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The polycomb repressive complex (PRC) 1 protein Ring1B is an
ubiquitin ligase that modifies nucleosomal histone H2A, a modifi-
cation which plays a critical role in regulation of gene expression.
We have shown that self-ubiquitination of Ring1B generates
multiply branched, “noncanonical” polyubiquitin chains that do
not target the ligase for degradation, but rather stimulate its
activity toward histone H2A. This finding implies that Ring1B is
targeted by a heterologous E3. In this study, we identified E6-AP
(E6-associated protein) as a ligase that targets Ring1B for “canonical”
ubiquitination and subsequent degradation. We further demon-
strated that both the self-ubiquitination of Ring1B and its modifica-
tion by E6-AP target the same lysines, suggesting that the fate of
Ring1B is tightly regulated (e.g., activation vs. degradation) by
the type of chains and the ligase that catalyzes their formation. As
expected, inactivation of E6-AP affects downstream effectors:
Ring1B and ubiquitinated H2A levels are increased accompanied
by repressed expression of HoxB9, a PRC1 target gene. Consistent
with these findings, E6-AP knockout mice display an elevated level
of Ring1B and ubiquitinated histone H2A in various tissues, including
cerebellar Purkinje neurons, which may have implications to the
pathogenesis of Angelman syndrome, a neurodevelopmental disor-
der caused by deficiency of E6-AP in the brain.

polycomb complexes | ubiquitin-proteasome system

biquitination has been first described as a proteolysis signal,

but it has recently become evident that this modification can
serve numerous nonproteolytic functions. Substrates are typically
modified on internal lysines, but they can also be ubiquitinated
on the N-terminal residue or on internal threonine, serine, or
cysteine residues. In many cases, the modification is in the form
of a polyubiquitin chain where one ubiquitin moiety is linked via
its C-terminal glycine residue to one of seven internal lysines in
the previously conjugated moiety (K6, 11, 27, 29, 33, 48, and 63).
In other cases, monoubiquitination, multiple monoubiquitina-
tions, and modification by a linear ubiquitin chain (where
the C-terminal residue is linked to the N-terminal residue of
the previously conjugated moiety) have been described (1).

It appears that the type of modification determines the fate
of the target protein. In general, targeting of substrates for
proteasomal degradation is mediated by K48-based polyubiquitin
chains. Other linkages result in different outcomes. For example,
K63-based oligo- or polyubiquitin chains are involved in targeting
of membrane proteins to the lysosome/vacuole (2) and in activa-
tion of NF-xB (3) that appears also to be dependent on linear
chains (4).

The diversity of ubiquitination is exemplified by RinglB, a
component of the polycomb group (PcG) repressive complex
(PRC) 1. PcG complexes act as epigenetic transcriptional repres-
sors that modify nucleosomal histones, which in turn control
embryogenesis, tissue differentiation, stem cell pluripotency,
and X chromosome inactivation (5). RinglB is a RING finger-
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containing E3 ligase that monoubiquitinates histone H2A (6). This
modification is involved in the initiation and maintenance of
the silenced state of PcG target genes. RinglB is also controlled
by the ubiquitin system. It was previously shown that it undergoes
self-ubiquitination, but in contrast to the accepted notion that
self-ubiquitination of RING finger E3s serves as a negative
feedback loop, inducing their own degradation, here it serves to
activate RinglB as histone H2A ligase (7). Detailed analysis
showed that the self-generated chains formed by Ring1B are based
on K6, K27, and K48 of the ubiquitin molecule, and all these lysine
residues must be present on the same ubiquitin moiety, suggesting
the formation of mixed and multiply branched chains.

The finding that self-ubiquitination of Ring1B does not lead to
its degradation, along with observations that its partner Bmil
stabilizes it, and that it is a short-lived protein degraded by the
proteasome following ubiquitination (7), suggested that a ligase
exogenous to PRC1 targets it for degradation. Here we identify
E6-AP (E6-associated protein) as a RinglB ubiquitin ligase. We
also show that E6-AP modifies the same lysine residues in
RinglB that are modified during self-ubiquitination and activa-
tion of the ligase. This dual control by self-ubiquitination and the
exogenous ligase probably ensures delicate regulation of PcG-
dependent gene expression.

E6-AP is a HECT (homologous to the E6-AP carboxyl termi-
nus) domain-containing E3 that was first described as the ligase
that targets p53 for degradation in the presence of the human
papillomavirus oncogene E6, a process that has been implicated
in the pathogenesis of human uterine cervical carcinoma (8). It
was obvious that it must also target proteins in an E6-indepen-
dent manner. Indeed, several such substrates such as members
of the Src family of protein kinases (9) and the promyelocytic leu-
kemia (PML) protein (10) have been described. Defects in the
E6-AP gene were found to underlie the pathology of Angelman
syndrome, a severe neurodevelopmental pathology characterized
by mental retardation and motor disorders. E6-A4P is imprinted in
different regions of the brain, for example, in cerebellar Purkinje
cells and the hippocampus, and its absence in these areas due to
defects in the normally expressed allele results in this severe
syndrome (11-13). The possible involvement of RinglB in this
pathology was studied in E6-AP-deficient mice where we found
increased level of RinglB in cerebellar Purkinje cells and in other
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body tissues accompanied by elevated level of ubiquitinated
histone H2A.

Results

Identification of E6-AP as an Ubiquitin Ligase of Ring1B. To identify
the exogenous ligase that targets Ring1B, we employed successive
chromatographical separations of crude reticulocyte extract
coupled to reconstituted cell free ubiquitination assays where
the resolved fractions were used as a source for the ligase
(Fig. 14). We used a catalytically inactive mutant of RinglB
(I53S) as a substrate to ensure that the conjugates formed are
generated solely by the exogenous E3. After the final fractiona-
tion step (pH gradient), the active fractions were subjected to
mass spectrometrical analysis which identified high abundance
of peptides derived from the HECT domain-containing ligase
E6-AP (Fig. 14). The presence of E6-AP in active fractions
was corroborated by Western blot analysis of the gel filtration-
derived (fractions 4-7), which overlapped with one peak of
conjugation of RinglB (Fig. 1B). It should be noted that an
additional, yet unidentified, E3 that conjugates Ring1B has also
been resolved (Fig. 1B, mostly in fraction 3).
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Fig. 1. Identification of E6-AP as Ring1B E3 ligase. (A) Chromatographical
resolution of the E3 ligase of Ring1B and its identification as E6-AP. Numbers
represent salt concentrations (M), molecular weight (kDa), or the pH at which
the E3 ligase activity was eluted from the respective column. (B) Activity
assay of the fractions resolved by the Superdex 200 gel filtration column.
35S-labeled Ring1B'>35 was subjected to in vitro ubiquitination as described
under Materials and Methods. The SDS-PAGE-resolved proteins were
visualized via Phosphorimaging (i) or following Western blotting using
anti-E6-AP antibody (if).
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Ring1B is Ubiquitinated and Degraded by E6-AP in Vitro. In order to
corroborate that E6-AP mediates ubiquitination of RinglB and
to test whether this reaction is stimulated by E6, we subjected
RinglB to ubiquitination in a reconstituted cell free system
composed of purified components. As seen in Fig. 24, Ring1B
is ubiquitinated by E6-AP, and in contrast to ubiquitination of
p53, this reaction does not require E6.

E6-AP catalyzes the formation of K48-based polyubiquitin
chains that target the modified substrates to proteasomal degra-
dation (14). This is true also for its substrate Ringl1B. As seen in
Fig. 2B, only a ubiquitin species that contain lysine in position 48
could promote generation of high molecular mass conjugates of
RinglB (lanes 2 and 9). All other ubiquitin variants behaved
similarly to a lysine less ubiquitin (K0), and probably supported
multiple monoubiquitinations of RinglB (lanes 3-8 and 10). As
expected, the K48-based polyubiquitination catalyzed by E6-AP
led to the degradation of Ring1B (Fig. 2C) that was mediated by
the proteasome, as it was inhibited by MG132 (Fig. 2D).

Previously we observed that Bmil, another component of the
PRCI, stabilizes RinglB, which led us to hypothesize that it
protects RinglB from proteasomal degradation (7). Now we
show that both ubiquitination and degradation of RinglB by
E6-AP were inhibited when Bmil was present (Fig. 2F).

Next we aimed to demonstrate that E6-AP interacts physically
with Ring1B. As seen in Fig. 2F, Ring1B coprecipitates with GST-
E6-AP in a cell free system. The same is true for the endogenous
proteins in cells, as E6-AP was readily identified in RinglB
precipitates from U20S cells (Fig. 2G). Taken together, these
experiments strongly suggest that E6-AP can target RinglB for
ubiquitination and subsequent degradation.

Lysine Residues That Are Targeted During Self-Ubiquitination Are also
Conjugated by E6-AP. We previously showed that self-ubiquitina-
tion of RinglB that activates the enzyme occurs on a cluster
of 10 lysines located between residues 92-198 (7). Because
ubiquitination of RinglB serves two distinct and apparently op-
posing functions—activation and destruction—it was important
to identify the lysine(s) that are involved in destruction. As seen
in Fig. 34, RinglB(K92-198R) (a mutant in which all the
lysines in the cluster were substituted with arginines) was poorly
ubiquitinated by E6-AP (Fig. 34, compare lanes 2 to 4). Not sur-
prisingly, Ring1 B(K92-198R) was also stable (Fig. 3B). The fail-
ure of E6-AP to ubiquitinate and degrade RinglB(K92-198R)
was not due to the lack of interaction between the two proteins,
as they bound one another efficiently (Fig. 3C).

Activating Self-Ubiquitination of Ring1B Prevents Its Targeting by E6-
AP, and Ubiquitination by E6-AP Inhibits Ring1B Histone H2A Ligase
Activity. The observation that the same lysine residues that are
modified during the activating self-ubiquitination of RinglB
are also targeted by E6-AP for destruction of the protein, led
us to hypothesize that these two distinct modes of ubiquitination
are interplaying to regulate the abundance and activity of
RinglB. To study the relationship between the two processes,
we preincubated labeled RinglB with UbcH5c (Fig. 44, Left)
or UbcH7 (Right). UbcHS5c supports self-ubiquitination of
RinglB but also ubiquitination by E6-AP, whereas UbcH7
supports only E6-AP activity (7). Following the preincubation,
E6-AP and crude extract that contains proteasomes were added.
As is evident, when RinglB was allowed to catalyze its own
ubiquitination, it was protected from degradation (Fig. 44, Left).
In contrast, when RinglB was not protected by the self-ubiquiti-
nation, the E6-AP generated-chains targeted it to degradation
(Fig. 44, Right). Next, it was important to examine whether
the interplay between the two modes of ubiquitination affects
also RinglB function as histone H2A ligase. Toward this end,
we subjected purified nucleosomes to ubiquitination by Ring1B,
initially (5 min) in the presence of E6-AP and UbcH7. This was
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Fig. 2.

Ring 1B is ubiquitinated and targeted for degradation by E6-AP in vitro. (A) In vitro translated and 3°S-labeled Ring1B'>3% and p53 were ubiquitinated in

a cell free reconstituted system in the presence or absence of recombinant E6 and His-E6-AP as indicated. (B) 3°S-labeled Ring1B'>35 was conjugated in a cell free
reconstituted system in the presence of ubiquitin species that contain the indicated lysine residues. (C and D) 3°S-labeled Ring1B'>3° was subjected to in vitro
degradation in the presence of ATP and an ATP-regenerating system, E6-AP, and MG 132 (20 uM) as indicated. (E) Ubiquitination and subsequent degradation of
Ring1B by E6-AP is inhibited by the addition of Bmi1. 35S-labeled Ring1B was subjected to in vitro ubiquitination (i) and degradation (i) in the presence of
His-E6-AP and His-Bmi1 as indicated. Conjugation and degradation assays were carried out as described under Materials and Methods. The SDS-PAGE resolved
proteins were visualized via Phosphorimaging. (F) 3°S-labeled WT Ring1B was pulled down by GST or GST-E6-AP using glutathione beads. The SDS-PAGE-
resolved proteins were visualized using Phosphorlmaging (Ring1B) or following Western blotting (GST). (G) Endogenous Ring1B was immunoprecipitated
from U20S cell extract using a specific antibody. The precipitates were resolved via SDS-PAGE and analyzed for the presence of E6-AP and Ring 1B using specific

antibodies.

followed by the addition of UbcH5c (Fig. 4B). The reaction was
carried out in the absence (Fig. 4B, Left) and presence (Fig. 4B,
Right) of Bmil that is known to increase the activity of RinglB
(7, 15). As the experiment shows, WT E6-AP inhibited signifi-
cantly the ability of Ring1B to ubiquitinate the histone molecule
(Fig. 4B, compare lane 5 to lane 4, and lane 9 to lane 8). The
inability of catalytically inactive E6-AP (C820A) to inhibit
Ring1B activity (Fig. 4B, compare lanes 6 to 5 and 10 to 9),
demonstrates that the inhibition is attributed to the ligase activity
of E6-AP.

E6-AP Affects Ring1B Function in Cells Through Regulation of Its
Stability. To study the effects of E6-AP on RinglB in cells, we
monitored its abundance and stability following manipulation
of E6-AP level. As seen in Fig. 54 (i), overexpression of WT
E6-AP in H1299 cells decreases both the abundance and the sta-
bility of Ring1B. In contrast, expression of a catalytically inactive
E6-AP increases the abundance and stabilizes RinglB [Fig. 54
(if)]. Consistent with these results, silencing of E6-AP expression
in U20S cells (siRNA) resulted in stabilization of RinglB
[Fig. 54 (iii)]. As expected, depletion of E6-AP is accompanied
by elevation in the steady-state level of ubiquitinated histone
H2A, the ligase target of RinglB [Fig. 5B (i)].

To investigate the downstream effects of E6-AP expression on
Ring1B function in cells, we analyzed the level of HoxB9, a down-
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stream target of PcG-mediated gene repression (16). As seen in
Fig. 5B (if), HoxB9 level is increased following E6-AP overexpres-
sion. This is most probably due to the degradation of RinglB
and decreased ubiquitination of histone H2A which alleviates
the PcG repressive activity. It should be noted that although, most
probably, the effect on HoxB9 is transcriptional, direct monitor-
ing of the protein's mRNA did not yield conclusive evidence.
Thus, other effects of E6-AP on HoxB9 regulation cannot be
ruled out. Taken together, these data implicate E6-AP as a
regulator of Ring1B abundance, thereby affecting the expression
of genes regulated by PcG complexes.

Analysis of Ring1B and Ubiquitinated Histone H2A in E6-AP Knockout
Mice. To further investigate the relevance of RinglB regulation by
E6-AP, we followed its expression in various tissues from E6-4P
knockout mice. As seen in Fig. 64, in all tissues tested except for
the brain, the steady-state level of RinglB was elevated in the
E6-AP-deficient mice. Because Angelman syndrome is a neuro-
developmental disorder where E6-AP is missing in specific
regions of the brain, among them the cerebellar Purkinje cells
and the hippocampus, we decided to further dissect the pattern
of Ring1B expression in the brain via immunohistochemical ana-
lysis. As clearly seen in Fig. 6B (i and ii), expression of RinglB
was elevated specifically in cerebellar Purkinje cells of E6-AP
knockout mice. Not surprisingly, RinglB was also elevated in

Zaaroor-Regev et al.
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Fig. 3. The lysine residues in Ring1B that are self-ubiquitinated and are
essential for its histone H2A ligase activity are also ubiquitinated by
E6-AP. (A and B) In vitro translated and 3°S-labeled WT Ring1B or Ring1B
(K92-198R) were subjected to ubiquitination (A) or degradation (B) in a
cell free reconstituted system in the presence of recombinant His-E6-AP
as described under Materials and Methods. (C) 3°S-labeled Ring1B(K92-
198R) was pulled down by GST or GST-E6-AP as described in the legend
to Fig. 2F.

the livers of these mice (iv and v). Importantly, ubiquitinated
histone H2A was also elevated in the liver (vii and viii), suggesting
a direct relationship between the ligase and its substrate.
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Fig. 4. The activating self-ubiquitination of Ring1B protects it from
targeting by E6-AP, and E6-AP ubiquitination of Ring1B inhibits its activity
as histone H2A ligase. (A) In vitro translated and 3°S-labeled Ring1B was
preincubated with UbcH5C (can promote both self- and E6-AP-mediated
ubiquitination) or UbcH7 (can promote only E6-AP-mediated ubiquitination)
in a cell free reconstituted system. Recombinant His-E6-AP and reticulocyte
lysate (as a source of proteasomes) were then added for the indicated times.
The SDS-PAGE-resolved proteins were visualized via Phosphorimaging.
(B) Nucleosomes were subjected to ubiquitination in a cell free reconstituted
system in the presence of the indicated bacterially purified proteins as
described under Materials and Methods. Monoubiquitinated histone H2A
was detected using a specific antiubiquitinated histone H2A antibody.
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Fig. 5. E6-AP affects Ring1B downstream targets: ubiquitination of histone
H2A and expression of HoxB9. (A, i and ii) Time-dependent stability of
Flag-Ring1B expressed along with E6-AP, E6-AP(C820A), or an empty vector,
was monitored in H1299 cells following the addition of CHX. (iii) Stability of
endogenous Ring1B was monitored in U20S cells in the presence of siRNA
targeting either GFP or E6-AP following the addition of CHX. (B) Endogenous
Ring1B steady state level was studied in (i) H1299 cells following depletion of
E6-AP, and (i) 293T cells overexpressing E6-AP. Cell extracts were analyzed
(after SDS-PAGE and Western blotting) for ubiquitinated histone H2A,
HoxB9, and histone H3 (as loading control) using specific antibodies.

Discussion

One of the most important, yet unsolved, problems in the
rapidly expanding ubiquitin field is how more than 1,500 of its
components (~7% of the entire human genome) are degraded.
Particularly interesting is the mechanism of degradation of the
~800 ligases that constitute the specific substrates recognition
elements of the system. The two major groups of these proteins,
the RING finger- and the HECT domain-containing E3s can cat-
alyze their own ubiquitination, which was suggested to serve as a
mechanism for their autocatalytic destruction (17-19). However,
it appears that this is only partially true. Thus, in the cases of
Ring1B, Nedd4, and Diapl, for example, the self-ubiquitination
serves to regulate the activity of the enzymes (7, 20, 21). These
findings imply that these ligases must have “external” ligases that
target them for degradation, as has been previously described for
gp78 that is targeted by Hrd1 (22, 23), and for the Cbl ligases that
are targeted by Nedd4 and Itch (24). In the present study, we
identified E6-AP as an ubiquitin ligase that governs the stability
of RinglB. This was demonstrated in a cell free reconstituted
system, cells, and E£6-AP knockout mice. These observations high-
light an as yet unexplored layer of complexity in the hierarchy of
the ubiquitin system—how the degradation pathways of its own
components are organized. One can conceive a linear hierarch-
ical structure where one ligase controls the other, or a pyramidal
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Fig. 6. E6-AP knockout mice display elevated Ring1B level in various tissues
and cerebellar Purkinje cells. (A) Brain, liver, spleen, heart, kidney, and lung
tissues were homogenized in p300 buffer and analyzed following Western
blotting for Ring1B expression as described under Materials and Methods.
(B) Representative photomicrographs of immunohistochemical staining for
Ring1B in the cerebellum (i and ii) and liver (iv and v), and for ubiquitinated
histone H2A in the liver (vii and viii) of E6-AP wild type and knockout mice. In
all sections, arrows point to representative stained nuclei of cerebellar Pur-
kinje cells (i and ii) or hepatocytes (iv, v, vii, and viii); (iii, vi, and ix) represent
semiquantitative assessment of the data presented in panels i and ii, ivand v,
and vii and viii, respectively. For these assessments, the intensity of staining
was scored by a pathologist that was blinded to the genotype, using an
arbitrary scale of 0-3. Two-sided Student’s t test was used to assess statistical
significance. Values are average + SEM.

structure with master ligases controlling several ligases that reside
in lower layers, or a circle where two or more ligases control one
another. It should be noted that in both the pyramidal and the
linear models, the uppermost ligase(s) should control itself.

The finding that the same cluster of lysines in RinglB that is
subjected to self-ubiquitination is also targeted by E6-AP suggests
the formation of different ubiquitin chains in the same region of
Ring1B as a mechanism of regulating both the abundance of the
enzyme and its activity as a ligase toward histone H2A. Such a
mechanism commits Ring1B to a single route at a time; however,
how the navigation is regulated is still an enigma.

From our experiments, it became evident that E6-AP is not the
only ligase that targets RinglB (Fig. 1B). This observation may
explain the differential abundance of Ring1B in different tissues,
and the finding that in a total brain homogenate, unlike in specific
brain regions such as in the cerebellar Purkinje cell layer known
to be affected in Angelman syndrome (25), RinglB level was
similar in both WT and E6-AP knockout mice (Fig. 6 A and
B). The presence of more than one E3 that targets RinglB
and its (their) possible different tissue distribution suggests a

1. Ye Y, Rape M (2009) Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell
Biol 10:755-764.

2. Rotin D, Kumar S (2009) Physiological functions of the HECT family of ubiquitin ligases.
Nat Rev Mol Cell Biol 10:398-409.
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complex regulation of RinglB rather than simple functional
redundancy.

As expected, E6-AP deficiency results in an elevated level of
ubiquitinated nucleosomal histone H2A (Fig. 6B). This may
result in increased global repressive transcriptional activity, which
may contribute to the pathogenesis of Angelman syndrome. This
hypothesis can be tested experimentally by the generation of
tissue-specific Ring1B overexpressing mice. It is expected that,
if the hypothesis is correct, the mice will display a phenotype
similar to that displayed by the E6-4P knockout mice, however,
in the presence of WT E6-AP.

Materials and Methods
Additional methods are described in the S/ Text.

Antibodies. Antibodies to E6-AP (H-182), § actin (C-2), HoxB9 (H-80), histone
H3 (C-16), and GST (B-14) were from Santa Cruz. Mouse anti-Flag (M2) and
antitubulin (DM1A) were from Sigma. Monoclonal antiubiquitinated histone
H2A (E6C5) was from Upstate, and monoclonal anti-Ring1B (3-3) and isotype
control IgG2b were from MBL International.

Plasmids and siRNAs. Ring1B ¢cDNA in pCS2+ for in vitro translation and cell
expression, and in pT7-7 for bacterial expression, and Bmi1 cDNA in pT7-7
were described elsewhere (7). Flag-Ring 1B for cell expression was cloned into
pEBB (26). cDNAs for the different ubiquitin lysine mutants and for 6xHis-
E6-AP cloned into pET14b bacterial expression vector were kindly provided
by R. Baer (Columbia University, New York). GST-E6-AP was the kind gift of
Jon Huibregtse (University of Texas, Austin). cDNA coding for p53 was in
pSP64 (Promega). Mutations were introduced using the QuickChange® kit
(Stratagene). The validity of all cDNAs was verified by sequencing. siRNA
oligonucleotides to target E6-AP were designed as described (27).

Protein Interaction Analyses. For analysis of endogenous Ring1B-E6-AP com-
plexes, U20S cell lysates were subjected to immunoprecipitation using the
indicated antibodies and immobilized proteins A and G (Roche). The immune
complexes were resolved via SDS-PAGE, blotted onto nitrocellulose, and
the component proteins visualized using ECL. For GST pulldown, 2 pg of
GST-E6-AP and 3°S-labeled Ring1B or Ring1B(K92-198R) (~60, 000 cpm) were
pulled down using immobilized glutathione (Sigma) according to the man-
ufacturer’s instructions. GST (2 pg) was added to all reactions as a blocking
protein to ascertain specificity of binding.

In Vitro Conjugation and Degradation. In vitro conjugation and degradation
assays, and nucleosomes preparation were carried out as described (7). For
conjugation of WT Ring1B by E6-AP, we used the UbcH7 E2 that does not
promote self-ubiquitination of Ring1B. Ubiquitination of histone H2A by
Ring1B in the presence of E6-AP was conducted as follows: Ring1B, E6-AP,
nucleosomes, and UbcH7 were preincubated for 5 min in order to allow
for ubiquitination of Ring1B by E6-AP. Following the preincubation, UbcH5c
was added to promote self-ubiquitination of Ring1B which is necessary for its
activation as the histone H2A ligase. For degradation assays, Ring1B was
incubated in the presence of a similar system used to monitor conjugation,
except that reticulocyte lysate (50 pug) was added as a source of proteasomes,
and ATP (0.5 mM) and ATP-regenerating system (phosphocreatine 10 mM,
creatine phosphokinase 1 pg) were used instead of ATPyS.
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