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SUMMARY:  29 
Ubiquitination is a post-translational modification that plays important roles in cellular processes 30 
and is tightly coordinated by deubiquitination. Defects in both reactions underlie human 31 
pathologies. We provide protocols for conducting ubiquitination and deubiquitination reaction 32 
in vitro using purified components. 33 
 34 
ABSTRACT: 35 

Ubiquitination is a post-translational modification that plays important roles in various 36 
signaling pathways and is notably involved in the coordination of chromatin function and DNA-37 
associated processes. This modification involves a sequential action of several enzymes including 38 
E1 ubiquitin-activating, E2 ubiquitin-conjugating and E3 ubiquitin-ligase and is reversed by 39 
deubiquitinases (DUBs). Ubiquitination induces degradation of proteins or alteration of protein 40 
function including modulation of enzymatic activity, protein-protein interaction and subcellular 41 
localization. A critical step in demonstrating protein ubiquitination or deubiquitination is to 42 
perform in vitro reactions with purified components. Effective ubiquitination and 43 
deubiquitination reactions could be greatly impacted by the different components used, enzyme 44 
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co-factors, buffer conditions, and the nature of the substrate.  Here, we provide step-by-step 45 
protocols for conducting ubiquitination and deubiquitination reactions. We illustrate these 46 
reactions using minimal components of the mouse Polycomb Repressive Complex 1 (PRC1), Bmi1, 47 
and RING1B, an E3 ubiquitin ligase that monoubiquitinates histone H2A on lysine 119. 48 
Deubiquitination of nucleosomal H2A is performed using a minimal Polycomb Repressive 49 
Deubiquitinase (PR-DUB) complex formed by the human deubiquitinase BAP1 and the 50 
DEUBiquitinase ADaptor (DEUBAD) domain of its co-factor ASXL2. These 51 
ubiquitination/deubiquitination assays can be conducted in the context of either recombinant 52 
nucleosomes reconstituted with bacteria-purified proteins or native nucleosomes purified from 53 
mammalian cells. We highlight the intricacies that can have a significant impact on these reactions 54 
and we propose that the general principles of these protocols can be swiftly adapted to other E3 55 
ubiquitin ligases and deubiquitinases.      56 
 57 
INTRODUCTION:  58 
Ubiquitination is one of the most conserved post-translational modifications and is critical for a 59 
wide variety of organisms including yeast, plants and vertebrates. Ubiquitination consists of the 60 
covalent attachment of ubiquitin, a highly conserved 76 amino acid polypeptide, to target proteins 61 
and occurs in three sequential steps involving three enzymes, i.e., E1-activating, E2-conjugating 62 
and E3 ligase1-3. This post-translational modification plays central roles in a wide spectrum of 63 
biological processes. Indeed, the E3 ligases, which provide the specificity of the reaction, 64 
constitute a large superfamily of enzymes and are the most abundant enzymes of the ubiquitin 65 
system4-6. The downstream effects of protein ubiquitination depend on nature of the 66 
modification: monoubiquitination, multi-monoubiquitination, and linear or branched 67 
polyubiquitination. Monoubiquitination is rarely associated with proteasomal degradation, but 68 
instead this modification is involved in mediating various signaling events. Polyubiquitination 69 
involves the N-terminal or the lysine residues in ubiquitin molecule itself, and the destiny of a 70 
polyubiquitinated protein depends on which residue is involved in ubiquitin chain extension. It 71 
has long been known that polyubiquitination mediated by lysine 48 of ubiquitin induces 72 
proteasomal degradation. On the contrary, polyubiquitination via lysine 63 of ubiquitin is often 73 
associated with protein activation7-9. Similar to other important post-translational modifications, 74 
ubiquitination is reversible and ubiquitin removal from proteins is ensured by specific proteases 75 
termed deubiquitinases (DUBs), which have emerged as important regulators of cellular 76 
processes2,10. Importantly, many DUBs are highly specialized, and regulate, through 77 
deubiquitination, specific substrates, indicating that a fine balance between ubiquitination and 78 
deubiquitination is critical for protein function. E3s and DUBs, along with the proteasome 79 
degradation machinery and accessory factors, form the Ubiquitin Proteasome System (UPS, with 80 
>1200 genes) which regulates major signaling pathways, several of which are associated with cell 81 
growth and proliferation, cell fate determination, differentiation, cell migration, and cell death. 82 
Importantly, deregulation of several signaling cascades involving ubiquitination promotes 83 
tumorigenesis and neurodegeneration diseases5,11-14.   84 
 85 
Ubiquitination plays pervasive roles in chromatin biology and DNA-dependent processes15-17. For 86 
instance, monoubiquitination of histone H2A on lysine 119 (hereafter H2A K119ub) is a critical 87 
post-translational modification involved in transcriptional repression and DNA repair18-22. H2A 88 



   

K119ub is catalyzed by the Polycomb Repressive Complex 1 (PRC1), which plays a key role in the 89 
maintenance of epigenetic information and is highly conserved from Drosophila to human. 90 
Canonical PRC1 is constituted notably by the RING1B and BMI1, which are the core E3 ubiquitin 91 
ligase complex responsible for the above-mentioned ubiquitination event22,23. In Drosophila, H2A 92 
monoubiquitination (H2A K118ub which corresponds to H2A K119ub in mammalians) is reversed 93 
by the DUB Calypso, which interacts with Additional Sex Comb (ASX) forming the Polycomb-94 
repressive DUB (PR-DUB) complex24. The mammalian ortholog of calypso, BAP1, is a tumor 95 
suppressor deleted or inactivated in various human malignancies25-33. BAP1 regulates DNA-96 
dependent processes in the nucleus and Calcium-signaling-mediated apoptosis at the 97 
endoplasmic reticulum33-42. BAP1 assembles multi-subunit protein complexes containing 98 
transcription regulators notably ASXL1, ASXL2 and ASXL3 (ASXLs), three orthologues of ASX38,43. 99 
ASXLs use the DEUBiquitinase ADaptor (DEUBAD) domain, also termed ASXM domain, to 100 
stimulate BAP1 DUB activity35,36,44. Hence, ASXLs play important roles in coordinating BAP1 DUB 101 
activity at chromatin and more broadly its tumor suppressor function. 102 
 103 
Several methods exist to study ubiquitination and deubiquitination processes. Notably, 104 
biochemical assays using proteins purified from bacteria remain very powerful in demonstrating 105 
direct ubiquitination of, or removal of ubiquitin from, specific substrate. These experiments can 106 
be conducted to investigate a range of parameters such as the determining the requirement of 107 
minimal complexes, determining reactions kinetics, defining structure/function relationships, and 108 
understanding the impact of pathological gene mutations. Here, we provide protocols to conduct 109 
ubiquitination and deubiquitination reactions on chromatin substrates with purified components. 110 
As a model system, in vitro ubiquitination and deubiquitination of nucleosomal H2A protein is 111 
presented. Bacteria-purified proteins assembled in minimal complexes of RING1B/BMI1 and 112 
BAP1/DEUBAD are used for ubiquitination or deubiquitination of nucleosomal H2A, respectively. 113 
 114 
PROTOCOL: 115 
 116 
1. GSH-agarose affinity purification of the GST-RING1B(1-159)-BMI1(1-109) E3 ubiquitin ligase 117 
complex 118 
 119 
1.1. Use the pGEX6p2rbs-GST-RING1B(1-159)-BMI1(1-109) bacteria expression construct to 120 
transform BL21 (DE3) bacteria (see Table of Materials)23. This construct allows the expression of 121 
murine RING1B domain 1-159 fused to BMI1 domain 1-109 with GST tag in pGEX-6P-2 backbone.   122 
 123 
1.2. Perform an overnight starter culture by inoculating RIL-bacteria expressing GST-RING1B(1-124 
159)-BMI1(1-109) in 20 mL of LB broth medium in presence of 100 µg/mL ampicillin and 50 µg/mL 125 
chloramphenicol. Incubate by shaking at 37 °C overnight. On the next day, add the starter culture 126 
to a 1 L flask containing 500 mL of fresh LB broth medium (1/26 dilution) with ampicillin and 127 
incubate the culture in the shaker at 37 °C for 2 to 4 h.  128 
 129 
1.3. During the incubation time, measure the OD at 600 nm with a spectrophotometer. When 130 
bacteria culture reaches 0.6 OD units at 600 nm, take a 1 mL aliquot in an 1,5 mL tube as the non-131 
induced sample. Add 400 µM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) to the 1 L culture 132 



   

to induce protein expression. Incubate bacteria at 25 °C for 6 h to overnight. 133 
 134 
1.3.1. Centrifuge the 1 mL aliquots at 14,000 x g for 30 s, discard the supernatant, resuspend the 135 
pellet in 200 μL of Laemmli sample buffer, and keep for SDS-PAGE and Coomassie blue analysis 136 
of protein induction. 137 
 138 
1.4. Transfer the induced bacteria culture from the flask into a clean centrifugation bottle and 139 
spin down at 3,500 x g for 15 min at 4 °C. Discard the supernatant and resuspend the pellet with 140 
40 mL of cold PBS and spin down at 3,500 x g for 15 min at 4 °C. 141 
 142 
1.5. Discard the supernatant and freeze the pellet at -80 °C or proceed to the next step. If the 143 
proteins are induced at the expected molecular weight, proceed to the next step. 144 
 145 
1.6. Resuspend the bacteria pellet in 25 mL of ice-cold lysis buffer A (50 mM Tris-HCl pH 7.5, 100 146 
mM NaCl, 1 mM EDTA, 1% NP40, 1 mM PMSF, 0.5 mM DTT, and 1/100 anti-protease cocktail 147 
containing AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, and Pepstatin A). Make sure that all the 148 
bacteria pellet is resuspended. PMSF and anti-protease cocktail must be freshly added to the lysis 149 
buffer, only at the time of bacteria lysis.  150 

 151 
CAUTION: Always keep the sample on ice.  152 
 153 
NOTE: Lysozyme at 100 µg/mL can be added to enhance bacteria lysis. 154 
 155 
1.7. Incubate the bacteria lysate on ice for 15 min. Use a probe sonicator and sonicate at 70% 156 
output amplitude for 30 s (4–5x), and then centrifuge at 21,000 x g for 20 min at 4 °C.  157 
 158 
CAUTION: During sonication, keep always the samples on ice. 159 
 160 
1.8. During the time of centrifugation, take 500 µL packed GSH-agarose beads (50% slurry) in a 161 
15 mL tube and add 10 mL of buffer A without PMSF and anti-proteases. Mix briefly and spin at 162 
2,500 g for 3 min at 4 °C, repeat this wash step two more times and keep the beads on ice. 163 
 164 
1.9. Following bacterial lysate centrifugation, collect the supernatant and transfer it into a 50 mL 165 
conical tube. Take an aliquot of 100 μL as a total lysate and add 100 μL of 2x Laemmli sample 166 
buffer for SDS-PAGE and Coomassie blue analysis. 167 
 168 
1.10. Filter the lysate through 0.45 μm pore syringe filter and mix it with the GSH beads. Incubate 169 
at 4 °C with shaking for 5 h. Spin down the beads at 2,500 x g for 3 min, remove, and save the 170 
supernatant as the flow through. Wash the proteins-GSH bound beads 6 times (5 mL each) with 171 
buffer A containing anti-protease cocktail and PMSF. 172 
 173 
1.11. After the last wash, transfer the beads along with 10 mL of buffer into an empty 174 
chromatography column, add 1.5 mL buffer A containing 25 mM glutathione, and collect the 175 
elution by gravity into 1.5 mL microtubes. Repeat the elution procedure 4 times. 176 



   

 177 
NOTE: Glutathione stock solution is prepared at 200 mM concentration in 50 mM Tris-HCl, pH 7.5 178 
 179 
1.12. Take an aliquot of 10 µL from each one of the 4 elutions and add 10 µL of 2x Laemmli sample 180 
buffer. These samples will be used for SDS-PAGE and Coomassie blue analysis to determine the 181 
presence and the purity of the purified proteins. 182 
 183 
NOTE: Following the last elution, keep the beads in buffer at 4 °C for recycling and future use. 184 
 185 
1.13. Choose the eluted fractions showing reasonable amounts of purified proteins for further 186 
analysis. Make small aliquots of the preparation. Store the purified proteins in -80°C. Usually, 187 
protein concentration will range from 0.5 µg to 2 µg per µL and samples can be stored in this 188 
state. 189 
 190 
1.14. Optional: Concentrate the sample or change buffer using a 10K centrifugal filter unit  191 
 192 
2. Purification of the BAP1/DEUBAD (ASXL2) deubiquitinase complex 193 
 194 
2.1. Use pET30a+-His-BAP138 and pDEST-MBP-DEUBAD (ASXL2)35 bacterial expression constructs 195 
to transform BL21 (DE3) RIL bacteria for the production of His-BAP1 and MBP-DEUBAD 196 
respectively. 197 
 198 
2.2. Perform two separate overnight starter cultures by incubating His-BAP1 and MBP-DEUBAD 199 
(ASXL2) expressing bacteria in 20 mL of LB broth medium containing 50 µg/mL chloramphenicol 200 
and the corresponding antibiotic for each plasmid, 100 µg/mL of kanamycin or 100 µg/mL 201 
ampicillin respectively. Place on shaker at 37°C.  202 
 203 
2.3. Perform steps 1.3–1.6. 204 
 205 
2.4. Resuspend the bacteria pellets in 25 mL of ice-cold lysis buffer B (50 mM Tris pH 7.3, 500 206 
mM NaCl, 3 mM β-Mercaptoethanol, 0.2% Triton X-100, 1 mM PMSF and 1/100 anti-protease 207 
cocktail).  Mix equal volumes of the His-BAP1 with the MBP-DEUBAD lysates and incubate on ice 208 
for 15 min. Sonicate and then centrifuge the lysate as indicated in protocol 1 (step 9). 209 
 210 
2.4.1. During the centrifugation, prepare 500 µL packed Ni-NTA agarose beads (50% slurry) by 211 
washing them three times with buffer B without PMSF and anti-protease cocktail. 212 
 213 
2.5. Following bacterial lysate centrifugation, collect the supernatant and transfer it into a 50 mL 214 
conical tube. Take an aliquot of 100 μL as a total lysate and add 100 μL of 2x Laemmli sample 215 
buffer sample for SDS-PAGE and Coomassie blue analysis. 216 
 217 
2.6. Filter the lysate through 0.45 μm pore syringe filter and mix it with the Ni-NTA beads. 218 
Incubate at 4°C with shaking for 5 h. Spin down the beads at 2,500 x g for 3 min, remove, and 219 
save the supernatant as the flow through.  220 



   

 221 
2.6.1. Wash the beads 6 times (5 mL each) with buffer B containing 20 mM 1,3-Diaza-2,4-222 
cyclopentadiene (Imidazole). 223 
 224 
NOTE: Make a stock solution of 2 M imidazole at pH 7.3. 225 
 226 
2.7. After the last wash, transfer the beads with 10 mL of buffer into an empty chromatography 227 
column, add 1 mL buffer B containing 200 mM Imidazole and collect the elution by gravity into 228 
1.5 mL microtubes containing 10 µL DTT (500 mM) and 2 µL EDTA (500 mM, pH: 8). Repeat the 229 
elution procedure 4 times. Take 10 µL of each elution fraction and add 10 µL of 2x Laemmli 230 
sample buffer for SDS-PAGE and Coomassie blue analysis. Pool the desired eluted fractions.  231 
 232 
NOTE: Keep the beads in buffer at 4 °C for recycling and future use. 233 
 234 
2.8. Dilute the eluted complex 3 times with buffer C (50 mM Tris pH 7.3, 300 mM NaCl, 1% Triton 235 
X-100, 5 mM DTT, 1 mM EDTA, 1 mM PMSF, and 1/100 protease inhibitor cocktail) prior to 236 
incubation with the amylose agarose beads. 237 
 238 
2.8.1. Prepare amylose agarose beads (500 µL packed) by washing them 2 times with the buffer 239 
C without adding PMSF and anti-protease cocktail. Add the beads to the diluted elution and 240 
incubate overnight at 4 °C.  241 
 242 
2.9. Centrifuge at 2,500 x g for 3 min and keep the flow through. Wash the proteins-bounds beads 243 
with 5 mL of buffer C (5–6x). 244 
 245 
2.10. Keep the purified His-BAP1/MBP-DEUBAD complex on the amylose agarose beads in buffer 246 
D (50 mM HEPES pH 8.0, 50 mM NaCl, 10% Glycerol, and 1 mM DTT) and store at -80 °C. Take 20 247 
µL of the beads fraction (50% beads solution) and add 20 µL of 2x Laemmli sample buffer for SDS-248 
PAGE and Coomassie blue analysis.  249 
 250 
3. Purification of the nucleosomes from HEK293T cells  251 
 252 
3.1. Culture HEK293T cells in complete Dulbecco's modified Eagle's medium (DMEM) 253 
supplemented with 5% newborn calf serum (NBS), 2 mM L-glutamine, and 1% 254 
penicillin/streptomycin. 255 
 256 
3.2. Plate around 12 x 106 HEK293T cells in 20 mL of complete media per 15 cm culture dish one 257 
day before the transfection (10 dishes were used). Before transfection, change the cell’s media 258 
to 12 mL of serum-free media and transfect the cells with 21 µg of pCDNA-Flag-H2A using 63 µl 259 
of polyethylenimine (PEI) at 1 mg/mL36. Change to complete medium 12 h later.  260 
 261 
3.3. Three days post-transfection, wash the cells with 15 mL ice-cold PBS (twice) and harvest 262 
them in 3 mL of ice-cold PBS using a cell scraper. Centrifuge at 2,100 x g for 8 min at 4 °C. Discard 263 
the PBS and proceed to the lysis step or freeze the cell pellet at -80 °C. 264 



   

 265 
3.4. Resuspend the cell pellet in about 10 volumes of buffer E (50 mM Tris-HCl pH 7.3, 420 mM 266 
NaCl, 1% NP-40, 1 mM MgCl2, 1 mM PMSF, 1/100 protease inhibitor cocktail, and 20 mM of N-267 
methylmaleimide (NEM)) and incubate on ice for 20 min. Adding N-methylmaleimide (NEM) is 268 
critical to inhibit DUBs that co-purify with nucleosomes. 269 
 270 
3.5. After centrifugation at 3,000 x g for 5 min, discard the supernatant and resuspend the 271 
chromatin pellet in 10 volumes of buffer E. Mix by inversion and centrifuge at 3,000 x g for 5 min.  272 
 273 
3.5.1. Repeat the wash step another time using buffer E and two times using buffer F "MNase 274 
Buffer" (20 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% NP-275 
40, 1 mM PMSF, and 1/100 protease inhibitor cocktail).  276 
 277 
CAUTION: Pellet will float during washes and centrifugation. 278 
 279 
3.6. Resuspend the chromatin in 5 mL buffer F and treat the pellet with Micrococcal nuclease 280 
(MNase) (3 U/mL for 10 min at room temperature).  281 
 282 
NOTE: The reaction can be aided by mixing using a Dounce Homogenizer. 283 
 284 
3.7. After incubation, take a 40 μL aliquot of the mixture for analysis of nucleosomal DNA 285 
fragments. Mix this aliquot with 40 μL of Phenol/chloroform and 20 μL of 6x DNA loading buffer, 286 
vortex, spin at 18,000 x g for 2 min, and load the DNA on a 2% agarose gel. 287 
 288 
3.7.1. When the DNA is predominantly a 147 bp fragment corresponding to mononucleosomes, 289 
stop the reaction by adding 5 mM EDTA at final concentration. 290 
 291 
3.8. Following centrifugation at 21,000 x g for 20 min at 4°C, incubate the soluble chromatin 292 
fraction with anti-Flag resin overnight at 4 °C. Wash the beads 6x Buffer G (50 mM Tris-HCl, pH 293 
7.3, 5 mM EDTA, 150 mM NaCl, 1% NP-40, 1 mM PMSF, 1 mM DTT, 1/100 protease inhibitors 294 
cocktail).  295 
 296 
3.9. Transfer the beads with 5 mL buffer G into an empty chromatography column. Elute the 297 
beads-bound nucleosomes with 200 μg/mL of Flag elution peptide. Use an elution buffer 298 
composed of buffer G containing 200 μg/mL Flag elution peptides (see Table of Materials) and 299 
1/5 (vol:vol) 1 M Tris, pH 8.00. Elute the nucleosomes 3x with 260 μL Flag elution Buffer (2 h each 300 
elution). 301 
 302 
3.10. Test the 3 elutions by taking an aliquot for phenol-chloroform extraction and load the DNA 303 
in a 2% agarose gel. Take 10 µL of each elution fraction and add 10 µL of Laemmli sample buffer 304 
2X for SDS-PAGE and Coomassie blue analysis and load each elution for Western Blot detection 305 
of ubiquitinated H2A. Store the elution at -80 °C. In general, purification from human cells yields 306 
less amount of proteins than that from bacteria, with concentrations ranging from 0.1 to 0.5 307 
μg/μL. 308 



   

 309 
4. Nucleosome ubiquitination assay using BMI1/RING1B E3 ubiquitin ligase complex 310 
 311 
4.1. Centrifuge the nucleosomes through 10K pore 0.5 mL centrifugal filters to change the 312 
substrate from the elution buffer to the reaction buffer H (25 mM Tris, pH 7.5; 10 mM MgCl2, 313 
and 5 mM ATP). Alternatively, commercially available nucleosomes can be used for the assay. 314 
 315 
NOTE: Changing substrate suspension solution to reaction buffer ensures reproducibility and 316 
prevents potential E3 ligase inhibition by compounds present in the Flag elution mixture. 317 
 318 
4.2. Incubate 1 μg of the nucleosomes in 40 μL total volume of buffer H. Add Ub Activating 319 
Enzyme (UBE1) (250 ng), Ub (50 ng/μL) and E2 Ub-conjugating enzymes (672 ng), and 1 μg of 320 
BMI1/RING1B E3 ubiquitin ligase complex. Incubate the reaction for 3 h at 37 °C with occasional 321 
shaking. 322 
 323 
NOTE: Several controls can be conducted in parallel including omitting, E1, E2, E3, ATP and 324 
ubiquitin. This ensures the specificity for the ubiquitination reaction. 325 
 326 
4.3. Stop the reaction by adding 40 μL of 2x Laemmli sample buffer and analyze histone H2A K119 327 
ubiquitination by SDS-PAGE and western blotting, according to standard procedures. Use either 328 
anti-H2A or anti-H2A K119ub antibodies (see Table of Materials).  329 
 330 
5. In vitro nucleosomal H2A DUB assay using BAP1/DEUBAD 331 
 332 
5.1. Use the purified nucleosomes were the in vitro deubiquitination assay. Resuspend 100–500 333 
ng of nucleosomes in 40 μL buffer I (50 mM Tris-HCl, pH 7.3, 1 mM MgCl2, 50 mM NaCl, and 1 334 
mM DTT). Add 1 μg of BAP1 bacteria-purified His-BAP1 and MBP-DEUBAD. Carry out the 335 
deubiquitination reaction for 3 h at 37 °C with occasional shaking. 336 
 337 
5.2. Stop the in vitro reaction by adding 40 μL of 2x Laemmli buffer and analyze by 338 
immunoblotting. 339 
 340 
REPRESENTATIVE RESULTS:  341 

GST-BMI1 and RING1B proteins are well produced in bacteria and can be readily extracted 342 
in the soluble fraction. Figure 1A shows a Coomassie blue staining for a typical purification of the 343 
GST-BMI1-RING1B complex. The GST-BMI1 and RING1B bands migrate at the expected molecular 344 

weight, 45 kDa and 13 kDa respectively. Notably the E3 ligase complex is highly homogenous 345 
with very low levels of bacteria proteins contaminants and/or degradation products. Moreover, 346 
the stoichiometry of the purified complex is optimal, as with a molar ratio of 1:1, the band 347 
intensity of GST-RING1B protein is expected to be two to three times stronger than that of BMI1. 348 
Similarly, the purification of His-BAP1/MBP-DEUBAD complex also resulted in relatively highly 349 
homogenous preparations with bands at ~90 kDa and ~55 kDa, respectively (Figure 1B). The 350 
tandem affinity purification of BAP1 and DEUBAD, through nickel-agarose and amylose-agarose 351 
respectively ensures and adequate stoichiometry and the removal of free BAP1 from the purified 352 



   

complex. On the other hand, the purified nucleosomal fraction is essentially composed by 147bp 353 
band indicating the presence of highly enriched mononucleosomal fraction (Figure 1C). 354 
Coomassie blue staining of these purified nucleosomes shows a typical band pattern of the four 355 
histone subunits with stoichiometric amounts (Figure 1D). Commercially available recombinant 356 
mononucleosomes also display similar protein and DNA patterns when migrated on SDS-PAGE 357 
and agarose gels respectively. Of note, monoubiquitinated forms of H2A and Flag-H2A can be 358 
readily distinguished on HEK293T-purified nucleosomes. We used recombinant nucleosomes 359 
along with E1/E2/Ubiquitin/ATP and observed that ubiquitination of histone H2A with the BMI1-360 
RING1B complex shows a time-dependent increase of the ubiquitinated form of the protein, 361 
while the levels of the non-modified form are concomitantly decreased. The ubiquitination 362 
reaction is total, as virtually all H2A proteins are transformed to H2A K119ub (Figure 1E). On the 363 
other hand, deubiquitination assay was conducted on native nucleosomes. Following incubation 364 
of these nucleosomes with BAP1/DEUBAD, we observed a time-dependent-reduction of H2A 365 
K119ub signal (Figure 1F). Note that two bands of ubiquitinated H2A observed with anti-H2A 366 
K119ub correspond to transfected Flag-H2A and endogenous H2A migrating at ~30 kDa and ~25 367 
kDa bands respectively.  368 
 369 
FIGURE AND TABLE LEGENDS:  370 
Figure 1: Purification, ubiquitination, and deubiquitination. (A) Purification of GST-RING1B-371 
BMI1 proteins and analysis using Coomassie blue staining. GST-RING1B-BMI1 were produced in 372 
bacteria and purified using GST affinity beads. To confirm purification purity and proteins size, 373 
elutions were loaded on 15% SDS-PAGE gel and stained with Coomassie blue. Different amount 374 
of BSA are used to determine protein quantity. The stained gel was scanned to generate the 375 
figure. (B) Purification of MBP-DEUBAD/His-BAP1 complex. MBP-DEUBAD and HIS-BAP1 were 376 
produced separately in bacteria. After lysis, MBP-DEUBAD and HIS-BAP1 were mixed and purified 377 
using nickel and maltose beads. The purified complex was loaded on 8% SDS-PAGE gel and stained 378 
with Coomassie blue. (C) Purification of mononucleosome following MNase treatment. 379 
Chromatin from HEK293T expressing pcDNA.3 Flag-H2A was extracted and treated with MNase 380 
to generate and purify mononucleosomes. To confirm the generation of mononucleosome, a 381 
fraction of chromatin was taken for phenol chloroform extraction and detection under UV light. 382 
Loading on 2% agarose gel reveals a typical 147 base-pair DNA fragment indicative of 383 
mononucleosome. (D) Purified mononucleosomes were used for Coomassie blue staining. (E) In 384 
vitro ubiquitination of nucleosomes. Recombinant nucleosomes were incubated at 37 °C with the 385 
bacterial purified E3 ubiquitin ligase dimer, GST-RING1B/BMI1 and E1/E2/ATP/Ubiquitin, for the 386 
indicated times. H2A monoubiquitination (H2A K119ub) was analysed by western blotting. (F) 387 
Deubiquitination assay of H2A K119ub using the BAP1/DEUBAD deubiquitinase complex. In vitro 388 
deubiquitination assays were conducted using bacteria purified His-BAP1/MBP-DEUBAD and 389 
mammalian purified nucleosomes. Reactions were done for the indicted times and analyzed by 390 
western blotting. 391 
 392 
Figure 2: Controls and overview of the protocol. (A) Purified mammalian BAP1 or its catalytic 393 
dead mutant (C91S) as well as bacteria-purified recombinant BAP1 were used for H2A 394 
deubiquitination on nucleosomes. Nucleosomes incubated with buffer alone or with elutions 395 
obtained from the mock purification were also included as controls. (B) BAP1 does not 396 



   

deubiquitinate H2A K13/K15 whose ubiquitination is mediated by RNF168 E3 ligase. HEK293T 397 
cells were co-transfected with either H2A K13R/K15R or H2A K118R/K119R along with RNF168 to 398 
ensure ubiquitination on K13/K15 residues. The purified nucleosomes were used for 399 
deubiquitination by the BAP1 complexes. The reaction was stopped at different time points and 400 
subjected to immunoblotting. (C) Purification of non-ubiquitinated and monoubiquitinated 401 
DEUBAD in complex with BAP1 from mammalian cells. The purified complex was used for 402 
deubiquitination assay on nucleosomal H2A K119ub. Reactions were done for the indicated time 403 
points and analyzed by western blotting. (D) BAP1 deubiquitinates H2A K119ub in vivo. HEK293T 404 
cells were co-transfected with H2A or H2A mutants (H2A K118R, K119R, K118R/K119R or 405 
K13R/K15R) along with BAP1 and ASXL2 constructs. Two days post transfection, cells were 406 
harvested for immunoblotting using the indicated antibodies. (E) Schematic representation of the 407 
experimental workflow.  408 
 409 
DISCUSSION:  410 

There are several advantages of establishing robust in vitro ubiquitination and 411 
deubiquitination assays for proteins of interest. These assays can be used to: (i) establish optimal 412 
conditions and define minimal requirement for these reactions, (ii) determine enzymatic kinetic 413 
and biochemical constants, (iii) define the roles of cofactors or inhibitors that can impact these 414 
reactions, (iv) identify interaction interfaces, (v) test the impact of artificial or disease-associated 415 
mutations and (vi) establish assay conditions that can be further used to develop high throughput 416 
chemical screening assays. Here, we exemplify these assays by describing how we perform 417 
BMI1/RING1B-mediated H2A ubiquitination and BAP1/ASXL-mediated H2A deubiquitination on 418 
nucleosomal substrates.  419 

 420 
The ubiquitination of histone H2A can be recapitulated in vitro using minimal 421 

components, as almost complete ubiquitination of H2A can be observed using BMI1-RING1B 422 
complex. Of note, this reaction is conducted on recombinant nucleosomes. These have the 423 
advantage of being free from other histones post-translational modifications that occur in 424 
mammalian cells. Nonetheless, the ubiquitination reaction can also be efficiently conducted on 425 
native nucleosomes. If the ubiquitination reaction is weak, the ratio of enzymes versus substrates 426 
can be increased to observe optimal ubiquitin ligation. Of note, if deubiquitination reactions or 427 
interaction assays are to be conducted following substrate ubiquitination, then ubiquitination 428 
can be directly conducted on beads-bound substrates. The ubiquitinated substrate can be 429 
recovered by pull-down and the supernatant containing the components of the ubiquitination 430 
reaction can be discarded. However, when enzymatic characteristics are to be established, 431 
enzymes need to be eluted and the stoichiometry of components evaluated by size exclusion 432 
chromatography.  433 

 434 
The deubiquitination reaction requires less components than the ubiquitination reaction. 435 

However, purification of the DEUBAD alone generally lead to protein precipitation. Importantly, 436 
when the DEUBAD is purified with BAP1, this greatly increases its solubility. Of note, we suggest 437 
conducting deubiquitination assays with various amounts of the substrate and enzyme complex. 438 
The deubiquitination reaction can be inhibited by excess amounts of chromatin, which can be 439 
probably explained by increased concentrations of inhibitors associated with nucleosomes. We 440 



   

also observed deubiquitination with excess of free BAP1. Thus, several controls have to be 441 
included such as incubating nucleosomes with BAP1 alone (Figure 2A). It is also important to note 442 
that some DUBs might co-purify with chromatin, and even though we treat chromatin with NEM, 443 
DUBs might be partially reactivated following addition of DTT which reduces the catalytic 444 
cysteine. In addition, metalloproteinase DUBs might also be present, and these enzymes are 445 
insensitive to NEM and are thus not inhibited. Therefore, additional controls should be included 446 
consisting of only nucleosomes without adding enzymes and DUB catalytic dead mutant (Figure 447 
2A). Of note, the specificity of BAP1 DUB activity toward H2A K119ub is well documented and 448 
was validated in our assay conditions. We purified from HEK293T cells nucleosomes expressing 449 
either H2A K118/K119R or H2A K13/K15R. Expression of RNF168 leads to an important 450 
ubiquitination on K13/K15. BAP1 DUB activity is observed only on nucleosome containing H2A 451 
K13/K15R corresponding to H2A K119ub (Figure 2B). Another consideration is that post-452 
translational modifications that can be critical for enzymatic activity are likely not to be present 453 
in bacterial proteins. Thus in vitro reactions using components purified from mammalian cells 454 
could also be considered35. For instance, monoubiquitination of DEUBAD, a process observed in 455 
higher eukaryotes, greatly promote the deubiquitinase activity of BAP135 (Figure 2C). Thus, 456 
purification of components from mammalian cells could also be considered. In addition to in vitro 457 
reactions, it is possible to monitor BAP1 DUB activity directly in cells following transfection. For 458 
example, transfection of HEK293T cells with H2A construct can give a clear signal of H2A K119ub 459 
because of its abundance in cells. In these conditions, most of the ubiquitination happens on 460 
K118/K119 residues, as mutation of these sites to arginine lead to complete absence of H2A 461 
ubiquitination (Figure 2D). Co-expressing BAP1 and ASXL2 along with H2A allows to conclude on 462 
the BAP1 DUB activity in cells. However, several points need to be considered as overexpression 463 
can lead to erroneous results. Thus, these experiments need to be optimized and well controlled. 464 

 465 
In summary, the protocols described here, recapitulated in Figure 2E, are straightforward, 466 

do not require a specialized infrastructure or experimental setup, and can be scaled-up to 467 
produce substantial amounts of modified nucleosomes for multiple applications downstream 468 
including enzymatic assays, mass spectrometry and protein-protein interaction assays.  469 
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Reviewer #1: 

 

Manuscript Summary: 

The manuscript outlines a protocol to study mono-ubiqutination and deubiquitination of 

histone H2A on nucleosomes. The author describes a detailed protocol to carry out the 

purification of GST-tagged E3 ubiquitin ligase and polycomb complex 1. 

 

Major Concerns: 

None 

 

Minor Concerns: 

Comments: “Line 103-104- It will be helpful to readers if the construct is explained in detail.” 

Response: More information on the construct has been added to the text. 



 

Comments: Line 123: It is not clear how to test the expected molecular weight of the purified 

proteins. 

In additional to the controls mentioned by the authors, including a mutant H2A K119 will be 

important to rule out of-target ubiquitination, as explained in Bhatnagar et. al., Nature 2014; 

PMID: 25470042. 

Response: All expected molecular weights of purified proteins have been added in the text. In 

addition, all molecular weight markers are now present on western-blot figures. We appreciate 

the reviewer’s comments and we agree that the best control for in vitro ubiquitination of H2A 

K119 is the usage of H2A K119R mutant. However, the reaction using purified BMI1 and 

RING1B is well documented and conducted by others.  Buchwald et al (EMBO J. 2006; PMID: 

16710298) reported that other ubiquitination products are formed, but not on nucleosomes. In 

addition, to confirm the specificity, we used the anti-H2Aub antibody (Cell Signaling 

Technology, D27C4) that selectively detect H2AK119 modification.  

 

Comments: Line 126; The sentence ' perform multiple up and .........with the buffer" should be 

edited. 

Response: This has been edited in the text. 

 

Reviewer #2: 

 

This manuscript describes a set of useful biochemical assays to study the polycomb dependent 

ubiquitination and deubiquitinaton of histone 2A by minimal enzyme complexes of PRC1 and 

PR-DUB, ie. the RING domains of RING1B/BMI1 and the BAP1 complex with the DEUBAD 

domain of ASXL1. 

 

Comments: Although the gels and blots shown indicate mostly pure protein and a clear 

(de)ubiquitination assays, several aspects require discussion and/or adjustment: 

- The assays are performed in a buffer lacking salt. Under these conditions many proteins will 

bind to DNA non-specifically which would influence the results. 

- The ubiquitination assay is not very efficient. Is this due to the low salt conditions? 

Response: Indeed, the reactions of ubiquitination or deubiquitination are done in a buffer 

lacking salt. For the ubiquitination reaction, this has been done in other studies and was shown 

to be specific (Bhatnagar et. al., Nature 2014; PMID: 25470042). Deubiquitination is specific to 

H2AK119 and is not observed on H2AK13/K15 as we now presented these results as Figure 2B.  

In respect to ubiquitination efficiency, we note that H2A ubiquitination by BMI1/RING1B is 

total as shown by the decreased levels of H2A in Figure 1E with concomitant detection of 

H2Aub levels.  

 

Comments: - The BAP1/DEUBAD complex is maintained on agarose beads. This precludes 



quantitative assays and is unusual; it is important to discuss this choice of a suboptimal 

procedure in more detail. 

- The manuscript lacks quantification of protein yields and gives assay conditions in 

(micro)grams rather than (micro)molar quantities. 

Response: Keeping the BAP1/DEUBAD complex on beads allowed us to change the reaction 

buffer. Before setting the reaction, protein quantity is systematically estimated by loading a 

fraction of beads on SDS-PAGE with Coomassie staining. As proposed by the reviewer, it is 

possible to elute the BAP1/DEUBAD from beads and calculate the protein concentration using 

the molecular weight in kDa. We generally estimate protein quantity by Coomassie staining. 

Then, based on previous studies, we test several conditions for assay optimization. The assays 

presented here are semi-qualitative rather than quantitative, as we generally compare the 

same protein quantity in different reaction conditions or using mutants.  

 

Other points 

 

Comments: - It can be helpful to make instruments used explicit 

Response: Coomassie staining were scanned to generate the figure and western blot analysis 

were done using LAS-3000 LCD camera coupled to MultiGauge software.  

 

Comments: - Centrifuge speeds should be given in RCF (or indicate instrument and rotor type) 

Response: This has been updated in the text. 

 

Comments: - Please specify the protease cocktail used 

Response: The protease cocktail used has been specified in the text. 

 

Comments: - Adding a gel that shows the individual purification steps could be helpful 

Response: Most protein purification procedures are realized in one step purification and are 

represented in the figures. For the His-BAP1/MBP-DEUBAD, we generally analyze the last step 

of purification.  

 

Comments: - Please indicate the visualization method for the different figures (coomassie, 

fluorescence, WB) 

Response: This has been added to the text. 

 

Comments: - Please comment on the salt concentrations used in the different preps, as these 

vary strangely 

Response: High salt concentration (500 mM) are used for the histidine purification step as the 

resin can withstand this concentration and it can reduce non-specific protein binding. 

However, using antibodies to purify proteins, we usually use lower salt concentrations to allow 

proper binding. For (de)ubiquitination reactions, all buffers are adjusted based on previous 

studies and controls are always included to ensure specificity. 



 

Comments: - It is important to add the storage concentration to decide on final ionic strength 

in the assay. 

Response: This has been added to the text. A typical protein purification from bacteria 

generate around 0.5 µg to 2 µg of protein per µl. We usually store proteins in this range of 

concentrations.   

 

Comments: - We would have expected to see endogenous H2A-ub on the purified 

nucleosomes. Why is this not visible on the gels? 

Response: We agreed with the reviewer’s comment and we updated the figure with optimal 

exposition of nucleosome following purification and Coomassie staining. Endogenous H2A 

K119ub can now be observed below 25 kDa markers.  

 

Comments: - Size exclusion could be useful for quality control after purification. 

Response: We agree with the reviewer’s comment and added the suggestion in the text. 

 

Reviewer #3: 

 

Manuscript Summary: 

The manuscript details the protocol for nucleosome histone ubiquitination and 

deubiquitination. It should benefit scientists working the related field. 

 

Major Concerns: 

No. 

 

Minor Concerns: 

No. 


