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ABSTRACT

Class | histone deacetylase complexes play essential
roles in many nuclear processes. Whilst they con-
tain a common catalytic subunit, they have diverse
modes of action determined by associated factors
in the distinct complexes. The deacetylase module
from the NuRD complex contains three protein do-
mains that control the recruitment of chromatin to
the deacetylase enzyme, HDAC1/2. Using biochem-
ical approaches and cryo-electron microscopy, we
have determined how three chromatin-binding do-
mains (MTA1-BAH, MBD2/3 and RBBP4/7) are as-
sembled in relation to the core complex so as to facil-
itate interaction of the complex with the genome. We
observe a striking arrangement of the BAH domains
suggesting a potential mechanism for binding to di-
nucleosomes. We also find that the WD40 domains
from RBBP4 are linked to the core with surprising
flexibility that is likely important for chromatin en-
gagement. A single MBD2 protein binds asymmet-
rically to the dimerisation interface of the complex.
This symmetry mismatch explains the stoichiometry
of the complex. Finally, our structures suggest how
the holo-NuRD might assemble on a di-nucleosome
substrate.

INTRODUCTION

The Nucleosome Remodelling and Deacetylase (NuRD)
complex is a multi-protein chromatin modifying machine
that plays an essential role in cell lincage commitment and
DNA damage repair (1,2). The NuRD complex localises
to both gene promoters / enhancers and sites within gene
bodies (3,4). The complex controls expression of genes
through two distinct activities: removal of acetyl groups
from chromatin through the action of a histone deacety-
lase enzyme and remodelling of nucleosomes through

an ATP-dependent helicase. These two activities control
genome packaging, gene expression and ultimately cellular
identity.

The NuRD complex contains seven core components,
each of which has multiple paralogues, several with distinct
expression patterns. This results in considerable subunit
variability (5,6). The core components are histone deacety-
lases 1 and 2 (HDAC1/2), metastasis associated scaffold
proteins (MTA1/2/3), histone chaperones (RBBP4/7),
methyl-DNA  binding domain proteins (MBD2/3),
GATA-type zinc finger proteins (GATAD2a/b), the ATP-
dependent helicases (CHD3/4/5) and cyclin dependent
kinase associated protein (CDK2API) (for reviews, see
(7,8)). In addition to the core components there are a num-
ber of more transient members of the complex including
FOGI1, BCL11A/B and SALLI1 which associate with the
NuRD complex to recruit the dual enzymatic activity to
specific gene loci (9,10).

It has recently emerged that a significant fraction
of the NuRD complex lacks the remodelling compo-
nents (GATA2Da/b, CHD3/4/5, CDK2AP1) and con-
tains just the deacetylase module (HDAC1/2, MTA1/2/3,
RBBP4/7) (11). This deacetylase module has been shown
to be a fully active and is one of several intermediate and
alternative NuRD complexes that have been shown to exist
in wild type cells (6,12). Whether or not the chromatin re-
modelling module is associated with the deacetylase module
seems to depend on which of the mutually exclusive compo-
nents PWWP2A or MBD?2/3 is bound to the core deacety-
lase complex (4).

Within the deacetylase module of NuRD several
proteins/domains contribute to chromatin interaction. By
analogy with other BAH domains, the BAH domain of
MTAL is thought to bind to nucleosomes (13,14). The
WD40 domain proteins RBBP4/7 have been shown to
direct binding to the amino-terminal tail of histone H3 (15—
17). MBD2/3 also targets the NuRD complex to chromatin
(18,19). Interestingly, the paralogues, MBD2 and MBD3,
are mutually exclusive components of the core complex
that have been demonstrated to have strikingly different
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biological roles (20). Both have DNA-targeting properties,
and whereas MBD2 preferentially binds to methylated
and hemi-methylated DNA, MBD3 has a much-reduced
preference for methylated sites and binding to DNA is
significantly weaker (21,22). Both MBD proteins consist of
a DNA-binding domain, an intrinsically disordered region
(IDR), and a coiled-coil that binds to GATA2a/b (23). As
mentioned above, MBD2/3 can be replaced by PWWP2A
forming a deacetylase complex lacking the remodelling
module. PWWP2A/B also has chromatin binding activity
recognising histone H3 K36me3 (4).

The stoichiometry of assembly of the NuRD complex
has been somewhat controversial. Mass spectrometry stud-
ies have reported a variety of different stoichiometries for
the NuRD complex (11,24-27). Some of the variability may
derive from the purification method used to obtain a ho-
mogeneous sample. This uncertainty was resolved in part
through structural studies of the MTA1:HDACI1 complex
which clearly showed that MTA1 forms a dimeric scaffold
recruiting two copies of HDACT1 (28). Further structural
studies revealed that each MTA1 protein is able to recruit
two copies of RBBP4 confirming an overall subunit ratio
of 2:2:4 (HDAC1:MTA1:RBBP4) (15,29). The question of
how many copies of MBD2/3 are assembled into the NuRD
complex has been more challenging. Mass spectrometry
suggests that this component may be sub-stoichiometric to
the others and that only a single MBD2/3 is recruited to a
NuRD:MTAI dimer (24).

We have investigated the architecture of the NuRD
deacetylase module to understand the stoichiometry and
topological arrangement of the chromatin binding mod-
ules with a view to understanding how the complex in-
teracts with chromatin. We demonstrate unambiguously
that a single copy of MBD2 binds to the HDAC1:MTAI1
dimerisation interface and indeed binding requires a pre-
formed dimeric complex. We use cryo-electron microscopy
(cryo-EM) to visualise the architecture of three progres-
sively larger NuRD complexes. These structures reveal how
the BAH domains of MTAI, the RBBP4/7 WD40 do-
mains and the MBD2 methyl-DNA binding domain are po-
sitioned relative to each other and the HDACI1 dimer. These
findings suggest how the complex is targeted to chromatin.

MATERIALS AND METHODS
Mammalian protein expression and purification

Wild type and mutant MTA1 constructs were cloned into
pcDNA3 vectors containing an amino terminal Hisjo-
Flags purification tag and a TEV protease cleavage site.
Full length HDACT (residues 1-482), RBBP4 (residues 1—
425) and MBD?2 (residues 145-411) were cloned without
affinity tags into the same vectors. Protein was expressed
in HEK293F suspension-grown cells (Invitrogen) using
polyethylenimine (PEI; Sigma) as a transfection reagent
and harvested after 48 h as previously described (15,30).
Cells were lysed in 50 mM Tris—=HCI (pH 7.5), 100 mM
potassium acetate, 10% (v/v) glycerol, 0.3% (v/v) Triton
X-100 and Roche Protease Inhibitor (buffer A). The lysate
was clarified by centrifugation and applied to FLAG resin
(Sigma) for 30 min and washed three times with 50 mM
Tris—-HCI (pH 7.5), 100 mM potassium acetate and 5% (v/v)
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glycerol (buffer B). The protein was treated with RNase
A in buffer B for 1 h, washed twice more with 25 mM
Tris—HCI (pH 7.5), 75 mM potassium acetate and 0.5 mM
TCEP (buffer C), before being eluted with TEV protease
overnight. The protein complexes were purified further by
gel filtration using a Superose 6 column (GE Healthcare,
UK).

Strep-tag purification

MBD?2 (residues 114-411) with 8 residue non-cleavable
strep tag was cloned into a pcDNA vector (Strep-MBD2).
Strep-MBD2 and untagged MBD2 were co-expressed
with MTA1 and HDACI in HEK293F cells and the
complex containing FLAG-MTA1:HDAC1:MBD?2/Strep-
MBD?2 was purified on FLAG-resin as detailed above. The
purified complex was eluted with TEV protease overnight,
gel filtrated using a Superose 6 column and applied to Strep-
Tactin XT Superflow resin (IBA Lifesciences). The Strep-
resin was washed five times with buffer C before being di-
rectly loaded onto the SDS-PAGE gel.

Size exclusion chromatography with multi-angle light scatter-
ing (SEC-MALS)

Gel filtration-pure HDAC1:MTA1:MBD2 complex was
analysed by SEC-MALS. The peak eluted fraction from a
Superose 6 column was re-run down the same column and
monitored with an Optilab T-rEX differential Refractive In-
dex detector coupled to a DAWN HELEOS MALS detec-
tor (Wyatt Technology). The mass of each protein complex
was calculated using ASTRA software version 6.1.

EM sample preparation and data collection

MTAIL(ELM2-SANT)» MTAI1(BAH-ELM2-SANT-ZnF) and
MTAl(BAH-ELM2-SANT-ZnF-R 1) complexes (containing
HDACI, MBD2, RBBP4) were purified by gel filtra-
tion and applied to Quantifoil R1.2/1.3 grids overlaid
with graphene oxide, as described in (31). Grids were
blotted and plunge frozen using a Vitrobot 4. Data for
the MTAIgLmosant) and MTAL(BAH-ELM2-SANT-ZuF-R1)
complexes were collected on an FEI Titan Krios operating
at an accelerating voltage of 300 kV equipped with an FEI
Falcon 3 direct electron detector in counting mode using
a phase plate. Micrographs were collected at a nominal
magnification of x 75K (calibrated pixel size of 1.08 A) and
a dose rate of 0.68¢~/pixel/s in counting mode over 60 s
and 75 fractions. Data for the MTAl(BAH-ELMZ-SANT-ZnF)
complex was collected using a Gatan K3 direct electron
detector at super-resolution mode. Micrographs were
collected at a nominal magnification of x81K (calibrated
pixel size of 1.09 A) and a dose rate of 10e~ /pixel/sec
over 5 s and 45 fractions. Conventionally defocused and
phase plate datasets were collected using the EPU software
(Thermo Fisher Scientific). Micrographs were collected at
various defocus modes between 0.5 and 3.5 pm.

EM image processing

All datasets were processed in Relion3.0 (32). Micrographs
were first corrected for large movements using Motion-
Corr2 (33) and CTF parameters were estimated using
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GTCEF (34). Autopicking was performed in Relion using the
LOG autopicking software. The resolution was calculated
using Gold-Standard 0.143 criterion, resulting in 6.1 and
19 A for the two Falcon 3 datasets (MTAIELm2-sANT)
and MTA1(BAH—ELM2—SANT—ZnF—R1) Complexes) and a 4.5 A
map for the K3 dataset (MTAI(BAH-ELMZ-SANT-ZnF) com-
plex). Box sizes of 150, 210 and 280 pixels were used
for the MTAIELm2-sanT), MTAL(BAH-ELM2-SANT-ZnF) and
MTA1(BAH-ELM2-SANT-ZnF-R1) complexes respectively. The
NMR solution structure of MBD2 (pdb code: 2KYS8) and
crystal structures of HDAC1:MTA1 and RBBP4:MTAI1
(pdb codes: SICN and SFXY) were docked as rigid bodies
in Chimera (35). Phenix validation for CryoEM was used
to calculate the FSC model-to-map (36). Image processing
statistics are shown in Supplementary Table S1.

DNA binding assay

Binding of the HDAC1:MTA1:MBD?2 to DNA was tested
on a short fragment of 15 nt DNA sequence GGAATMCG-
GCTCATGC by electrophoretic mobility shift assay. The
probe mixture of double stranded DNA was prepared by
annealing complementary oligonucleotides as described in
(37). Briefly, 1 uM double stranded DNA was incubated
with a 1- to 10-fold excess of complex in binding buffer (20
mM HEPES pH 7.0, 75 mM potassium acetate and 2 mM
DTT) for 20 min on ice. Samples were analysed on a 10 cm
x 10 cm, 5% acrylamide gel buffered in 0.5x TB (45 mM
Tris, 45 mM boric acid). The gel was stained with ethidium
bromide and visualized using UV.

RESULTS
MBD?2 interacts directly with the HDAC1:MTA1 dimer

To resolve the question of the stoichiometry of MBD2 in
the NuRD complex we expressed a flag-tagged construct of
MTAI1 containing the ELM2-SANT domain (residues 162—
354) with HDAC1 and MBD2 and purified the complex on
anti-flag resin. The complex was washed, cleaved from the
resin by TEV protease, and further purified by gel filtra-
tion. As expected, MBD?2 co-purified as part of the complex
but appeared to be sub-stoichiometric relative to HDACI
and MTAL as judged by the intensity of bands on an SDS
PAGE gel (Figure 1A and B). To eliminate the possibility of
low MBD2 protein expression we transfected cells ata 1:1:1
DNA ratio and also with a four-fold excess of MBD2 DNA
(1:1:4) but observed the same apparently sub-stoichiometric
ratio in both cases (Supplementary Figure S1).

Since we had previously shown that two molecules of
HDACI! bind to dimeric MTA1 (28) the weaker inten-
sity of the MBD2 band could either be due to poor up-
take of the coomassie stain or more interestingly by a sub-
stoichiometric ratio. Therefore, we investigated the stoi-
chiometry of the complex using size exclusion chromatogra-
phy followed by multi-angle light scattering (SEC-MALS).
We expressed a construct of MBD2 which was missing
the disordered N-terminus (residues 145-411). The aver-
age molecular weight of the HDAC1:MTA1:MBD2 com-
plex was determined to be 174.5 kDa which fits well with
the predicted molecular weight (184kDa) of a dimeric

HDACI:MTAI bound to a single MBD?2, i.e. indicating a
stoichiometry of 2:2:1 (Figure 1C).

A single copy of MBD2 is recruited to a HDAC1:MTAI1
dimer complex

To confirm the stoichiometry of the HDACI:MTA1:MBD2
complex we designed two different length constructs of
MBD?2 that could be distinguished by SDS-PAGE; one with
a strep-tag and one without, and co-expressed these with
HDACI and MTAIL. Our two-step strategy was to purify
these MBD?2 constructs on anti-flag resin (using the flag tag
on MTALI as bait) before further purifying the complex on
strep resin (Figure 2A). If the untagged MBD2 protein re-
mained in the complex following the strep purification step,
this would suggest a 2:2:2 stoichiometry, but a single MBD2
band would indicate a 2:2:1 complex. The SDS-PAGE gel
showed that while both MBD2 constructs were present on
the flag resin, the untagged MBD2 material was lost on the
strep resin (Figure 2B). This confirms the conclusion that
a single MBD?2 polypeptide binds to the HDAC1:MTA1
dimer.

Further support for a 2:2:1 HDAC1:MTA1:MBD?2 ra-
tio was provided by an EMSA DNA-binding assay with a
methylated DNA-duplex. Only a single bound species was
observed (Supplementary Figure Slc). If two MBD2 pro-
teins were bound then the HDAC1:MTA1:MBD2 complex
would be expected to bind to one or two DNA duplexes de-
pending upon the DNA:complex ratio.

The HDAC1:MTA1 dimerization interface forms part of the
MBD2 binding site

We reasoned that since a single MBD2 binds to the
HDACI1:MTA1 dimer, MBD2 must bind in such a way as to
sterically occlude a second molecule binding. Initially we at-
tempted to express shortened constructs of MBD?2 to define
the minimal region required for interaction. However, ex-
pression constructs trimmed shorter than residues 145-393
did not co-purify with the complex. This suggests that these
shorter constructs either bind less tightly and are lost dur-
ing purification or that the whole region 145-393 is essential
for interaction. To explore this further, we made structure-
guided mutations of the MTA1 dimerisation interface to
probe whether changes in this region might perturb bind-
ing of MBD2.

The homo-dimerisation interface of MTAL is well char-
acterised and consists of several helices from the ELM?2 do-
main of each MTA1 monomer coming together to form
a hydrophobic core (15,28). We created two deletion mu-
tants and a chimeric insertion within the ELM2 domain
of MTAI1 (162-354) (Figure 3A and B). The first deletion
construct had 12 residues missing to remove part of the
ELM2 helix 2 (MTA1-A12). The second deletion construct
was based on alignment with RCOR 1 and the whole of he-
lix 2 (MTA1-A26) was deleted. The third mutant (MTA1-
A90R) was a chimeric protein in which residues 199-288
were substituted with the equivalent residues from RCOR1,
a monomeric distant homologue of MTAT1 (38).

Co-transfection and purification of the MTA1 mutants
with HDAC1 and MBD2 showed that all three mutant
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Figure 1. MTA1 and HDACI copurify with MBD2. (A) Schematic of the domain structure of MTA1, MBD2 and HDACI. The fragments used in the
interaction study are shown underneath as dotted lines. (B) Gel filtration of the MTA1 (residues 162-354), HDACI and MBD2 (145-411) complex on a
Superose 6 column. The complex before column purification is shown in lane 2 and fractions from the column in lanes 3-8. (C) SEC-MALS profile for the
MTALI (residues 162-354), HDAC1 and MBD2 (145-411) complex. The measured molecular weight is 174.5 kDa and the calculated molecular weight for

a stoichiometry of 2:2:1 is 184.0 kDa.

proteins were expressed and able to form a complex with
HDACI1. However, both the MTA1-A26 and MTA1-A90R
complexes failed to interact with MBD2 (Figure 3c). Inter-
estingly the MTA1-A12 complex (i.e. the smallest deletion)
retained ability to interact with MBD?2 (Figure 3C). How-
ever, MBD2 recruitment was reduced compared with wild
type, suggesting that the MBD2 binding site had been weak-
ened.

To understand why the recruitment of MBD2 was re-
duced in the MTA1-A12:HDACI1:MBD2 mutant complex,
we scaled up expression and purified the complex on a size
exclusion column. The chromatogram showed two peaks:
a larger dimeric species that matched the wild type com-
plex, and a smaller complex that did not contain MBD2
(Figure 3D and E). This second peak appears to be the
monomeric form of the complex since the elution point is
characteristic of a 70-80 kDa complex. This suggests the
mutation weakens, but does not abrogate dimerisation of
the complex. Interestingly, the dimeric complex, but not the
monomeric, retains the ability to bind MBD2 despite con-
taining the mutation, suggesting that the deleted surface is

itself not important for binding (Figure 3E). This strongly
suggests that dimerisation is required for MBD2 binding.
Both the MTA1-A26 and MTA1-A90R complexes fail to
bind MBD2. This is not unexpected since they are both
monomeric. It is also possible that key interactions are per-
turbed by these mutations.

The structure of MBD2 bound to the HDAC1:MTAI1 dimer

To visualise how MBD?2 interacts with the HDAC1:MTA1
dimer we used cryo-electron microscopy to de-
termine the structure of MBD2 bound to the
MTAI(ELMz_SANT)IHDACI complex (Figure 4A) A
map was calculated using 70 561 particles to a resolution
of 6.1 A (Figure 4B, Supplementary Figures S2-S4). The
dimeric nature of the complex was immediately apparent
in the raw micrographs with front-on particles resembling
‘bowties’ (i.e. two HDACs flanking the MTA1 dimer
interface). The helices of MTA1 and HDACI are clearly
visible in the 2D class averages and the crystal structure of
the HDACI:MTAI1 dimer (pdb code: 5ICN, (39)) could
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Figure 2. The HDAC1:MTAI1 dimer only binds to a single copy of MBD2. (A) Schematic of the binding experiment outlining two possible scenarios.
(B) Sequential flag and strep purifications of the complex. The flag-tagged complex was cleaved from the resin and purified on a Superose 6 gel filtration
column (lanes 2-7). Lane 5 complex was re-applied to Strep-resin and washed before loading on the gel.

be readily docked into the 3D refined map using Chimera
(Supplementary Figure S2).

On fitting the HDACI1:MTA1 dimer structure into the
map, it was apparent that the complex was asymmetric with
additional density appearing on one but not both of the
MTAI1-SANT domains. While the resolution of the map
was too low for de novo building, the NMR solution struc-
ture of the MBD domain of MBD2 (residues 145-210) (pdb
code: 2K Y8, (22)) could be fitted into this density. Having
placed the two crystal structures into the map, the remain-
ing unaccounted-for density was extracted and examined.
Particularly interesting was density from the intrinsically
disordered domain (IDR) of MBD?2, and the CC domain,
which appears to wrap around both sides of the dimeri-
sation interface (Supplementary Figure S2). On inspection
of the MBD2 sequence we identified a short hydrophobic
motif (I/VTxQI/V) that is repeated twice in MBD2 with a
linker of 36 amino-acids (Supplementary Figure S2¢). This
region of MBD2 had been previously shown to be impor-
tant for binding and indeed has been predicted to form a
large contact surface with the core HDAC complex (23).
Binding of the two motifs across the MTA1 dimer inter-
face would explain why one bound MBD2 would occlude
binding of a second MBD2.

The BAH domain from MTAL is ideally positioned to recruit
nucleosomes to the active site

The BAH domain in MTAL is thought to play a role in re-
cruiting nucleosomes to the deacetylase complex. To under-
stand the relationship between the BAH domain and the
HDAC catalytic site, we prepared a complex containing an
extended construct of MTAT including the BAH, ELM2,
SANT and GATA zinc finger (ZnF) domains (residues

1-453) together with HDACI and MBD2. CryoEM data
were collected and a map was calculated to 4.5 A based
on 94 041 particles (Figure 4C, Supplementary Figures
S2-S5). A direct comparison of this map with that of the
MTA1ELm2-sanT):HDACI:MBD2 complex shows that the
central portion of the map is higher resolution than the
first map and that the envelope of the complex extended,
with additional density at either end of the HDAC1:MTA1
dimer. This part of the map has a distinctive, relatively nar-
row volume suggesting a compact but elongated domain
which fits well with the known architecture of BAH do-
mains. This part of the map is not high enough resolution
to build de novo, but it was straightforward to dock a Phyre
model of the MTA1-BAH domain, based on previous crys-
tal structures of BAH domains from ORC1 and SIR3 (pdb
codes: 60M3 and 3TU4, (13,14)). As would be expected,
the position of the modelled BAH domain is such that the
carboxy-terminus is close to the amino-terminal residue of
the ELM2 domain. Although the GATA-like zinc-finger
was included in this MTAI construct, it was not possible
to assign density for this in the map, and is speculatively
positioned in our schematics (Figure 4C and D).

The RBBP4/7 modules are flexibly linked to facilitate dy-
namic chromatin binding

To explore the assembly of the larger complex, we used
a longer MTAI construct (residues 1-546) contain-
ing the proximal RBBP4/7 recruitment motif (R1).
This MTA1 construct does not include the R2 do-
main and therefore each MTAI only recruits a single
RBBP4 protein. The 2D and 3D classification of the
MTA1(BAH-ELMZ-SANT-ZnF-Rl):HDACI :MBD2:RBBP4

complex suggested a relatively high degree of flexibility in
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Figure 3. The MTA1 dimerisation interface is important for MBD2 recruitment. (A) Sequence alignment of ELM2 domains from MTA1, MTA2, MTA3
and RCORI. The secondary structure of MTAL is indicated above the sequences. Three MTA1 deletion constructs are shown below the alignment. The 90
residues deleted from MTAI1 in the MTA1-A90R construct are substituted by the corresponding residues from RCOR1. (B) The crystal structure of the
HDACI:MTA1 dimer (pdb code: SICN, (39)) highlighting the deletions on the structure: blue residues are deleted in MTA1-A12; blue and red deleted in
MTAI1-A26; blue, red and cyan are deleted and replaced in MTA1-A90R. (C) SDS-PAGE gel showing the proteins pulled down by mutant and wildtype
MTALI constructs. (D) Gel filtration profile on a Superose 6 column of the MTA1-A12 mutant complex (pink) compared with MTA1 wildtype (grey). (E)
SDS-PAGE of the Superose 6 gel filtrated MTA1-A12 complex. Complex before the column is shown in lane 2 and the fractions from the column in lanes

3-13. The peak fractions are lanes 7 and 11.

the structure and a map of only 19A using 10 066 particles
could be achieved (Figure 4D and Supplementary Figure
S6). It is apparent that the flexibility occurs at the point
that RBBP4 is tethered to the complex (Supplementary
Figure S6). Indeed, the linker residues within MTAI1 are
predicted unstructured (Protparam, (40)). The flexibility
is likely to be important for histone binding by RBBP4
in the context of the whole complex, as well as recruit-
ment to specific transcription factors that interact with
RBBP4.

DISCUSSION

Understanding the assembly and mode of action of the
NuRD complex has been a long-standing challenge. In
this study we have investigated the stoichiometry of the
NuRD deacetylase module and visualised three forms of
the complex by electron microscopy. Using two indepen-
dent techniques, immunoprecipitation and SEC-MALS, we
showed that MBD2 is sub-stoichiometric to the HDACI1
and MTAI1 proteins and is present in a ratio 2:2:1
(HDAC1:MTA1:MBD2).
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Figure 4. Visualisation of the core NuRD complex by cryo electron microscopy. (A) Schematic of the MTA1 constructs (shown as dotted lines) used to
recruit HDAC1, MBD2 and RBBP4 to the NuRD complex. (B) Representative 2D class averages and 3D map of the complex containing MTA1 (ELM2
and SANT domains; residues 162-354), HDAC1 and MBD?2 (145-411). A cartoon representation is shown to highlight the arrangement of subunits.
HDACI1, MTA1 and MBD?2 are coloured green, blue and tan respectively. (C) Representative 2D class averages and 3D map of the complex containing
an extended MTALI construct (BAH, ELM2, SANT and ZnF domains; residues 1-453), HDACI and MBD2 (145-411). Map contour level is 0.01 and
inset map contour level is 0.02—Chimera. (D) Representative 2D class averages and 3D map of the complex containing a MTA1 construct (BAH, ELM2,
SANT, ZnF and R1 domains; residues 1-546), HDAC1 and MBD2 (145-411) to visualise how RBBP4 is recruited to the complex. The crystal structures

of HDACI:MTA1 (SICN, (39)), RBBP4:MTA1 (5FXY, (15)) and NMR solution structure of MBD2 (2K'YS8, (22)) are fitted into the map. RBBP4 is shown
in pink.
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Figure 5. Modelling the recruitment of complexes to chromatin. (A) Orthogonal views of a nucleosome from the Sir3:nucleosome crystal structure (3TU4,
(13)) superimposed on the MTA1 (BAH-ELM2-SANT-ZnF):HDAC1:MBD?2 complex, aligned using the Sir3 BAH domain. (B) As in panel (A) with an
additional nucleosome docked to the second MTA1-BAH domain, using the Sir3 BAH domain for alignment. (C) As in panel (B) with the relative position
of the RBBP4-WD40 domains shown in pink. (D) Orthogonal views of the CHD4:nucleosome EM structure (6RYR, (43)) superimposed onto the MTA1
(BAH-ELM2-SANT-ZnF):HDAC1:MBD2 complex, aligned using the SIR3 nucleosome position.
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Using structure-guided mutation we show that MBD2 in-
teracts with the MTA1 dimerisation interface, likely with
a tandemly repeated sequence motif. Partial deletion of
MTAI (helix 2; residues 232-243) partially dissociates the
dimer and suggests that MBD2 requires dimerisation to
support binding. Interestingly, of all the ELM2-SANT do-
main HDAC corepressors, MTA from the NuRD complex
is the only one that forms a dimer and binds to MBD?2. Since
MBD?2 binds across the dimer interface, our results provide
an explanation for why MBD2/3 is specific to the NuRD
complex.

Using cryo-electron microscopy, we studied the struc-
ture of NuRD complex containing MBD2 and observed
clear asymmetry in the complex. The 3D map was high
enough resolution to model a single MBD domain (MBD2
residues 145-220) in close proximity to one of the MTAI1-
SANT domains. Additional volume around the dimerisa-
tion interface suggests how the MBD C-terminal region in-
teracts with the HDAC1:MTA1 dimer. MBD2 appears to
wrap around the dimerisation interface of MTAI1, bind-
ing to both front and back surfaces, possibly through a re-
peated motif. This intrinsically disordered region of MBD2
has been previously shown to be important in recruiting the
core HDAC complex (23). The key residues (R286 & 1.287)
identified by Desai et al., are close to the first of the short
repeated hydrophobic motifs (I/VTxQI/V) in MBD?2 (23).
Each part of this multi-domain interface would contribute
binding energy to complex formation and would explain
why our selective MBD2 deletion constructs did not form
stable complexes.

Importantly, we were also able to fit the BAH domains of
MTAI1 into the cryoEM map - even though this part of the
map is comparatively less-well defined, likely due to some
local motion of the BAH domains. By comparison with
the structure of the Sir3 BAH domain bound to a nucle-
osome (pdb code: 3TU4, (13)), we asked whether this mode
of binding was compatible with our structure. Strikingly, the
nucleosome would be positioned on the ‘top’ of the struc-
ture (Figure 5a) which would bring the histone tails into
close proximity to the HDAC active site. Furthermore, the
MBD2 DNA-binding domain is in close proximity to the
DNA wrapping around the nucleosome and could therefore
contribute to binding / recognition - although this would
appear to require some structural rearrangement. Finally,
although we cannot be sure of the position of the MTA1
zinc finger, carboxy terminal to the SANT domain, it is
likely that it is positioned between the SANT and BAH do-
mains. It is therefore also potentially able to interact with
the nucleosomal DNA (Figure 5A).

Given that there are two BAH domains in the dimeric
complex, it is important to ask whether the NuRD deacety-
lase module might simultaneously bind to two nucleosomes.
Certainly, the structure is compatible with two nucleosomes
binding without clashes. However, the relative positioning
of the two nucleosomes would suggest that some unwind-
ing of the DNA may be required for a contiguous linker
and thus for the two BAH domains to engage with adjacent
nucleosomes (Figure 5B). Interestingly, this mode of bind-
ing between two nucleosomes is strongly reminiscent of the
cryo-EM structure of the Polycomb PRC2 repression com-
plex bound to a di-nucleosome (41).

Although the EM maps suggest that the RBBP4 domains
are relatively flexible, their positioning, and apparent range
of motion, is broadly compatible with nucleosome binding
to the complex (Figure 5C) allowing the WD40 domain to
interact with histone H3 amino-termini (16). Interestingly,
the flexible attachment of chromatin interaction modules to
a deacetylase assembly, was also observed in the MiDAC
complex and may be a common feature of histone deacety-
lase complexes allowing these complexes to adjust to differ-
ent nucleosome conformations or spacings (42).

Here we have studied the deacetylase module of the
NuRD complex. This complex will resemble variants of the
NuRD complex that lack the remodelling module (6,11). It
is however, important to ask whether this predicted mode
of chromatin binding is compatible with the holo-NuRD
complex containing the chromatin remodelling module.
A recent cryoEM structure of CHD4 bound to a nucle-
osome allows us to create a composite model of chro-
matin binding by the two modules (43). In this model
the CHD4 and MTA1:HDAC1:MBD?2 bind to different
surfaces of the nucleosome (Figure 5D). Previous studies
have shown that the CHD3/4 remodelling components are
recruited to NuRD via a coiled-coil interaction between
MBD?2 and GATAD?2a/b (24,44). Apart from a GATA-
type zinc-finger and the coiled-coil MBD2 interaction do-
main, GATAD?2a/b is predicted to be largely disordered
and is sufficiently large to bridge the two modules.

It is interesting to speculate reasons why this complex has
evolved to bind, asymmetrically, a single MBD protein. One
reason could be to maintain MBD2:NuRD, MBD3:NuRD
and PWWP2A:NuRD as mutually exclusive complexes act-
ing on different chromatin substrates at different genomic
locations. The asymmetry also ensures that only a single
CHD3/4 remodeller is associated with the deacetylase mod-
ule, which may be important for the function of the com-
plex.

DATA AVAILABILITY

The EM maps for the three parts of the NuRD complex are
available from the EMBD under the accession codes EMD-
11837, EMD-11838 and EMD-11839. The coordinates for
the three models are available from the PDB under the ac-
cession codes 7A08, 7AO9 and 7AOA. All other data are
available from the corresponding authors on request.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Dipti Vashi and Sharon Mun-
day from the PROTEX facility (University of Leicester) for
preparation of expression clones. We acknowledge the Mid-
lands Regional Cryo-EM Facility at the Leicester Institute
of Structural and Chemical Biology (LISCB).

FUNDING

Wellcome Trust Senior Investigator Award [WT100237/Z/1
2/Z to JW.R.S.]; Royal Society Wolfson Merit Award [to


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa1121#supplementary-data

JW.R.S.]; MRC Capital Award for the Cryo-EM Facil-
ity [MC_PC_17136 to JW.R.S]. Funding for open access
charge: Wellcome Trust via University of Leicester.
Conflict of interest statement. None declared.

REFERENCES

1

2.

10.

I1.

12.

13.

14.

15.

16.

17.

. Li,D.-Q. and Kumar,R. (2010) Mi-2/NuRD complex making inroads

into DNA-damage response pathway. Cell Cycle, 9, 2071-2079.
Reynolds,N., O’Shaughnessy,A. and Hendrich,B. (2013)
Transcriptional repressors: multifaceted regulators of gene
expression. Development, 140, 505-512.

. Burgold,T., Barber,M., Kloet,S., Cramard,J., Gharbi,S., Floyd,R.,

Kinoshita,M., Ralser,M., Vermeulen,M., Reynolds,N. et al. (2019)
The nucleosome remodelling and deacetylation complex suppresses
transcriptional noise during lineage commitment. EMBO J., 38,
27-18.

. Zhang,T., Wei,G., Millard,C.J., Fischer,R., Konietzny,R.,

Kessler,B.M., Schwabe,J. W.R. and Brockdorff,N. (2018) A variant
NuRD complex containing PWWP2A /B excludes MBD2/3 to
regulate transcription at active genes. Nat. Commun., 9, 3798-3811.

. Hoffmeister,H., Fuchs,A., Erdel,F., Pinz,S., Grobner-Ferreira,R .,

Bruckmann,A., Deutzmann,R., Schwartz,U., Maldonado,R.,
Huber,C. et al. (2017) CHD3 and CHD4 form distinct NuRD
complexes with different yet overlapping functionality. Nucleic Acids
Res., 45, 10534-10554.

. Low,J.K.K., Webb,S.R., Silva,A.P.G., Saathoff,H., Ryan,D.P,,

Torrado,M., Brofelth,M., Parker,B.L., Shepherd,N.E. and
Mackay,J.P. (2016) CHD4 is a peripheral component of the
nucleosome remodeling and deacetylase complex. J. Biol. Chem., 291,
15853-15866.

. Allen,H.F., Wade,P.A. and Kutateladze,T.G. (2013) The NuRD

architecture. Cell. Mol. Life Sci., 70, 3513-3524.

. Denslow,S.A. and Wade,P.A. (2007) The human Mi-2/NuRD

complex and gene regulation. Oncogene, 26, 5433-5438.

. Goos,J.A.C., Vogel, W.K., Mlcochova,H., Millard,C.J., Esfandiari,E.,

Selman,W.H., Calpena,E., Koelling,N., Carpenter,E.L.,
Swagemakers,S.M.A. et al. (2019) A de novo substitution in BCL11B
leads to loss of interaction with transcriptional complexes and
craniosynostosis. Hum. Mol. Genet., 28, 2501-2513.

Lauberth,S.M. and Rauchman,M. (2006) A conserved 12-Amino
acid motif in salll recruits the nucleosome remodeling and
deacetylase corepressor complex. J. Biol. Chem., 281, 23922-23931.
Zhang,W., Aubert,A., de Segura,J.M.G., Karuppasamy,M., Basu,S.,
Murthy,A.S., Diamante,A., Drury,T.A., Balmer,J., Cramard.,J. et al.
(2016) The nucleosome remodeling and deacetylase complex NuRD
is built from preformed catalytically active Sub-modules. J. Mol.
Biol., 428, 2931-2942.

Sher,F., Hossain,M., Seruggia,D., Schoonenberg,V.A.C., Ya0,Q.,
Cifani,P., Dassama,L.M.K., Cole,M.A., Ren,C., Vinjamur,D.S. et al.
(2019) Rational targeting of a NuRD subcomplex guided by
comprehensive in situ mutagenesis. Nat. Genet., 51, 1149-1159.
Armache,K.-J., Garlick,J.D., Canzio,D., Narlikar,G.J. and
Kingston,R.E. (2011) Structural basis of silencing: Sir3 BAH domain
in complex with a nucleosome at 3.0 A resolution. Science, 334,
977-982.

De Ioannes,P., Leon,V.A., Kuang,Z., Wang, M., Boeke,J.D.,
Hochwagen,A. and Armache,K.-J. (2019) Structure and function of
the Orcl BAH- nucleosome complex. Nat. Commun., 10, 2894-2904.
Millard,C.J., Varma,N., Saleh,A., Morris, K., Watson,P.J.,
Bottrill,A.R., Fairall,L., Smith,C.J. and Schwabe,J.W.R. (2016) The
structure of the core NuRD repression complex provides insights into
its interaction with chromatin. Elife, 5, ¢13941.

Schmitges,F.W., Prusty,A.B., Faty,M., Stiitzer,A., Lingaraju,G.M.,
Aiwazian,J., Sack,R., Hess,D., Li,L., Zhou,S. et al. (2011) Histone
methylation by PRC?2 is inhibited by active chromatin marks. Mol.
Cell, 42, 330-341.

Nowak,A.J., Alfieri,C., Stirnimann,C.U., Rybin, V., Baudin,F.,
Ly-Hartig,N., Lindner,D. and Miiller,C.W. (2011)
Chromatin-modifying complex component Nurf55/p55 associates
with histones H3 and H4 and polycomb repressive complex 2 subunit
Su(z)12 through partially overlapping binding sites. J. Biol. Chem.,
286, 23388-23396.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Nucleic Acids Research, 2020, Vol. 48, No. 22 12981

Leighton,G. and Williams,D.C. Jr (2019) The Methyl-CpG-Binding
domain 2 and 3 proteins and formation of the nucleosome
remodeling and deacetylase complex. J. Mol. Biol., 432, 1624-1639.
Wood,K.H. and Zhou,Z. (2016) Emerging molecular and biological
functions of MBD?2, a reader of DNA methylation. Front. Genet., 7,
231-214.

Hendrich,B., Guy,J., Ramsahoye,B., Wilson,V.A. and Bird,A. (2001)
Closely related proteins MBD2 and MBD3 play distinctive but
interacting roles in mouse development. Genes Dev., 15, 710-723.
Liu,K., Lei,M., Wu,Z., Gan,B., Cheng,H., Li,Y. and Min,J. (2019)
Structural analyses reveal that MBD3 is a methylated CGbinder.
FEBS J., 286, 3240-3254.

Scarsdale,J.N., Webb,H.D., Ginder,G.D. and Williams,D.C. Jr (2011)
Solution structure and dynamic analysis of chicken MBD2 methyl
binding domain bound to a target-methylated DNA sequence.
Nucleic Acids Res., 39, 6741-6752.

Desai,M.A., Webb,H.D., Sinanan,L..M., Scarsdale,J.N.,
Walavalkar,N.M., Ginder,G.D. and Williams,D.C. Jr (2015) An
intrinsically disordered region of methyl-CpG binding domain
protein 2 (MBD?2) recruits the histone deacetylase core of the NuRD
complex. Nucleic Acids Res., 43, 3100-3113.

Sharifi Tabar,M., Mackay,J.P. and Low,J.K.K. (2019) The
stoichiometry and interactome of the nucleosome remodeling and
deacetylase (NuRD) complex are conserved across multiple cell lines.
FEBS J., 286, 2043-2061.

Smits,A.H., Jansen,PW.T.C., Poser,I., Hyman,A.A. and
Vermeulen,M. (2012) Stoichiometry of chromatin-associated protein
complexes revealed by label-free quantitative mass
spectrometry-based proteomics. Nucleic Acids Res., 41, ¢28.
Kloet,S.L., Baymaz,H.I., Makowski,M., Groenewold,V.,
Jansen,PW.T.C., Berendsen,M., Niazi,H., Kops,G.J. and
Vermeulen,M. (2014) Towards elucidating the stability, dynamics and
architecture of the nucleosome remodeling and deacetylase complex
by using quantitative interaction proteomics. FEBS J., 282,
1774-1785.

Spruijt,C.G., Luijsterburg,M.S., Menafra,R., Lindeboom,R.G.H.,
Jansen,PW.T.C., Edupuganti,R.R., Baltissen,M.P., Wiegant, W.W.,
Voelker-Albert,M.C., Matarese,F. et al. (2016) ZMYNDS8
co-localizes with NuRD on target genes and regulates
poly(ADP-ribose)-dependent recruitment of GATAD2A/NuRD to
sites of DNA damage. Cell Rep., 17, 783-798.

Millard,C.J., Watson,P.J., Celardo.lI., Gordiyenko, Y., Cowley,S.M.,
Robinson,C.V., Fairall,L. and Schwabe,J. W.R. (2013) Class I HDACs
share a common mechanism of regulation by inositol phosphates.
Mol. Cell, 51, 57-67.

Algarni,S.S.M., Murthy,A., Zhang,W., Przewloka,M.R.,
Silva,A.P.G., Watson,A.A., Lejon,S., Pei, X.Y., Smits,A.H., Kloet,S.L.
et al. (2014) Insight into the architecture of the NuRD complex. J
Biol. Chem., 289, 21844-21855.

Portolano,N., Watson,P.J., Fairall,L., Millard,C.J., Milano,C.P.,
Song,Y., Cowley,S.M. and Schwabe,J. W.R. (2014) Recombinant
protein expression for structural biology in HEK 293F suspension
Cells: A novel and accessible approach. JoVE, 92, ¢51897.
Savva,C.G., Clark,A.R., Naylor,C.E., Popoff,M.R., Moss,D.S.,
Basak,A K., Titball,R.W. and Bokori-Brown,M. (2019) The pore
structure of Clostridium perfringens epsilon toxin. Nat. Commun., 10,
2641-2650.

Scheres,S.H.W. (2012) RELION: Implementation of a Bayesian
approach to cryo-EM structure determination. J. Struct. Biol., 180,
519-530.

Zheng,S.Q., Palovcak,E., Armache,J.-P., Verba,K.A., Cheng,Y. and
Agard,D.A. (2017) MotionCor2: anisotropic correction of
beam-induced motion for improved cryo-electron microscopy. 14,
331-332.

Zhang,K. (2016) Getf: Real-time CTF determination and correction.
J. Struct. Biol., 193, 1-12.

Pettersen,E.F., Goddard,T.D., Huang,C.C., Couch,G.S.,
Greenblatt,D.M., Meng,E.C. and Ferrin, T.E. (2004) UCSF
Chimera-—a visualization system for exploratory research and
analysis. J. Comput. Chem., 25, 1605-1612.

Afonine,P.V.,, Klaholz,B.P., Moriarty,N.W., Poon,B.K., Sobolev,0.V.,
Terwilliger, T.C., Adams,P.D. and Urzhumtsev,A. (2018) New tools
for the analysis and validation of cryo-EM maps and atomic models.
Acta Crystallogr. D Struct. Biol., 74, 814-840.



12982 Nucleic Acids Research, 2020, Vol. 48, No. 22

37.

38.

39.

40.

Itoh,T., Fairall,L., Muskett,F.W., Milano,C.P., Watson,P.J.,
Arnaudo,N., Saleh,A., Millard,C.J., El-Mezgueldi,M., Martino,F.

et al. (2015) Structural and functional characterization of a cell cycle
associated HDAC1/2 complex reveals the structural basis for
complex assembly and nucleosome targeting. Nucleic Acids Res., 43,
2033-2044.

Song,Y., Dagil,L., Fairall,L., Robertson,N., Wu,M., Ragan,T.J.,
Savva,C.G., Saleh,A., Morone,N., Kunze,M.B.A. et al. (2020)
Mechanism of crosstalk between the LSD1 demethylase and HDAC1
deacetylase in the COREST complex. Cell Rep., 30, 2699-2711.
Watson,P.J., Millard,C.J., Riley,A.M., Robertson,N.S., Wright,L.C.,
Godage,H.Y., Cowley,S.M., Jamieson,A.G., Potter,B.V.L. and
Schwabe,J.W.R. (2016) Insights into the activation mechanism of
class | HDAC complexes by inositol phosphates. Nat. Commun., 7,
11262-11213.

Buchan,D.W.A. and Jones,D.T. (2019) The PSIPRED protein
analysis Workbench: 20 years on. Nucleic Acids Res., 47,
W402-W407.

41.

42.

43.

44,

Poepsel,S., Kasinath,V. and Nogales,E. (2018) Cryo-EM structures of
PRC2 simultaneously engaged with two functionally distinct
nucleosomes. Nat. Struct. Mol. Biol., 25, 154-162.

Turnbull,R.E., Fairall,L., Saleh,A., Kelsall,E., Morris,K.L.,
Ragan,T.J., Savva,C.G., Chandru,A., Millard,C.J., Makarova,O.V.

et al. (2020) The MiDAC histone deacetylase complex is essential for
embryonic development and has a unique multivalent structure. Nat.
Commun., 11, 3252-3266.

Farnung,L., Ochmann,M. and Cramer,P. (2020) Nucleosome-CHD4
chromatin remodeler structure maps human disease mutations. Elife,
9, 531-520.

Gnanapragasam,M.N., Scarsdale,J.N., Amaya,M.L., Webb,H.D.,
Desai,M.A., Walavalkar,N.M., Wang,S.Z., Zu Zhu,S., Ginder,G.D.
and Williams,D.C. (2011) p66Alpha-MBD?2 coiled-coil interaction
and recruitment of Mi-2 are critical for globin gene silencing by the
MBD2-NuRD complex. Proc. Natl. Acad. Sci. U.S.A., 108,
7487-7492.



