow LC-MS/MS using
an Orbitrap Elite (Thermo Fisher) hybrid mass spectrometer
equipped with an EasySpray source, coupled to an Ultimate
RSLCnano LC System (Dionex). Peptides were desalted on-
line using a nano-trap column, 75 pm L.D.X 20 mm (Thermo
Fisher) and then separated using a 120-min gradient from 5%
to 35% buffer B (0.5% formic acid in 80% acetonitrile) on
an EASY-Spray column, 50 cm x 50 pm ID, PepMap C18,
2 um particles, 100 A pore size (Thermo Fisher). The Orbi-
trap Elite was operated in Data-Dependent Acquisition (DDA)
mode with a cycle of one MS (in the Orbitrap) acquired at a
resolution of 120 000 at m2/z 400, a scan range 375-1600,
with the top 20 most abundant multiply charged (2 + and
higher) ions in a given chromatographic window subjected
to MS/MS fragmentation in the linear ion trap using CID.
A Fourier Transform Mass Spectrometry (FTMS) target value
of le6 and an ion trap MSn target value of le4 were used
with the lock mass (445.120025) enabled. Maximum FTMS
scan accumulation time of 200 ms and maximum ion trap
MSn scan accumulation time of 50 ms were used. Dynamic
exclusion was enabled with a repeat duration of 45 s with an
exclusion list of 500 and an exclusion duration of 30 s.

Mass spectrometry data analysis

Raw mass spectrometry data were analysed using MaxQuant
version 1.6.10.43. The following parameters were used to
search against a mouse reference proteome: digestion set to
Trypsin/P with three missed cleavages, methionine oxidation,
N-terminal protein acetylation, and lysine acetylation set as
the variable modifications. Additionally, propionylation was
set as a variable modification for derivatized histone sam-
ples with the number of missed cleavages set to 5. A pro-
tein and peptide false discovery rate (FDR) of 0.01 were used
for identification level cut-offs based on a decoy searching
database strategy. Protein group output files generated by
MaxQuant were loaded into Perseus version 1.6.10.50. The
matrix was filtered to remove all proteins that were potential
contaminants, only identified by site and reverse sequences.
The LFQ intensities were then transformed by log2(x), nor-
malized by subtraction of the median value, and individual
intensity columns were grouped by experiment. Proteins were
filtered to keep only those with a minimum of three valid val-
ues in at least one group. The distribution of intensities was
checked to ensure standard distribution for each replicate.
Missing values were randomly imputed with a width of 0.3
and downshift of 1.8 from the standard deviation. To identify
significant differences between groups, two-sided Student’s -
tests were performed with a permutation-based FDR of 0.05.
The mass spectrometry data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository
with the dataset identifiers [PXD060154 (HDAC1 pulldowns)
and PXD060158 (histone analysis)].
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Deacetylase assays

In vitro HDAC assays were conducted on whole cell ex-
tracts made from cells expressing the different HDAC1 mu-
tants extracted in HDAC assay buffer containing 50 mM
NaCl, 50 mM Tris—HCI pH 7.5, 5% glycerol, 0.3% Triton
X-100 using a Boc-Lys(Ac)-AMC substrate as described pre-
viously [26]. One-way ANOVA multiple hypothesis testing
was performed using GraphPad Prism to determine significant
changes in deacetylase activity (7 = 3).

RNA-sequencing

RNA was extracted from cell pellets collected from a 6
cm plate using the TRI Reagent (Zymo Research, R2050-1-
200) based Direct-Zol RNA MiniPrep Kit (Zymo Research,
R2052) following the manufacturer’s instructions. RNA qual-
ity was determined by the NUCLEUS facility at the University
of Leicester using an Agilent RNA 6000 Nano Chip on an Ag-
ilent 2100 Bioanalyzer. Library preparation and sequencing
was carried out by Novogene, and samples were sequenced
to a depth of 20 million reads on the Illumina NovaSeq 6000
PE150 sequencing platform. Bioinformatic analysis was per-
formed as described in [29] with reads mapped to the mm10
genome index. The processed files can be found at the Gene
Expression Omnibus (GEQ), series GSE278462. For gene on-
tology (GO) analysis, the Bioconductor package TopGO [30]
was used with the mouse genome-wide annotation package
org.Mm.eg.db.

Results

NuRD, CoREST, and SIN3A are the dominant
HDAC1/2 complexes in cells

To examine the composition and stoichiometry of HDAC1/2
containing complexes, we stably expressed HDAC1 with a C-
terminal Flag tag in conditional Hdac1/2 double knockout
(DKO) ESCs (Fig. 1A). Treatment with 4-hydroxytamoxifen
(OHT) activates removal of the endogenous HDAC1/2 pro-
teins within 4 days causing a complete loss of cell viabil-
ity [26]. Introduction of HDAC1-flag rescues viability, con-
firming its functionality, which allows us to assess HDAC1-
associated proteins using colP and mass spectrometry (Fig.
1B). We identified 148 proteins significantly enriched in the
pulldown, compared to DKO cells lacking HDAC1-Flag as
a control (Supplementary Table S1). Components of all six
HDAC1/2 complexes were present among this list. To es-
timate the abundance of individual proteins, we calculated
intensity-based absolute quantification (iBAQ, [31]) values
and manually curated proteins into SIN3A/B, NuRD, CoR-
EST, MiDAC, MIER, and RERE complexes (Fig. 1B and C).
Of the 14 HDACT interacting proteins expressed in ESCs, we
detected 13 (Fig. 1B), with only RCOR3 absent, most prob-
ably due to lower expression levels. Using the iBAQ value
for direct-HDACT binding proteins in each complex we es-
timated the relative abundance of the six complexes (Fig. 1B,
indicated by red arrows). Almost half of the HDAC1 in ESCs
was incorporated into the NuRD complex (49%), with CoR-
EST (28%) and SIN3 (15%) being the next most abundant.
Collectively, these three complexes make up the majority of
HDAC1 complexes in the cell at 92%. MIER (4%), MiDAC
(3%), and RERE1 (1%) are minor species in ESCs, albeit, in
the case of MiDAGC, still essential for development [21]. Re-
assuringly, the sum-total iBAQ value of HDAC1-binding pro-

teins is 91% of the total HDAC1-Flag recovered in the pull-
down, consistent with the 1:1 interaction between HDAC1
and its binding partners observed in multiple structural de-
terminations [21, 24, 25]. The estimated relative stoichiome-
try of individual complex components allowed a number of
compelling insights. For example, the SIN3A complex and its
core components (SIN3A, SUDS3, and SAP30) appear to be at
least 10-fold more abundant in ESCs than the SIN3B complex
(SIN3B, EMSY, and ARID4B). The NuRD complex incorpo-
rates either methyl-CpG-binding domain protein 2 (MBD2) or
MBD3 in a mutually exclusive manner [32]. Here, we show
that MBD3 is clearly the major constituent in ESCs with
a 10:1 MBD3/MBD?2 ratio. Stoichiometric components of
NuRD (based on MTA1-3 and MBD3 levels) include CHD4,
GATA2A, and GATA2B; while ZNF219, PARP1, and the he-
licase, CHD3 are only minor constituents. The core of CoR-
EST consists of LSD1, RCOR1 or RCOR2, and HDAC1, with
smaller amounts of ZMYM2. Notable CoREST-associated
proteins, CTBP1 and CTBP2, appear to be sub-stoichiometric
members of the complex. MIDEAS and TRERF1 are both
ELM2-SANT-containing proteins that are likely interchange-
able HDAC1-binders within MiDAC, with the former being
the dominant component in ESCs. Both proteins interact with
DNTTIP1, which was present in our ESC extracts, but did not
reach significance following coIP (Supplementary Table S1).
RBBP4 and RBBP7 are well-known histone-binding subunits
of multiple chromatin-modifying machines, including SIN3A,
NuRD, and PRC2 [33-37]. We observed abundant levels of
both proteins associated with HDAC1 and the RBBP4/RBBP7
ratio was 10:1 in our experiments (Fig. 1D). Intriguingly, we
measured almost twice as much RBBP4 as HDAC1, consis-
tent with a 2:1:1 ratio of RBBP4/MTA1/HDAC1 in NuRD
[32]. Numerous HDAC1-associated transcription factors were
also identified, most notably, SALL4, which is required for
ESC pluripotency and is known to bind NuRD [38-40].
Most of the other transcription factors identified were puri-
fied at levels far below those of the core complex components,
which reflect both their relative expression levels and the tran-
sient nature of their association. We also observed a num-
ber of chromatin-modifying enzymes, including TET1 and O-
GlcNACc transferase (OGT), known to bind to the SIN3A com-
plex [41,42] and both EHMT1 (KMT1D/GLP) and EHMT2
(KMT1C/G9A), euchromatic histone H3 Lys9 methyltrans-
ferases, with roles in gene silencing.

ELM2/SANT and SIN3 proteins utilize distinct
interacting surfaces on HDAC1

13 of 15 HDACI1-binding proteins utilize adjacent ELM2~
SANT domains to directly interact with HDAC1 [4, 5].
The schematic diagram in Fig. 2A (left) shows the effec-
tive arrangement of these two domains across the sur-
face of HDACI, based on high-resolution structures of
MTAT:HDAC1 and MIDEAS:HDAC1 (Fig. 2A, right) [21,
24]. The SANT domain consists of three «-helices, which to-
gether with a positively charged surface on HDACI1, sand-
wiches a molecule of inositol phosphate (InsP) necessary for
full enzymatic activity [43]. The ELM2 domain has a bipar-
tite structure, with an unstructured N-terminal region that
lies across a highly conserved groove on the underside of
HDACT1, and a C-terminal region containing a three o-helical
bundle that sits adjacent to the SANT domain. These ex-
tensive interactions can be subdivided into three discrete re-
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Transcription / DNA replication
NFATC2IP 10,043,675 UBL EnZymBS
SRSF5 3,645,925 RRM
KPNA4 3,127,400 IBB EHMT1 547,590 SET
NACC1 1,637 440 B8TB, BEN EHMT2 539,428 SET
ILF2 748,405 DZF TET1 209,558 CXXC, SID, DeOX
PCID2 695,940 PCI SMARCA4 160,837 | Helicase, Bromo, QLQ, HSA
Z8T843 538,100 nF, BT8 OGT 124,810 O-GleNAC
MCM5 142,875 Arg finger SETX 112,723 Helicase

Figure 1 Relative abundance of HDAC1-binding proteins and associated complex components. (A) Schematic showing experimental procedure to
produce HDAC1-Flag colP mass spectrometry in Hdac1/2 DKO cells. (B) Graph shows iBAQ values for core components of the six unique HDAC1/2
complexes as indicated. The red arrow indicates proteins that directly bind to HDAC1. The pie chart indicates the relative proportion of the six HDAC1/2
complexes determined by the iBAQ values for direct HDAC1-binding components from each complex. (C) Table showing the iBAQ values for
components of the indicated HDAC1/2 complexes ranked in order of abundance. (D) Table shows iBAQ values for significantly enriched
HDAC1-associated proteins grouped into the indicated functional groups. Domains contained by these proteins are also indicated.
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Figure 2 Defining critical interactions on the surface of HDAC1. (A) Left
panel: a schematic diagram outlining three separate regions used by
ELM-SANT domain-containing HDAC1-binding proteins. The right

panel shows an overlay of MTA1/HDAC1 and MIDEAS/HDAC1 binary
complexes, showing a conserved mechanism of HDAC1 binding. (B)
HDAC1/MTA1 binary showing the position of individual residues mutated
in the study. Orange, aromatic/non-charged residues; red, charged
residues. (C) The deacetylase assay was performed using enzymes
co-immunoprecipitated from HEK293T cell transfected with either WT
HDAC1 or the indicated mutants. A one-way ANOVA was performed
compared to WT values. NS, not significant, P > 0.05, ** < 0.01, **** <
0.0001.

gions (Fig. 2A, see left panel): SANT (1), ELM2-C (2), and
ELM2-N (3). To identify residues on the surface of HDAC1
required for interaction with the six unique multiprotein com-
plexes, we used the MTA1/HDACI structure to design mu-
tations in regions 1, 2, and 3 to perturb binding. In region
1, we focused on a pair of Tyr residues, Y333/Y336 (Fig.
2B), that mediate interactions with phosphates of the InsP6
and residues in a3 of the SANT domain. We mutated Y48
in region 2 which forms interactions with «2 of the ELM2-
C domain. Region 3 forms an extended surface over which
the unstructured ELM2-N domain stretches, forming a vari-
ety of interactions (Fig. 2B). We, therefore, chose three charged
(E63R, K126E, and K144E), one hydrophobic (L161E), and

one aromatic/non-polar (Y166E) mutations that span both
the breadth and diversity of this region. Initially, we tested the
effects of these mutations on HDAC1 when expressed and pu-
rified from HEK293T cells (Supplementary Fig. S1). HDAC1
expression levels were unaffected by the mutations; however,
we observed significant changes in their relative deacetylase
activity. HDAC1 Y333A/Y336A,K126E, and L161E/Y166R
all showed activity below 10% of WT. Since none of these
residues are adjacent to the active site, we infer residues on
the surface of HDACI interacting with both SANT (region
1) and ELM2-N (region 3) contribute indirectly to enzymatic
activity. In contrast, HDAC1 Y48E and E63R showed activity
close to that of the WT enzyme. To monitor the interaction of
WT and mutant HDAC1 with SIN3A we expressed both pro-
teins transiently and performed a Flag-colP, followed by west-
ern blotting. Intriguingly, we found a robust interaction be-
tween exogenous HDAC1-Flag and Myc-SIN3A proteins, but
not endogenous SIN3A (Supplementary Fig. S1, compare red
and green bands in the input versus colP), suggesting that there
is little interchange between corepressor and HDAC1 once the
complex is assembled in cells. Mutation of Y333/Y336 to Ala
or Asp reduced binding to all complexes, demonstrating the
necessity of residues within region 1. In contrast, Y48E in re-
gion 2, bound to SIN3A while abolishing any interaction with
RCORT1 (Supplementary Fig. S1—middle and lower panels).
Thus, demonstrating for the first time, distinct surface require-
ments between HDAC1-binding proteins.

To examine the HDAC1 mutants in a more physiological
environment, we used the piggyBAC system to stably intro-
duce them into Hdacl/2 DKO ESCs, so that following re-
moval of the endogenous proteins (5 days post OHT), we
could assess their capacity to rescue cell viability and inter-
act with all six families of multiprotein complexes (Fig. 3A).
We examined the survival of DKO cells expressing either WT
or mutant HDAC1 using Crystal Violet staining (Fig. 3B) and
CellTiter-Glo (Fig. 3C). Both assays revealed that expression
of WT HDAC1 and E63R recovered cell viability to con-
trol levels, while Y333A/Y336A, K126E, and L161E/Y166E
(which all displayed severely reduced HDAC activity) were
incapable of rescuing the cell death phenotype. Intriguingly,
cells expressing HDAC1-Y48E, which only bound SIN3A in
HEK293T experiments, showed ~50% cell viability in DKO
ESCs, suggesting that retention of SIN3A binding alone is suf-
ficient to retain some level of cell viability. Since HDAC1-
Y48E and E63R mutants produced viable cells, we took these
forward and performed large-scale coIPs for western blotting
(Fig. 3D) and mass spectrometry (Fig. 3E) using DKO cells
lacking a Flag epitope as a control (n = 4). WT HDAC1-Flag
pulled down endogenous SIN3A, LSD1, MTA1,and DNTTP1
from ESCs, thus showing incorporation into the SIN3, CoR-
EST, NuRD, and MiDAC complexes respectively (Fig. 3D).
In contrast, the Y48E mutation bound only to SIN3A, while
disrupting binding to all ELM2-SANT-containing partners
(LSD1, MTA1, and DNTTIP1). HDAC1-E63R bound SIN3A
and LSD1, but not MTA1 or DNTTIP1, thus demonstrating
the ability to differentiate between individual ELM2-SANT-
containing complexes.

To extend this analysis to all complexes and their compo-
nents, we used material from the Flag-colP to identify pro-
teins bound to WT HDAC1, Y48E, and E63R via mass spec-
trometry (Fig. 3E). We performed statistical analysis (Student’s
t-test permutation-based FDR 0.05, WT versus mutant) to
evaluate changes in the binding of core components from all
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Figure 3 Individual point mutations discriminate between HDAC1-binding proteins. (A) Schematic showing experimental procedure to reintroduce
HDAC1-Flag, or the indicated mutants to Hdac1/2 DKO cells for cell viability and colP/mass spectrometry experiments. The ability of WT and mutant
HDACT1 to rescue the viability of HDAC1/2 DKO cells using (B) Crystal Violet staining of cells at 5 days post OHT treatment, and (C) a CTG assay. A
student’s t-test of control versus knockout cell viability was performed for the indicated mutants; ** P < 0.01, *** P < 0.001 and **** P < 0.0001 (D)
Top panel, western blot for the indicated proteins following Flag-IP from DKO cells expressing either WT or Y48 and E63R mutations. Lower panel,

quantification of the indicated proteins from western blot data normalized to the amount of H

DAC1 in the colP Mean values for biological replicates

(n = 4) are plotted with error bars indicating standard deviation from the mean. (E) The relative interaction of individual HDAC1/2 complex components
was determined for Y48E and E64R mutants using mass spectrometry from n = 4 biological replicates. Values indicate log, Student's t-test of the
indicated mutant versus binding to WT HDAC1. Positive values show increased binding and negative values a relative reduction in binding compared to

control.
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HDAC1/2 containing multiprotein complexes to either Y48E
or E63R. HDAC1-Y48E showed increased binding to all but
one component of the SIN3A and SIN3B complexes (10 out of
11), but a strong reduction to all components of ELM-SANT-
dependent complexes (22 out of 22). Thus, mutation of a sin-
gle residue on the surface of HDACT in region 2 can abolish
binding to 5 of 6 HDAC1/2 complex families. HDAC1-E63R
also showed increased binding to SIN3A/B complexes and
could further distinguish between ELM—-SANT complexes.
MIER1 and MIER3 showed no change in binding between
WT and E63R, while RERE binding was slightly increased. In
contrast, we observed reduced binding to all components of
the NuRD and MiDAC complexes consistent with the absence
of DNTTIP1 in western blots (Fig. 3D). We have thus identi-
fied two separate regions on the surface of HDAC1 capable
of distinguishing incorporation into specific complexes. Y48E
presents a black-and-white view of binding with disruption of
all ELM2/SANT partners, retaining only SIN3A/B. HDAC1-
E63R on the other hand, retains SIN3A/B, MIER1, RERE,
and residual binding to CoREST, while abolishing the associ-
ation of NuRD and MiDAC.

Retaining only a subset of HDAC1/2 complexes
leads to histone hyperacetylation and loss of
transcriptional regulation

HDAC1-Y48E and E63R retain HDAC activity (Fig. 2C) and
the ability to rescue DKO ESC viability (Fig. 3B and C), but
only bind to a limited number of HDAC1-interacting partners
(Fig. 3D and E). Since only a subset of HDAC1/2 complexes
remain active in these cells we hypothesized that this would
cause changes in both histone acetylation and gene regulation.
To examine this, we isolated histone proteins from control and
HDACT mutant cells and then measured changes in acetyla-
tion levels by mass spectrometry (Supplementary Table S3).
HDAC1-Y48E, which only binds SIN3A/B, caused signifi-
cant increases in acetylation at multiple lysine residues within
H2B, H3, and H4 compared to WT controls (Fig. 4A). Spe-
cific sites in H2B (K12, K15, and K20) and H3 (K14, K18,
and K23) showed the greatest increase in acetylation. Interest-
ingly, these same sites are also sensitive to loss of p300/CBP
activity [2], suggesting an interplay of HDAC1/2 complexes
with these critical HAT enzymes. HDAC1-E63R, which re-
tains binding to SIN3A /B, CoREST, MIER, and RERE, and is
therefore the weaker of the two mutants tested, showed more
subtle changes in histone acetylation. Although we could de-
tect increases in acetylation of H2B and H3 these did not reach
statistical significance. Overall, this is consistent with E63R
being incorporated into more HDAC1/2 complexes compared
to Y48E.

We next examined the transcriptome of Hdacl/2 DKO
ESCs rescued with either HDAC1-WT or Y48E and E63R
mutants (Fig. 4B). The addition of HDAC1-WT to DKO cells
completely rescues the gene expression phenotype, with only
minor changes in transcription (21 genes up and 8 down). In
contrast, HDAC1-E63R produced significant numbers of dif-
ferentially expressed genes (DEGs, 1001 up and 226 down).
Consistent with its stronger effect on binding, the Y48E mu-
tation produced a greater number of DEGs (2164 up and
987 down) (see Supplementary Table S2 for a complete list
of DEGs). There is a clear correlation between the number of
functional HDAC1/2 complexes and the number of dysreg-
ulated genes. We observed a significant overlap of genes be-

tween the two mutants, with 76% of DEGs in the E63R mu-
tant coinciding with Y48E (Fig. 4C, 938 of 1227). GO anal-
ysis of overlapping DEGs from Y48E and E63R mutants
identified significant changes in multiple pathways, includ-
ing, placental development, vasculogenesis, and keratinization
(Supplementary Fig. S2). A number of keratin genes showed
significant de-repression, including Krt5 (31-fold), Krt14 (26-
fold), Krtdap (9-fold), and Krt8 (3-fold). Although we ob-
served a good overlap between the two mutants, the majority
of DEGs in Y48E cells were unique to that mutation (70%,
2201 of 3151). Among the pathways perturbed by HDAC1-
Y48E was the cellular response to LIF, a critical signalling
pathway for the maintenance of pluripotency in mouse ESCs.
Upon closer examination, we observed down-regulation of
multiple pluripotency-associated transcription factors, includ-
ing, PouSfl, Nanog, and Esrrb (Fig. 4D). ESCs have rela-
tively low levels of DNA methylation, in part due to the
repression of DNA methyltransferase (DNMT) enzymes by
PRDM14 [44, 45]. The HDAC1-Y48E cells showed a de-
crease in PRDM 14, consistent with a loss of pluripotency, and
a corresponding increase in Dnmit3a, Dnmt3b, and Dnmt3l
levels. These data demonstrate the requirement for a complete
array of HDAC1/2 complexes for normal transcriptional reg-
ulation and homeostasis in ESCs.

Comparative analysis of HDAC1 binding partners
reveals distinct interactions with a conserved
interaction surface

To better understand the binding properties of Y48E and
E63R mutants and the molecular determinants of HDACT in-
teraction more generally, we performed a comparative anal-
ysis using binding partners from all six complex families.
These include a recent cryoEM structure of SIN3B/HDAC2
[10], NuRD > and MiDAC [21, 32] complexes, as well as
AlphaFold3 [46] models of MIER1 and RERE bound to
HDAC1. What is immediately obvious, is that the mecha-
nism of HDAC recruitment into the SIN3B complex is pro-
foundly different to those complexes employing ELM2 /SANT
domains (Fig. 5A). SIN3B binding is largely confined to the
surface of HDAC1 in proximity to the active site, opposite to
Y48 and E63, explaining why these mutations have little ef-
fect on SIN3 binding (compare front versus back of HDAC1,
Supplementary Fig. S3). In contrast, the ELM2-SANT do-
main is in direct contact with Y48. A conserved acidic residue
is incompatible with the Y48E mutation. There are however
binding surfaces conserved between SIN3 and ELM2-SANT
binders, including Y333/Y336 (Fig. 5A), such that double
mutation to Ala or Asp prevents both types of interaction
(Supplementary Fig. S1). The HDAC surface around E63 pro-
vides an area of distinctiveness between ELM2-SANT bind-
ing partners. We found that MIER1 and RERE were unaf-
fected or showed a slight increase in binding to the E63R
mutation, respectively. Interaction with RCOR1 and RCOR2
from the CoREST complex was reduced, but western blot-
ting clearly shows a residual interaction (Fig. 3D). All compo-
nents NuRD and MiDAC were reduced (Fig. 3E). Examining
the molecular details of these interactions, we identified con-
served Arg (R189 in MTA1 and R130 in RCOR1) and Lys
(K748 in MIDEAS) residues positioned directly towards E63,
explaining why these three complexes are most affected by this
mutation (Fig. 5B and C). The unstructured ELM2-N loop of
RERE appears to circumvent E63 altogether, which explains
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Figure 4 HDAC1 mutants that disrupt complex incorporation cause histone hyperacetylation and transcriptional dysregulation. (A) Change in acetylation
relative to WT is shown for the indicated Lys residues, determined by mass spectrometry from n = 4 biological replicates. Brackets indicate
measurements from unique peptides. Bold lines show multiple acetylation sites from the same peptide. Values are log, Student's t-test values for each
mutant versus WT controls. (B) MA plots indicate DEGs for Hdac1/2 DKO cells rescued with WT or E63R and Y48E mutants from n = 3 biological
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K126 SRE.

MTA1 / RCOR1

MIER1

Figure 5 HDAC1-binding proteins have distinct modes of interaction. (A)
Binary structures of MTA/HDAC1 (5ICN) and SIN3B/HDAC2 (8BPA) are
superimposed to demonstrate different binding modalities. Residues
required for interaction with binding partners are labelled. (B) A binding
pocket centred on HDAC1-EB3 (yellow) displays conserved and distinct
interactions with ELM2/SANT-containing partners as indicated. An
AlphaFold3 model of HDAC1/RERE (gold) is used as a reference point for
other ELM2/SANT interactors. Panel (C) shows the electrostatic surface
around HDAC1-E63 utilized by MTA1 and RCOR1, in contrast to MIERT.

the increased binding to the E63R mutant (Fig. 3E), partic-
ularly in the absence of competing HDAC1 binders. MIER1
associates with the HDAC1-E63 pocket using a non-polar in-
teraction with Y206 and is thus unaffected by the switch in
charge (Fig. 5C). By exploiting the unexpected sensitivity of
HDAC1-binding proteins to specific surface residues, we are
now able to differentiate between the recruitment of these cru-
cial histone-modifying machines.

Discussion

The majority of histone-modifying enzymes operate in mul-
tiprotein complexes with, PRC2 [47], SAGA [48], and SET1
[49] providing well-studied paradigms. There is though, per-
haps no greater variety of complexes housing a single en-
zymatic activity than the HDAC1/2 deacetylase complexes.
HDAC1/2 are incorporated into six different families of mul-
tiprotein complexes (SIN3, NuRD, CoREST, MiDAC, MIER,
and RERE) defined by multiple previous coIP/mass spectrom-
etry studies [50-54]. Why the cell requires so many differ-
ent vehicles for HDAC1/2 activity remains to be fully un-
derstood. While there have been extensive mapping studies,
here we sought to address the possibility of a hierarchy among
individual HDAC1/2 complexes. ColP of HDAC1-Flag from
HDAC1/2 DKO cells showed that there are three dominant
HDAC1/2 complexes, NuRD (49%), CoREST (28%), and
SIN3 (15%), constituting 92% of the total HDAC1 com-
plexes in ESCs. The remaining complexes, MiDAC (3%),
MIER (4%), and RERE (1%) make up a relatively minor
cohort. Abundance does not entirely define importance of
course, deletion of either of the MiDAC components, Dt-
tip1 or Mideas, caused embryonic lethality in the mouse at
el16.5 days [21]. However, KO studies involving components
of the NuRD, SIN3A, and CoREST all produced early em-
bryonic phenotypes prior to gastrulation, perhaps hinting at
a greater importance at earlier time points [6]. Our experi-
ments also provide insights into the relative composition of the
different HDAC1/2 complexes. SIN3A appears to be 10-fold
more abundant than SIN3B for instance (Fig. 1B). Similarly,
the ratio of MBD3 versus MBD2 is 10:1, which may have
implications for their distinct activities in the NuRD com-
plex. These data also give an indication of each of the core
complex components and those present in sub-stochiometric
quantities, CHD4 versus CHD3 (a 325:1 ratio) in the NuRD
complex, or CTBP2 versus CTBP1 (an 8:1 ratio) in the CoR-
EST complex, being two of many examples (Fig. 1C). To gain
an understanding of composition and abundance between cell
types, we compared our data to the HDAC1 colP reported
by Vcelkova et al. [53] (shown in Supplementary Fig. S4).
Consistent with our study, NuRD was also the most abun-
dant complex by far in mouse embryo fibroblasts (MEFs) and
HAP1 cells. However, the ratio of MBD3/MBD2 in MEFs
is ~1:1, compared with 10:1 in mouse ESCs. The MiDAC
complex also appears to be similar in abundance to SIN3A
and CoREST in MEFs (Supplementary Fig. S4). The abun-
dance of proteins colP experiments may reflect overall pro-
tein expression levels in the cell type being studied. To exam-
ine this, we compared the relative abundance of HDAC1/2
complex components in our colP (Fig. 1) to protein copy num-
bers from the OpenCell resource [55]. The abundance of com-
plex components in HEK293T cells (OpenCell) largely corre-
lates with the amount of protein pulled-down in an HDAC1-
Flag coIP (Supplementary Fig. S5), and again shows NuRD,
CoREST, and SIN3A as the dominant complexes. Collectively,
data from four different cell types support the assertion that
NuRD, CoREST, and SIN3A are the three major HDAC1/2
complexes, and that the level of individual proteins in a com-
plex may reflect overall protein abundance in the cell.

While there have been numerous HDAC1 mutations made
previously, the bulk of these have focussed on the catalytic
site of the enzyme [56-58]. We present here, the first system-
atic study of HDAC1 surface residues required to bind 15
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separate interacting proteins from each of the 6 multiprotein
complex families. Thirteen of these proteins utilize a combi-
nation of ELM2-SANT domains to bind to HDAC1, superfi-
cially at least, a cut-and-paste mechanism utilized by nature
for interaction with HDAC1. Using a comparative analysis
of HDAC1/MTA1 and HDAC1/MIDEAS structures [21, 24],
we identified three separate regions utilized by these binary
complexes (Fig. 2A). We hypothesized that loss of binding
in any one of these regions would be insufficient to disrupt
HDACT interaction since there would still be binding to the
remaining two. To our surprise, we found that single (Y48E,
K126E) and double (L161E/Y166E, Y333A/Y336A) muta-
tions within each of these regions were capable of disrupting
binding to all ELM2/SANT domain-containing proteins (Fig.
3 and Supplementary Fig. S1). Interestingly, Y333A/Y336A
(in region 1), whose aromatic rings stack to support inter-
actions with the SANT domain, abolished binding to all
HDAC1-binders, including SIN3A/B. Y48 (in region 2) occu-
pies a position on the surface that interacts with the dimer-
ization domain of MTA1 (Fig. 2B, [24]). Mutation to glu-
tamic acid (Y48E) caused loss of binding to all ELM2-SANT
domain binders, but retention of binding SIN3A/B. An ex-
amination of these residues in other species from yeast to
man showed almost complete conservation, with conserva-
tive changes (K126 to R and L161 to I) observed only in
yeast (Supplementary Fig. S6). A model of the Rpd3 large
complex from Saccharomyces cerevisiae (Rpd3L, equivalent
to SIN3A) [13] showed that residues corresponding to Y48
(Y58) and E63 (E73) form part of a highly conserved sur-
face and readily explain why both mutations are tolerated
(Supplementary Fig. S7). Y58 is solvent exposed in both copies
of Rpd3 and while it packs against other complex components
(Dep1 and Pho23), it forms no significant contacts. E73 is both
solvent exposed and far away from any other Rpd3L/SIN3A
component. These data support our findings, highlight the rel-
evance of the yeast models for the human counterpart, and
demonstrate how well the SIN3A/HDAC complex is con-
served despite over a billion years of evolution.

When we introduced HDAC1-Y48E into ESCs, we mon-
itored increased binding to SIN3A/B complex components
to the mutant (Fig. 3E), presumably because no other factors
were competing for HDAC1 binding. Remarkably, HDAC1-
Y48E was able to partially rescue the viability of HDAC1/2
DKO cells (~50% cell viability), suggesting that retention of
the SIN3A/B complexes is sufficient for ESC viability (Fig.
3C). We identified a second more subtle mutation in region
3 (E63R) that has near WT deacetylase activity and ability to
rescue DKO cells, and that discriminates between the different
ELM-SANT complexes (Fig. 2B and Fig. 3D).

There is an assumption that most, if not all, HDAC1/2 com-
plexes play a role in gene regulation. This has been demon-
strated comprehensively for the three dominant complexes,
NuRD, CoREST, and SIN3A, which are all recruited to DNA
by a variety of transcription factors [6, 59]. The jury is still
out in this regard for MiDAC and MIER, which have pu-
tative roles in mitosis [21, 51] and as a histone chaperone
[60] respectively. Cells expressing HDAC1-Y48E retain only
functional SIN3A and SIN3B complexes, which is sufficient
to retain viability in ESCs, but results in global histone hy-
peracetylation and the dysregulation of over 3000 genes (Fig.
4A and B). The scale of the effect provides a potent exam-
ple of the necessity for a full repertoire of ELM2-SANT do-
main containing complexes. HDAC1-E63R is the first mu-
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tation to discriminate between the binding of ELM2-SANT-
dependent HDAC1-binding proteins (Fig. 3D). E63R bound
MIER1-3 and RERE at the same level as WT while perturb-
ing binding to MTA1-3, RCOR1/2, and MIDEAS (Fig. 3E).
These data demonstrate for the first time that despite a com-
mon HDAC1 binding modality, the precise molecular inter-
actions on the surface of the enzyme are distinct. In the-
ory, at least, this might suggest that we could exploit differ-
ential binding to disrupt protein—protein interactions within
each complex and thus generate a complex-specific HDAC in-
hibitor. In this study, we have defined critical residues on the
surface of HDAC1 necessary for incorporation into a diverse
group of multiprotein complexes and that against expecta-
tion, single point mutations are able to distinguish between
the binding of even closely related ELM2/SANT-containing
proteins. Consequently, different patterns of binding led to dif-
ferential gene expression highlighting the distinct function of
HDAC1/2 complexes in cells and development.
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