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Covalent modifications of nucleosomes regulate chromatin-
based processes such as DNA transcription, replication and 
repair. Many modifications occur on the accessible histone 

tails that protrude from the nucleosome core particle. These modi-
fications include acetylation and methylation of lysine residues and 
are recognized by ‘reader’ domains that recruit various proteins. 
The molecular basis for how reader domains recognize histone 
modifications has been provided by structural studies of reader 
domain–histone peptide complexes1.

Some reader domains not only bind modified histone tails, but 
can additionally bind to DNA. Of over 20 types of reader domains, 
at least four (PWWP, Tudor, chromo and bromo) are known to bind 
both the modified histone and DNA2,3. These reader domains are 
predicted to recognize the histone modification in the context of 
nucleosomal DNA, with both types of interactions contributing to 
the affinity of the domain for modified nucleosomes. However, such 
multivalent binding of a reader domain was thus far not observed 
directly.

A widespread type of reader domain that can engage in multi-
valent interactions is the PWWP (Pro-Trp-Trp-Pro motif) domain. 
This domain was identified in the protein product of the Wolf–
Hirschhorn syndrome candidate gene 1 (WHSC1) and in proteins 
related to hepatoma-derived growth factor (HDGF)4,5. It was later 
found in the DNA methyltransferase DNMT3B and the DNA repair 
protein MSH6 (refs. 6,7). The PWWP domain is a reader of methyl-
ated histone tails and comprises a five-stranded N-terminal β-barrel 
and two C-terminal α-helices8. The β-barrel harbors a conserved 
aromatic cage that binds a methyl-lysine residue9, as also observed 
for other reader domains of the ‘Royal’ superfamily such as Tudor, 
chromo, Agenet and MBT domains10.

Most PWWP domains bind the histone H3 N-terminal tail that 
is di- or tri-methylated at lysine 36 (H3K36me2 or H3K36me3)11–16. 
The H3K36me3 modification occurs in gene bodies of transcribed 
chromatin in eukaryotic species from yeast to human17. This  
modification is mainly generated by SETD2 (KMT3A), a lysine 
methyltransferase associated with elongating RNA polymerase II 
(Pol II)18,19. H3K36me3 has functions in transcription elongation, 

alternative splicing, DNA methylation, DNA damage signaling, and 
repression of cryptic transcription and histone exchange20.

The PWWP domain binds methylated H3K36 histone tail pep-
tides with much lower affinity11,15 than other methyl-lysine reader 
domains such as PHD fingers21. To achieve high-affinity binding, 
PWWP domains rely on additional interactions with DNA. Indeed, 
the PWWP domain was first described as a DNA-binding fold7,22, 
and the PWWP domain in Pdp1 was found to bind both a meth-
ylated histone peptide and DNA23. Nucleosomal DNA was shown 
to contribute strongly to high-affinity binding of a PWWP domain 
to an H3K36-methylated nucleosome24,25, and it was predicted that 
the domain may bind both DNA gyres25. Very recently, structures 
were reported of the PWWP domain of HDGF in complex with a 
10-base pair (bp) DNA fragment (Protein Data Bank (PDB) 5XSK) 
and of the PWWP domain of HRP3 (also called HDGFL3) with an 
H3K36me3 peptide and DNA26. However, there is no structure of a 
PWWP domain bound to a nucleosome.

To investigate how a reader domain binds a modified nucleo-
some, we solved the cryo-electron microscopy (cryo-EM) structure 
of the PWWP domain of LEDGF in complex with an H3K36me3 
analog-containing nucleosome. The association of LEDGF with 
both H3K36me3 and DNA has been well studied14,24,25,27,28. LEDGF 
is also known as PSIP1, p75 or p52, and functions as a transcrip-
tion coactivator29 and as an interactor of HIV-1 integrase28. LEDGF 
helps RNA Pol II to overcome the nucleosome barrier during tran-
scription30. Our structure explains cooperative interactions of the 
PWWP domain with the histone tail and DNA, and recruitment of 
many diverse human PWWP domain-containing factors to H3K36-
methylated chromatin regions.

Results
Linker DNA stabilizes LEDGF binding to a modified nucleo-
some. We assembled recombinant nucleosomes with H3K36me3 
mimicked by a methyl-lysine analog31. The lysine is mutated to cys-
teine and alkylated to form a thioether mimicking methylated lysine 
(H3KC36me3). Purified recombinant full-length LEDGF bound to 
the H3KC36me3-modified nucleosome, as seen in an electrophoretic  
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mobility shift assay (EMSA) (Extended Data Fig. 1a). The complex 
was assembled by mixing LEDGF and an H3KC36me3-modified 
nucleosome with 145 bp DNA with the canonical Widom 601 
sequence at a molar ratio of 2:1. The complex was then isolated by 
size-exclusion chromatography, cross-linked with glutaraldehyde 
and used for the preparation of cryo-EM grids. Cryo-EM data were 
collected on a Titan Krios microscope (FEI) with a K2 detector 
(Gatan) (see Methods).

Analysis of the cryo-EM data revealed weak density for LEDGF 
(Extended Data Fig. 1b, left). To stabilize LEDGF on the nucleo-
some, we prepared H3KC36me3-modified nucleosomes with an 
additional 20 bp of extranucleosomal linker DNA at the exit site. 
Indeed, LEDGF bound more tightly to the extended nucleosome 
containing 165 bp of DNA (Extended Data Fig. 1a). Cryo-EM analy-
sis revealed a defined additional density for the PWWP domain of 
LEDGF (Extended Data Fig. 1b, right). We therefore subjected the 
modified nucleosome–LEDGF complex with the 165 bp DNA to 
structure determination.

Cryo-EM structure of nucleosome–PWWP complex. The cryo-
EM structure was determined from 55,142 particles at a resolu-
tion of 3.2 Å (see Methods and Extended Data Fig. 2). Whereas the 
nucleosome and the PWWP domain of LEDGF were well defined 
in the density, the two AT-hook regions and an HIV integrase bind-
ing domain of LEDGF27,32 were mobile (Fig. 1a,b). This is consistent 
with results showing that the PWWP domain mediates chromatin 
tethering of LEDGF33. The nucleosome core was resolved at 3.0-Å 
resolution, whereas the PWWP domain was resolved at local resolu-
tions of 3.7–5.8 Å (Extended Data Fig. 2c).

Density for purine and pyrimidine bases could be distinguished 
around the dyad from super-helical location (SHL) −4 to SHL +4 
and enabled tracing of the nucleosomal DNA sequence (Extended 
Data Fig. 3e,f). Of the 20 bp of extranucleosomal DNA, the proxi-
mal 5 bp could be traced in the final model. We also built the H3 
tail from the octamer core to residue V35 (Extended Data Fig. 3). 
The side chain of residue H3KC36me3 was clearly visible (Extended 

Data Fig. 3c). Fragmented density for a second PWWP domain was 
observed on the other side of the nucleosome around the second 
methylated H3 tail, indicating that two copies of LEDGF could 
bind simultaneously to a methylated nucleosome (Extended Data 
Fig. 1b). However, the second protein copy could not be included 
in the model due to its poor density. The structure was subjected to 
real-space refinement and showed very good stereochemistry (see 
Methods and Table 1).

Multivalent nucleosome binding by the PWWP domain. The 
structure shows that the PWWP domain binds the methylated H3 
tail and both DNA gyres of the nucleosome (Fig. 1b). The PWWP 
domain contacts DNA at SHLs +7 and −1, where the H3 tail  
protrudes from the nucleosome core between the two DNA gyres 
(Fig. 1b). The same face of the PWWP domain interacts with  
the H3 tail and both DNA gyres (Extended Data Fig. 4a). The  
multivalent binding mode observed here has not been seen in  
previous nucleosome–protein complexes and explains why the 
binding affinity of the PWWP domain to an H3K36me3-modified 
nucleosome is ~10,000-fold higher than to a free H3K36me3-
modified peptide24,25. The structures remain almost unaltered 
on binding, with root-mean-square deviations of 1.1 Å and 1.3 Å 
compared with the free nucleosome34 and PWWP structures  
(PDB 4FU6), respectively.

Interaction with methylated histone tail. The aromatic cage of 
the PWWP domain binds the H3KC36me3 side chain via a cation-π 
interaction, as previously observed in H3K36me3 peptide-bound 
structures of the PWWP domain of BRPF1, ZMYND11 and 
DNMT3B (refs. 11,35,36) (Fig. 2a). The aromatic cage is formed by 
residues M15, Y18, W21 and F44. The histone tail interacts with 
the PWWP domain not only via its KC36me3 side chain, but also via 
the main chain of residues V35, and KC36me3 with the side chain of 
residue E49 in the PWWP domain (Fig. 2a). Overall, these interac-
tions are highly similar to those observed in other isolated histone 
H3 tail peptide–PWWP domain structures.
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Fig. 1 | Structure of the H3KC36me3-modified nucleosome bound to the PWWP domain of LeDgF. a, Domain architecture of LEDGF. Only the PWWP 
domain is visible in the structure. PWWP, Pro-Trp-Trp-Pro motif domain; AT, AT-hook; IBD, integrase binding domain. b, Overview of the structure in front 
view (left) and side view (right). H2A, H2B, H3, H4, forward strand, reverse strand and LEDGF are colored in yellow, red, blue, green, cyan, orange and 
purple, respectively. The color code is used throughout. H3KC36me3 residue is depicted as a stick model. SHLs 0, −1 and +7 are indicated with numbers.
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Interactions with both DNA gyres. Interactions of the PWWP 
domain are exclusively with the phosphodiester backbone in 
the minor grooves of DNA, and no interactions with DNA bases  
are observed. This indicates that the binding between the  
PWWP domain and nucleosomal DNA is not sequence specific. 
Two positively charged patches that flank the aromatic cage of the 
PWWP domain contact negatively charged backbones of both DNA 
gyres (Fig. 2b). Whereas one patch (patch 1) binds the DNA gyre 
at SHL +7, the other patch (patch 2) binds the second DNA gyre 
at SHL −1. Whereas the former contact was recently observed in 
crystal structures of PWWP domains with short DNA fragments26 
(Extended Data Fig. 4b), it was not known that it reflects binding 
to SHL +7.

In more detail, the PWWP domain patch 1 is formed by residues 
from loops β1-β2 and α1-α2. Side chains of K14 and K16 from the 
β1-β2 loop and of K73 and R74 from loop α1-α2 form a network of 
electrostatic interactions and hydrogen bonds with the phosphates 
of nucleotides −66 to −69 on the reverse strand of DNA at SHL +7 
(Fig. 2c and Extended Data Fig. 4c). In addition, the side chain of 
K75 in loop α1-α2 forms two hydrogen bonds with the phosphate 
groups of nucleotides 72 and 73 on the forward chain at SHL +7. 
This interaction contributes to stabilizing the LEDGF–nucleosome 
interaction on the exit site where linker DNA was added. The posi-
tively charged patch 2 of the PWWP domain contains residues K39 
and K56 and interacts with the phosphate backbone groups of nucle-
otides 11 and 12 at SHL −1 (Fig. 2c and Extended Data Fig. 4c).

Conserved mode of PWWP–nucleosome interaction. Most proteins 
that recognize H3K36-methylated nucleosomes employ a PWWP 
domain. The human genome codes for more than 20 proteins that 
contain a PWWP domain. PWWP domains can be categorized into 
six subfamilies based on variable insertion motifs8,15,37 (Supplementary 
Note). LEDGF belongs to the subfamily of HDGF-related proteins 
(HRP), and LEDGF residues involved in methylated nucleosome rec-
ognition are highly conserved in this subfamily (Fig. 3a). This pre-
dicts that our nucleosome–PWWP structure is a good model for HRP 
subfamily members that bind with their PWWP domains to methyl-
ated nucleosomes (Fig. 3b). Although these PWWP domains differ 
in the presence of specific insertions, they all share the two DNA-
interacting positively charged surface patches that face the DNA 
gyres (Supplementary Note and Fig. 3c), suggesting that all PWWP 
domains interact with nucleosomes in a similar way. This is supported 
by a superposition of the three known structures of PWWP domains 
bound to an H3K36me3-containing histone H3 peptide (BRPF1, 
ZMYND11 and DNMT3B)11,35,36 onto our structure (Fig. 3d).

Discussion
Here, we report the cryo-EM structure of a PWWP reader domain 
bound to a nucleosome with a trimethylation mark at residue K36 
of histone H3. The structure reveals that the PWWP domain uses 
a single composite binding face to contact the methylated H3 tail 
and both DNA gyres flanking the tail. This binding mode is dis-
tinct from classical nucleosome interactions, where factors gener-
ally bind to the H2A-H2B acidic patch34,38. The observed binding 
mode is also distinct from recent structural studies of nucleosomes 
in complex with a deubiquitinase module or histone methyltrans-
ferases, which all bind to the ubiquitinated histone octamer face39,40, 
and not to the edge of the nucleosome, as observed for the PWWP 
domain here.

Our structural observations are highly consistent with previ-
ous mutagenesis results that identified key residues involved in 
nucleosome–PWWP interaction. In particular, van Nuland et  al. 
mutated the positively charged residues in the PWWP domain of 
LEDGF and identified key residues involved in DNA interactions25. 
Mutation of each of the positively charged residues located in both 
DNA-interacting patches (K14A, K16A, K73A, R74A and K75A in 
patch 1, and K39A and K56A in patch 2) observed in our structure 
had been previously shown to lead to reduced binding affinity to 
nucleosome25. Substitution of R74 in the LEDGF PWWP domain 
abolished its interaction with the nucleosome in  vitro25, and was 
shown to dramatically reduce chromatin tethering and HIV-1 
infectivity in vivo33,41. These published functional data validate our 
structural results.

Comparison of our structure with available structures of PWWP 
domains with isolated H3 peptides or DNA fragments, or both, 
revealed that binding of the methylated H3 tail and of one of the 
two DNA gyres is similar (Extended Data Fig. 4b). This shows that 
structures of minimal complexes provide binding sites that are rel-
evant for understanding domain interactions with the nucleosome.  

Table 1 | Cryo-eM data collection, refinement and validation 
statistics

165 bp H3KC36me3 nucleosome–
LeDgF (eMD-10069, PDB 6S01)

Data collection and processing

 Magnification 130,000

 Voltage (kV) 300

 Electron exposure (e−/Å) 43.2

 Defocus range (μm) −1.25 to −2.75

 Pixel size (Å) 1.05

 Symmetry imposed C1

 Initial particle images (no.) 527,640

 Final particle images (no.) 55,142

 Map resolution (Å) 3.2

 FSC threshold 0.143

 Map resolution range (Å) 3.0–5.8

Refinement

 Initial models used (PDB code) 3MVD, 4FU6

 Model resolution (Å) 3.1

 FSC threshold 0.143

 Model resolution range (Å) –

 Map sharpening B factor (Å2) −124

 Model composition

 Nonhydrogen atoms 12,959

 Protein residues 853

 Nucleic acid residues 300

 B factors (Å2)

 Protein 88.0

 Nucleic acid 142.7

 R.m.s. deviations

 Bond lengths (Å) 0.01

 Bond angles (°) 0.73

Validation

 MolProbity score 1.44

 Clashscore 3.93

 Poor rotamers (%) 0.42

 Ramachandran plot

 Favored (%) 96.13

 Allowed (%) 3.87

 Disallowed (%) 0
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However, from these structures, the detailed contacts and the  
exact position of the PWWP domain on the methylated nucleo-
some could not be predicted. Several models were proposed for 
how PWWP domains bind to a methylated nucleosome24–26,36, but 
these deviate from our nucleosome–PWWP complex structure 
(Extended Data Fig. 5). Although the models placed the PWWP 
domain near the H3 tail as observed, and predicted cross-gyre  
binding25,26, they suggested distinct DNA positions and different 
domain orientations, apparently because DNA fragments in available  
structures could not be assigned to one of the two DNA gyres and 
the SHLs of the nucleosome.

The structure is also a good model for understanding the bind-
ing of other PWWP domain proteins to H3K36me3-modified 
nucleosomes. For example, the DNA methyltransferase DNMT3B 
is recruited to transcribed genes, which leads to their preferential 
methylation42. DNMT3B recruitment to transcribed genes requires 
SETD2-mediated methylation of H3K36 and a functional PWWP 
domain in DNMT3B (ref. 42). Our structure thus suggests a general 
mechanism for recruitment of many other PWWP domain-con-
taining proteins to H3K36-methylated chromatin regions, including 
proteins involved in transcription elongation35, histone acetylation11 
and methylation16, and DNA methylation42 and repair43.

A very interesting finding from our work is that the PWWP reader 
domain can bind across both DNA gyres of the nucleosome. Such 
cross-gyre binding of nucleosome-interacting proteins was pro-
posed already 25 years ago44, but only observed very recently, when 
a study revealed that transcription factors of the T-box family use 
such cross-gyre binding45. Recent structures of chromatin remodel-
ing enzymes and a retroviral intasome bound to nucleosomes also 
showed cross-gyre binding through multiple domains46–50, but with 
different geometries and at distinct SHL positions.

Our structure also suggests a mechanism that could contrib-
ute to preventing nucleosome loss during gene transcription. The 
SETD2 methyltransferase associates with transcribing Pol II and 
introduces the H3K36me3 modification co-transcriptionally18,19. It 
was shown in yeast that this results in decreased nucleosome turn-
over and maintains intact chromatin within actively transcribed 
regions51,52. Stabilization of nucleosomes after Pol II passage can 
be achieved indirectly, by recruitment of a histone deacetylase that 
triggers chromatin closure and a chromatin remodeling complex 
that prevents histone exchange during transcription in yeast53,54. 
Our structure suggests that nucleosome stabilization could also be 
achieved directly, by cross-gyre binding of proteins with PWWP 
domains to H3K36me3-modified nucleosomes. Thus, binding of 
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PWWP domains to H3K36-methylated nucleosomes that occurs in 
the wake of transcribing Pol II could help to prevent histone loss 
and spurious transcription initiation from inside transcribed genes.

Our structure also has implications for understanding nucleo-
some interactions of other proteins of the ‘Royal’ family that 
bind methylated H3K36 and DNA, such as the Tudor domain of 
Polycomb-like proteins PHF1 and PHF19 and the chromo domain of 
MRG15 (refs. 55–58). These domains share a β-barrel with the PWWP 
domain but differ in subsidiary motifs (Extended Data Fig. 6a). 
However, structural superposition shows that the H3 tail is bound 
differently to the domain surface and that the H3K36me3 moiety 
inserts into the aromatic cage differently (Extended Data Fig. 6b).  
Assuming that the position of the H3 tail protruding between the 
two DNA gyres is restricted, the Tudor domain of PHF1 would 
clash with one end of nucleosomal DNA and would not be able to 
bind to the nucleosome as observed here (Extended Data Fig. 6c). 
This predicts that Tudor domain binding to the H3K36-methylated 
nucleosome destabilizes the nucleosome and leads to unwrapping 
of terminal DNA. This could account for the known increase in 
DNA accessibility on binding of PHF1 to the nucleosome59.

There are several other reader domains that were reported to bind 
both a modified histone tail and DNA simultaneously. In particular,  
the PWWP domain of Pdp1 and the chromo domain of MSL3  
are thought to interact with nucleosomes methylated at H4K20  
(refs. 23,60), and the chromo domain of CBX2 and CBX8 and their 
homologs with nucleosomes containing H3K27me3 (refs. 2,61). 
Combined histone tail and DNA interactions were also proposed 
for a double bromodomain in TAF1 (ref. 62), and recently shown 
with binding assays for the bromodomains of BRDT and BRG1 
(refs. 63,64). However, the structural basis for how these reader 
domains recognize various histone modifications in the context of 
the nucleosome cannot be predicted and awaits future studies.
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Methods
Protein expression and purification. Full-length LEDGF was cloned into a 
modified pFastBac vector containing an N-terminal His6-MBP tag followed by 
a TEV cleavage site (a gift from Scott Gradia, University of California, Berkeley; 
vector 438-C (Addgene 55220)) via ligation independent cloning. Protein 
expression in insect cells was performed as described previously47. Briefly, the 
recombinant vector was transformed into DH10EMBacY cells (Geneva Biotech)  
by electroporation to generate bacmid. After virus amplification, 300 µl V1 virus 
was added to 600 ml Hi5 cells grown in ESF-921 medium (Expression Systems). 
Cells were grown for 48–72 h at 27 °C, collected by centrifugation (238g, 4 °C, 
30 min) and resuspended in lysis buffer (20 mM HEPES-Na pH 7.5, 300 mM  
NaCl, 10% glycerol (v/v), 1 mM DTT, 30 mM imidazole pH 8.0, 0.284 µg ml−1  
leupeptin, 1.37 µg ml−1 pepstatin A, 0.17 mg ml−1 phenylmethyl sulfonyl fluoride, 
0.33 mg ml−1 benzamidine). The cell resuspension was frozen in liquid nitrogen  
and stored at −80 °C.

Frozen cell pellets were thawed and lysed by sonication. Lysates were cleared by 
centrifugation (18,000g, 4 °C, 30 min and 235,000g, 4 °C, 60 min). The supernatant 
containing LEDGF was filtered using 0.8 µm syringe filters (Millipore) and applied 
onto a GE HisTrap HP 5 ml column (GE Healthcare), pre-equilibrated in lysis 
buffer. After sample application, the column was washed with 10 column volumes 
(CV) lysis buffer, 5 CV high-salt buffer (20 mM HEPES-Na pH 7.5, 1 M NaCl, 
10% glycerol (v/v), 1 mM DTT, 30 mM imidazole pH 8.0, 0.284 µg ml−1 leupeptin, 
1.37 µg ml−1 pepstatin A, 0.17 mg ml−1 phenylmethyl sulfonyl fluoride, 0.33 mg ml−1 
benzamidine) and 5 CV lysis buffer. The protein was eluted with a gradient of 
0–100% elution buffer (20 mM HEPES-Na pH 7.5, 300 mM NaCl, 10% glycerol 
(v/v), 1 mM DTT, 500 mM imidazole pH 8.0). Peak fractions were pooled and 
dialyzed for 16 h against 600 ml dialysis buffer (20 mM HEPES-Na pH 7.5, 300 mM 
NaCl, 10% glycerol (v/v), 1 mM DTT, 30 mM imidazole) in the presence of 2 mg 
His6-TEV protease. The dialyzed sample was applied to a GE HisTrap HP 5 ml 
column. The flow-through containing LEDGF was concentrated using an Amicon 
Millipore 15 ml 10,000 molecular weight cut-off (MWCO) centrifugal concentrator 
and applied to a GE Superdex 200 10/300 size-exclusion column, pre-equilibrated 
in gel filtration buffer (20 mM HEPES-Na pH 7.5, 300 mM NaCl, 10% glycerol 
(v/v), 1 mM DTT). Peak fractions were concentrated to ~100 µM, aliquoted, flash 
frozen and stored at −80 °C.

Preparation of unmodified and H3KC36me3-modified nucleosomes. Xenopus 
laevis histones were expressed, purified and assembled into nucleosomes with 
the Widom 601 sequence as described previously65. To generate the H3KC36me3-
modified histone, a single lysine-to-cysteine mutation (K36C) was introduced 
into the H3 sequence by site-directed mutagenesis. Cysteine-engineered histone 
H3K36C protein was alkylated as described previously31. Briefly, purified K36C 
H3 protein was reduced with DTT before addition of a 50-fold molar excess of 
trimethylammonium bromide (Sigma, cat. no. 117196–25G). The reaction mixture 
was incubated for 4 h at 50 °C before quenching with 5 mM β-mercaptoethanol. 
The modified protein was separated and desalted using a PD-10 desalting 
column (GE Healthcare), pre-equilibrated in water supplemented with 2 mM 
β-mercaptoethanol and lyophilized. The incorporation of alkylation agents was 
confirmed by MALDI-TOF mass spectrometry (Extended Data Fig. 1c).

Widom 601 145 bp DNA was purified as described from the pUC19 
8 × 145 bp 601-sequence plasmid using EcoRV restriction enzyme 
to digest the DNA into fragments65. Widom 601 165 bp DNA was 
generated by PCR using purified 145 bp Widom 601 DNA as a template 
and two primers (forward, ATCAGAATCCCGGTGCCG; reverse, 
GTCGCTGTTCAATACATGCAATCGATGTATATATCTGACAC). PCR products 
were pooled from two 48-well PCR plates (100 µl per well). The products were 
ethanol precipitated and resuspended in 1 ml TE buffer (10 mM Tris pH 8.0, 1 mM 
EDTA pH 8.0). The resuspended DNA was applied to a Mono Q 1 ml column  
(GE Healthcare) and eluted with a gradient of 20–100% TE high-salt buffer 
(10 mM Tris pH 8.0, 1 M NaCl, 1 mM EDTA pH 8.0). Peak fractions were analyzed 
on a 1% (v/v) TAE agarose gel, and fractions containing the desired DNA product 
were pooled. The sample was ethanol precipitated, resuspended in 100 µl TE buffer 
and stored at 4 °C before use.

To reconstitute nucleosomes, histone octamers and DNA were mixed at a 1:1 
molar ratio in high-salt buffer (20 mM HEPES-Na pH 7.5, 1 mM EDTA pH 8, 2 M 
KCl) and gradient dialyzed against low-salt buffer (20 mM HEPES-Na pH 7.5, 
1 mM EDTA pH 8, 30 mM KCl) over 18 h.

EMSA. Nucleosome and LEDGF were incubated in EMSA buffer (20 mM HEPES-
Na pH 7.5, 50 mM NaCl, 1 mM TCEP, 5% glycerol) for 1 h on ice and analyzed by 
native 6% 0.5× Tris-borate-EDTA(TBE) PAGE. Each reaction contained 1 pmol 
nucleosome and increasing amounts of LEDGF (0, 1, 2, 4, 8 pmol). Gels were run at 
120 V for 3 h and stained with SYBR Gold (Invitrogen).

Formation of nucleosome–LEDGF complex. LEDGF and the H3KC36me3-
modified nucleosome were mixed at a molar ratio of 2:1 and incubated for 1 h on 
ice. The mixture was applied to a Superose 6 Increase 3.2/300 column equilibrated 
in gel filtration buffer (20 mM HEPES-Na pH 7.5, 50 mM NaCl, 1 mM DTT). The 
peak fraction was cross-linked with 0.05% (v/v) glutaraldehyde on ice for 10 min 

and quenched for 10 min using 10 mM Tris-HCl (pH 7.5), 2 mM lysine and 8 mM 
aspartate. The sample was transferred to a Slide-A-Lyzer MINI Dialysis Unit 
20,000 MWCO (Thermo Scientific) and dialyzed for 6 h against 500 ml dialysis 
buffer (20 mM HEPES-Na pH 7.5, 50 mM NaCl, 1 mM DTT).

Cryo-EM grid preparation and data collection. The sample was applied to 
glow-discharged UltrAuFoil 2/2 grids (Quantifoil) by applying 2 µl on each side 
of the grid. After incubation for 10 s, the sample was blotted for 4 s and vitrified 
by plunging into liquid ethane via a Vitrobot Mark IV (FEI) operated at 4 °C and 
100% humidity. Cryo-EM data were acquired on an FEI Titan Krios transmission 
electron microscope operated at 300 keV, equipped with a K2 summit direct 
detector and a GIF quantum energy filter (Gatan). Automated data acquisition 
was carried out using FEI EPU software at a nominal magnification of ×130,000, 
resulting in a physical pixel size corresponding to 1.05 Å. Movies of 40 frames were 
collected in counting mode over 9 s at a defocus range of 1.25–2.75 μm. The dose 
rate was 5.29 e− Å−2 s−1, resulting in 1.08 e− per Å2 per frame. A total of 4,296 and 
1,268 movies were collected for the nucleosome–LEDGF complexes with 165 bp 
and 145 bp DNA, respectively.

Image processing and model building. Movie stacks were motion corrected, 
contrast transfer function (CTF) corrected and dose weighted using Warp66. 
Particles were auto-picked by Warp, yielding 527,640 particle images. Image 
processing was performed with RELION 3.0.5 (ref. 67). Particles were extracted 
using a box size of 2562 pixels, and normalized. Reference-free two-dimensional 
classification was performed to remove poorly aligned particles. An ab initio  
model generated from cryoSPARC68 was used as an initial model for subsequent 
three-dimensional (3D) classification. All classes containing nucleosome density 
were combined and used for a global 3D refinement. A reconstructed map  
at 3.1-Å resolution was obtained from 224,648 particles. To obtain an improved 
density map for the PWWP domain, the nucleosome part in the refined particles 
was subtracted by back-projection employing a mask. The remaining density of 
the particles was subjected to further 3D classification without image alignment. 
All classes containing PWWP density were subjected to CTF refinement, Bayesian 
polishing and 3D refinement. Post-processing of refined models was performed 
using automatic B factor determination in RELION, and reported resolutions are 
based on the gold-standard Fourier shell correlation 0.143 criterion (−123.97 Å2 
B factor and 3.2-Å resolution for the best class). Local resolution estimates were 
obtained using the built-in local resolution estimation tool of RELION and 
previously estimated B factors.

The model was built into the density of the class that showed the best local 
resolution of the PWWP domain. A nucleosome structure with 145 bp Widom 
601 DNA (PDB 3MVD)34 and the crystal structure of the LEDGF PWWP domain 
(PDB 4FU6) were placed into the density map by rigid-body fitting in Chimera. 
Both structures were manually adjusted and the extra linker DNA was built using 
COOT. The model was subjected to alternating real-space refinement and manual 
adjustment using PHENIX69,70 and COOT71, resulting in very good stereochemistry 
as assessed by Molprobity72.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Electron microscopy densities were deposited in the Electron Microscopy Data 
Bank with the accession code EMD-10069. The coordinate file for the LEDGF 
PWWP–165 bp H3KC36me3-modified nucleosome structure was deposited in the 
Protein Data Bank with the accession code 6S01.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Binding of LeDgF to H3KC36me3-modified nucleosome. a, EMSA reveals that full-length LEDGF preferentially binds to a 
H3KC36me3-modified nucleosome with longer (165 bp) DNA. Molar ratio of full-length LEDGF to indicated nucleosomes are shown on the top of each 
lane. Bands correspond to each component and complexes are labeled on the right. Bands of degraded LEDGF-bound nucleosomes are denoted with *. 
For gel source data, see Source Data Extended Data Fig. 1. b, Reconstructed EM density maps of 145bp and 165bp H3KC36me3-modified nucleosome with 
LEDGF. Note that the presence of the extra DNA in the latter complex leads to a defined additional density for the PWWP domain. c, Mass spectrometry 
measurement of the H3KC36me3 modified histone H3. Left: molecular weight measurement of H3K36C mutant. Right: molecular weight measurement of 
H3KC36me3 modified H3.
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Extended Data Fig. 2 | Cryo-eM data processing. a, Data processing procedure for the complex of the 165 bp H3KC36me3-modified nucleosome with 
LEDGF using Warp and Relion. b, Fourier Shell Correlation (FSC) plot for the reconstruction using 55,142 particles in the indicated class (enclosed by 
dashed line in the final step in a). The overall resolution is 3.2 Å as determined by the FSC 0.143 criterion. c, Local resolution assessment of the final 
cryo-EM map. d, Euler angle distribution of particles used in the final 3D reconstruction.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Cryo-eM density. a, A vertical slice through the structure. Models of all chains are shown as sticks and the cryo-EM density is 
shown as a gray mesh. b, A horizontal slice through the structure. Models of all chains are shown as sticks and the EM density is shown as a gray mesh. 
c, Density of histone H3 residue KC36me3 and its interacting residues of the aromatic cage in the PWWP domain. d, Density of DNA-interacting residues 
of patch 1. e, Density of part of the nucleosomal DNA at SHL 0. f, Density of the dyad DNA base pair. g, Density of the B-factor sharpened (left) and 
unsharpened (right) PWWP domain.
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Extended Data Fig. 4 | Nucleosome-PWWP interface and comparison with other PWWP-DNa structures. a, Nucleosome-PWWP interface. Residues 
colored in white recognize H3KC36me3 and residues colored in green interact with DNA. b, Front and side view of DNA conformation comparison with 
other known PWWP-DNA structures. PDB code of the structures used are: 5XSK (HDGF) and 6IIS (HDGF3L, also known as HRP3). c, Schematic view of 
DNA interactions. Electrostatic interactions and hydrogen bonds are shown as yellow dashes. SHLs are denoted.
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Extended Data Fig. 5 | Comparison of the location of the PWWP domain in our nucleosome-PWWP complex structure with previously proposed 
models. a, Front view of the comparison with two models proposed for LEDGF (gray) 25 or its highly conserved homolog HDGFL3 (yellow)26 with our 
structure (pink). Whereas in one model (yellow) the domain is rotated by around 180 degrees and shifted to SHL −1 on one DNA gyre, in another model 
(Gray) the domain is moved to SHL +6.5 and −1.5, and placed in the major groove of the DNA gyres. b, Side view of the comparison shown in panel a.
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Extended Data Fig. 6 | Comparison with other ‘royal’ family domains bound to methylated H3K36 peptides. a, Structures of the PWWP, Tudor and 
chromo domain bound with methylated H3K36 peptides. PDB codes of structures used here are: 4HCZ (PHF1), 2F5K (MRG15) and 4PLI (H3K36me3 
of MRG2). b, Superposition of all three structures shown in a. c, Placement of the PHF1 Tudor domain structure (yellow)60 onto our nucleosome-PWWP 
structure based on superposition of the H3 peptides in both structures reveals a clash between the Tudor domain and the nucleosomal DNA (red dashed 
circle). This shows that the Tudor domain must bind differently, and may unwind the end of nucleosomal DNA or alter the conformation of the H3 tail,  
or both.
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