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Supplementary Figure 1. ChIP-seq profile of H2BK120ub in HeLa cells. H2BK120ub is localized within gene 
bodies and is correlated with active transcription. H2BK120ub ChIP-seq coverage was scaled to a 1kb distance from 
the TSS to the TES. Genes were divided into three groups, based on their RNA-seq levels (quantified as reads per 
kilobase per million reads; RPKM). Data processed as described in Materials and Methods (data source listed in 
Supplementary Table 3). 
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Supplementary Figure 2. In vitro ubiquitylation of H2BK120. (a) Schematic presentation of the RING-type 
ubiquitylation mechanism illustrated here using an HA-tagged ubiquitin as employed in the library-based screen. (b) 
Left: RNF20/40 expression and purification in SF9 cells analyzed by SDS-PAGE (stained with Coomassie Brilliant 
Blue). Right: α-RNF20 immunoblot with and without ubiquitylation master mix containing hE1 and UBE2A. 
Autoubiquitylation of functional RNF20/40 is observed in the presence of functional UBE2A. (c) In vitro 
ubiquitylation time course using MN substrates and native, unlabeled ubiquitin. Normalized H2BK120ub levels 
(αH2BK120ub/H3α) are plotted relative to the 30 min time point. Data are mean ± s.e.m. (n = 3). Full WB is shown 
in Supplementary Fig. 16a. 
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Supplementary Figure 3. Crosstalk between H2BK120ub and GlcNAcylation at the C-terminal helix of 
histone H2B. (a) Structure (PDB 1KX5) of the C-terminal helix of H2B within the nucleosome. GlcNAcylation sites 
are highlighted in blue and H2B K120 highlighted in red. Nucleosomal DNA is highlighted in green.  (b) In vitro 
ubiquitylation of wt and GlcNAcylated mononucleosomes (MNs) (g112: H2BS112GlcNAc; g123: 
H2BS123GlcNAc; gg: H2BS112GlcNAc_S123GlcNAc) analyzed by western blotting. (c) Schematic presentation of 
the antibody-free Cy3-based in vitro ubiquitylation assay for a RING type E3 ligase. (d) In vitro ubiquitylation using 
Cy3-labeled ubiquitin and MNs as described in panel B. Cy3-readout by in-gel fluorescence and the corresponding 
protein stain used as loading control (SYPRO Ruby stain). (e) In vitro ubiquitylation of mononucleosomes with a 
minimal DNA overhang and mononucleosomes containing an asymmetrical 80 bp DNA overhang. Left: 
Representative western blot analysis after in vitro ubiquitylation. Right: Quantification of the immunoblotting data. 
Normalized H2BK120ub levels (αH2BK120ub/αH3) are plotted relative to wt-MNs. Data are mean ± s.e.m. (n = 3). 
Full gel images are presented in Supplementary Fig. 16b/c/d. 
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Supplementary Figure 4. In vitro ubiquitylation of 12mer chromatin arrays. (a) In vitro ubiquitylation time 
course using wt-12mer chromatin arrays and Cy3-labeled ubiquitin. Left: Representative SDS-PAGE after in vitro 
ubiquitylation (Cy3 fluorescence detection and SYPRO Ruby protein stain as loading control). The image was 
cropped for illustration purposes between lane 60 min and lane 120 min. Right: Quantification of the relative 
ubiquitylation levels by in-gel fluorescence. Normalized ubiquitylation levels (Cy3-H2Bub/H4) are plotted relative 
to the 60 min time point (n = 2). (b) In vitro ubiquitylation of mono- and oligonucleosomes. Left: Representative 
Cy3 readout and loading control. Right: Quantification of ubiquitylation activities (Cy3-H2Bub/H4) of wt 
mononucleosomes, 4mer and 12mer chromatin arrays. Ubiquitylation activities are normalized to MNs (n = 3). (c) In 
vitro ubiquitylation of wt- and GlcNAcylated-12mer chromatin arrays (g112: H2BS112GlcNAc; g123: 
H2BS123GlcNAc; gg: H2BS112GlcNAc_S123GlcNAc) using Cy3-labeled ubiquitin. Left: Representative Cy3 
readout and loading control. Right: Quantification of ubiquitylation activities (Cy3-H2Bub/H4). Normalized 
ubiquitylation levels (Cy3-H2Bub/H4) are plotted relative to wt(n = 4). All data are mean ± s.e.m.  Full gel images 
are given in Supplementary Fig. 17. 
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Supplementary Figure 5. Crosstalk between H2BK120ub and modification/mutants at the DNA entry/exit site. 
(a) Structure of the DNA entry/exit site of the nucleosome (PDB 1KX5). Positions H3Y41, H3R42A and H356 and 
their respective side chains are highlighted in blue. Nucleosomal DNA is highlighted in green. (b,c) In vitro 
ubiquitylation of wt- and modified MNs. (b) Left: Western blot analysis of in vitro ubiquitylation. Right: 
Quantification of immunoblot data (αH2BK120ub/αH2B) relative to wt (n = 3). (c) Left: In-gel fluorescence and 
protein stain (SYPRO Ruby) as loading control. Right: Quantification of ubiquitylation levels (Cy3-H2Bub/H4) 
relative to wt (n = 4). (d,e) In vitro ubiquitylation of wt- and modified 12mer chromatin arrays. (d) Left: Western 
blot analysis of in vitro ubiquitylation. Right: Quantification of immunoblot data (αH2BK120ub/αH4) relative to wt 
(n = 4). (e) Left: In-gel fluorescence and protein stain (SYPRO Ruby) as loading control. Right: Quantification of 
ubiquitylation levels (Cy3-H2Bub/H4) relative to wt (n = 3). All data are mean ± s.e.m. Full images are shown in 
Supplementary Fig. 18.  
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Supplementary Figure 6. Addition of linker histone H1.3 inhibits ubiquitylation of H2BK120 in vitro. (a) 
Native gel electrophoresis of MNs with a 80bp DNA overhang and different amounts of linker histone H1.3 (SYBR 
Gold nucleic acid stain). The gel shift indicates binding of linker histone H1.3. (b,c) In vitro ubiquitylation of MNs 
with a 80bp DNA overhang in presence of linker histone H1.3. (b) Western blot analysis of the in vitro 
ubiquitylation assay. (c) Quantification of immunoblot data (αH2BK120ub/αH3) relative to wt. Data are mean ± 
s.e.m. (n = 3). In vitro ubiquitylation was performed using standard conditions as described in the methods section 
(substrate concentration: 1μM of nucleosomal H2B corresponds to 0.5 μM mononucleosomes). 
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Supplementary Figure 7. Crosstalk between H2BK120ub and the N-terminal tail of H2A. (a) Structure of the 
H2A tail region within the nucleosome (PDB 1KX5). Positions H2AK15, H2AK13, H2AK9 and H2AK5 and the 
respective side chains are highlighted in blue. Nucleosomal DNA is highlighted in green. (b) In vitro ubiquitylation 
of MNs containing histone variant H2A.Z paired with H3.1 and H3.3. Western Blot analysis of in vitro 
ubiquitylation reactions. (c) Full amino acid sequences of H2A/H2A.Z mutants and chimeras employed in this study. 
Introduced changes to the canonical H2A/H2A.Z amino acid sequences are highlighted in red. Full WB is presented 
in Supplementary Fig. 19a. 
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Supplementary Figure 8. Interplay between Lys-15 of H2A and Val-17 of H2A.Z (and H2A.V) is highly 
conserved in metazoans. Amino acid sequence of canonical H2A and H2A variants were aligned using the UniProt 
database (H2A variants H2A.bbd and macroH2A are not shown in the alignment). H2AZL_Xena (UniProt ID 
P70094) encodes for histone H2A.Z-like variant found in Xenopus lavis.  
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Supplementary Figure 9. Crosstalk between H2BK120ub and the N-terminal tail of H2A analyzed by in vitro 
ubiquitylation using Cy3-Ub. (a) In vitro ubiquitylation of mononucleosomes containing H2A/H2A.Z mutants 
using Cy3-Ub. Top: Cy3 readout and corresponding loading control (SYPRO Ruby stain). Bottom: Quantification of 
ubiquitylation activities (Cy3-H2Bub/H4) plotted relative to wt-MN (n = 4). (b) In vitro ubiquitylation of 12mer 
chromatin arrays containing H2A.Z and H2A.Z_TS measured by in-gel fluorescence. Top: Cy3 readout and 
corresponding loading control (SYPRO Ruby stain). Bottom: Quantification of ubiquitylation activities (Cy3-
H2Bub/H4) plotted relative to wt-12mer chromatin arrays (n = 4). All data are mean ± s.e.m.  Full gel images are 
shown in Supplementary Fig. 19b/c. 
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Supplementary Figure 10. Regulation of H2BK120ub by the H2A N-terminal tail in HEK293T cells. (a) 
Analysis of ChIP input (after MNase digestion and DNA isolation), showing that MNase digestion provided 
predominately MNs. (b) Full image of WB analysis, which was cropped for illustration purposes in Fig. 5a. (c) WB 
analysis of H2BK120ub levels after ChIP using H2B as loading control. (d) Left: Representative WB including a 
negative control: H2BK120R (K120R). Right: Quantification of H2BK120ub levels after ChIP in HEK 293T cells. 
Each data set of ubiquitylation levels (αH2BK120ub/αH3) was normalized to wt (100%) and H2BK120R (0%) 
followed by calculating the mean ± s.e.m. (n = 4). (e) Previously determined in vitro ubiquitylation activities for 
comparison: MN containing H2A K! Q mutants (Fig. 3d), acetylated H2A (Fig. 3a) and 12mer chromatin arrays 
containing acetylated H2A (Fig. 3b). Full WBs are shown in Supplementary Fig. 20. Ctrl: Control (mock 
transfection); wt: H2A-FLAG; Q1: H2A_K15Q-FLAG; Q2: H2A_K13/15Q-FLAG; pQ: H2A_K5/9/13/15Q-FLAG). 
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Supplementary Figure 11. Characterization of recombinant and semisynthetic proteins used in this study. 
Left: MS spectra of the indicated proteins and RP-HPLC chromatogram (solvent gradients are individually noted). 
Right: Deconvoluted MS-spectra and comparison of calculated and found MW. Serine modified with N-
acetylglucosamine: SGlcNAc; Tail swap mutant: TS (see Supplementary Fig. 7c); Lysine acetylation: KAc; tyrosine 
phosphorylation: YPh. 
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Supplementary Figure 12. Characterization of histone octamers. Individual histone octamers were analyzed by 
SDS-PAGE and stained with Coomassie Brilliant Blue. 
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Supplementary Figure 13. Characterization of mononucleosome substrates. Individual MNs were analyzed by 
native gel electrophoresis and stained with SYBR Gold nucleic acid stain. 
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Supplementary Figure 14. Characterization of 12mer chromatin array substrates. Individual 12mer chromatin 
arrays were analyzed by native gel electrophoresis (APAGE gel) and stained with SYBR Gold nucleic acid stain. 
Crude assemblies and purified samples are shown for wt-, g112,- g123 -and gg-12mer chromatin arrays. 
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Supplementary Figure 15. Full images for data presented in Fig. 3. Blots were cropped for illustration purposes. 
(a) Full image for WB analysis presented in Fig. 3a. WB was physically cut before antibody incubation. (b) Full 
image for WB analysis presented in Fig. 3b. (c) Full image for WB analysis presented in Fig. 3d. The asterisks mark 
non-specific antibody binding. (d) Full image for WB analysis presented in Fig. 3e.  
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Supplementary Figure 16. Full images for data presented in Supplementary Fig 2/3. Images were cropped for 
illustration purposes. (a) Full image for WB analysis presented in Supplementary Fig. 2c. (b) Full image for WB 
analysis presented in Supplementary Fig. 3b. (c) Full image of Cy3 readout and loading control (SYPRO Ruby 
protein stain) presented in Supplementary Fig. 3d. (d) Full image for WB analysis presented in Supplementary Fig. 
3e. 
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Supplementary Figure 17. Full images for data presented in Supplementary Fig. 4. Images were cropped for 
illustration purposes. (a) Full image of Cy3 readout and loading control (SYPRO Ruby protein stain) presented in 
Supplementary Fig. 4a. (b) Full image of Cy3 readout and loading control (SYPRO Ruby protein stain) presented in 
Supplementary Fig. 4b.  
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Supplementary Figure 18. Full images for data presented in Supplementary Fig. 5. Images were cropped for 
illustration purposes. (a) Full image for WB analysis presented in Supplementary Fig. 5b. (b) Full image of Cy3 
readout and loading control (SYPRO Ruby protein stain) presented in Supplementary Fig. 5c. (c) Full image for WB 
analysis presented in Supplementary Fig. 5d. (d) Full image of Cy3 readout and loading control (SYPRO Ruby 
protein stain) presented in Supplementary Fig. 5e. 
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Supplementary Figure 19. Full images for data presented in Supplementary Fig. 7/9. Images were cropped for 
illustration purposes. (a) Full image for WB analysis presented in Supplementary Fig. 7b. WB was physically cut 
before antibody incubation. (b) Full image of Cy3 readout and loading control (SYPRO Ruby protein stain) 
presented in Supplementary Fig. 9a. (c) Full image of Cy3 readout and loading control (SYPRO Ruby protein stain) 
presented in Supplementary Fig. 9b. 
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Supplementary Figure 20. Full images for data presented in Supplementary Fig. 10. Images were cropped for 
illustration purposes. (a) Full image for WB analysis presented in Supplementary Fig. 10c. WB was physically cut 
before antibody incubation. (b) Full image for WB analysis presented in Supplementary Fig. 10d. WB was 
physically cut before antibody incubation.   
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Supplementary Table 1. Library-based screen for de novo ubiquitylation activity. Substrates are ranked by de 
novo ubiquitylation activity from least active to most active. DNA reads were normalized to library input and the 
average signal intensities of the six wt-controls. Data are mean of log2(fold change) values ± s.e.m. (n = 3). 
Individual nucleosomes are color coded as in Fig. 2. Gray: Wt-controls; Red: Negative controls (pre-modified 
H2BK120); Light red: Free DNA; Dark blue: H2A N-terminal tail acetylation (single modification or combinations 
of K5Ac, K9Ac, K13Ac, K15Ac); Light blue: Nucleosomes containing histone variant H2A.Z; Orange: Entry/exit 
site modulators; Green: H2BS112GlcNAc. Rounded figures are displayed, the calculation of the mean and the s.e.m. 
was carried out with exact values. 
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Supplementary Table 2. List of antibodies used in this study. 

Epitope Vendor (product #) Antibody dilution Application 

Anti-H3 Abcam (Ab1791) 1:10000 in TBS-T Loading control 

Anti-H2B Abcam (Ab1790) 1:10000 in TBS-T Loading control 

Anti-H4 Abcam (Ab31830) 1:2000 in TBS-T Loading control 

Anti-H2BK120ub Medimabs (MM0029) 1:1000 in TBS-T In vitro ubiquitylation levels 

Anti-H2BK120ub CST (Ubiquityl-Histone H2B 
XP® Rabbit mAb #5546) 

1:1000 in TBS-T 
containing 5% BSA 

In vitro ubiquitylation levels 
and cellular ubiquitylation 
levels 

Anti-HA Covance (anti-HA.11 Clone 
16B12, MMS-101R) 

See method section In vitro ChIP of the MN-
Library 

Anti-FLAG Sigma Aldrich (M2 clone, 
F3165) 

See method section ChIP of cellular MNs  

Anti-RNF20 Abcam (Ab32629) 1:1000 in TBS-T Autoubiquitylation of 
RNF20 

Anti-Rabbit Bio-Rad HRP conjugate (170-
6515) 

1:10000 in TBS-T Visualization of prim. 
antibody 

Anti-Mouse Bio-Rad HRP conjugate (170-
6516) 

1:10000 in TBS-T Visualization of prim. 
antibody 

Anti-Rabbit LI-COR (IRDye@800CW 926-
32211) 

1:15000 in TBS-T Visualization of prim. 
antibody 

Anti-Rabbit LI-COR (IRDye@680LT 877-
11081) 

1:15000 in TBS-T Visualization of prim. 
antibody 

Anti-Mouse LI-COR (IRDye@800CW 827-
08364) 

1:15000 in TBS-T Visualization of prim. 
antibody 
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Supplementary Table 3. Summary of ChIP-seq and RNA-seq datasets used in this study. 

Dataset Cell type Data source Laboratory responsible 
for data generation 

Accession 
number 

H2A.Z ChIP-seq HeLa-S3 ENCODE 
consortium 

Bradley Bernstein, Broad 
Institute 

ENCFF532VFI 

H3K79me2 ChIP-seq HeLa-S3 ENCODE 
consortium 

Bradley Bernstein, Broad 
Institute 

ENCFF432DSJ 

H3K4me3 ChIP-seq HeLa-S3 ENCODE 
consortium 

Bradley Bernstein, Broad 
Institute 

ENCFF699TXY 

Strand-specific, rRNA-
depleted, poly(A)+ RNA-seq 

HeLa-S3 ENCODE 
consortium 

Thomas Gingeras, CSHL ENCFF000FNX, 
ENCFF000FNY 

Strand-specific, rRNA-
depleted, poly(A)+ RNA-seq 

HeLa-S3 ENCODE 
consortium 

Thomas Gingeras, CSHL ENCFF084ARU 

MNase-seq HeLa-S3 European 
Nucleotide 
Archive 

Giuseppe Macino, 
Sapienza University of 
Rome 

ERS345758 

H2BK120ub ChIP-seq HeLa NCBI Gene 
Expression 
Omnibus 

Didier Devys, Institut de 
Génétique et de Biologie 
Moléculaire et Cellulaire 

GSM1277116 

 


