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Structural basis of the histone ubiquitination 
read–write mechanism of RYBP–PRC1

Maria Ciapponi1, Elena Karlukova1, Sven Schkölziger1, Christian Benda    2  & 
Jürg Müller    1 

Histone H2A monoubiquitination (H2Aub1) by the PRC1 subunit RING1B 
entails a positive feedback loop, mediated by the RING1B-interacting protein 
RYBP. We uncover that human RYBP–PRC1 binds unmodified nucleosomes 
via RING1B but H2Aub1-modified nucleosomes via RYBP. RYBP interactions 
with both ubiquitin and the nucleosome acidic patch create the high 
binding affinity that favors RYBP- over RING1B-directed PRC1 binding to 
H2Aub1-modified nucleosomes; this enables RING1B to monoubiquitinate 
H2A in neighboring unmodified nucleosomes.

Monoubiquitination of histone H2A at lysine 119 (H2Aub1) is catalyzed 
by the RING1B subunit of the E3 ubiquitin ligase Polycomb Repressive 
Complex 1 (PRC1)1,2. To ubiquitinate nucleosomes, the N-terminal ring 
finger domain of RING1B, which enables ubiquitin transfer from E2 to 
H2A, must associate with the N-terminal ring finger domain of the PRC1 
subunit BMI1 (refs. 3–5). RING1B is also the common core subunit of 
variant forms of PRC1 (vPRC1)6,7. In vPRC1, also called RYBP–PRC1, the 
RING1B C-terminal RAWUL domain is bound by the RING1B-interacting 
domain of RYBP or its paralogue YAF2, whereas in canonical PRC1, the 
RAWUL domain is associated with CBX proteins6–10. For a recent review 
of the composition and function of different PRC1 forms, see ref. 11. 
The findings that RYBP contains an Npl4-type zinc finger (NZF) that 
binds ubiquitin12 and that RYBP is a principal interactor of H2Aub1 
nucleosomes13 provided an indication that RYBP binding to H2Aub1 
may be part of a positive feedback loop that facilitates formation of 
H2Aub1-modified chromatin domains. Supporting this, depletion of 
Rybp and Yaf2 in mouse embryonic stem cells (ESCs) greatly reduced 
H2Aub1 levels in such domains at PRC1 target genes14. Likewise, 
RYBP–PRC1 could interact with the ubiquitin moiety on preinstalled 
H2Aub1 to efficiently promote H2A monoubiquitination on juxtaposed 
unmodified nucleosomes in recombinant nucleosome arrays15. Here, 
single-particle cryo-electron microscopy (cryo-EM) uncovers that 
RYBP–PRC1 uses two different interfaces for contacting unmodified and 
H2Aub1-modified nucleosomes. These distinct binding modes enable 
the complex to bind to H2Aub1 and simultaneously monoubiquitinate 
unmodified H2A via a read–write mechanism.

We reconstituted and purified a RYBP–PRC1 complex containing 
full-length human RING1B, BMI1 and RYBP (Fig. 1a,b). We shall refer 
to this minimal complex as vPRC1. For cryo-EM analysis, vPRC1 was 

mixed with 5′ biotinylated Drosophila melanogaster mononucleo-
somes that were either unmodified (Nuc) or fully monoubiquitylated 
on H2A (NucH2Aub1) (Fig. 1c) and each sample was bound separately to 
grids coated with streptavidin. We shall present the results from the 
single-particle analysis of vPRC1:Nuc and vPRC1:NucH2Aub1 in turn.

The vPRC1:Nuc sample showed a homogeneous population 
of two-dimensional (2D) classes. Three-dimensional (3D) recon-
struction to a resolution of ~2.9 Å revealed nucleosomes with one 
RING1B:BMI1 ring finger heterodimer (RING1B15–115:BMI13–107) bound 
to each face of the nucleosome disc (Fig. 1a,d, Extended Data Fig. 1 
and Table 1). We could not detect density for the RING1B or BMI1 C 
termini, or for RYBP. The structure of these vPRC1:Nuc particles is 
comparable to that of the minimal RING1B:BMI1 ring finger-dimer 
bound to the nucleosome core particle, determined previously by 
crystallography5 (Extended Data Fig. 2). In brief, RING1B contacts 
the H2A acidic patch residues E60, E63, D71, N88, D89 and E91 within 
the nucleosome, whereas BMI1 interacts with H4 and H3 residues, as 
reported5 (Fig. 1e and Extended Data Figs. 1 and 2).

The vPRC1:NucH2Aub1 sample also showed homogenous 2D classes 
that were distinct from those obtained with the vPRC1:Nuc sample, 
as they lacked the characteristic density for RING1B or BMI1. Refine-
ment to a final resolution of ~3.18 Å revealed symmetrical density on 
both faces of the nucleosome disc (Extended Data Fig. 3). By focusing 
refinement on one nucleosome surface, we obtained an improved map 
with partial side chain information that allowed us to assign the extra 
density to a fragment of RYBP (RYBP23–58) and ubiquitin (Fig. 1a,f–h, 
Extended Data Fig. 3 and Table 1). The resulting model shows RYBP 
NZF residues T31, F32 and I25 in contact with ubiquitin I44—an inter-
action that closely resembles that of the related Npl4 zinc finger with 
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assembled on a 3′-ATTO647N-labeled 201-base pair (bp) DNA fragment 
containing the 601 nucleosome-positioning sequence, and they were 
either unmodified or contained H2Aub1.

First, we analyzed how ubiquitin on H2A affects the binding of 
full-length RYBP or the RING1B:BMI1 heterodimer to nucleosomes. 
To detect changes in nucleosome mobility in EMSAs upon binding  
of RYBP, we increased the molecular weight of RYBP by fusing it 
to mNeonGreen—a protein lacking nucleosome-binding activity  
(Extended Data Fig. 4a). The mNeonGreen-RYBP fusion protein  
(NG–RYBP) bound H2Aub1 nucleosomes with almost tenfold higher 
affinity compared with the RING1B:BMI1 dimer (Fig. 2a). Of note,  
H2Aub1 does not appear to impact on RING1B:BMI1 binding to nucleo-
somes, as the RING1B:BMI1 dimer bound H2Aub1-modified and  
unmodified nucleosomes with similar affinity (Fig. 2a). In contrast, 
NG–RYBP bound to H2Aub1-modified nucleosomes with almost four-
fold higher affinity than to unmodified mononucleosomes (Extended 
Data Fig. 4b).

We next tested the nucleosome-binding affinity of NG–RYBP with 
mutations in residues contacting ubiquitin (NG–RYBPT31A/F32A) or those 

ubiquitin (Fig. 1g,h)16. The RYBP residues 47–58 adjacent to the NZF 
form an extended loop across the entire H2A acidic patch (Fig. 1g,h and 
Extended Data Fig. 3b,e). Central to this interaction are RYBP residues 
R47, R53 and R56. The side chain of RYBP R53 contacts H2A residues 
E60, D89 and E91 (Extended Data Fig. 3e). For RYBP residues R47 and 
R56, the side chain density was less well defined but their guanidino 
groups probably form additional contacts with the H2A acidic patch 
residues N88, and D89, E90 and E91, respectively (Fig. 1h and Extended 
Data Fig. 3e). Moreover, RYBP F39, showing clear side chain density, 
interacts with H2A residues R70 and D71 (Extended Data Fig. 3e). These 
structural studies show that vPRC1 binds unmodified nucleosomes 
via RING1B:BMI1. However, they also reveal a previously uncharacter-
ized binding mode to H2Aub1-modified nucleosomes via RYBP. The 
observation that, in these two binding modes, vPRC1 occupies the 
same acidic patch surface argues that these two binding interactions 
are mutually exclusive.

We next investigated how RYBP directs vPRC1 binding to chro-
matin by performing electromobility shift assays (EMSA) on mono-
nucleosomes. Reconstituted recombinant mononucleosomes were 
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Fig. 1 | vPRC1 binds unmodified nucleosomes via RING1B:BMI1 and H2Aub1-
modified nucleosomes via RYBP. a, Domain organization of the vPRC1 subunits 
with the NZF and Ring1b-interacting domain (RID) in RYBP, and the ring finger 
(RING) and RAWUL domains in RING1B and BMI1. Dashed boxes indicate protein 
regions built into the models. b, Gel filtration profile of reconstituted vPRC1 
used for cryo-EM. c, Coomassie-stained SDS–PAGE showing vPRC1:Nuc and 
vPRC1:NucH2Aub1 samples used for cryo-EM. d, Cryo-EM reconstruction at 2.9 Å 
and final model of vPRC1:Nuc showing the RING:BMI1 ring finger heterodimer 
(gold and orange) bound to each face of the nucleosome disc (gray, DNA; pink, 
histone octamers). View orientation of the nucleosome relative to its dyad 
axis is indicated. e, Interaction between RING1B and the H2A acidic patch; the 

interacting residues are represented as sticks and contacts are marked by dashed 
lines. f, Cryo-EM reconstruction at 3.18 Å and model of vPRC1:NucH2Aub1 showing 
RYBP23–58 (blue) and ubiquitin (green) bound to each face of the nucleosome 
disc. View orientation of the nucleosome relative to its dyad axis is indicated. 
g, Focused refined map showing density of the RYBP zinc finger contacting 
ubiquitin and RYBP loop binding the nucleosome acidic patch. h, Interactions of 
RYBP23–58 with the H2A acidic patch and ubiquitin. Contacts between sidechains 
with clear density are represented as stick models and black dashed lines. 
Interactions with weak or unresolved density are indicated in gray and sidechains 
in pale colors. Acidic patch residues E60, E63, D70, N88, D89 and E91 are 
contacted by RYBP, whereas in e the same residues are contacted by RING1B.
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contacting the acidic patch (NG–RYBPR47A/R53A/R56A). Compared with 
wild-type NG–RYBP, both mutants bound H2Aub1-modified mono-
nucleosomes with three- and fourfold lower affinity (Fig. 2b). The 
residual binding by NG–RYBPR47A/R53A/R56A at high concentrations (Fig. 2b, 
lanes 27–29) is not due to interaction with ubiquitin because similar 
binding occurs on unmodified mononucleosomes (Extended Data 
Fig. 4c); the nature of this RYBP-nucleosome interaction is currently 
unknown. Together, these analyses validate our structural data and 
show that interaction of the RYBP NZF with ubiquitin and of the RYBP 
loop with the acidic patch are critical for high-affinity binding of RYBP 
to H2Aub1-modified nucleosomes.

We then compared nucleosome-binding and H2A ubiquitination 
activity of wild-type vPRC1 complex with that of vPRC1T31A/F32A and 
vPRC1R47A/R53A/R56A complexes containing the mutant RYBP proteins 
(Extended Data Fig. 5 and Fig. 2c). Wild-type vPRC1 bound H2Aub1 
mononucleosomes with higher affinity than unmodified mononucleo-
somes, whereas vPRC1T31A/F32A and vPRC1R47A/R53A/R56A did not show this 
higher binding affinity on H2Aub1 mononucleosomes (Extended Data 
Fig. 5c,d). The RYBP interactions with ubiquitin and the acidic patch 

observed in the structure are therefore both critical for high-affinity 
binding of vPRC1 to H2Aub1 nucleosomes.

Finally, we assessed vPRC1 activity on tetranucleosome arrays 
by monitoring the kinetics of H2Aub1 formation. We rationalized 
that, upon monoubiquitination of H2A on a first nucleosome in an 
array, RYBP–H2Aub1 contacts might facilitate monoubiquitination of  
neighboring nucleosomes15. Indeed, wild-type vPRC1 generated 
H2Aub1 more effectively than RING1B:BMI1 dimer alone (Fig. 2c).  
Mutation of the RYBP loop severely compromised the ability of the  
vPRC1R47A/R53A/R56A complex to generate H2Aub1 (Fig. 2c), whereas 
vPRC1T31A/F32A showed reduced H2Aub1 deposition only early in the 
reaction (Fig. 2c). We conclude that RYBP contacts with ubiquitin  
and the nucleosome acidic patch are functionally important for effi-
cient formation of H2Aub1-modified chromatin domains by vPRC1.

Positive feedback loop mechanisms where a histone-modifying 
enzyme uses a ‘read–write’ mechanism to both bind to and generate a 
posttranslational modification have emerged as a basic principle for 
formation of extended chromatin domains carrying such a modifica-
tion17,18. The work here uncovers the molecular basis of how vPRC1 
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Fig. 2 | High-affinity binding of RYBP to H2Aub1 nucleosomes via ubiquitin- 
and acidic patch contacts enables vPRC1 to generate H2Aub1 chromatin 
domains. a, RYBP shows higher binding affinity than RING1B:BMI1 on H2Aub1 
nucleosomes. Left, EMSA with the indicated concentrations of NG–RYBP or 
RING1B:BMI1 and 0.2 nM 647N-ATTO-labeled mononucleosomes that were 
H2Aub1-modified or unmodified as indicated. Right, quantitative analysis of 
EMSA data by densitometry of 647N-ATTO signal from independent experiments 
(n = 5), error bars (s.e.m.); apparent dissociation constant (Kd) values are indicated. 
b, Mutation of ubiquitin-contacting or acidic patch-contacting residues in RYBP 
reduces binding to H2Aub1 nucleosomes. Left, EMSA as in a, comparing binding 
of NG–RYBP, NG–RYBPT31A/F32A and NG–RYBPR47A/R53A/R56A with H2Aub1-modified 

mononucleosomes. Right, quantitative analysis from independent experiments 
(n = 3) as in a. c, Efficient H2A monoubiquitination by vPRC1 in nucleosome arrays 
relies on RYBP interaction with the nucleosome acidic patch. Left, ubiquitination 
reactions monitoring H2Aub1 formation by full-length RING1B:BMI1, wild-type 
vPRC1, vPRC1T31A/F32A or vPRC1R47A/R53A/R56A on tetranucleosomes after indicated 
incubation times, analyzed on Coomassie-stained 16% polyacrylamide gel. Right, 
quantification of H2Aub1 signal by densitometry from independent experiments 
(n = 4). In each experiment, the H2Aub1 signal in lane 7 was defined as 100% and 
used for quantification of H2Aub1 signals in other lanes on the same gel. Circles 
show individual datapoints with error bars (s.e.m.). d, Model of the vPRC1  
read–write mechanism. Abbreviations as in Fig. 1a.
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binds H2Aub1-modified nucleosomes and how this binding enables 
H2Aub1 deposition by the same enzyme molecule on neighboring 
nucleosomes. Our results argue that the high binding affinity created 
by the combined interactions of the RYBP zinc finger with ubiquitin and 
of the RYBP47–58 loop with the nucleosome acidic patch directs vPRC1 
to dock on H2Aub1-modified nucleosomes. This binding geometry 
allows the freely exposed RING1B:BMI1 heterodimer in the same vPRC1 
molecule to engage with the acidic patch of an unmodified nucleo-
some in the vicinity and thereby enable monoubiquitination of H2A  
on this nucleosome (Fig. 2d). There is currently no evidence that vPRC1 

binding to an H2Aub1-modified nucleosome would induce a confor-
mational change in vPRC1 to allosterically activate its E3 ligase activity. 
It rather appears that vPRC1 generates domains of H2Aub1-modified  
chromatin14,15 via a simple read–write mechanism.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41594-024-01258-x.

References
1. Goldknopf, I. L., French, M. F., Musso, R. & Busch, H. Presence of 

protein A24 in rat liver nucleosomes. Proc. Natl Acad. Sci. USA 74, 
5492–5495 (1977).

2. Wang, H. et al. Role of histone H2A ubiquitination in Polycomb 
silencing. Nature 431, 873–878 (2004).

3. Buchwald, G. et al. Structure and E3-ligase activity of the 
Ring-Ring complex of polycomb proteins Bmi1 and Ring1b.  
EMBO J. 25, 2465–2474 (2006).

4. Li, Z. et al. Structure of a Bmi-1-Ring1B polycomb group  
ubiquitin ligase complex. J. Biol. Chem. 281, 20643–20649 
(2006).

5. McGinty, R. K., Henrici, R. C. & Tan, S. Crystal structure of the PRC1 
ubiquitylation module bound to the nucleosome. Nature 514, 
591–596 (2014).

6. Gao, Z. et al. PCGF homologs, CBX proteins, and RYBP define 
functionally distinct PRC1 family complexes. Mol. Cell 45, 
344–356 (2012).

7. Tavares, L. et al. RYBP-PRC1 complexes mediate H2A 
ubiquitylation at polycomb target sites independently of PRC2 
and H3K27me3. Cell 148, 664–678 (2012).

8. Schoorlemmer, J. et al. Ring1A is a transcriptional repressor that 
interacts with the Polycomb-M33 protein and is expressed at 
rhombomere boundaries in the mouse hindbrain. EMBO J. 16, 
5930–5942 (1997).

9. García, E., Marcos-Gutiérrez, C., del Mar Lorente, M., Moreno, J. C. &  
Vidal, M. RYBP, a new repressor protein that interacts with 
components of the mammalian Polycomb complex, and with the 
transcription factor YY1. EMBO J. 18, 3404–3418 (1999).

10. Wang, R. et al. Polycomb group targeting through different 
binding partners of RING1B C-terminal domain. Structure 18, 
966–975 (2010).

11. Blackledge, N. P. & Klose, R. J. The molecular principles of gene 
regulation by Polycomb repressive complexes. Nat. Rev. Mol.  
Cell Biol. 22, 815–833 (2021).

12. Arrigoni, R. et al. The Polycomb-associated protein Rybp is a 
ubiquitin binding protein. FEBS Lett. 580, 6233–6241 (2006).

13. Kalb, R. et al. Histone H2A monoubiquitination promotes histone 
H3 methylation in Polycomb repression. Nat. Struct. Mol. Biol. 21, 
569–571 (2014).

14. Rose, N. R. et al. RYBP stimulates PRC1 to shape chromatin-based 
communication between Polycomb repressive complexes. eLife 
5, e18591 (2016).

15. Zhao, J. et al. RYBP/YAF2-PRC1 complexes and histone 
H1-dependent chromatin compaction mediate propagation 
of H2AK119ub1 during cell division. Nat. Cell Biol. 22, 439–452 
(2020).

16. Alam, S. L. et al. Ubiquitin interactions of NZF zinc fingers.  
EMBO J. 23, 1411–1421 (2004).

17. Uckelmann, M. & Davidovich, C. Not just a writer: PRC2 as a 
chromatin reader. Biochem. Soc. Trans. 49, 1159–1170 (2021).

18. Grewal, S. I. S. The molecular basis of heterochromatin assembly 
and epigenetic inheritance. Mol. Cell 83, 1767–1785 (2023).

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

vPRC1:Nuc  
(EMD: 17797;  
PDB: 8PP7)

vPRC1:NucH2Aub1  
(EMD: 17796;  
PDB: 8PP6)

Data collection and processing

Magnification 105,000 81,000

Voltage (kV) 300 300

Electron exposure (e−/Å2) 58.6 54.0

Defocus range (μm) 0.5–3 0.5–3

Pixel size (Å) 0.8512 1.0940

Symmetry imposed C1 C1

Initial particle images (no.) 6,723,019 12,150,042

Final particle images (no.) 146,136 640,334

Map resolution (Å) 2.91 3.18

FSC threshold 0.143 0.143

Map resolution range (Å) 2.0–7.0 2.5–7.0

Refinement

Initial model used (PDB code) 6PWE, 4R8P 6PWE, 1Q5W

Model resolution (Å) 2.9 (unmasked) 3.0 (unmasked)

FSC threshold 0.5 0.5

Model resolution range (Å) n/a. n/a.

Map sharpening B factor (Å2) −60 −60

Model composition

 Nonhydrogen atoms 15,562 13,317

 Residues Protein: 1,165 
Nucleotide: 306

Protein: 872 
Nucleotide: 312

 Ligands Zn: 8 Zn: 1

B factors (Å2)

 Protein 25.13 42.62

 Nucleotide 52.00 69.40

 Ligand 89.39 178.81

R.m.s. deviations

 Bond lengths (Å) 0.004 0.005

 Bond angles (°) 0.598 0.562

Validation

MolProbity score 1.18 1.17

Clashscore 2.40 3.48

Rotamer outliers (%) 0.69 0.00

Ramachandran plot

 Favored (%) 97.11 97.89

 Allowed (%) 2.98 2.11

 Disallowed (%) 0.00 0.00
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Methods
Protein expression constructs
Human RING1B (Uniprot: Q99496) and BMI1 (Uniprot: P35226) 
full-length coding sequences were cloned into the same pFastBac 
(pFB) vector for coexpression in insect cells. This vector encodes an 
HRV3C-cleavable N-terminal twin strep-tagg and a C-terminal non-
cleavable 6×His tag linked to the RING1B and BIM1 coding sequences, 
respectively. The human RYBP (Uniprot: Q8N488) full-length coding  
sequence was cloned into pFB downstream of a HRV3C-cleavable 
N-terminal 6×His tag. For the mNeonGreen-RYBP (NG–RYBP) expres-
sion construct, the Escherichia coli expression vector encoding an 
HRV3C-cleavable N-terminal 6×His-tagged linked to the mNeonGreen 
coding sequence19 was modified by fusion of the RYBP codons1–229 
at its C terminus, separated by a seven-amino-acid codon GSAAAGS 
linker. RYBP and NG–RYBP mutant expression constructs (RYBPT31A/F32A,  
RYBPR47A/R53A/R56A, NG–RYBPT31A/F32A and NG–RYBPR47A/R53A/R56A) were  
prepared by standard site-directed mutagenesis. Detailed plasmid 
maps are available on request.

Protein expression and purification
RYBP and the RING1B:BMI1 heterodimer were expressed separately 
in insect cells20. An optimized ratio of the baculoviruses (produced in 
Sf21 cells (Invitrogen, cat. no. 1149701)) for the different vPRC1 subunits 
was used to infect Trichoplusia ni High Five insect cells (Invitrogen,  
cat. no. B85502). Cells were lysed using a glass Dounce homogenizer and 
proteins were purified using Ni-NTA affinity chromatography, followed 
by His or twin strep-tag cleavage for His-RYBP and TS-RING1B:BMI1-His, 
respectively (PreScission proteases were obtained from the Max-Planck 
Institute (MPI) of Biochemistry Protein Core facility). The untagged 
proteins were then dialyzed overnight against 25 mM Tris-HCl pH 7.5, 
250 mM NaCl, 10% glycerol. RYBP was subjected to reverse Ni-NTA 
affinity chromatography and then the resulting flow through was 
mixed with RING1B:BMI1 at a 1:1 molar ratio. After a cation exchange 
chromatography, a final size-exclusion chromatography (SEC) step in 
25 mM Tris-HCl, pH 7, 150 mM NaCl, 10% glycerol, 2 mM dithiothreitol 
(DTT) was performed. The vPRC1 sample utilized for cryo-EM analysis 
underwent an additional SEC run to assess the integrity of the complex. 
RYBPT31A/F32A and RYBPR47A/R53A/R56A mutants were expressed and purified 
following the same procedure of the wild-type protein. The purity of 
all the proteins was checked on polyacrylamide gels.

NG–RYBP and NG–RYBPR47A/R53A/R56A mutant proteins were 
expressed in E. coli Rosetta (DE3) pLysS cells. Transformed cells 
were grown at 37 °C in 10×P TB to approximately an OD600 of 1.0 
and expression was then induced with 0.5 mM isopropyl β-d-
1-thiogalactopyranoside overnight (18 °C). Collected cells were lysed 
by sonication and the protein was then purified as described above.

D. melanogaster histones were purchased from The Histone Source 
at Colorado State University. For histone octamers, equimolar amounts 
of histones H2A, H2B, H4 and H3 were mixed and assembled into octa-
mers in high salt buffer containing 10 mM Tris-HCl pH 7.5, 2 M NaCl, 
1 mM EDTA, 5 mM β-mercaptoethanol. Subsequent SEC was performed 
to separate octamers from H3/H4 tetramers or H2A/H2B dimers21.

Reconstitution of mono- and tetranucleosomes
DNA templates used for mono and tetranucleosomes assembly con-
tained one or four copies of the 147-bp-long nucleosome-positioning 
sequence 601 (ref. 22), respectively. PCR amplification with appro-
priate primer pairs was used to generate the different DNA tem-
plates used in this study. For cryo-EM samples, mononucleo somes 
were assembled on a 215-bp 5′-biotinylated 601 DNA fragment  
(5′-biotin-atatctcgggcttatgtgatggaccctatacgcggccgcc-601-gcat- 
gtattgaacagcgactcgggatat-3′). Mononucleosomes used in EMSA 
were reconstituted using a 288-bp long 5′-biotinylated 3′-ATTO647N- 
labeled DNA fragment that included a unique EcoRV restriction site 
87 bp downstream of the 5′ biotin; following restriction enzyme 

cleavage, a mononucleosome with the following DNA sequence 
was obtained (5′-atctcgggcttatgtgatggaccctatacgcggccgcc-601- 
gcatgtattgaacagcgactc-ATTO647N-3′)23.

Tetranucleosomes were assembled on a 919-bp DNA fragment  
containing an array of four 200-bp repeats containing the 601  
sequence separated by 53 bp linker DNA (5′-gtaaaacgacggcc agtgcca- 
agcttgcatgcctgcaggtcgactctagaggatccccgatatctcgggttatgtgatgg- 
accctatacgcggccgcc-601 -gcatgtattgaacagcgactcgggttatgtgatgg- 
accctatacgcggccgcc-601-gcatgtattgaacagcgactcgggttatg tgatg- 
gaccctatacgcggccgcc-601-gcatgtattgaacagcgactcgggttatgtgatgg- 
accctatacg cggccgcc-601-gcatgtattgaacagcgactcgggatatcgggtaccg- 
agctcgaattcgtaatcatggtcatagctgtttcctg-3′).

PCR products were purified on a MonoQ column (GE Healthcare), 
precipitated with ethanol and dissolved in the same high salt buffer 
used for octamers. Optimized ratios of octamer to DNA were mixed 
and nucleosomes were reconstituted by gradient and stepwise dialysis 
against low salt buffers to a final buffer containing 10 mM Tris-HCl, 
pH 7.5, 30 mM NaCl, 2 mM DTT. Reconstituted nucleosomes were 
analyzed on native agarose gels.

H2A monoubiquitination in vitro
Ubiquitination assay was performed as described previously13. Briefly, 
350 nM of nucleosomes were incubated in reactions containing E3, 
UBE1 (35 nM), UBCH5C (250 nM), ubiquitin (19 µM) and ATP (5 mM) 
in ubiquitination buffer (UB) containing 50 mM Tris-HCl, pH 7.5,  
10 mM MgCl2, 1 mM ZnCl2 and DTT (0.5 mM). Reactions were incu-
bated at 30 °C for 1.5 h or as indicated and were terminated by 
transfer of the sample to 4 °C. H2Aub1 formation was monitored by 
separation of reaction products on 16% polyacrylamide gels and visu-
alizing by Coomassie staining. vPRC1 complex (168 nM) was used as  
E3 to generate H2Aub1-modified mononucleosomes used in cryo-EM 
analyses, whereas a recombinant minimal RING1B1–130:BMI11–109 heter-
odimer (168 nM)13 was used to generate H2Aub1 mononucleosomes 
for EMSA assays. To assess the contribution of RYBP to vPRC1 activity, 
we tested the E3 ligases RING1B:BMI1 full-length and vPRC1 wild-type 
and mutated complexes at a lower concentration of 35 nM. The assays 
with oligonucleosomes utilized an 88 nM tetranucleosome concentra-
tion, ensuring an equivalent substrate H2A concentration as in the 
mononucleosome assays. For quantification, ubiquitination reactions 
were performed in triplicate or more, and subjected to densitometric 
analysis. The H2Aub1 signal in each lane was background-corrected 
using Image Lab software (v.6.1) and normalized with respect to the 
H4 band. The relative amounts of H2Aub1 for all the different lanes 
were calculated with respect to the lane containing the highest amount 
(that is, 100%) of H2Aub1. Graphical representations were made with 
Prism v.9. Human UBE1, UBCH5C and ubiquitin were purchased from 
Boston Biochem.

Cryo-EM sample preparation and data collection
To prevent denaturation or disassembly of particles at the air/water 
interface during grid preparation, we used Quantifoil R2/2 gold grids 
coated with at streptavidin crystal monolayer, prepared as described24.

Samples for cryo-EM were prepared by mixing solutions of 350 µM 
Nuc with 3.5 mM of vPRC1 (Nuc/vPRC1 ratio of 1:10), or 350 µM NucH2Aub1 
with 1.75 mM vPRC1 (NucH2Aub1/vPRC1 ratio of 1:5) in UB buffer and 
binding reactions were incubated for 1 h at 4 °C. Sample (5 µl) was 
then applied to an affinity grid and incubated in a closed Petri dish for 
4 min to allow binding of the biotinylated nucleosomes to the strepta-
vidin monolayer. Unbound sample was blotted away and 3 µl of 25 mM  
Tris/HCl pH 7.5, 40 mM KCl, 1 mM MgCl2, 1 mM TCEP, 4% threalose, 
0.04% B-OG, 0.01% NP40 (strep wash buffer) was added to the grid 
before mounting it in the humidity chamber of a Mark IV vitrobot (FEI) 
set to 5 °C and 95% relative humidity. In case of the vPRC1:NucH2Aub1 
sample, two additional washing steps were performed to remove  
all unbound protein components from the ubiquitination reaction  
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(that is E1, E2 and Ub). The first wash was performed with 4 µl UB buffer 
(10 s incubation) while the second was done in 4 µl Strep wash buffer 
without incubation. Samples were blotted from the streptavidin- 
coated surface for 3.5 s at a blot force of four, then plunge-frozen in 
liquid ethane.

Cryo-EM data were collected on an FEI Titan Krios microscope 
operated at 300 kV and equipped with a Gatan K3 direct electron 
detector operated in counting mode. Automated data collection was 
done using SerialEM25. For the vPRC1:Nuc sample, a total of 14,850 
videos were collected at a nominal magnification of 105,000 and a 
pixel size of 0.8512 Å using a total exposure of 58.6 e−/Å2 distributed 
over 38 frames and a target defocus range from −0.5 to −3.0 µm.  
For the vPRC1:NucH2Aub1 sample, a total of 10,653 videos were colle-
cted at a nominal magnification of 81,000 and a pixel size of 1.094 Å  
using a total exposure of 54.0 e−/Å2 distributed over 35 frames and a 
target defocus range from −0.5 to −3.0 µm.

Cryo-EM data processing
Movies were aligned and corrected for beam-induced motion as 
well as dosage compensated using MotionCor2 (ref. 26). Removal 
of the 2D streptavidin lattice was accomplished using a procedure 
in MATLAB that performs digital Fourier filtering on the motion cor-
rected, summed micrographs as described in ref. 27. Cryo-EM data 
for vPRC1:Nuc were further processed with CryoSPARC (v.3.3.2)28 
(Extended Data Fig. 1a). In brief, micrographs were imported into 
CryoSPARC, where a contrast transfer function (CTF) estimation was 
performed. Based on maximum estimated resolution and CTF fit, 
the best 14,815 images were retained for the next steps. Considering 
that streptavidin grids have a comparatively low particle contrast, we 
applied a low threshold to pick as many particles as possible. First, 
2,494,574 particles were picked from a subset of micrographs using 
blob particle picking, extracted with a box size of 256 × 256 and 2D clas-
sified to generate reference templates. Using all micrographs, a total of 
6,723,019 particles were picked with template-based particle picking. 
Several rounds of 2D classification were applied to remove background 
and low-resolution particles (resolution cut-off 7 Å), resulting in a set 
of 147,764 clean particles (~2% of initial particles) showing density for 
RING1B:BMI1 heterodimer bound to mononucleosomes (Extended 
Data Fig. 1a). Two ab initio models were calculated and one of them 
(49% of the input particles) was subjected to heterogenous refinement 
(Extended Data Fig. 1a). One of the models (6.11 Å) was used as input for 
homogeneous refinement against all 147,764 particles (Extended Data 
Fig. 1a). One round of 3D classification into five classes was performed, 
but all classes looked similar (no distinct conformers were found) and 
one was used as starting volume for homogeneous refinement, local 
CTF refinement and nonuniform refinement, resulting in a 2.97 Å map. 
All final particles were reextracted with a box size of 280 × 280 pixels 
and refined (homogeneous and nonuniform refinement) against the 
previous volume, giving a final map at 2.91 Å resolution as determined 
from the gold-standard FSC criterion of 0.143 (ref. 29); Extended Data 
Fig. 1b,c). This final map was postprocessed with a B-factor of −60 Å2 
and with DeepEMhancer30 for map representations in figures. Addi-
tionally, we employed density modification and anisotropic B-factor 
sharpening techniques from Phenix31 to generate enhanced maps that 
were subsequently utilized for comparison and model fitting, building 
and refinement processes.

Cryo-EM data for vPRC1:NucH2Aub1 were processed with RELION 
v.3.1.1 (ref. 32) (Extended Data Fig. 3a) where CTF estimation was per-
formed (CTFFind4 (ref. 33)) and 10,653 images were selected based 
on their CTF parameters; 100 micrographs were used for blob-based 
auto-picking and, after a few rounds of 2D classification, clean classes 
were selected as templates for subsequent auto-picking on all micro-
graphs. As explained above, we applied a low threshold to pick as 
many particles as possible. A total of 12,150,042 particles were picked 
and extracted using a box size of 224 × 224. After several rounds of 2D 

classification, a cleaned set of 640,334 particles (~5% of initial particles) 
was obtained (Extended Data Fig. 3a). Of this particle set, 6,000 were 
used for initial 3D reconstruction and the map obtained was used as 
a starting model for a 3D classification, using all 640,334 particles. 
After removing classes and particles showing empty nucleosomes 
or low-resolution artefacts, a 3D auto-refine job was performed. We 
then refined this last map again against all 640334 particles from the 
2D classification which resulted in a postprocessed volume at 3.18 Å 
resolution (Extended Data Fig. 3a). To improve the local resolution of 
the RYBP zinc finger domain and ubiquitin, we performed the same 
final 3D Auto-refine using a focused mask, covering the nucleosome 
and the better defined vPRC1 density on one surface. The resulting 
map after postprocessing had the same overall resolution of 3.18 Å 
(Extended Data Fig. 3b,c) but slightly better resolved features for RYBP 
and ubiquitin. This map was postprocessed applying a B-factor of 
−60 Å2. As above, DeepEMhancer improved maps were used for making  
figures and for model fitting, building and refinement processes,  
we relied on the improved density-modified and sharpened maps 
produced with Phenix.

Model building and map validation
For both the samples, available crystal structures were fitted into 
the experimental refined final maps using rigid-body fitting in UCSF 
ChimeraX v.1.4 (ref. 34). The models were manually adjusted in Coot35 
and real-space refined in Phenix36.

To build an initial model of vPRC1:Nuc, first the crystal structure 
of the D. melanogaster nucleosome core particle (NCP) (PDB: 6PWE)37 
was fitted into the density of vPRC1:Nuc using ChimeraX and was then 
rigid-body fitted in Phenix. The remaining empty density was then 
fitted with the RING1B:BMI1 heterodimer from the crystal structure 
of vPRC1 ubiquitylation module bound to NCP (PDB: 4R8P)5. This 
model was subjected to iterative rounds of real-space refinement in 
Phenix and some manual building and correction using COOT. Where 
cryo-EM density allowed it, the DNA double-strand was extended. The 
final refinement was performed in Phenix using the sharpened and 
density-modified map. Model building progress was monitored using 
map-to-model correlation coefficients, geometry indicators and the 
map-versus-model FSC (Table 1).

In the case of vPRC1:NucH2Aub1, we first fitted the nucleosome core 
(PDB: 6PWE) into the map using ChimeraX. For ubiquitin and RYBP, the 
available NMR structure of ubiquitin bound to the related NZF domain 
(PDB: 1Q5W)16 was used and fitted into the corresponding map region. 
Using COOT, the sequence of NZF was substituted with that of the  
RYBP zinc finger domain while the missing parts (residues 47–58) 
were built de novo and then fitted into the density. The model was 
subjected to iterative rounds of real-space refinement in Phenix and 
manual correction with COOT using density-modified and B-factor 
sharpened maps. Model building progress was monitored using 
map-to-model correlation coefficients, geometry indicators and 
the map-versus-model FSC (Table 1). Structures were visualized with  
UCSF ChimeraX.

Purification of unmodified and H2Aub1 mononucleosomes  
for EMSA
Nuc and NucH2Aub1 were assembled using a 288-bp-long 5′-biotinylated 
3′-ATTO647N-labeled 601 DNA fragment as described above. These 
nucleosomes were used as substrates in H2A ubiquitination reac-
tions (NucH2Aub1) or mock reactions (Nuc) and were then purified 
using streptavidin magnetic beads (Dynabeads M-280 Streptavidin, 
Invitrogen). Briefly, beads were added to the reaction, incubated 
for 1 h at room temperature followed by removal of the supernatant 
and washes of the bead-bound nucleosomes with UB buffer (four 
washes of 2 min each)23. 3′-ATTO647N-labeled Nuc or NucH2Aub1 mono-
nucleosomes (201 bp) were then released from beads by cleavage 
with EcoRV restriction enzyme at 37 °C for 1 h. Nucleosome purity 
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and ubiquitination of H2A histone were checked by analysis on 16% 
polyacrylamide gels.

Electrophoretic mobility shift assay
Protein binding affinity to mononucleosomes was measured using 
EMSA20,38. Increasing concentrations of protein (in the nanomolar 
range) were added to 0.2 nM ATTO647N-labeled unmodified or 
H2Aub1-modified mononucleosomes in 25 mM Tris-HCl pH 7.5, 50 mM 
NaCl, 0.05% Tween 20, 5 mM MgCl2 and 4% glycerol. After 10 mins of 
incubation on ice, the samples were loaded on a 1% 0.4× TBE agarose 
gel, and gel electrophoresis was performed for 45 mins in 0.4× TBE 
buffer at 60 V. The gel was scanned with a Typhoon FLA 9500 using 
the Cy5 filter. Each EMSA experiment was performed in triplicate or 
more (the number of replicants is indicated in the figure legends). 
ATTO647N signal was used for densitometric analysis performed using 
the ImageJ v.12.24.12 software. Background correction and calculation 
of the fraction of bound nucleosomes was performed in MATLAB. The 
gel analysis involved delineating two distinct regions in each lane: (1) 
unbound nucleosomes (designated as ‘unbound’ boxes) and (2) shifted 
nucleosomes (referred to as ‘bound,’ encompassing everything above 
the ‘unbound’ region). Background correction for the unbound frac-
tions involved subtracting the unbound fraction of the last lane of the 
gel from the signal of each bound fraction. The last lane was selected 
as a control, given that all nucleosomes in it were completely shifted. 
Similarly, for the bound fraction, the background correction was per-
formed by subtracting to the signal of each bound fraction the one of 
the first lane where all the nucleosomes are unbound. To calculate the 
fraction of bound versus unbound nucleosomes, the numerical value 
corresponding to ‘bound’ nucleosomes in each lane was divided by the 
total signal (the sum of bound and unbound signals) within the same 
lane. To determine the apparent Kd, Hill function fitting was performed 
with Prism v.9 software.

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

Data availability
The protein structure data reported in this study have been deposited 
in PDB under the accession codes PDB ID 8PP6 and 8PP7 and in the 
EMDB under accession codes EMD 17796 and EMD 17797. Source data 
are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | CryoEM analysis of vPRC1:Nuc. (a) CryoEM processing 
scheme, also described in Methods. (b) Local resolution estimation of the 
final deepEMhancer map is shown in two different orientations, related by a 
120˚ rotation around a vertical axis. A zoom-in on the RING1B-BMI1/H2A-H2B 
acidic patch interference is displayed, with colors ranging from blue (high 
resolution) to red (low resolution). (c) Corresponding gold-standard Fourier 
shell correlation (GSFSC), as well as angular distribution plot obtained from 

CryoSPARC (color indicative of the number of particles, increasing from blue to 
red, in a defined orientation). (d) Representative regions of the DeepEMhancer 
density map for the nucleosome components (histones and DNA). DNA is in 
gray while histones are in pink. (e) Representative regions of the DeepEMhancer 
density map for the interfaces involving RING1B interaction with the H2A acidic 
patch. H2A histone in pink while RING1B in gold.
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Extended Data Fig. 2 | Comparison of the structures of vPRC1 and RING1B-
UBCH5C:BMI1 bound to an unmodified nucleosome. Top left, superposition 
of the vPRC1:Nuc complex cryo-EM structure in this study and the RING1B-
UBCH5C:BMI1:Nuc complex structure (PDB: 4R8P) previously determined by 
X-ray crystallography5. The two structures were superimposed via H2A but for 
clarity in the overview only the nucleosome model determined by cryo-EM is 
shown. Below, zoom-in view of the RING1B/H2A acidic patch interface; right, 
zoom-in view of the BIM1/H2B-H3 interface. The vPRC1 cryoEM structure follows 

the same color code as depicted in Fig. 1 and the PDB: 4R8P structure is shown in 
lighter shades of the same colors. Note that McGinty et al used a RING1B-UBCH5C 
fusion protein in complex with BMI1 to stabilize the complex on the nucleosome; 
UBCH5C is shown in teal. The superposition illustrates that the RING1B:BMI1 ring 
finger heterodimer in the two structures engages with the nucleosome acidic 
patch with a highly similar binding geometry and through the identical amino 
acid contacts.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | CryoEM analysis of vPRC1:NucH2Aub1. (a) Processing 
scheme, also described in Methods. Two final reconstructions were obtained in 
this study: overall vPRC1:NucH2Aub1 map and one side vPRC1:NucH2Aub1 map from 
focusing refinement on one surface of the nucleosome disc (mask indicated in 
green). The two refined maps were further post-processed with a b-factor of 
−60 Å2 and with DeepEMhancer. (b) Local resolution estimation of the final  
one side density DeepEMhancer map; RYBP/H2A acidic patch interference  
is highlighted showing a ~ 3.5 A resolution with colors ranging from blue  
(high resolution) to red (low resolution). (c) Corresponding gold-standard 

Fourier shell correlation (GSFSC) curves, as well as spherical distribution plot 
obtained from CryoSPARC (each bar has a height and color indicative of the 
number of particles (increasing from blue to red) in a defined orientation. (d) 
Representative regions of the DeepEMhancer density map for the nucleosome 
components (histones and DNA). DNA is in gray while histones are in pink. (e) 
Representative regions of the DeepEMhancer density map for the interfaces 
involving RYBP interactions with the H2A acidic patch. H2A is in pink while  
RYBP in blue.
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Extended Data Fig. 4 | Binding of mNeonGreen, NG–RYBP or NG-RYBPR47A/
R53A/R56A proteins to unmodified or H2Aub1-modified mononucleosomes. 
(a) mNeonGreen (NG) protein lacks nucleosome-binding activity. Binding 
reactions with the indicated concentrations of NG and 0.2 nM 647N-ATTO-
labeled unmodified mononucleosomes, analyzed by EMSA on 1.0% agarose gels. 
(b) NG–RYBP shows higher binding affinity for H2Aub1-modified nucleosomes 
than for unmodified nucleosomes. Left, binding assays by EMSA as in (a). 
Binding of NG–RYBP to H2Aub1-modified mononucleosomes as in Fig. 2a,b, is 

compared to the binding of the same wild-type NG–RYBP protein to unmodified 
mononucleosomes. Right, quantitative analysis of EMSA data by densitometry 
of 647N-ATTO signal from independent experiments (n = 3); error bars, SEM. The 
residual binding by the NG–RYBP protein on unmodified mononucleosomes  
in lanes 7–9 appears to be independent of RYBP-H2A acidic patch interactions  
because at high concentrations binding is also observed with NG–RYBPR47A/R53A/R56A 
on unmodified mononucleosomes (c); the nature of this RYBP interaction with 
nucleosomes is currently unknown.
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Extended Data Fig. 5 | High-affinity binding of vPRC1 to H2Aub1-modified 
nucleosomes relies on RYBP–H2Aub1 contacts. (a) Size-exclusion 
chromatography profiles of reconstituted RING1B:BMI1 full-length and vPRC1 
wild-type complex (S200 column, absorption at 280 nm). Fractions used in 
all binding and activity assays are marked in blue. Note that the vPRC1 sample 
utilized for Cryo-EM analysis underwent an additional SEC run to assess the 
integrity of the complex (see Fig. 1b). (b) Coomassie-stained SDS gel showing 
the RING1B:BMI1 full-length dimer, wild-type and mutant vPRC1 complex 
samples used in biochemical assays. RYBP* denotes the wild-type or mutant form 
of RYBP, as indicated in the complex name above each lane. (c) vPRC1 shows 
higher binding affinity for H2Aub1-modified nucleosomes than for unmodified 
nucleosomes. Left, binding reactions with the indicated concentrations 
of vPRC1 and 0.2 nM 647N-ATTO-labeled unmodified or H2Aub1-modified 

mononucleosomes, analyzed by EMSA on 1.0% agarose gels. Right, quantitative 
analysis of EMSA data by densitometry of 647N-ATTO signal from independent 
experiments (n = 3); error bars, SEM. (d) RYBP interactions with ubiquitin and 
the H2A acidic patch account for the high binding affinity of vPRC1 complex on 
H2Aub1-modified nucleosomes. Left, binding assays by EMSA as in (c). Binding 
of wild-type vPRC1, vPRC1T31A/F32A and vPRC1R47A/R53A/R56A to H2Aub1-modified 
mononucleosomes. Right, quantitative analysis of EMSA results as in (c) 
from independent experiments (n = 3); error bars, SEM. Note that the binding 
observed at higher concentrations of wild-type or mutant vPRC1 (lanes 8–10, 
18–20 and 28–30) likely represents the sum of binding interactions due to 
RING1B:BIMI1 Ring-finger-acidic patch contacts (Fig. 2a) and RYBP-nucleosome 
contacts unrelated to the RYBP–H2Aub1 interaction characterized in this study 
(Extended Data Fig. 4c).
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