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Abstract

Diverse histone modifications play important roles in transcriptional regulation throughout
eukaryotes, and recent studies have implicated histone H2B ubiquitylation in active transcription.
The necessity of at least three enzymes (E1, E2 and E3), as well as ongoing transcription events,
for efficient H2B ubiquitylation complicates mechanistic studies of H2B ubiquitylation relative to
other histone modifications. Here we describe experimental protocols for preparation of human
H2B ubiquitylation factors, ubiquitylation substrates and transcription factors, as well as the use of
these factors to establish H2B ubiquitylation mechanisms during transcription. The methods
include reliable protein interaction and E3 ubiquitylation assays that can be widely applied to
confirm cognate E2—E3 pairs in other protein ubiquitylation systems, optimized in vitro
ubiquitylation assays for various histone substrates, and a transcription-coupled H2B
ubiquitylation assay in a highly purified transcription system. These comprehensive analyses have
revealed (i) that RADG serves as the cognate E2 for the BRE1 complex in human cells, as
previously established in yeast, (ii) that RADS, through direct interaction with the BRE1 complex,
ubiquitylates chromatinized H2B at lysine 120 and (iii) that PAF1 complex-mediated transcription
is required for efficient H2B ubiquitylation. This experimental system permits detailed
mechanistic analyses of H2B ubiquitylation during transcription by providing information
concerning both precise enzyme functions and physical interactions between the transcription and
histone modification machineries.
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1. Introduction

Protein ubiquitylation is mediated by the sequential action of three classes of enzymes — the
ubiquitin activating enzyme (E1), ubiquitin conjugating enzymes (E2s) and ubiquitin ligases
(E3s). An E2 ubiquitylates its target protein in conjunction with its cognate RING finger-
type E3, which specifically interacts with the protein substrate and the E2 [1]. Despite the
discovery of histone H2B (H2B) ubiquitylation about 30 years ago, identification of
enzymes responsible for H2B ubiquitylation was relatively recent. Thus, yeast genetic
studies showed that Rad6 [2] and Brel [3,4] serve as E2 and E3 enzymes, respectively, and
their intrinsic enzyme activities were confirmed by recent biochemical analysis [5].

© 2011 Elsevier Inc. All rights reserved

"Address correspondence to: Robert G. Roeder, Ph.D. Tel: 212-327-7601 Fax: 212-327-7949 roeder@mail.rockefeller.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim and Roeder

Page 2

In addition to basic ubiquitylation enzymes Rad6 and Brel, a requirement of the RNA
polymerase ll-associated Pafl complex for efficient H2B ubiquitylation in yeast implicated
H2B ubiquitylation in transcription-related events [6,7]. In support of this idea, studies in
yeast further showed, first, that the level of ubiquitylated H2B (ubH2B) is transiently
increased around the core promoter region upon activator-dependent transcription of some
genes [8,9] and, second, that H2B ubiquitylation is a prerequisite for the downstream H3K4
methylation that marks actively transcribed genes [10,11]. Since H2B ubiquitylation occurs
at a lysine residue (K123 in yeast and K120 in human) that is embedded within the C-
terminal a-helix, it is plausible that changes in nucleosome structure during transcription
allow Pafl complex-recruited H2B ubiquitylation factors easier access to the ubiquitylation
site [12].

Although H2B ubiquitylation systems are highly conserved from yeast to human, clear
demonstrations of factors and mechanistic explanations for H2B ubiquitylation in human
cells have been more recent. This reflects in part the limitations on genetic approaches in
mammalian cells, which in turn led to an emphasis on the establishment of in vitro H2B
ubiquitylation assays with purified factors. In the establishment of a reliable in vitro
mammalian H2B ubiquitylation assay, several important issues need to be considered. As
shown for several E2s [13,14], uncontrolled accessibility of E2s to highly basic histones
results in non-specific ubiquitylation in purified systems in the absence of E3. This
complicates establishment of an E3 requirement for histone ubiquitylation. Moreover, the in
vitro histone ubiquitylation reaction generates a large number of protein-ubiquitin
conjugates that include a ubiquitin dimer, ubiquitylated E2, ubiquitylated E3 and
ubiquitylated histones. These issues have made it almost impossible to detect H2B that is
specifically ubiquitylated at the single physiological site with anti-ubiquitin or anti-H2B
antibodies. Importantly, however, the recent development of an anti-ubH2B monoclonal
antibody [15] that specifically recognizes ubiquitylated H2B at lysine 120 enabled us to
overcome these problems. The robust assays that have been developed clearly demonstrate
requirements for RADG6 and the BRE1 complex for H2B ubiquitylation at lysine 120 in
human cells and, in addition, reveal a mechanism of PAF1 complex-dependent transcription-
coupled H2B ubiquitylation that involves a direct interaction between PAF1 and BRE1
complexes [12].

Here we describe methods for the purification of H2B ubiquitylation factors and histone/
chromatin substrates, comprehensive in vitro H2B ubiquitylation assays with various histone
substrates, a transcription-coupled chromatin ubiquitylation assay and protein interaction
assays that are important to establish cognate E2-E3 pairs. Although we here describe the
assays with human proteins, these methods have been used to analyze H2B ubiquitylation
factors from other organisms [5] and are applicable for analyses of other ubiquitylation
systems.

2. Description of Methods

2.1. Materials

For recombinant protein preparations, cONAs were obtained from ATCC and subcloned
into appropriate plasmids. All purified protein concentrations are determined by Coomassie
Blue staining with BSA standards.

2.1.1. Preparation of recombinant histones, and histone octamers and natural
oligonucleosomes—Recombinant Xenopus histones are prepared according to the
protocol described by Luger et al. [16]. Briefly, individual histones are expressed in E. coli,
and purified by Sephacryl S-200 (GE Healthcare) gel filtration and SP Sepharose (GE
Healthcare) ion exchange chromatography under denaturing conditions. Pure individual
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histones are then reconstituted into an octamer that is further purified and separated through
Superdex 200 (GE Healthcare) gel filtration at high salt. Prepared histones are stored at
—80°C in 20 mM Tris, pH 8.0, 0.25 mM EDTA, 2 M NacCl, 30% glycerol, 1 mM 2-
mercaptoethanol (Fig. 1A). Purification of natural oligonucleosomes from HelLa cells is as
follows. Chromatin is extracted by homogenization in high salt buffer (20 mM HEPES, pH
7.5, 0.65 M NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol and 0.34 M sucrose) from
nuclear pellet prepared by the Dignam method [17] and then equilibrated stepwise to 20 mM
HEPES, pH 7.5, 0.1 M NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol. Cleared extracts are
incubated with 10 U/ml micrococcal nuclease (Sigma) in the presence of 3 mM CaCl,.
Digested oligonucleosomes are purified and separated through Sepharose CL-6B (GE
Healthcare) gel filtration at 0.6 M NaCl. Fractions containing oligonucleosomes that are
composed mainly of 10-20 nucleosomes are pooled and stored at —80°C in 20 mM HEPES,
pH 7.5, 1 mM EDTA, 1 mM 2-mercaptoethanol (Fig. 1A). Note that natural
oligonucleosomes contain pre-existing post-translational modifications and are likely
present in various states of chromatin structure, which in turn can influence recognition/
recruitment and/or function of the ubiquitylation enzymes in an in vitro assay.

2.1.2. Preparation of recombinant ubiquitin, human E1, human RAD6 and the
human BRE1 complex—For GST-tagged E2 proteins, cDNAs are subcloned into
pGEXAT (GE Healthcare), expressed in E. coli, and purified by binding to glutathione-
Sepharose 4B beads (GE Healthcare) in BC buffer (20 mM Tris, pH 7.9, 0.2 mM EDTA,
20% glycerol) containing 1000 mM KCI (BC1000; hereafter, the number indicates the KCl
concentration added to the BC buffer) and 0.1% NP40. After extensive washing with
BC1000/0.1% NP40, GST-proteins are eluted with 10 mM glutathione (Sigma) in
BC1000/0.1% NP40 and stored at —80°C in BC100/0.01% NP40 (Fig. 1B). His-pKHA-
ubiquitin [18; pK indicates a protein kinase recognition site] and His-tagged E2 proteins
(cDNAs subcloned into pET28 (Novagen)) are expressed in E. coli and purified by binding
to Ni-NTA agarose (Qiagen) in BC500/0.1% NP40 (with exclusion of EDTA) containing 5
mM imidazole (Sigma). After extensive washing with BC500/0.1% NP40 (with exclusion of
EDTA) containing 30 mM imidazole, His-proteins are eluted with 400 mM imidazole in
BC500/0.1% NP40 and stored at —80°C in BC100/0.01% NP40 (Fig. 1C).

For hEl, hBRE1A and hBRE1B, cDNAs are subcloned in pFASTBACL1 (Invitrogen) with
or without an epitope tag and corresponding baculoviruses are generated according to the
manufacturer's instruction (Invitrogen). Sf9 cells are infected either with individual
baculoviruses or combinations of baculoviruses and incubated for 72 h. Cell extracts are
then prepared in BC300/0.1% NP-40 supplemented with 1 mM DTT, 0.5 mM PMSF and
protease inhibitor cocktail (Roche). Clarified extracts are subjected to affinity purification
on M2 agarose beads (Sigma). After extensive washing with BC150/0.1% NP40, FLAG-
proteins/complexes are eluted with BC150/0.1% NP40 containing 0.25 mg/ml FLAG
peptide and stored at —80 °C (Fig. 1C). Note that the FLAG-hBRE1B polypeptide is easily
degraded when expressed alone but stable when coexpressed with hBRE1A, suggesting an
associated stabilization of hRBRE1B by hBRE1A in the complex.

2.1.3. Preparation of chromatin assembly factors Acfl, ISW1 and NAP1—
Baculoviruses for recombinant Drosophila Acfl and ISW1 were obtained from the
Kadonaga lab [19]. These factors are independently expressed and purified as FLAG-tagged
proteins in Sf9 cells as described above. His-tagged mouse NAP-1 is expressed in E. coli,
followed by purification through Ni-NTA and Q-Sepharose (GE Healthcare)
chromatography. Preparations of these proteins are shown in our earlier publications
[12,20].
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2.1.4. Preparation of transcription factors—Comprehensive purification protocols for
most of these factors are essentially as described [21-24]. Briefly, p53, individual TFIIA
subunits (p55 and p12), TFIIB, and TFIIE subunits (o and ) are expressed in E. coli as
FLAG-tagged proteins and affinity purified on M2 agarose. TFIIF subunits (RAP30 and
RAP74) are independently expressed in E. coli and purified on Ni-NTA agarose. TFIIA and
TFIIF are then reconstituted from individual subunits following denaturation and
renaturation. Non-tagged PC4 is expressed in E. coli and purified by heparin-Sepharose (GE
Healthcare) and phosphocellulose (P11, Whatman) chromatography. The multisubunit
TFIID, TFIIH, Mediator and RNA polymerase 11 (Pol I1) complexes are purified from HelLa
cell lines expressing complex-specific epitope-tagged subunits (FLAG-TBP for TFIID;
FLAG-ERCC3 for TFIIH; FLAG-TRAP220/MED1 (1-670 amino acids) for Mediator;
FLAG-RPBS for Pol I1). TFIID, TFIIH and the Mediator complexes are purified from
nuclear extracts, prepared as described [17], using a combination of conventional
chromatography on phosphocellulose and DEAE cellulose (DE52, Whatman) and affinity
purification on M2 agarose as the final step. Pol 11 is purified from a high salt-solubilized
nuclear pellet fraction, prepared as described [25], by conventional ion exchange
chromatography followed by affinity purification on M2 agarose. His-tagged SII/TFIIS is
expressed in E. coli and purified by Ni-NTA and HiTrap SP (GE Healthcare)
chromatography. The multisubunit human PAF1 complex (hPAF1C) is reconstituted in Sf9
cells by coinfection with baculoviruses that individually express hCTR9, hLEO1, FLAG-
hPAF1, hRTF1, hCDC73 and hSKI8, and affinity purified on M2 agarose. These procedures
provide essentially homogenous preparations of these components as shown by SDS-PAGE
with Coomassie blue staining or silver staining in our earlier publications [12,23,24].

2.1.5. Antibodies—The following antibodies are obtained commercially: anti-H2A
(Millipore 07-146), anti-H2B (Abcam ab1790), anti-H3 (Abcam ab1791), anti-H4 (Abcam
ab7311), anti-HA (Abcam ab9110), and anti-FLAG (HRP-conjugated, Sigma A8592).
Polyclonal anti-hBRE1A [26] and anti-hBRE1B [12] antibodies were developed against
His-tagged N-terminal fragments and affinity purified. Anti-BREL1A (Bethyl Laboratories
A300-714A) and anti-hBRE1B (Bethyl Laboratories A300-720A) antibodies are also
commercially available. Mouse monoclonal anti-ubH2B antibody was obtained from the
Oren lab [15] and is now commercially available at Millipore (05-1312) and Medimabs
(MM0029). In our recent test, rabbit monoclonal anti-ubH2B antibody from Cell Signaling
Technology (5546) also showed very good results.

2.2. Analysis of physical and functional interactions of cognate E2—E3 pairs

About two dozen E2 and several hundred E3s are present in mammalian cells, making it
important to identify correct cognate E2—E3 pairs in order to establish relevant in vitro
protein ubiquitylation assays. Each RING finger-containing E3 specifically and directly
binds to its cognate E2 [1] and this direct interaction results in both substrate and E3
ubiquitylation by E2 [27]. From these principles and in order to identify a cognate E2 for the
human BRE1 complex (hBRE1C), we set up in vitro assays to screen for an E2 that
specifically interacts with and ubiquitylates hBRE1C.

2.2.1. In vitro protein-protein interaction assays—To examine direct interactions
between E2 and hBRELC, two in vitro binding assays are employed. For GST-pull down
assays, 2 ug of purified GST or GST-fused E2s immobilized on glutathione-Sepharose 4B
beads are incubated with 200 ng of purified hBRE1C in the binding buffer A (20 mM Tris,
pH 7.5, 200 mM KCIl, 0.2 mM EDTA, 20% glycerol, 0.1% NP-40, 0.5 mg/ml BSA and 0.5
mM PMSF) at 4°C for 3 h and then beads are extensively washed with binding buffer A
without BSA. Bound proteins are analyzed by immunoblotting. Fig. 2A illustrates that,
among the nine tested E2s, only hRADG6A and hRADG6B directly bind to hBRE1C. This
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interaction is confirmed by an alternative assay. For His-pull down assays, Ni-NTA agarose
preparations previously coupled with 2 pg purified His-tagged E2s are incubated with 200
ng purified hBRE1C or 100 ng individual hBRE1A or hBRE1B polypeptides in binding
buffer B (20 mM Tris, pH 7.9, 150 mM KCl, 20% glycerol, 0.05% NP-40, 0.2 mg/ml BSA
and 0.5 mM PMSF) at 4 °C for 3 h and then beads are extensively washed with wash buffer
(20 mM Tris, pH 7.9, 150 mM KCI, 20% glycerol, 0.05% NP-40, 0.5 mM PMSF and 50
mM imidazole). Bound proteins are analyzed by immunoblotting. The results show that
hRADSG interacts with hRBRE1C but not with individual hBRE1A or hBRE1B polypeptides
(Fig. 2B), indicating that formation of the heteromeric hBREZ1C is critical for direct
interaction with hRADSG. This result accounts for the failure to identify a cognate E2 for
hBREL1C using only hBRE1A as bait [26].

2.2.2. In vitro E3 ubiquitylation assay—To further confirm the functional relevance of
the physical interaction between hRAD6 and hBRE1C, an in vitro E3 ubiquitylation assay is
performed. Reactions containing 100 ng hE1, 200 ng His-tagged E2, 150 ng hBRE1C, 1.3
ug unlabeled ubiquitin or 32P-labeled His-pK-HA-ubiquitin, 50 mM Tris, pH 7.9, 5 mM
MgCl,, 2 MM NaF, 0.4 mM DTT and 4 mM ATP in 20 ul are incubated at 37°C for 1 h,
resolved by SDS-PAGE and subjected to immunaoblots with anti-hBRE1 antibodies (when
unlabeled ubiquitin is used) or auto-radiography (when 32P-labeled ubiquitin is used). 32P-
labeled ubiquitin is prepared as follows. A reaction mixture (20 ul) containing 25 pg His-
pK-HA-ubiquitin, 1 U cAMP kinase (Sigma), 20 mM Tris, pH 7.4, 12 mM MgCl,, 2 mM
NaF, 50 mM NaCl, 25 uM ATP, 5 uCi of [u-32P] ATP and 0.1 mg/ml BSA is incubated at
37°C for 30 min and then heated at 70°C for 3 min to inactivate the kinase. As described
below, the immunoblotting method is useful for monitoring ubiquitylation of E3 but is not
informative for measuring E2 activities. Instead, the auto-radiography method allows a
direct comparison of the ubiquitin-conjugating activities of E2s. This assay reveals hRAD6-
dependent poly-ubiquitylation of hBRE1C that is visualized by autoradiography (Fig. 2C,
lanes 2 and 3) and immunoblot (Fig. 2D, lanes 2 and 5). As a control, unrelated hUbcH6 E2
that fails to interact with hBREL1C (Fig. 2A, lane 5; Fig. 2B, lane 5) does not mediate any
detectable poly-ubiquitylation of hBRE1C (Fig. 2D, lanes 3 and 6) although it exhibits a
strong ubiquitin conjugating activity (Fig. 2C, lane 4).

2.3. In vitro recombinant chromatin assembly

Recombinant chromatins are used for conventional and transcription-coupled chromatin
ubiquitylation assays (below). Procedures for chromatin assembly with the recombinant
ACF system are adapted from Ito et al. [19]. For transcription assays, the reaction containing
core histone octamer (350 ng) and NAP1 (2.5 ug) in 55 pl HEG buffer (25 mM HEPES, pH
7.6, 0.1 mM EDTA and 10% glycerol) is incubated on ice for 30 min. After the further
addition of ACF1 (30 ng), ISW1 (40 ng) and plasmid (350 ng), the reaction is adjusted to 25
mM HEPES, pH 7.6, 0.1 mM EDTA, 10% glycerol, 50 mM KCI, 3.4 mM ATP and 4.8 mM
MgCl5 in a final volume of 70 pl and incubated at 27°C for 3 h. For ubiquitylation assays,
reactions contain two-fold higher amounts of the plasmid and all proteins under the same
reaction conditions and in the same (70 ul) volume. The DNA templates employed in these
assays are the p53ML [20] and the pGsML [28] plasmids that contain five p53 and five
GAL4 binding sites, respectively, along with the adenovirus major late promoter followed
by a 390-nucleotide G-less cassette.

2.4. In vitro histone H2B ubiquitylation assay

To clearly demonstrate direct E2 and E3 functions of hRAD6 and hBRE1C for H2B
ubiquitylation, respectively, in vitro chromatin ubiquitylation assays employing
oligonucleosomes derived from HelLa cells are used. It is crucial to use epitope-tagged
ubiquitin (His-pK-HA-ubiquitin in our assay), especially with natural oligonucleosome
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substrates, because newly ubiquitylated H2B (modified by His- and HA-tagged ubiquitin)
can be distinguished from the naturally ubiquitylated H2B that is present in the
oligonucleosome substrate. Note also that, in our experience, GST-tagged hRAD6 proteins
exhibit much weaker H2B ubiquitylation activities than do His- or FLAG-tagged hRAD6
proteins -- probably because the relatively large epitope at the N-terminus of hRAD6
interferes its E2 activity. In addition, we also found that any kind of C-terminal epitope tag
on hRAD6 completely abrogates its enzyme activity. Importantly, as documented below, the
ubiquitylation of nucleosomal H2B (in the absence of transcription) is much less efficient
than the ubiquitylation of free H2B. Appropriate methods for H2B ubiquitylation assays
with various histone substrates are described below.

2.4.1. Ubiquitylation assay with recombinant histones, histone octamers and
oligonucleosome—Reactions containing 300 ng recombinant free histone, 1.2 pg
recombinant histone octamer or 5 pg HeLa cell-derived oligonucleosomes and 100 ng hE1,
200 ng His-tagged E2, 600 ng hBRE1C and 2.8 pg His-pK-HA-ubiquitin in 20 ul reaction
buffer (50 mM Tris, pH 7.9, 5 mM MgCl,, 2 mM NaF, 0.4 mM DTT and 4 mM ATP) are
incubated at 37°C for 1 h. Proteins are resolved by SDS-PAGE and subjected to
immunoblotting. Although reactions were incubated for 6-10 h in our earlier publications
[5,12], the H2B ubiquitylation level is now known to be maximal at 1 h.

The results show that complete reactions containing purified hE1l, hRAD6A, hBRELC,
ubiquitin and oligonucleosomes generate a lysine 120-ubiquitylated H2B (Fig. 3A, top
panel, lanes 2 and 8), whereas reactions lacking any of these components do not (top panel,
lanes 3-7). Although a significant level of H2B ubiquitylation (probed by an anti-H2B
antibody) is detected in the absence of hBRELC, this clearly represents H2B ubiquitylation
at a site(s) other than lysine 120 (compare top panel, lane 5 versus middle panel, lane 5).

The detection of a significant level of hBRE1C-independent H2B ubiquitylation by hRADG6
led us to more detailed analyses of substrate and site specificities of hRAD®G in the presence
and in the absence of hBRELC (Fig. 3B). Consistent with earlier reports of the ability of
yeast Rad6 to ubiquitylate free H2A and H2B [14, 29], hRADG6 ubiquitylates all four core
histones both in free and octamer forms in the absence of hRBRE1C (lanes 2 and 6, in the
anti-H2A, -H2B, -H3 and -H4 immunoblots) and the inclusion of hBRE1C does not affect
the overall histone ubiquitylation efficiency (lanes 3 and 7 versus lanes 2 and 6,
respectively, in the anti-H2A, -H2B, -H3 and -H4 immunoblots). Importantly, the efficiency
of histone ubiquitylation with the nucleosomal substrate is significantly lower than that with
free histones or histone octamers (lanes 9-11 versus lanes 1-3 or lanes 5-7, in the anti-H2A,
-H2B, -H3 and -H4 immunoblots). This suggests that the nucleosome structure restricts non-
specific access of ubiquitylation factors to the histone core regions. However, and most
importantly, H2B ubiquitylation at lysine 120 is critically dependent upon hBRE1C for all
substrates tested (compare lanes 3, 7 and 11 versus lanes 2, 6 and 10, respectively, in the
anti-ubH2B immunoblots). This indicates that hBRE1C directs the hRADG ubiquitin-
conjugating activity toward a specific ubiquitylation site (lysine 120) through recognition of
the target substrate. Overall, these results indicate (i) a non-specific RAD6 ubiquitin
conjugating activity that is manifested in a purified assay system lacking constraints that
normally control accessibility of RADG to histones and (ii) an H2B lysine 120-specific
hRADG ubiquitylation activity that is dependent upon hBRE1C. These results also
emphasize the utility and validity of the anti-ubH2B antibody [15] for monitoring precise in
vitro H2B ubiquitylation events.

2.4.2. Ubiquitylation assay with recombinant chromatin—The conventional

chromatin ubiquitylation assays described above employ natural oligonucleosome arrays
derived from HeLa cells since they have been found to serve as preferential substrates,
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relative to recombinant chromatin with unmodified histones, for H2B ubiquitylation in vitro
(Fig. 4A). These results raise the possibility that pre-existing histone modifications and/or
altered chromatin structures (both present in natural oligonucleosome arrays) may provide
preferential ubiquitylation enzyme recruitment/recognition conditions for H2B
ubiquitylation. To test whether recruitment of the ubiquitylation machinery to chromatin is
important for efficient H2B ubiquitylation, an in vitro ubiquitylation assay containing
recombinant chromatin assembled with pGsML plasmid (containing GAL4 binding sites)
and GAL4-hBRE1C (composed of FLAG-GAL4-hBRE1A and untagged hBRE1B, Fig. 1C)
is employed. The assay is performed as follow: 350 ng (histone amount) recombinant
chromatin template (35 pl) is supplemented with 50 ng hE1, 100 ng His-hRADGA, 200 ng
GAL4-hBRE1C or hBRE1C, 1.4 nug His-pK-HA-ubiquitin, 2 mM NaF, 0.4 mM DTT and 4
mM ATP in a final reaction volume of 45 pl. Reactions are incubated at 37°C for 1 h,
resolved by SDS-PAGE and subjected to immunaoblotting. The result shows that GAL4-
directed recruitment of hBRE1C to chromatin greatly enhances H2B ubiquitylation (Fig. 4B,
lane 3 versus lane 2). Note that these reactions contain the ATP-dependent remodeling
factors employed for chromatin assembly and that previous studies have shown ATP-
dependent chromatin remodeling upon binding of GALA4-fusion proteins [30,31]. Thus, these
results suggest that proximity of the ubiquitylation machinery to chromatin and/or alteration
of chromatin structure mediated by chromatin remodeling factors upon GAL4-hBRE1C
binding to chromatin are crucial for efficient H2B ubiquitylation, and that prior histone
modifications per se are dispensable for H2B ubiquitylation.

2.4.3. Transcription-coupled ubiquitylation assay with recombinant chromatin
—In addition to basic ubiquitylation enzymes, efficient H2B ubiquitylation in vivo requires
the PAF1 complex [6,7], an RNA polymerase Il1-associated [32] transcription elongation
factor [33] that directly interacts with the BRE1 complex [5,12]. These results suggest that
the PAF1 complex links H2B ubiquitylation and transcription machineries. In addition, the
requirement for an altered chromatin structure for H2B ubiquitylation (Fig. 4), along with
documented effects of transcription on chromatin structure [34,35] further suggests that H2B
ubiquitylation is related to ongoing transcription. In order to test this possibility, an in vitro
transcription-coupled ubiquitylation assay that employs purified factors and a chromatinized
p53ML array template is performed as follows (schematized in Fig. 5A): (i) the chromatin
template (8 ul, 40 ng DNA) is incubated with p53 (10 ng) in 0.5xHAT buffer (10 mM
HEPES, pH 7.8, 30 mM KCI, 2.5 mM DTT, 0.25 mM EDTA and 5 mM sodium butyrate) at
30 °C for 20 min in a 20 pl reaction; (ii) the activator-bound chromatin template is incubated
with p300 (15 ng) and 20 uM acetyl-CoA at 30 °C for 30 min in a 25 pl reaction; (iii) after
addition of 1.25 pl BSA (20 mg/ml), 1 ul DTT (250 mM) and 2.5 pl 20xRB buffer (400 mM
HEPES, pH 7.8, 120 mM MgCly,), BC200 buffer is added to adjust the final KCI
concentration to 60 mM in a final reaction volume of 50 pl; (iv) highly purified transcription
factors (35 ng Pol 11, 50 ng TFIID, 20 ng TFIIA, 10 ng TFIIB, 5 ng TFIIE«, 2.5 ng TFIER,
20 ng TFIIF, 20 ng TFIIH, 100 ng Mediator and 55 ng PC4) are added and preinitiation
complex (PIC) formation is allowed to proceed at RT for 20 min; (v) purified ubiquitylation
factors (25 ng E1, 25 ng E2, 75 ng hBRE1C and 350 ng His-pK-HA-ubiquitin), hPAF1C
(240 ng) and/or SlI (10 ng) are added and the reaction is further incubated at RT for 5 min;
(vi) 2.5 pl 20xnucleotide mixture (10 mM ATP, UTP, GTP and CTP) and 0.25 ul RNasin
(40 U/ul) are added to each reaction, along with water to adjust the final volume to 50 pl,
and transcription is allowed to proceed for 50 min at 30 °C. (vii) in each case, nine standard
transcription reactions are combined, concentrated (G Biosciences) and subjected to
immunoblotting.

An assay under transcription conditions with all components present generates a very
significant level of H2B ubiquitylation at lysine 120 (Fig. 5B, compare lanes 3 and 9). This
corresponds to ubiquitylation of about 15% of the total H2B used for transcription, as judged
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by comparison with histone octamer standards (compare lane 3 versus lanes 10-14)
containing fully ubiquitylated H2B [36]. This analysis also confirms a requirement for
hBRELC (lane 4). Importantly, this efficient H2B ubiquitylation is coupled to activator-
dependent transcription since omission of either p53 or nucleoside triphosphates (but with
ATP present) reduces ubH2B to an undetectable level (lanes 1 and 2). Similarly, omission of
hPAF1C results in an undetectable level of ubH2B (lanes 5 and 7), whereas SII omission
significantly decreases the efficiency of H2B ubiquitylation (lane 6). We have recently
shown that hPAF1C and SII act independently and cooperatively in chromatin transcription
[33]. Hence, the efficiency of H2B ubiquitylation generally correlates with the transcription
level. These results thus suggest that hPAF1C facilitates H2B ubiquitylation through an
effect on transcription and thereby directly links transcription to H2B ubiquitylation factors.
However, given that SIl and hPAF1C each stimulate transcription to comparable levels [33],
the fact that omission of hPAF1C completely eliminates H2B ubiquitylation, while omission
of Sl does not, indicates that H2B ubiquitylation is also dependent upon hPAF1C functions
other than those directly connected to transcription.

3. Concluding remarks

The increasingly appreciated roles of H2B ubiquitylation in diverse transcription events
must ultimately be understood at a mechanistic level, necessitating both genetic and
biochemical analyses with properly defined (physiological) components of the
ubiquitylation machinery. Here we describe comprehensive protein interaction assays and
robust in vitro chromatin ubiquitylation assays with biochemically defined factors that
establish bona fide enzymes for H2B ubiquitylation in human cells. Further deployment in
biochemically defined transcription-coupled ubiquitylation assays reveals significant
mechanistic aspects of H2B ubiquitylation during transcription. These assays can be further
applied to define protein domains that are responsible for protein-protein interactions and for
the various enzyme activities. As more detailed studies of the role of H2B ubiquitylation and
associated histone modifications (e.g. H3K4 and H3K79 methylation) in transcription
become necessary, the defined systems described here should prove critical for a further
characterization of transcription-related factors that are dependent upon H2B ubiquitylation.
In addition, the methods described here might be also used to identify other cognate E2—-E3
enzyme pairs and to verify their enzyme activities.
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Abbreviations

El ubiquitin-activating enzyme
E2 ubiquitin-conjugating enzyme
E3 ubiquitin ligase

Pol 11 RNA polymerase 11

WT wild type

H2A histone H2A

H2B histone H2B

H3 histone H3
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H4 histone H4

ubH2B lysine 120-ubiquitylated H2B

GST glutathione S-transferase

Ni-NTA nickel-nitrilotriacetic acid

HA hemagglutinin

PMSF phenylmethylsulfonyl fluoride

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

BSA bovine serum albumin
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Fig. 1.

Analysis of purified factors by SDS-PAGE with Coomassie Blue staining. (A) Histone
ubiquitylation substrates: recombinant histones, reconstituted histone octamers and
oligonucleosomes. (B) GST and GST-E2 proteins. (C) Ubiquitin and ubiquitylation
enzymes: His-pK-HA-ubiquitin, FLAG-hEL, His-E2 proteins, hLBRE1C (composed of
FLAG-hBRE1A and untagged hBRE1B), FLAG-hBRE1A, FLAG-hBRE1B and GAL4-
hBRE1C (composed of FLAG-GAL4-hBRE1A and untagged hBRE1B). Asterisk,
degradation product. Part of this figure is reproduced, with permission, from Ref. [12].
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Fig. 2.

The human BRE1 complex physically and functionally interacts with human RADG. (A and
B) Direct binding of purified hBRE1C to GST-E2 versus GST (A). Direct binding of
purified hBRE1C, FLAG-hBRE1A and FLAG-hBRE1B to His-hRAD6 versus His-hUbcH6
(B). Bound proteins were scored by immunoblotting with indicated antibodies. (C and D)
Ubiquitylation of hBRE1C by hRADS. Purified hBRE1C was analyzed in an E3
ubiquitylation assay with indicated E2 enzymes in the presence of either 32P-labeled (C) or
unlabeled (D) ubiquitin, and ubiquitylation of hRBRE1C was monitored by autoradiography
(C) or immunoblot (D), respectively. Free ubiquitin (Ub), ubiquitin dimer (Ubx2),
ubiquitylated E2 (Ub-E2) and poly-ubiquitylated hBRE1 proteins (Ub-hBRE1A, Ub-
hBRE1B or Ub-hBREL1C) are indicated. Part of this figure is reproduced, with permission,
from Ref. [12].
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Fig. 3.

The hBRE1 complex is required for H2B ubiquitylation at lysine 120. (A) Collective
requirement of factors for H2B ubiquitylation. Reactions containing the indicated
combinations of purified hE1, hRAD6A, hBRE1C, ubiquitin and oligonucleosome were
subjected to immunoblot with indicated antibodies. (B) Requirement of hBRE1C for H2B
ubiquitylation at lysine 120. Reactions containing free histone, histone octamer or
oligonucleosome substrates with hE1, hRAD6A, hBRE1C and ubiquitin, where indicated,
were subjected to in vitro ubiquitylation assays. Ubiquitylated histones were scored by
immunoblot with the indicated antibodies. Asterisk, non-specific band. Part of this figure is
reproduced, with permission, from Ref. [12].
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Fig. 4.

Altered chromatin structure and/or human BRE1 complex recruitment to chromatin is
crucial for efficient H2B ubiquitylation. (A) The chromatin ubiquitylation assay was
performed with the indicated substrates for H2B ubiquitylation (top). Analyses of purified
recombinant histone octamers and natural oligonucleosome derived from HelLa cells by
SDS-PAGE with Coomassie Blue staining to ensure comparable levels of protein usage for
in vitro chromatin ubiquitylation assay (bottom). Note that endogenous ubH2B is not
detected in lane 2 because a much smaller amount (350 ng) of nucleosome substrate was
used in this assay. (B) hBRE1C recruitment to chromatin is critical for efficient H2B
ubiquitylation. A recombinant chromatin template containing the pGsML plasmid was
subjected to the in vitro ubiquitylation assay with hE1, hRADGA, ubiquitin and either
hBRE1C or GAL4-hBRE1C, as indicated, and in the continued presence of the chromatin
assembly factors. Reaction products were analyzed by immunoblot with indicated
antibodies.
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Fig. 5.

Transcription-dependent H2B ubiquitylation. (A) Schematic representation of the standard
in vitro transcription assay. Transcription factors included TFIIA, TFIIB, TFIID, TFIIE,
TFIHF, TFIIH, PC4, Mediator and Pol 11. Ubiquitylation factors included E1, E2 (RRADG6A
or hUbcH6), hBRE1C and ubiquitin. Chromatin-based assays also contained the
components (ACF1, ISWI and NAP1) employed for chromatin assembly. (B) Transcription-
coupled H2B ubiquitylation assays were performed with deletions and additions as indicated
(lanes 1-9) and reactions were subjected to immunoblot with indicated antibodies. Histone
octamers containing fully ubiquitylated H2B (indicated as % of histone octamers present in
the transcription assay) were loaded in lanes 10-14. Part of this figure is reproduced, with
permission, from Ref. [12].
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