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Abstract
Posttranslational histone modifications play an important role in regulating chromatin based
nuclear processes including transcription. Of these modifications, histone ubiquitination is among
the least understood. Histone ubiquitination predominately targets histones H2A and H2B. While
ubiquitination of H2B is evolutionarily conserved from budding yeast to mammals, ubiquitination
of H2A has not been detected in budding yeast, worms, or plants. Until recently, studies of histone
ubiquitination lagged far behind the study of other histone modifications, largely because
antibodies specific for ubiquitinated histones are difficult to generate. Despite this obstacle, the
identification of the enzymatic machineries involved in histone ubiquitination, together with the
successful use of a combination of genetic and immunoblot approaches to detect ubiquitinated
histones, have helped to reveal important regulatory roles for this modification in transcriptional
initiation and elongation, cell cycle progression, and DNA damage response. With the aid of the
recently developed ubiquitinated histone-specific antibodies, an intriguing link between histone
ubiquitination and cancer development has been established. While the enzymes involved in H2B
ubiquitination were identified first in budding yeast and subsequently in higher organisms based
on gene homology, the identification of the enzymatic machineries involved in H2A ubiquitination
largely depended on a biochemical purification approach. The unbiased search for ubiquitin
ligases targeting histones also led to the identification of a H3 and H4 ubiquitin ligase. Here we
detail a protocol for the biochemical approach to identify histone ubiquitin ligase(s) from HeLa
cells. Similar approaches have been successfully used to identify histone methyltransferases,
histone demethylases, chromatin remodeling factors, and general transcription factors. So long as
an in vitro enzymatic assay can be established, the approach we describe can be easily adapted to
identify other histone and non-histone modifying enzymes.

1. Introduction
The nucleosome is the basic packaging unit of chromatin, the physiological substrate for
transcription (1–3). Chromatin is highly dynamic, undergoing significant structural changes
during mitosis and ordinary transcription (4, 5). It has recently become apparent that
nucleosomes are integrally involved in modulating chromatin structure and gene
accessibility (1–5). The canonical nucleosome is composed of four core histones: a histone
H3/H4 tetramer and two H2A/H2B dimers. These four histones possess highly charged N-
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terminal tails which are subject to extensive posttranslational modifications including
acetylation, sumoylation, methylation, phosphorylation and ubiquitination (1–4). These
modifications can alter the chromatin structure directly or recruit downstream molecules that
mediate specific physiological responses (2–4, 6).

Given the fundamental roles of histone modifications in controlling chromatin structure and
function, it is not surprising that misregulation of histone modifications is a hallmark of
cancer (7). Aberrant histone modifications, alone or in cooperation with other epigenetic
regulatory mechanisms, can alter gene expression (8), potentially activating oncogenes or
silencing tumor suppressors (9). Histone modifying enzymes have been implicated in
maintenance of genomic stability (10) with mutations in genes encoding histone modifying
enzymes associated with several types of cancer (11–14). Transcriptional profiles of
cancerous cells reveal a genome wide loss of H4 lysine 16 acetylation and lysine 20
trimethylation in lymphomas and colorectal adenocarcinomas (15). Loss of the repressive
histone trimethylation modifications at H3 lysine 27 and H4 lysine 20 are associated with
derepression of CLDN3 and CLDN4 during ovarian tumorogenesis (16). Polycomb
repressive complex component Bmi1 is overexpressed in many human cancers (17).
Interestingly, Bmi1 is also a component of a histone H2A ubiquitin ligase complex and
plays a critical role in the regulation of H2A ubiquitination both in vitro and in vivo (18–20).

Extensive efforts have been made to study posttranslational histone modifications. These
studies have helped reveal the critical roles of posttranslational histone modifications in
regulating virtually all nuclear processes and identifying the important function of aberrant
histone modification in human disease. Mass Spectrometry has been used to map many
modification sites (21). Antibodies against specific modified histones have been generated
and used in chromatin immunoprecipitation assays to localize specific histone modifications
throughout the genome (22–24). However, neither approach is capable of establishing a
causal relationship between a specific histone modification and a certain biological pathway.
The identification of histone modifying enzymes provides a solution to this difficulty.

The genetically tractable organism budding yeast has been used to generate a library of
strains containing knockouts of all viable genes. Screening these knockout strains with
antibodies for specific histone modifications has provided much information about the
enzymes responsible for histone modifications (25, 26). Similar strategies, employing RNA
interference (RNAi) mechanisms, have been used to identify signaling molecules involved
in specific pathways in mammalian cells (27, 28). However, the large number of mammalian
genes and the redundancy of many enzymes within a pathway, limits the usefulness of this
method. Biochemical purification employing conventional column chromatography offers
an alternative approach. Paired with an in vitro activity assay, this approach allows the
systematic search for histone modifying enzymes. Biochemical purification is particularly
useful when no information is previously known about a particular modification, as when
defining novel histone modifying enzymes. The approach has been successfully used to
define histone methyltransferases, histone demethylases, histone ubiquitin ligases,
deubiquitinases, and chromatin remodeling factors (29–32). Information derived from these
studies has greatly advanced our understanding of the role of histone modifications in
epigenetic regulation. Enzymes identified from these studies also provide novel targets for
epigenetic-based pharmaceutical interventions.

Histone ubiquitination is a unique modification, where an 8 kDa bulky globular protein is
attached to the carboxyl terminus of histone H2A or H2B. Due to potential physical
interference, antibodies specific for ubiquitinated histones and suitable for chromatin
immunoprecipitation assay could not be generated until very recently. Therefore, despite
being known for more than thirty years, the functions of histone ubiquitination remained
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undetermined. The successful use of a combination of genetic and immunoblot approaches
to detect ubiquitinated histones as well as the recent identification of the enzymatic
machineries involved in histone ubiquitination have revealed important functions for histone
ubiquitination in transcriptional regulation, cell cycle progression, and DNA damage
response (33–35).

Similar to ubiquitination of other proteins, histone ubiquitination proceeds through a three
step process culminating in the attachment of ubiquitin to an acceptor lysine residue via an
isopeptide linkage (Figure 1). Ubiquitin is first activated in an ATP dependent manner by an
ubiquitin activating enzyme (E1). Next, ubiquitin is transferred to a cysteine residue of an
ubiquitin conjugating enzyme (E2) via a thiolester linkage. Finally, ubiquitin is ligated to the
target molecule by an E3 ligase. The E3 ubiquitin ligase is responsible for determining
substrate specificity. As such, E3 ligases are the most plentiful component of the
ubiquitination system with over 600 human E3 ligases identified (36). E3 ligases may be
single proteins or exist as a multi-enzyme complex. HECT family E3 ligases receive
ubiquitin from an E2 ubiquitin conjugating enzyme and then transfer ubiquitin to target
proteins (37). RING or U-box domain containing E3 ligases act as intermediaries, forming a
complex that includes the target protein and E2 bound ubiquitin (38). In this case, the E3
ligase stimulates the activity of the interacting E2 and oversees conjugation of E2 bound
ubiquitin to the target protein. Histones are primarily subjected to mono-ubiquitination,
where only a single ubiquitin molecule is attached to K119 of H2A or K120 of H2B (K123
in budding yeast). While poly-ubiquitination is most often associated with protein
degradation, an expanding body of research points to the role of mono-ubiquitination in
protein targeting and alteration of protein function and activity (39, 40).

Studies in the biochemically and genetically tractable organism S. cerevisiae identified Rad6
as an ubiquitin conjugating enzyme for H2B (41). Recently a Ring finger-containing protein
Bre1 was identified as the E3 ligase for H2B ubiquitination in budding yeast (42, 43). The
enzymatic machineries for H2B ubiquitination appear to be evolutionarily conserved, as is
the modification itself. Mammalian homologues of Rad6, HR6A and HR6B (44, 45), were
recently shown to mediate H2B ubiquitination in higher eukaryotes (46). These two proteins
likely play redundant roles (47). Similarly, Bre1 has two homologs in mammals, RNF20/
hBre1 and RNF40; however, only RNF20 seems to be required for H2B ubiquitination in
vivo (48, 49). These studies, with the aid of the recently developed ubiquitinated histone-
specific antibodies, have revealed an intriguing link between histone ubiquitination and
cancer development (50, 51). Unlike H2B ubiquitination, H2A ubiquitination has not been
detected in budding yeast, Caenorhabditis elegans, or Arabidopsis (41, 52, 53). This
prevents the use of genetically tractable lower organisms to study this modification. The
H2A ubiquitin ligase was identified as Ring 2 by an unbiased search for E3 ligases that
target histones using a biochemical purification approach (18). Interestingly, the H2A
ubiquitin ligase identified in this study was coincidently discovered by another group
looking at the levels of ubiquitinated H2A on the inactivated X chromosome in a mouse
model with knockout of Polycomb protein Ring 2 (52). The identification of Ring2 as the
ubiquitin ligase for H2A reveals an intriguing connection between H2A ubiquitination and
Polycomb protein mediated gene silencing and resolves the long standing puzzle of this
modification (18, 52, 54). During the search for the histone H2A ubiquitin ligase, a histone
H3 and H4 ubiquitin ligase, CUL4-DDB-ROC1, was also identified (55). Further analyses
revealed a potential link between histone H3 and H4 ubiquitination and the cellular response
to DNA damage (55). Here we describe the detailed experimental procedures for the
purification and identification of histone ubiquitin ligases from HeLa cells. We also discuss
the advantages as well as the limitations of this approach.
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2. Methods
Biochemical purification of histone ubiquitin E3 ligases from HeLa cells requires a sensitive
and reliable in vitro assay system. We have developed such an assay system using
nucleosomes and/or histone octamer as substrates. In the following sections, we detail the
experimental procedures for preparation of these substrates, preparation of protein fractions
derived from HeLa cell nuclei, establishment of the in vitro histone ubiquitin ligase assay,
and outline the strategies used to purify two histone ubiquitin ligases.

2.1 Substrate Preparation
2.1.1 Preparation of histone substrates from large scale cultures of HeLa cells
—Histone substrates in different forms should be used in initial establishment of the in vitro
ubiquitin ligase assay. Oligonucleosomes, mononucleosomes and histone octamers are
prepared from HeLa cells following a published procedure (29). This protocol involves
isolation of nuclei, micrococcal nuclease digestion of nuclei, extraction of nucleosomes from
digested nuclei, and sucrose gradient purification of crude nucleosomes. To obtain histone
octamers, an additional hydroxyapatite chromatography purification step is required. All
steps are carried out on ice unless otherwise indicated.

1. Cell culture. HeLa S3 (ATTC CCL-2.2) cells can be purchased from the ATCC for
growth in suspension culture.

a. HeLa S3 cells are grown in media consisting of Joklik Modified MEM
powder (Sigma-Aldrich Chemical), 5% Newborn calf serum (Fisher
Scientific), 10 ml/L Pen-Strep (Fisher Scientific), 10 ml/L non essential
amino acids (Fisher Scientific) and 2 g/L sodium bicarbonate (Fisher
Scientific). The Joklik’s basal medium is dissolved in water for irrigation
(Hospira) along with all remaining components except the serum. The pH
is adjusted to 7.0 with 1M NaOH using a pH meter (Orion). The media is
then filtered into sterile bottles using a 0.22μ sterile filter (Millipore) and
stored at 4°C until used. Newborn calf serum is thawed and added to the
media prior to use. All incubations are done in CO2 incubators (Forma
Scientific) at 37°C and 5% CO2 fitted with biological stirrers (Techne) for
spinner flasks (Wheaton).

b. Two 100 mm plates containing 10 ml of media are inoculated with 0.5 ml
HeLa cell frozen stock and incubated for 24 hrs. The plates are then
washed with 3 ml PBS (Fisher). Two (2) milliliters PBS and 100 μl
Trypsin (Fisher) are added to each plate. After a 10 minute incubation 4
ml of media is added and the cells are detached by pipetting across the
plate. Each plate is split to 3 plates containing 8 ml of fresh media and
incubated for 48 hrs. Cells from these 6 plates are detached as before and
transferred to 300 ml of media in a 500 ml spinner flask and incubated at
37°C with 50 rpm. The cells are counted each day using a hemocytometer
(Hauser Scientific) and the cell viability is estimated by the trypan blue
exclusion method. Once the cell count rises above 1 × 106/ml (with >95%
viability) the 300 ml culture is transferred to a 3 L spinner flask containing
2.7 L of fresh media. Once the cell count rises above 1 × 106/ml the
culture is expanded to eight 3 L spinner flasks.

c. The cells are incubated until the cell count is 1–2 × 106/ml (>95%
viability) and then harvested. The culture is transferred to sterile 1 L
centrifuge bottles (Nalgene) and centrifuged for 10 minutes at 1,500 rpm
in an RC-3B centrifuge (Sorvall Instruments) at 4°C. The supernatant is
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decanted and the cells are gently resuspended in fresh media and pooled.
The pooled resuspended cells are then transferred to sterile 250 ml conical
bottles (Corning) and centrifuged for 10 minutes at 1,500 rpm. The
supernatant is decanted. Cell pellets should be processed as soon as
possible after collection. Cells are gently resuspended in PBS
supplemented with 1 g MgCl2/L and collected by centrifugation at 3,000
rpm for 10 minutes at 4°C (Fisher Accuspin 3R, rotor #4393). Cells are
washed once more in PBS supplemented with 1 g MgCl2/L and collected
as before.

2. Isolation of nuclei.

a. The cell pellet is resuspended in 15 mL of Buffer A (10 mM MES pH 6.5,
5 mM MgCl2, 1 mM CaCl2, 15 mM NaCl, 60 mM KCl, 0.25 M sucrose,
0.5% Triton X-100, 0.5 mM sodium metabisulfite, 0.5 mM benzamidine-
HCL, 0.1 mM PMSF, 0.5 mM DDT, 0.5 μg/ml leupeptin, 0.7 μg/ml
pepstatin, 1 μg/ml aprotinin) per 5 × 108 cells and aliquoted into 3–4
Dounce homogenizers (Wheaton, 357546).

b. Each aliquot is homogenized 10 times with a type B pestle (loose). The
cell suspension is incubated on ice for 15 minutes to allow for the release
of nuclei.

c. Nuclei are collected by centrifugation at 5,000 rpm for 10 minutes (rotor
#JA-17, Beckman) and washed once with Buffer A before resuspending in
1.2 ml of Buffer B (10 mM PIPES pH 6.8, 50 mM NaCl, 5 mM MgCl2, 1
mM CaCl2, 0.5 mM sodium metabisulfite, 0.5 mM benzamidine-HCl, 0.1
mM PMSF, 0.5 mM DDT, 0.5 μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/
ml aprotinin) per 5 × 108 cells.

3. Determination of optimal micrococcal digestion conditions.

a. A 500 μl aliquot of nuclei suspension is removed and adjusted to a final
concentration of 5 mM CaCl2 by addition of 1 M CaCl2.

b. The nuclei are pre-warmed at 37°C in a tabletop water bath (Fisher
Isotemp 202) for 5 minutes followed by addition of 4 μl of micrococcal
nuclease (MNase) stock (Sigma, 200 U/mL prepared in 5 mM Na2HPO
pH 7.0, 2.5 μM CaCl2) 50 μl samples are removed from the suspension at
five minute intervals for 45 minutes and transferred immediately to a
microcentrifuge tube containing 1 μl 0.5 M EDTA to stop the reaction.

c. Digestion efficiency is checked by DNA extraction. 75 μl ddH20, 30 μl
10% SDS, 25 μl 4 M NaCl and 200 μl chloroform are sequentially added
to each microcentrifuge tube and vortexed after each addition. Each tube is
centrifuged for 5 minutes at 132,000 rpm in a tabletop microcentrifuge
(Eppendorf Microcentrifuge 5415D) at room temperature. Following
centrifugation, 5 μl of aqueous phase is removed from samples taken from
each time point and loaded to a 1% agarose gel. Optimal digestion should
yield a bulk of fragments approximately 2 kb in size (Figure 2a).

4. Micrococcal digestion of bulk nuclei.

a. The CaCl2 concentration for the remaining nuclei suspension is adjusted
to 5 mM with 1 M CaCl2 and the suspension is pre-warmed to 37°C for 15
minutes in a water bath.

Jones et al. Page 5

Methods. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



b. Micrococcal nuclease is added at 8 μl/mL nuclei and the suspension is
digested for the optimized time in step 3.

c. The reaction is stopped by addition of 0.5 M EDTA to a final
concentration of 4 mM.

5. Extraction of nucleosomes.

a. The digested nuclei are centrifuged at 4,500 rpm for 5 minutes (rotor #
JA-17, Beckman) and the supernatant is saved as S1.

b. The pellet is then resuspend in 0.5 mL nucleosome extraction buffer (20
mM Tris HCl pH 7.9, 10 mM EDTA, 0.5 M NaCl) per 5 × 108 cells and
incubated on ice for 15 minutes. The digested nuclei are centrifuged at
10,000 rpm for 10 minutes and the supernatant is saved as S2. The
extraction should be repeated 2–3 times until no more protein can be
extracted.

c. Supernatants, which are enriched for nucleosomes, are pooled. If H1-
depleted nucleosomes are needed, H1 can be disassociated from core
nucleosomes by increasing the NaCl concentration to 0.75 M (final). NaCl
stock solution should be added dropwise with constant agitation to avoid
precipitation. We have previously noted that the presence of H1 may
impair the activity of histone ubiquitin ligases.

d. The concentration of the extracted nucleosomes is determined by adding
10 μl pooled supernatant to 1 mL 1 M NaOH and measuring the
absorption at 260 nanometers using a tabletop spectrophotometer (Bio-rad
SmartSpec Plus). A reading of 0.1 is designated as 1 unit. The total units
are calculated as volume (ml) × A260 ×10.

6. Sucrose gradient purification of nucleosomes.

a. Depending upon the amount of nucleosomes extracted in step 5, 3–5 35
mL 5–30% non-linear sucrose gradients should be prepared using 40 ml
polyallomer tubes (Beckman) with a binary gradient mixing apparatus
(Hoefer SG100, Amersham) in buffer NG (10 mM Tris HCl, 1 mM
EDTA, 0.5 M NaCl, 0.3 mM PMSF, pH 7.5). Alternatively, the gradient
can be poured with the ÄKTA FPLC system.

b. Approximately 300 units of the extracted nucleosomes are carefully
layered on the top of each gradient and centrifuged at 26,000 rpm for 17
hours (SW28 rotor, Beckman).

c. The gradients are manually fractionated from top to bottom by removing
an aliquot (1 mL) of sample each time.

7. Analysis of sucrose gradient fractions.

a. The length of the DNA fragments contained in each sucrose gradient
fraction can be determined using the procedure described in step 3.

b. Twenty five microliter aliquots from each fraction are TCA precipitated
and the protein profiles are analyzed by 18% SDS-PAGE. Briefly, 25 μl of
25% TCA is added to each 25 μl aliquot and the samples are incubated on
ice for 20 minutes to precipitate proteins. Samples are then centrifuged at
132,000 rpm for 15 minutes at 4°C. The supernatant is aspirated and the
pellets are washed in 0.5 mL cold acetone (−20°C) before being collected
by centrifugation for 10 minutes at 132,000 rpm at 4°C. Again, the
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supernatant is aspirated and the pellets are air dried. Dried pellets are
dissolved in 20 μl 1× SDS sample loading buffer and resolved by 18%
SDS-PAGE. Protein profiles can be analyzed by staining the SDS-PAGE
with Coomassie Blue.

c. Fractions containing DNA fragments with lengths between 1 and 2.5 Kb
(7–15 nucleosomes) and with high purity are pooled (Figure 2b and 2c
fractions 18 and 20) and dialyzed against histone storage buffer for 4 hrs
(10 mM Hepes-KOH pH 7.5, 1 mM EDTA, 10 mM KCl, 10% glycerol,
0.2 mM PMSF).

d. Samples are aliquoted and saved as oligonucleosomes. Oligonucleosomes
can be stored at 4°C for 2–3 months and more than two years at −80°C.
However, repeated freeze-thaw cycles should be avoided.

8. Preparation of mononucleosomes.

a. Mononucleosomes can be obtained from the upper fractions of the sucrose
gradient (Figure 2b and 2c fractions 10 and 12), as determined by protein
and DNA length analyses (step 6–7). However, these mononucleosomes
are often contaminated with high molecular weight proteins.

b. As an alternative, high purity mononucleosomes can be obtained by
digestion of the oligonucleosomes obtained in step 7. Briefly,
oligonucleosomes are dialyzed against Tris-HCl pH 8.0 containing 1 mM
PMSF to remove EDTA and sucrose. After dialysis the CaCl2
concentration is adjusted to 5 mM (final) and the oligonucleosomes are
digested with micrococcal nuclease to generate mononucleosomes as in
steps 3–4. Mononucleosomes are purified by sucrose gradient as in steps
6–7. Fractions with high purity are pooled and dialyzed against histone
storage buffer.

c. Mononucleosomes are less stable than oligonucleosomes, therefore it is
recommended that mononucleosomes be stored in small aliquots at
−80°C.

9. Preparation of histone octamer.

a. To obtain histone octamers, the desired amount of oligonucleosome is
dialyzed against T50E (50 mM Tris HCl pH 7.9, 1 mM EDTA, 1 mM
DTT, and 0.5 mM PMSF) for 3 hours. Protein concentration should be
measured as in step 5 and used to prepare a hydroxyapatite column of
appropriate volume (Bio-rad, 130-0151; binding capacity: 4 mg protein/1
ml beads and 40 μg DNA/1 ml beads).

b. The column is equilibrated with buffer NP300 (40 mM Na2HPO4/
NaH2PO4 pH 6.8, 0.3 M NaCl, 1mM DTT, and 0.2 mM PMSF) and the
dialyzed sample is loaded to the column.

c. The column is washed with 6–10 column volumes (cv) of buffer NP500
(40 mM Na2HPO4/NaH2PO4 pH 6.8, 0.5 M NaCl, 1 mM DTT, 0.2 mM
PMSF) and the histones are eluted with buffer NP2500 (40 mM
Na2HPO4/NaH2PO4 pH 6.8, 2.5 M NaCl, 1 mM DTT, 0.2 mM PMSF).

d. Protein purity is analyzed by SDS-PAGE as in step 7. Samples are
dialyzed against histone storage buffer and stored at −80°C in small
aliquots.
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2.1.2 Preparation of histone substrates from small scale cultures of HeLa cells
—For laboratories that are not proficient in biochemical or epigenetic techniques, it might
be difficult to follow the preceding substrate purification protocol. Therefore, we have
developed a convenient small scale protocol for substrate preparation. Substrates can be
prepared from a few as 2–3 10 cm cell culture plates making this protocol particularly useful
for cell types that are difficult to culture in large scales. We have used this protocol to purify
nucleosomes from HeLa stable cell lines and embryonic stem cells. This protocol only
requires 2–3 hours and a benchtop microcentrifuge (Eppendorf, Centrifuge 5415D or
equivalent). All steps should be carried out on ice unless otherwise indicated.

1. Culture 2–3 10 cm plates of HeLa cells in DMEM containing 10% FBS and
Penicillin and Streptomycin (100 U/mL and 100 μg/mL respectively) until 80%
confluent. Cells are harvested by trypsinization and washed twice with PBS
containing 1 g MgCl2/L.

2. Hela cells are resuspended by pipetting in 1.5 mL Buffer A (0.2 5M sucrose, 60
mM KCl, 10 mM NaCl, 15 mM MES pH 6.5, 5 mM MgCl2, 1 mM CaCl2, 0.5%
Triton X-100, 1 mM DTT, 0.2 mM PMSF, 0.5 μg/ml leupeptin, 0.7 μg/ml
pepstatin, 1 μg/ml aprotinin) and incubated on ice for 15 minutes.

3. Nuclei are collected by centrifugation at 3,600 rpm for 10 minutes and washed once
with 1.5 ml Buffer A. Nuclei are centrifuged as before and the pellet is saved.

4. Pellets are resuspended by pipetting in 1.5 mL TNM Buffer (1 0mM Tris-HCl pH
8.0, 10 mM NaCl, 2 mM MgCl2, 0.3 M Sucrose, 1 mM DTT, 0.2 mM PMSF, 0.5
μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) containing CaCl2 at 5 mM
(final). Nuclei are collected by centrifuging at 3,600 rpm for 10 minutes to
equilibrate nuclei with TNM Buffer. Nuclei are recovered and resuspend in 300 μl
TNM Buffer containing 5 mM CaCl2. The nuclei should be pre-warmed to 37°C
for 5 minutes. After the 5 minute incubation, 5 μl micrococcal nuclease (200 U/μl)
is added to nuclei, which are then incubated at 37°C for 20 minutes to give a
complete digestion.

5. After incubation, digested nuclei are collected by centrifuging at 3,600 rpm for 10
minutes and are resuspended in 400 μl nucleosome extraction buffer. Digested
nuclei are incubated on ice for 10 minutes and then centrifuged at 132,000 rpm for
10 minutes. The supernatant is highly enriched for mononucleosomes. This
extraction is repeated until no more protein is released.

6. Extracted fractions are pooled and diluted to a protein concentration of 0.2–0.4 μg/
mL by dropwise addition of histone storage buffer (with Nonidet-40 concentration
of 0.05%) while vortexing.

7. Samples are dialyzed against histone storage buffer, aliquoted and stored at −80°C.

8. To obtain oligonucleosomes, the conditions for digestion are optimized as in 2.1.1
step 3. Bulk nuclei are digested to give nucleosomes ranging in size from 1–15
nucleosomes. Mono- and oligo-nucleosomes can be separated on a 5 ml 5–30%
linear sucrose gradient, which is prepared by loading layers of increasing
concentrations of sucrose (mixing the 5% and 30% sucrose solution at different
ratios). Histone octamers can be obtained with a small scale hydroxyapatite
column.

2.2 Preparation of nuclear proteins from cultured HeLa cells
Purification of histone ubiquitin ligases using conventional chromatography requires a large
amount of starting material. This is to ensure that enough purified sample can be recovered
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for biochemical assay and mass spectrometry identification. Based on our experience,
purification of histone ubiquitin ligases requires a minimum of four grams of nuclear extract
or nuclear pellet. Below we describe protocols for the preparation of nuclear extract and
nuclear pellet fractions from cultured HeLa cells (56, 57). The nuclear extract contains
proteins that are extracted from HeLa nuclei by 500 mM NaCl, while the nuclear pellet
contains proteins that remain tightly associated with chromatin under these conditions.
These methods can be adapted to other starting materials such as embryonic stem cells and
primary tissues.

2.2.1 HeLa S3 cell culture—The HeLa S3 cell line is cultured as in 2.1.1 step 1. In house
culturing of HeLa S3 cells may require 3–4 months to produce enough material to start
purification. Batches of cells can be processed as they are ready by following the method
below and then stored at −80°C until sufficient starting material has been generated.

2.2.2 Fractionation of HeLa cell proteins
1. The viability (> 97%) and density of HeLa S3 cultures is determined before

collecting the cells by centrifugation at 3,000 rpm for 8 minutes (Fisher Accuspin
3R, rotor #4393). The cells are resuspended in one volume of PBS, aliquoted into
50 mL Falcon tubes, centrifuged at 2,500 rpm for 10 minutes and washed once
more with PBS. Supernatant is decanted and the volume of the cell pellets is
measured.

2. Five volumes of Buffer A is added (10 mM Tris HCl pH 7.9, 1.5 mM MgCl2, 10
mM KCl, 0.5 mM DTT, 0.2 mM PMSF) to each cell pellet and the pellets are
resuspended completely by pipetting. Complete resuspension of cell pellets is
imperative for proper fractionation. Cells are incubated 10 minutes on ice before
centrifuging at 2,000 rpm for 10 minutes.

3. The volume of the swollen cell pellets is measured and 2 volumes of Buffer A are
added to each pellet. The cell pellets are resuspended with ten strokes of the type B
pestle of a Dounce homogenizer and then centrifuged at 2,500 rpm for 10 minutes.

4. The supernatant is carefully transferred to a clean graduated cylinder and the pellet
is retained for further processing. A 10× stock solution of Buffer B (0.3 M Tris-
HCl pH 7.9, 0.03 M MgCl2, 1.4 M KCl, 1 mM DTT, 0.2 mM PMSF, 0.5 μg/ml
leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) is added to the supernatant to a
final concentration of 1× Buffer Band mixed well. The supernatant is centrifuged
for 60 minutes at 30,000 rpm (Beckman Coulter Optima XL-100K ultracentrifuge,
Type 45Ti rotor). After centrifuging, the supernatant is removed and dialyzed
against 4 L of BC50 (20 mM Tris HCl pH 7.9, 50 mM KCl, 0.2 mM EDTA, 10%
glycerol, 10 mM DTT, 0.2 mM PMSF) for 4–7 hours. Following dialysis, the
supernatant is centrifuged at 12,000 rpm for 20 minutes. The supernatant is
recovered as S100 (cytoplasm). Both protein concentration and sample volume are
measured, and PMSF is added to a final concentration of 0.2 mM. The S100 is
stored at −80°C.

5. The pellet from step 3 is resuspended in 3 mL Buffer C (20 mM Tris HCl pH 7.9,
0.42 M NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 25% glycerol, 0.5 mM DTT, 0.5
mM PMSF, 0.5 μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) per 109
cells with ten strokes of the type B pestle (loose) of a Dounce homogenizer. The
pellet is then poured into a small plastic beaker and stirred gently with a magnetic
stirring bar for 30 minutes at 4°C. The resuspended pellet is collected and
centrifuged at 15,000 rpm for 30 minutes. Both the supernatant and the pellet are
recovered.
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6. The supernatant is dialyzed against BC50 for 4–7 hours and then centrifuged at
12,000 rpm for 20 minutes. The recovered supernatant is the nuclear extract.
Sample volume and protein concentration should be measured as in step 4. PMSF
is added to a final concentration of 0.2 mM, and the nuclear extract is stored at
−80°C.

7. The nuclear pellet from step 5 is resuspended in Buffer E (50 mM Tris HCl pH 7.9,
5 mM MgCl2, 0.5 mM EDTA, 25% glycerol, 5 mM DTT, 0.2 mM PMSF, 0.5 μg/
ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) with the type B pestle of a
Dounce homogenizer. The pellet will remain viscous. The nuclear pellet should be
stored at 7minus;80°C.

8. Solublization of nuclear pellet. Nuclear pellet solublization begins with at least 25
batches of nuclear pellet preparation. Nuclear pellets are thawed in cold water and
resuspended with pestle B of a Dounce homogenizer by adding Buffer B (50 mM
Tris HCl pH 7.9, 5 mM MgCl2, 0.5 mM EDTA, 25% Glycerol, 5 mM DTT, 0.2
mM PMSF, 0.5 μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) to 36 ml
per 1010 cells. The pellet is homogenized 2–3 times to mix well.

9. The nuclear pellet suspension is transferred to a graduated cylinder and 1/10
volume of 3M (NH4)2SO4 is added by immediately inverting the cylinder several
times. The suspension should become thick and gelatinous.

10. The suspension is transferred to a plastic beaker and sonicated (Fisher 60 Sonic
Dismembrator) at an output of approximately 10 watts until it is no longer viscous.
Avoid overheating by placing the beaker on dry ice. Sonication may take between
20 and 45 minutes depending upon sample size. The suspension is centrifuged at
26,000 rpm for 60 minutes at 4°C to remove cell debris (Beckman Coulter Optima
XL-100K ultracentrifuge, Type 45Ti rotor).

11. The supernatant is recovered and the (NH4)2SO4 concentration reduced to 0.1 M
by addition of 2 volumes of Buffer B. The supernatant should be mixed
immediately, spun at 26,000 rpm for 60 minutes at 4°C (Beckman Coulter Optima
XL-100K ultracentrifuge, Type 45Ti rotor) and the supernatant is recovered.

12. Proteins in the supernatant of step 11 are ammonium sulfate precipitated by adding
0.42 g of (NH4)2SO4 per milliliter of supernatant and incubating at 4°C with
agitation until all of the ammonium sulfate has dissolved. A mortar and pestle
should be used to grind (NH4)2SO4 crystals into smaller sizes as this helps the
ammonium sulfate dissolve faster. It is also recommended that the ammonium
sulfate be added to the nuclear pellet suspension in three phases, with additional
ammonium sulfate added only after all the previous addition has completely
dissolved. The mixture should be stirred at 4°C for 30 minutes after the final
addition has been dissolved.

13. Following ammonium sulfate precipitation, the nuclear pellet is centrifuged at
30,000 rpm for 60 minutes at 4°C (Beckman Coulter Optima XL-100K
ultracentrifuge, Type 45Ti rotor). The pellet is resuspended with Buffer D (50 mM
Tris HCl pH 7.9, 0.1 mM EDTA, 25% glycerol, 2 mM DTT, 0.2 mM PMSF, 0.5
μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 μg/ml aprotinin) at a final concentration of
2 mg/ml. The solublized nuclear pellet should be stored at −80°C until use.

2.2.3 Fractionation of Nuclear Extract and Nuclear Pellet on P11 and DE52—
Before being used to screen histone ubiquitin ligases, we first fractionate nuclear extract and
nuclear pellet on P11 (Phosphocellulose, Sigma, No. C-2258) and DE52 (Whatman
4057200) columns. These fractionation steps largely remove residual nucleic acids, enrich
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target proteins in particular fractions, and also significantly reduce sample amounts prior to
further purification on an FPLC system.

1. Phosphocellulose P11 Column

a. P11 resin is prepared according to the manufacturer’s instructions. Briefly,
P11 resin is swollen with MilliQ water (200 g of dry beads give
approximately 1 L of beads). Fine beads are decanted 3 – 4 times. An
equal volume of the bead/water solution is mixed with 1 M NaOH, stirred
for 10 minutes and then left to stand for 10 minutes to allow the beads to
settle. Beads are washed with MilliQ water until the pH reaches 10. Once
the pH is close to 10, equal volumes of beads/water solution and 1 N HCl
are stirred for 10 minutes and then left to stand for 10 minutes to allow the
beads to settle. Beads are washed with MilliQ water until the pH reaches
4. Once the pH is close to 4, equal volumes of the beads/water solution is
mixed with 1 M Tris -HCl (pH 8.0) and stirred for 10 minutes and then left
to stand for 10 minutes. Supernatant is removed and the pH checked. The
pH should be adjusted back to 8.0 with NaOH and the supernatant mixed
with the beads again. This process is repeated until a stable pH of 8.0 is
maintained. Subsequently, as much buffer as possible is removed and the
beads are suspended in BC100 (20 mM Tris HCl pH 7.9, 100 mM KCl,
0.2 mM EDTA, 10% glycerol, 10 mM DTT, 0.2 mM PMSF).

b. P11 resin is used to hand pack a column. Column volume is calculated as
one liter of beads per 6 g protein. The column is equilibrated with 5–10
column volumes of BC100.

c. The nuclear extract is diluted to 4 g/L and dialyzed against BC50. The
dialysis should be closely monitored. If the extract precipitates, the sample
should be further diluted. Dialysis buffer is changed as needed.

d. Dialyzed sample is loaded to the equilibrated P11 column at a flow rate 2–
4 ml/min to allow efficient protein binding. Flowthrough is saved as
BC100.

e. Proteins are stepwise eluted from the column with BC300, BC500 and
BC1000.

2. DE-52 Column

a. DE52 resin is washed with MilliQ water and the fine beads are decanted 3
– 4 times. After washing, DE52 resin is resuspended in BD20 (20 mM
Tris HCl pH 7.9, 10% glycerol, 20 mM NH4SO4, 0.2 mM EDTA).

b. DE52 resin is used to pack a column. Column volume is calculated as one
liter of beads per 6 g of protein. The column is equilibrated with 5–10
column volumes of BD20.

c. The nuclear pellet is diluted to 2 g/L to prevent precipitation and dialyzed
against BD20. The dialysis process should be monitored. If any precipitant
forms, the sample should be further diluted. The dialysis buffer is changed
as needed.

d. Dialyzed sample is loaded to the equilibrated DE52 column at flow rate 2–
4 ml/min to allow efficient protein binding. Flowthrough is saved as the
DE52 Ft.

e. The column is stepwise eluted first with BD350 followed by BD500. The
column is eluted with each buffer until no protein is released.
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f. The BD350 fraction is dialyzed against BC100 and further fractionated on
a phosphocellulose P11 column as described in steps 3–5 of 2.2.3.

2.3 In vitro histone ubiquitin ligase assay
Substrates including oligonucleosomes, mononucleosome, and histone octamers are used in
the initial establishment of the histone ubiquitin ligase assay. HeLa nuclear protein fractions
derived from the P11 and DE52 columns are used as enzyme sources. Briefly, nucleosome
substrates are incubated with protein fractions in the presence of FLAG-Ubiquitin (F-Ub),
ATP, E1 ubiquitin activating enzyme, and certain E2 ubiquitin conjugating enzymes. E1 and
E2 are additionally provided, as these enzymes may not elute in the same protein fractions
as the E3 ubiquitin ligase(s) of interest. Ubiquitinated histones are detected by western blot
assay with anti-FLAG antibody, taking advantage of the fact that ubiquitin conjugation
results in a 7–8 kDa super-shift of target protein in SDS-PAGE. Alternatively, antibodies
against ubiquitinated histone can be used.

1. Five micrograms oligonucleosomes, mononucleosomes or histones are coincubated
with 20 μl P11 nuclear extract and nuclear pellet fractions in Histone Ubiquitin
Ligase reaction buffer [50 mM Tris-HCl pH 7.9, 5 mM MgCl2, 2 mM NaF, 0.6
mM DTT, 2 mM ATP, 10 uM Okadaic acid, 0.1 μg ubiquitin activating enzyme E1
(Calbiochem), 0.6 μg ubiquitin conjugating enzyme Ubc5c, 1 μg FLAG-ubiquitin
(Sigma)].

2. Reactions are incubated in a 37°C water bath for 1 hour. Histone ubiquitin ligase
reactions can be stopped by addition of SDS-loading buffer. Samples are resolved
on an 8–15% SDS PAGE.

3. Histone ubiquitination is detected by Western blotting with anti-FLAG antibody.
Ubiquitinated histones H3, H4, H2A and H2B can be distinguished based upon
size. Alternatively, specific ubiquitin-histone conjugates can be detected using
available ubiquitin-histone antibodies.

4. The observed histone ubiquitination must be confirmed to be due to the E3 ligase
activity in the protein fractions assayed. In the absence of an E3 ligase (Ring
family), E2 enzyme can also ubiquitinate substrates. To determine whether the
observed histone ubiquitination is due to a specific ubiquitin E3 ligase within the
protein fractions, histone ubiquitin ligase reactions should be performed with
omission of E2 and E3 (protein fraction) as well as the substrates from the reaction.
Dependence on the E3 ligase (protein fractions) should be established before
additional purification.

5. The choice of E2. During the establishment of the histone ubiquitin reaction,
careful choice of E2 ubiquitin conjugating enzymes is critical. In our initial
screening, we have used a mixture of E2 enzymes (Ubc1, Ubc2, Ubc3, Ubc7, and
Ubc10). When a positive reaction is observed, these E2 enzymes are individually
tested for their ability to support the ligase reaction. It should be noted that the E2
(Ubc5c) we have used to purify ubiquitin E3 ligases may not be the bone fide E2
enzyme for histone ubiquitination in vivo.

2.4 Purification of histone ubiquitin ligases from Hela cells
Using the in vitro histone ubiquitin ligase assay established above, we have screened protein
fractions derived from HeLa cell nuclei for histone ubiquitin ligase activities. Below we
detail the protocols used to purify an H2A and a H3 and H4 ubiquitin ligase in our published
studies (18, 55). Using nucleosomes as substrates, Western blot analysis with an antibody
against Flag reveals a positive signal around 25 kDa, the size of H2A plus F-Ub in nuclear
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pellet P11 0.3–0.5 fractions. This activity is nucleosomal histone specific as parallel
experiments using core histone octamers fails to detect such an activity (Figure 3a, lanes 8–
10). To verify that this activity is due to a bona fide E3 ligase, we have tested the
dependency of the activity on each component of the reaction. Results shown in Figure 3b
indicate the appearance of the ubiquitinated protein bands around 25 kDa requires the
addition of protein fraction as well as nucleosome substrate. To verify the identity of the
ubiquitinated 25 kDa histone, the protein band was excised from the gel and subjected to
mass spectrometry analysis, revealing the identity as ubiquitinated H2A. With these
preliminary studies, we set out to purify the H2A ubiquitin ligase.

2.4.1 Purification of histone H2A ubiquitin ligase complex—The purification
scheme of H2A ubiquitin ligase from HeLa cells is shown in Figure 4a. The key element for
successful purification is to choose the right combination of columns (ion exchange,
hydrophobic interaction, hydroxyapatite, gel filtration, etc.) and elute the columns under the
right conditions. These parameters must be experimentally determined. We have optimized
the purification procedures for the H2A ubiquitin ligase and the H3/H4 ubiquitin ligase.

1. Since the nuclear pellet P11 0.5 M fraction contains the strongest ubiquitin ligase
activity for H2A, we used this fraction for further purification. In all subsequent
purification steps, aliquots from fractions were analyzed by silver staining and
histone ubiquitin ligase activity assay. In certain cases, it was necessary to omit
fractions containing a major contaminating protein even if H2A ubiquitin ligase
activity was still present in these factions.

2. After dialyzing against BD20, the nuclear pellet P11 0.5 M fraction was loaded on
a DEAE5PW column (TOSOH Bioscience, 45 ml) operated by the ÄKTA FPLC
system (GE Healthcare). Proteins bound to the DEAE5PW column were eluted
with 12-column volume (cv) linear gradient from 50 mM to 500 mM ammonium
sulfate in buffer D [20 mM Tris-HCl (pH 7.9), 0.1 mM EDTA, 2 mM DTT, 0.2
mM PMSF, and 10% glycerol]. Histone ubiquitin ligase assay revealed that the
ubiquitin ligase activity was eluted out of the column between 70–150 mM
ammonium sulfate.

3. These fractions were then combined and adjusted to 500 mM ammonium sulfate
with saturated ammonium sulfate before loading onto a 22 ml Phenyl Sepharose
column (GE). The Phenyl Sepharose column was eluted with 20 cv linear gradient
from 500mM to 0 mM ammonium sulfate in buffer D. The H2A ubiquitin ligase
activity was eluted between 345–240 mM ammonium sulfate.

4. Active fractions were pooled and concentrated to 5 ml before loading to a 120 ml
Sepharcy 300 gel filtration column (GE). The ubiquitin ligase activity eluted out
between 220–443 kDa.

5. Active fractions were combined and dialyzed against buffer P [5 mM HEPES-KOH
(pH 7.5), 40 mM KCl, 0.01% Triton X-100, 0.01 mM CaCl2, 0.5 mM PMSF, 1
mM DTT, and 10% glycerol] containing 10 mM potassium phosphate (BP10) and
loaded to a 5 ml hydroxyapatite column (Bio-Rad). The bound proteins were eluted
with 20 cv linear gradient from BP10 to BP600. The H2A ubiquitin ligase activity
eluted out of the column between 340–550 mM potassium phosphate.

6. Active fractions were combined and loaded to a 1 ml MonoQ column (GE) after
dialysis against buffer C [40 mM HEPES-KOH (pH 7.9), 0.1 mM EDTA, 2 mM
DTT, 0.2 mM PMSF, and 10% glycerol] containing 150 mM KCl. Bound proteins
were eluted with 20cv linear gradient from 150 mM to 500 mM KCl in buffer C.
The H2A ubiquitin ligase activity was eluted between 220–320 mM KCl.
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7. At this step, we could correlate the H2A ubiquitin ligase activity to a few
polypeptides on SDS-PAGE. Silver staining of an aliquot of fractions derived from
this column allowed use to correlate four candidate protein bands, marked by *
(Figure 4b, top panel), with the enzymatic activity (Figure 4b, second panel). To
identify the proteins that coelute with the H2A ubiquitin ligase activity, active
fractions between 29–32 were combined, dialyzed to BC50 and bound to a 200 μl
P11 column before being eluted with BC600.

8. The eluted proteins were resolved in 8–15% gradient SDS-PAGE. After Coomassie
blue staining and destaining, candidate polypeptides were excised and subjected to
trypsin digestion and a combination of peptide mass fingerprinting using MALDI-
TOF MS and MS sequencing using MALDI-TOF/TOF MS/MS (58, 59). Mass
spectrometry analysis identified the middle two protein bands as Ring1 and Ring2.

9. To further identify the complex that is responsible for H2A ubiquitin ligase
activity, we employed an affinity purification strategy. Briefly, affinity purified
Ring1 antibodies (60) were cross-linked to protein A agarose beads according to
the manufacturer’s protocol (IPA300 Repligen) and incubated at 4°C for 4 hrs with
an aliquot of hydroxyapatite input dialyzed against BC50. After washing with
BC500 3 times and BC50 twice, proteins bound to the anti-Ring1 antibody were
eluted out and identified by mass spectrometry. Analysis by mass spectrometry
revealed that the H2A ubiquitin E3 ligase complex is composed of four PcG
proteins including Ring1, Bmi1, HPH2, and Ring2, which we named hPRC1L
(human PRC1 like).

2.4.2 Purification of ubiquitin ligase for H3 and H4—During the purification of the
H2A ubiquitin ligase we noticed an ubiquitin ligase activity, which appears to be capable of
ubiquitinating all histones, present in the flowthrough from the Mono Q column. This
activity was completely separate from the H2A-specific ligase activity (Figure 5b). We
further purified this activity through a five column purification scheme as detailed below
(Figure 5a).

1. Briefly, the flowthrough of the Mono Q column was loaded onto a Mono S column
(GE) after dialysis against buffer C [40 mM HEPES-KOH (pH 7.9), 0.1 mM
EDTA, 2 mM DTT, 0.2 mM PMSF, and 10% glycerol] containing 50 mM KCl.
The bound proteins were eluted with a 20 cv linear gradient from BC50 to BC500.

2. The active fractions, which eluted between 250–320 mM KCl, were combined and
loaded onto a 25 ml Superdex 200 column (GE). Silver staining and ubiquitin
ligase assays of the fractions derived from the Mono S column allowed us to
correlate the enzymatic activity with five polypeptides (Figure 5c).

3. To identify the polypeptides that coelute with the ubiquitin ligase activity, fractions
38–41 of the Superdex 200 column were combined, concentrated and resolved in a
8–15% gradient SDS-PAGE. After Coomassie staining, candidate polypeptides
were excised and subjected to trypsin digestion. The proteins were identified by a
combination of peptide mass fingerprinting using MALDI-TOF MS and MS
sequencing using MALDI-TOF/TOF MS/MS (58, 59). Mass spectrometry analysis
revealed that the five polypeptides were DDB1 (damaged DNA-binding protein 1),
Cullin 4B, Cullin 4A, DDB2 (damaged DNA-binding protein 2), and ROC1/RBX1.
Based on its polypeptide composition, we have named the protein complex CUL4-
DDB-ROC1.

4. During the purification of histone ubiquitin ligase, a weak activity potentially for
H2B was also detected (Figure 3a lane 20). However, subsequent purification
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revealed that the ubiquitinated bands correspond to histone H3.4. The significance
of this discovery remains to be elucidated.

3. Discussion
The identification of enzymes responsible for histone modification provides valuable tools
for dissecting the functions of a particular histone modification. It also provides
pharmaceutical targets for epigenetic-based disease control. Given the critical roles of
epigenetics in controlling cell fate and the wide implications of epigenetic mechanism in
human disease, including cancer, we envision that epigenetic mechanism represents a
promising field for drug development. In this paper we have detailed the experimental
procedures for biochemical purification of histone ubiquitin ligases from HeLa cells. Similar
biochemical approaches have used to identify enzymes involved in histone methylation,
demethylation, deubiquitination, and other processes (29–31). This approach is an unbiased,
systemic search for novel histone modifying enzyme activities. The majority of enzymes
identified by this approach represent the dominant enzymes in a particular process.
However, since this approach is critically dependent on the in vitro histone ubiquitin ligase
assay, certain enzymes that have low in vitro activity will be missed by these studies. This
was exemplified by our attempt to identify a H2B ubiquitin ligase. Although initial
screening revealed a putative ligase activity for H2B, subsequent purification revealed that
this activity targeted a histone H3 variant H3.4. By using nucleosomes with mutation at
H2A K119, Zhu et al reported a partial purification of H2B ubiquitin ligase using a similar
biochemical approach as we have outlined, but the final identification of H2B ubiquitin
ligase in mammals ultimately came from genetic studies in budding yeast (48). Finally, this
approach may miss enzymes that only function in a particular pathway.

Population homogeneity, ease of culturing and relatively low production costs have made
HeLa cells widely used enzymatic sources for the biochemical purification of histone
modifying enzymes. However, the enzymes purified from HeLa cells might only represent
enzymatic machineries for general cellular activities. Since HeLa cells are a special cell line,
histone modifying enzymes that are active in other cell types or cellular processes will not
be identified by this approach. For example, UBC4-testis and LASU1 were reported to be
capable of ubiquitinating histones in vitro. However, since these proteins are expressed
primarily in testis, biochemical identification of these enzymes required the use of proteins
extracted from testis (61, 62). In addition, the 2A-HUB H2A ubiquitin ligase, which is
responsible for repression of a specific set of chemokine genes in macrophages, was also
identified through alternative approaches (63). Therefore, other cell types or primary tissues,
if sufficient amounts of starting material can be obtained, represent additional sources for
identifying tissue or cell type-specific histone modifying enzymes.
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Figure 1.
Schematic depiction of histone ubiquitination. Ubiquitin is first activated by an E1 activating
enzyme. Ubiquitin is then transferred to an E2 ubiquitin conjugating enzyme. HECT family
E3 ligases receive ubiquitin from an E2 and directly conjugate ubiquitin to their target
molecules. RING and U-box domain containing E3 ligases mediate the interaction between
E2 ubiquitin conjugating enzymes and substrates and oversee the conjugation of ubiquitin to
target molecules.

Jones et al. Page 18

Methods. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Purification of oligonucleosomes and mononucleosomes from HeLa S3 cells. a. MNase test
digestion of 500 μl nuclei suspension for increasing lengths of time. b. DNA extraction of
from sucrose gradient fractions. Mononucleosomes are enriched in fraction containing a
majority of DNA approximately 150bp in length (fractions 10–12). Oligonucleosomes are
enriched in fractions 18–20. c. TCA precipitation of different sucrose gradient fractions.
Early fractions contain high molecular weight contaminants.
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Figure 3.
Identification of an H2A ubiquitin ligase activity in HeLa cells. a, Ubiquitin ligase assay
using HeLa nuclear proteins fractionated on DE52 and P11 columns. Numbers on top of the
panels indicate the salt concentration (M) for step elution. NE and NP represent nuclear
extracts and nuclear pellet, respectively. Left and right panels use histone octamer and
oligonucleosome substrates, respectively. b, The ligase activity depends on the presence of
ATP, E1, E2, ubiquitin, nucleosomal histones, and proteins present in the 0.5M P11 nuclear
pellet fraction.
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Figure 4.
Purification and identification of the H2A ubiquitination ligase complex. a, Schematic
representation of the steps used to purify the H2A ubiquitination ligase complex. Numbers
represent the salt concentrations (mM) at which the E3 ligase activity elutes from the
columns. b, Silver staining of a polyacrylamide–SDS gel (top panel), H2A ubiquitin ligase
activity assay (second panel) and western blot analysis (bottom two panels) of the fractions
derived from the MonoQ column. The candidate proteins that co-fractionated with the E3
ligase activity are indicated by *. The positions of the protein size markers on SDS–PAGE
are indicated to the left of the panel.

Jones et al. Page 21

Methods. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Purification of a previously unidentified histone ubiquitin E3 ligase complex. a. Schematic
representation of the steps used to purify the histone ubiquitin E3 ligase complex. Numbers
represent the salt concentrations (mM) at which the E3 ligase activity elutes from the
columns. b. Histone ubiquitin ligase assay of protein fractions derived from a Mono Q
column. In addition to the ubiquitin ligase activity specific for histone H2A (hPRC1L), a
previously unidentified ubiquitin ligase activity for all the core histones was observed in the
flowthrough (Ft). c. Silver staining of a polyacrylamide-SDS gel (top) and histone ubiquitin
ligase activity (bottom) of fractions derived from a Mono S column. The protein bands that
cofractionated with the histone ubiquitin E3 ligase activity are indicated by an asterisk (*).
The protein size marker is indicated on the left side of the panel.
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