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PolycombgroupproteinsBmi-1 andRing1Bare core subunits
of the PRC1 complex, which plays important roles in the regu-
lation of Hox gene expression, X-chromosome inactivation,
tumorigenesis, and stem cell self-renewal. TheRING finger pro-
teinRing1B is anE3 ligase that participates in the ubiquitination
of lysine 119 of histone H2A, and the binding of Bmi-1 stimu-
lates theE3 ligase activity.Wehavemapped the regions ofBmi-1
and Ring1B required for efficient ubiquitin transfer and deter-
mined a 2.5-Å structure of the Bmi-1-Ring1B core domain com-
plex. The structure reveals that Ring1B “hugs” Bmi-1 through
extensive RING domain contacts and its N-terminal tail wraps
around Bmi-1. The two regions of interaction have a synergistic
effect on the E3 ligase activity. Our analyses suggest a model
where the Bmi-1-Ring1B complex stabilizes the interaction
between the E2 enzyme and the nucleosomal substrate to allow
efficient ubiquitin transfer.

Polycomb group proteins are a set of evolutionarily con-
served transcriptional repressors controlling homeotic gene
expression during development (1). Biochemical and genetic
characterizations of Polycomb group proteins have revealed
that they exist in distinct complexes, of which the two best
characterized are the PRC14 and PRC2 complexes (2, 3). The
DrosophilaPRC1 core complex consists of Polycomb, Posterior
Sex Combs, Polyhomeotic, and a Ring finger protein (4), and
the mammalian complex contains homologous proteins (5).
The PRC2 complex is a histone methyltransferase complex

methylating lysine 27 of histone H3 (6–9). Both Polycomb
group complexes have been implicated in diverse biological
processes such as epigenetic inheritance, stem cell develop-
ment, senescence, and tumorigenesis (10–12).
The PRC1 complex has at least two biochemical functions.

One of which is to bind chromatin and prevent it from being
remodeled by ATP-dependent remodeling factors (13). Using
an electron microscope, a Drosophila PRC1 sub-complex has
been seen to compact nucleosome arrays in vitro (14). A recent
study revealed that a human PRC1 complex composed of
Bmi-1, HPH2, PC3, and Ring proteins (Ring1A and Ring1B),
which are homologs of Drosophila Posterior Sex Combs, Poly-
homeotic, Polycomb, and dRing, respectively, is an E3 ubiquitin
ligase complex thatmono-ubiquitinates lysine 119 of nucleoso-
mal histone H2A (15). The catalytic subunit of the PRC1 E3
ligase complex is Ring1B. The E3 ligase activity has been shown
to be important for the involvement of PRC1 inX-chromosome
inactivation and the control of Hox gene expression (16–19).
Very recently the mammalian PRC1 complex has been

reconstituted using recombinant proteins (19). It was shown
that Bmi-1, a Drosophila Posterior Sex Combs homolog that
was originally discovered through its ability to collaborate with
Myc in lymphomagenesis (20–22), plays a central role in the
assembly of the PRC1 complex and, whereas Bmi-1 displays no
detectable ubiquitin ligase activity, the binding of Bmi-1 greatly
stimulates the E3 ligase activity of Ring1B (15, 19). To gain
mechanistic insights into the assembly and enzymatic activity
of the PRC1 complex, we have determined the structural
requirements for the Bmi-1-Ring1B interaction and the basis
for stimulation of the E3 ligase activity.

MATERIALS AND METHODS

Protein Expression and Purification—Human Ring1B and a
Bmi-1 fragment encompassing residues 1–230 were overex-
pressed in Escherichia coli as an untagged and a GST fusion
protein, respectively. A pCDFDuet-1 vector (Novagen) was
used for the overexpression of Ring1B (cloned between the
NdeI andXhoI sites). Bmi-1was producedwith a pGEX-KG-6P
vector (AmershamBiosciences) carrying a preScission protease
(AmershamBiosciences) cleavage site between theGST tag and
the protein encoded by the cDNA fragment, which was cloned
between the BamHI and SalI sites. Point mutants of Bmi-1
(T41R and D72R) and Ring1B (R70D) were generated by PCR
and verified by DNA sequencing. The two proteins were co-
expressed in the BL21(DE3) strain of E. coli. Both the wild-type
and mutant Bmi-1-Ring1B complexes were first purified on a
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glutathione-Sepharose column.TheGST tagwas then removed
by in-column digestion with the preScission protease, and the
eluted Bmi-1-Ring1B complex was further purified by hydro-
phobic and gel-filtration column chromatography using a phe-
nyl-Sepharose and a Superdex-200 (Amersham Biosciences)
column, respectively.
Domain Mapping and Mass Analysis—The Bmi-1-Ring1B

complex eluted from the glutathione-Sepharose column was
subject to treatment with elastase at an �1:100 (w/w) enzyme
to protein ratio for 2 h at room temperature. The stable Bmi-1-
Ring1B core was then purified using the same procedure
described above. The identities of the elastase-digested prod-
ucts were analyzed by mass spectrometry according to the fol-
lowing procedures: the samples was diluted directly into
MALDI matrix (a saturated solution of 3-indole acrylic acid in
50% acetonitrile, 0.1% acetic acid) and spotted directly onto the
MALDI plate. Spectra were acquired using an ABI 4700 mass
spectrometer in linear mode. Another aliquot of sample was
reduced and alkylated using TCEP and iodoacetamide and then
digested with trypsin for 6 h in 50 mM diammonium phosphate
(pH 8.0). Following digestion the sample was desalted using
micro reverse phase columns, mixed with MALDI matrix, and
spotted directly onto the MALDI plate. Spectra were acquired
using the ABI 4700, and matching peptides were confirmed by
tandem mass spectrometry. The resulting data were analyzed
using the MASCOT search engine.
Ubiquitin E3 Ligase Assay—Oligonucleosomes (5 �g) were

incubated with recombinant proteins in a 40-�l reaction con-
taining 50 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 2 mM NaF, 0.6
mM dithiothreitol, 2 mM ATP, 10 �M okadaic acid, 0.1 �g of
ubiquitin activation enzyme E1 (Calbiochem), 0.6 �g of ubiq-
uitin-conjugating enzyme Ubc5c, 1 �g of FLAG-ubiquitin
(Sigma). After incubation at 37 °C for 1 h, reaction was termi-
nated by the addition of SDS-PAGE loading buffer. The pro-
teins were resolved in 8–15% SDS-PAGE and blotted with
anti-FLAG antibody.
Crystallization and Structure Determination—The elastase-

treated mini Bmi-1-Ring1B core was concentrated to �20
mg/ml in a buffer containing 20 mM Tris at pH 8.0, 500 mM
NaCl, 1 mM EDTA, and 1.5 mM dithiothreitol for crystalliza-
tion. The protein complex was crystallized by hanging-drop
vapor diffusion in 0.1 M Hepes (pH 7.5) and 20% (w/v) polyeth-
ylene glycol 8000. The crystal belongs to the P63 space group
with cell dimensions of a � b � 120.3 Å and c � 27.2 Å. X-ray
absorption spectra at the zinc edge revealed the presence of
zinc ions in the crystal, and three sets of zinc multiwavelength
anomalous dispersion diffraction data were collected at 100 K
at the X25 beamline of the National Synchrotron Light Source
at BrookhavenNational Laboratory. Data were processed using
the HKL program (23), and statistics are shown in Table 1.
The structure was solved by themultiwavelength anomalous

dispersion method. The positions of three zinc ions were
located using the SOLVEprogram (24). Phasingwas carried out
using the PHASES program suite (25), and an additional zinc
ion was identified using difference Fourier analysis. Model
building was carried out using the graphic program O. Refine-
ment was initially carried out using REFMAC (26) of the CCP4
program suite (27) and the statistics are shown in Table 1. The

figures were prepared with the programs PYMOL (28) and
GRASP (29). The PDB accession code is 2H0D.

RESULTS

Characterization of Bmi-1-Ring1B Interaction andUbiquitin
Ligase Activity—We first sought to determine the region of
Bmi-1 that interacts with Ring1B. Because three mammalian
Posterior Sex Combs homologs, Bmi-1, Mel-18, and MBLR,
share significant sequence homology within the �230 residue
N-terminal region (Fig. 1A), we reasoned that this region of
Bmi-1 might be involved in interaction with Ring1B. To test
this idea, we co-expressed full-length Ring1B with GST-tagged
Bmi1-(1–230) in E. coli. The two proteins associate with each
other throughout the purification process, which includes
affinity purification using glutathione-agarose resins at 0.5 M
salt concentration as well as hydrophobic and gel-filtration col-
umn chromatography. As shown in lanes 2–4 of Fig. 1B (top
panel), the two proteins appear to be in a 1:1 complex at the end
of the purification process. Furthermore, the Ring1B-Bmi1-(1–
230) complex has a significantly elevated ubiquitin ligase activ-
ity compared with Ring1B alone (Fig. 1B, compare lane 1 with
lanes 2–4 of the bottom panel). At equimolar amounts of
Ring1B, we estimate that the Ring1B-Bmi1-(1–230) complex is
�25-fold more active than Ring1B alone. In comparison, the

FIGURE 1. Functional domains of PRC1 proteins. A, a schematic represen-
tation of protein domains in Bmi-1, Mel-18, and MBLR. The conserved regions
among the three proteins are gray, and the RING domains are green. The
numbers indicate residues at the domain boundaries, and the dashed line
indicates an elastase cleavage site. B, ubiquitin ligase activity assay. Top panel:
Coomassie-stained SDS-PAGE gel showing Ring1B or Bmi-1-Ring1B samples
used for the assay. The amount of protein used is indicated above each lane.
Lane 1, FLAG-tagged full-length Ring1B expressed in bacteria. Lanes 2– 4,
increasing amounts of the heterodimeric complex of Bmi1�C, which includes
residues 1–230, with the full-length Ring1B. Lanes 5 and 6, increasing
amounts of elastase-digested products of the Bmi1-(1–230)-Ring1B complex.
Lane 8, heterodimeric complex of full-length Bmi-1 and FLAG-tagged full-
length Ring1B expressed in Sf9 cells. Bottom panel: Western blot against the
FLAG tag to detect the incorporation of FLAG-ubiquitin into histone H2A for
each samples shown in the top panel.
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full-length Bmi-1-Ring1B complex expressed in insect cells is
�100-fold more active than that of equimolar Ring1B (Fig. 1B,
lane 8). Thus, we conclude that Bmi1-(1–230) binds Ring1B
and contains essential elements for stimulating the E3 ligase
activity of Ring1B.
To further define the domains required for both Bmi-1-

Ring1B interactions and the E3 ligase activity, we carried out
proteolytic mapping of the Ring1B-Bmi1-(1–230) complex.
Digestion with elastase resulted in a stable band of �12 kDa
(Fig. 1B, top panel, lanes 5–7). Analyses usingMALDI-TOF and
TOF/TOFmass spectrometry revealed that the �12-kDa band
is a heterodimer of a Bmi-1 fragment encompassing residues
1–102 and a Ring1B fragment encompassing residues 5–115.
The elastase-processed complex of Bmi1-(1–102) and Ring1B-
(5–115), which we refer to as the mini Bmi-1-Ring1B complex,
is stable and can be further purified through column chroma-
tography. More importantly, the purified mini complex exhib-
its a level of ubiquitin ligase activity comparable to that of the
Ring1B-Bmi1-(1–230) complex (Fig. 1B, bottom panel, lanes
5–7). Because Bmi-1 alone has no E3 ligase activity (15, 19), we
thus conclude that Ring1B-(5–115) encompasses the region
required for the histone H2A monoubiquitination E3 ligase
activity, and Bmi1-(1–102) is sufficient for the stable interac-
tion with Ring1B and stimulation of its E3 ligase activity.
Structure of the Bmi-1-Ring1BMini Complex—To reveal the

mechanism by which Bmi-1 binds to and stimulates the ubiq-
uitin ligase activity of Ring1B at atomic resolution, we deter-
mined the crystal structure of the Bmi1-(1–102)-Ring1B-(5–
115) binary complex. The structure was determined to 2.5 Å by
the multiwavelength anomalous dispersion method using
anomalous scattering signals from zinc ions that were co-puri-
fied and crystallized with the proteins. The refined structure
has anR-factor of 21% andR-free of 25%. The structure also has
good stereochemical properties, because 90.4% of the residues
are in the most favored region and none in the disallowed
region of the Ramachandran plot calculated using PROCHECK
(30). Detailed statistics of the crystallographic analyses are
shown in Table 1.
The structure shows that both Bmi1-(1–102) and Ring1B-

(5–115) contain a canonical RING domain, which is composed
of a three-stranded antiparallel �-sheet in the 211231 con-
figuration, two zinc binding loops, and an �-helix (�B) imme-
diately C-terminal to �2 (Fig. 2, A and B). The above secondary
structure elements, together with a short helix (�A) at the
N-terminal end (a helical turn in Ring1B) and a C-terminal
helix (�C), constitute the RING domains of Bmi-1 and Ring1B.
In each protein, the first zinc binding site is composed of a
CXXC motif from the first zinc binding loop (L1) and another
CXXC motif from �B. The second zinc binding site is com-
posed of a CXXCmotif from the second zinc binding loop (L2)
and a CXH motif located in �2. The RING domains of Bmi-1
and Ring1B are quite similar: they share �30% sequence iden-
tity and �45% similarity. The two domains can be superim-
posed with a root-mean-squared deviation of 0.9 Å using the
C� atoms of 61 of the 70 Ring1B RING domain residues for
alignment with the corresponding C� positions of Bmi-1. In
addition to the RING domain, Bmi1-(1–102) contains a 16-res-
idue helix (�D) at the C terminus that projects away from the

body of the RING domain, whereas Ring1B-(5–115) has a
25-residue N-terminal tail that wraps around Bmi-1 (Fig. 2, A
and B).
The extensive interaction between Bmi1-(1–102) and

Ring1B-(5–115) buries a total pairwise surface area of 2459 Å2.
The two RING domains are closely juxtaposed and related by
an approximate 2-fold rotation (Fig. 2A). They pack against
each other through a mixture of hydrophobic and polar inter-
actions involving residues located on the central �-sheet, as
well as, the N- and C-terminal helices (�A and �C) of both
proteins (Fig. 2C). The packing of the RING domains contrib-
utes to the burial of a total surface area of 1055 Å2. In addition,
the long N-terminal tail of Ring1B makes extensive interaction
with the C-terminal helix, �D, and with the surface area of
Bmi-1 opposite to the interface between the RING domains
(Fig. 2, A, B, and D). The interaction between the N-terminal
tail of Ring1B and Bmi-1 buries a surface area of 1361 Å2.
Structure-based Biochemical Analyses of the E3 Ligase

Activity—Ideally we would like to quantitatively correlate the
Bmi-1-Ring1B interaction with the E3 ligase activity of the
binary complex using separately purified Bmi-1 and Ring1B
wild-type or mutants proteins. However, this is not possible
because each protein aggregates when purified separately and
they do not form a binary complex efficiently when mixed
together. Thus, we sought to introduce mutations that selec-
tively perturb the interaction in different regions without com-
pletely disrupting the complex formation; hence the complexes
were prepared by co-expression. Because both the RING
domain and the N-terminal tail of Ring1B interact with Bmi-1,
we reasoned that, if the interactions at both regions are impor-
tant for the E3 ligase activity, a simultaneous change of interac-
tions involving both regions would have a greater effect than
those to each region individually. To alter the interaction

TABLE 1
Summary of crystallographic analysis

Data sets Zinc inflection Zinc peak Zinc remote
Wavelength (Å) 1.2826 1.2821 1.2500
Resolution (Å) 2.5 2.5 2.7
Measured reflections 70,123 75,185 63,706
Unique reflections 8,143 7,967 6,490
Average I/� 15.9 21.6 18.8
Completeness (%, I/� > 0) 96.9 (94.2) 96.8 (100) 96.6 (95.2)
Rmerge (%) a 6.6 (25.8) 7.5 (16.5) 7.7 (25.2)
Phasing power (iso/ano)b NA/1.54 NA/2.45 1.26/1.52
Overall figure of merit 0.49
Refinement
Resolution range (Å) 104.0-2.5
R-factor/Rfree (%)c 21.0/24.7
No. of protein atom 1,589
No. of zinc ions 4
No. of water molecules 42

Root mean square deviations
Bond lengths (Å) 0.01
Bond angles (°) 1.33

aRmerge � ��I � �I� �/��I�, where I and �I� are the averaged intensity of multiple
measurements of the same reflection. The summation is over all the observed
reflections.

b Phasing power� roommean square (�FH�/E), where FH is the calculated structure
factor of the heavy atoms, and E is the residual lack of closure.

c R-factor � ��Fo� � �Fc�/��Fo�, where Fo denotes the observed structure factor
amplitude and Fc denotes the structure factor calculated from the model.
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between the N-terminal tail of Ring1B with Bmi-1 we changed
Thr41 of Bmi-1 to an arginine (T41R), because it occupies a
central position in the interaction with Ring1B through con-
tacting both Glu-23 and Arg-26 (Fig. 2E). As shown in lanes 1
and 4 of Fig. 3 (bottom panel), the T41R mutant of Bmi1-(1–
230) still forms a complex with Ring1B, and the mutant com-
plex exhibits a level of E3 ligase activity similar to that of the
wild-type complex (Fig. 3, lanes 1 and 4 of the top panel). The
T41Rmutant of Bmi1-(1–230) is used as a negative control (Fig.
3, top panel, lane 3), because Bmi-1 alone is not known to pos-
sess the E3 ligase activity, and the insect cell expressed full-
length Bmi-1-Ring1B complex and the mini Bmi-1-Ring1B
complex are shown for comparison of E3 activity levels (Fig. 3,

Ctrl and lane 2 of the top panel). The T41R result suggests that
changing the Bmi-1-Ring1B interaction at the N-terminal tail
region of Ring1B alone does not cause detectable changes of the
E3 ligase activity.
We next changed Asp-72 of Bmi-1, which is located in the

RING domain and forms a salt bridge with Arg-70 of Ring1B in
the middle of the RING domain interface (Fig. 2B), to an argi-
nine (D72R). Similar to the T41R mutation, the D72R mutant
complex also had an E3 ligase activity level similar to that of the
wild-type complex (Fig. 3, lane 5). Because Asp-72 of Bmi-1
interacts with Arg-70 of Ring1B via a salt bridge, we made an
R70Dmutant of Ring1B and tested the degree towhich it affects
the E3 ligase activity. The Ring1B R70D mutant complex with

FIGURE 2. Structure of the mini Bmi-1-Ring1B complex. A, a ribbon representation of the heterodimer structure. Bmi-1 and Ring1B are shown in cyan and
orange, respectively. Zinc ions are shown as magenta spheres. Main secondary structure elements are labeled. B, a view of the heterodimer from the left side
with respect to the view direction in A. C, the interface of Bmi-1 and Ring1B RING domains involves a mixture of hydrophobic and polar interactions. The
residues involved are shown in a stick model (carbon: green for Bmi-1 and yellow for Ring1B; nitrogen: blue; oxygen: red; sulfur: orange) superimposed with the
Ca chains (cyan, Bmi-1; orange, Ring1B). A salt bridge involving Asp-72 of Bmi-1 and Arg-70 of Ring1B is labeled. D, the N-terminal tail of Ring1B wraps around
Bmi-1, which is shown in a surface representation and Ring1B in a stick model. The structure is viewed from a direction similar to that in B. The boxed area is
shown in a close-in view in E. Thr-41 of Bmi-1 is buried in interactions with Glu-23 and Arg-26, and these residues are labeled.
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the wild-type Bmi1-(1–230) exhibits reduced enzymatic activ-
ity in comparison with the wild-type complex (Fig. 3, lane 6).
Thus, the two residues involved in the salt-bridge interaction
appear to affect the E3 ligase activity of the heterodimeric com-
plex to different degrees.
A dramatic reduction of the E3 ligase activity is displayed by

the complex of the T41R mutant of Bmi1-(1–230) and the
R70D mutant of Ring1B (Fig. 3, lane 7), which changes the
interaction between Bmi-1 and Ring1B in both contacting
regions. It should be pointed out that the T41R-R70D complex
is noticeably less stable than other Bmi-1-Ring1B complexes
used in this study, because a significant fraction of the mutant
complex falls apart during the purification process. A contam-
inant band co-purified with Bmi1-(1–230) also co-purifies with
the mutant complex (Fig. 3, lanes 3 and 7 of the bottom panel).
It is possible that the sample shown in lane 7 is a mixture of the
mutant protein complex and uncomplexed Bmi-1. The appar-
ent instability of the T41R-R70D complex and the lack of
detectable E3 ligase activity (Fig. 3, lane 7 of the upper panel)
confirms our hypothesis that both of the Bmi-1-Ring1B inter-
action regions identified from our structural study are impor-
tant for the E3 ligase activity.
We next sought to restore the interaction between the two

proteins by combining the R70D mutant of Ring1B with the
D72R mutant of Bmi-1, because this combination should
restore the salt-bridge interaction. Indeed, themutant complex
of Ring1BR70DandBmi-1D72R rescues the reduction of enzy-
matic activity caused by the R70D mutation of Ring1B (Fig. 3,
lane 6) and displays a wild-type E3 ligase activity level (Fig. 3,
lane 8). Given the practical difficulty of quantitatively meas-
uring the binding between Bmi-1 and Ring1B using separately

purified proteins, the above mutagenesis and binding data
reveal a positive correlation between stable Bmi-1-Ring1B
interaction and the E3 ligase activity of the binary complex.

DISCUSSION

We have biochemically and structurally characterized the
Bmi-1 and Ring1B domains required for both a stable interac-
tion and stimulation of the E3 ligase activity. The structure
revealed that Ring1B interacts with Bmi-1 via both the RING
domain and the extended N-terminal tail. Comparing the
structure of the mini Bmi-1-Ring1B complex with the only
other heterodimeric RING domain structure, the BRCA1-
BARD1 RING-RING complex (31), reveals that the two RING
domains in the Bmi-1-Ring1B complex are positioned in a fash-
ion similar to that of the BRCA1-BARD1 complex (Fig. 4A),
although detailed conformations and residues mediating the
intermolecular interactions differ between the two structures.
It is likely that the observed packing of RING domains repre-
sent a general mode of interaction between RING domains.
Interestingly, the RING domain of BRCA1 also has in vitro E3
ligase activity, and the binding of BARD stimulates the E3 activ-
ity of BRCA1, although the physiological substrates remain elu-
sive (32, 33). The most significant differences between the two
structures are between the N-terminal regions of Ring1B and
BRCA1 and the C-terminal regions of Bmi1 and BARD, both of
which are involved in intermolecular interactions (Fig. 4A).
Previous structural studies have indicated that E3 ligasesmay

function to position the substrate and the E2 enzyme in a stable
configuration that allows efficient transfer of ubiquitin. The
structure of the RING finger E3 ligase c-Cbl in complex with its
E2 enzyme, UbcH7, shows that the E2 enzyme binds to a region

FIGURE 3. E3 ligase activity of Bmi-1-Ring1B complexes. Top panel: Western blot against FLAG-ubiquitin incorporated into histone H2A. The control lane
(Ctrl) was with the full-length Bmi-1-Ring1B complex expressed in Sf9 cells. Lane 1: Bmi1-(1–230)-Ring1B assayed in three conditions indicated above the lanes.
Lane 2, the mini Bmi-1-Ring1B complex derived from elastase digestion. Lane 3, the T41R mutant of Bmi1-(1–230). Lane 4, the T41R mutant of Bmi1-(1–230) in
complex with Ring1B. Lane 5, the D72R mutant of Bmi1-(1–230) in complex with Ring1B. Lane 6, wild-type Bmi1-(1–230) in complex with the R70D mutant of
Ring1B. Lane 7, the T41R mutant of Bmi1-(1–230) in complex with the R70D mutant of Ring1B. Lane 8, the D72R mutant of Bmi-1 with the R70D mutant of
Ring1B. The three assay conditions used for lanes 1– 8 are: 0.3 and 0.6 �g of the indicated proteins and in the absence of ATP, respectively. Bottom panel:
Coomassie-stained SDS-PAGE gel showing the protein samples used for the E3 ligase activity assay shown in lanes 1– 8 of the top panel.
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spanning the two zinc-binding loops and the intervening helix
(�B in our nomenclature) of the RING domain of c-Cbl (34).
Interestingly, the E2-E3 interactions appear to be structurally
conserved. The E3 binding sequences of UbcH7 andUbcH5 are
highly similar, which allows us to infer the E2 binding site of the
Bmi-1-Ring1B mini complex using the c-Cbl-UbcH7 structure
as a reference. As seen in Fig. 4B, the E2 binding site is mapped
to the Ring1B surface encompassing the twoZinc binding loops
and �B, which is not involved in Bmi-1-Ring1B interactions.
The corresponding region of the BRCA1 RING domain has
been demonstrated to bind UbcH5, which further supports the
idea that this region of Ring1B binds the E2 enzyme (35).
How does the binding of Bmi-1 stimulate the E3 ligase activity?

There are twopossibilities: 1) the binding of Bmi-1may relieve the
inhibitory effect of a part of Ring1B, such as theN-terminal tail; 2)
Bmi-1mayplay amore active role in the chemical transfer of ubiq-
uitin. The first scenario is unlikely because our mutagenesis data
show that the E3 ligase activity is lost even when the two proteins
are still associated with each other in the Bmi-1 T41R and Ring1B
R70Dcombination,whereas theR70DmutantofRing1Balonehas

a reduced but respectable E3 ligase
activity. Another support of our rea-
soning is thatMel-18, a Bmi-1 homo-
log that only differs by seven residues
within the regions of interest here
(andnone of these regions are located
in the interface with Ring1B), lacks
the ability to stimulate the E3 ligase
activity even though it interacts with
Ring1B (19). Amore likely scenario is
that Bmi-1 actively promotes ubiq-
uitination through binding the sub-
strate. An analysis of the distribution
of the residues different between
Bmi-1andMel-18shows that theyare
enriched in a region distant from the
implicated E2 binding site (Fig. 4C),
which suggests that the different abil-
ity of Bmi-1 and Mel-18 in stimulat-
ing the E3 ligase activity of Ring1B is
not due to direct involvements with
E2 binding but rather in substrate
binding. Interestingly, aportionof the
N-terminal tail is located within the
putative substrate binding region
(Fig. 4C),making it likely that thispart
of Ring1B participates in the posi-
tioning of nucleosomal substrates
together with Bmi-1.
It is interesting to note that the

proposed binding sites for the
nucleosomal substrate and the E2
enzyme are far apart. In fact this
phenomenon is exactly what has
been implicated in previous struc-
tural studies (36). Although E3
enzymes differ widely, a consensus
theme of their function is emerging,

which is to provide a scaffold for positioning the E2 enzyme and
the substrate (36, 37). Combining the knowledge from previous
studies with our current analyses, a model of the Bmi-1-Ring1B
E3 ligase function is depicted in Fig. 4D, which provides a basis
for further in-depth studies of nucleosomal substrate specificity
and mechanisms of E3 ligase activation of the PRC1 complex.
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