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Abstract: The nucleosome remodeling and deacetylase (NURD) complex remodels the genome in
the context of both gene transcription and DNA damage repair. It is essential for normal develop-
ment and is distributed across multiple tissues in organisms ranging from mammals to nematode
worms. In common with other chromatin-remodeling complexes, however, its molecular mecha-
nism of action is not well understood and only limited structural information is available to show
how the complex is assembled. As a step towards understanding the structure of the NURD com-
plex, we have characterized the interaction between two subunits: the metastasis associated pro-
tein MTA1 and the histone-binding protein RBBP4. We show that MTA1 can bind to two molecules

of RBBP4 and present negative stain electron microscopy and chemical crosslinking data that
allow us to build a low-resolution model of an MTA1-(RBBP4), subcomplex. These data build on
our understanding of NURD complex structure and move us closer towards an understanding of
the biochemical basis for the activity of this complex.
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Introduction

Physical remodeling of the eukaryotic genome is an
essential aspect of a wide range of processes, includ-
ing transcription, replication, and DNA repair. ATP-
dependent chromatin remodeling complexes are
instrumental in such remodeling events. Remodeling
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complexes all contain a DNA translocase enzyme
that harnesses ATP-derived energy to alter the posi-
tions, occupancy and composition of nucleosomes,
thereby altering the accessibility of DNA to other
DNA-binding factors. The activity of the translocase
is modulated by additional subunits that harbour,
for example, domains that recognize specific chroma-
tin modifications or other regulatory proteins.
Despite their central role in regulating the
genome, a detailed mechanistic description of remod-
eling is still lacking and no high-resolution struc-
tures of remodeling complexes are available. Four
classes of remodeling complex have been defined,
based on their central remodeling subunit: INOS8O0,
ISWI, SWI/SNF, and CHD type complexes. Low-
resolution (23—-50 A) models of several yeast remodel-
ing complexes derived from single-particle electron
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Figure 1. Schematics of HDAC1, RBBP4 and MTA1. A. Schematics of three components of the NuURD complex. Domains
(shown as labelled ovals/boxes) have known structures or the structures of related domains are known. BAH, EIm, SANT, and
ZF (zinc finger) are domains of MTA1, whereas RBM refers to RBBP Binding Motifs defined in this article. Brown regions are
low complexity sequences. Black underlining refers to protein sections for which crystal structures are available. Colouring is
preserved in B. B. Three-dimensional structures of NURD subcomplexes. Left: HDAC1-MTA1g y-sant dimer of dimers (PDB

4BKX). Right: RBBP4-MTA1s75.635 (PBB 4PBY).

microscopy data have been reported (e.g.>?) and par-
tial X-ray crystal structures have been reported for
several components or domains or other complexes®™®
but far less is known about CHD-family remodeling
complexes, the best-described of which is the nucleo-
some remodeling and deacetylase (NuRD) complex.

The NuRD complex is conserved across all com-
plex animals and is expressed in most, if not all, tis-
sues. NuRD can repress or activate genes and its
activity is required, for example, at all stages of hae-
matopoiesis, regulating both haematopoietic stem
cell (HSC) maintenance and differentiation of these
cells into distinct lineages (e.g.®). NuRD is also
emerging as a significant player in efforts to repro-
gram somatic cells into pluripotent stem cells.”™

In mammalian cells, NuRD comprises the ATP-
dependent remodeling enzyme CHDA4, the histone
deacetylases HDAC1 and -2, the DNA-binding pro-
teins MBD2 and -3,'° the metastasis-associated pro-
teins MTA1, -2, and -3, the WD40-repeat proteins
RBBP4 and -7 and the poorly understood proteins
GATAD2A and -B. The various isoforms of each pro-
tein are encoded by separate genes but little is
known about their functional significance. The MTA-
family proteins [Fig. 1(A)] contain BAH and SANT
domains, which in other proteins have been impli-
cated in nucleosome recognition, whereas RBBP4
and -7 have been shown to bind the transcriptional
coregulator FOG1' as well as both histone H3'2 and
histone H4."

Currently, we have little understanding of how
all of these components come together to make the
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NuRD complex, although structures of a number of
domains and several limited subcomplexes have
been determined. These subcomplex structures [Fig.
1(B)] include an HDAC1-MTA1l dimer of dimers
involving the ELM and SANT domains of MTA1*
and a complex formed between RBBP4 and a short
motif at the C-terminal end of MTA1.%®

As part of efforts to delineate the architecture of
the NuRD complex, we have examined the interac-
tion between RBBP- and MTA-family proteins and
we show here that MTA1l and -2 carry two motifs
that can each independently recruit a molecule of
RBBPA4. In vitro binding studies show that these two
interactions can occur simultaneously and negative-
stain single particle electron microscopy combined with
covalent crosslinking and mass spectrometry (XL-MS)
reveals the overall shape of an MTA1:(RBBP4), sub-
complex. Taken together with the existing sub-
complex structures of HDAC1:MTAlgim.sant and
RBBP4:MTA1, these data begin to provide an outline
for the physical arrangement of subunits within the
NuRD complex.

Results

The C-terminal half of MTA1 and -2 can bind
directly to two RBBP subunits

We previously demonstrated that a short sequence
from the C-terminal end of MTAL is able to bind
with micromolar affinity to either RBBP4 or
RBBP7.'® This sequence encompasses a helical
6 KRAARR motif (an RBBP-binding motif, or RBM)
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Figure 2. Sequence alignment of a portion of MTA1/2 from a range of eukaryotes. The alignment highlights the high conserva-
tion of the first of the RBBP-binding motifs across a wide range of species, including human (HsMTA1—UniprotID: Q13330,
HsMTA2—094776), Mus musculus (MmMTA1—Q8K4B0), Struthio camelus australis (ScaMTA1—A0A093HEKO), Callorhinchus
milii (CmMTA1—V9KH55), Danio rerio (DrMTA3—E7EY65), Drosophila melanogaster (DmMTA1—Q9VNF6), and Habropoda labo-

riosa (HIMTA1—AQOAOL7R1KS5).

that forms a number of electrostatic interactions
with the RBBP partner. Examination of the MTA1
sequence revealed a second RBM with a closely
related sequence that is highly conserved across
complex eukaryotes [Figs. 1(A) and 2]. To assess
whether this motif can also bind RBBP4, we coex-
pressed FLAG-MTA1,40_550 and HA-RBBP4 and cap-
tured the HA-RBBP4 with anti-HA beads. As shown
in Figure 3(A), this fragment was able to efficiently
pull down FLAG-MTA1440_550. We also carried out a
triple coexpression, expressing FLAG-MTA1440 550,
HA-RBBP4 and FLAG-RBBP4. In this case, affinity
captured HA-RBBP4 still pulled down FLAG-
MTA1440_550 but FLAG-RBBP4 did not copurify,
indicating that FLAG-MTA1449.550 can bind only a
single molecule of RBBP4 [Fig. 3(A)l.

To assess whether the entire C-terminal half of
MTA1 can bind two RBBP4 subunits simultaneously,
we coexpressed combinations of FLAG-RBBP4, HA-
RBBP4 and a longer (untagged) MTAl49 715 con-
struct in HEK293 cells and purified the FLAG-
RBBP4 using anti-FLAG Sepharose beads. Western
blot analysis [Fig. 3(B), lane 4] showed that HA-
RBBP4 was robustly pulled down when MTA1449_715
was coexpressed, indicating that this portion of
MTAL1 is able to bind to two RBBP4 molecules simul-
taneously. Mutation of the ®*KRAARR motif to
AAAAAA, however, abrogates the ability of
MTA1449 715 to bind the second RBBP4 [Fig. 3(B),
lane 5]. For corroboration, we purified a coexpressed
RBBP4-MTA1449 715 complex from HEK293 cells
and subjected it to covalent crosslinking using glu-
taraldehyde. Figure 3(C) shows that the crosslinked
complex runs on denaturing SDS-PAGE with an
apparent molecular mass of ~130 kDa, which is con-
sistent with the expected mass of a 2:1 RBBP4-
MTA1449_715 complex (128 kDa).

Covalent crosslinking combined with mass
spectrometry (XL-MS)

We next sought to map the RBBP4-MTAl.49 715
interface using XL-MS. Purified RBBP4-MTA1449_715
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complex was crosslinked with either disuccinimidyl
suberate (DSS) or adipic acid dihydrazide (ADH) as
previously described.'®!” The use of two crosslinkers
provides complementary data. Briefly, DSS specifi-
cally crosslinks primary amines (i.e., lysine residues
and the protein N-terminus) while ADH crosslinks
carboxylic acids (i.e., glutamate, aspartate residues
and the protein C-terminus). In addition, in the
ADH reaction, a separate side-reaction arising from
the 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmor-
pholinium chloride (DMTMM) used can also lead to
“zero-length” crosslinks to form between carboxylic
acids and primary amines; a direct condensation
reaction between the primary amine and carboxylic
acid. These crosslinks will be referred to as “ZLXL”
crosslinks from here on forth. Post-crosslinking, the
samples were digested with trypsin, fractionated via
size exclusion to enrich for crosslinked peptides and
then analysed by LC-MS/MS to identify crosslinked
peptides from RBBP4 and MTA1l. We identified 58
high-confidence crosslinks (Supporting Information
Table I). Amongst these 58 crosslinks, 13 could be
mapped to our previously determined crystal struc-
ture of RBBP4 bound to MTAlg70_g95 (15), including
RBBP4koo-MTAlkess, RBBP4ks317-MTAlgkegs, and
RBBP4-RBBP4 intra-protein crosslinks. Importantly,
all 13 of these crosslinks were within the maximum
distance limits for the crosslinker used, providing
confidence in the XL-MS data. We note that a small
number of crosslinks were also detected that
involved residues from other NuRD components,
including MBD3, HDAC1, GATA2DA, and CHDA4.
These most likely indicate that a fraction of our
expressed FLAG-RBBP4, which was used as the
purification “handle” in our experiments, has docked
with endogenous NuRD subunits.

Negative-stain EM of an (RBBP4)>-MTA1.49_715
complex

To gain structural insight into the RBBP4-MTA1
interaction, we first purified the RBBP4-MTA1449 715
complex in two steps, using FLAG-affinity

MTA1 Binds 2 Copies of RBBP4



anti-HA

RBBP4-MTA1

Input  pulldown B

ARBRRA T T T FLAG-RBBP4

- - + + - + +
FL/‘\ESI-I\A/liA':BBP4 -« P MTA1449—715
o MTA1 449-715 MUT
HA-RBBP4 ” HA-RBBP4
FLAG-RBBP4

FLAG-RBBP4 | ‘

MTA1449-7'IS
FLAG-MTAT,, . F .“ (WT or mut.)
1 2 3 Endog. MTA1
HA-RBBP4

Figure 3. The C-terminal half of MTA1 can bind two molecules of RBBP4. A. Immunoprecipitation analysis showing that
MTA1440_s50, Which encompasses a single RBBP-binding motif (RBM) at positions 493-498 (“**WHAARH), is able to bind a sin-
gle RBBP4. Cleared cell lysates (Input) of HEK293 cells expressing the proteins indicated on top, as well as anti-HA immuno-
precipitates (anti-HA pulldown), were analysed by Western Blot using anti-HA or anti-FLAG antibodies, to detect the proteins
indicated on the left. The absence of FLAG-RBBP4 in the elution of the triple co-transfection (lane 3) suggests that only one
RBBP4 can bind to MTA1,49_550- B. Immunoprecipitation analysis showing that MTA1449.715, Which contains the two RBMs at
positions 493-498 and 678-683, is able to bind two molecules of RBBP4. Cleared cell lysates (Input) of HEK293 cells express-
ing the proteins indicated on top, as well as anti-FLAG immunoprecipitates (anti-FLAG pulldown), were analysed by Western
Blot using anti-FLAG, anti-HA or anti-MTA1 antibodies, to detect the proteins indicated on the left. The results show that
FLAG-RBBP4 can efficiently pull down HA-RBBP4 in the presence of MTA1449_715, Suggesting that this fragment can bind two
molecules of RBBP4. However, this effect is not observed when using an MTA1449_715 version mutated at one of the RBMs
(578KRAARR to AAAAAA). C. Sypro-stained SDS-PAGE showing purified RBBP4-MTA1449_715 before and after treatment

with glutaraldehyde. The crosslinked complex runs at a molecular weight consistent with the formation of a 2:1

(RBBP4:MTA1 449_715) complex.

chromatography and sucrose gradient centrifugation
combined with mild glutaraldehyde crosslinking [using
the GraFix protocol'8; Fig. 4(A)]. We then subjected the
complex to negative-stain electron microscopy (EM).
Figure 4(B) shows examples of individual particles and
2D class averages obtained using RELION.'® Approxi-
mately 1,700 particles were manually picked and used
to generate templates for automatic particle picking;
this process yielded a total of 12,000 particles, which
was reduced to 9,000 following manual inspection of
the dataset and further reduced to 4,000 particles fol-
lowing 2D classification and 3D classification. Two
cycles of unsupervised 3D classification in RELION
were used to generate first ten, then four 3D classes.
The best class from the first cycle was used to generate
a new starting model for the next cycle, which resulted
in models that had a similar overall shape [Fig. 4(C)].
The most heavily populated 3D class, which contained
1,700 particles, was further refined to obtain a final
model with an estimated resolution of 29.8 A according
to gold standard Fourier shell correlation (0.143 cut-
off). The 2D projections were calculated from the 3D
model and match well to independently generated 2D
class averages [Fig. 4(B)].

Simple correlation-based fitting of the crystallo-
graphic dimer observed for the RBBP4-MTA1l
structure (PDB: 4PBY) into the EM-derived enve-
lope (using the “fit in map” tool in UCSF Chimera)
revealed a very good overall fit for the two RBBP
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subunits [Fig. 4(D)]. Placement of the MTA1449_715
into the envelope was not, however, as straightfor-
ward. Bioinformatic analysis does not reveal a clear
prediction for the structure of this region of MTA1
(or MTA2 or -3). Disorder predictions suggest that
the region encompassing residues 545-650 has a
high probability of being disordered, although a
number of Molecular Recognition Features (MoRFs,
short sequences that undergo a disorder-to-order
transition upon binding their partner?’) are also pre-
dicted within this region. Secondary structure and
domain predictions predict several helical segments
within MTA1l449_715 [Fig. 5(A)] but no identifiable
domains, suggesting that MTA1 might undergo a
significant conformational change wupon binding
RBBP4 and form an extended interface with the two
RBBP4 subunits, similar to the structure observed
for the N-terminal part of the MTA1 ELM domain
that binds to HDAC1.14

To model the likely overall structure and
placement of MTA1l9 715 within the complex, we
made use of the PORTER secondary structure pre-
diction server?! and the PRALINE multiple align-
ment server’? to define six putative helical regions
for MTAl49 715 [Fig. 4(D)]. Helix 6 is the RBM
taken directly from the RBBP4-MTA1l crystal
structure (PDBi: 4PBY), and Helix 2 (MTAlg;.
a99)—corresponding to the RBM identified above
(Fig. 2)—was modeled on Helix 6 (MTAlg77_684)

PROTEIN SCIENCE ‘ VOL 25:1472-1482 1475
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Figure 4. Negative stain EM of the RBBP4:MTA1449_715 complex. A. Sypro-Ruby stained SDS-PAGE showing selected fractions
of a 2-25% sucrose plus 0-0.15% glutaraldehyde “GraFix” gradient after anti-FLAG affinity purification of the complex. The
position of the species of interest is indicated on the right by a triangle, and fraction #15, which was selected for the EM analy-
sis, is boxed. The lane corresponding to the non-crosslinked sample loaded onto the sucrose gradient is labelled as “Input”.
“R” indicates the position of RBBP4, and “M” the position of MTA1,449-715. B. Examples of typical individual particles (top left)
and reference-free 2D class averages observed in negative-stain EM analysis of RBBP4-MTA1 449 715 (bottom left). An FSC plot
(top right) and sample 2D projections of the final reconstruction (bottom right) are shown. C. The 3D reconstruction workflow
for RBBP4-MTA1449_715 Obtained from RELION. Numbers shown under models refer to the number of particles associated with
each stage of model development. D. Refined 3D reconstruction of negatively stained RBBP4-MTA1449_715. A copy of the
RBBP4 crystallographic dimer (PDB 4PBY) is fitted into the envelope as a rigid body (right). The RBM helices from MTA1 are

shown in orange and the RBBP4 subunits are shown in grey.

and placed in an equivalent binding location in
the second RBBP4 monomer. Helices 1 (461-488),
3 (505-515), 4 (534-541), and 5 (663-671) were
modeled based on helical predictions made by the
PRALINE sequence alignments (Supporting Infor-
mation Figs. 1 and 2). We also made use of dis-
tance restraints derived from 19 crosslinks
detected in the XL-MS data (Table I). This subset
comprised the crosslinks between RBBP4 and
MTAL1 (or between two residues in MTA1 that are
>10 residues apart), excluding those that involved
MTA1 residues that were not represented in the
model (e.g., the MTAls,,_g63 region that is pre-
dicted to be disordered). We used the XL-MS data
to guide manual placement of the six predicted
MTA1 helices into the EM-derived molecular enve-
lope into which had been fitted two copies of
RBBP4. Care was taken to keep charged residues
relatively exposed and, where possible, to juxta-
pose hydrophobic surfaces. The lengths of the
sequences linking the six MTA1 helices were also
considered in the course of the modelling.
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Using this strategy, we were able to generate a
model that satisfied 14 of 19 crosslinks (Fig. 5).
Given that our XL-MS dataset included crosslinks
that involved endogenous NuRD components, it is
possible that some or all of the unsatisfied crosslinks
correspond to connections made in larger NuRD sub-
complexes. In addition, a recent XL-MS study of the
full NuRD complex?® yielded three RBBP4-MTA2
crosslinks that correspond to pairs of residues found
in our model [B1, B2, and B3 in Fig. 5(B)]. These
crosslinks are entirely consistent with our model.
Spectra for crosslinks that satisfied the modeling
are shown in Supporting Information Figure 3.
Helix 1 was placed in a position such that it formed
a coiled coil with the N-terminal helix (RBBP45_3;)
of one of the RBBP4 monomers, consistent with
coiled coil predictions for this portion of MTA1 from
PAIRCOIL2.2* Tt is notable that this arrangement
juxtaposes a cluster of arginines (R484, R484 and
R487) at the C-terminal end of Helix 1 with a cluster
of acidic residues on the RBBP4 monomer (E357,
D358, and E360). Helix 3 was also placed to interact

MTA1 Binds 2 Copies of RBBP4
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Figure 5. Proposed model of RBBP4-MTA1449_715 With associated crosslinking data. A. Schematic of MTA1449_715 Showing the
predicted helices. Colour coding is used in the rest of the Figure. B-D. Model of the complex. The RBBP4 crystallographic
dimer taken from PDB 4PBY is shown in two shades of grey. Modeled MTA1449_715 helices are: Helix 1 (461-488), Helix 2 (also
RBM1, 491-499), Helix 3 (505-515), Helix 4 (534-541), Helix 5 (663-671), and Helix 6 (also RBM2, 677-684). A large putative
disordered region (541-663) is not included in the model; the position of this region is indicated by a dashed orange line in B
(right). Crosslinking data are shown as blue (DSS—basic), red (ADH—acidic), black (ZLXL), and orange (BS3—basic; from (23))

and are labelled accordingly.

with RBBP45 3; on one side of the model, linking
across to Helix 4 on the other side of the model
through an 18-residue linker. This arrangement was
important for satisfying crosslinks A2 and Z2 for
helix 3, and D1 for Helix 4 (Table I). The disordered
region (MTAls4;_663) is assumed to pass under the
model as indicated in Figure 5(B), connecting with
Helix 5 on the opposite side of the model. Helix 5
leads in turn to the crystallographically defined Helix
6. Notably, a loop region of the RBBP4 crystal struc-
ture (4PBY—residues 86-113) had to be remodeled to
accommodate MTA1 helices 1 and 2. This loop is
absent from other RBBP4-MTA1 structures (PDBs
4PBZ, 4PC0), suggesting it is relatively mobile. Col-
lectively, the model posits that a large portion of
MTA1l449 715 forms a helical core that lies at the
interface between two RBBP4 subunits.

Discussion

Our data demonstrate that MTA1 can coordinate the
binding of two RBBP subunits through two closely
related motifs that are highly conserved throughout
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phyla that assemble a NuRD complex, suggesting
that this arrangement is a characteristic aspect of
NuRD structure. The structure of HDAC1 bound to
an N-terminal fragment of MTA1 displays a 2:2
stoichiometry, indicating that the MTA1-RBBP4
interactions observed in our work can rationalize
the presence of four RBBP4 subunits in the NuRD
complex. Given the presence of a number of regions
of MTA1 that have strong predictions of disorder
(e.g., MTAl350_330 and MTA154;_g63), it is tempting
to speculate that a certain degree of flexibility will
be observed in the intact NuRD structure—both in
the region bordered by the ELM-SANT region and
our MTAl.49 715 (MTAl350_380) and even perhaps
between the two RBBP subunits.

What will be the function of these four RBBP
subunits? Published work suggests that although
RBBP4/7 interacts with histone H4, the interaction
makes use of (and interacts similarly with) the same
surface on RBBP4 that is contacted by the C-
terminal RBM.'® It therefore seems unlikely that
any of the four RBBPs will make direct contact with

PROTEIN SCIENCE ‘ VOL 26:1472-1482 1417



Table I. Crosslinks Used as EM Modelling Restraints Obtained From XL-MS Analyses

Id Crosslinker Protein 1 Residue Protein 2 Residue Length in model A)
Crosslinks from this study

D1 DSS RBBP7? 263 MTA1 532 28.1
D2 DSS RBBP4 120 MTA1 462 33.2
D3 DSS RBBP4/7 22/21 MTA1 462 175
D4 DSS RBBP4 26 MTA1 509 17.1
D5 DSS RBBP4/7 22/21 MTA1 686 25.6
D6 DSS RBBP4 317 MTA1 686 21.7
D7 DSS MTA1 477 MTA1 527 25.9
D8 DSS MTA1 509 MTA1 532 27.0
D9 DSS MTA1 462 MTA1 509 19.7
D10 DSS MTA1 670 MTA1 686 22.0
D11 DSS RBBP7 119 RBBP4 156 b
D12 DSS RBBP7 211 RBBP4 156 b
D13 DSS RBBP7 119 RBBP4 160 b
Al ADH RBBP4 104 MTA1 518 22.9
A2 ADH RBBP4 166 MTA1 511 30.7
A3 ADH MTA1 488 MTA1 518 b
A4 ADH MTA1 511 MTA1 686 b
71 ZLXL RBBP4 104 MTA1 509 19.5¢
72 ZLXL MTA1 511 MTA1 686 16.4
Crosslinks from in Kloet et al., 2015

B1 BS3? RBBP4/7 306/307 MTA2?* 531 17.7
B2 BS3? RBBP4/7 306/307 MTA2* 533 18.9
B3 Bs3d RBBP4/7 306/307 MTA2?* 539 14.3
Note:

# Where possible, RBBP7 and MTA2 residues are mapped onto corresponding RBBP4 and MTA1 residues, respectively, in

the EM model.
> These crosslinks were not compatible with the model.

¢ While this linker distance exceeds the theoretical limit of ~14 A, residue RBBP4,, is located on a flexible loop.
4 BS3 refers to the use of bis-sulfosuccinimidyl suberate as the crosslinker.

histone H4 in the context of an assembled NuRD
complex. In contrast, the surface that contacts both
histone H3 and FOG1 is more likely to be available.
Figure 6 shows a simple model of a 2:2:4 HDAC1-
MTA1-RBBP4 complex. The arrangements shown
makes it clear that the N-terminal tail of a histone
HS3 tail (shown as a blue dashed line) in the context

Histone H3_~
binding site
on RBBP4

HDAC1
active site

Histone H3 N-tail

of a nucleosome can readily contact both the histone
H3 binding site on an RBBP4 subunit and the
HDAC1 active site, which might act on the tail (or
on other acetylated lysines in the nucleosome). Simi-
lar interactions can take place with the other copy
of histone H3 via the second (right-hand side)
RBBP4-MTAL1 unit. It is tempting to speculate that

Figure 6. Model of the HDAC-MTA1-RBBP4 portion of the NURD complex. The model has been made by simply juxtaposing
the HDAC-MTAT1 crystal structure with two copies of our model of the RBBP4-MTA1449-715 complex and adding the crystal
structure of the nucleosome (1AQOIl). The HDAC1 active sites are shown as yellow spheres and the histone H3 binding site on
RBBP4 is circled. The N-terminal 40-residue tail of histone H3 is indicated schematically to show that it is within reach of both
the histone-H3-binding site on RBBP4 and the HDAC1 active site. Similar interactions are possible for the right-hand RBBP4
subunits, which could interact with the second histone H3 tail on the back of the model as drawn.
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these RBBP4-containing “arms” might simultane-
ously grasp the nucleosome from opposite sides,
allowing the chromatin remodeling component of the
NuRD complex, CHD4 (not shown), to operate on
the nucleosomal DNA, moving it relative to the his-
tone octamer. Alternatively, it is possible that the
substrate of NuRD is a dinucleosome in which each
MTA-RBBP4, entity might contact a separate nucle-
osome, allowing CHD4 to act on a two-nucleosome
unit.

It is worth noting that the first of two papers
that quantitatively analysed the stoichiometry of the
NuRD complex suggested that NuRD harbours six
RBBP subunits.?® The second paper suggested that
some RBBP subunits might be less tightly associated
with NuRD. If these additional subunits are present,
they might well be attached to NuRD via a different
interaction—which would then leave the MTA1/his-
tone H4 binding site on these RBBP4 subunits avail-
able for interactions with nucleosome substrates.
Finally, given that FOG1 and several other coregula-
tors make use of the histone H3 binding surface of
RBBP4, there is clearly still much to learn about
how the different RBBP subunits in the NuRD com-
plex coordinate their activity to recognize both his-
tone substrates and coregulatory binding partners
such as FOGL1.

Materials and Methods

Plasmids

A DNA sequence of human MTA1 (Uniprot: Q13330)
corresponding to residues 449-715, with no tag
(MTA1449.715), cloned in the expression vector
pcDNA3.1, was a kind gift from Prof. Gerd A. Blobel.
A version of this construct including the mutation
S KRAARR to $"SAAAAAA (MTAlus9.715 mutr) Was
obtained by site-directed mutagenesis. Additionally,
genes corresponding to human RBBP4 (full length,;
Uniprot: Q09028) with both FLAG and HA N-
terminal tags, and residues 440-550 of human
MTAI (MTA1449_550) with an N-terminal FLAG tag,
were cloned into pcDNA3.1.

Immunoprecipitation analysis

Combinations of constructs in pcDNA3.1 were
cotransfected into suspension HEK Expi293F™ cells
(Thermo Fisher) using Polyethylenimine (PEI) (Poly-
sciences) and equimolar plasmid ratios. Prior to
each cotransfection, a 1.9-mL culture was grown to
a density of 2 X 10° cells mL™! in Expi293™
Expression Medium (Thermo Fisher). About 3.8 pg
of the DNA mix was diluted in 205 pL. of PBS
(Thermo Fisher) and vortexed briefly; 7.6 ug of PEI
was then added and the suspension was vortexed
again and incubated for 20 min at room temperature
before being added to the cells. Cells were collected
in 1-mL aliquots 65 h after transfection, and each of
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these lysed by sonication in 0.5 mL of buffer A
[60 mM Tris pH 7.9, 150 mM NaCl, 1 mM PMSF,
1X Roche complete protease inhibitor, 0.2 mM DTT,
1% (v/v) Triton X-100]. Cell lysates were incubated
on ice for 30 min and then cleared by centrifugation.
“Input” samples were collected at this stage. Cleared
lysates were then mixed with 20 pL anti-FLAG or
anti-HA Sepharose 4B beads (BioTool) overnight at
4°C. Next, the beads were washed five times with
1 mL of buffer B [50 mM Tris pH 7.5, 150 mM NaCl,
0.5% (v/v) Igepall, and the bound proteins eluted in
60 pL of buffer C [10 mM HEPES pH 7.5, 150 mM
NaCl, and either 150 ug mL ™' 3 X FLAG peptide or
2 mg mL ™! 1 X HA peptide]. Samples were analysed
by Western blot, using anti-FLAG, anti-HA or anti-
MTA1 antibodies (Cell Signalling Technologies).

Protein production

The FLAG-RBBP4 and MTA1,49_715 constructs were
co-transfected into suspension Expi293F™cells as
described above, and the resulting sub-complex puri-
fied also as described above. Briefly, a 150-mL cul-
ture of cells was transfected with a mixture of
0.3 mg DNA, 16.7 mL PBS, and 0.6 mg PEI. A
50 mL of buffer A and 1 mL of FLAG beads were
used, and each wash was done with 100 mL of
buffer B. The subcomplex was eluted in 4 mL buffer
C containing 150 pg mL ™! 3 X FLAG peptide, and
DTT was added to 1 mM final concentration.

Preparation of the RBBP4-MTA1449.715
subcomplex for crosslinking-mass spectrometry
(XL-MS) analysis

The RBBP4-MTA1,449.715 subcomplex was purified as
described above using FLAG-affinity chromatogra-
phy. Prior to crosslinking, the excess 3X FLAG pep-
tide used during the elution step was removed using
Zeba Spin desalting gel filtration columns (7K
MWCO; ThermoFisher Scientific), and the complex
was exchanged into a buffer comprising 30 mM
HEPES (pH 7.5) and 225 mM NaCl. For each cross-
linking experiment, ~15 pg of subcomplex at a con-
centration of ~0.15 mg mL ™' was used. The purified
samples were then prepared for XL-MS essentially
as described in Refs. 16 and 17 with some modifica-
tions. Briefly, for disuccinimidyl suberate (DSS)
crosslinking, H;o/D5-DSS (1:1 ratio, 25 mM stock
solution in anhydrous dimethylformamide; Creative
Molecules) was added to a final concentration of
1 mM and incubated for 30 min at 37°C with con-
stant mixing. The excess DSS was then quenched
with 100 mM NH/HCO; (50 mM final concentration)
and further incubated at 37°C for 20 min. For adipic
acid dihydrazide (ADH) crosslinking, Hg/Dg-ADH
(1:1 ratio, 100 mg mL ™! stock solution in 20 mM
HEPES pH 7.4; Creative Molecules) and 4-(4,6-dime-
thoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-
ride (DMTMM) (144 mg mL ! stock solution in

PROTEIN SCIENCE ‘ VOL 25:1472-1482 1478



20 mM HEPES pH 7.4; Sigma—Aldrich) were added
to final concentrations of ~8.3 mg mL™ ! and 12
mg mL ™!, respectively. The sample was then incu-
bated for 1.5 h at 37°C with constant mixing. The
excess DSS was then removed by using the Zeba
Spin Desalting gel filtration columns (7K MWCO;
ThermoFisher Scientific) into 20 mM HEPES pH
7.5, 150 mM NaCl. Both DSS and ADH crosslinked
samples were then dried in a vacuum centrifuge.

Dried, crosslinked protein samples were resus-
pended in 50 pL of 8 M urea and the proteins were
reduced (5 mM TCEP, 37°C, 30 min) and alkylated
(10 mM iodoacetamide, 20 min, room temperature in
the dark). The samples were then diluted to 6 M
urea using 200 mM Tris-HC] pH 8 and Trypsin/Lys-
C mix (Promega) was added to an enzyme:substrate
ratio of 1:25 (w/w). The solution was incubated at
37°C for 4 h. Following this digestion step, the sam-
ple was further diluted to 0.75 M urea using 50 mM
Tris-HCI pH 8 and additional Trypsin (Promega)
was added at an enzyme:substrate ratio of 1:50 (w/
w). The sample was then incubated at 37°C over-
night (~16 h). Following overnight digestion, the
samples were acidified by addition of formic acid to
a final concentration of 2% (v/v) and centrifuged at
16,000 g for 10 min. The supernatant was then
desalted wusing 50-mg Sep-Pak tC18 cartridges
(Waters), eluted in 50:50:0.1 acetonitrile:water:for-
mic acid (v/v/v), and dried in a vacuum centrifuge.

For size exclusion chromatography fractionation
(SEC), the dried desalted peptides were resuspended
in 150 puL of SEC mobile phase [acetonitrile:water:-
trifluoroacetic acid, 70:30:0.1 (v/v/v)] and loaded onto
a Superdex Peptide HR 10/30 column connected to a
Biologic DuoFlow™ system (Bio-Rad) with a Bio-
Frac™ fraction collector (Bio-Rad). A flow rate of
0.5 mL min ! was used and the separation was
monitored by UV absorption at 215, 225, 254, and
280 nm using a Biologic QuadTec™ UV/Vis detector
(Bio-Rad). Fractions were collected as 2-min win-
dows over 1.25 column volumes (30 mL). Based on
the UV absorption traces, fractions of interest (reten-
tion volumes ~12-17 mL) for mass spectrometry
were dried in a vacuum centrifuge.

Mass spectrometry

For LC-MS/MS, peptides were resuspended in 3% (v/
v) acetonitrile, 0.1% (v/v) formic acid and loaded
onto a 20 cm X 75 pm inner diameter column
packed in-house with 1.9-um C18AQ particles (Dr
Maisch GmbH HPLC) using an Easy nLC-1000
nanoHPLC (Proxeon). Peptides were separated using
a linear gradient of 5-30% Buffer B over 120 min at
200 nL min~ ' at 55°C (Buffer A=0.1% (v/v) formic
acid; Buffer B=80% (v/v) acetonitrile, 0.1% (v/v)
formic acid). Mass analyses were performed using a
Q-Exactive mass spectrometer (Thermo Scientific).
Following each full-scan MS1 at 70,000 resolution at
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200 m/z (300-1750 m/z; 3 X 10° AGC; 100 ms injec-
tion time), up to 10 most abundant precursor ions
were selected for MS/MS (17,500 resolution; 1 X 10°
AGC; 60 ms injection time; 32 normalized collision
energy; 2 m/z isolation window; 1.7 X 10° intensity
threshold; minimum charge state of +3; dynamic
exclusion of 20 s).

Peak lists were generated using the msConvert
t0012® and submitted to the database search program
Mascot (Matrix Science). The data was searched
with oxidation (M) and carbamidomethyl (C) as vari-
able modifications using a precursor-ion and
product-ion mass tolerance of =15 ppm and *0.02
Da, respectively. The enzyme specificity specified
was trypsin with up to two missed cleavages and all
taxonomies in the Swiss-Prot database (March 2016;
550,740 entries) were searched. A decoy database of
reversed sequences was used to estimate the false
discovery rates. To be considered for further analy-
sis, identified peptides had to be top-ranking and
statistically significant (P <0.05) according to the
Mascot expect metric.

Analysis of XL-MS data

Analysis of the XL.-MS data was performed with the
pLink software?” pLink search parameters that dif-
fer from the default settings were as follows: precur-
sor mass tolerance *15 ppm, product-ion mass
tolerance =20 ppm, variable modifications of oxida-
tion (M) and carbamidomethyl (C), enzyme specific-
ity of trypsin with up to two missed cleavages per
chain. H,5/D15-DSS crosslinker settings were: cross-
linking sites were Lys and protein N-terminus, iso-
tope shift 12.075 Da, xlink mass-shift 138.068 Da,
monolink mass-shift 156.079 Da. For the Hg/Dg-
ADH crosslinker settings: crosslinking sites were
Asp, Glu, and protein C-terminus, isotope shift
8.050 Da, xlink mass-shift 138.090 Da, monolink
mass-shift 156.100 Da. For the DMTMM crosslinker
(side reaction in the ADH crosslinking) settings:
crosslinking sites were Asp, Glu and protein C-
terminus to Lys, xlink mass-shift -18.0106 Da,
monolink mass-shift 0 Da. The protein database
used for searching consisted of all the NuRD compo-
nents (CHD4, MTA1l, MTA2, MTA3, HDAC],
HDAC2, HDAC3, GATAD2A, GATAD2B, RBBP4,
RBBP7, MBD2, MBD3) plus the top 10 contami-
nants identified (from the Mascot search) in the
samples. The default FDR of 5% was used and only
peptides with scores <1 X 10 * were considered for
further analysis. Finally, all spectra were also man-
ually verified; only crosslinks with at least four frag-
ment ions on both the alpha- and beta-chain each
were retained for modelling.

Sucrose density gradient ultracentrifugation

Sucrose density gradients 2-25% (w/v) in 50 mM
HEPES-KOH pH 8.2, 150 mM NaCl were prepared
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in 12 mL ultracentrifugation tubes (Beckman
Coulter) using the GraFix protocol,'® with 0.15% (v/
v) glutaraldehyde in the 25% (w/v) sucrose buffer as
the cross-linking agent. Prepared gradients were left
standing at 4°C for at least 1 h prior to usage. A
glutaraldehyde-free cushion of 600 uL of the 2% (w/
v) sucrose buffer was placed on top of the gradients.
The sample (200 pL) was then layered on top of the
cushion and ultracentrifuged (186,000g, 4°C, 18 h).
The gradients were fractionated as 200-uL aliquots
collected from the top, and each of these mixed with
20 pL of 1 M Tris pH 8.0 to deactivate remaining
glutaraldehyde.

EM sample preparation

Samples of the RBBP4-MTAl49.715 subcomplex
recovered from GraFix density gradient centrifuga-
tion had the sucrose diluted to an approximate final
concentration of 0.1% (w/v) by buffer exchange using
a Vivaspin 2 device (CTA, 20,000-Da MWCO) (Sarto-
rius Stedim), previously blocked with 0.1% (v/v)
Tween-20. The exchange buffer used was 50 mM
HEPES KOH pH 8.2, 150 mM NaCl, 1 mM DTT.
Finally, the sample was centrifuged at 5,000 g for 5
min to remove possible aggregates. Final concentra-
tion of the FLAG-RBBP4/MTA1l449_715 subcomplex
was estimated to be ~7 ng pL L.

Negative-stain EM

The RBBP4-MTA1 complex (10 uL) was applied to a
glow-discharged, carbon-coated 400-mesh copper
grid (GSCu400CC—ProSciTech). After an incubation
time of 5 min, the grid was blotted and washed with
five drops of distilled water, blotted again and subse-
quently stained with a 2% (w/v) uranyl acetate solu-
tion for one minute. Excess stain was then blotted
away and the grid allowed to dry under air at ambi-
ent conditions. Images were acquired using a Tecnai
T12 TEM operated at 120 kV and equipped with a
Direct Electron LC-1100 (4k X 4k) lens-coupled CCD
camera. Images were recorded at a nominal magnifi-
cation of 52,000X and were binned by a factor of 2,
resulting in a pixel size of 5.58 A at the specimen
level. Defocus values ranged from -1 to -2.5 um.

EM image processing and 3D reconstruction

Data were processed using the RELION software
package.!® Four hundred micrographs were
recorded, a subset of which were used for manual
picking of an initial 1730 particles. These were used
to generate templates for autopicking, which yielded
a dataset of 12,114 particles. Initial, manual inspec-
tion of the dataset (removal of obvious false posi-
tives) reduced this to 9000 particles, which were
used to generate 90 reference free 2D classes. The
same 9000 particles were used for initial 3D classifi-
cation. For this a starting model was built by plac-
ing two copies of the monomeric RBBP4 crystal
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structure (PDB 4PBY) alongside each other in a way
that they were touching end on. The model was
sampled at 40 A and low pass filtered in RELION to
50 A. Ten 3D classes were generated.

A second round of 3D classification was per-
formed, using a smaller but higher quality particle
dataset. Particles falling into the 68 best classes
from the initial 2D classification were grouped and
subjected to a further, more stringent round of man-
ual inspection, with poor quality particles (e.g.,
obvious aggregates, small particles) removed, leav-
ing the 4000 best particles to be taken forward for
3D classification and refinement. This time the ini-
tial reference model was generated by refitting the
RBBP4 monomers into the best 3D model from the
first round of 3D classification, which again was con-
verted to a MRC formatted map at 40-A resolution
and low pass filtered to 50 A in RELION. Four 3D
classes were generated by unsupervised 3D classifi-
cation. Class 1 contained the most particles (1709
particles) and the model generated from this class
was refined further to obtain a final 3D envelope
that was used for subsequent modeling of the com-
plex [Fig. 4(C,D)]. All single particle image process-
ing was performed with no symmetry assumed or
imposed. No absolute hand determination was per-
formed and, for subsequent model fitting, the hand-
edness of the map was flipped as this appeared to
give a fit more consistent with the data. The EM
map will be deposited in the EMDB prior to
publication.

Modeling of the RBBP4-MTA1 49.715 complex
The RBBP4-MTA1449.715 model was generated by fit-
ting the RBBP4 crystallographic dimer from 4PBY'?
into the output EM envelope using the “fit in map”
function of the CHIMERA software.?® A series of
bioinformatics tools were used to analyse the
MTAl491.499 sequence and guide modeling. This
included: a multiple sequence alignment (PRA-
LINE??) across a range of taxa, secondary structure
prediction (PORTER?'), and coiled coil analysis
using PATRCOIL2.24 Predicted helices and short con-
necting loops were modeled in PYMOL and COOT.?®
Crosslink distances were assessed on the basis of
adhering to the following approximate distance
restraints: ADH = 22 to 26 A, DSS = 29 to 30 A, and
ZLXL =12 to 14 A,
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