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SUMMARY

The nucleosome remodeling and deacetylase (NuRD) complex is essential for metazoan 

development but has been refractory to biochemical analysis. We present an integrated analysis 

of the native mammalian NuRD complex, combining quantitative mass spectrometry, cross-

linking, protein biochemistry, and electron microscopy to define the architecture of the complex. 

NuRD is built from a 2:2:4 (MTA, HDAC, and RBBP) deacetylase module and a 1:1:1 

(MBD, GATAD2, and Chromodomain-Helicase-DNA-binding [CHD]) remodeling module, and 

the complex displays considerable structural dynamics. The enigmatic GATAD2 controls the 

asymmetry of the complex and directly recruits the CHD remodeler. The MTA-MBD interaction 
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acts as a point of functional switching, with the transcriptional regulator PWWP2A competing 

with MBD for binding to the MTA-HDAC-RBBP subcomplex. Overall, our data address the 

long-running controversy over NuRD stoichiometry, provide imaging of the mammalian NuRD 

complex, and establish the biochemical mechanism by which PWWP2A can regulate NuRD 

composition.

Graphical Abstract

In Brief

Low et al. examine the architecture of the nucleosome remodeling and deacetylase complex. 

They define its stoichiometry, use cross-linking mass spectrometry to define subunit locations, and 

use electron microscopy to reveal large-scale dynamics. They also demonstrate that PWWP2A 

competes with MBD3 to sequester the HDAC-MTA-RBBP module from NuRD.

INTRODUCTION

The physical organization of DNA is a critical determinant of genome function. ATP-

dependent chromatin remodeling enzymes use a conserved DNA translocase domain to 

alter the positions, occupancy, and composition of nucleosomes, thereby regulating the 

availability of DNA for transcription, replication, or repair. Chromatin remodelers typically 

exist as large multisubunit complexes in vivo, and despite recent high-resolution structures 

of nucleosomes bound to the INO80 (Ayala et al., 2018; Eustermann et al., 2018) and 
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SWR1 complexes (Willhoft et al., 2018), as well as to the isolated Snf2 (Liu et al., 

2017), Chromodomain-Helicase-DNA-binding 1 (CHD1) (Farnung et al., 2017), and CHD4 

remodelers (Farnung et al., 2020), our understanding of how such enzymes bring about 

remodeling is still underdeveloped. This is particularly true for the nucleosome remodeling 

and deacetylase (NuRD) complex, which is not found in yeast and therefore represents a 

considerable challenge for structural analysis.

The NuRD complex is widely distributed among metazoans and is expressed in most, 

if not all, tissues. It is essential for normal development (Gómez-Del Arco et al., 2016; 

Yoshida et al., 2008) and is a key regulator in the reprogramming of differentiated cells 

into pluripotent stem cells (dos Santos et al., 2014; Luo et al., 2000; Rais et al., 2013). 

Age-related reductions in NuRD subunit levels are strongly associated with memory loss, 

metastatic potential in human cancers (Toh and Nicolson, 2009), and the accumulation of 

chromatin defects (Pavlopoulos et al., 2013; Pegoraro et al., 2009).

The mammalian NuRD complex comprises at least six subunits (Figure S1A), and for each 

subunit, there are at least two paralogs. CHD4 (and its paralogs CHD3 and CHD5) is the 

DNA translocase in the complex but NuRD is distinguished from many other remodelers 

by its second catalytic activity, which is imparted by the histone deacetylases HDAC1 

and HDAC2. MBD2 and MBD3 can bind hydroxymethylated and/or methylated DNA 

(Cramer et al., 2014; Liu et al., 2018; Yildirim et al., 2011), and RBBP4 and RBBP7 

can each bind histone tails (Murzina et al., 2008) and other transcriptional regulators 

(Lejon et al., 2011; Liu et al., 2015; Moody et al., 2018; Sankaran et al., 2008). The 

metastasis-associated proteins MTA1, MTA2, and MTA3 contain several domains associated 

with nucleosome recognition, whereas GATAD2A and GATAD2B bind to both MBD2 and 

MBD3 (Gnanapragasam et al., 2011; Torrado et al., 2017) as well as to CHD proteins (Sher 

et al., 2019; Torrado et al., 2017) but otherwise have no known functions.

Some structures are available for portions of the NuRD complex (Figure S1B): (1) HDAC1 

forms a 2:2 complex with an N-terminal segment of MTA1 (Millard et al., 2013), (2) 

two copies of RBBP4 can bind the C-terminal portion of MTA1 (Alqarni et al., 2014; 

Millard et al., 2016; Schmidberger et al., 2016), (3) MBD2 and GATAD2A form a 

heterodimeric coiled-coil (Gnanapragasam et al., 2011; Walavalkar et al., 2013), and (4) 

a cryoelectron microscopy (cryo-EM) structure shows the catalytic domain of CHD4 bound 

to a nucleosome (Farnung et al., 2020). However, no structural data at any resolution exist 

for the intact mammalian NuRD complex, and even the subunit stoichiometry is uncertain. 

Recent studies using label-free mass spectrometry (Bode et al., 2016; Guo et al., 2019; Kloet 

et al., 2014; Smits et al., 2013; Spruijt et al., 2016; Sharifi Tabar et al., 2019) have yielded 

variable results that are often at odds with the stoichiometries demonstrated in the known 

subcomplex structures. For example, MTA:HDAC ratios ranging from 2:2 to 1:3 have been 

reported in the literature.

The mechanisms by which NuRD selects target sites are also poorly understood. 

Transcriptional regulators such as FOG1 (Hong et al., 2005; Lejon et al., 2011) and 

BCL11A (Moody et al., 2018; Xu et al., 2013) can bind to NuRD via the RBBP subunits, 

but this mechanism is likely to account for only a small proportion of NuRD-genome 
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interactions. Recently, we demonstrated that the chromatin-binding protein PWWP2A, 

which can selectively recognize H2A.Z-containing nucleosomes (Link et al., 2018; Pünzeler 

et al., 2017), interacts robustly with the MTA, HDAC, and RBBP subunits of NuRD but not 

with GATAD2, MBD, and CHD. The nature of this interaction is currently unknown.

Against this background, we have used structural, biophysical, and biochemical data to 

define the architecture of the native NuRD complex purified from murine erythroleukemia 

(MEL) cells. We first determined the subunit stoichiometry of the complex using the gold-

standard absolute quantification (AQUA) strategy (Gerber et al., 2003) in combination with 

data-independent acquisition mass spectrometry (DIA-MS) (Gillet et al., 2012), providing a 

substantial increase in accuracy over previous measurements. We derived a 4:2:2:1:1:1 ratio 

of RBBP, HDAC, MTA, MBD, GATAD2, and CHD subunits, showing that the complex is a 

mixture of symmetric and asymmetric subcomplexes.

We identified stable subcomplexes within NuRD and showed that the full complex 

is composed of two parts with separable enzymatic activities (an MTA-HDAC-RBBP 

subcomplex for deacetylation and an MBD-GATAD2-CHD complex for remodeling). 

Covalent cross-linking combined with mass spectrometry (XLMS) analysis of four separate 

complexes provided >300 unambiguous intermolecular cross-links (XLs), a ~20-fold 

increase compared with that of previous studies. These XLs allowed us to infer positions 

for several domains in the complex that were previously uncharacterized. These models are 

corroborated by negative-stain EM data that provide the first images of the full mammalian 

NuRD complex and demonstrate that NuRD displays considerable conformational structural 

dynamics. We propose that these dynamics involve large-scale movements of the RBBP, 

GATAD2, and CHD subunits relative to the HDAC-MTA core.

Our data also indicate that, despite the underlying dimeric structure of the deacetylase 

module, the presence of the CHD-containing translocase module confers overall asymmetry 

on the complex. The stoichiometry of the connection between the modules is coordinated 

by the GATAD2 subunit, and unexpectedly, we observe that the interface between the MTA-

HDAC-RBBP and MBD-GATAD2-CHD modules is a site of regulation by other proteins. 

We demonstrate that direct competition between MBD and the co-regulator PWWP2A for 

binding to the same surface of MTA-HDAC-RBBP is responsible for the formation of 

distinct complexes with very different functionality.

RESULTS

Subunit Stoichiometry Measurements Partition the NuRD Complex into Symmetric and 
Asymmetric Modules with Distinct Catalytic Activities

We purified native mammalian NuRD complex from MEL cells by using our established 

protocol (Figure 1A; Low et al., 2016). This strategy also yields a complex lacking 

the CHD subunit, which we have previously termed the nucleosome deacetylase (NuDe) 

complex. To rigorously establish the subunit composition of these complexes, we carried out 

absolute quantification using AQUA peptide standards together with DIA-MS (Gerber et al., 

2003; Gillet et al., 2012). The use of subunit-specific 13C/15N-labeled peptides as internal 

standards provides a significant improvement in accuracy over published label-free derived 
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NuRD stoichiometries (Bode et al., 2016; Guo et al., 2019; Kloet et al., 2014; Smits et al., 

2013; Spruijt et al., 2016; Sharifi Tabar et al., 2019).

For both NuDe and NuRD, we derived ratios of ~2:2:7:1:1 for 

MTA:HDAC:RBBP:MBD:GATAD2 (Figure 1B; Data S2). CHD4 was consistently sub-

stoichiometric, reflecting the fact that complete separation of NuDe and NuRD was not 

possible because of overlap in their sedimentation profiles. The numbers are calculated 

relative to an MTA:HDAC ratio of 2:2 (see STAR Methods), based on the stoichiometry of 

the crystal structure of this complex (Millard et al., 2013).

Of all subunits, RBBP displayed the highest variability, with values ranging from 5 to 9 

subunits per complex (Figure 1B). However, our purification protocol involves initial affinity 

capture with a peptide from FOG1 fused to glutathione S-transferase (GST) (Hong et al., 

2005), and this fusion remains with the complex during the purification process. Because 

of the propensity of GST to dimerize (Riley et al., 1996), it is possible that additional GST-

FOG1:RBBP complexes co-purify with NuRD, confounding the determination of RBBP 

stoichiometry.

To resolve this issue and more precisely measure the RBBP content, we reconstituted a 

number of NuRD subcomplexes. Previous structural and biochemical work shows that it 

is the C-terminal half of MTA1 that is responsible for recruiting RBBPs to the NuRD 

complex (Millard et al., 2016; Schmidberger et al., 2016; Torrado et al., 2017). We therefore 

expressed and purified a subcomplex comprising the N-terminal half of MTA2 (residues 1–

429; MTAN), HDAC1, and MBD3GATAD2CC (MTAN-HDAC-MBDGATAD2CC; Figure S2A). 

MBD3GATAD2CC is full-length MBD3 stabilized by fusion to its dimerization partner—

the first coiled-coil domain of murine GATAD2A (residues 133–174) (Desai et al., 2015; 

Figure S1A). Quantitative DIA-MS analysis showed that this MTAN-HDAC-MBDGATAD2CC 

complex—the isolation of which does not rely on a GST-FOG1 affinity purification step—

contains little or no RBBP protein, consistent with the idea that RBBP subunits are recruited 

to the complex solely by the C-terminal half of MTA (Data S2). To complement this 

result, we expressed an MTAC-RBBP subcomplex comprising the C-terminal half of MTA1 

(residues 449–715) and RBBP4 (Figure S2A); DIA-MS showed that this complex has a 

stoichiometry of ~1:2.5 (Figure 1B; Data S2), which is much closer to the expected 1:2 ratio. 

Finally, we co-expressed and purified a complex comprising full-length MTA2, HDAC1, and 

RBBP7 (MTA-HDAC-RBBP; Figure S2A), which yielded a subunit ratio of ~2:2:4 (Figure 

1B; Data S2).

As an orthogonal approach to assessing stoichiometry, we directly measured the molecular 

mass of the NuDe and NuRD complexes by using size exclusion chromatography 

coupled to multi-angle laser light scattering (SEC-MALLS). In both cases, we 

observed masses that were within 7% of the expected mass for a 2:2:4:1:1:1 complex 

(MTA:HDAC:RBBP:MBD:GATAD2:CHD4; Figure S3A). Taken together, our data argue 

that the intact NuRD complex derived from M EL cells has a stoichiometry of 2:2:4:1:1:1 

(MTA:HDAC:RBBP:MBD:GATAD2:CHD4). The DIA-MS data also allowed us to quantify 

paralog abundance in the native NuRD and NuDe complexes isolated from MEL cells. As 

shown in Figure S1C, a distinct preference for HDAC1 over HDAC2 is observed, whereas 
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MTA3 and MBD2 are nearly absent from this complex. The two GATAD2 paralogs are 

similarly abundant. Little or no CHD3 or CHD5 were detected in our samples.

XLMS Data Establish the Core Architecture of the NuRD Complex

By integrating the findings of our stoichiometry analysis with published biophysical and 

structural work on Drosophila NuRD and several subcomplexes (Alqarni et al., 2014; 

Gnanapragasam et al., 2011; Millard et al., 2013, 2016; Schmidberger et al., 2016; Zhang 

et al., 2016), we can conclude that NuRD is built from a compositionally symmetric 2:2:4 

MTA-HDAC-RBBP deacetylase module and an asymmetric 1:1:1 MBD-GATAD2-CHD 

remodeling module. Building on this conclusion, we next asked how the deacetylase and 

remodeling modules of NuRD are physically connected. Our prior work has established 

that there are no direct interactions between the deacetylase module (MTA-HDAC-RBBP) 

and either GATAD2 or CHD and thus that the only interaction linking these two modules 

is between MTA and MBD (Torrado et al., 2017). Our ability to co-express and purify a 

stable MTAN-HDAC-MBDGATAD2CC subcomplex (see above) confirms that MBD directly 

binds the deacetylase module, thereby bridging the two halves of the complex. This result 

also shows that neither the C-terminal half of MTA nor the RBBPs are required to couple 

the two modules. A structure of the MBD-GATAD2 complex (Gnanapragasam et al., 2011) 

demonstrates that these two proteins directly interact, meaning that GATAD2 is recruited to 

the complex by MBD.

Consistent with this idea, co-expression of MTA2, HDAC1, MBD3, and GATAD2A yields 

a stable complex containing all four proteins (MTA-HDAC-MBD-GATAD2; Figure S2A). 

Notably, this complex recruits significant amounts of endogenous CHD, whereas the MTAN-

HDAC-MBDGATAD2CC complex does not (Figures S2A and S2B). We therefore conclude 

that the architecture of NuRD consists of a dimeric deacetylase core of MTA, HDAC, 

and RBBP subunits that directly interacts with MBD; in turn, MBD binds GATAD2 and 

it is GATAD2 alone that dictates the recruitment of CHD and ultimately confers DNA 

translocase activity on the full complex (Figure 2A).

To examine the placement of subunits and, in particular, how the MBD subunit 

couples the two halves of the complex, we carried out XLMS on NuRD and several 

subcomplexes (Figure S2B). These experiments yielded a total of 752 unique XLs that were 

highly conserved across MTAN-HDAC-MBDGATAD2CC, MTA-HDAC-MBD-GATAD2, 

MTA-HDAC-RBBP, NuDe, and NuRD complexes (Figure S4A; Data S1). We observed 

a high density of XLs between (1) RBBP and the C-terminal half of MTA, (2) HDAC and 

the N-terminal half of MTA, (3) MBD and the N-terminal half of MTA, and (4) the first 

coiled-coil region of GATAD2 (residues 136–178) and MBD3. In total, 174 of the XLs 

connect pairs of residues in known structures of subunits and subcomplexes. Ninety-four 

percent of these XLs are consistent (within the accepted crosslinker cutoff) with the extant 

structural data (Figure S4B; Data S1), providing a high level of confidence that these 

subcomplex structures recapitulate the architecture of the full NuRD complex in solution.

In addition to the XLs above, which establish the veracity of the approach, 120 XLs connect 

pairs of domains with known or readily modeled structures, but for which relative positions 

in the NuRD complex are unknown. We have defined these domains as shown in Figure S1: 
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MTA1BAH (the BAH domain of MTA), the dimer of heterodimers HDAC1-MTA1ES (the 

ELM-SANT domains of MTA), MTAH (a 20-residue predicted α-helix to which 19 XLs 

were observed), MTAZF (a GATA-type zinc-finger domain), MBDMBD (the methyl-DNA 

binding domain), and MBDCC-GATAD2CC1 (the heterodimeric coiled-coil formed by the 

MBD3 coiled-coil domain and the first coiled-coil domain of GATAD2A). XL-driven rigid-

body docking in HADDOCK (van Zundert et al., 2016) finds a solution for the domain 

architecture that is supported by 93% of these 120 XLs (Figures 2B and S5). The model 

places the BAH domain at the distal ends of the MTAES-HDAC dimer of dimers where 

it is juxtaposed with the MBDMBD domain. In turn, MBDMBD packs against the MBDCC-

GATAD2CC1 coiled-coil, despite the two domains of MBD being separated by a 145-residue 

intrinsically disordered region (MBDIDR; Desai et al., 2015). Only one copy of MBD3 is 

placed in the model because of the complex stoichiometry dictated by our DIA-MS data.

In our model, the MTAH helix lies directly adjacent to the HDAC active site. Figure 2C 

highlights the well-described phenylalanine at the entry to the active site (Phe150, blue), 

and we have indicated the reduced degree of access to the active site by modeling in a 

known HDAC inhibitor, hydroxamic acid (based on a structure of HDAC8; PDB: 5FCW) 

(Tabackman et al., 2016). Our model thus suggests that the MTA subunits in NuRD could 

potentially modulate HDAC activity.

Although the MBDIDR is disordered in isolation (Desai et al., 2015), it is predicted to 

be ordered by programs such as PONDR (Obradovic et al., 2003). We observed 162 XLs 

to residues in MBDIDR, exclusively in the N-terminal half of the sequence (Figure S4C). 

Ninety-two of these XLs were to structured portions of HDAC, MTAN, GATAD2CC1, 

MBDCC, and MBDMBD (Figure 2D), suggesting that MBDIDR forms an irregular but 

ordered structure by packing against the MTA-HDAC core. In line with this conclusion, the 

N-terminal part of this region can immunoprecipitate HDAC2, MTA2, and RBBP4 (Desai et 

al., 2015).

One hundred and seventy-seven XLs were observed within and between RBBP proteins 

and the C-terminal half of MTA (which encompasses the two RBBP binding sites R1 and 

R2 as well as a ~100-residue region that is predicted to be disordered; Figure S1A). Of 

these XLs, 63 out of 69 can be mapped within the crosslinker cutoff in crystal structures 

of the MTA1R1-RBBP4 and MTA1R2-RBBP4 subcomplexes (Alqarni et al., 2014; Millard 

et al., 2016; Figure S4B). An additional 7 XLs were between structured regions but not in 

published crystal structures, and we used HADDOCK, together with published structures, 

to generate a model of MTAC-RBBP2. However, although this model fitted within our 

published low-resolution EM map of the complex (Schmidberger et al., 2016), only 4 out 

of 7 XLs were satisfactorily mapped in the model (Figure S4D). This low percentage might 

indicate the presence of substantial dynamics in this region of the complex, which is in line 

with the prediction of substantial intrinsic disorder in this region of MTA.

Finally, a further 60 XLs were observed between the C-terminal half of MTA and our 

HADDOCK-modeled core complex. Again, the XLs highlight a surface (Figure 2E, yellow) 

that indicates the likely location of the MTAC-RBBP2 subcomplex and allows us to 

represent the general position taken up by the two MTAC-RBBP2 units in a full MBD-
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HDAC2-MTA2-RBBP4 complex (Figure 2F). The remaining portion of the complex, namely 

CHD and the C-terminal half of GATAD2, displayed very few inter-subunit XLs, meaning 

that their locations cannot be confidently modeled. This lack of XLs suggests that the 

CHD-GATAD2 subcomplex might also display considerable dynamics.

GATAD2 Controls the Asymmetry of the NuRD Complex

Our model indicates that there are two equivalent sites on the MTA-HDAC subcomplex 

that could accommodate an MBD subunit, raising the question as to why only one MBD is 

observed in the full NuRD complex. To investigate further, we performed DIA-MS on the 

MTAN-HDAC-MBDGATAD2CC subcomplex. Unexpectedly, we derived a 2:2:2 stoichiometry 

(Figure 3A). This stoichiometry was corroborated by SEC-MALLS (Figure 3B), which 

yielded a molecular weight (MW) measurement of ~290 kDa, in close agreement with the 

288-kDa mass predicted for a 2:2:2 complex and significantly higher than the mass of 

248 kDa expected for a 2:2:1 complex. FLAG-tagged MBD3 can also immunoprecipitate 

untagged MBD3 when both are co-expressed with HDAC and MTA, confirming that there 

are two accessible MBD binding sites in the MTAN-HDAC complex (Figure S3D).

Using negative-stain EM, we recorded 325 micrographs of the purified MTAN-HDAC-

MBDGATAD2CC complex (Figures 3C, S2C, and S6A) and generated 2D class averages 

that represent different orientations of the complex. The dataset was relatively homogeneous 

and, using 3D classification and refinement routines in RELION without imposing any 

symmetry, we obtained a low-resolution structural envelope (29 Å according to the FSC 

0.143 criterion). The envelope has a bi-lobed structure with an approximate 2-fold symmetry 

(Figures 3D and 3E), which is in line with our stoichiometry data. The dimensions and shape 

of the model independently derived from our XLMS data (Figure 2) match the EM density 

envelope very well (Figures 3D and 3E). Only the MTAZF domain significantly protrudes 

from the map, which might be a function of the low resolution of our map or of domain 

dynamics.

Segmentation of the EM envelope according to occupancy by domains in our XLMS-derived 

model reveals regions of the map for which no model density is assigned. These are likely 

accommodated by regions of the sequence for which no structures are available, namely 

the ~100 C-terminal residues of HDAC and the 145-residue MBDIDR. Encouragingly, the 

largest region of unassigned density lies in the position predicted for MBDIDR by our XLMS 

data (Figures 2D and 3D).

Given the unexpected 2:2:2 stoichiometry of the MTAN-HDAC-MBDGATAD2CC complex, 

we hypothesized that the GATAD2 subunit must prevent binding of a second MBD subunit 

in the larger NuDe and NuRD complexes. Indeed, when we co-expressed GATAD2A with 

MTA2, HDAC1, and MBD3 (the MTA-HDAC-MBD-GATAD2 complex; Figure S2A), we 

observed the expected 2:2:1:1 stoichiometry by DIA-MS (Figure 3A; Data S2). We therefore 

conclude that the GATAD2 subunit is responsible not only for recruiting CHD remodeling 

activity to the NuRD complex but also for controlling the architecture and asymmetry of the 

complex by permitting the recruitment of only a single MBD subunit.
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RBBP Subunits Introduce Substantial Conformational Dynamics

To corroborate our emerging picture of how the structural modules of NuRD are 

progressively assembled into a functional complex, we next analyzed three other complexes 

by negative-stain EM. Datasets were collected for an MTA-HDAC-RBBP complex 

assembled from recombinantly expressed components, as well as for the NuDe and 

NuRD complexes isolated from MEL cells (Figures S2C and S6-S8). The 2D classes 

for MTA-HDAC-RBBP exhibited significant shape heterogeneity, even for particles of a 

similar apparent size (Figure 4A). Given the relative homogeneity of the MTAN-HDAC-

MBDGATAD2CC complex in comparison, we concluded that the MTAC-RBBP2 units exhibit 

considerable dynamics relative to the MTAN-HDAC-MBDGATAD2CC complex. Cartoons in 

Figure 4A indicate how these 2D classes can be readily interpreted as comprising a central 

MTAN-HDAC “bridge” (magenta and orange, Figure 3D) and two MTAC-RBBP2 “arms” 

(blue, Figure S4D) that can rotate relative to the MTAN-HDAC core. The only difference 

between the cartoon models shown is the relative rotation of the MTAC-RBBP2 arms.

For the NuDe complex, 2D classes derived from 23,401 particles again showed significant 

shape heterogeneity (Figure S7), suggestive of conformational flexibility. We attempted to 

cautiously deconvolute this apparent variability by performing ab initio 3D reconstruction in 

CryoSPARC (Punjani et al., 2017), specifying multiple output models followed by several 

rounds of multi-model and non-uniform refinement (Figure S7). Using this approach, we 

were able to produce two maps (corresponding to 22% and 21 % of the particles) with 

nominal resolutions of ~20 Å. These maps are qualitatively similar to the MTA-HDAC-

RBBP structure described above but appear to be distinguished by a twisting motion in one 

of the two arms of the complex (Figure 4B). This observation is consistent with the MTA-

HDAC-RBBP analysis and again suggests that the MTAC-RBBP2 arms exhibit substantial 

dynamics relative to the deacetylase core complex.

A much larger dataset (202,986 particles from 1323 images) was collected for the NuRD 

complex. Although some 2D classes were consistent with the MTA-HDAC-RBBP and NuDe 

data, a significant proportion exhibited clear additional density in the middle of the complex 

(Figure S8). Following repeated rounds of ab initio multi-model reconstruction and non-

uniform refinement in CryoSPARC, the majority of particles (55%) remained in a class that, 

when compared to the maps obtained for NuDe (Figures 4C and S8), features additional 

density adjacent to the MTAN-HDAC bridge. This density likely corresponds to parts of 

the MBD-GATAD2-CHD4 module. Although the resolved density cannot accommodate 

the entire module, this was not surprising; in addition to evidence from our XLMS data 

pointing to this region having substantial conformational variability, a recent structure of 

a CHD4-nucleosome complex resolved only one-third of CHD4 (Farnung et al., 2020), 

pointing to significant flexibility even in the presence of substrate. Similarly, the majority 

of GATAD2 is predicted to be disordered. We therefore conclude that our data resolve the 

attachment point of the remodeling module but are unable to resolve a complete envelope for 

this region of the complex.

Overall, these data outline the architecture of the NuRD complex and suggest that the 

complex undergoes substantial conformational dynamics.
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PWWP2A Competes Directly with MBD-GATAD2-CHD for Binding to the MTA-HDAC-RBBP 
Module of NuRD

Our data demonstrate that the MTA-MBD interface is the nexus between the symmetry-

mismatched deacetylase and remodeling modules of NuRD. This finding raises the question 

as to whether either module has a physiological role outside the NuRD complex. We 

and others recently demonstrated that the transcriptional regulator PWWP2A selectively 

binds MTA-HDAC-RBBP but not intact NuRD (Link et al., 2018; Zhang et al., 2018). 

To understand the basis for this selectivity, we first expressed FLAG-PWWP2A with 

combinations of HDAC1, MTA1, MBD3, and GATAD2B and carried out pull-downs. As 

expected, FLAG-PWWP2A pulled down MTA1 and HDAC1 (Figure 5A, lane 5). Strikingly, 

however, the addition of either MBD3 or a combination of MBD3 and GATAD2B (lanes 

4 and 6, respectively) made no difference—only HDAC1 and MTA1 were retained by 

PWWP2A. These data indicate that PWWP2A competes directly with MBD for exclusive 

binding to the deacetylase module of NuRD.

We next collected XLMS data on a PWWP2A-MTA-HDAC-RBBP complex (Data S1). A 

total of 146 unique XLs were observed between PWWP2A and either HDAC or MTAN. 

Figure 5B shows that the set of residues in MTA1 and HDAC1 that cross-link to PWWP2A 

closely matches those that cross-link to MBD in the MTAN-HDAC-MBDGATAD2CC 

complex. These data together support the conclusion that PWWP2A directly competes with 

MBD for binding to a common surface on the MTA-HDAC core complex. In an in vivo 
context, this provides a mechanism by which PWWP2A can recruit the deacetylase activity 

of NuRD to specific genomic loci without co-recruiting the remodeling activity of the CHD 

subunit.

DISCUSSION

NuRD Assembly Is Regulated at an Interface between Separable Histone Deacetylase and 
DNA Translocase Units

Our data define the subunit stoichiometry of the mammalian NuRD complex, elucidate 

key features of NuRD architecture, and demonstrate that the NuRD complex is built from 

two separable structural entities that have distinct catalytic activities. One of these entities, 

namely MTA-HDAC-RBBP, has two-fold symmetry, can be readily purified, and harbors 

the histone deacetylase activity. In contrast, the other entity, namely MBD-GATAD2-CHD, 

has a 1:1:1 stoichiometry, is inherently asymmetric, and contributes the ATP-dependent 

remodeling activity.

A central and unresolved question regarding NuRD architecture has been how the symmetric 

2:2:4 MTA-HDAC-RBBP module and the asymmetric 1:1:1 MBD-GATAD2-CHD unit are 

connected. Our data show that MBD alone is insufficient to “break the symmetry” of 

MTA-HDAC-RBBP and it is the recruitment of GATAD2 that leads to asymmetry in the 

full complex. GATAD2 also recruits a CHD subunit to the complex, via the GATA-type zinc 

finger of GATAD2 (Sher et al., 2019; Torrado et al., 2017). We do not observe GATAD2 

binding to MTA, HDAC, or RBBP (Torrado et al., 2017), and thus, the means by which 

GATAD2 prevents a second copy of MBD from binding to MTA-HDAC-RBBP remains 
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unclear. Binding of GATAD2 to one MBD might sterically block access to a second MTA 

subunit without involving a direct GATAD2-MTA interaction.

We note in passing that although CDK2AP1 (DOC1) has been consistently identified in 

NuRD preparations from HeLa cells (Kloet et al., 2014; Smits et al., 2013; Spruijt et al., 

2010, 2016), we only identified it in one-third of our NuRD preparations (n = 12; data not 

shown). We made a similar observation in our purification of NuRD from three cancer cell 

lines (Sharifi Tabar et al., 2019), and it is possible that this subunit is either relatively labile 

or plays a tissue-specific role. As a result, we did not include CDK2AP1 in our analyses. 

Nonetheless, CDK2AP1 abundance does track closely with CHDs and moderately with 

GATAD2 (Sharifi Tabar et al., 2019), suggesting that CDK2AP1 might directly interact with 

CHDs in the asymmetric remodeling module of NuRD.

The modular nature of the NuRD complex is functionally relevant. We have shown recently 

that the coregulator PWWP2A can selectively bind the MTA1-HDAC-RBBP module and 

likely deacetylates H3K27 and H2A.Z (Link et al., 2018). Here, we demonstrate that 

the PWWP2A-MTA1-HDAC-RBBP interaction effectively rejects the MBD-GATAD2-CHD 

module by competing directly with MBD for binding to a common surface on MTA. 

Recent work on PWWP2A/B suggests that two copies of PWWP2A/B interact with MTA-

HDAC-RBBP (Zhang et al., 2018), mirroring the 2:2:2 stoichiometry we see for MTA-

HDAC-MBD. Thus, the MTA-HDAC-RBBP module appears to have a cellular function 

independent of the intact NuRD complex, with the MTA subunit acting as a regulatory 

control point for competitive interactions that can lead to NuRD-independent activities for 

NuRD subcomplexes.

Our stoichiometry and XLMS data, combined with published findings, allow us to present 

a structural model for the region of the NuRD complex comprising MTAN, HDAC, 

RBBP, MBD, and the MBDCC-GATAD2CC1 coiled-coil domain. The model, which is 

independently consistent with our low-resolution EM data, provides a picture of mammalian 

NuRD architecture and delineates the point of connection between the deacetylase and 

remodeling modules, as well as other interacting partners.

The NuRD Complex Is Dynamic on Multiple Levels

Our EM data indicate that the MTA-HDAC-RBBP, NuDe, and NuRD complexes exhibit 

substantial conformational heterogeneity, indicating that the RBBP subunits are a major 

source of structural dynamics. Negative-stain EM data do carry a degree of ambiguity 

because of difficulties disentangling stain heterogeneity and dehydration artifacts from 

genuine dynamics and biological heterogeneity. However, our multiple EM datasets are not 

only internally consistent (i.e., maps of successively built-up subcomplexes demonstrate a 

degree of consistency) but also agree with the architectural models of NuRD that we derive 

independently from XLMS, DIA-MS, and existing high-resolution structures of NuRD 

subunits and subcomplexes. The EM data thus provide orthogonal and complementary 

evidence for the proposed architecture, while also supporting the conclusions of substantial 

dynamics suggested by other data.
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The model shown in Figure 6A indicates the likely extent of motion exhibited by the 

MTAC-RBBP2 units. This mobility could have a role in docking the NuRD complex 

(or the competing PWWP2A-MTA-HDAC-RBBP complex; Figure 6B) onto nucleosomes 

by binding to histone H3 (Millard et al., 2016), in preparation for deacetylation and/or 

remodeling. RBBPs also work as adaptors for interactions with transcriptional regulators 

(e.g., FOG1, Lejon et al., 2011; ZNF827, Yang et al., 2018; and PHF6, Liu et al., 2014), 

which could help guide the NuRD complex to specific genomic sites.

Considering that CHD and GATAD2 subunits together make up 25% of the mass of 

the NuRD complex, the lack of inter-subunit XLs to CHD and the C-terminal half of 

GATAD2 suggests that these subunits are even more dynamic than the RBBPs relative 

to the HDAC-MTA core. This conclusion is in accord with our EM data for the intact 

NuRD complex, which showed a smaller than expected increase in particle size compared 

to the subcomplexes. Furthermore, the recent structure of CHD4 bound to a nucleosome 

(Farnung et al., 2020) displayed density for only 35% of the CHD4 protein. Thus, our data 

demonstrate that interactions of CHD4 with other NuRD subunits do not cause significant 

dampening of these dynamics.

The NuRD complex also displays considerable compositional dynamics, and there are 

several examples of functional consequences of such dynamics. MBD2- and MBD3-specific 

NuRD complexes have distinct biochemical properties (Le Guezennec et al., 2006; Yu et 

al., 2019), and CHD3, CHD4, and CHD5 NuRD complexes operate at different stages of 

mammalian brain development (Nitarska et al., 2016). Furthermore, PWWP2A exhibits a 

preference for an MTA-HDAC-RBBP complex built on MTA1, rather than MTA2 (Link 

et al., 2018). Our DIA-MS data allowed us to interrogate the paralog composition of the 

NuRD complex, which has not been examined in detail to date. The NuRD complex that 

we isolate from MEL cells shows an approximate equal representation of the two GATAD2 

paralogs and a distinct preference for HDAC1 (80%) and MTA2 (60%), and both MTA3 and 

MBD2 (≤10% each) are essentially absent from our complex (Figure S1C). Unlike MTA1 

and MTA2, MTA3 can bind only one molecule of RBBP, suggesting that NuRD complexes 

with different stoichiometries might exist in different cellular or organismal contexts. In 

all cases except for GATAD2, these percentages do not reflect the transcript abundance in 

MEL cells, suggesting that some selective incorporation of specific paralogs most likely 

takes place. Considering that shifts in the composition of subunit paralogs can translate 

to changes in activity, DIA-MS measurements made in different cell types in the future 

will be informative in this regard. Finally, we note that our observation of both NuDe and 

NuRD complexes (both here and previously; Low et al., 2016) emphasizes the peripheral 

placement of CHD4 in the NuRD complex. This placement supports the idea that CHD4 

can act in several different capacities in the cell: as part of the NuRD complex or as part of 

the recently described ChAHP complex that can regulate chromatin structure (Kaaij et al., 

2019; Ostapcuk et al., 2018). There have also been reports suggesting that CHD4 can act in 

isolation (e.g., O’Shaughnessy and Hendrich, 2013 and references within), although they are 

less definitive.

In summary, we present an integrated structural and biochemical analysis of the mammalian 

NuRD complex, which reveals that the complex is a highly dynamic assembly made from 
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symmetric and asymmetric units that carry separable enzymatic activities. The interface 

between these units serves as a point of regulation in complex assembly, showing that direct 

competition for binding surfaces can give rise to variant complexes with distinct functions.

STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Joel P Mackay 

(joel.mackay@sydney.edu.au).

Materials Availability—Plasmids generated in this study will be made available on 

reasonable request.

Data and Code Availability—All mass spectrometry data that have been generated 

and analyzed during the current study have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository. Accession numbers are PRIDE: PXD010110 

for DIA-MS and PRIDE: PXD010111 for XLMS data. Electron microscopy maps presented 

here has been deposited in the EMDB repository with accession numbers MTAN-HDAC-

MBDGATAD2CC (EMD-21382), NuDe (EMD-22904, EMD-22905 and EMD-22906) and 

NuRD (EMD-22895). Raw EM datasets have been deposited into EMPIAR with accession 

numbers EMPIAR-10537 (NuRD), EMPIAR-10538 (NuDe) and EMPIAR-10539 (MTAN-

HDAC-MBDGATAD2CC). These data are also available from the corresponding authors upon 

reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293 cell culture and transient protein expression—For both cell maintenance 

and transient protein expression, suspension-adapted HEK Expi293F™ cells (Thermo Fisher 

Scientific, Waltham, MA, USA) were grown in Expi293™ Expression Medium (Thermo 

Fisher Scientific) at 37°C with 5% CO2 and horizontal orbital shaking at 130 rpm. For 

seed cultures, 10 mL volumes were maintained and cell densities were always kept below 

4 × 106 cells/mL. For transient protein expression, cells were grown to a density of 2 × 

106 cells/mL and plasmids were transfected into cells using linear 25-kDa polyethylenimine 

(PEI) (Polysciences, Warrington, PA, USA) at a 1:2 (wt/wt) ratio. Proteins were allowed to 

express for 65–72 h. Cells were harvested by centrifugation at 300 g × 5 min, washed twice 

in PBS, frozen in liquid nitrogen and stored at −80°C until use.

Murine erythroleukemia (MEL) cell culture—Murine erythroleukemia (MEL) seed 

cultures were maintained at 10–20 mL in DMEM/F-12 nutrient mix (Thermo Fisher) and 

5% (v/v) FBS at 37°C with 5% CO2. For large-scale grow ups, cells were grown in 250-mL 

batches inoculated with 2 × 106 cells. The cells were harvested at a density of ≤ 1 × 106 

cells/mL by centrifugation at 300 g × 5 min. Cells were washed twice in PBS, frozen in 

liquid nitrogen and stored at −80°C until use.
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METHOD DETAILS

Expression and purification of NuRD subcomplexes—The transfection and 

transient overexpression of proteins in suspension HEK Expi293F™ cells are as described 

above. Plasmid combinations used were FLAG-MTA2, tagless HDAC1 and HA-RBBP7 

to express the MTA-HDAC-RBBP subcomplex, and FLAG-MBD3GATAD2CC, HA-MTA2N 

and tagless HDAC1 for the MTAN-HDAC-MBDGATAD2CC subcomplex, and FLAG-MTA2, 

HA-MBD3 and tagless HDAC1 and HA-GATAD2A for the MTA-HDAC-MBD-GATAD2 

subcomplex, FLAG-MTA1C and HA-RBBP4 for the MTAC-RBBP2 subcomplex, and 

FLAG-PWWP2A, HA-MTA1, tagless HDAC1 and HA-RBBP4 for the PWWP2A-MTA-

HDAC-RBBP complex. Plasmid combinations were the same for all experiments except 

for the MTA-HDAC-MBD-GATAD2 subcomplex: HA-MTA2N, FLAG-MBD3 and tagless 

HDAC1 and HA-GATAD2B were used for cross-linking mass spectrometry.

For protein purification by FLAG-affinity pulldown, cells were resuspended in lysis buffer 

(50 mM Tris-HCl, 150–500 mM NaCl, 3 mM ATP, 3 mM MgCl2, 1% (v/v) Triton X-100, 

1 × cOmplete® EDTA-free protease inhibitor (Roche, Basel, Switzerland), 0.2 mM DTT, 

pH 7.9), sonicated, incubated on ice for 30 min to precipitate chromatin, and then clarified 

via centrifugation (≥16,000 g, 20 min, 4°C). Anti-FLAG Sepharose 4B beads (BiMake; 

pre-equilibrated with lysis buffer) was added to the cleared HEK cell lysate and the mixtures 

were incubated overnight at 4°C with orbital rotation. Post-incubation, the beads were 

washed with ‘wash’ buffer (50 mM Tris-HCl, 150–500 mM NaCl, 3 mM ATP, 3 mM 

MgCl2, 0.5% (v/v) IGEPAL® CA630, 0.2 mM DTT, pH 7.5). Bound proteins were eluted 

( × 3) with ‘elution’ buffer (10 mM HEPES, 150 mM NaCl, 300 μg/mL 3 × FLAG peptide 

(MDYKDHDGDYKDHDIDYKDDDDK; APExBIO), pH 7.5) at 4°C. Selected elutions 

were pooled and concentrated using Amicon Ultra-2, 100 kDa MWCO devices (Merck 

Millipore), pre-blocked with 5% (v/v) Tween-20. Typical yields were 1–2 mg per liter of 

culture.

NuDe and NuRD purification—Samples of NuDe and NuRD were isolated by FOG1 

affinity pulldown from cultured mouse erythroleukemia (MEL) cells as described in Low et 

al. (2016). Briefly, GST-FOG1(1–45) was expressed in Escherichia coli BL21(DE3) using 

standard IPTG induction. Cells were lysed via sonication in GST binding buffer (50 mM 

Tris, 500 mM NaCl, 0.1% (v/v) β-mercaptoethanol, 0.5 mM PMSF, 0.1 mg/mL lysozyme, 

10 μg/mL DNase I, pH 7.5), clarified via centrifugation (≥ 16,000 g, 20 min, 4°C), and 

incubated with pre-equilibrated glutathione Sepharose 4B beads (GE Healthcare) for 1 h at 

4°C. The beads were then washed in GST wash buffer (20 CV, 50 mM Tris, 500 mM NaCl, 

1% (v/v) Triton X-100, 1 mM DTT, pH 7.5), and then in NuRD binding buffer (10 CV). The 

beads were then used for pulldown experiments below.

MEL cell nuclear extracts were prepared by incubating the thawed cell pellets with 

hypotonic lysis buffer (5 mL/g of cells; 10 mM HEPES-KOH, 1.5 mM MgCl2, 10 mM 

KCl, 1 mM DTT, cOmplete® protease inhibitor, pH 7.9) for 20 min at 4°C. IGEPAL® 

CA630 was then added (final concentration of 0.6% (v/v)), incubated for 10 min, and the 

cell suspension was vortexed for 10 s. Nuclei were recovered via centrifugation at 3,300 g × 

5 min. The nuclear pellet was gently washed once with lysis buffer (+0.6% (v/v) IGEPAL® 
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CA-630), resuspended in NuRD binding buffer (50 mM HEPES-KOH, 150 mM NaCl, 

1% (v/v) Triton X-100,1 mM DTT, 1 × cOmplete® protease inhibitor (Roche), pH 7.4), 

sonicated, incubated on ice for 30 min to precipitate chromatin, clarified via centrifugation 

(≥ 16,000 g, 20 min, 4°C), and incubated with the FOG1-affinity resin (prepared above) 

overnight at 4°C. Post-incubation, the beads were washed with 20 CV of NuRD wash buffer 

1 (50 mM HEPES-KOH, 500 mM NaCl, 1% (v/v) Triton X-100, 1 mM DTT, pH 7.4) and 

then 10 CV of NuRD wash buffer 2 (50 mM HEPES-KOH, 150 mM NaCl, 0.1% (v/v) 

Triton X-100, 1 mM DTT, pH 7.4). Captured proteins were then eluted ( × 3; 50 mM 

reduced glutathione, 50 mM HEPES-KOH, 150 mM NaCl, 0.1% Triton X-100, 1 mM DTT, 

pH 8.0) for 30 min at 4°C.

Sucrose density gradient ultracentrifugation—Sucrose density gradients for both 

GraFix (Stark, 2010) and non-GraFix samples were performed essentially as described in 

Schmidberger et al. (2016). Either a 5.5 mL SW55 Ti or a 12 mL SW41 Ti Beckman 

Coulter rotor was used. Briefly, sucrose density gradients (2%–25% (w/v) for MTAN-

HDAC-MBDGATAD2CC, MTA-HDAC-RBBP, MTAC-RBBP2, 5%–35% (w/v) for NuDe, 

NuRD and MTA-HDAC-MBD-GATAD2) in buffer 50 mM HEPES-KOH pH 8.2, 150 mM 

NaCl, 1 mM DTT were prepared as described in Stone, 1974; gradients were allowed to 

form by layering the low sucrose buffer on top of the high sucrose buffer, slowly tilted 

to a horizontal position for 4 h at room temperature, and stored vertically for at least 1 

h at 4°C before use. For EM samples, 0.15% (v/v) glutaraldehyde was added in the high 

sucrose buffer as the cross-linking agent as per the GraFix protocol (Stark, 2010). Prior to 

ultracentrifugation, 400 or 600 μL of the low sucrose buffer was removed from the top of 

the gradients and a protein sample of up to 200 μL was then layered on top of the cushion 

and ultracentrifuged using a SW55 Ti or a SW41 Ti Beckman Coulter rotor (28,000 rpm 

or 33,000 rpm, 4°C, 18 h). The gradients were fractionated as 100 or 200 μL aliquots, 

collected from the top, prior to further downstream analyses. To each fraction from GraFix 

gradients, 1 M Tris pH 8.0 was added to a final concentration of 100 mM to deactivate the 

remaining free glutaraldehyde. Fractions were checked by SDS-PAGE to confirm successful 

fractionation. For XLMS and DIA-MS, glutaraldehyde was omitted.

Crosslinking-mass spectrometry (XLMS)—Post-sucrose gradient separation, fractions 

containing NuRD and NuDe complexes were pooled, buffer exchanged into sucrose-free 

buffers and concentrated using Vivaspin tricellulose acetate centrifugal filters (20 K MWCO; 

Sartorius). The centrifugal filters were pre-blocked with 0.1% (v/v) Tween-20. For each 

crosslinking experiment, ~10–15 μg of the complex at a concentration of ~0.1–0.15 mg/mL 

was used. For MTA-HDAC-RBBP, it is essentially the same as for NuRD and NuDe except 

that sucrose gradient separation was omitted.

For the MTAN-HDAC-MBDGATAD2CC, the MTA-HDAC-MBD-GATAD2 subcomplexes, 

and the PWWP2A-MTA-HDAC-RBBP complex, eluates were buffer exchanged into a 

buffer comprising 50 mM HEPES pH 7.5 and 150–250 mM NaCl using an Amicon Ultra 

0.5 mL or 4 mL centrifugal filter (50 K MWCO; Merck Millipore). For each crosslinking 

experiment, ~10–20 μg of subcomplex at a concentration of 0.2–1 mg/mL was used.
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Sample preparation for XLMS using disuccinimidyl suberate (DSS) and adipic acid 

dihydrazide (ADH) crosslinkers were essentially as described previously (Schmidberger et 

al., 2016). Crosslinking reactions using bissulfosuccinimidyl suberate (BS3) were performed 

essentially as described for DSS crosslinking with the exception that the stock was made 

in Milli-Q water instead of dimethylformamide. Briefly, DSS (H12/D12-DSS; 1:1 ratio, 25 

mM stock solution in anhydrous dimethylformamide; Creative Molecules) or BS3 (50 mM 

stock solution in Milli-Q water; Thermo Fisher) were added to a final concentration of 0.5–1 

mM and incubated for 30 min at 37°C with constant mixing. The excess DSS/BS3 were 

then quenched with either 100 mM NH4HCO3 (50 mM final concentration) and further 

incubated at 37°C for 20 min. For adipic acid dihydrazide (ADH) crosslinking, H8/D8-ADH 

(1:1 ratio, 100 mg/mL stock solution in 20 mM HEPES pH 7.4; Creative Molecules) 

and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (144 

mg/mL stock solution in 20 mM HEPES pH 7.4; Sigma-Aldrich) were added to final 

concentration of ~8.3 mg/mL and 12 mg/mL, respectively. The sample was then incubated 

for 1.5 h at 37°C with constant mixing. The excess ADH/DMTMM were 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. All crosslinked samples were then dried in a 

vacuum centrifuge.

Dried, crosslinked samples were resuspended in 50 μL of 8 M urea, 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-HCl pH 8, Trypsin/Lys-C 

mix (Promega) was added to an enzyme:substrate ratio of 1:25 (w/w), and the solution 

was incubated at 37°C for 4 h. Following this, the urea was diluted to 0.75 M using 50 

mM Tris-HCl pH 8, additional Trypsin (Promega) was added at an enzyme:-substrate ratio 

of 1:50 (w/w), and the sample was then incubated at 37°C overnight (~16 h). Following 

overnight digestion, the samples were acidified with formic acid to 2% (v/v) and centrifuged 

at 16,000 g for 10 min. The supernatant was then desalted using 50-mg Sep-Pak tC18 

cartridges (Waters), and eluted in 50:50:0.1 acetonitrile:water:formic acid (v/v/v), and dried 

in a vacuum centrifuge.

For size exclusion chromatography fractionation (SEC), the dried desalted peptides were 

resuspended in 150 μL of SEC mobile phase [acetonitrile:water:trifluoroacetic acid, 

70:30:0.1 (v/v/v)] and separated on a Superdex Peptide HR 10/30 column. A flow rate 

of 0.5 mL/min was used and the separation was monitored by UV absorption at 215, 254 

and 280 nm. Fractions were collected as 1-mL fractions. Based on the UV absorption traces, 

fractions of interest (retention volumes ~12-17 mL) for mass spectrometry were dried in a 

vacuum centrifuge.

For LC-MS/MS, peptides were resuspended in 3% (v/v) acetonitrile, 0.1% (v/v) formic acid 

and loaded onto a 20 cm × 75 μm inner diameter column packed in-house with 1.9 μm 

C18AQ particles (Dr Maisch GmbH HPLC) using an Easy nLC-1000 UHPLC (Proxeon) 

or a Dionex UltiMate 3000 UHPLC (ThermoFisher Scientific). Peptides were separated 

using a linear gradient of 5%–30% buffer B over 120–150 min at 200 nL min-1 at 55°C 

(buffer A consisted of 0.1% (v/v) formic acid; while buffer B was 80% (v/v) acetonitrile and 

0.1% (v/v) formic acid). Mass analyses were performed using either a LTQ Orbitrap Velos 
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Pro, Q-Exactive or Q-Exactive Plus mass spectrometer (ThermoFisher Scientific). Following 

each full-scan MS1 at 30,000 (Velos Pro) or 70,000 resolution at 200 m/z (300 – 1750 

m/z; 1–3 × 106 AGC; 100 ms injection time), up to 10 most abundant precursor ions were 

selected for MS/MS (HCD; 17,500 resolution; 1 × 105 AGC; 60 ms injection time; 32 NCE; 

2 m/z isolation window; 1.7 × 105 intensity threshold; minimum charge state of +3; dynamic 

exclusion of 20 s).

Peak lists were generated using the MSConvert tool (Chambers et al., 2012) and submitted 

to the database search program Mascot (Matrix Science). The data was searched with 

oxidation (M) and carbamidomethyl (C) as variable modifications using a precursor-ion 

and product-ion mass tolerance of ± 15 ppm and ± 0.02 Da, respectively. The enzyme 

specificity was set to trypsin with up to two missed cleavages allowed and all taxonomies 

in the UniProt database (Nov 2013 – Jul 2016; 541,762–551,705 entries) were searched. 

A decoy database of reversed sequences was used to estimate the false discovery rates. To 

be considered for further analysis, identified peptides had to be top-ranking and statistically 

significant (p < 0.05) according to the Mascot expect metric.

XLMS data for the MTAC-RBBP complex were recorded previously (Schmidberger et al., 

2016).

Analysis of XLMS data—Analysis of the XLMS data was performed with pLINK v2.3.5 

(Yang et al., 2012). pLINK search parameters that differ from the default settings were 

as follows: Peptide mass between 600–10,000 Da and peptide length between 6–100 were 

considered, precursor mass tolerance ± 15 ppm, product-ion mass tolerance ± 20 ppm, 

variable modifications of oxidation (M) and carbamidomethyl (C), enzyme specificity of 

trypsin with up to three missed cleavages (excluding the site of crosslinking) per chain. 

BS3 and H12/D12-DSS crosslinker settings: crosslinking sites were Lys, Ser, Tyr, Thr and 

protein N terminus, isotope shift (H12/D12-DSS) 12.075 Da, xlink mass-shift 138.068 Da, 

monolink mass-shift 156.079 Da. For the H8/D8-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 and 

protein N terminus, xlink mass-shift – 18.0106 Da, monolink mass-shift 0 Da. The protein 

database used for searching consisted of all the NuRD components (CHD4, MTA1, MTA2, 

MTA3, HDAC1, HDAC2, HDAC3, GATAD2A, GATAD2B, RBBP4, RBBP7, MBD2, 

MBD3) plus the top 10 contaminants identified (from the Mascot search) in the samples. 

The default FDR of 5% was used. Only peptides with a precursor mass error of ≤ ± 10 

ppm, E-value scores of ≤ 1x10−3, and with at least four fragment ions on both the alpha-and 

beta-chain each were retained for further analysis. XLs that were identified as possibly 

either inter-protein or intra-protein (due to isoform sequence similarities) were considered as 

intra-protein as the likelihood of intra-protein XLs is higher than inter-protein XLs.

We included and re-processed our data from Schmidberger et al. (2016) for this work using 

the above settings.
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For crosslinking schematics as shown in Figure S4A, the xVis webserver was used (Grimm 

et al., 2015).

For modeling, the list of XLs was further filtered to remove redundant hits and crosslinked 

intra-protein residues of ≤ 10 residues apart were discarded. This final non-redundant list 

and unfiltered pLINK search outputs can be found in Data S1. All mass spectrometry data 

and XLMS search results have been deposited to the ProteomeXchange Consortium via 

the PRIDE partner repository (Vizcaino et al., 2016) with the dataset identifier PRIDE: 

PXD010111.

Peptide selection for MS-based quantification—For quantification with internal 

standard peptides, the selection of reliable and representative proteotypic peptides (PTPs) 

for the protein targets of interest is an important step. Hence, in the first instance, we 

performed standard LC-MS/MS shotgun proteomics experiments to characterize our purified 

NuRD samples. From this proteomics dataset, we selected PTPs based on a pre-determined 

set of criteria: (1) Reproducible and reliable detection of the peptide across different 

MS runs and biological replicates; (2) Absence of missed cleavages; (3) Absence of 

known post-translational modifications (PTMs) (by querying protein databases including 

PhosphoELM (Dinkel et al., 2011) and UniProt (The UniProt Consortium, 2017) and 

large scale proteomic datasets that had not been incorporated into UniProt (at the time 

of experimental design) (Chen et al., 2012; Choudhary et al., 2009; Lundby et al., 2012) 

or potential predicted PTM sites (GPS 2.1.1, (Xue et al., 2011)); (4) Hydrophobicity 

scores in the range 10–46 (extremely hydrophobic peptides could present solubility issues 

and aberrant chromatographic behavior); (5) Related to point (4), avoidance of series of 

hydrophobic residues (C, F, I, L, V, W, Y). A series of these residues can be difficult 

to synthesize; (6) Avoidance of extremely long or short peptides (9–10 residues is ideal); 

(7) Where possible, to avoid the following residues: methionine – unpredictable oxidation; 

cysteines – unpredictable oxidation but can be mitigated by reduction and alkylation of 

the samples; prolines – unusual elution profile due to isomerisation and predominant CID 

fragmentation pattern; N-terminal glutamines and glutamates – can undergo spontaneous 

modification to pyroglutamate; (8) Of less importance and where possible, to select for 

peptides with precursor ions < 1000 m/z (this is due to limitations of the instrument used 

for data acquisition). Using these criteria, we selected 2–3 PTPs per target protein and 

where paralogs are very similar (e.g., HDAC1/2 and RBBP4/7), an additional 1–3 ‘pseudo 

PTPs’ shared between the paralogs were also chosen. Selected peptides were synthesized 

with stable isotopes (carboxy-terminal Arg (13C6; 15N4) or Lys (13C6; 15N2)) as AQUA™ 

peptides. A total of 31 peptides were chosen (exact numbers are indicated in parentheses): 

CHD4 (3), GATAD2A (3), GATAD2B (3) MTA1 (3), MTA2 (3), MTA3 (2), MBD2 (2), 

MBD3 (3), HDAC1 (2), HDAC2 (2), RBBP4 (3) RBBP7 (3). For HDAC1/2, one AQUA 

peptide was used for each HDAC1 and HDAC2, plus one additional ‘shared’ peptide for 

both HDAC1/2. For RBBP4/7, three ‘shared’ AQUA peptides were used. The list of peptides 

used is available in Data S2. The linear intensity range of our selected peptides were 

determined as described below.
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DIA-MS and sample preparation—Selected PTPs were synthesized with stable isotopes 

(carboxy-terminal Arg (13C6; 15N4) or Lys (13C6; 15N2)) as Absolutely Quantified 

SpikeTidesTM TQL with the cleavable Qtag by JPT Peptide Technologies. Peptides were 

supplied as 5 × 1 nmol aliquots and each 1 nmol aliquot per PTP were resuspended with 

20% (v/v) acetonitrile in 80% (v/v) 0.1 M NH4HCO3, pooled, aliquoted, freeze-dried and 

stored at −20°C. For each MS experiment, each aliquot was resuspended in 20% (v/v) 

acetonitrile in 80% (v/v) 0.1 M NH4HCO3, the required amount taken and the remaining 

excess peptide was then discarded.

Post-affinity chromatography and sucrose gradient fractionation, heavy-labeled synthetic 

peptides were added to the highly-purified NuRD or NuRD subcomplexes, and the samples 

were then freeze-dried. Once dried, the samples were then re-solubilised with 50 μL of 8 

M urea dissolved in 50 mM Tris.Cl pH 8. The samples were then reduced (5 mM TCEP, 

37°C, 30 min) and alkylated (10 mM iodoacetamide, room temperature in the dark, 20 min). 

The samples were then diluted to 6 M urea with 50 mM Tris.Cl pH 8 and Trypsin/Lys-C 

mix (Promega) was added to a final enzyme:substrate ratio of 1:20 (w/w). The sample was 

then incubated for 37°C for 4 h. Following this initial digestion step, the sample was further 

diluted to 0.75 M urea with 50 mM Tris.Cl pH 8 and additional Trypsin/Lys-C mix was 

added to a final enzyme:substrate ratio of 1:10 (w/w). The sample was then incubated at 

37°C overnight for ~16 h. Following the overnight digestion, the samples were acidified 

with formic acid to a final concentration of 2% (v/v) and centrifuged (20,000 g, 10 min). 

The supernatant was then desalted using in-house made C18 stagetips.

All samples for stoichiometry analysis were performed using the same Q-Exactive mass 

spectrometer. In every MS experiment/injection, 100 fmol of each reference heavy synthetic 

peptide was injected, unless otherwise stated. For every biological replicate that was 

analyzed, 1–2 replicates of DDA runs and 3–5 replicates of DIA runs were performed.

For LC-MS/MS, peptides were resuspended in 3% (v/v) acetonitrile, 0.1% (v/v) formic acid 

and loaded onto a 40–50 cm × 75 μm inner diameter column packed in-house with 1.9 μm 

C18AQ particles (Dr Maisch GmbH HPLC) using an Easy nLC-1000 UHPLC (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 consisted of 0.1% (v/v) formic acid; while buffer B was 80% (v/v) 

acetonitrile and 0.1% (v/v) formic acid). For DDA: after each full-scan MS1 (R = 70,000 

at 200 m/z, 300–1750 m/z; 3 × 106 AGC; 100 ms injection time), up to 20 most abundant 

precursor ions were selected for MS/MS (R = 35,000 at 200 m/z; 1 × 106 AGC; 120 ms 

injection time; 30 normalized collision energy; 2 m/z isolation window; 8.3 × 105 intensity 

threshold; minimum charge state of +2; dynamic exclusion of 60 s). For DIA: after each 

full-scan MS1 (R = 140,000 at 200 m/z (300–1600 m/z; 3 × 106 AGC; 120 ms injection 

time), 16 × 25 m/z isolations windows in the 425–825 m/z range were sequentially isolated 

and subjected to MS/MS (R = 17,500 at 200 m/z, 3 × 106 AGC; 60 ms injection time; 30 

normalized collision energy). After the first eight 25 m/z isolations and MS/MS and before 

the last eight 25 m/z isolations, a full-scan MS1 was performed. 25 m/z isolation window 

placements were optimized in Skyline (MacLean et al., 2010) to result in an inclusion list 

starting at 437.9490 m/z with increments of 25.0114 m/z.

Low et al. Page 19

Cell Rep. Author manuscript; available in PMC 2022 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Assessing the linearity in MS of selected peptides—We constructed a standard 

curve to assess the linearity of our heavy-labeled synthetic peptides in our MS quantification 

assay. We prepared and analyzed a dilution series of heavy-labeled synthetic peptides with 

a fixed quantity of highly purified NuRD proteins as the sample matrix. A range of 10–300 

fmol was used a starting point, which was increased to 1000 fmol for the RBBP4/7 peptides. 

The MS data was processed in Skyline (MacLean et al., 2010) as described below. To 

determine the degree of linearity, we utilized simple linear regression analysis and response 

factor plots (Kuzyk et al., 2009). From these experiments, 90 MS1 ions and 103 MS2 ions 

from 27 peptides (these numbers are doubled when considering heavy peptides as well) were 

found to have usable linear regions (Data S2), with linear regression R2 values of ≥ 0.972 

and a response factor of < ± 20% of the average.

DIA data processing—All DDA data were processed using Proteome Discoverer v1.4 

and searched with Sequest HT against all taxonomies in the UniProt database (Nov 2013 

– Apr 2015; 541,762 – 548,208 entries). The data were searched with oxidation (M) and 

carbamidomethyl (C) as variable modifications using a precursor-ion and product-ion mass 

tolerance of ± 20 ppm and ± 0.02 Da. All results were filtered using Percolator to a false 

discovery rate of 1%.

All DIA data were processed using Skyline v3.5.0.9319 (MacLean et al., 2010). Reference 

spectral libraries were built in Skyline with .msf files using the BiblioSpec algorithm 

(Frewen and MacCoss, 2007). Precursor and production extracted ion chromatograms were 

generated using extraction windows that were two-fold the full-width at half maximum for 

both MS1 and MS2 filtering. Ion-match tolerance was set to 0.055 m/z. For MS1 filtering, 

the first three isotopic peaks with charges +2 to +4 were included while for MS2, b- and 

y-type fragments ions with charges +1 to +3 were considered. To ensure correct peak 

identification and assignment, the following criteria had to be met: (i) co-elution of light 

and heavy peptides; (ii) averaged dot product values of ≥ 0.95 between peptide precursor 

ion isotope distribution intensities and theoretical intensities (idotp) for both the heavy 

and light peptides; (iii) averaged dot product values of ≥ 0.85 between library spectrum 

intensities and current observed intensities (dotp); (iv) averaged relative dot product values 

of ≥ 0.95 between the observed heavy and light ion intensities (rdotp); (v) coefficient of 

variation (CV) values of ≤ 20% for all dot product values; (vi) matching peak shape for 

precursor and product ions of both the heavy and light peptides. Individual peptide ions were 

quantified using the light-to-heavy area-under-the-curve ratio of the M, M+1 and M+2 peaks 

for MS1 and a manually curated set of y-ions for MS2. Curation was based on: (i) linearity 

as determined from the standard curve (Data S2); and (ii) consistent observation between 

technical and biological replicates. To ensure only reliable ions were used for peptide 

quantification, further filtering was performed: (i) only light-to-heavy area-under-the-curve 

ratios with CV values of ≤ 20% between technical replicates were accepted; and (ii) the 

calculated value for each ion type had to fall within its pre-determined linear range. Finally, 

peptides were quantified by using the weighted average ratios between the M, M+1 and 

M+2 ions for quantification at the MS1 level and the selected y-ions for quantification at 

the MS2 level. This calculation was done in Skyline. Excellent correlation was observed for 

quantification results between the MS1 and MS2 levels (R2 = 0.95, Pearson r = 0.97, n = 
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221; Figure S1D); hence, we used both MS1- and MS2-derived data to inform us about the 

NuRD stoichiometry. All reported stoichiometry values in the text were median values from 

both MS1-and MS2-derived data. All processed data related to the DIA-MS experiments 

can be found in Data S2. All raw mass spectrometer and Skyline datafiles have also been 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Vizcaino 

et al., 2016) with the dataset identifier PRIDE: PXD010110.

As we had multiple peptides to quantify each of our NuRD proteins, we were able to see 

that these peptides seldom agree with each other in terms of reporting the target protein’s 

quantity. There are a number of possible reasons why a particular peptide might under-report 

the true peptide quantity (e.g., a protease-resistant endogenous peptide could lead to missed 

cleavages, or unknown PTMs on the endogenous peptide could alter the apparent peptide 

quantity). On the other hand, it was very unlikely that there would be instances of over-

reporting. Thus, the commonly accepted solution of averaging multiple peptides for a target 

protein will result in under-reporting of the true quantity of the target protein. Hence, we 

opted to pick the highest quantified value for each protein instead – which should lead to a 

value that is as close to the true peptide quantity as possible.

Analysis of NuRD stoichiometry—To calculate NuRD stoichiometry, we first 

normalized all our quantified values from the DIA-MS analyses to the average value 

between MTAs and HDACs ((MTA1 + MTA2 + MTA3) + (HDAC1 + HDAC2) /2) then 

multiplied them by two. This yielded a value of ~2 for both MTAs and HDACs; it has been 

previously shown through X-ray crystallography that HDAC and MTA form a 2:2 complex 

(Millard et al., 2013) and subunit exchange data that show that the MTA and HDAC subunits 

are very stable in the NuRD complex (Kloet et al., 2014). Based on these reasons, it was 

deemed reasonable to make both MTA and HDAC the stoichiometric reference subunits.

SEC-MALLS experiments and data analysis—Due to the instability and 

polydispersity of the NuDe and NuRD complexes upon concentration, size exclusion 

chromatography coupled to multiangle laser light scattering (SEC-MALLS) runs were 

carried out under denaturing conditions. NuDe and NuRD were first purified on GraFix 

sucrose gradients. The fractions containing the purified complexes were pooled, buffer 

exchanged (50 mM HEPES, 150 mM NaCl, 100 mM Tris, 6 M guanidine HCl, pH 8) 

and concentrated using Amicon® Ultra, MWCO 100-kDa concentrators (Merck Millipore), 

pre-blocked with 5% (v/v) Tween-20. Chromatography runs were performed on a Superose 

6 Increase 3.2/300 column (GE Healthcare) at 50 μL/min, in a buffer comprising 50 mM 

HEPES, 150 mM NaCl, 100 mM Tris, 2 M guanidine-HCl, pH 8. Similarly, both bovine 

thyroglobulin and bovine serum albumin (BSA) were purified by GraFix, and then subjected 

to SEC-MALLS under denaturing conditions. For untreated thyroglobulin and BSA samples, 

guanidine-HCl was omitted in all steps.

SEC-MALLS of the MTAN-HDAC-MBDGATAD2CC complex was performed under non-

denaturing conditions. The MTAN-HDAC-MBDGATAD2CC sample used was eluted from 

FLAG-beads, after pulling down the complex from HEK cell lysate. Chromatography run 

was performed on a Superose® 12 10/300 GL (GE Healthcare) at 0.5 mL/min, in 10 mM 

HEPES, 75 mM NaCl, 0.2 mM DTT, pH 7.5.
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All data analyses were performed using the ASTRA® software (v6.1.1.17; Wyatt 

Technology). Both light scattering and UV data were used to calculate the molecular mass. 

Extinction coefficients (mL/(mg cm), at 280 nm) used were 1.148 for NuDe, 1.118 for 

NuRD, 1.044 for MTAN-HDAC-MBDGATAD2CC, 1.069 for bovine thyroglobulin and 0.614 

for BSA. The BSA runs (untreated, 100 μL, 2 mg/mL) were used to align the UV and light 

scattering signals.

Glutaraldehyde, the fixative agent used in the GraFix protocol (Stark, 2010), forms 

homopolymers with a range of sizes and the expected mass gain as a result of glutaraldehyde 

crosslinking is unknown. To this end, we first calibrated the expected mass gain from 

crosslinking by using two separate protein standards (BSA and thyroglobulin; Figures S3B 

and S3C). We applied the following formula to the BSA and thyroglobulin standards: Mass 
gain per lysine residue = ((grafixed mass) −(untreated mass) /number of lysine residues). 

As there are 59 and 148 lysine residues in BSA and thyroglobulin, respectively, we arrived 

at the conclusion that the GraFix protocol added an average of ~540 Da per lysine residue 

(lysines are the major target of glutaraldehyde).

EM sample preparation—Post-sucrose density gradient separation, crosslinked fractions 

containing the complex of interest (based on the corresponding fractions collected from a 

non-crosslinked sucrose gradient run in parallel; Figure S2C) had the sucrose diluted to 

an approximate final concentration of 0.02% (w/v) by buffer exchange using an Amicon® 

Ultra, 100-kDa MWCO device (Merck Millipore), pre-blocked with 5% (v/v) Tween-20. 

The exchange buffer used was 10 mM HEPES-KOH pH 7.5, 75 mM NaCl, 0.3 mM DTT. 

The concentrated sample was centrifuged at 5,000 g for 5 min to remove possible aggregates 

and aliquots of the supernatant were frozen in liquid nitrogen and stored at −80°C. Final 

concentrations were in the range 3–30 ng/μL.

Negative stain single particle EM—Sample (5 μL) was applied to a glow-discharged, 

carbon-coated 400-mesh copper grid (GSCu400CC—ProSciTech). After 2 min incubation 

time, the grid was blotted and washed with ten drops of distilled water, blotting on a filter 

paper in between washes. The grid was then washed in a drop of 1% (w/v) uranyl acetate, 

blotted and subsequently incubated in another drop of 1% (w/v) uranyl acetate solution for 

30 s, blotted and allowed to air dry at room temperature. Images were acquired using a 

Tecnai T12 TEM operated at 120 kV (MTAN-HDAC-MBDGATAD2CC, MTA-HDAC-RBBP 

and NuRD) or a Tecnai F30 TEM operated at 300 kV (NuDe), both equipped with a Direct 

Electron LC-1100 (4k × 4k) lens-coupled CCD camera. Images were recorded at a nominal 

magnification of 52,000 × , 59,000 × , or 67,000 × corresponding to an unbinned pixel size 

of 2.79, 2.4 or 2.17 Å at the specimen level, respectively. Defocus values ranged from −1 to 

−2.5 μm.

EM image processing and 3D reconstruction—All data processing was carried out 

using the SPHIRE (Moriya et al., 2017), RELION 2.0 (Scheres, 2012) and CryoSPARC 

(Punjani et al., 2017) software packages. A total of 325, 469, 400 and 1332 micrographs 

were recorded for MTAN-HDAC-MBDGATAD2CC, MTA-HDAC-RBBP, NuDe and NuRD 

samples, respectively. For each dataset, a subset of images was used for manual picking 

of around 1000 particles, subsequently used to generate templates for autopicking the 
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complete datasets, with the exception of NuRD which was fully-picked manually. The total 

number of extracted particles was 49,216, 25,155, 34,346 and 506,064 for MTAN-HDAC-

MBDGATAD2CC, MTA-HDAC-RBBP, NuDe and NuRD, respectively. Various unsupervised 

2D classifications were performed in order to select out poor quality particles (e.g., obvious 

aggregates, small particles). 2D classification was primarily performed in SPHIRE as this 

provides the option to specify a target number of particles per class and avoids the pitfall of 

having too many particles aggregating in few classes that can in turn lead to over-averaging. 

Iterative Stable Alignment and Clustering (ISAC) was used during 2D classification.

3D classification and refinement of MTAN-HDAC-MBDGATAD2CC was performed in 

RELION using a low pass filtered map derived from the crystal structure of the MTA1-

HDAC1 dimer (PDB: 4BKX) with a low pass cut-off 60 Å. A single 3D class was produced 

containing 8,233 particles, and the final map was 3D refined and post-processed. The 

resolution of the final map was estimated at the post-processing stage using gold-standard 

Fourier shell correlation. All single particle image processing was performed with no 

symmetry assumed or imposed.

Multi-model ab initio 3D reconstruction and non-uniform refinement of NuDe and NuRD 

datasets was performed in CryoSPARC. For NuDe, two rounds of 2D classification into 

50 classes were first performed, with poor quality classes removed after each iteration 

(26 and 17 bad classes respectively), with ab initio 3D reconstruction with three classes 

subsequently carried out. The best class, containing 14,019 particles was subjected to a 

second round of ab initio reconstruction with three classes, from which two classes were 

identified and processed further using the non-uniform refinement algorithm. A similar 

workflow was employed for analysis of the much larger NuRD dataset, with three rounds of 

2D classification performed. The data were initially processed as two subsets, which were 

combined after the final 2D classification step, following which a final 2D classification 

was performed and 40 good classes retained. Ab initio reconstruction was trialled with 2, 3 

and 5 classes, with the three-class reconstruction producing a single good class containing 

126,149 particles, which were subjected to a second round of ab initio reconstruction with 

three classes. The vast majority of particles (111,503) remained in a single class with a much 

smaller percentage of particles (9,929) separating into a second class that yielded a map 

resembling NuDe. Extensive attempts to fractionate the major class further yielded maps 

with few if any discernible differences.

Interaction studies using pulldown assays—Pulldown assays and western blot 

analyses used for the MTAN-HDAC-MBDGATAD2CC subcomplex (in Figure S3D) and 

PWWP2A interaction studies (in Figure 5) were performed essentially as described in 

Torrado et al. (2017). Briefly, after FLAG-affinity purification (as described above), protein 

samples were separated via SDS-PAGE using Bolt™ 4%–12% Bis-Tris Plus gels (Thermo 

Fisher Scientific) run in MES buffer at 165 V for 45 min. The gel-separated proteins were 

blotted onto PVDF membranes and probed with antibodies at the following concentrations: 

from Cell Signaling Technology: anti-HA-HRP (2999S, 1:40,000) and anti-HDAC1-HRP 

(59581S, 1:80,000); from Sigma-Aldrich: anti-FLAG-HRP (A8592, 1:80,000); from Abcam: 

anti-MBD3 (ab157464, 1:2,500); from Leinco Technologies: anti-rabbit-HRP (R115, 

1:10,000). Blots were imaged using enhanced chemiluminescence and X-ray films.
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Structural modeling—To model the MTAN-HDAC-MBDGATAD2CC subcomplex, we 

combined the 3D structures available for NuRD subunits with our XLMS data. The 

structures used in our modeling were MTA1ES-HDAC1 (PDB: 4BKX) and the MBD domain 

of MBD3 (PDB: 2MB7). We also constructed homology models using the SWISS-MODEL 

server (Waterhouse et al., 2018): MTA1 BAH domain was based on the structure of the Sir3 

BAH domain (PDB: 2FVU; ~19% identity); MBD3-GATAD2A coiled-coil was based on 

the MBD2-GATAD2A structure (PDB: 2L2L; ~85% identity between MBD coiled-coils); 

and the MTA1 ZF domain was based on the C-terminal ZF of GATA1 (PDB: 2GAT; ~32% 

identity). Finally, a single α-helix was built in PyMOL to represent the predicted helical 

region for MTA1(334-354).

Modeling was performed using HADDOCK 2.4 (van Zundert et al., 2016) using the XLMS 

data as unambiguous restraints. Expected maximum Cα-Cα crosslinker distances applied 

were 26 Å for ADH, 30 Å for BS3/DSS and 14 Å for DMTMM ‘zero-length’ crosslinkers. 

Default run parameters were used with the addition of a distance restraint of 5 Å between the 

Cα atoms of MTA1BAH-K164 and MTA1ES-G165, as well as between MTA1ES-T333 and 

MTA1H-D344, in order to maintain an appropriate distance between these contiguous parts 

of MTA1.

The resulting model was analyzed in Chimera (Pettersen et al., 2004), using the 

XLinkAnalyzertool (Kosinski et al., 2015), and in PyMOL (The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC). After building one copy of MTAN-HDAC-

MBDGATAD2CC, we used two-fold symmetry to generate a second copy of MBDGATAD2CC 

and build a model for the 2:2:2 MTAN-HDAC-MBDGATAD2CC complex.

HADDOCK modeling of the MTAC-RBBP2 unit was carried out using previously published 

XLs (Schmidberger et al., 2016) together with XLs from this work. Based on existing 

structures of MTAR1-RBBP and MTAR2-RBBP complexes (Figure S1B), we extended the 

length of the MTA1 fragment in the latter structure in silico by drawing on sequence 

similarity to the longer MTA1R1. From the 71 XLs observed for the MTAC-RBBP2 unit, 

forty involved the region of MTA1 between R1 and R2 (residues 560–650), which is 

predicted to be disordered. Of the remaining XLs, three are unambiguous inter-subunit 

XLs between RBBP4 and RBBP7, demonstrating that ‘mixed’ complexes can form that 

contain more than one paralog of a subunit. Although we had a model for the MTAC-RBBP2 

unit from our previously published work (Schmidberger et al., 2016), we performed new 

modeling here, taking into account the new MTA1R1-RBBP4 structure (Millard et al., 2016). 

No atomic model of MTAC-RBBP2 was able to fulfil all the XLs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of NuRD DIA-MS data—All quantification with regards to the 

DIA-MS data were performed with Skyline v3.5.0.9319 (MacLean et al., 2010). The 

main statistic used in Skyline that had a major impact on data analysis were the dot 

product between the observed peptide precursor ion isotope distribution intensities and 

theoretical intensities (idotp), and the dot product between the observed fragment ion 

intensity distributions and the library intensities (dotp). As described above, we applied 

a filter of ≥ 0.95 for idotp values and ≥ 0.85 for dotp values. Quantified MS signals were 
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exported as .csv files. As an additional level of quality control, we calculated coefficient of 

variation (CV) values for technical replicates for all dot product values. CV is calculated 

using the following formula:). This was done within Microsoft Excel and we applied a filter 

that all CV values had to be ≤ 20%. We also calculated Pearson correlation coefficient 

values between our observed MS1 and MS2 DIA-MS data. This was performed in Graphpad 

Prism and presented in Figure S1D. The value of n in Figure S1D refers to the number of 

MS1/MS2 datapoints.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The NuRD complex has a 4:2:2:1:1:1 

(RBBP:HDAC:MTA:MBD:GATAD2:CHD) stoichiometry

• The complex is built from HDAC:MTA:RBBP and MBD:GATAD2:CHD 

modules

• The NuRD complex demonstrates significant large-scale dynamics

• PWWP2A competes with MBD3 to bind HDAC:MTA:RBBP, forming a 

PWWP2A:HDAC:MTA:RBBP complex
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Figure 1. Absolute Quantification of NuRD Subunit Stoichiometry by Mass Spectrometry
(A) SDS-PAGE showing the NuRD complex after FOG1 pull-down (NuRD input) and 

showing fractions enriched for NuDe and NuRD following subsequent sucrose-gradient 

centrifugation. MBD proteins do not stain as well as other subunits.

(B) NuDe + NuRD, MTA-HDAC-RBBP, and MTAC-RBBP subunit stoichiometry derived 

from DIA-MS data. Numbers are shown relative to the MTA/HDAC average, which is set 

to 2 of each based on the MTA1ES-HDAC1 crystal structure (Millard et al., 2013). Open 

circles and crosses indicate the individual data points from each biological replicate, derived 

from MS1 and MS2, respectively. The bars show the median value, n.d., null value. See also 

Figures S1 and S2 and Data S2.
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Figure 2. XLMS Data for NuRD and NuRD Subcomplexes
(A) Schematic representation of NuRD topology deduced from this work and previous 

studies. The two enzymatic modules (MTA-HDAC-RBBP and MBD-GATAD2-CHD) are 

indicated by dashed boxes. The MBD subunit bridges the two modules of the NuRD 

complex.

(B) Two representations of a molecular model derived from XL-driven rigid-body docking 

in HADDOCK. The top representation shows the XLs used to drive the docking process. 

Domains used in the model include the MTA1ES-HDAC dimer of heterodimers, the MBD 

domain of MBD3 (MBDMBD), a model of the MTA1 BAH domain (MTA1BAH), a model of 

the MTA1 GATA-type zinc-finger domain (MTAZF), a model of the predicted MTA1 helix 

(MTAH), and the heterodimeric coiled-coil formed by MBD3 (MBDCC) and GATAD2A 

(GATAD2CC1). XLs satisfied (blue) and not satisfied (red) in this model are shown (top).

(C) Relative positions of Phe150 (blue) in the active site of HDAC1, the MTAH, and a 

modeled hydroxamic acid (HydA) HDAC inhibitor. The tight space formed between the 

MTAH and HDAC1 suggests that MTA1 may restrict and modulate access to the HDAC 

active site.

(D) Residues forming XLs between the MBD3 intrinsically disordered region (MBDIDR) 

and the MTAN-HDAC-MBD-GATAD2 core. The positions of the cross-linked residues on 
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the MTAN-HDAC-MBD-GATAD2 core complex (yellow) point to the likely position of 

MBDIDR.

(E) Residues forming XLs between the MTAC-RBBP2 and the MTAN-HDAC-MBD-

GATAD2 core. The positions of the cross-linked residues on the core complex (yellow) 

provide clues to the approximate position of the MTAC-RBBP2 unit.

(F) An XL-based model showing the likely position of the two MTAC-RBBP2 units relative 

to the MTAN-HDAC-MBD-GATAD2 core. The model was created by manually positioning 

the two MTAC-RBBP2 units. See also Figures S4 and S5 and Data S1.
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Figure 3. Structure of the MTAN-HDAC-MBDGATAD2CC Complex
(A) Top: subunit stoichiometry derived from DIA-MS data for MTAN-HDAC-

MBDGATAD2CC and MTA-HDAC-MBD-GATAD2 complexes. Data for NuDe+NuRD from 

Figure 1B are shown for comparison. Numbers are shown relative to the MTA/HDAC 

average, which is set to 2 of each based on the MTA1ES-HDAC1 crystal structure (Millard et 

al., 2013). Open circles and crosses indicate the individual data points, from each biological 

replicate, derived from MS1 and MS2, respectively. The bars show the median value. 

Bottom: schematics of MTAN-HDAC-MBDGATAD2CC and MTA-HDAC-MBD-GATAD2.

(B) SEC-MALLS data for MTAN-HDAC-MBDGATAD2CC under non-denaturing conditions.

(C) Selected particles and reference-free 2D class averages for MTAN-HDAC-

MBDGATAD2CC.

(D) Final 3D envelope for MTAN-HDAC-MBDGATAD2CC refined to 29-Å resolution. Also 

shown is the molecular model of the complex adapted from Figure 2B to include a second 

molecule of MBDGATAD2CC with 2-fold symmetry. Subunit colors are as in Figure 2. The 

wire mesh indicates regions of the map for which no model density is currently assigned; 

these regions could accommodate the C-terminal ~100 residues of HDAC and ~145 residues 

of MBD3IDR, for which no structure is available.

(E) Overall shape comparison between the final 3D envelope for MTAN-HDAC-

MBDGATAD2CC refined to 29-Å resolution (gray) and the generated map for the XLMS-

derived HADDOCK model without the MTAZF domain, filtered to 30-Å resolution (yellow). 

See also Figures 2, S3, S4, and S6 and Data 2.
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Figure 4. RBBP-Containing Complexes Display Significant Shape Heterogeneity
(A) Top left: 2D classes for the MTA-HDAC-RBBP complex highlight the inherent 

conformational variability that results from adding the RBBP subunits to the complex. 

Bottom left and right: cartoons corresponding to the indicated 2D classes, which indicate 

that the observed conformational variability is readily interpreted as being a consequence of 

motion in the MTAC-RBBP2 arms, relative to the central (MTAN-HDAC)2 bridge. Scale bar 

representing 10 nm has been included.

(B) The two dominant 3D models of NuDe derived from multi-model ab initio 
reconstruction in CryoSPARC emphasize this flexibility further, highlighting clear twisting 

motions in the arm regions that distinguish the two models. Likely locations of the MTAC-

RBBP2 arms are indicated (gray dashed lines).

(C) Comparison of NuDe model 1 from (B) with a 3D NuRD model derived from the same 

reconstruction approach. Additional density near the (MTAN-HDAC)2 bridge is indicated. 

See also Figures S6, S7, and S8.

Low et al. Page 35

Cell Rep. Author manuscript; available in PMC 2022 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. PWWP2A Competes with MBD3/GATAD2B for Binding to the MTA-HDAC-RBBP 
Complex
(A) Pull-downs showing that FLAG-PWWP2A purified on anti-FLAG beads pulls co-

expressed HDAC1 and MTA1 out of cell lysate (lanes 2 + 5) but that neither co-expressed 

MBD3 (lanes 1 + 4) nor a combination of co-expressed MBD3 and GATAD2B (lanes 3 

+ 6) are pulled down. All NuRD components were hemagglutinin (HA) tagged except for 

HDAC1, which was untagged.

(B) Comparison of residues in the MTA-HDAC complex that exhibit XLs to either MBD 

(top) or PWWP2A (bottom). Colors: magenta (MTA), orange (HDAC), and yellow (cross-

linked residues). See also Data S1.
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Figure 6. RBBP Subunits Introduce Conformational Dynamics and PWWP2A Competes 
Directly with the MBD-GATAD2-CHD Module
(A) A model based on XLMS and EM data depicting some of the possible range of 

movements by the MTAC-RBBP2 unit.

(B) PWWP2A competes directly with the MBD-GATAD2-CHD module for binding to the 

MTA-HDAC-RBBP module of NuRD, forming a PWWP2A-MTA-HDAC-RBBP complex. 

All NuRD subunit colors are as shown in Figure 2. See also Figures 2 and 5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-HA-HRP Cell Signaling Technology 2999S; RRID:AB_1264166

anti-HDAC1-HRP Cell Signaling Technology 59581S; RRID:AB_2799568

anti-FLAG-HRP Sigma-Aldrich A8592; RRID:AB_439702

anti-MBD3 Abcam ab157464

anti-rabbit-HRP Leinco Technologies R115; RRID:AB_2810875

Bacterial and Virus Strains

Escherichia coli BL21(DE3) Novagen 69450

Chemicals, Peptides, and Recombinant Proteins

disuccinimidyl suberate Creative Molecules Inc. 001S

adipic acid dihydrazide Creative Molecules Inc. 019H

bissulfosuccinimidyl suberate ThermoFisher Scientific A39266

Absolutely Quantified SpikeTidesTM TQL JPT Peptide Technologies N/A

4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM)

Sigma-Aldrich 74104

Trypsin/Lys-C mix Promega V5073

Expi293 Expression Medium ThermoFisher Scientific A1435101

linear 25-kDa polyethylenimine Polysciences 23966-1

DMEM/F-12 ThermoFisher Scientific 42400028

3 × FLAG peptide Apexbio A6001

anti-FLAG Sepharose 4B beads BiMake B26102

Glutathione Sepharose 4B beads GE Healthcare 17075604

Deposited Data

Deposited DIA-MS dataset ProteomeXchange Consortium via the 
PRIDE partner repository

PXD010110

Deposited XLMS dataset ProteomeXchange Consortium via the 
PRIDE partner

PXD010111

Deposited MTAN-HDAC-MBDGATAD2CC 3D map EMDB repository EMD-21382

Deposited NuDe raw 3D map EMDB repository EMD-22904; EMD-22905; 
EMD-22906

Deposited NuRD raw 3D map EMDB repository EMD-22895

Deposited MTAN-HDAC-MBDGATAD2CC raw EM 
micrographs

EMPIAR EMPIAR-10539

Deposited NuDe raw EM micrographs EMPIAR EMPIAR-10538

Deposited NuRD raw EM micrographs EMPIAR EMPIAR-10537

Experimental Models: Cell Lines

HEK Expi293F ThermoFisher Scientific A14527

mouse erythroleukemia (MEL) cells N/A N/A

Recombinant DNA

pcDNA3-HA-GAT AD2A This Paper This Paper

pcDNA3-FLAG-PWWP2A This Paper This Paper
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3-FLAG-MTA2 PMID: 29063705 PMID: 29063705

pcDNA3-HDAC1-tagless PMID: 29063705 PMID: 29063705

pcDNA3-HA-RBBP7 PMID: 29063705 PMID: 29063705

pcDNA3-FLAG-MBD3GATAD2CC PMID: 29063705 PMID: 29063705

pcDNA3-HA-MTA2N PMID: 29063705 PMID: 29063705

pcDNA3-HA-MBD3 PMID: 29063705 PMID: 29063705

pcDNA3-FLAG-MTA1C PMID: 29063705 PMID: 29063705

pcDNA3-HA-RBBP4 PMID: 29063705 PMID: 29063705

pcDNA3-HA-MTA1 PMID: 29063705 PMID: 29063705

pcDNA3-FLAG-MBD3 PMID: 29063705 PMID: 29063705

pcDNA3-HA-GATAD2B PMID: 29063705 PMID: 29063705

pcDNA3-MBD3-tagless This Paper This Paper

pGEX6P-FOG1(1-45) PMID: 27235397 PMID: 27235397

Software and Algorithms

pLINK v2.3.5 PMID: 22772728 PMID: 22772728

xVis webserver PMID: 25956653 PMID: 25956653

Proteome Discoverer v1.4 ThermoFisher Scientific ThermoFisher Scientific

Skyline v3.5.0.9319 PMID: 20147306 PMID: 20147306

ASTRA software v6.1.1.17 Wyatt Technology Wyatt Technology

SPHIRE PMID: 28570515 PMID: 28570515

RELION 2.0 PMID: 23000701 PMID: 23000701

CryoSPARC PMID: 28165473 PMID: 28165473

PyMOL Schrödinger Schrödinger

HADDOCK 2.4 PMID: 26410586 PMID: 26410586

Chimera PMID: 15264254 PMID: 15264254

XLinkAnalyzer PMID: 25661704 PMID: 25661704

GPS 2.1.1 PMID: 21062758 PMID: 21062758

MSConvert PMID: 23051804 PMID: 23051804

Mascot search engine Matrix Science Matrix Science

Graphpad prism Graphpad Graphpad

SWISS-MODEL PMID: 29788355 PMID: 29788355
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