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Summary 19 

Dimethylated histone H3 Lys36 (H3K36me2) regulates gene expression by 20 

antagonizing the repressive effect of polycomb-group proteins. Aberrant 21 

upregulation of H3K36me2, either by overexpression or point mutations of 22 

NSD2/MMSET, an H3K36 dimethyltransferase, is found in various cancers, 23 

including multiple myeloma. To understand the mechanism underlying its 24 

regulation, here we report the cryo-electron microscopy structure of the 25 

catalytic fragment of NSD2 bound to the nucleosome at 2.8 Å resolution. 26 

The nucleosomal DNA is partially unwrapped at superhelix location +5.5, 27 

facilitating the access of NSD2 to H3K36. NSD2 interacts with DNA and 28 

H2A along with H3. The autoinhibitory loop of NSD2 changes its 29 

conformation upon nucleosome binding to accommodate H3 in its substrate-30 

binding cleft. Kinetic analysis revealed two oncogenic mutations, E1099K 31 

and T1150A, to aberrantly activate NSD2 by increasing its catalytic turnover 32 

but not the nucleosome affinity. Molecular dynamics simulations suggested 33 

that in both mutants, the autoinhibitory loop adopts an open state that can 34 

accommodate H3 more often than the wild type. We propose that E1099K 35 

and T1150A destabilize the interactions that keep the autoinhibitory loop 36 

closed, thereby enhancing the catalytic turnover. Our analyses would guide 37 

the development of specific inhibitors of NSD2 for the treatment of various 38 

cancers. 39 

  40 
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Introduction 41 

Histones are subjected to a variety of post-translational modifications that 42 

regulate diverse aspects of genome functions (1). Dysregulation of histone 43 

modifications is often linked to diseases, such as developmental defects and 44 

cancers (2). NSD2 (also known as WHSC1/MMSET) is a member of the 45 

NSD family that catalyzes the mono- and di-methylation of histone H3 K36 46 

(3). Dimethylated H3 K36 (H3K36me2) antagonizes the activity of 47 

polycomb repressive complex 2 (PRC2) in catalyzing H3K27 trimethylation, 48 

a hallmark of repressive chromatin (4). Therefore, H3K36me2 maintains 49 

gene expression by protecting the genomic regions from the spreading of the 50 

repressive chromatin domain. Moreover, H3K36me2 serves as a binding site 51 

for DNMT3A, a de novo DNA methyltransferase, thereby controlling the 52 

DNA methylation pattern mainly in the intergenic regions (5).  53 

 Several lines of evidence have demonstrated the critical importance 54 

of strict regulation of cellular H3K36me2 levels. First, haploinsufficiency 55 

of NSD2 or NSD1 is known to be involved in Wolf–Hirschhorn or Sotos 56 

syndromes, respectively (6, 7). Second, aberrant upregulation of cellular 57 

H3K36me2 levels, induced by the overexpression or point mutation of 58 

NSD2, have been found in various cancers. Approximately 15–20% of 59 

patients with multiple myeloma carry a t(4;14) translocation, which causes 60 

the immunoglobulin heavy chain locus (IGH)-NSD2 hybrid gene to induce 61 

overexpression of NSD2, along with a global increase and redistribution of 62 

H3K36me2 in the affected cells (8). Increased H3K36me2 reprograms the 63 

cells by reversing the repressive function of PRC2 in the myeloma (9). A 64 
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recurrent point mutation, NSD2 p.E1099K in the catalytic SET domain, has 65 

been found in patients with acute lymphoblastic leukemia (10) and other 66 

types of cancers (11), and is known to aberrantly activate the H3K36 67 

methyltransferase activity (10, 11). Another recurrent mutation, NSD2 68 

p.T1150A in the SET domain, has been found in mantle cell lymphoma 69 

along with the p.E1099K mutation (12); however, to our knowledge, its 70 

effect on the catalytic activity has not yet been reported. 71 

Biochemical studies have revealed that nucleosome structures 72 

regulate the methylation activity of NSD proteins. NSD2 exhibits weak and 73 

non-specific lysine methylation activity on histone octamer substrates, 74 

whereas it strongly and specifically methylates H3K36 when nucleosomal 75 

substrates are used (13). The linker histone H1, on the other hand, inhibits 76 

the activity of NSD2 on nucleosomal substrates (14). Crystal structures of 77 

the SET domains of NSD1 (15), NSD2 (16), and NSD3 (PDB 5UPD) have 78 

shown the substrate-binding cleft to be occupied by the autoinhibitory loop 79 

(residues 1180–1188 of NSD2), preventing H3K36 binding. Therefore, 80 

how NSD2 engages with nucleosomal H3K36 and how the oncogenic 81 

mutations alter its catalytic activity have been elusive. 82 

 83 

Results and discussion 84 

Overall structure of the NSD2-nucleosome complex 85 

To understand how NSD2 engages with nucleosomal H3K36 and how the 86 

oncogenic mutations affect its catalytic activity, we solved a 2.8-Å resolution 87 

cryo-electron microscopy (cryo-EM) structure of the complex formed by the 88 
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catalytic fragment of human NSD2 p.E1099K (residues 973–1226, 89 

containing the AWS domain, SET domain, and C-terminal basic extension) 90 

and nucleosome, in the presence of sinefungin, an analog of S-adenosyl 91 

methionine (SAM) (Supplementary Fig. S1–S3, Supplementary Table 1). To 92 

facilitate complex formation, we created an NSD2-H4 fusion protein 93 

connected by a 32-residue linker and co-expressed it with H3. We then 94 

assembled a nucleosome using the co-expressed proteins, along with H2A, 95 

H2B, and a 185-bp DNA possessing the 601 nucleosome positioning 96 

sequence at the center and a 20-bp linker DNA at both ends. Additionally, 97 

we introduced another substitution H3K36M, which is found in most patients 98 

with chondroblastoma (17) and is known to inhibit several H3K36 99 

methyltransferases (18). 100 

Figure 1 shows the overall structure of the NSD2-nucleosome complex. 101 

Although one nucleosome should contain two copies of NSD2 (due to the 102 

NSD2-H4 fusion used), we observed only one NSD2 molecule engaging 103 

with one of the two H3K36M residues; the other one possibly exhibits 104 

random orientation with respect to the nucleosome position. Residues 986–105 

1203 of NSD2 and 31–134 of the engaged H3 are visible in cryo-EM density 106 

and have been included in the model coordinates. The basic C-terminal 107 

extension (residues 1209–1226) is required for efficient nucleosome H3K36 108 

methylation by NSD proteins (19). Although no clear density was observed, 109 

the extension is expected to be located near the nucleosomal DNA and form 110 

ionic interactions with the DNA phosphates. Upon nucleosome binding, 111 

NSD2 was seen to change its conformation markedly at the autoinhibitory 112 
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loop to allow accommodation of the H3 tail (see “Conformational change 113 

of the autoinhibitory loop“). 114 

A striking feature of the complex is the partial unwrapping of 115 

nucleosomal DNA near the entry site (Fig. 1a, b). In the canonical 116 

nucleosome, H3K36 is located between the two gyres of DNA in a relatively 117 

crowded environment. Thus, NSD2 needs to remove one gyre to gain access 118 

to H3K36 and accommodate its side chain into the catalytic pocket. The 119 

nucleosomal DNA, which usually exhibits a curved structure wrapping 120 

around the histone octamer, stretches around the superhelix location (SHL) 121 

+5.5, and extrudes away from the histone octamer. This extrusion allows 122 

NSD2 to establish interactions with the first -helix of H3, which interacts 123 

with DNA in the canonical nucleosome. Moreover, NSD2 interacts with the 124 

N-terminal tail of H3, C-terminal portion of H2A, and DNA at two locations, 125 

SHL-1 and the external linker DNA position (Fig. 2a and Supplementary Fig. 126 

S4). The interaction modes are similar to those observed in the complex 127 

between yeast Set2, an H3K36 tri-methyltransferase, and nucleosome (20). 128 

However, the linker DNA in the two complexes exhibit different 129 

conformations, and three lysine residues of NSD2 (K992, K995, and K998), 130 

conserved across NSD proteins but not in Set2, face the linker DNA 131 

(Supplementary Fig. S3). 132 

Relationship between nucleosome structure and H3K36 methylation 133 

The linker histone H1 has been shown to inhibit the 134 

methyltransferase activity of NSD2 toward chromatin (14). H1 binds to the 135 

nucleosome dyad and contacts with both linker DNAs, stabilizing a compact 136 
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conformation (21, 22) (Supplementary Fig. S4). H1 may thus inhibit the 137 

activity of NSD2 by hindering the unwrapping of nucleosomal DNA and, 138 

hence, its access to H3K36. 139 

Several chromatin factors, such as ATP-dependent chromatin 140 

remodelers (23), so-called “pioneer transcription factors,” which can 141 

recognize chromatinized DNA elements (24), and RNA polymerase II (25), 142 

are known to affect the conformation of nucleosomal DNA. Interestingly, 143 

their binding to nucleosomes resulted in the partial unwrapping of 144 

nucleosomal DNA, similar to that in the NSD2 complex (Supplementary Fig. 145 

S5). It may be speculated that the chromatin factors and H3K36 146 

methyltransferases work cooperatively, so that the H3K36 exposure caused 147 

by other factors (such as chromatin transcription by RNA polymerase II) 148 

facilitates efficient methylation. In that case, H3K36 is well positioned to act 149 

as a memory mark for changes in the nucleosomal structure, as 150 

conformational changes of nucleosomal DNA affect its accessibility. 151 

Interactions of NSD2 with histones and DNA 152 

Figure 2 shows the interactions between NSD2 and histones in detail. Two 153 

arginine residues on the first -helix of H3 (H3R49 and H3R52) make 154 

extensive contacts with NSD2 (Fig. 2a). In the canonical nucleosome, these 155 

arginine residues are located close to the phosphate groups of DNA. The 156 

interactions between NSD2 and the two arginine residues may compensate 157 

for the loss of their interactions with DNA. In addition, H3Y41 stacks against 158 

K1152, which further forms a salt bridge with the phosphate group of 159 

nucleosomal DNA at SHL -1. 160 
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The interactions between NSD2 and H2A are mainly hydrophobic, 161 

and there is a salt bridge between E1031 and H2AK119 (Fig. 2b). H2AK119 162 

is mono-ubiquitinated by polycomb repressive complex 1 (PRC1), which 163 

cooperates with PRC2 to establish a transcriptionally repressive chromatin 164 

environment (26). Given the known antagonism between H3K36 165 

methylation and polycomb group proteins, it would be interesting to examine 166 

whether H2AK119 mono-ubiquitination suppresses the H3K36 167 

dimethylation activity of NSD2. 168 

H3K36M and adjacent H3 residues are bound to the substrate-169 

binding cleft on the surface of the SET domain of NSD2 (Fig. 2c). H3K36M 170 

and H3K37 form an intermolecular three-stranded -sheet structure with 171 

M1119-T1121 on one side and Y1179 on the other. The H3T32 carbonyl and 172 

hydroxyl groups also make hydrogen bonds with NSD2. Two H3 residues, 173 

H3V35 and H3P38, are bound to small hydrophobic patches on the surface 174 

of NSD2. The H3V35 side chain interacts with C1102, M1119, T1121, and 175 

I1127, while the H3P38 side chain interacts with L1120, T1150, and V1161. 176 

The H3K36M side chain is accommodated in the catalytic cavity and 177 

surrounded by side chains of Y1092, L1120, F1177, and Y1179 (Fig. 2d). 178 

Structural comparison with the human SETD2-H3K36M peptide complex 179 

(27) revealed the aforementioned three aromatic residues to be conserved, 180 

whereas L1120 is replaced with methionine in SETD2 (Supplementary Fig. 181 

S3, S6). The different residues at this position may be related to the 182 

difference in the methylation state specificity between the NSD family 183 

(dimethyltransferases) and SETD2 (a trimethyltransferase). 184 
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Conformational change of the autoinhibitory loop 185 

Figure 3 shows the structural comparison between the H3-free NSD2 (16) 186 

and the current NSD2 engaging nuclesomal H3K36. In the H3-free NSD2, 187 

the autoinhibitory loop (N1180–K1188) adopts a closed conformation, 188 

occupying the substrate-binding cleft. Upon nucleosome binding, the loop 189 

moves to adopt an open conformation, making room for the binding of 190 

H3K36M and nearby residues. 191 

Detailed structural comparison revealed two elements that could be 192 

important for such conformational transition. First, in the H3-free form, 193 

D1182 of the autoinhibitory loop forms a network of water-mediated 194 

hydrogen bonds and a salt bridge with side chains of T1150 and K1152, 195 

apparently stabilizing the loop conformation (Fig. 3a). Similar interactions 196 

are also found in the crystal structure of NSD1 (28), implying the functional 197 

importance of this conformation shared across the NSD family proteins. The 198 

T1150A substitution, recurrently found in mantle cell lymphoma (12), would 199 

aberrantly increase the catalytic activity of NSD2 by disrupting the 200 

interaction with D1182, thereby affecting the conformation of the 201 

autoinhibitory loop. In the nucleosome complex, K1152 of NSD2 no longer 202 

forms a salt bridge with D1182, and rather interacts with H3Y41 and a DNA 203 

phosphate (Fig. 2a, 3b). Thus, K1152 may couple the movement of the 204 

autoinhibitory loop with nucleosome binding by switching its binding 205 

partner in these forms. This mechanism is also consistent with the previous 206 

report that the addition of 41-bp DNA was shown to stimulate the catalytic 207 

activity of NSD1 and NSD2 on histone octamers (13). 208 
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 Second, in the H3-free form, the side chain of L1184 in the 209 

autoinhibitory loop binds to the hydrophobic patch formed by C1102, 210 

M1119, T1121, and I1127 (Fig. 3a). In the nucleosome complex, the same 211 

patch binds to the H3V35 side chain (Fig. 3b). The oncogenic E1099K 212 

mutation site is located close to the patch. In the H3-free form, the E1099 213 

side chain forms a salt bridge with K1124, which is located on a loop 214 

connecting the two -strands harboring M1119, T1121, and I1127 (Fig. 3a). 215 

Thus, E1099K substitution would disrupt the salt bridge with K1124, 216 

possibly affecting the conformational flexibility of the hydrophobic patch 217 

and eventually that of the autoinhibitory loop.  218 

E1099K and T1150A increase the apparent kcat value of NSD2 219 

To gain insight into the mechanisms of substrate recognition and their 220 

dysregulation by oncogenic mutations, we conducted biochemical analyses 221 

(Fig. 3c). First, we measured the nucleosomal H3K36 methyltransferase 222 

activity of NSD2 and its mutants using a commercial kit that couples the 223 

production of S-adenosyl homocysteine (SAH), a reaction byproduct, to 224 

chemiluminescence (29). NSD2 efficiently methylated the nucleosomes 225 

with 185-bp DNA, though not those with 146-bp DNA, suggesting the 226 

importance of its interaction with a linker DNA. Consistently, when the 227 

three lysine residues (K992, K995, and K998) that face the linker DNA 228 

(Supplemental Fig. S4) were all mutated to alanine, the mutant lost its 229 

catalytic activity. The N1034A, K1152A, and T1154A substitutions reduced 230 

the activity, showing the important roles played by the interactions of the 231 

residues with the nucleosome (Fig. 2a, Supplementary Fig. S3).  232 
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We next confirmed that the E1099K mutant has a stronger catalytic 233 

activity than the wild-type (Fig. 3c). Additionally, substituting E1099 with 234 

arginine, glutamine, and alanine resulted in stronger activities (Fig. 3c), 235 

suggesting the essential regulatory role of glutamate at this position. 236 

Interestingly, another oncogenic mutant, T1150A, also exhibited stronger 237 

activity (Fig. 3c). Moreover, we found that the T1121A substitution, which 238 

alters one of the H3V35-binding patch residues (Fig. 3b), stimulates the 239 

catalytic activity (Fig. 3c). This structure-guided identification of a novel 240 

activating mutation suggests an important role of the H3V35-binding patch 241 

for the autoinhibition. 242 

Next, we conducted a kinetic analysis to gain further insight into the 243 

dysregulated oncogenic mutations (Fig. 3d, Supplementary Fig. S7). The 244 

results showed the increase in catalytic efficiency (kcat
app/KM

app) to be 245 

mainly governed by an increase in the apparent catalytic turnover (kcat
app) 246 

value for both E1099K and T1150A mutants (approximately 16- and 9-fold, 247 

respectively). The differences in the KM
app values toward nucleosomes were 248 

small across the wild-type, E1099K, and T1150A proteins. We also 249 

measured the affinity between NSD2 and nucleosomes using microscale 250 

thermophoresis experiments (30), which showed that neither E1099K nor 251 

T1150A increased the nucleosome affinity (Fig. 3d, Supplementary Fig. 252 

S8). The E1099K mutant exhibited even weaker affinity, although the 253 

positively charged K1099 side chain is near the nucleosomal DNA. Taken 254 

together, the oncogenic E1099K and T1150A mutations both increased the 255 

catalytic turnover, though not the nucleosome affinity, of NSD2. 256 
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Impact of E1099K and T1150A on the dynamics of the autoinhibitory 257 

loop 258 

To investigate the impact of E1099K and T1150A mutations on the dynamics 259 

of the autoinhibitory loop, we performed MD simulations of the SET domain 260 

of the NSD2-SAM complex in the absence of H3, starting from the current 261 

nucleosome-engaging structure. We performed runs on the wild-type and 262 

three NSD2 mutants (E1099K, T1150A, and the E1099K-T1150A double 263 

mutant, Supplementary Table 2) and analyzed the trajectories obtained from 264 

three independent 500-ns runs for each system. In all the systems, the 265 

conformation of the autoinhibitory loop was flexible during the simulation, 266 

suggesting that the H3-engaging conformation is not stable in the absence of 267 

H3 (Supplementary Movie 1). 268 

We first calculated the dynamic cross-correlation matrix of the SET-269 

domain residue fluctuations to capture the correlated motions among the 270 

residues. In the wild-type, we observed anti-correlated motions between 271 

residues 1095–1130 (region R1), 1140–1150 (region R2), as well as R1 and 272 

residues 1177–1203 (region R3) (Fig. 4a, b). R1 contained E1099 and 273 

residues forming the H3V35- and H3P38-binding hydrophobic patches, 274 

whereas R2 and R3 contained T1150 and the autoinhibitory loop, 275 

respectively. In all three mutants, the anti-correlated motions between R1–276 

R2 and R1–R3 disappeared (Fig. 4a), indicating that the movement of R2 277 

and R3 were independent of R1. 278 

The independent movement of R3 suggested that the autoinhibitory 279 

loop might tend to adopt conformations that allow histone H3 binding in the 280 
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mutants more often. To test this hypothesis, we considered four distance-281 

based locks (D1, D2, D3, and D4) that represent the hydrophobic interactions 282 

between residues on the autoinhibitory loop (L1181, C1183, and L1184) and 283 

those in the H3V35-binding patch (C1102 and T1121). We defined the 284 

autoinhibitory loop as “open” when all the four locks are released, and 285 

“closed” otherwise. The probabilities of open states of the loop and 286 

individual locks are shown in Fig. 4e and Supplementary Table 3. In the 287 

wild-type, the autoinhibitory loop was open only for 0.86% of the simulation 288 

time, indicating that it almost always occupies the substrate-binding cleft. In 289 

the E1099K, T1150A, and E1099K-T1150A mutants, open states appeared 290 

far more frequently (9.7%, 6.3%, and 18.8%, respectively). A detailed 291 

examination of the MD trajectories revealed a novel mode of interaction 292 

between the autoinhibitory loop and the hydrophobic patches 293 

(Supplementary Fig. S9). In the wild-type, the L1181 side chain often forms 294 

hydrophobic interactions with T1121 and/or T1150, the two threonine 295 

residues whose substitutions lead to aberrant enzymatic activation. These 296 

interactions occurred less often in the three mutants, as indicated by the 297 

larger chances of the released state of D4 lock. Collectively, our MD analysis 298 

suggests that the E1099K and T1150A mutations affect the dynamics of 299 

autoinhibitory loop, causing NSD2 to adopt open states more often to 300 

accommodate the H3 tail in the substrate-binding cleft.  301 

A model for autoinhibition and its dysregulation by E1099K and T1150A  302 

Based on our analyses, we propose a mechanistic model in which the 303 

autoinhibitory loop conformation regulates the catalytic activity of NSD2, 304 
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and the oncogenic E1099K and T1150A mutations aberrantly disturb the 305 

autoinhibition (Fig. 5). In the H3-free form, the autoinhibitory loop 306 

dynamically moves and exhibits multiple conformations (two possible major 307 

conformations are indicated in Fig. 5) while remaining bound to the H3V35- 308 

and H3P38-binding patches by hydrophobic interactions via L1181, C1183, 309 

and L1184, and by hydrophilic interactions via D1182. Consequently, the 310 

substrate-binding cleft is almost always occupied by the autoinhibitory loop, 311 

leaving no room for H3 binding. Upon nucleosome binding, the 312 

conformation of autoinhibitory loop changes, allowing H3V35 and H3P38 313 

to be accommodated in the hydrophobic patches and enabling precise 314 

positioning of the H3K36 side chain for methyl group transfer. This 315 

transition is partially triggered by the binding of H3Y41 and nucleosomal 316 

DNA to K1152, which is incompatible with its interaction with D1182. In 317 

the E1099K mutant, the salt bridge formed between E1099 and K1124 is lost, 318 

affecting the local conformation or dynamics of the H3V35-binding patch. 319 

This, in turn, could affect the binding of C1183 and L1184 in the 320 

autoinhibitory loop to the H3V35-binding patch, resulting in its higher 321 

tendency to adopt open states and an increase of catalytic turnover. Similarly, 322 

T1150A increases open states by disrupting the hydrophilic interaction with 323 

D1182 and/or the hydrophobic interactions with L1181 in the autoinhibitory 324 

loop. It will be interesting to examine whether a similar mechanism regulates 325 

the activity of other H3K36 methyltransferases such as NSD1, NSD3, and 326 

SETD2. 327 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 6, 2020. ; https://doi.org/10.1101/2020.12.05.413278doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.05.413278


 NSD2 is implicated in various types of cancers, including multiple 328 

myeloma and acute lymphoblastic leukemia (31). Our study should guide the 329 

development of specific inhibitors for the treatment of these cancers. 330 

Moreover, multiple histone lysine methyltransferases are known to be under 331 

complex regulation, involving, allosteric regulators, and post-translational 332 

modifications (32-35). Our detailed analysis and the proposed mechanistic 333 

model may help understand the dynamic regulatory mechanisms potentially 334 

employed by other lysine methyltransferases that use the SET domain for 335 

catalysis. 336 

 337 

Methods 338 

DNA preparation 339 

We prepared 146-bp and 185-bp DNA fragments using different strategies. 340 

The 146-bp DNA fragment was excised from a plasmid DNA containing 14 341 

copies of the Widom 601 DNA sequence by EcoRV. The excised DNA was 342 

purified by HiTrap Q column chromatography (GE Healthcare), flash-frozen 343 

with liquid nitrogen (LN2), and stored at -80 °C. The 185-bp DNA fragment 344 

was generated using nested-PCR amplification. Initially, a 282-bp DNA 345 

fragment containing the Widom 601 DNA sequence was amplified using 346 

pGEM-3Z-601 (36) as template and 282F (5′-347 

CGGGATCCTAATGACCAAGGAAAGC-3′) and 282R (5′- 348 

GGGAGCTCGGAACACTATCCGAC-3′) as primers, and subsequently 349 

purified by acrylamide gel electrophoresis. The 185-bp DNA fragment was 350 

amplified with the 282-bp DNA fragment as template and 185F (5′- 351 
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GACCCTATACGCGGCCGCCCTGG-3′) and 185R (5′- 352 

GTCGCTGTTCAATACATGCACAGGATG-3′) as primers. The amplified 353 

185-bp DNA fragment was purified by HiTrap Q column chromatography 354 

flash-frozen with LN2, and stored at -80 °C. 355 

Protein preparation 356 

Human histone H2A was bacterially expressed as a His6- and SUMOstar-357 

tagged protein, and isolated from inclusion bodies under denaturing 358 

conditions (20 mM Tris-HCl pH 7.5, 7 M guanidine hydrochloride, 500 mM 359 

NaCl, and 1 mM DTT). The supernatant was purified using Ni-resin and 360 

dialyzed against a buffer containing 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 361 

and 0.5 mM DTT. The His6-SUMOstar-tag was removed by SUMOstar 362 

protease digestion. The resulting histone H2A was further purified by HiTrap 363 

SP column chromatography (GE Healthcare), flash-frozen with LN2, and 364 

stored at -80 °C. 365 

Human histone H2B was bacterially expressed as a His6-tagged protein, and 366 

isolated from inclusion bodies under a denaturing condition (20 mM Tris-367 

HCl pH 7.5, 7 M guanidine hydrochloride, 500 mM NaCl, and 1 mM DTT). 368 

The supernatant was purified using Ni-resin and dialyzed against a buffer 369 

containing 20 mM Tris-HCl pH 7.5, 100 mM NaCl, and 1 mM DTT. The 370 

His6-tag was removed by thrombin digestion. The resulting histone H2B was 371 

further purified by HiTrap SP column chromatography, flash-frozen with 372 

LN2, and stored at -80 °C. 373 

His6 and SUMOstar-tagged human histone H4 was bacterially co-expressed 374 

with human histone H3 and purified under non-denaturing conditions. Cells 375 
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co-expressing H3 and H4 were suspended in a buffer containing 40 mM 376 

K2HPO4, 10 mM KH2PO4, 20 mM imidazole, 3 M NaCl, 1 mM DTT, 0.1 377 

mM PMSF, and 0.5% TritonX-100, and sonicated. The supernatant was 378 

purified using HisTrap column chromatography (GE Healthcare). The His6-379 

SUMOstar-tag was removed by SUMOstar protease digestion. The resulting 380 

histone H3/H4 complex was further purified by HiTrap SP column 381 

chromatography, flash-frozen with LN2, and stored at -80 °C. 382 

His6 and SUMOstar-tagged human NSD2-E1099K were fused to H4 and 383 

bacterially co-expressed with human histone H3 possessing K36M 384 

substitution. The complex between NSD2-E1099K-H4 and H3 was purified 385 

in a way similar to the H4-H3 complex; however, the His6-SUMOstar tag 386 

was not removed. 387 

Wild-type and mutant NSD2 proteins (973–1226) containing Twin-Strep-tag 388 

and His6-tag at the N-terminus were bacterially expressed, purified using the 389 

StrepTrap column (GE Healthcare), flash-frozen with LN2, and stored at -390 

80 °C. 391 

Histone octamer preparation 392 

We incubated histones H2A, H2B, and H3/H4 at a molar ratio of 1.2:1.2:1 in 393 

the unfolding buffer (6 M guanidine hydrochloride, 4 mM HEPES-Na pH 394 

7.5, 200 mM NaCl, and 5 mM DTT) at 4 °C for 1 h, followed by dialysis 395 

against refolding buffer (10 mM Tris-HCl pH 7.5, 2 M NaCl, 1 mM EDTA, 396 

and 5 mM 2-mercaptoethanol) to reconstitute the histone octamer. The latter 397 

was eventually purified from the unincorporated components using a 398 

Superdex 200 pg 26/60 column (GE Healthcare) equilibrated with buffer 399 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 6, 2020. ; https://doi.org/10.1101/2020.12.05.413278doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.05.413278


containing 10 mM Tris-HCl pH 7.5, 2 M NaCl, 1 mM EDTA, and 5 mM 2-400 

mercaptoethanol, flash-frozen with LN2, and stored at -80 °C. 401 

Nucleosome reconstitution 402 

To reconstitute nucleosomes used for enzymatic and interaction analyses, we 403 

mixed 185-bp (final 6.1 M) or 146-bp DNA (final 5.6 M) with a histone 404 

octamer at a molar ratio of approximately 1:1.1, and dialyzed the same 405 

against 125 mL of 10 mM HEPES-Na pH 7.5, 2 M KCl, and 1 mM DTT for 406 

1 h. Thereafter, 875 mL of 10 mM HEPES-Na pH 7.5 and 1 mM DTT was 407 

gradually added to facilitate nucleosome reconstitution. The nucleosome 408 

samples were further dialyzed against 10 mM HEPES-Na pH 7.5, 50 mM 409 

KCl, and 1 mM DTT. The centrifuged supernatant was eventually 410 

concentrated and stored at 4 °C. 411 

To prepare the NSD2-nucleosome complex for cryo-EM analysis, we mixed 412 

185-bp DNA (final 2.4 M) with H2A, H2B, and the complex between 413 

NSD2 E1099K-H4 and H3K36M at a molar ratio of approximately 414 

1:2.6:2.6:2.6, and dialyzed the mixture for 1 h against 125 mL of 10 mM 415 

HEPES-Na pH 7.5, 2 M KCl, and 1 mM DTT solution. Thereafter, 875 mL 416 

of 10 mM HEPES-Na (pH 7.5) and 1 mM DTT was gradually added to 417 

facilitate the reconstitution of nucleosomes. The NSD2-nucleosome 418 

complex was further dialyzed against 10 mM HEPES-Na pH 7.5, 1 mM DTT, 419 

and 25 mM or 50 mM KCl. The centrifuged supernatant was concentrated, 420 

and the sinefungin solution (25 mM) added (final 1.3 mM) before cryo-EM 421 

data acquisition. 422 

Sample vitrification and cryo-EM data acquisition 423 
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The reconstituted NSD2-nucleosome complex was applied to a freshly glow-424 

discharged Quantifoil holey carbon grid (R1.2/1.3, 300 mesh, Cu/Rh grid for 425 

the sample with 25 mM KCl, and Au grid for the sample with 50 mM KCl), 426 

blotted for 4 s at 4 °C in 100% humidity, and plunge-frozen in liquid ethane 427 

using a Vitrobot Mark IV (Thermo Fisher Scientific). Grid images were 428 

obtained using a 300 kV Titan Krios G3i microscope (Thermo Fisher 429 

Scientific) equipped with a K3 direct electron detector (Gatan) installed at 430 

the University of Tokyo, Japan. Data sets were acquired with the SerialEM 431 

software, with a defocus range of -0.8 to -1.6 m. Data acquisition statistics 432 

are shown in Supplementary Table 1.  433 

Image processing and model building 434 

Movie stacks were corrected for drift- and beam-induced motion using 435 

MotionCor2 (37), and the CTF parameters were estimated using GCTF (38). 436 

Particles were automatically picked using RELION-3.1 (39), and then used 437 

for two-dimensional (2D) classification, ab-initio reconstruction, and hetero 438 

refinement with cryoSPARC (40). The particles that converged to the NSD2-439 

nucleosome complex class were exported to RELION-3.1, and used for the 440 

focused three-dimensional (3D) classification with a mask covering only 441 

NSD2. The particles that converged to the class with a well-resolved NSD2 442 

density were used for final 3D refinement with RELION-3.1. The resolution 443 

was estimated based on the gold-standard Fourier shell correlation (FSC) 444 

curve at 0.143 criterion. The atomic models of H3-free NSD2 (PDB 5LSU) 445 

and nucleosome (PDB 1KX5) were fit into the density using UCSF Chimera 446 

(41), and then manually modified using Coot (42). Real-space refinement 447 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 6, 2020. ; https://doi.org/10.1101/2020.12.05.413278doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.05.413278


was performed using Phenix (43). 448 

Methyltransferase assay 449 

For a simple comparison of the initial reaction rate, 128 nM wild-type or 450 

mutant NSD2, and 4 M nucleosomes were used (Fig. 3c). For kinetic 451 

analysis, 256 nM wild-type NSD2, 16 nM E1099K mutant or 32 nM T1150A 452 

mutant, and a series of two-fold diluted nucleosome (from 31.25 nM to 4 453 

M) were used (Fig. 3d, Supplemental Fig. S7). NSD2 proteins, 30 μM SAM, 454 

and nucleosome were mixed in a reaction buffer (2.5 mM HEPES-Na pH 7.5, 455 

10 mM Tris-HCl pH 9.5, 2.5 mM NaCl, 12.5 mM KCl, 1 mM TCEP, and 456 

0.01% Tween 20), and incubated at 30 °C. Approximately 4 L of each 457 

reaction mixture was taken at 2, 4, 6, and 8 min, and quenched by adding 1 458 

L of 0.5% TFA. Methyltransferase activity was evaluated using an MTase-459 

Glo Methyltransferase Assay Kit (Promega). The luminescent signal 460 

corresponding to SAH production was measured using Centro LB 960 461 

(Berthold Technologies) in a white half-area 96-well plate. The measured 462 

luminescent signal was converted to represent the amount of SAM utilized 463 

using a SAH standard curve. The initial rate of each reaction was determined 464 

using a linear regression fit of the data. Each reaction was run in triplicate. 465 

Kinetic parameters were derived by fitting the values to the Michaelis–466 

Menten model using KaleidaGraph 4.5.3 software. 467 

Microscale thermophoresis 468 

The microscale thermophoresis (MST) assay was performed using a 469 

Monolith NT.115 instrument (NanoTemper Technologies). For the MST 470 

assay, 50 nM His-tagged NSD2 proteins labeled with RED-Tris-NTA and 471 
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series of two-fold diluted nucleosome or DNA (from 0.31 nM to 10 M) 472 

were incubated in the binding buffer (20 mM HEPES-Na pH 7.5 150 mM 473 

KCl, 5 % glycerol, 0.05 % Tween 20, 1 mM DTT, and 1 mM sinefungin) for 474 

30 min at room temperature, and centrifuged at 15000 rpm for 5 min. The 475 

samples were filled into premium capillaries to obtain measurements with an 476 

extinction power of 60% and medium MST power at 25 °C. Thermophoresis 477 

data were analyzed using MO.Affinity Analysis software ver. 2.3 478 

(NanoTemper Technologies). 479 

Molecular dynamics simulations 480 

The NSD2 E1099K structure (residues 986–1203 constituting two Zn 481 

atoms in the AWS domain, one Zn atom and SAM in the SET domain) was 482 

extracted from the cryo-EM-based nucleosome-bound NSD2 E1099K 483 

complex, in this study, by deleting the nucleosome. The N-terminal helix 484 

region (residues 973–985) from the crystal structure (16) (PDB ID: 5LSU) 485 

was added to the extracted NSD2 structure. In the combined structure, the 486 

L975 and L978 residues of N-terminal helix and L1071, Q1072, and R1073 487 

residues of SET domain were mutated back to the original-sequence 488 

residues Q975, A978, D1071, G1072, and K1073, respectively, to obtain 489 

the initial structure of NSD2 E1099K with an open autoinhibitory loop 490 

conformation. Subsequently, the initial structures of NSD2 wild-type, and 491 

T1150A and E1099K-T1150A mutants were obtained by introducing 492 

appropriate mutations. All mutations were introduced using the rotamer 493 

library in UCSF Chimera (41, 44). Taken together, we performed MD 494 

simulations of NSD2 wild-type and three mutants, namely E1099K, 495 
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T1150A, and E1099K-T1150A (Supplementary Table 2). 496 

All the simulations were performed using the AMBER package 497 

with the ff14SB force field for protein and improved parameters for SAM 498 

(45-47). Parameters of the Zn ion coordinated to C1144, C1191, C1193, 499 

and C1198 were obtained from the zinc AMBER force field (ZAFF) (48). 500 

The parameters of the two Zn ions in the AWS domain, coordinated to 501 

seven cysteine residues, were generated using the MCPB.py program (49). 502 

Geometry optimization and RESP charge (Merz–Kollman scheme) 503 

calculations were performed at the B3LYP/6-31* level of theory in 504 

Gaussian09 (50-52). 505 

Each system was solvated and neutralized in a cubical box 506 

containing 0.150 M NaCl TIP3P water model (53) solution with a padding 507 

distance of 13.5 Å. Energy minimization involved both steepest-descent 508 

and conjugate-gradient algorithms. System equilibration was performed in 509 

three successive steps of 500 ps each, first, heating up to 300K in NVT, 510 

followed by equilibration under NPT at a temperature of 300 K and 511 

pressure of 1 bar. A positional restraint of 100 kcal mol-1 Å-2 was applied to 512 

the heavy atoms of the solute during the first two cycles of equilibration. 513 

The temperature at 300 K and pressure at 1 bar were maintained using the 514 

Langevin dynamics algorithm (collision frequency γ= 2.0 and coupling 515 

constant = 1.0 ps) and the Berendsen barostat (pressure relaxation time = 516 

1.0 ps). Particle mesh Ewald (PME) was used to calculate the long-range 517 

electrostatic interactions (54), and the bonds associated with hydrogen 518 

atoms were constrained using the SHAKE algorithm (55). Finally, three 519 
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independent 500-ns runs were performed for each system. All analyses of 520 

the trajectories were performed using the CPPTRAJ package (56). 521 

Figure preparation 522 

The structural figures were created using PyMOL (Schrödinger, LLC) and 523 

UCSF ChimeraX (57). Sequence-alignment figure was created using ESPript 524 

(58). Both trajectory visualization and movie creation were accomplished 525 

using VMD (59, 60). 526 

 527 
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Figure legends 681 

Figure 1 Overall structure. Unless stated otherwise, proteins are colored as 682 
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follows: NSD2, magenta; H3, blue; H4, green; H2A, pink; and H2B, yellow. 683 

a, Density map (top) and ribbon model (bottom), two views related by 180° 684 

rotation. b, Superposition of the current NSD2-nucleosome structure with 685 

that of a canonical nucleosome (PDB 1KX5). Duplex DNA in the NSD2 686 

complex stretches straight up to approximately SHL +5.5, resulting in its 687 

partial unwrapping. 688 

Figure 2 Interactions of NSD2 with histones H3 and H2A, and DNA. The 689 

cryo-EM density is shown as gray mesh in a (contoured at 7), b (at 3), 690 

and d (at 5). a, Interactions with the first -helix of H3 and DNA. b, 691 

Interactions with H2A. c, Interactions with the H3 tail region. d, The H3K36-692 

binding cavity. 693 

Figure 3 Autoinhibitory loop and oncogenic mutations. a and b, Structures 694 

of the H3-free NSD2 (a) and NSD2-nucleosome complex (b). Residues 695 

whose substitutions resulted in increased H3K36 methyltransferase activity 696 

are shown with underlined labels. The autoinhibitory loop is colored orange. 697 

A water molecule mediating the interaction with T1150 and D1182 in the 698 

H3-free form is shown as a red sphere. c, Summary of the enzymatic analysis, 699 

showing the relative reaction velocity. d, Kinetic values and dissociation 700 

constants between the NSD2 proteins and the nucleosome with 185-bp DNA.  701 

Figure 4 Opening and closing of the autoinhibitory loop. a, 2D plots of the 702 

residue-wise cross-correlation matrices of NSD2 wild-type, E1099K, 703 

T1150A, and double mutant E1099K-T1150A. All the correlation 704 

coefficients between -0.3 and 0.3 were taken as zero to visualize the 705 

significantly correlated residues. The regions labeled by R1 (residues 1095–706 
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1130), R2 (residues 1140–1150), and R3 (PSL) exhibit a remarkable 707 

difference between the wild-type and mutants. The mutation sites are 708 

denoted by green ticks on the axis. b, The regions R1 (pale yellow), R2 (teal), 709 

and R3 (gray and orange), as well as the mutation sites (stick view), are 710 

shown and labeled on the NSD2 SET domain structure. c, Superimposition 711 

of the H3-free NSD2 (green) and nucleosome-bound NSD2 (magenta). H3 712 

is shown in marine blue. The overlapping hydrophobic cavity occupied by 713 

the L1184 residue in substrate-free NSD2 and H3V35 is encircled in black. d, 714 

Definition of four distance-based locks (D1: L1184–C1102, D2: C1183–715 

C1102, D3: C1183–T1121, and D4: L1181–T1121), as represented by 716 

dashed lines on SET domain structure. The autoinhibitory loop is shown in 717 

orange and residues are labeled. e, Table showing the percentage of open 718 

autoinhibitory loop conformations observed under different conditions. 719 

Figure 5 Mechanistic model of how the conformational dynamics of the 720 

autoinhibitory loop regulates the catalytic activity of NSD2. a, Normal 721 

regulation. In the H3-free state, though the autoinhibitory loop dynamically 722 

moves (two possible conformations are indicated on the left panels), it 723 

remains bound to the substrate-binding cleft by interactions around two 724 

hydrophobic patches. Upon nucleosome binding (the upper right panel), the 725 

autoinhibitory loop moves to make room for H3 binding. The structural 726 

transition is partly triggered by the interaction of K1152 with H3Y41 and 727 

DNA. b, Dysregulation by oncogenic E1099K and T1150A mutations. 728 

E1099K disrupts the salt bridge between E1099 and E1124, affecting the 729 

local conformation or dynamics of the H3V35-binding patch (indicated by a 730 
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lighter magenta color of the affected residues) and its interactions with the 731 

autoinhibitory loop. T1150A disrupts the hydrophobic or hydrophilic 732 

interactions between the H3P38-binding patch and the autoinhibitory loop. 733 

Both mutations, thus, result in a higher tendency to adopt open states and 734 

increase the catalytic turnover. 735 

Supplementary Figure S1 Cryo-EM 3D reconstruction and refinement. 736 

Supplementary Figure S2 Global and local resolution of the 3D 737 

reconstituted map. a, Fourier shell correlation (FSC) curves of the 3D 738 

reconstruction. Resolution was estimated based on the FSC curve at 0.143 739 

criterion. b, Local resolution map of the NSD2-nucleosome complex. 740 

Supplementary Figure S3 Sequence alignment of human NSD1, NSD2, 741 

NSD3, and SETD2.  742 

Supplementary Figure S4 Structural comparison between NSD2 and yeast 743 

Set2. a, Structure of the NSD2-nucleosome complex from two views. b, A 744 

close-up view of the three lysine residues that interact with nucleosomal 745 

DNA in the NSD2-nucleosome complex. c, Structure of the Set2-746 

nucleosome complex, same view as in (a). 747 

Supplementary Figure S5 Structures of chromatin factors bound to the 748 

nucleosome. a, NSD2-nucleosome complex. b, Set2-nucleosome complex. 749 

c, CHD1-nucleosome complex. d, Oct4-Sox2 bound to nucleosome. e, Yeast 750 

RNA polymerase II (PolII) bound to nucleosome. f, Linker histone H1 bound 751 

to nucleosome. 752 

Supplementary Figure S6 Structural comparison of the H3K36-binding 753 

cavities of NSD2 and human SETD2. a, NSD2 (the current structure). b, 754 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted December 6, 2020. ; https://doi.org/10.1101/2020.12.05.413278doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.05.413278


SETD2 (PDB ID 5JJY). 755 

Supplementary Figure S7 Michaelis–Menten plots using the 185-bp 756 

nucleosome as a substrate.  757 

Supplementary Figure S8 Dose-response curves of the MST assay 758 

analyzing the interactions between wild-type or mutant NSD2 and 185-bp 759 

nucleosome or naked 185-bp DNA. 760 

Supplementary Figure S9 Representative structure of the wild-type NSD2 761 

during MD simulation, in which the L1181 side chain forms hydrophobic 762 

interactions with T1121 and T1150 near the H3P38-binding patch.  763 

Supplementary Movie 1 Representative movie of the E1099K mutant 764 

showing autoinhibitory loop movement as it changes from a closed state to 765 

an open state, observed during the MD simulation. The carbon atoms of 766 

T1150 and E1099K are colored cyan. Backbone of the autoinhibitory loop is 767 

colored orange. Carbon atoms of the residues in H3V35-binding patch are 768 

colored yellow. L1181, C1183, and L1184 are colored according to the state 769 

of the autoinhibitory loop (red, all locks operational; white, locks partially 770 

released; blue, all locks released). 771 

  772 
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Supplemental Table 1 Cryo-EM data acquisition, refinement, and validation statistics 773 

 25 mM KCl (1) 25 mM KCl (2) 50 mM KCl 

Data collection    

Magnification 105,000 105,000 105,000 
Voltage (kV) 300 300 300 
Electron exposure (e-/Å2) 72.9 50 50 
Frame 70 48 48 
Defocus range (m) -0.8 to -1.6 -0.8 to -1.6 -0.8 to -1.6 
Pixel size (Å) 0.83 0.83 0.83 
No. of micrographs 2385 90 2008 

Data processing NSD2-
nucleosome 

  

Symmetry imposed 
Initial particle images 

C1 
4,784,875 

  

Final particle images 136,108   
Map resolution (Å)  
FSC threshold 

2.8 
0.143 

  

Refinement    
Initial models (PDB IDs) 1KX5, 5LSU   
Model composition 
Non-hydrogen atoms 

 
14,875 

  

Protein residues 983   
DNA residues 344   
Ligands sinefungin: 1   
 zinc: 3   
B-factors (Å2)    
Protein atoms 54.76   
DNA atoms 139.62   
Ligand atoms 101.09   
RMS deviations    
Bonds (Å) 0.009   
Angles (°) 0.685   
Validation 
MolProbity score 

 
2.31 

  

Clashscore 8.50   
Ramachandran plot    
Favored (%) 93.99   
Allowed (%) 5.91   
Outliers (%) 0.10   

 774 

  775 
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Supplementary Table 2 List of MD simulation systems 776 

 777 

Supplementary Table 3 Open-close dynamics of the autoinhibitory loop 778 

MD system 

% release of the individual locks 

All released 

(%) 

L1184@Cγ-

C1102@Sγ 

(D1) 

C1183@Sγ-

C1102@Sγ 

(D2) 

C1183@Sγ-

T1121@Cβ 

(D3) 

L1181@Cγ-

T1121@Cβ 

(D4) 

Wild-type 60.4 44.1 68.5 5.1 0.86 

E1099K 30.3 81.2 50.5 74.0 9.7 

T1150A 50.4 85.1 58.3 21.1 6.3 

E1099K-T1150A 67.1 67.5 61.0 43.8 18.8 

Note: A lock is operational when the two atoms indicated are closer than 6.5 Å; otherwise it is 

released. When all the locks are released, the autoinhibitory loop is considered “open”. 

 779 

No. Referred name Details of the system Duration 

1 Wild-type NSD2 and SAM 500 ns × 3 

2 E1099K NSD2 E1099K and SAM 500 ns × 3 

3 T1150A NSD2 T1150A and SAM 500 ns × 3 

4 
E1099K-

T1150A 

NSD2 with two mutations  

E1099K and T1150, and SAM 

500 ns × 3 

NSD2 refers to the residues 973 to 1203 constituting N-terminal helix, AWS domain, SET 

domain, and the PS loop. SAM: S-adenosyl methionine. The starting structure of NSD2 was 

taken from cryo-EM structure reported in the current study.  
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