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S T R U C T U R A L  B I O L O G Y

Histone modification–driven structural remodeling 
unleashes DNMT3B in DNA methylation
Chao-Cheng Cho1, Hsun-Ho Huang1,2, Bo-Chen Jiang1, Wei-Zen Yang1,  
Yi-Ning Chen1, Hanna S. Yuan1,2*

The DNA methyltransferase 3B (DNMT3B) plays a vital role in shaping DNA methylation patterns during mammalian 
development. DNMT3B is intricately regulated by histone H3 modifications, yet the dynamic interplay between 
DNMT3B and histone modifications remains enigmatic. Here, we demonstrate that the PWWP (proline-tryptophan-
tryptophan-proline) domain within DNMT3B exhibits remarkable dynamics that enhances the enzyme’s methyl-
transferase activity upon interactions with a modified histone H3 peptide (H3K4me0K36me3). In the presence of 
H3K4me0K36me3, both the PWWP and ADD (ATRX-DNMT3-DNMT3L) domains transition from autoinhibitory to active 
conformations. In this active state, the PWWP domain most often aligns closely with the catalytic domain, allowing 
for simultaneous interactions with H3 and DNA to stimulate DNA methylation. The prostate cancer–associated 
DNMT3B R545C mutant is even more dynamic and susceptible to adopting the active conformation, resulting in 
aberrant DNA hypermethylation. Our study suggests the mechanism by which conformational rearrangements in 
DNMT3B are triggered by histone modifications, ultimately unleashing its activity in DNA methylation.

INTRODUCTION
Epigenetic modifications encompass a range of molecular process-
es, including histone modifications and DNA methylation. These 
modifications constitute heritable changes in gene expression pat-
terns, influencing the behavior of specific genomic loci or chromo-
somes while leaving the underlying DNA sequence unchanged (1). 
In mammals, DNA methylation occurs exclusively at cytosine resi-
dues, predominately at CpG sites, by a trio of DNA methyltransfer-
ases (DNMTs): DNMT1 (DNA methyltransferase 1), DNMT3A, 
and DNMT3B (2, 3). Within the human genome, there are ~28 million 
CpG sites, with 60 to 80% exhibiting methylation, which are com-
monly associated with transcriptional silencing of retrotransposons, 
imprinted genes, and the X chromosome in female cells, as well as 
selective exposure of gene promoters to transcription factors. The 
methylation activities of DNMTs are subject to an array of regula-
tory controls, orchestrated by chromatin modifications, chromatin-
associated proteins, chromatin remodeling enzymes, and environ 
mental cues (4, 5). Understanding the mechanisms governing the 
recruitment of DNMTs to chromosomes for methylation of their 
targets, such as the interplay between chromatin modifications and 
DNA methylation, is of profound significance in deciphering the 
intricacies of epigenetic gene regulation.

All members of the DNMT family of enzymes in mammals share 
a common C-terminal catalytic methyltransferase domain (CD), 
which catalyzes the transfer of a methyl group from the cofactor S-
adenosyl methionine to cytosines within DNA. In mammalian de-
velopment, the de novo methyltransferases DNMT3A and DNMT3B 
play a crucial role in establishing DNA methylation patterns during 
embryogenesis (6). Notably, these two enzymes share a similar do-
main organization, characterized by the presence of a PWWP (proline-
tryptophan-tryptophan-proline) domain and an ADD (ATRX-DN 
MT3-DNMT3L) domain, followed by a CD (Fig. 1). Within the 

DNMT3 family, DNMT3L is distinctive in having a truncated DNA 
methyltransferase-like domain (CLD), rendering it devoid of methyl-
transferase activity. However, DNMT3L plays a unique role in pro-
tein complex formation, interacting with DNMT3A and DNMT3B 
and allosterically enhancing their methyltransferase activities (7–10).

Crystal structures of the CD of DNMT3A in complex with the 
CLD of DNMT3L (referred to as the DNMT3A-3L complex), as well 
as the DNMT3B-3L complex, have revealed a tetrameric linear CLD- 
CD-CD-CLD arrangement, with the DNA snugly bound within 
the core CD-CD of dimeric DNMT3A and DNMT3B (11–14). 
DNMT3A and DNMT3B use two flexible loops to clamp the DNA 
strand, with their target recognition domain loops bound at the ma-
jor groove, while the catalytic loop is bound at the minor groove, 
adeptly flipping out the cytosine base for methylation. The N-
terminal ADD domain within DNMT3A specifically recognizes the 
unmethylated K4 in the histone H3 tail (H3K4me0), and DNMT3A 
activity is repressed by H3K4 methylation (15). The PWWP domain 
within DNMT3A reads trimethylated K36 in the H3 tail (H3K36me3) 
to guide DNMT3A to chromatin (16). Paralleling this scenario, 
methylation of K36 in H3 by the methyltransferase SETD2 and the 
presence of the PWWP domain within DNMT3B jointly act as es-
sential components for methylation of actively transcribed genes by 
DNMT3B (17).

The ADD domain in the DNMT3 family of enzymes contains a 
PHD-finger motif, which is one of the chromatin-binding modules 
for readout of modified or unmodified lysine marks in histones (18). 
A crystal structure of the ADD domain of DNMT3L revealed 
that this PHD-finger motif embedded in the cysteine-rich ADD 
domain bears acidic residues for interactions with unmodified K4 
(H3K4me0) (19). Crystal structures of a truncated DNMT3A con-
struct containing the ADD domain and CD have further indicated 
that the ADD domain blocks the CD responsible for DNA binding, 
thereby autoinhibiting the enzyme’s methyltransferase activity (20). 
Upon binding of an ADD domain to a histone H3 tail peptide 
harboring an unmethylated K4 (H3K4me0), the ADD domain un-
dergoes a conformational rearrangement that releases DNMT3A 
from autoinhibition (20).
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The PWWP domain belongs to the Royal superfamily of modules 
that are involved in recognizing dimethylated or trimethylated ly-
sines in histones (21). More than 20 PWWP domain–containing pro-
teins have been identified in the human genome, and they are usually 
involved in chromatin-associated processes and bind both histones and 
DNA. A crystal structure of the PWWP domain of mouse Dnmt3b 
revealed a barrel-like fold packed with a helix bundle structure, which 
exhibits a basic surface patch presumably involved in nonspecific 
DNA binding (22). The crystal structure of the PWWP domain of 
human DNMT3B bound with a 12–amino acid H3K36me3 peptide 
further showed that a trimethylated lysine is inserted into an aromatic 
cage in a way similar to the Royal superfamily domains known to 
bind methylated histones (23). The cryo–electron microscopy (cryo-
EM) structure of a DNMT3A2-DNMT3B3 complex bound with a 
mononucleosome core particle unveiled that the CD of DNMT3A2 
binds to extranucleosomal DNA of the nucleosome, whereas the in-
active CLD of DNMTB3 binds to the nucleosome core, thereby 
providing the structural basis for the enzyme’s preferential methyla-
tion of chromosomes at linker regions (24). The cryo-EM structures 
of DNMT3B homo-oligomers have further revealed that the ADD 
domain may assemble with the CD in an autoinhibitory conforma-
tion, reminiscent of DNMT3A autoinhibition reported previously 
(25). However, the PWWP domains in these DNMT3B oligomers 
mostly remain undetectable, indicating a remarkable degree of con-
formational flexibility. Therefore, while structural investigations have 
unveiled various modes of H3 peptide binding to the ADD and 

PWWP domains, as well as the CD’s interactions with the ADD 
domain, DNA, or nucleosomes, the precise molecular mechanism of 
how histone modifications regulate DNMT3’s activity via the PWWP 
and ADD domains has remained elusive.

In this study, combining various biochemical and biophysical 
techniques, we investigated the intricate interplay among human 
DNMT3B, H3 peptides, and DNA to provide the molecular basis for 
how H3 histone modifications regulate DNA methylation. We show 
that the PWWP domain in DNMT3B strongly enhances the activity 
of the DNMT3B-3L complex through interactions with the modified 
histone H3 peptide with a trimethylated K36. We resolved a crystal 
structure of the PWWP domain and, together with biochemical 
data, show that the PWWP domain is involved in DNA binding in 
the presence of the H3 peptide. Using small-angle x-ray scattering 
(SAXS), we further show that both the ADD and PWWP domains 
are rearranged in DNMT3B from an autoinhibitory to active con-
formation in the presence of the modified histone H3 peptide 
(H3K4me0K36me3). Notably, in the active conformation, the PWWP 
domain undergoes a substantial shift, aligning itself adjacent to the 
CD in a position appropriate for DNA binding. This structural rear-
rangement plays a crucial role in augmenting stable assembly of the 
epigenetic DNMT3B-3L-H3-DNA complex. We also show by SAXS 
and molecular dynamics simulations that a prostate cancer–related 
DNMT3B R545C mutant, which displays hypermethylation activity, 
becomes even more flexible than a wild-type enzyme in adopting the 
active conformation through interactions with the modified histone 

Fig. 1. The PWWP domain within DNMT3B is required for the histone H3 peptide–mediated stimulation of the methyltransferase activity of the DNMT3B-3L 
complex. (A) Methyltransferase activities of 3BΔ214-3L in the absence or presence of the H3 tail peptide with methylated and/or unmethylated K4 and K36 were mea-
sured using MTase-Glo assays by three independent experiments. The 40–amino acid H3K4me0K36me3 peptide (residues 1 to 40) most strongly stimulated the methyltrans-
ferase activity of 3BΔ214-3L in methylating 40-bp DNA. MTase, methyltransferase. (B) The H3K4me0K36me3 peptide did not enhance the methyltransferase activity of 
3BΔ412-3L, but it did increase the activity of 3BΔ214-3L. The average of three independent experiments is shown with error bars representing 1 SD. Statistical significance 
(P values) was determined by two-tailed Student’s t test: *P < 0.1 and ****P < 0.0001; ns, not significant.
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H3 tail. Thus, our findings illuminate the intricate molecular mecha-
nism responsible for stimulating DNMT3B activity through struc-
tural remodeling by histone modifications.

RESULTS
The PWWP domain profoundly enhances the activity of 
DNMT3B through interactions with the 
H3K4me0K36me3 peptide
To investigate the regulatory mechanism of human DNMT3B, we 
expressed various N-terminally truncated variants of DNMT3B in 
Escherichia coli, including 3BΔ214 (residues 215 to 853, containing 
the PWWP, ADD, and CD), 3BΔ412 (residues 413 to 853, contain-
ing the ADD and CD), and the PWWP domain alone (residues 226 
to 355) (Fig. 1). Both recombinant 3BΔ214 and 3BΔ412 lacking the 
N-terminally disordered region were soluble and stable, so they could 
be copurified with the CLD of DNMT3L (residues 179 to 379) as 
tetrameric 3BΔ214-3L and 3BΔ412-3L complexes. All of our protein 
samples, including 3BΔ214-3L, 3BΔ412-3L, and PWWP, were puri-
fied to high homogeneity, as shown by gel filtration profiles and SDS– 
polyacrylamide gel electrophoresis (fig. S1).

Next, we assessed the methyltransferase activity of the DNMT3B-
3L complexes by means of MTase-Glo assays using 36–base pair (bp) 
double-stranded DNA (dsDNA) containing multiple CpG sites as a 
substrate to monitor the formation of the S-adenosyl-l-homocysteine 
reaction product. A 40–amino acid histone H3 tail peptide (residues 
1 to 40) harboring methylated or unmethylated K4/K36 was incubated 
with the DNMT3B-3L complex before measuring enzymatic activity. 
In the presence of the H3K4me0K36me0 peptide, 3BΔ214-3L activity 
was slightly increased, whereas in the presence of H3K4me3K36me0, 
its activity remained almost unchanged relative to that of H3-free 
3BΔ214-3L (Fig. 1A). However, in the presence of the H3K4me3K36me3 
peptide with a trimethylated K36, 3BΔ214-3L activity increased ap-
proximately twofold, and in the presence of the H3K4me0K36me3 
peptide, its activity was even more markedly enhanced (by ~3.5-fold) 
(Fig. 1A). This result shows that unmethylation of K4 and trimethyl-
ation of K36 in the histone H3 peptide exert synergistic effects in 
up-regulating the methyltransferase activity of 3BΔ214-3L.

Next, we compared the activity of the 3BΔ214-3L and 3BΔ412-
3L complexes, i.e., with or without the PWWP domain, respectively, 
in the absence or presence of the most stimulatory H3K4me0K36me3 
peptide. We found that 3BΔ412-3L activity was not stimulated by 
the H3K4me0K36me3 peptide, whereas 3BΔ214-3L complex activity 
was highly up-regulated (Fig. 1B). This outcome is consistent with 
previous in vivo data showing that the presence of the PWWP do-
main within DNMT3B and methylation of K36 in H3 are both re-
quired for DNMT3B-mediated methylation of actively transcribed 
genes (17). Collectively, our biochemical results demonstrate that 
a specific modified histone H3 tail peptide with an unmethylated 
K4 and a trimethylated K36 (H3K4me0K36me3) profoundly enhances 
the methyltransferase activity of the 3BΔ214-3L complex, and this 
effect is dependent on the presence of the PWWP domain with-
in DNMT3B.

A crystal structure of the PWWP domain reveals the basis for 
H3-assisted up-regulation
To investigate the mechanism underlying how the PWWP domain 
up-regulates DNMT3B activity, we measured by fluorescence polar-
ization the DNA binding affinities of DNMT3B-3L complexes using 

fluorophore-labeled 30-bp DNA as a substrate. In the presence of 
the most stimulatory peptide, i.e., H3K4me0K36me3, the 3BΔ214-3L 
complex displayed the highest binding affinity for DNA, with a 
dissociation constant (Kd) of 0.85 ± 0.07 μM, relative to the weaker 
DNA binding affinities observed for 3BΔ214-3L in the absence of 
an H3 peptide (Kd  =  3.51  ±  0.28 μM) or in the presence of an 
H3K4me0K36me0 peptide (Kd = 2.34 ± 0.15 μM), an H3K4me3K36me0 
peptide (Kd  =  3.50  ±  0.30 μM), or an H3K4me3K36me3 peptide 
(1.39 ± 0.12 μM) (Fig. 2A).

Moreover, the PWWP domain alone exhibited a low binding af-
finity for DNA (Kd =  344.50 ±  44.61 μM) (Fig. 2B), supporting a 
previous finding that the PWWP domain of DNMT3B is involved in 
nonspecific DNA binding (22). In the presence of the H3K36me3 pep-
tide, the DNA binding affinity of the PWWP domain was increased 
by 38-fold with a Kd of 9.12 ± 0.67 μM. These results indicate that the 
DNA binding affinity of the 3BΔ214-3L complex is increased and 
that the PWWP domain is involved in DNA binding in the presence 
of the H3K4me0K36me3 peptide.

To gain further insights into the increased DNA binding affinity 
of the PWWP domain through H3 peptide interactions, we crystal-
lized PWWP and the PWWP-H3 peptide complex in the presence 
or absence of DNA oligonucleotides of various lengths. However, all 
of the PWWP-H3, PWWP-DNA, and PWWP-H3-DNA cocrystals 
poorly diffracted x-rays, with only the crystals of the PWWP do-
main alone diffracting x-rays to an acceptable resolution of 2.74 Å, 
i.e., feasible for crystal structure determination. The crystals of the 
apo-form PWWP exhibited an identical space group and unit cell di-
mensions to the crystal structure reported previously of the PWWP 
domain bound with a 12–amino acid H3K36me3 peptide [Protein 
Data Bank (PDB) code: 5CIU] (23). Our crystal structure of the apo-
form PWWP domain, containing two molecules per asymmetric 
unit, was refined to an R-factor/R-free of 22.08/26.72 for 13,059/1311 
reflections (Fig. 2, C and D, and table S1). The structure of the apo-
form PWWP domain determined in the current study (PDB code: 
8ZLK) folds into a Tudor domain of a five-stranded antiparallel 
β-barrel packed against an α-helical region, i.e., similar to overall 
folding of the H3-bound PWWP reported previously (PDB entry: 
5CIU) (23), as well as folding of the PWWP domain of mouse 
dnmt3b (PDB entry: 1KHC) (22). Superimposition of the apo-form 
of mouse and human PWWP structures gave a root mean square 
deviation (RMSD) of 1.04 Å for 128 Cα atoms. Superimposition of 
the apo-form and H3-bound PWWP domain structures yielded an 
RMSD of 0.38 Å for 120 Cα atoms, indicating that H3 peptide bind-
ing does not induce an overall conformational change in the PWWP 
domain (Fig. 2C). Although the RMSD between human and mouse 
PWWP domains is low, the side-chain orientations of several resi-
dues, likely involved in H3 tail and DNA binding, differ extensively, 
including Lys232, Lys251, and Asp266 in the human PWWP domain 
(fig. S2). These findings suggest that these residues exhibit flexibility, 
and H3 tail binding may alter their orientations, thereby modifying 
the surface potential of the PWWP domain to enhance DNA bind-
ing affinity.

On the basis of the previously reported cryo-EM structure of the 
PWWP domain of the transcriptional coactivator LEDGF bound 
with a nucleosome (26), it has been suggested that the DNA binding 
surface of the PWWP domain is located proximal to the H3-binding 
region. Upon close examination of the H3-binding regions of our 
crystal structure, we noticed that the side-chain orientation of 
Asp266 that is located close to the H3 peptide varies markedly. The 
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Asp266 (Oδ1) side chain forms a hydrogen bond with the side chain 
of Lys268 (Nζ) in the apo-form of PWWP, but this hydrogen bond is 
absent from the structure of H3-bound PWWP (Fig. 2C). Conse-
quently, the Lys268 side chain is reoriented in this latter, pointing 
outward from the PWWP surface. Furthermore, the Lys251 side 
chain is also differentially orientated in the apo-form and H3-bound 
PWWP structures, pointing outward from the surface of the latter 
but inward for the former (Fig. 2C). The K295E and K295I muta-
tions in DNMT3A disrupt DNA interactions and are associated 

with paraganglioma, a rare neuroendocrine neoplasm (27). K295 in 
DNMT3A corresponds to K232 in DNMT3B, which is located 
closely to the modeled DNA. These protruding side chains of the 
positively charged Lys232, Lys251, and Lys268 may contribute to the 
increased DNA binding affinity displayed by the PWWP domain 
upon H3 binding. To validate this hypothesis, we constructed and 
purified the PWWP domain containing the K268A mutation. The 
PWWP-K268A mutant exhibited a 2.1-fold decrease in DNA bind-
ing affinity (Kd = 736.80 ± 86.84 μM) compared to the wild-type 

Fig. 2. The PWWP domain in the DNMT3B-3L complex is involved in DNA binding upon interactions with the H3K4me0K36me3 peptide. (A) The DNA binding affini-
ties of the 3BΔ214-3L complex in the absence and presence of the H3 tail peptide were measured by fluorescence polarization spectroscopy. (B) The DNA binding affinities 
of the PWWP domain and PWWP-K268A mutant in the absence and presence of the H3K4me0K36me3 peptide were measured by fluorescence polarization spectroscopy. 
Data are plotted as means ± SD from three independent experiments and fitted using GraphPad Prism version 9. (C) Superimposition of the crystal structures of apo-form 
PWWP (this study; PDB entry: 8ZLK) and H3-bound PWWP (PDB entry: 5CIU) reveals that the hydrogen bonding network between Asp266 and Lys268 is different in the two 
structures. (D) Omit Fourier (2Fo − Fc) maps surrounding residues Asp266 (top panel) and Lys251 (bottom panel) contoured at 2.0 σ. (E) Electrostatic surface potential around 
the H3-binding region of the apo-form and H3-bound PWWP structures. The locations of the bound DNA (pale blue structure) and H3 peptide (marked by a dashed line) 
are displayed on the surfaces. The averaged ratios of electropositive (blue) to electronegative (red) areas analyzed by ImageJ software are shown above the plots.
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PWWP domain (Kd = 344.50 ± 44.61 μM) (Fig. 2B). When tested in 
the presence of the H3K36me3 peptide, the PWWP-K268A mutant 
showed a 2.7-fold decrease in DNA binding affinity (Kd = 24.31 ± 
2.0 μM) relative to the wild-type PWWP domain (Kd = 9.12 ± 0.67 μM). 
These findings confirm that Lys268 plays a crucial role in the H3K36me3 
peptide–enhanced DNA binding of the PWWP domain.

We further calculated electrostatic surface potentials around the 
H3-binding regions of the apo-form and H3-bound PWWP struc-
tures. Our analysis of the ratio of electropositive (blue) to electro-
negative (red) areas indicates that the H3-bound PWWP domain is 
1.4 times more electropositive than the apo-form on the predicted 
DNA binding surfaces (Fig. 2E). Apart from the protruding basic-
charged side chains, electronegative oxygen atoms in the backbone 
of Pro240, Gly265, Gly267, and Asp266 are also masked by the H3 pep-
tide in the H3-bound PWWP structure (Fig. 2C). Together, these 
biochemical and structural data reveal that binding of the H3 pep-
tide to the PWWP domain of DNMT3B increases its basic-charged 
surface, thereby enhancing its DNA binding affinity.

The H3K4me0K36me3 peptide induces active conformational 
changes in the DNMT3B-3L complex
To investigate the mechanism underlying the interplay between 
DNMT3B and the H3K4me0K36me3 peptide, we used SAXS to eluci-
date the overall shape and conformation of DNMT3B-3L in solu-
tion. The protein sample at different concentrations was subjected to 
size-exclusion chromatography coupled with SAXS (SEC-SAXS) 
(fig. S3). The same fractions eluted from the size exclusion chroma-
tography column were simultaneously examined by synchrotron 
SAXS, which gave the molecular weights and the maximum dimen-
sions of the protein samples (Fig. 3 and fig. S3). The distance distribu-
tion functions [P(r)] and Guinier fit revealed maximum dimensions 
and radii of gyration (Rg) of 64.0 and 17.5 Å for the PWWP domain, 
159.2 and 44.6 Å for 3BΔ412-3L, and 212.4 and 51.8 Å for 3BΔ214-
3L, respectively (Fig. 3). In the presence of the H3 peptide, the max-
imum dimensions and Rg of the PWWP domain (73.5 and 17.7 Å) 
and 3BΔ412-3L (160.2 and 44.9 Å) changed slightly. However, in 
the presence of the H3K4me0K36me3 peptide, the maximum dimen-
sion of 3BΔ214-3L under the same condition declined greatly from 
212.4 to 189.4 Å, indicating that structural changes had been in-
duced by the presence of the H3 peptide (Fig. 3, B and C).

The SAXS structural envelope for 3BΔ412-3L and 3BΔ214-3L 
calculated using GASBOR further revealed that the H3 peptide in-
duced conformational changes in the enzyme complex. The simu-
lated scattering intensities (shown in colored lines) generated from 
the envelopes fitted well with the experimental data (black dots) 
with low χ2 values of 1.0 to 2.2 (Fig. 3, A to C). Molecular models of 
3BΔ412-3L were built using the crystal structures of the DMNT3A-
3L complex in autoinhibitory and active conformations (20) as tem-
plates. In the absence of the H3 peptide, the 3BΔ412-3L SAXS envelope 
fitted well with the structural model of 3BΔ412-3L in the autoin-
hibitory conformation with the ADD domain located in the “UP” 
position, which may block the DNA binding region in the CD. In 
the presence of the H3K4me0K36me0 peptide, the SAXS envelope fit-
ted well with the structural model of 3BΔ412-3L in the active con-
formation with the ADD domain shifted to the “DOWN” position 
(Fig. 3B). The rigid-body models of the PWWP domain (this study; 
PDB code: 8ZLK) and the structural model of the 3BΔ412-3L com-
plex were further fitted into the SAXS envelope of the 3BΔ214-3L 
complex. The SAXS envelope of the 3BΔ214-3L complex revealed an 

additional density, potentially representing the location of the PWWP 
domain that is also rearranged in the presence of the H3K4me0K36me3 
peptide and indicating that the PWWP domain also shifts its position 
through interactions with the H3 peptide (see dashed circles in 
Fig. 3C).

The distance distribution functions [P(r)] of the 3BΔ214-3L com-
plex exhibited a characteristic smoothing toward 0 as the r value 
approached Dmax (Fig. 3C), and the dimensionless Kratky plot re-
vealed that the curve peak at q*Rg was slightly greater than √3 (fig. 
S3D), indicating that 3BΔ214-3L exhibited some degree of flexibil-
ity (28, 29). To gain further insights into its molecular mobility, we 
modeled the structure of the 3BΔ214-3L complex in the absence 
and presence of the H3K4me0K36me3 peptide by the ensemble opti-
mization method (EOM) (30). The EOM algorithm selected coexisting 
conformers from large pools of conformations, and the resulting 
SAXS profile calculated from the subensembles fitted well with 
measured SAXS profiles having low χ2 values (Fig. 4A). Using EOM, 
four major conformations emerged consistently with high frequen-
cies across three independent analyses, including two autoinhibito-
ry forms and two activated forms (with the peaks corresponding to 
these four conformations labeled in Fig. 4B). It was estimated that in 
the absence of the H3 peptide, 3BΔ214-3L predominantly adopted 
two autoinhibitory conformations with the ADD domain in the UP 
position (46.0 to 46.4% in Autoinhibitory Form 1 and 31.0 to 32.4% 
in Autoinhibitory Form 2), and the remaining 21.5 to 23.0% adopt-
ed the active conformation with the ADD domain in the DOWN 
position (Activated Form 1) (Fig. 4C). In the presence of the most 
stimulatory H3K4me0K36me3 peptide, all of the 3BΔ214-3L com-
plexes were shifted to active conformations, with 29.3 to 29.6% in 
Activated Form 1 and 70.4 to 70.7% in Activated Form 2 (Fig. 4C).

The SAXS model of 3BΔ214 in Activated Form 2 exhibits a do-
main arrangement that closely resembles the molecular models of 
DNMT3B predicted by AlphaFold 2 (Fig. 5A and fig. S4A). In this 
active conformation, the PWWP domain is integrated into the 
3BΔ214-3L complex and directly engages with the ADD domain. 
Moreover, in this SAXS model (in Activated Form 2), the PWWP 
domain and CD simultaneously interact with DNA, similar to the 
AlphaFold 3–predicted model of the DNMT3B-3L-DNA complex 
(fig. S4B) (31). Together, these results indicate that our SAXS struc-
tural model in the active conformation (Fig. 5A) may represent an 
epigenetic assembly of the DNMT3B-DNMT3L-H3 peptide-DNA 
complex in the chromatin-associated premethylation state.

To determine whether this interaction between the PWWP domain 
and the ADD domain occurs in the presence of the H3K4me0K36me3 
peptide, we performed glutathione S-transferase (GST) pull-down 
assays using a GST-tagged ADD domain to pull down the PWWP 
domain. Without the H3K4me0K36me3 peptide, the GST-tagged ADD 
domain failed to pull down the PWWP domain. However, in the 
presence of the H3 peptide, the ADD domain pulled down the 
PWWP domain (Fig. 5B). In addition, we generated a mutated 
version of the GST-tagged ADD domain containing a D470A sub-
stitution. D470 in DNMT3B corresponds to D529 in DNMT3A, 
where the D529A mutation disrupts DNMT3A-H3 peptide interac-
tions (20). In our pull-down assays, this ADD-D470A mutant failed 
to interact with the PWWP domain, regardless of the presence or 
absence of the H3K4me0K36me3 peptide (Fig. 5B). These findings 
suggest that the binding of the H3K4me0K36me3 peptide triggers a 
conformational change in the 3BΔ214-3L complex, allowing the 
PWWP domain to directly associate with the ADD domain, where 
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Fig. 3. Solution SAXS structures of the DNMT3B-3L complexes in the absence or presence of the H3 peptide. SAXS profiles (black dots) are represented as logarith-
mic scattering intensities in the left panels. Calculated profiles are displayed as solid-colored lines, with the fitting errors (χ2) shown within the figure. Distance distribution 
functions [P(r)/I(0)] are shown in the middle panels with radii of gyration (Rg) and maximum diameters (Dmax) shown within the figures. SAXS envelopes of (A) the PWWP 
domain, (B) 3BΔ412-3L, and (C) 3BΔ214-3L were determined using GASBOR (dashed circles mark the possible location of the PWWP domain). Rigid domains were used 
to fit into the SAXS envelope: the PWWP domain (this study; PDB: 8ZLK) and the 3BΔ412-3L structural model [built on the basis of the structures of the DNMT3A-3L com-
plex in autoinhibitory and active conformations (20)]. The ADD and PWWP domains are substantially shifted in the 3BΔ412-3L and 3BΔ214-3L complexes in the presence 
of the H3K4me0K36me0 and H3K4me0K36me3 peptides, respectively.
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Fig. 4. The DNMT3B-3L complex is dynamic and adopts multiple conformations. (A) SAXS profiles of the 3BΔ214-3L complex (black dots) in the absence (left panel) 
or presence (right panel) of the H3K4me0K36me3 peptide. The SAXS data were analyzed by the EOM and the EOM-simulated curves (solid lines) that were calculated from a 
group of conformers have been fitted with the SAXS data with low χ2 values. (B) The frequencies of size distribution that resulted from three independent EOM analyses 
(labeled by Run-1, Run-2, and Run-3) reveal four major conformations with high frequencies. The peaks that correspond to Autoinhibitory-1, Autoinhibitory-2, Activated-
1, and Activated-2 conformations are labeled in the figure. (C) Percentage ranges of multiple conformations (Autoinhibitory Form 1, Autoinhibitory Form 2, Activated 
Form 1, and Activated Form 2) of wild-type 3BΔ214-3L, as well as the two mutant complexes (E515D and R545C), generated from three independent EOM analyses in the 
absence or presence of the H3K4me0K36me3 peptide are shown.
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D470 plays a key role in ADD-H3 peptide interactions. Overall, the EOM 
analysis and biochemical assays suggest that the H3K4me0K36me3 
peptide induces a substantial conformational change in the 3BΔ214-3L 
complex, with both the ADD and PWWP domains shifting their po-
sitions from autoinhibitory to active conformations (see movie S1).

Oncogenic R545C mutation enhances DNMT3B’s activity 
upon interactions with the H3K4me0K36me3 peptide
Alterations in DNMT3B expression or mutations in the enzyme have 
been implicated in various types of cancer, such as a recent study 
showing that certain mutations of DNMT3B are associated with 
prostate cancer (32). That study reported that 22% of metastatic 
castration-resistant prostate cancers presented an epigenomic sub-
type characterized by excessive methylation and somatic mutations 
in TET2, DNMT3B, IDH1, and BRAF (32). Nevertheless, it was un-
clear how two mutations of DNMT3B, i.e., E515D and R545C, 
contribute to global genome-wide hypermethylation and pros-
tate cancer since both mutation sites are located within the ADD do-
main that is not directly involved in H3 peptide binding and complex 
assembly (Fig. 6A). To gain further insights, first, we expressed and 
purified the 3BΔ214-3L and 3BΔ412-3L complexes harboring the 
E515D or R545C mutation (fig. S1). Circular dichroism profiles 
of the two resulting mutant complexes, 3BΔ214(E515D)-3L and 

3BΔ214(R545C)-3L, were unchanged relative to those of the wild-type 
3BΔ214-3L complex, indicating that the mutations did not cause 
major structural perturbations in terms of overall protein folding and 
complex assembly (fig. S5).

To reveal whether the E515D and R545C mutations affect enzy-
matic activity, we assayed the methyltransferase activities of the 
wild-type and mutant 3BΔ412-3L and 3BΔ214-3L complexes. In 
comparison to the methyltransferase activity of the wild-type 3BΔ412- 
3L complex (set to 1.0), the E515D mutant displayed similar relative 
activities in the absence and presence of the H3K4me0K36me0 pep-
tide (Fig. 6B). However, the R545C mutant exhibited greater activity 
than the wild-type complex in the presence of the H3K4me0K36me0 
peptide. In contrast, in the presence of the H3K4me3K36me0 peptide 
hosting a methylated K4, the activities of all three 3BΔ412-3L com-
plexes were considerably reduced, supporting the notion that only 
the H3 peptide with an unmethylated K4 effectively interacts with 
the ADD domain and thus stimulates the activity of DNMT3B.

For the 3BΔ214-3L complexes, the H3K4me0K36me0 peptide slight-
ly enhanced the activities of wild-type enzyme (set to 1) and the cor-
responding E515D mutant, but it more strongly increased the activity 
of the corresponding R545C mutant (Fig. 6B). The H3K4me0K36me3 
peptide with a trimethylated K36 similarly enhanced the activities 
of both the wild-type and E515D mutant complexes, but notably, it 

Fig. 5. The PWWP domain of DNMT3B directly interacts with the ADD domain upon H3 peptide binding. (A) Structure model of the 3BΔ214-3L complex (SAXS 
model in Activated Form 2) bound with an H3 peptide (left panel) and structural model of the 3BΔ214-3L-H3 peptide complex bound with DNA (right panel). (B) In the 
absence of the H3K4me0K36me3 peptide, GST pull-down assays show that the GST-tagged ADD domain failed to pull down the PWWP domain. However, in the presence 
of the H3K4me0K36me3 peptide, the GST-tagged ADD domain pulled down the PWWP domain. The ADD mutant D470A failed to pull down the PWWP domain in the pres-
ence or absence of the H3K4me0K36me3 peptide. The assays were quantified by band densitometry and plotted as the means ± SD for three independent experiments 
(right panel).
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Fig. 6. Oncogenic R545C mutation enhances DNMT3B’s activity upon interactions with the H3 peptide because of increased flexibility at PWWP and ADD do-
mains. (A) The locations of the two mutations, E515D and R545C, on the surface of the ADD domain are displayed as ball models in the structure of the 3BΔ214-3L com-
plex in the active conformation. (B) Left panel: relative methyltransferase activities of wild-type 3BΔ412-3L (set to 1) and two corresponding E515D and R545C mutant 
variants in the absence or presence of the H3K4me0K36me0 peptide. Right panel: relative methyltransferase activities of the wild-type 3BΔ213-3L complex (set to 1) and 
two E515D and R545C mutant variants in the absence or presence of the H3K4me0K36me3 peptide. Error bars denote SD. Statistical significance (P values) was determined 
by two-tailed Student’s t test: **P < 0.01, ***P < 0.001, and ****P < 0.0001. (C) Three independent all-atom molecular dynamics stimulations of 3BΔ214-3L-H3 com-
plexes in the active state (Activated Form 2) for wild-type (WT) 3BΔ214-3L and mutated R545C complexes were performed in explicit solvent for 100 ns at 300 and 310 K, 
respectively. The dynamics of the PWWP and ADD domains were increased in the R545C mutant, which exhibited higher RMSF values in these regions than those of the 
wild-type 3BΔ214-3L complex. The averaged RMSD (between the initial and simulated structures) profiles and RMSF (for the residues that fluctuate from their original 
mean positions) profiles from three independent runs are displayed in solid red and blue lines with the error bar representing 1 SD showing in red and blue shades for 
wild-type and R545C mutant complexes, respectively. The RMSF profile in the loop region between the ADD domain and CD is enlarged at the right upper corner, reveal-
ing higher fluctuations in the R545C mutant complex.
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exerted the strongest stimulatory effect on the R545C mutant (Fig. 
6B). These results indicate that even though the R545C mutation is 
located in the ADD domain, it may promote interactions between the 
PWWP domain and the H3 peptide to strongly enhance DNMT3B’s 
enzymatic activity. Thus, the methyltransferase activity of the 
DNMT3B-3L complex harboring the prostate cancer–linked R545C 
mutation is more markedly enhanced than its wild-type counterpart 
upon interactions with the H3K4me0K36me3 peptide.

Oncogenic R545C mutation increases the propensity of 
DNMT3B to adopt the active conformation
To investigate the mechanism underlying the heightened activity of 
DNMT3B arising from its R545C mutation, we measured the SAXS 
profiles of 3B∆214-3L complexes harboring either the R545C or 
E515D mutation in the absence or presence of the H3 peptide. The 
distance distribution functions [P(r)] and dimensionless Kratky 
plots indicated that both mutants exhibited flexibility (fig. S6), so we 
modeled the SAXS structures of the mutant complexes by EOM. In 
the absence of the H3 peptide, the two mutants primarily adopted 
autoinhibitory conformations (E515D: Autoinhibitory Form 1 = 45.2 
to 46.5%, Autoinhibitory Form 2 = 27.4 to 27.6%; R545C: Autoin-
hibitory Form 1 = 44.1 to 45.6%, Autoinhibitory Form 2 = 31.8 to 
34.1%) (see Fig. 4C). In the presence of the H3K4me0K36me3 peptide, 
67.6 to 68.2% of the E515D mutant complex shifted to Activated 
Form 2, i.e., similar to the proportion (70.4 to 70.7%) of wild-type 
enzyme that did so. This result is consistent with our methyltrans-
ferase activity assays showing that the activity of the 3B∆214(E515D)-
3L mutant complex is similar to that of wild-type enzyme in the 
absence or presence of the H3 peptide (Fig. 6B).

In contrast to the E515D mutant, the 3B∆214(R545C)-3L mu-
tant complex presented a different folding distribution to wild type 
in the presence of the H3K4me0K36me3 peptide, with 82.4 to 83.2% of 
that mutant complex adopting Activated Form 2 and 16.8 to 18.6% 
being in Activated Form 1 (Fig. 4C). This result suggests that 
3B∆214(R545C)-3L was more prone to shift to Activated Form 2 in 
the presence of H3K4me0K36me3 peptide than the wild-type enzyme. 
Assuming that Activated Form 2 is the optimal active assembly for 
DNA binding and methylation, these findings align well with our 
enzymatic activity assays (Fig. 6B) showing that 3B∆214(R545C)-
3L exhibited the highest activity (Activated Form 2: 82.4 to 83.2%) 
relative to the wild-type 3B∆214-3L (70.4 to 70.7%) and 3B∆214 
(R545C)-3L (67.6 to 68.2%) complexes. Thus, our SAXS results sug-
gest that the H3K4me0K36me3 peptide can shift a higher percentage 
of the 3B∆214-3L complex harboring the R545C mutation to the 
active conformation than it can do for the wild-type enzyme. Ac-
cordingly, we conclude that the R545C mutation enhances the meth-
yltransferase activity of the DNMT3B-3L complex by making it more 
susceptible to adopting an active conformation through interactions 
with the histone H3K4me0K36me3 peptide.

To corroborate our notion that the R545C mutation enhances 
the mobility of the DNMT3B-3L complex, we performed molecular 
dynamics simulations on the wild-type 3B∆214-3L and R545C mu-
tant complexes. The SAXS EOM model of wild-type 3B∆214-3L in 
the active state (Activated Form 2) was used as the template. An H3 
tail peptide (residues 1 to 40) was added onto the model with a con-
formation adopted from the H3 peptide bound with the ADD do-
main of DNMT3L (PDB entry: 2PVC) and the H3 peptide bound to 
the PWWP domain of Dnmt3b (PDB entry: 5CIU) (Fig. 5A). We 
conducted all-atom molecular dynamics simulations on the 3B∆214- 

3L-H3 complex structure in its Activated Form 2, both with or with-
out the R545C mutation, in an aqueous environment with explicit 
solvent representation. Three independent simulations were per-
formed using GROMACS at a mean temperature of 300 K (and 
310 K), 1-atm pressure, and pH 7 for a total sampling period of 100 ns 
(33–35). Both the wild-type DNMT3B and R545C mutant struc-
tures showed low, plateaued Cα-atom RMSD (between the initial 
and simulated structures) profiles (<2 Å) throughout the time-course 
analysis, indicating convergence in the simulation trajectories (Fig. 
6C). The core CDs of both wild-type DNMT3B and R545C mutant 
displayed consistently low Cα-atom root mean square fluctuation 
(RMSF; for the residues that fluctuate from their original mean po-
sitions) values (<1.0 Å), indicating minimal atomic fluctuations 
within the CD relative to the average simulation structure (Fig. 6C). 
In contrast, the N-terminal regions of the R545C mutant, particu-
larly within the ADD and PWWP domains, exhibited increased 
fluctuations with higher RMSF values compared to those of wild-
type DNMT3B (Fig. 6C). The R545C mutation is located in the C-
terminal end of the ADD domain, i.e., at the junction between the 
ADD domain and the following loop. Therefore, these molecular 
simulations support our notion that the R545C mutation increases 
the dynamics of DNMT3B in the ADD and PWWP domains, which 
consequently becomes more susceptible to adopting the active con-
formation through interactions with the histone H3K4me0K36me3 pep-
tide, thereby eliciting heightened methyltransferase activity.

DISCUSSION
Our study showcases the interactions between the DNMT3B-3L 
complex and a 40–amino acid histone H3 peptide (H3K4me0K36me3) 
that are capable of triggering formation of an active DNMT3B-3L-H3 
complex that is vital for DNA methylation. Our biochemical analyses 
highlight an ~3.5-fold increase in DNA binding and methylation 
activity within the active complex upon engagement with the 
H3K4me0K36me3 peptide. Notably, the heightened activity of DNMT3B-
3L induced by the H3 peptide is contingent upon the presence of the 
PWWP domain, which specifically interacts with the trimethylated 
K36 mark on the H3 peptide. Our SAXS models further infer the 
dynamic nature of the DNMT3B-3L complex, suggesting the pres-
ence of both autoinhibitory and active states. In the presence of the 
H3K4me0K36me3 peptide, the ternary DNMT3B-3L-H3 complex pre-
dominately adopts an active conformation (Fig. 5A). This structural 
remodeling strongly correlates with the enzyme’s observed increase 
in methylation activity in the presence of the H3 peptide, implying a 
direct link between the conformational change in the enzymatic com-
plex and its enhanced functionality in methylation.

Our study has unveiled concurrent structural remodeling of the 
PWWP and ADD domains by the H3 peptide, transitioning from 
autoinhibitory to active states (Fig. 7 and movie S1). The PWWP 
domains of DNMT3A and DNMT3B have been recognized for de-
cades as DNA binding domains, displaying nonspecific interactions 
with DNA (22,  36). Crystal structures of the PWWP domains of 
HDGH, HRP3, and BRPF2 have elucidated its predominant interac-
tions with the phosphate backbone of DNA at the minor or major 
groove, devoid of sequence specificity (37–39). Simultaneously, the 
PWWP domain acts as a histone reader, specifically engaging with the 
trimethylated K36 mark on histone H3, guiding DNMT3 enzymes to 
chromatin (16, 17, 40). In a cryo-EM structure of the human transcrip-
tional coactivator LEDGF in complex with an H3K36-methylated 
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nucleosome, the PWWP domain displays multivalent binding to the 
methylated H3 tail and to both gyres of nucleosomal DNA (26). To-
gether, these results indicate that synergistic binding of DNMT3B 
to the modified histone and DNA allows its preferential recruit-
ment to H3K36-methylated genomic regions, such as CpG-dense 
regions and the bodies of transcribed genes, facilitating efficient 
DNA methylation.

In addition, our findings have revealed a noteworthy increase in 
the in vitro methyltransferase activity of the prostate cancer–linked 
DNMT3B R545C mutant relative to the wild-type enzyme. This 
heightened activity aligns with the observed global hypermethyl-
ation of DNA genomes in patients afflicted with cancer (32). This 
R545C mutation, positioned near the end of the ADD domain in the 
loop region, instigates enhanced DNMT3B dynamics, particularly 
affecting the mobility of the PWWP and ADD domains. We 

corroborated this augmented flexibility through comprehensive 
SAXS analyses and molecular dynamics simulations. The DNMT3B 
variant carrying the R545C mutation exhibits increased adaptabili-
ty, allowing it to readily transition into an active conformation for 
DNA methylation. Consequently, its heightened flexibility leads to 
abnormal hypermethylation. Thus, our study sheds light on the 
molecular mechanism behind the observed aberrant DNA methyl-
ation in patients with prostate cancer having the DNMT3B R545C 
mutation.

In conclusion, our research has unveiled the fundamental mecha-
nism by which DNMT3B is recruited to chromosomes through his-
tone modifications at the K4 and K36 positions. The intricate interplay 
among DNMT3B, histone H3, and DNA collectively orchestrates the 
formation of an epigenetic complex in the active conformation that 
is crucial for efficient DNA methylation. Any mutations within 

Fig. 7. Conformational rearrangement of DNMT3B triggered by H3 peptide binding unleashes its DNA binding and methylation activity. The structural model of 
the DNMT3B-3L complex in the absence of the H3K4me0K36me3 peptide shows that it is primarily in the autoinhibitory state. In this autoinhibitory conformation, the ADD 
domain blocks the DNA binding region in the CD. Binding of the H3K4me0K36me3 peptide to DNMT3B induces a conformational rearrangement of the PWWP and ADD 
domains to facilitate DNA binding and methylation. In the active state, the PWWP domain concurrently interacts with the H3 peptide and DNA. See also movie S1.
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DNMT3B or alterations in the methylation/demethylation states at the 
H3 tail that disrupt the formation of this active complex can com-
promise DNA methylation, resulting in various disease conditions.

MATERIALS AND METHODS
Protein expression and purification
The cDNA fragments encoding DNMT3BΔ214 (residues 215 to 853), 
DNMT3BΔ412 (residues 415 to 853), ADD (residues 392 to 554), 
PWWP (residues 206 to 355), and DNMT3L (residues 179 to 379) were 
amplified by polymerase chain reaction and subcloned into the overex-
pression vectors by similar procedures described previously (41). The 
DNA fragments encoding DNMT3BΔ214 were inserted into pSOL Ex-
pression Vectors (Lucigen), whereas the cDNAs encoding PWWP and 
DNMT3L were cloned respectively into a modified pET28a(+) expres-
sion vector expressing an N-terminal 6xHis-SUMO tag and a tobacco 
etch virus (TEV) cleavage site to generate the pSol-tev-DNMT3BΔ214, 
pSol-tev-DNMT3BΔ412, pET28a(+)-tev-PWWP, and pET28a(+)-tev-
DNMT3L plasmids. The cDNA encoding the ADD domain was cloned 
into a modified pGEX4T1 vector expressing an N-terminal GST tag and 
a cleavable TEV site to generate pGEX4T1-tev-ADD. The E515D and 
R545C mutations were introduced into pSol-tev-DNMT3BΔ214 or 
pSol-tev-DNMT3BΔ412, whereas K268A and D470A mutations were 
introduced into pET28a(+)-tev-PWWP and pGEX4T1-tev-ADD, re-
spectively, using a QuikChange site-directed mutagenesis kit (Agilent).

All expression plasmids were transformed into the bacterial strain 
Rosetta2 (DE3) pLysS. Cells were grown at 37°C in LB broth (Miller) 
medium containing chloramphenicol (34 μg/ml) and kanamycin 
(50 μg/ml) for expression of pSol-tev-DNMT3BΔ214, pSol-tev-
DNMT3BΔ412, and pET28a(+)-tev-PWWP or ampicillin for ex-
pression of pGEX4T1-tev-ADD (41). Expression of DNMT3BΔ214 
and DNMT3BΔ412 (including wild-type truncated enzyme, as well 
as the E515D and R545C mutant variants) was induced by addition 
of 0.1% rhamnose. In contrast, expression of PWWP and DNMT3L 
was induced by 0.4 mM isopropyl-thio-β-d-galactoside until an op-
tical density at 600 nm of 0.6 had been attained (41). After induction, 
the cells were grown at 18°C overnight and harvested by centrifugation 
at 6000 rpm at 4°C for 30 min. The pellet was collected and redissolved 
in lysis buffer containing 25 mM Hepes (pH 7.4), 500 mM NaCl, 5% 
glycerol, 0.5 mM tris(2-carboxylethyl)phosphine (TCEP), and 
EDTA-free protease inhibitor cocktail (Roche, Switzerland). The re-
dissolved soups of DNMT3BΔ214 or DNMT3BΔ412 were mixed 
with the redissolved soup of DNMT3L in a 4:1 ratio to generate the 
DNMT3BΔ214-3L (wild-type, E515D, R545C) and DNMT3BΔ412-
3L (wild-type, E515D, R545C) complexes.

Recombinant DNMT3B-3L complexes were purified by similar 
chromatographic methods as previously described (41). The pellet mix-
ture was lysed using a microfluidizer. After centrifugation at 17,000g for 
45 min at 4°C, the supernatant was loaded through a HisTrap FF col-
umn (GE Healthcare). After equilibrium with nickel wash buffer con-
taining 50 mM sodium phosphate (pH 8.0), 500 mM NaCl, 5% glycerol, 
5 mM β-mercaptoethanol, and 40 mM imidazole, the His-tagged pro-
tein was eluted with nickel elution buffer (same constitution as nickel 
wash buffer) and up to 500 mM imidazole. The 6xHis-tag was removed 
by TEV protease during dialysis overnight at 4°C against a buffer con-
taining 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, 5% glyc-
erol, and 10 mM β-mercaptoethanol. The dialyzed protein sample 
was loaded into a HisTrap FF column (GE Healthcare), and the 
flow-through fractions containing the cleaved untagged protein of 

interest were collected. To further purify the protein sample, HiTrap 
Heparin HP (GE Healthcare) and gel filtration (Superdex 200 increase 
10/300 GL, GE Healthcare) columns were used sequentially. The final 
purified samples of the DNMT3B-3L complexes were solubilized in gel 
filtration buffer containing 20 mM tris-HCl (pH 7.4), 200 mM NaCl, 
5% glycerol, and 0.5 mM TCEP.

To purify the PWWP domain (wild type and the K268A mutant), 
after removing insoluble pellets by centrifugation, the supernatant 
was loaded onto a HisTrap FF column (GE Healthcare). After equi-
librium with nickel wash buffer containing 20 mM Hepes (pH 7.4), 
500 mM NaCl, 5% glycerol, and 25 mM imidazole, the His-tagged 
protein was eluted with nickel elution buffer (same constitution as 
nickel wash buffer) and up to 500 mM imidazole. The 6xHis-tag was 
removed by TEV protease during dialysis overnight at 4°C against a 
buffer containing 20 mM sodium phosphate (pH 7.4) and 250 mM 
NaCl. The dialyzed protein sample was loaded into a HisTrap FF col-
umn (GE Healthcare), and the flow-through fractions containing the 
cleaved untagged protein of interest were collected. To further purify 
the protein sample, HiTrap SP HP (GE Healthcare) and gel filtration 
(Superdex 200 increase 10/300 GL, GE Healthcare) columns were 
used sequentially. The final purified samples of the DNMT3B-3L 
complexes were solubilized in gel filtration buffer containing 20 mM 
Pipes (pH 6.5), 200 mM NaCl, and 5% glycerol.

To purify the GST-tagged ADD domain (wild type and the D470A 
mutant), after removing insoluble pellets by centrifugation, the su-
pernatant was loaded onto a GSTrap FF column (GE Healthcare). 
After equilibrium with a wash buffer containing 20 mM tris-HCl 
(pH 8.0), 150 mM NaCl, 0.01 mM ZnCl2, and 5 mM dithiothreitol 
(DTT), the GST-tagged protein was eluted with an elution buffer 
(same constitution as wash buffer) containing 20 mM reduced gluta-
thione. The eluted protein was further purified by a HiTrap Q HP 
column (GE Healthcare) and Superdex 200 increase 10/300 GL 
column (GE Healthcare) sequentially. The purified protein was solu-
bilized in gel filtration buffer containing 20 mM tris-HCl (pH 8.0), 
150 mM NaCl, 0.01 mM ZnCl2, and 5 mM DTT.

Circular dichroism spectroscopy
Far-ultraviolet circular dichroism spectra from 260 to 190 nm were 
recorded on an AVIV Circular Dichroism Spectrometer (Aviv Bio-
medical Inc.). All measurements were conducted in a 1-mm quartz 
cuvette at 25°C by similar procedures described before (41). The pro-
tein samples in 20 mM phosphate buffer (pH 7.4) were set to 0.4 μM 
for the DNMT3BΔ214-3L (wild-type, E515D or R545C) complexes. 
The circular dichroism spectra were processed by smoothing and 
baseline subtraction using built-in AVIV software. All experiments 
were performed in triplicate. Secondary structure compositions were 
estimated and analyzed using BeStSel (42). Thermal denaturation 
was carried out by monitoring circular dichroism signals at 222 nm 
from 10° to 95°C. Tm values were calculated using the maximum of 
the first derivative of the circular dichroism signal.

Methyltransferase activity assay
The methyltransferase activities of the wild-type and mutant DNMT 
3BΔ214-3L and DNMT3BΔ412-3L complexes were measured using 
an MTase-Glo Methyltransferase Assay Kit (Promega) (41). The 
36-bp dsDNA substrate [2 μM with a sequence of 5′-(GAC)12-3′] 
was incubated with 0.2 μM protein in the presence or absence of 0.6 μM 
H3K4me0K36me0, H3K4me0K36me3, H3K4me3K36me0, or H3K4me3K36me3 
peptide (residues 1 to 40: ARTKQTARKSTGGKAPRKQLATKAARK 
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SAPSTGGVKKPHR, synthesized by Synbio Tech Inc.) in a reaction 
buffer containing 20 mM tris-HCl (pH 8.0), 50 mM NaCl, 1 mM 
EDTA, 1 mM DTT, 5% glycerol, bovine serum albumin (0.1 mg/ml), 
and 10 μM S-adenosylmethionine in a volume of 4 μl at 37°C for 1 hour. 
The reaction was stopped by adding 1 μl of 0.5% trifluoroacetic acid for 
5 min, followed by addition of 1 μl of 6× MTase-Glo reagent and incu-
bation for 30 min. Next, 6 μl of MTase-Glo detection reagent was added 
and incubated for another 30 min. The luminescence signals were re-
corded using an EnSpire Multimode Plate reader (PerkinElmer).

Determination of DNA binding affinity by fluorescence 
polarization assays
Increasing concentrations (0.05 to 50 μM) of DNMT3BΔ214-3L com-
plex were incubated with a 30-bp 3′-end fluorescein amidite–labeled  
dsDNA (15 nM) with a sequence of 5′-CTGAATACTACTTGC 
GCTCTCTAACCTGAT-3′ in the presence or absence of a 40–
amino acid H3 peptide (150 μM) (H3K4me0K36me0, H3K4me0K36me3, 
H3K4me3K36me0, or H3K4me3K36me3) at 25°C for 30 min in a buffer 
containing 20 mM Hepes (pH 7.8), 50 mM NaCl, 5% glycerol, 1 mM 
DTT, and bovine serum albumin (0.5 mg/ml). The PWWP domain 
(wild type and the K268 mutant) was incubated with the same fluo-
rescein amidite–labeled dsDNA in the presence or absence of the 
12–amino acid H3K36me3 peptide (300 μM) (residues 30 to 41: PST 
GGVKKPHRY, synthesized by Synbio Tech Inc.). Fluorescence po-
larization measurements were performed on a SpectraMax Paradigm 
Multi-Mode Detection Platform at 25°C and analyzed in SoftMax Pro 
7. The changes of fluorescence polarization signal (ΔmP) were calcu-
lated as mP −  baseline mP, in which mP (millipolarization units) 
represents the fluorescence polarization value. Each reaction was 
performed in triplicate. The data were analyzed using nonlinear re-
gression analysis in GraphPad Prism 9.

Protein crystallization and structural determinations
The purified PWWP domain from human DNMT3B was concen-
trated to 25 mg/ml and subjected to crystallization screening ex-
periments. Protein crystals were grown by the hanging-drop vapor 
diffusion method by mixing 1 μl of the PWWP domain [in a buffer 
of 20 mM Pipes (pH 6.5), 200 mM NaCl, and 5% glycerol] and 1 μl 
of reservoir solution containing 0.2 M lithium sulfate monohydrate, 
0.1 M 3-(cyclohexylamino)-1-propanesulfonic acid (pH 8.0), and 
2 M ammonium sulfate. The crystals formed within 1 week at 283 K 
and were subsequently soaked in a cryoprotectant solution consist-
ing of 25% glycerol and the reservoir solution before crystal mount-
ing. X-ray diffraction data for the PWWP domain were collected at 
TLS beamline 15A and TPS beamline 05A at the National Synchro-
tron Radiation Research Center in Hsinchu, Taiwan. The diffraction 
data were processed in HKL2000.

The crystal structure of apo-form PWWP was refined in PHENIX 
Phaser using the model built by SWISS-MODEL as a template. The 
initial model was rebuilt using the program Coot, and amino acid 
side chains and water molecules were fitted according to 2|Fo| − |Fc| 
and |Fo| − |Fc| electron density maps during repeated cycles of struc-
tural refinement in PHENIX. The data collection and structure re-
finement statistics are presented in table S1.

Small-angle x-ray scattering (SAXS)
Real-time SEC-SAXS data were recorded and normalized using the 
scattering of buffer by the TPS-13A SWAXS data reduction package 
at the TPS-13A beamline of the National Synchrotron Radiation 

Research Center in Hsinchu, Taiwan. The protein sample [100 μl; 
DNMT3BΔ214-3L, DNMT3BΔ214(E515D)-3L, DNMT3BΔ214(R5 
45C)-3L, or DNMT3BΔ412-3L (5 mg/ml) with or without preincu-
bation with the H3K4me0K36me0 or H3K4me0K36me3 peptide at a 
protein:peptide molar ratio of 1:3 at 4°C overnight or PWWP do-
main (10 mg/ml) in 20 mM tris-HCl (pH 8.0), 300 mM NaCl, 1 mM 
TCEP, and 5% glycerol] was injected into the Agilent-Bio SEC-03 
300-Å column (300-Å pore size) at a flow rate of 0.02 ml/min and 
detected at a sample-to-detector distance of 2.5 m. An x-ray wave-
length of 0.827 Å was used to collect 199 frames of 2-s exposure for 
DNMT3BΔ214-3L, DNMT3BΔ214(E515D)-3L, and DNMT3BΔ2 
14(R545C)-3L; 113 frames for DNMT3BΔ412-3L; and 118 frames 
for PWWP. Selected frames were merged and analyzed for initial Rg 
estimation in the PRIMUS program or for Dmax and P(r) distance 
distributions in the GNOM program. The SAXS data collection and 
scattering-derived parameters of SAXS analyses are listed in table 
S2. Low-resolution ab initio envelopes of proteins were generated in 
GASBOR using the ATSAS web interface (30). The EOM was per-
formed to analyze SAXS data using the structures of the PWWP do-
main (this study; PDB code: 8ZLK), ADD [PDB code: 7O45; (43)], 
and DNMT3B-3L heterotetramer [PDB code: 6KDP; (13)] as rigid 
bodies. First, we generated a total of 10,000 models, and then the 
SAXS profiles of these models were fitted with the measured SAXS 
profiles to select the best-fitting models.

GST pull-down assay
The PWWP domain (60 μg) was incubated with the GST-tagged 
wild-type or D470A mutant of the ADD domain (20 μg) in the pres-
ence or absence of H3K4me0K36me3 peptide in a molar ratio of 2:1 
(H3 peptide:PWWP) for 1 hour at 4°C in the binding buffer contain-
ing 20 mM tris-HCl (pH 8.0), 100 mM NaCl, 0.01% 2-mercaptoethanol, 
5% glycerol, and 0.1% Triton X-100. The GST-ADD proteins were 
then immobilized to 40 μl of glutathione resins (GE Healthcare) for 
1 hour at 4°C. After washing five times with the binding buffer, the 
bound proteins were resolved in 20% SDS–polyacrylamide gel elec-
trophoresis and stained with Coomassie blue. Quantification of band 
intensity was performed using ImageJ.

Molecular modeling and predictions
To generate the DNMT3BΔ214-3L-DNA model (shown in Fig. 5A), a 
44-bp dsDNA (5′-CAGGATGTATAATTCGGAAAAATTTTTCCGA
ATTATACATCCTG-3′) was manually built onto the SAXS structure of 
DNMT3BΔ214-3L in Coot. The loop connecting the PWWP and ADD 
domains in DNMT3B was rebuilt to avoid clashes with DNA (shown in 
Fig. 5A). The final structural model was minimized using PHENIX. The 
molecular models of dimeric DNMT3BΔ214 and DNMT3BΔ214-3L 
in complex with a 54-bp dsDNA (5′-CAGGACAGGATGTATAATTCG 
GAAAAATTTTTCCGAATTATACATCCTGTCCTG-3′) were predicted 
using AlphaFold 2 (44) and AlphaFold 3 (31), respectively (shown 
in fig. S4). Models with the “top 2” confidence score for dimeric 
DNMT3BΔ214 and interface predicted template modeling/predicted 
template modeling score for DNMT3BΔ214-3L-DNA complex were 
selected and visualized in PyMOL.

All-atom molecular dynamics simulations
The R545C mutation was manually built into the structural model 
of DNMT3BΔ214-3L (in Active Form 2, shown in Fig. 5A) in 
Coot, followed by minimization using PHENIX. The wild-type 
and mutant structures were evaluated using the GROMACS 2021.5 
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molecular dynamics software package (33–35). The OPLS-AA/L all-
atom force field (45) was used to parameterize the protein. The struc-
tures were solvated with spc216 water molecules and neutralized 
with chloride counterions. Three independent molecular dynamics 
simulations were performed for 100 ps, first at constant volume and 
temperature (NVT) and then at constant pressure and temperature 
(NPT). This resulted in an equilibrated system at 300 K (and 310 K) 
and 1 atm. The structures were subjected to an unrestrained 100-ns 
dynamic simulation, and the RMSD and RMSF of the protein back-
bone were computed using GROMACS.

Supplementary Materials
The PDF file includes:
Figs. S1 to S6
Tables S1 and S2
Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
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