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Abstract 28 
The Nucleosome Remodeling and Deacetylase (NuRD) complex is a chromatin-modifying 29 
assembly that regulates gene expression and DNA damage repair. Despite its importance, 30 
limited structural information is available on the complex and a detailed understanding of its 31 
mechanism is lacking. We investigated the molecular architecture of three NuRD sub-32 
complexes: MTA1-HDAC1-RBBP4 (MHR), MTA1N-HDAC1-MBD3GATAD2CC (MHM), and MTA1-33 
HDAC1-RBBP4-MBD3-GATAD2 (NuDe) using Bayesian integrative structure determination 34 
with IMP (Integrative Modeling Platform), drawing on information from SEC-MALLS, DIA-MS, 35 
XLMS, negative stain EM, X-ray crystallography, NMR spectroscopy, secondary structure and 36 
homology predictions. The structures were corroborated by independent cryo-EM maps, 37 
biochemical assays, and known cancer-associated mutations. Our integrative structure of the 38 
2:2:2 MHM complex shows asymmetric binding of MBD3, whereas our structure of the NuDe 39 
complex shows MBD3 localized precisely to a single position distant from the MTA1 40 
dimerization interface. Our models suggest a possible mechanism by which asymmetry is 41 
introduced in NuRD, and indicate three previously unrecognized subunit interfaces in NuDe: 42 
HDAC1C-MTA1BAH, MTA1BAH-MBD3, and HDAC160-100-MBD3. We observed that a significant 43 
number of cancer-associated mutations mapped to protein-protein interfaces in NuDe. Our 44 
approach also allows us to localize regions of unknown structure, such as HDAC1C and 45 
MBD3IDR, thereby resulting in the most complete structural characterization of these NuRD sub-46 
complexes so far.  47 
 48 

Introduction  49 
The Nucleosome Remodeling and Deacetylase (NuRD) complex is a multi-protein chromatin-50 
modifying assembly, expressed in most metazoan tissues, and conserved across multi-cellular 51 
animals (Basta and Rauchman, 2017; Denslow and Wade, 2007; Lejon et al., 2011; Yoshida 52 
et al., 2008). It regulates gene expression and DNA damage repair (Basta and Rauchman, 53 
2017, 2015; Denslow and Wade, 2007; Li and Kumar, 2010; Reynolds et al., 2013; Smeenk et 54 
al., 2010; Yoshida et al., 2008). It modulates nucleosome accessibility in enhancers and 55 
promoters for transcription factors and RNA polymerases, thereby regulating the expression of 56 
target genes (Bornelöv et al., 2018; Burgold et al., 2019). Subunits of NuRD are implicated in 57 
human cancers and various congenital defects (Basta and Rauchman, 2015; Toh and Nicolson, 58 
2009). Considerable diversity is observed in subunit isoforms and NuRD-associated factors 59 
across tissues (Burgold et al., 2019; Denslow and Wade, 2007; Hoffmann and Spengler, 2019). 60 
NuRD comprises two catalytic modules – a histone deacetylase module and ATP-dependent 61 
chromatin-remodeling module (Burgold et al., 2019; Denslow and Wade, 2007; Low et al., 62 
2020). The deacetylase module contains metastasis-associated proteins (MTA1/2/3) that form 63 
a dimeric scaffold for the histone deacetylases (HDAC1/2). It also contains the chaperones 64 
RBBP4/7, which mediate interactions of NuRD with histone tails and transcription factors (Basta 65 
and Rauchman, 2017, 2015; Hong et al., 2005). The chromatin-remodeling module contains 66 
methyl-CpG DNA binding proteins (MBD2/3) that recruit NuRD to methylated and/or hemi-67 
methylated DNA, GATA-type zinc-finger proteins (GATAD2A/B), and an ATP-dependent DNA 68 
translocase (CHD3/4/5) (Burgold et al., 2019; Low et al., 2020).  69 
 70 
Some structural information is available for the complex. Several attempts made to determine 71 
the stoichiometry of the endogenous NuRD complex have returned variable results (Bode et 72 
al., 2016; Guo et al., 2019; Kloet et al., 2015; Sharifi Tabar et al., 2019; Smits et al., 2013; 73 
Spruijt et al., 2016; Zhang et al., 2016). A recent characterization by quantitative mass 74 
spectrometry from (Low et al., 2020) reported a 2:2:4:1:1:1 75 
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(MTA1:HDAC1:RBBP4:MBD3:GATAD2A:CHD4) stoichiometry for the full NuRD complex. 76 
Atomic structures of parts of the NuRD complex, including the MTA1-HDAC1 dimer, RBBP4 77 
bound to MTA1, the MBD domain of MBD3, and the coiled-coil dimer of MBD2 and GATAD2A 78 
have been determined by X-ray crystallography and NMR spectroscopy (Alqarni et al., 2014; 79 
Cramer et al., 2014; Gnanapragasam et al., 2011; Millard et al., 2016, 2013). Structures of the 80 
2:2 MTA1-HDAC1 dimer, the 2:2:4 MTA1-HDAC1-RBBP4 complex (MHR), the 2:2:2 MTA1N-81 
HDAC1-MBD3GATAD2CC (MHM) complex, the 2:2:4:1:1 MTA1-HDAC1-RBBP4-MBD3-GATAD2 82 
(NuDe complex), and CHD4 bound to a nucleosome substrate have also been characterized 83 
at various resolutions by negative stain and/or cryo-electron microscopy (Farnung et al., 2020; 84 
Low et al., 2020; Millard et al., 2020, 2016). 85 
 86 
 Pairwise interactions between domains and subunits within the MHR, MHM, NuDe, and the 87 
endogenous NuRD complexes have also been characterized by chemical crosslinking and 88 
mass spectrometry (XLMS) (Low et al., 2020; Millard et al., 2016). A model of the MHM 89 
complex, based on crosslinks-driven rigid-body docking of known atomic structures with a pair 90 
of MTA1-RBBP4 structures manually placed, has also been reported (Low et al., 2020). While 91 
this represents the most complete model of NuRD architecture, it still only accounts for 30% of 92 
residues in the NuRD complex. In fact, only 50% of residues in NuRD have known or readily 93 
modeled atomic structures, and the structures of proteins such as MBD3, CHD4, and GATAD2 94 
are largely uncharacterized. More recent artificial intelligence-based methods such as 95 
AlphaFold are also unable to resolve these uncharacterized regions (Jumper et al., 2021). 96 
Owing to variability in the paralogue composition as well as significant structural dynamics, the 97 
atomic structure of the entire NuRD complex is still undetermined and is likely to remain a 98 
challenge for some time to come.  99 

 100 

The 2:2:4 MTA1-HDAC1-RBBP4 complex (MHR) forms the deacetylase core of NuRD. MBD3 101 
binds to the N-terminal half of MTA1 to form a 2:2:2 MTA1N-HDAC1-MBD3GATAD2CC (MHM) 102 
complex, which contains two copies of MBD3 (Low et al., 2020). However, the 2:2:4:1:1 MTA1-103 
HDAC1-RBBP4-MBD3-GATAD2 (NuDe complex) and the endogenous NuRD complex are 104 
asymmetric, both containing a single copy of MBD3 (Low et al., 2020). The mechanism by 105 
which this asymmetry is introduced in NuDe/NuRD is not known. The structure of full-length 106 
MBD3 is unknown and it contains a significant intrinsically disordered region (IDR; MBD371-213), 107 
which has been shown to be critical for recruiting the deacetylase core in case of MBD2 (Desai 108 
et al., 2015). The localization of full-length MBD3 in NuDe/NuRD is also not known.  109 

 110 

Here, we investigated the molecular architecture of the MHR, MHM, and NuDe complexes 111 
using an integrative approach. Integrative structure determination is a method for investigating 112 
structures of large assemblies which are refractory to a single experimental method such as X-113 
ray crystallography or cryo-electron microscopy (Alber et al., 2007; Ganesan et al., 2020; 114 
Gutierrez et al., 2020; Kim et al., 2018; Rout and Sali, 2019; Russel et al., 2012; Viswanath et 115 
al., 2017a; Ward et al., 2013). Using Bayesian integrative modeling with the Integrative 116 
Modeling Platform (IMP), we combined data from complementary experiments, physical 117 
principles, statistical inference, and prior models. This approach allowed us to combine noisy, 118 
sparse, ambiguous, and incoherent data at various resolutions (Alber et al., 2007; Rieping et 119 
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al., 2005; Rout and Sali, 2019; Schneidman-Duhovny et al., 2014). It produced an ensemble of 120 
models consistent with the input information, allowing us to obtain precise uncertainty bounds 121 
on the structure (Saltzberg et al., 2019, 2021; Viswanath et al., 2017b; Webb et al., 2018).  We 122 
used data from SEC-MALLS, DIA-MS, XLMS, negative stain EM, X-ray crystallography, NMR 123 
spectroscopy, secondary structure and homology predictions, and stereochemistry 124 
considerations (Alqarni et al., 2014; Connelly et al., 2006; Cramer et al., 2014; Gnanapragasam 125 
et al., 2011; Low et al., 2020; Millard et al., 2016, 2013). These integrative structures were 126 
corroborated by independent cryo-EM maps, biochemical assays, and known cancer-127 
associated mutations, a significant number of which mapped to protein-protein interfaces in the 128 
structures (Desai et al., 2015; Forbes et al., 2006; Millard et al., 2020; Pflum et al., 2001; Zhang 129 
et al., 1999). By using all available information, the accuracy, precision, completeness, and 130 
efficiency of structure determination was maximized (Alber et al., 2007; Rout and Sali, 2019; 131 
Russel et al., 2012). 132 

 133 

Results 134 
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 135 
Fig. 1 Integrative structure determination of NuRD sub-complexes Schematic describing the workflow for 136 
integrative structure determination of NuRD sub-complexes. The first row describes the input information. The 137 
second-row details how data is used to encode spatial restraints. The third row mentions the sampling method 138 
and the last two rows illustrate the analysis and validation protocol. The background colors of the input information 139 
indicate the stage of modeling in which the information is used, as shown in the legend at the top. 140 
 141 
Integrative modeling workflow 142 
The integrative modeling of the MHR, MHM, and NuDe complexes proceeded in four stages 143 
(Fig. 1, Material and Methods) (Alber et al., 2007; Rout and Sali, 2019; Russel et al., 2012). 144 
The modeled NuRD proteins (subunits), their domains, their representation, and the number of 145 
copies in the modeled complexes are shown (Fig. S1A-S1C). The stoichiometry of the modeled 146 
proteins was informed by DIA-MS and SEC-MALLS experiments (Fig. S1C) (Low et al., 2020). 147 
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Regarding paralogs, a single representative for each protein was chosen for this work for 148 
simplicity, namely MTA1, HDAC1, RBBP4, MBD3 and GATAD2A (Fig. S1A).  149 
 150 
We first represented each protein as a series of beads of size that depends on the degree of 151 
knowledge of the structure (and can vary throughout the sequence). Protein domains with 152 
known atomic structures (such as the MTA1-HDAC1 dimer) were represented at 1 and 10 153 
residues per bead and modeled as rigid bodies, whereas domains without known structure 154 
(such as the MBD3IDR) were coarse-grained at 30 residues per bead and modeled as flexible 155 
strings of beads (Fig. S1A-S1B). Data from chemical crosslinking combined with mass 156 
spectrometry (XL-MS) were used to restrain the distance between cross-linked residues. 157 
Negative-stain EM maps were used to restrain the shape of the complexes (Low et al., 2020). 158 
 159 
The simulations started with randomized configurations for the rigid bodies and flexible beads. 160 
Over 40 million models per complex were sampled using a Monte Carlo approach (Replica 161 
Exchange Gibbs Sampling MCMC; Materials and Methods). The models were scored based 162 
on agreement with XL-MS and EM data, together with additional stereochemistry restraints 163 
such as connectivity and excluded volume. For each complex, about 20,000 models that 164 
sufficiently satisfied the input information were selected for further analysis (Saltzberg et al., 165 
2021).  166 
 167 
These models were clustered based on structural similarity and the precision of the clusters 168 
was estimated (Fig. S3-S5) (Saltzberg et al., 2019, 2021; Viswanath et al., 2017b). The quality 169 
of the models was assessed by fit to input data (Fig. S6-S8), as well as data not used in 170 
modeling, such as independent cryo-EM maps (Millard et al., 2020), published biochemical data 171 
(Desai et al., 2015; Millard et al., 2020; Pflum et al., 2001; Zhang et al., 1999) and human 172 
cancer-associated mutations (COSMIC) (Table S1) (Forbes et al., 2006). The resulting 173 
integrative models were visualized in two ways - a representative bead model and a localization 174 
probability density map, and represented in UCSF Chimera and ChimeraX (Pettersen et al., 175 
2021, 2004). The bead model represents the centroid of the major cluster, whereas the 176 
localization probability density map represents all models in the major cluster, by specifying the 177 
probability of a voxel (3D volume unit) being occupied by a bead in the set of superposed cluster 178 
models. 179 
 180 
MHR  181 
First, to support the integrative modeling of the MHR complex, an ab initio 3D EM map for the 182 
MHR complex was produced by further analysis of the MHR 2D class averages reported in a 183 
previous study (Low et al., 2020). Integrative modeling of the 2:2:4 MHR complex produced 184 
effectively a single cluster of models (85% of a total of 15200 models) with a model precision 185 
of 27 Å; model precision is the average RMSD between the cluster centroid and models in the 186 
cluster (Fig. S3). The models fit very well to the input data as measured by the EM and crosslink 187 
scores. 98% of the input crosslinks were satisfied within their uncertainty (Fig. S6). An adipic 188 
acid dihydrazide (ADH) / bis(sulfosuccinimidyl)suberate - disuccinimidyl suberate (BS3DSS) / 189 
dimethoxy triazinyl methyl-morpholinium chloride (DMTMM) crosslink is violated if the 190 
corresponding cross-linked beads are greater than 35 / 35 / 25 Å apart in all models in the 191 
cluster. The cross-correlation between the localization probability density map for the models 192 
in the major cluster and the input EM map was 0.74, indicating the fit to EM is reasonable but 193 
not too high. This could partly be due to unoccupied density in the lobes of the experimental 194 
EM map.  195 

 196 
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Surprisingly, the representative bead model from the dominant cluster (cluster centroid model) 197 
shows the C-terminal half of the two MTA subunits (MTA1432-715) crossing over (brown and 198 
orange MTAs, Fig. 2A, Movie M1). Integrative models of the MHR complex created in the 199 
absence of the EM map also showed the MTAs crossing over (Fig. S9).  200 
 201 
The MTA1BAH domain (MTA11-164) is positioned distal to the MTA1 dimerization interface 202 
(MTA1200-290, MTA1dimer), consistent with its position in an independent EM map (Fig. 2B, Fig. 203 
2C) (Millard et al., 2020). It is proximal to the HDAC1 active site and may potentially regulate 204 
HDAC1 activity (Fig. 2A). This conclusion is consistent with histone deacetylation assays in 205 
which MTA1 was shown to modulate HDAC1 deacetylase activity in NuRD (Zhang et al., 1999). 206 
Further, for one of the MTAs, the MTA1BAH is located near an RBBP4 (Fig. 2A, Fig. 2B); 207 
MTA1BAH proximity to RBBP4 was also indicated in an independent cryo-EM map (Millard et 208 
al., 2020). Finally, MTA1BAH is also proximal to the MTA1mid region (MTA1334-431) containing the 209 
predicted helix (H) and zinc finger regions (ZF) (Fig. 2B, Fig. 2C).  210 
 211 
The MTA1mid region is juxtaposed between MTA1dimer and the MTA1BAH domain (Fig. 2B). In 212 
contrast, in a previous crosslink-based MHR model (Low et al., 2020), MTA1mid was proximal 213 
to the MTA1BAH domain and distal from the MTA1dimer. The MTA1 C-terminus (MTA1C; i.e., 214 
MTA1692-715) shows considerable conformational heterogeneity and is co-located with MTA1USR 215 
(MTA1547-669), the MTA1 disordered region between the R1 and R2 RBBP4 binding regions 216 
(Fig. 2B, Movie M1). Overall, many MTA1 domains in the MHR model, such as MTA1BAH 217 
domain, MTA1mid, and MTA1C, are exposed and could possibly interact with nucleosomal DNA 218 
and/or other proteins.  219 
 220 
The HDAC1 C-terminus (HDAC1C; i.e., HDAC1377-482) interacts with the MTA1BAH domain (Fig. 221 
2B). Although it has been shown that the MTA1-HDAC1 dimer can form in the absence of 222 
MTA1BAH (Millard et al., 2013), this additional interaction between MTA1 and HDAC1 could be 223 
functionally important. Consistent with this possibility, mutations in HDAC1C (Δ391-482, S421A, 224 
S423A, E426A) have been known to disrupt binding to NuRD subunits (Pflum et al., 2001). 225 
There are also post-translational modifications in the HDAC1 tail that might modulate its 226 
interaction with MTA1 (Pflum et al., 2001; Rathert et al., 2008).  227 

 228 
Both the MTA1R1-RBBP4 units are located between the two lobes in the EM map, with one 229 
complex in the front and the other at the back (dark blue beads and densities, Fig. 2A-2C). On 230 
the other hand, the MTA1R2-RBBP4 complexes are located in separate lobes (light blue beads 231 
and densities, Fig. 2A-2C). The densities of RBBP4 are spread out, indicating its localization in 232 
MHR is imprecise (Fig. 2B, Movie M1). This is consistent with the structural heterogeneity 233 
observed in 2D class averages of the MHR EM data (Low et al., 2020). This flexibility could 234 
facilitate RBBP4 interactions with transcription factors and histones.  235 
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 236 
Fig. 2 Integrative model of the MTA1-HDAC1-RBBP4 (MHR) complex A. Representative bead model from the 237 
most populated cluster of integrative models for the MHR complex, shown with the MHR EM map. The model is 238 
colored by subunit. For MTA1, the two copies are shown in different colors (brown and orange) in panels A and 239 
C, to illustrate the crossover. The HDAC1 active site is shown in red. B. Localization probability density maps 240 
showing the position of different domains/subunits in the cluster. The map specifies the probability of any volume 241 
element being occupied by a domain in the ensemble of superposed models from the cluster. The domain densities 242 
are colored according to Fig S1. These maps are contoured at ~10% of their respective maximum voxel values. 243 
C. Schematic representation of the integrative model of the MHR complex. See also Figs. S1, S3, S6, and Movie 244 
M1. 245 
 246 
MHM 247 
Integrative modeling of the 2:2:2 MHM complex resulted in a major cluster containing 60% of 248 
21960 models. The model precision was 24 Å and 99% of the input crosslinks were satisfied 249 
(Fig. S4, Fig. S7). The cross-correlation between the localization probability density map for the 250 
models in the major cluster and the input EM map was 0.90. 251 
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 252 
First, in a control run, where MHM was modeled as a 2:2:1 complex with a single copy of MBD3, 253 
we observed two symmetric MBD3 binding sites (Fig. S10). However, our 2:2:2 MHM model 254 
shows that the two copies of MBD3 bind asymmetrically on the MTA1-HDAC1 dimer (Fig. 3A-255 
3C, Movie M2). One MBD3 localizes exclusively to one end of the MTA1-HDAC1 dimer, making 256 
contacts predominantly with a single MTA1 and HDAC1 (pink MBD3, Fig. 3C), whereas the 257 
other MBD3 is more spread out and interacts with both copies of MTA1 and HDAC1 (green 258 
MBD3, Fig. 3C).  259 
 260 
In our models, both the copies of MBD3MBD localize close to the MTA1BAH domain, which is 261 
similar to the location observed for MBD2MBD in an independent cryo-EM map of a 2:2:1 262 
MTA1:HDAC1:MBD2 complex (Fig. 3A-3C) (Millard et al., 2020). Although there are two 263 
MBD3s in our models, only a single MBD3IDR localizes to the MTA1 dimerization interface, 264 
MTA1dimer (green MBD3, Fig. 3D-3E). This localization of MBD3IDR is consistent with its 265 
previously predicted localization from the crosslinks-based model (Low et al., 2020) and the 266 
localization of MBD2IDR based on cryo-electron microscopy (Millard et al., 2020). It is also 267 
supported by two separate mutagenesis and co-immunoprecipitation studies, one of which 268 
showed that MBD2IDR was essential for binding to the MTA1-HDAC1 dimer (Desai et al., 2015), 269 
while the other showed that MTA1dimer was essential for its interaction with MBD2 (Millard et al., 270 
2020). It is known that MBD3 binding in NuDe/NuRD is asymmetric; although there are two 271 
symmetric MBD3 binding sites, there is a single MBD3 in these complexes (Low et al., 2020). 272 
It is possible that a single MBD3 is present in NuDe/NuRD since a single MBD3IDR can bind to 273 
the MTA1dimer (see also Discussion).  274 
 275 
For both MBDs, the MBD3MBD domain is proximal to the MTA1BAH domain and the MBD3IDR is 276 
close to the MTA1mid region (Fig. 3B, Fig. 3E). The MBD3CC-GATAD2CC coiled-coil domain is 277 
exposed. Finally, in a small minority of models, both MBDs are localized together on the same 278 
side of the MTA1dimer; however, we believe this latter configuration is possibly due to a large 279 
number of intra-MBD3 crosslinks (Movie M2).  280 
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 281 
Fig. 3 Integrative model of the MTA1N-HDAC1-MBD3GATAD2CC (MHM) complex A. Representative bead model 282 
from the major cluster of analyzed integrative models for the MHM complex, with the corresponding EM map 283 
(EMD-21382) (Low et al., 2020), colored by subunit. The domains of the two MBD3s are shown in shades of pink 284 
and green respectively. B. Localization probability density maps showing the position of different domains in the 285 
ensemble of models from the cluster. The domain densities are colored according to Fig S1. C. The same density 286 
maps as B (front view), showing the two MBDs in pink and green respectively, illustrating that they localize 287 
differently on the MTA1-HDAC1 dimer. The density maps of MTA1mid and GATAD2cc were omitted for clarity. D. 288 
The density maps of the two MBD3IDR domains on the MTA1-HDAC1 dimer. Almost all the maps are contoured at 289 
20% of their respective maximum voxel values (GATAD2 maps are contoured at 27% whereas MBD3IDR maps are 290 
contoured at 10%). E. Schematic representation of the integrative model of the MHM complex. Note that MTA1mid 291 
in this model corresponds to MTA1334-431. See also Figs. S1, S4, S7, and Movie M2. 292 
 293 
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NuDe 294 
Although the NuDe complex contains full-length GATAD2, due to the lack of information on full-295 
length GATAD2, we modeled only the GATAD2 region that forms a coiled-coil with MBD3. 296 
Integrative modeling of the NuDe complex resulted in effectively a single cluster (99% of 21632 297 
models). The model precision was 35 Å and 99% of the input crosslinks were satisfied (Fig. S5, 298 
Fig. S8).  The cross-correlation between the localization probability density map for the models 299 
in the major cluster and the input EM map was 0.88. 300 
  301 
In contrast to our MHM model where one MBD3 was proximal to the MTA1SANT domain, MBD3 302 
in NuDe localizes precisely to one end of the MTA1-HDAC1 dimer, away from the MTA1SANT 303 
domain. It is juxtaposed next to the MTA1BAH and MTA1mid domains, as well as HDAC1 (Fig. 304 
4A-4C, Movie M3). An independent cryo-EM map of MTA11-546-HDAC1-MBD2-RBBP4 also 305 
showed that MBD3 was proximal to MTA1BAH and MTA1dimer (Millard et al., 2020). It is possible 306 
that the presence of GATAD2 sterically precludes MBD3 from occupying the MTA1 dimerization 307 
interface (see also Discussion).  308 
 309 
From protein-protein distance maps of the cluster, HDAC160-100 and MTA1BAH are most proximal 310 
to MBD3 (Fig. S11A, S11B). MBD3CC-GATAD2CC is exposed. The MBD3MBD domain is buried, 311 
consistent with the failure of MBD3 to bind DNA in NuRD noted in immuno-precipitation 312 
experiments (Fig. 4A-4C) (Zhang et al., 1999). Interestingly, several nucleosome-interacting 313 
domains such as MTA1BAH and MTA1ZF are co-localized in the NuDe model (Fig. 4A-4C).  314 
 315 
Similar to the MHR models, the HDAC1C domain is proximal to MTA1BAH (Fig. S11C). 316 
Mutagenesis and co-immunoprecipitation studies have shown that HDAC1C makes critical 317 
interactions with NuRD subunits (Pflum et al., 2001). In contrast to the MHR models which 318 
showed crossover of MTAs, the two MTAs are well-separated in NuDe (Fig. 4A-4C). The 319 
localization of RBBPs is also more precise in NuDe than in MHR (Fig. S12).  320 
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 321 
Fig. 4 Integrative model of the nucleosome deacetylase (NuDe) complex A. Representative bead model from 322 
the dominant cluster of integrative models for the NuDe complex, with the corresponding EM map (EMD-22904) 323 
(Low et al., 2020), colored by subunit. B. Localization probability density maps showing the position of different 324 
domains in the ensemble of models from the cluster. The domain densities are colored according to Fig S1.  Maps 325 
are contoured at ~10% of their respective maximum voxel values. C. Schematic representation of the integrative 326 
model of the NuDe complex. See also Figs. S1, S5, S8, S11, and Movie M3. 327 

 328 
 329 
Mapping COSMIC mutations  330 
We next consulted the COSMIC (Catalogue of Somatic Mutations in Cancer) database for 331 
somatic, confirmed pathogenic, point mutations of the NuRD subunits, MTA1, HDAC1, RBBP4, 332 
and MBD3 (Forbes et al., 2006). In total, 356 point mutations were identified and mapped onto 333 
the cluster of NuDe integrative models (Methods, 4.5 COSMIC data analysis). Analysis of these 334 
mutations revealed that 74% of mutations mapped to protein-protein interfaces within NuDe; 335 
for the purpose of this analysis, a mutation was considered to be at an interface if the average 336 
distance of the corresponding residue to a residue in an interacting protein is less than 10 Å. 337 
29% of the mapped mutations were located in previously uncharacterized binding interfaces 338 
predicted by our model, such as MBD3-MTA1BAH, MBD3-HDAC160-100, and HDAC1C-MTA1BAH, 339 
consistent with the idea that these interfaces are important for NuRD function (Fig. 5, Fig. S13, 340 
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Table S1). Mutations at protein-protein interfaces could alter protein-protein interactions, 341 
reducing the stability of the complex, thereby leading to pathogenicity. Moreover, 19% of all 342 
mutations mapped to exposed regions that are known to bind to nucleosomes and transcription 343 
factors, such as the HDAC1 active site and RBBP4 H3 interaction site (Fig. 5, Fig. S13, Table 344 
S1). These mutations could impair NuRD binding to partners such as nucleosomes or 345 
transcription factors, contributing to the pathogenesis of disease. Of the 19% that map to 346 
exposed regions, more than half (57%) of the mutations map to regions of unknown structure 347 
(regions for which no experimental structure or reliable model is available), such as MTA1USR 348 
and MBD3IDR (Fig. 5, Table S1). The functional significance of these mutations is therefore 349 
difficult to predict, but could indicate that these regions of unknown structure also have 350 
important roles in protein stability, regulating interactions between NuRD subunits, or 351 
interactions with binding partners of NuRD. An important consideration for all these disease-352 
causing mutations is that many of the NuRD subunits function in cellular contexts independent 353 
of other NuRD subunits, and so in some cases these mutations may be rationalised in the 354 
context of other functional roles.  355 

 356 
Fig. 5 COSMIC mutations mapped onto the NuDe integrative model. Somatic pathogenic point mutations from 357 
the COSMIC database (Forbes et al., 2006) mapped onto the representative bead model of the NuDe complex 358 
(Fig. 4A). A. Mutations of residues that map to previously undescribed protein-protein interfaces within our model. 359 
Residues from two proteins are at an interface if the average distance between their corresponding bead surfaces 360 
is less than 10 Å in the cluster of NuDe integrative models. B. Mutations on residues that map to exposed binding 361 
sites between modeled proteins and known binding partners. A bead is colored according to the maximum number 362 
of mutations on any residue in the bead, according to the legend. Representative mutations are labeled in both A. 363 
and B. See also Table S1 and Fig. S13. 364 
 365 
Docking the nucleosome  366 
We next attempted to dock the CHD4-nucleosome structure (Farnung et al., 2020) into the cleft 367 
in the NuDe structure between the MTA1 C-terminal arms (Fig. 6). Although there are limitations 368 
to this docking (for example, it is a coarse placement, lacks histone tail densities, and binding 369 
sites for the nucleosome outside the cleft might also exist), this positioning of the nucleosome 370 
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indicates its size complementarity to the integrative model, further corroborating the latter. This 371 
placement allows for the histone H3 and H4 tails to be located towards the HDAC1 active site. 372 
It also accommodates the known interactions between the RBBPs and the histone H3 (Fig. 6). 373 
The partial CHD4 structure is exposed. MTA1mid, which contains the zinc finger, can also 374 
potentially interact with the nucleosome in this position. Finally, MBD3 does not interact with 375 
the nucleosome, since MBD3MBD is buried in NuDe (Fig. 4A-4C), consistent with MBD3 in NuRD 376 
failing to bind DNA in immuno-precipitation experiments (Zhang et al., 1999).    377 
 378 

 379 
 380 
Fig. 6 Integrative model of NuDe complex with the nucleosome The CHD4- nucleosome structure (Farnung 381 
et al., 2020) is placed in the cleft of the NuDe integrative model. The regions with known atomic structure are 382 
shown in the NuDe integrative model from Fig. 4A. Nucleosome proteins/DNA and the corresponding NuDe 383 
subunit residues they are known to bind to, are depicted in the same color, as given by the legend.  384 

Discussion  385 
Here, we obtained structural models of the MTA1-HDAC1-RBBP4 (MHR), MTA1N-HDAC1-386 
MBD3 (MHM), and MTA1-HDAC1-RBBP4-MBD3-GATAD2 (NuDe) complexes using Bayesian 387 
integrative modeling. The approach allowed us to combine all available structural information, 388 
including data from SEC-MALLS, DIA-MS, chemical crosslinking mass spectrometry (XLMS), 389 
negative stain EM, X-ray crystallography, NMR spectroscopy, secondary structure, and 390 
homology predictions (Methods, Fig. 1) (Alqarni et al., 2014; Connelly et al., 2006; Cramer et 391 
al., 2014; Gnanapragasam et al., 2011; Low et al., 2020; Millard et al., 2016, 2013; Söding et 392 
al., 2005; Tjandra et al., 1997). The models were corroborated by independent cryo-EM maps, 393 
enzyme assays, mutagenesis, co-immunoprecipitation studies, and the mapping of cancer 394 
mutations (Fig. 5, Fig. S13, Table S1) (Desai et al., 2015; Forbes et al., 2006; Millard et al., 395 
2020; Pflum et al., 2001; Zhang et al., 1999). Importantly, our approach allowed us to localize 396 
regions of unknown structure, for e.g., HDAC1C and MBD3IDR,  in context of regions of known 397 
structure, for e.g., the MTA1-HDAC1 dimer, resulting in the most complete structural 398 
characterization of these NuRD sub-complexes so far.  399 
 400 
NuDe complex is more ordered than MHR  401 
A comparison of MTA1 and RBBP4 in the MHR and NuDe models suggests that these subunits 402 
are more conformationally heterogenous in MHR, as shown by the broader localization 403 
probability densities for the C-terminal half of MTA1 and RBBPs in MHR (volume enclosed by 404 
the corresponding maps = 1120 nm3) compared to NuDe (volume enclosed = 883.6 nm3) (Fig. 405 
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S12). Also, the cross-correlation of the MHR localization probability density to the 406 
corresponding EM map is lower than that of NuDe, indicating higher heterogeneity for the 407 
former. This indicates that the MHR is initially dynamic and the presence of MBD3-GATAD2 408 
possibly makes it less dynamic.   409 
 410 
MBD3IDR – MTA1dimer interaction  411 
In our MHM models, one MBD3IDR is near the MTA1dimer, consistent with the previously 412 
predicted localization of MBD3IDR based on chemical crosslinks (Low et al., 2020) and MBD2IDR 413 
based on a cryo-electron density map (Fig. 3C-3E) (Millard et al., 2020). Two separate 414 
mutagenesis and co-immunoprecipitation studies have shown that the MBDIDR and the MTA1 415 
dimerization interface are each essential for MBD2 interaction with the MTA1-HDAC1 dimer 416 
(Desai et al., 2015; Millard et al., 2020). Despite the corresponding region of MBD2 being 417 
disordered in solution (Desai et al., 2015), MBD3125-175 is predicted to be ordered based on 418 
PONDR® analysis (Fig. S14) (http://www.pondr.com) (Romero et al., 2001, 1997). Because this 419 
region is well conserved across species (Cramer et al., 2017), it is likely that it becomes ordered 420 
upon binding, similar to the region of MTA1 that winds irregularly across the surface of HDAC1 421 
(MTA1165-226). Further, the crosslinks between MBD3IDR and MTA1 involve a loop (MTA1229-236) 422 
of the MTA1dimer that is not visible in the MTA1-HDAC1 crystal structure. It is possible that this 423 
region of MTA1 may also become ordered upon binding MBD3. 424 

 425 
Fig. 7 Bind-and-shift model of MBD3 binding to MHR The figure shows two stages of MBD3 assembly in NuRD. 426 
A. In the first stage, the MTA1 dimerization interface is accessible for MBD3IDR to bind. B. In the second stage, 427 
upon binding, MBD3 recruits GATAD2 and the chromatin remodeling module and shifts to one end of the MTA1-428 
HDAC1 dimer. GATAD2 localizes near MTA1dimer, precluding a second MBD3 from binding to it.  429 
 430 
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 431 
Bind-and-shift model of MBD3 binding to MHR  432 
The stoichiometry of MBD3 in NuRD is intriguing. The MHM complex has two copies of MBD3, 433 
while a single MBD3 is seen in the NuDe and NuRD complexes (Low et al., 2020). Based on 434 
our integrative models, we propose a two-stage mechanism to explain the asymmetric binding 435 
of MBD3 in NuRD (Fig. 7).   436 
 437 
In the first stage (Fig. 7A), the C-terminal arms of MTA1 in MHR are heterogenous and adopt 438 
a range of configurations including an extended, open state (Millard et al., 2020) and crossed-439 
over state (Fig. 2, MHR models). In the open state, the MTA1 dimerization interface is 440 
accessible for MBD3IDR to bind. This interaction of MBD3IDR with the MTA1dimer is also observed 441 
in a cryo-EM study on MTA1:HDAC1:MBD2 and is known to be critical for MBD recruitment to 442 
the deacetylase module (Fig. 3, MHM models) (Desai et al., 2015; Millard et al., 2020).  443 
 444 
In the second stage (Fig. 7B), upon binding to MTA1dimer, MBD3 recruits GATAD2 and the 445 
chromatin remodeling module and shifts to one end of the MTA1-HDAC1 dimer (Fig. 4, NuDe 446 
models). In this state, GATAD2 localizes near MTA1dimer, precluding a second MBD3 from 447 
binding to it. Although we did not model full GATAD2 in NuDe due to unavailability of structures 448 
and crosslinks involving the protein, the proximity of CHD4, and hence GATAD2, to the 449 
MTA1dimer in our coarse nucleosome docking supports this idea (Fig. 6). This possibly explains 450 
how GATAD2 introduces asymmetry of MBD3 binding in NuRD. Moreover, upon binding 451 
the chromatin remodeling module, the C-terminal arms of MTA1 with the RBBPs are less 452 
heterogenous and adopt a closed configuration (Fig. 4, Fig. S12).  453 
 454 
The novel NuRD protein interfaces predicted by our model need to be confirmed by future 455 
experiments. High-resolution structures of regions such as MBD3IDR will delineate their roles in 456 
NuRD. Ultimately, a complete atomic characterization of the NuRD complex will aid in 457 
understanding NuRD-mediated regulation of gene expression. 458 
 459 

Materials and Methods 460 
Integrative modeling  461 
The integrative structure determination of the NuRD sub-complexes proceeded through four 462 
stages (Fig. 1) (Alber et al., 2007; Rout and Sali, 2019; Russel et al., 2012). The modeling 463 
protocol (i.e., stages 2, 3, and 4) was scripted using the Python Modeling Interface (PMI) 464 
package, a library for modeling macromolecular complexes based on open-source Integrative 465 
Modeling Platform (IMP) package, version 2.13.0 (https://integrativemodeling.org) (Russel et 466 
al., 2012). The current procedure is an updated version of previously described protocols 467 
(Ganesan et al., 2020; Gutierrez et al., 2020; Kim et al., 2018; Saltzberg et al., 2019, 2021; 468 
Viswanath et al., 2017a; Webb et al., 2018).  469 
 470 
Stage 1: Gathering data 471 
The stoichiometry and isoforms of subunits was based on DIA-MS and SEC-MALLS 472 
experiments (Fig. S1) (Low et al., 2020). Known atomic structures were used for the MTA1-473 
HDAC1 dimer, MTA1R1 and MTA1R2 domains in complex with RBBP4, and MBD domain of 474 
MBD3 (Fig. S1) (Alqarni et al., 2014; Cramer et al., 2014; Millard et al., 2016, 2013). The 475 
MTA1BAH domain, MTA1H, MTA1ZF, and MBD3CC-GATAD2ACC structures were homology-476 
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modeled based on the structures of related templates (Fig. S1A) (Connelly et al., 2006; 477 
Gnanapragasam et al., 2011; Tjandra et al., 1997).  478 
 479 
The shapes of the complexes were based on 3D negative-stain EM maps; MHR: to be 480 
deposited (24.56 Å), MHM: EMD-21382 (20 Å), and NuDe: EMD-22904 (20 Å) (Low et al., 481 
2020). The negative-stained EM map for the MHR complex was produced by further analysis 482 
of data reported in a previous study (Fig. S2) (Low et al., 2020). 25,155 particle images were 483 
subjected to multiple rounds of 2D classification in CryoSparc (Punjani et al., 2017), following 484 
which an ab initio 3D reconstruction was obtained and refined by homogenous 3D refinement. 485 
The final map was produced from 13,299 particles and had an estimated resolution of ~25 Å 486 
according to the FSC0.143 criterion.  487 
 488 
Chemical crosslinks informed the relative localization of the NuRD subunits. A total of 936 489 
crosslinks, including 877 BS3DSS (bis(sulfosuccinimidyl)suberate - disuccinimidyl suberate), 490 
40 DMTMM (dimethoxy triazinyl methyl-morpholinium chloride), and 19 ADH (adipic acid 491 
dihydrazide) crosslinks were used (Low et al., 2020). The models were validated by 492 
independent EM maps (Millard et al., 2020), biochemical assays (Desai et al., 2015; Pflum et 493 
al., 2001; Zhang et al., 1999), and human cancer-associated mutations on NuRD proteins 494 
(Forbes et al., 2006).  495 
 496 
Stage 2: Representing the system and translating data into spatial restraints 497 
The stoichiometry and representation of subunits is shown (Fig. S1). The domains with known 498 
atomic structures were represented in a multi-scale manner with 1 and 10 residues per bead to 499 
maximize computational efficiency. These domains were modeled as rigid bodies where the 500 
relative distances between beads is constrained during sampling. In contrast, domains without 501 
known structure were coarse-grained at 30 residues per bead and modeled as flexible strings 502 
of beads.  503 
 504 
We next encoded the spatial restraints into a scoring function based on the information 505 
gathered in Stage 1, as follows:  506 

(1) Cross-link restraints: The Bayesian cross-links restraint (Rieping et al., 2005) was used to 507 
restrain the distances spanned by the cross-linked residues (Shi et al., 2014).  508 

(2) EM restraints: The Bayesian EM density restraint was used to restrain the shape of the 509 
modeled complexes and was based on the cross-correlation between the Gaussian Mixture 510 
Model (GMM) representations of the NuRD subunits and the GMM representation of the 511 
corresponding negative-stain EM density maps (Bonomi et al., 2019).  512 

(3)  Excluded volume restraints: The excluded volume restraints were applied to each bead, 513 
using the statistical relationship between the volume and the number of residues that it covered 514 
(Alber et al., 2007). 515 

(4)  Sequence connectivity restraints: We applied the sequence connectivity restraints, using a 516 
harmonic upper distance bound on the distance between consecutive beads in a subunit, with 517 
a threshold distance equal to twice the sum of the radii of the two connected beads. The bead 518 
radius was calculated from the excluded volume of the corresponding bead, assuming standard 519 
protein density (Shi et al., 2014). 520 
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 521 
Stage 3: Structural sampling to produce an ensemble of structures that satisfies the 522 
restraints 523 
We aimed to maximize the precision at which the sampling of good-scoring solutions was 524 
exhaustive (Stage 4). The sampling runs relied on Gibbs sampling, based on the Replica 525 
Exchange Monte Carlo algorithm (Saltzberg et al., 2019, 2021). The positions of the rigid bodies 526 
(domains with known structure) and flexible beads (domains with unknown structure) were 527 
sampled.   528 
 529 
The initial positions of the flexible beads and rigid bodies in all complexes were randomized, 530 
with one exception. For MHR, we were able to unambiguously dock the structure of the MTA1-531 
HDAC1 core in the EM map, with the help of the previous EM map (EMD-3399) (Millard et al., 532 
2016). Hence the position of the corresponding rigid body was fixed throughout.  533 
 534 
The Monte Carlo moves included random translations of individual beads in the flexible 535 
segments and rigid bodies (around 3.7 Å and 1.3 Å respectively). A model was saved every 10 536 
Gibbs sampling steps, each consisting of a cycle of Monte Carlo steps that moved every bead 537 
and rigid body once.  538 
 539 
The sampling produced a total of 40 million MHR, 48 million MHM, and 80 million NuDe 540 
integrative models.  541 
 542 
Stage 4: Analysing and validating the ensemble of structures and data 543 
The sampled models were analysed to assess sampling exhaustiveness and estimate the 544 
precision of the structure, its consistency with input data and consistency with data not used in 545 
modeling. The structure was further validated by experiments based on the predictions from 546 
the models. We used the analysis and validation protocol published earlier (Rout and Sali, 547 
2019; Saltzberg et al., 2019, 2021; Viswanath et al., 2017b). Assessment began with a test of 548 
the thoroughness of structural sampling, including structural clustering of the models, 549 
estimating model precision, and visualizing the variability in the ensemble of structures using 550 
localization probability density maps (Viswanath et al., 2017b). The precision of a domain refers 551 
to its positional variation in an ensemble of superposed models. It can also be visualized by the 552 
localization probability density map for the domain. A localization probability density map 553 
specifies the probability of a voxel (3D volume unit) being occupied by a bead in a set of 554 
superposed models. The models and densities were visualized with UCSF Chimera and 555 
ChimeraX (Pettersen et al., 2021, 2004). 556 
 557 

(1) Determining good-scoring models  558 
Starting from the millions of sampled models, first, we selected models obtained after score 559 
equilibration and clustered them based on the restraint scores (Saltzberg et al., 2021). For 560 
further analysis, we considered 15200 MHR, 21960 MHM, and 21632 NuDe good-scoring 561 
models that satisfy the data restraints sufficiently well.  562 
 563 

(2) Clustering and structure precision 564 
We next assessed the sampling exhaustiveness and performed structural clustering (Saltzberg 565 
et al., 2019, 2021; Viswanath et al., 2017b). Integrative structure determination resulted in 566 
effectively a single cluster for all complexes, at a precision of 26.8 Å (MHR), 23.8 Å (MHM), and 567 
34.6 Å (NuDe). The cluster precision is the bead RMSD from the cluster centroid model 568 
averaged over all models in the cluster (Viswanath et al., 2017b). 569 
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 570 
(3) Fit to input information 571 

The dominant clusters from each modeled NuRD sub-complex satisfied over 95% of all the 572 
BS3DSS, ADH, and DMTMM crosslinks used; a crosslink is satisfied by a cluster of models if 573 
the corresponding Cα-Cα distance in any model in the cluster is less than 35Å, 35Å, 25Å for 574 
BS3DSS, ADH, and DMTMM crosslinks respectively. The agreement between the models and 575 
the corresponding EM maps was computed by calculating the cross-correlation of the combined 576 
localization probability densities of all subunits for the major cluster with the experimental EM 577 
map using the fitmap tool in UCSF Chimera (Fig. 2-4) (Pettersen et al., 2004). The remainder 578 
of the restraints are harmonic, with a specified standard deviation. The cluster generally 579 
satisfied the excluded volume and sequence connectivity restraints. A restraint is satisfied by a 580 
cluster of models if the restrained distance in any model in the cluster (considering restraint 581 
ambiguity) is violated by less than 3 standard deviations, specified for the restraint. Most of the 582 
violations are small, and can be rationalized by local structural fluctuations, coarse-grained 583 
representation of the model, and/or finite structural sampling.  584 
 585 

(4) Fit to data not used in modeling 586 
The MHR integrative models were supported by histone deacetylation assays, mutagenesis, 587 
and co-immunoprecipitation showing that MTA1 and the HDAC1C regulate HDAC1 deacetylase 588 
activity and NuRD assembly (Pflum et al., 2001; Zhang et al., 1999). The localization of domains 589 
such as MTA1BAH and RBBP4 were validated by their consistency with independently 590 
determined cryo-EM maps (Millard et al., 2020). 591 
 592 
The MHM integrative models were supported by independent cryo-EM maps of the complex 593 
showing similar localizations for MBD2MBD and MTA1BAH (Millard et al., 2020).  The MBD3IDR-594 
MTA1dimer interaction was also supported by two separate mutagenesis and co-595 
immunoprecipitation studies (Desai et al., 2015; Millard et al., 2020). 596 
 597 
The NuDe integrative models were corroborated by immunoprecipitation experiments showing 598 
that the MBD domain of MBD3 is buried in NuRD (Zhang et al., 1999). They were also 599 
supported by independent cryo-EM maps showing that MBD3 is proximal to MTA1BAH, and 600 
biochemical assays showing the importance of HDAC1C interactions in NuRD (Millard et al., 601 
2020; Pflum et al., 2001). The mapping of cancer mutations to protein-protein interfaces in the 602 
NuDe model also supported them (Fig. 5, Fig. S13, Table S1) (Forbes et al., 2006).  603 
 604 

4.1 Mapping COSMIC mutations  605 
We obtained a total of 356 somatic, confirmed pathogenic, point mutations for the modeled 606 
NuRD subunits (MTA1, HDAC1, RBBP4, MBD3) from the COSMIC (Catalogue of Somatic 607 
Mutations in Cancer) database (Forbes et al., 2006). For each subunit, point mutations were 608 
selected from search results based on the presence of census genes and correct 609 
documentation of current structures. To ensure the mutations studied significantly affect the 610 
function, folding, and protein-protein interaction of the protein, the “confirmed pathogenic” and 611 
“somatic” filters were applied in all cases.  612 
 613 
  614 
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Fig. S1 Subunits in NuRD sub-complexes A. Sequences and isoforms of modeled subunits are shown and domains are labeled. 
Domains are shown in progressively dark shades along the sequence for MTA1, HDAC1, and MBD3. Regions with known structure 
are represented by rectangles while regions without known structure are represented by beads. PDB IDs are shown for existing 
subunit structures and templates of homology models. B. Coarse-grained bead representation of subunits and C. stoichiometries of 
modeled complexes. 
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Fig. S2 Single particle analysis of the MHR complex. A flowthrough from the micrographs imported into Cryosparc (Punjani et 
al., 2017) to the final 3D reconstruction of the MHR complex using the ab-initio reconstruction job. 2D classes were generated using 
50 classes per run, with particles from non-junk classes used as input to subsequent 2D classification jobs. Non-uniform refinement 
was not performed on the final structure due to its low resolution. 
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Fig. S3 Sampling exhaustiveness protocol on MHR models Results of test 1, convergence of the model score, for the 15200 good-
scoring models; the scores do not continue to improve as more models are computed essentially independently. The error bar 
represents the standard deviations of the best scores, estimated by repeating sampling of models 10 times. The red dotted line 
indicates a lower bound reference on the total score. B. Results of test 2, testing similarity of model score distributions between 
samples 1 (red) and 2 (blue); the difference in the distribution of scores is significant (Kolmogorov-Smirnov two-sample test p-value 
less than 0.05) but the magnitude of the difference is small (the Kolmogorov-Smirnov two-sample test statistic D is 0.04); thus, the 
two score distributions are effectively equal. C. Results of test 3, three criteria for determining the sampling precision (Y-axis), 
evaluated as a function of the RMSD clustering threshold (X-axis). First, the p-value is computed using the χ2 -test for homogeneity 
of proportions (red dots). Second, an effect size for the χ2-test is quantified by the Cramer’s V value (blue squares). Third, the 
population of models in sufficiently large clusters (containing at least 10 models from each sample) is shown as green triangles. The 
vertical dotted grey line indicates the RMSD clustering threshold at which three conditions are satisfied (p-value > 0.05 [dotted red 
line], Cramer’s V < 0.10 [dotted blue line], and the population of clustered models > 0.80 [dotted green line]), thus defining the 
sampling precision of 41 Å. D. Populations of sample 1 and 2 models in the clusters obtained by threshold-based clustering using 
the RMSD threshold of 41 Å. Cluster precision is shown for each cluster. E. and F. Results of test 4: comparison of localization 
probability densities of models from sample A and sample B for the major cluster (84.95% population). The cross-correlation of the 
density maps of the two samples is greater than 0.96.  
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Fig. S4 Sampling exhaustiveness protocol on MTA1N-HDAC1-MBD3GATAD2CC (MHM) models Results of test 1, convergence 
of the model score, for the 21960 good-scoring models; the scores do not continue to improve as more models are computed 
essentially independently. The error bar represents the standard deviations of the best scores, estimated by repeating sampling of 
models 10 times. The red dotted line indicates a lower bound reference on the total score. B. Results of test 2, testing similarity of 
model score distributions between samples 1 (red) and 2 (blue); the difference in the distribution of scores is significant 
(Kolmogorov-Smirnov two-sample test p-value less than 0.05) but the magnitude of the difference is small (the Kolmogorov-
Smirnov two-sample test statistic D is 0.08); thus, the two score distributions are effectively equal. C. Results of test 3, three criteria 
for determining the sampling precision (Y-axis), evaluated as a function of the RMSD clustering threshold (X-axis). First, the p-
value is computed using the χ2 -test for homogeneity of proportions (red dots). Second, an effect size for the χ2-test is quantified by 
the Cramer’s V value (blue squares). Third, the population of models in sufficiently large clusters (containing at least 10 models 
from each sample) is shown as green triangles. The vertical dotted grey line indicates the RMSD clustering threshold at which three 
conditions are satisfied (p-value > 0.05 [dotted red line], Cramer’s V < 0.10 [dotted blue line], and the population of clustered models 
> 0.80 [dotted green line]), thus defining the sampling precision of 28.85 Å. D. Populations of sample 1 and 2 models in the clusters 
obtained by threshold-based clustering using the RMSD threshold of 28.85 Å. Cluster precision is shown for each cluster. E. and F. 
Results of test 4: comparison of localization probability densities of models from sample A and sample B for the major cluster 
(60.23% population). The cross-correlation of the density maps of the two samples is greater than 0.95.  
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Fig. S5 Sampling exhaustiveness protocol on NuDe integrative models Results of test 1, convergence of the model score, for the 
21632 good-scoring models; the scores do not continue to improve as more models are computed essentially independently. The 
error bar represents the standard deviations of the best scores, estimated by repeating sampling of models 10 times. The red dotted 
line indicates a lower bound reference on the total score. B. Results of test 2, testing similarity of model score distributions between 
samples 1 (red) and 2 (blue); the difference in the distribution of scores is significant (Kolmogorov-Smirnov two-sample test p-value 
less than 0.05) but the magnitude of the difference is small (the Kolmogorov-Smirnov two-sample test statistic D is 0.12); thus, the 
two score distributions are effectively equal. C. Results of test 3, three criteria for determining the sampling precision (Y-axis), 
evaluated as a function of the RMSD clustering threshold (X-axis). First, the p-value is computed using the χ2 -test for homogeneity 
of proportions (red dots). Second, an effect size for the χ2-test is quantified by the Cramer’s V value (blue squares). Third, the 
population of models in sufficiently large clusters (containing at least 10 models from each sample) is shown as green triangles. The 
vertical dotted grey line indicates the RMSD clustering threshold at which three conditions are satisfied (p-value > 0.05 [dotted red 
line], Cramer’s V < 0.10 [dotted blue line], and the population of clustered models > 0.80 [dotted green line]), thus defining the 
sampling precision of 45.98 Å. D. Populations of sample 1 and 2 models in the clusters obtained by threshold-based clustering using 
the RMSD threshold of 45.98 Å. Cluster precision is shown for each cluster. E. and F. Results of test 4: comparison of localization 
probability densities of models from sample A and sample B for the major cluster (99.96% population). The cross-correlation of the 
density maps of the two samples is ~0.95.  
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Fig. S6 Results of crosslinks fit for MHR models CX-CIRCOS (http://cx-circos.net/) plots are shown for A. BS3DSS, B. 
DMTMM, and C. ADH crosslinks on the ensemble of MHR models from the major cluster. Each link depicts a crosslink; its color 
depicts the minimum distance between the corresponding cross-linked residues in the ensemble, as shown in the color key (top). 
Histograms showing the distribution of the minimum crosslink distance in the ensemble for D. BS3DSS, E. DMTMM, and F. ADH 
crosslinks. The red line indicates the distance threshold for a crosslink type.  
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Fig. S7 Results of crosslinks fit for MTA1N-HDAC1-MBD3GATAD2CC (MHM) models CX-CIRCOS (http://cx-circos.net/) plots 
are shown for A. BS3DSS, B. DMTMM, and C. ADH crosslinks on the ensemble of MHM models from the major cluster. Each 
link depicts a crosslink; its color depicts the minimum distance between the corresponding cross-linked residues in the ensemble, as 
shown in the color key (top). Histograms showing the distribution of the minimum crosslink distance in the ensemble for D. BS3DSS, 
E. DMTMM, and F. ADH crosslinks. The red line indicates the distance threshold for a crosslink type.  
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Fig. S8 Results of crosslinks fit for NuDe models CX-CIRCOS (http://cx-circos.net/) plots are shown for A. BS3DSS, B. 
DMTMM, and C. ADH crosslinks on the ensemble of NuDe models from the major cluster. Each link depicts a crosslink; its color 
depicts the minimum distance between the corresponding cross-linked residues in the ensemble, as shown in the color key (top). 
Histograms showing the distribution of the minimum crosslink distance in the ensemble for D. BS3DSS, E. DMTMM, and F. ADH 
crosslinks. The red line indicates the distance threshold for a crosslink type.  
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Fig. S9 Integrative model of the MHR complex based on crosslinks alone Representative bead model from the most populated 
cluster of analyzed integrative models for the MHR complex, colored by subunit. The two copies of MTA1 are shown in different 
colors (orange and brown) to illustrate the crossover.  
 

 

 
Fig. S10   Integrative model of the MTA1N-HDAC1-MBD3GATAD2CC complex with one copy of MBD3 Localization probability 
density maps showing the position of different domains in the ensemble of models from the major cluster, illustrating two different 
binding sites for MBD3 on the MTA1-HDAC1 dimer. The density maps were contoured at 30% (HDAC1 structured region), 5% 
(HDAC1C, MBD3 and GATAD2CC), 20% (MTA1BAH and MTA1ELM2-SANT), and 10% (MTA1mid) of their respective maximum voxel 
values.  

 
 

Fig. S11 Distance maps for protein interactions in NuDe. The distance maps show the average pairwise residue distances in the 
ensemble of NuDe models for the A. MBD3-MTA1, B. MBD3-HDAC1, and C. HDAC1-MTA1 protein pairs. For a pair of residues, 
the map indicates the distance between the surfaces of the corresponding beads averaged over the ensemble.  
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Fig. S12 Densities of RBBPs in MHR and NuDe. The localization probability densities for MTA1R1-RBBP4 and MTA1R2-RBBP4 

in MHR (green) and NuDe (blue) are shown. The MHR model shows a broader localization of RBBPs (volume enclosed by the 
corresponding maps = 1120 nm3), compared to NuDe (volume enclosed = 883.6 nm3). All maps were contoured at 10%. 
 
 

 
 
Fig. S13 COSMIC mutations on the structured regions of NuDe complex Somatic, confirmed pathogenic, point mutations from 
the COSMIC database (Forbes et al., 2006) mapped onto regions with known structure in the NuDe integrative model shown in Fig. 
4A. A. Regions with known atomic structure in the integrative model colored by subunit. B. Mutations on residues in regions of 
known structure, colored according to the legend.  
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Fig. S14 Disorder prediction for MBD3 PONDR® (http://www.pondr.com) (Romero et al., 2001, 1997) disorder prediction for 
MBD3.  
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Table S1. COSMIC Somatic, confirmed pathogenic point mutations from the COSMIC database [(Forbes et al., 2006)] mapped on 
the NuDe integrative model. A. Mutations in previously undescribed protein-protein interfaces in the model. Residues from two 
proteins are at an interface if the average distance between their corresponding bead surfaces is less than 10 Å in the cluster of 
models. B. Mutations in exposed binding sites between modeled proteins and known binding partners, based on the representative 
NuDe model.  
 

A. COSMIC mutations in previously undescribed protein-protein interfaces in NuDe 
NuRD protein Residues with mutations Interacting partner 

in NuRD 
Number of  
COSMIC 
mutations  

 
MBD3 

68, 78, 80, 85, 87, 98, 103, 107, 138, 148, 150, 236, 260, 271, 
275 

 
MTA1BAH 

 
1-2 

MTA1BAH 15, 24, 31, 46, 112, 153, 155, 158  MBD3 1-2 
12 MBD3 5+ 

 
 

MBD3 

2, 7, 12, 14, 19,31, 39, 41, 43, 45, 55, 65, 68, 78, 80, 85, 87, 98, 
103, 107, 111, 125, 130, 138, 148, 150, 236, 240, 243, 250, 260, 
271, 275 

HDAC160-100 1-2 

17, 60, 112, 128, 246 HDAC160-100 3-4 
 

HDAC160-100 
61, 64, 69, 73, 80, 86, 94, 96 MBD3 1-2 
62 MBD3 3-4 

HDAC1C 411, 420, 423, 425, 431, 435, 447, 462 MTA1BAH 1-2 
MTA1BAH  53, 60, 63, 153, 155, 158  HDAC1C 1-2 

 
B. COSMIC mutations in exposed binding sites to known interactors in NuDe 

NuRD protein Residues with mutations Associated partner outside 
NuRD if known 

Number of COSMIC 
mutations  

RBBP4  39, 45, 71, 75, 128, 321,376, 
396, 398 

H3, FOG1/2, other ZF 
containing TFs [(Lejon et al., 

2011; Liu et al., 2015; 
Moody et al., 2018; 

Schmidberger et al., 2016)] 

1-2 

RBBP4   40,378 H3, FOG1/2, other ZF 
containing TFs [(Lejon et al., 

2011; Liu et al., 2015; 
Moody et al., 2018; 

Schmidberger et al., 2016)] 

3-4 

MTA1BAH 46, 53, 153, 155, 158 Nucleosome (based on Sir3-
BAH PDB 3TU4 [6]), MAT1 

[(Millard et al., 2014)] 

1-2 

MTA1mid  390, 393, 394, 397, 401, 410, 
416, 420, 424 

MAT1 [(Mazumdar et al., 
2001)] 

1-2 

MTA1mid 406, 415 MAT1 [(Mazumdar et al., 
2001)] 

3-4 

MTA1mid 372 NRIF3 [(Talukder et al., 
2004)] 

5+ 

MTA1USR 547, 550, 562, 564, 578, 581, 
601, 603, 606, 610, 611, 612, 
617, 619, 633, 646, 647, 652, 

658, 666 

MICoA [(Mishra et al., 
2003)] 

1-2 

MTA1USR 549, 566, 571 MICoA [(Mishra et al., 
2003)] 

3-4 

MTA1C  697, 699, 705, 709, 715 MICoA [(Mishra et al., 
2003)] 

1-2 

HDAC1 active site 140, 150, 303 Histone tails, TFs [(Scafuri et 
al., 2020)] 

1-2 

MBD3IDR  
 

77, 78, 80, 85, 87, 97, 98, 
102, 103, 107 

Evi1 [(Spensberger & 
Delwel, 2008)], Aurora A 

[(Sakai et al., 2002)] 

1-2 
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Movies  
M1. MHR movie. The movie shows a sample of one thousand models from the ensemble of MHR integrative 
models. 
  
M2. MHM movie. The movie shows a sample of one thousand models from the ensemble of MHM integrative 
models.  
 
M3. NuDe movie. The movie shows a sample of one thousand models from the ensemble of NuDe integrative 
models. 
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