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The breast and ovarian cancer suppressor BRCA1 ac-
quires significant ubiquitin ligase activity when bound
to BARD1 as a RING heterodimer. Although the activity
may well be important for the role of BRCA1 as a tumor
suppressor, the biochemical consequence of the activity
is not yet known. Here we report that BRCA1-BARD1
catalyzes Lys-6-linked polyubiquitin chain formation.
K6R mutation of ubiquitin dramatically reduces the
polyubiquitin products mediated by BRCA1-BARD1 in
vitro. BRCA1-BARD1 preferentially utilizes ubiquitin
with a single Lys residue at Lys-6 or Lys-29 to mediate
autoubiquitination of BRCA1 in vivo. Furthermore,
mass spectrometry analysis identified the Lys-6-linked
branched ubiquitin fragment from the polyubiquitin
chain produced by BRCA1-BARD1 using wild type ubiq-
uitin. The BRCA1-BARD1-mediated Lys-6-linked poly-
ubiquitin chains are deubiquitinated by 26 S protea-
some in vitro, whereas autoubiquitinated CUL1 through
Lys-48-linked polyubiquitin chains is degraded. Protea-
some inhibitors do not alter the steady state level of the
autoubiquitinated BRCA1 in vivo. Hence, the results in-
dicate that BRCA1-BARD1 mediates novel polyubiquitin
chains that may be distinctly edited by 26 S proteasome
from conventional Lys-48-linked polyubiquitin chains.

The familial breast and ovarian cancer susceptibility gene
product BRCA1 functions in multiple cellular processes that
include DNA repair, transcriptional regulation, cell cycle con-
trol, and apoptosis (1–4). One possible biochemical function
that could contribute to the cellular functions of BRCA1 is the
ubiquitin (Ub)1 ligase activity that arises when BRCA1 forms a
RING heterodimer with BARD1 (5–10). Ub-protein isopeptide
ligases (E3) catalyze the formation of poly-Ub chains on sub-
strate proteins via isopeptide bonds that link the C-terminal
Gly residue of one Ub molecule (activated in an ATP-dependent

manner by the enzyme E1) to the �NH2 group of a Lys side
chain in another Ub molecule (11). The most common poly-Ub
chain is linked through Lys-48 of Ub and serves as a signal for
rapid degradation of substrates by the proteasome-dependent
proteolysis pathway (12). However, recent studies have re-
vealed roles other than proteolysis for polyubiquitination (13).
While Lys-48- and Lys-29-linked chains mediate proteasome-
dependent degradation (12, 14), Lys-63-linked chains are a
signal for endocytosis, I�B kinase activation, ribosome modifi-
cation, and DNA repair (15–21). Therefore characterization of
the poly-Ub chain linkage is important to predict biological
function of Ub ligases.

Several groups have characterized the type of poly-Ub link-
ages formed by the BRCA1-BARD1 heterodimer. It was re-
ported that the poly-Ub chain built by the BRCA1-BARD1
ligase is linked through Ub Lys residues other than Lys-48,
suggesting they may not serve as a degradation signal (6).
Another group reported that BARD1 stimulates the formation
of both Lys-48- and Lys-63-linked poly-Ub chains and that the
BRCA1 autoubiquitylation by BARD1 mostly results in
poly-Ub chains linked through Lys-63 (7). However, in studies
involving a series of Ub lysine mutants, Baer and co-workers
(22) recently reported that BRCA1-BARD1 catalyzes Lys-6-
linked poly-Ub chains in vitro. Thus, the type(s) of poly-Ub
chains catalyzed by BRCA1-BARD1 has yet to be resolved
unambiguously.

In the present study we provide further evidence that
BRCA1-BARD1 catalyzes Lys-6-linked poly-Ub chain. In addi-
tion to in vitro analyses, in vivo analyses also suggest that the
autoubiquitinated form of BRCA1 can be assembled with Ub
containing a single Lys residue at Lys-6. More importantly,
mass spectrometric analysis identified the Lys-6-linked
branched Ub fragment from poly-Ub chains produced by
BRCA1-BARD1. These data strongly support the previous data
reported by Baer and co-workers (22). When incubated with
purified 26 S proteasome in vitro, the Lys-6-linked poly-Ub
chains mediated by BRCA1-BARD1 as well as Lys-48-linked
chains mediated by ROC1-CUL1 disappear. Disappearance of
the Lys-6-linked poly-Ub chains is blocked by Ub aldehyde
(Ubal), a potent inhibitor of deubiquitinating enzymes. In con-
trast, the disappearance of ROC1-CUL1-mediated Lys-48-
linked chains is unaffected by the presence of Ubal. Proteasome
inhibitors MG132 and LLnL do not stabilize the autoubiquiti-
nated form of BRCA1 in vivo. Hence, the results indicate that
the BRCA1-BARD1 Ub ligase catalyzes novel Lys-6-linked
poly-Ub chains as a signal recognized, but possibly distinctly
processed, by 26 S proteasome relative to traditional Lys-48-
linked poly-Ub chain.
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MATERIALS AND METHODS

Plasmids—N-terminally tagged constructs pcDNA3-Myc-BRCA11–772,
pcDNA3-HA-BARD1, pcDNA3-HA-ROC1, pcDNA3-Myc-CUL1, pET-
His6-BRCA11–304, pET-His6-BARD114–189, and pET-His6-UbcH5c were
described previously (5, 23). pcDNA3-BARD1 was subcloned from
pcDNA3-HA-BARD1. The truncated pcDNA3-Myc-BRCA1 plasmids (1–
338, 1–467, 1–503, 1–519, 1–609, 1–651, and 1–679) were produced by
introducing a stop codon at the appropriate site by site-directed mutagen-
esis (Stratagene). The full-length Ub linked with a cAMP-dependent ki-
nase recognition site in pET-3E-His6 vector (pET-His6-PK-Ub) was de-
scribed previously (5, 23). Ub with a single Lys-Arg mutation (K6R, K11R,
K29R, K48R, or K63R) was produced by single site-directed mutagenesis.
The Ub mutant in which all but one Lys residue (Lys-6, Lys-11, Lys-29,
Lys-48, or Lys-63) were substituted with Arg was produced by repeated
Lys-Arg site-directed mutagenesis to the six Lys residues. To construct
pcDNA3-HA-Ub that contained four tandem repeats of HA-Ub for effi-
cient expression in mammalian cells (24), XbaI and SpeI sites were first
introduced at the 5�- and 3�-end of HA-Ub, respectively, by site-directed
mutagenesis. The Ubs with a single Lys residue were produced as de-
scribed above. After the mutations were verified by DNA sequencing, the
XbaI- and SpeI-digested insert fragments were subcloned into the same
plasmid with only XbaI digestion, resulting in a tandem HA-Ub repeat
with single XbaI and SpeI sites at 5� and 3�, respectively. The four-repeat
HA-Ub construct was produced from the two-repeat HA-Ub construct by
repeating the same XbaI-SpeI subcloning strategy. After the subcloning
the mutations were verified by DNA sequencing again.

Cell Culture and Transfection—Cells (293T and T47D) were cultured
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with 10%
fetal bovine serum (Invitrogen) and 1% antibiotic-antimycotic agent
(Invitrogen) in a 37 °C incubator with 5% CO2. For transient expression
experiments 293T cells were transfected with plasmid DNA using the
standard calcium phosphate precipitation method. For each transfec-
tion, the total plasmid DNA was adjusted to 15 �g/100-mm dish by
adding the parental pcDNA3 vector. To analyze the effect of proteasome
inhibitors on autoubiquitinated BRCA1, transfected 293T cells were
treated with LLnL (final concentration of 50 �M), MG132 (final concen-
tration of 50 �M), or the same volume of Me2SO solvent (1 �l/ml of
culture) for 6 h before harvesting.

Immunological Techniques—Mouse monoclonal antibodies to affinity
tags HA (clone 12CA5, Roche Applied Science), Myc (clone 9E10,
BabCo), and FLAG (clone M2, Sigma) were purchased commercially.
For immunoprecipitation, cells were harvested 36 h after transfection
and lysed by incubating at 4 °C for 30 min with 0.6 ml/100-mm dish
buffer A containing 50 mM Tris-HCl (pH 7.5), 0.5% Nonidet P-40, 150
mM NaCl, 50 mM NaF, 1 mM dithiothreitol (DTT), 1 mM NaVO3, 1 mM

phenylmethylsulfonyl fluoride, 2 �g/ml aprotinin, 2 �g/ml leupeptin, 10
�g/ml trypsin inhibitor, and 150 �g/ml benzamidine. Lysed cells were
then clarified by centrifugation at 16,000 � g at 4 °C for 10 min. The
supernatants (0.3 ml) were mixed with 3 �g of anti-Myc monoclonal
antibody, and then the antibody-bound proteins were precipitated with
protein A-agarose beads (7.5 �l). The proteins bound to the beads were
washed three times with buffer A and used in the Ub ligation assay. To
immunoprecipitate in vivo autoubiquitinated BRCA1, 293T cells trans-
fected with plasmids expressing HA-Ub, Myc-BRCA1, and BARD1 were
harvested, lysed in 200 �l of preboiled 1% SDS lysis buffer (50 mM

Tris-HCl, pH 7.5, 0.5 mM EDTA, 1% SDS, 1 mM DTT), and further
boiled for an additional 10 min. Lysates were clarified by centrifugation
at 16,000 � g for 10 min. Supernatant (100 �l) was diluted 10 times
with buffer A, and anti-Myc immunocomplexes were precipitated as
described above. The precipitates were washed three times, and half of
the sample was resolved on a 7.5% SDS-PAGE, followed by immuno-
blotting with anti-HA antibody (1 �g/ml). For straight immunoblotting,
cells were lysed and clarified as described above, and 50 �g of each
sample was resolved by SDS-PAGE, followed by immunoblotting.

Purified Proteins—Rabbit E1 (Affiniti Research Products), CDC34,
26 S proteasome (Boston Biochem), bovine Ub, and FLAG-Ub (Sigma)
were purchased commercially. His6-UbcH5c, His6-BRCA11–304, His6-
BARD114–189, and His6-PK-Ub (wild type and mutants) were purified
from BL21/DE3 bacteria cells with isopropyl-1-thio-�-D-galactopyrano-
side induction as described previously (5).

Ub Ligation Assay and in Vitro Degradation/Deubiquitination As-
say—The procedure used for the in vitro Ub ligation assay was de-
scribed previously (5, 23). Briefly, purified His6-PK-Ub was labeled with
32P by incubating 25 �g of His6-PK-Ub with reaction mixture (100 �l)
containing 20 mM Tris-HCl, pH 7.5, 12 mM MgCl2, 2 mM NaF, 25 �M

ATP, 10 �g of bovine serum albumin, 25 �Ci of [�-32P]ATP, and 5 units
of cAMP-dependent kinase (Sigma) at 37 °C for 30 min and was applied

to a Micro Bio-Spin chromatography column (Bio-Rad) to exclude free
[�-32P]ATP. The 32P-labeled His6-PK-Ub (0.75 �g) was added to a Ub
ligation reaction mixture (30 �l) that contained 50 mM Tris-HCl, pH 7.5,
5 mM MgCl2, 2 mM NaF, 10 nM okadaic acid, 2 mM ATP, and 0.6 mM DTT
as well as 40 ng of E1, 0.3 �g of E2, and 1 �g of purified E3 (His6-tagged
proteins). In some experiments E3 immunocomplexes immobilized on
protein A-agarose beads as described above were used instead of the
purified E3 after washing two times with buffer B containing 25 mM

Tris-HCl, pH 7.5, 50 mM NaCl, 0.01% Nonidet P-40, 10% glycerol, and
1 mM EDTA. The mixture was incubated for 30 min at 37 °C with
shaking, and the reaction was terminated by boiling in Laemmli SDS
loading buffer with a final concentration of 0.1 M DTT. Half of the
sample was resolved by SDS-PAGE followed by autoradiography. The
interaction of E2 with 32P-labeled Ub was analyzed by the same proce-
dure without E3. One �g of bovine Ub or FLAG-Ub was used (instead of
the 0.75 �g of 32P-labeled His6-PK-Ub) in the Ub ligation assay for mass
spectrometric analysis or in vitro degradation/deubiquitination assay,
respectively. For the in vitro degradation/deubiquitination assay, the
incubated FLAG-Ub ligation reactions were terminated by adding 1 ml
of cold buffer B and washed twice with the same buffer. The autoubiq-
uitinated Myc-BRCA1- or Myc-CUL1-containing protein complex im-
mobilized on the beads was then incubated with 30 �l of 26 S protea-
some mixture containing 50 mM Tris-HCl, pH 7.5, 2 mM MgCl2, 2 mM

ATP, and the indicated amount of 26 S proteasome for 2 h. To inhibit
the deubiquitinating activity of 26 S proteasome the indicated amount
of Ubal (Boston Biochem) was added to the reaction. The reactions were
terminated by boiling in Laemmli SDS loading buffer with a final
concentration of 0.1 M DTT, and half of the sample was resolved by
SDS-PAGE followed by immunoblotting.

Liquid Chromatography-Tandem Mass Spectrometry (LC/MS/MS)
Analysis of Polyubiquitinated Products—Products from the in vitro Ub
ligation assays were resolved by SDS-PAGE and stained with Sypro
Ruby (Molecular Probe) according to the manufacturer’s instructions.
The polyubiquitinated products were excised from the gel and digested
by trypsin using an in-gel digest kit (Millipore) according to the man-
ufacturer’s instructions. After peptide extraction, the proteolytic pep-
tide mixture was concentrated to 5 �l by evaporation, added to 35 �l of
2% acetonitrile and 0.1% trifluoroacetic acid, and subjected to an au-
tosampler (HTC PAL, CTC Analytics AG) for nanoscale capillary LC/
MS/MS analysis. The LC/MS/MS system used was a capillary LC sys-
tem (MAGIC2002, Michrom BioResources, Inc) coupled to an in-line
nanoelectrospray mass spectrometer (LCQ Advantage, Thermo Finni-
gan) with a silica-coated glass capillary installed (PiclTipTM, New Ob-
jective, Inc.). For the capillary LC system the sample was loaded in 5%
acetonitrile with 0.1% formic acid. The gradient consisted of 6.4% ace-
tonitrile in 5 min and subsequently 6.4–76.8% acetonitrile in 45 min.
The spectra were collected as MS and MS/MS scans. The MS scan
defined the ion composition at an m/z range of 450–2000, and the
MS/MS scan acquired the mass spectrum of the parental ion upon
collision-induced dissociation. The acquired collision-induced dissocia-
tion spectra were analyzed by direct inspection using Bioworks browser
software. Theoretical masses of the peptide ion were calculated using
the ExPASy “Compute pI/Mw” tool at kr.expasy.org/tools/pi_tool.html.
To calculate the theoretical masses of branching Ub fragment the
C-terminal sequence of Ub (GG or LRGG) was simply added to the
acceptor fragment of Ub as a linear sequence.

RESULTS

K6R Mutation of Ub Reduces the Poly-Ub Products Mediated
by BRCA1-BARD1—Ubiquitination acts on numerous biologi-
cal processes in addition to proteasome-dependent proteolysis
mediated by Lys-48-linked poly-Ub chain. The discovery of
BRCA1-BARD1 as a Ub ligase therefore prompted us to char-
acterize the poly-Ub chain. We have sought to determine which
lysine residue(s) of Ub is required for polyubiquitination chain
formation by BRCA1-BARD1. Mutant Ubs, in which the Lys
residue at position 6, 11, 29, 48, or 63 was individually substi-
tuted with Arg (UbK6R, UbK11R, UbK29R, UbK48R, and UbK63R),
were labeled with 32P and added to Ub ligation reactions con-
taining ATP, E1, E2/UbcH5c, His6-BRCA1, and His6-BARD1.
The poly-Ub-protein conjugates were resolved by SDS-PAGE
followed by autoradiography. The reaction was fully dependent
on enzymes E1, E2 (data not shown) (5), and E3 (Fig. 1A, lanes
1 and 2). The poly-Ub-protein conjugates produced by BRCA1-
BARD1 (Fig. 1A, lane 3) were significantly reduced by K6R
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mutation of Ub (lane 4), whereas the reaction did not appear to
be significantly affected by other mutations (K11R, K29R,
K48R, and K63R) (lanes 5–8). The reduction of polyubiquiti-
nated products was not due to degradation or misfolding of
UbK6R in vitro, as it interacts with UbcH5c as well as wild type
and the other mutants (Fig. 1B). On the other hand, ROC1-
CUL1 with CDC34 failed to catalyze polyubiquitinated product
using UbK48R (Fig. 1C, lane 6), consistent with the notion that
this E2-E3 mediates Lys-48-linked poly-Ub chain. This demon-
strates the specificity of the in vitro Ub ligation reaction using
Lys-Arg Ub mutants.

BRCA1-BARD1 Preferentially Utilizes Ub with a Single Lys
Residue at Lys-6 or Lys-29—To further analyze the lysine
residue of Ub required for polyubiquitination by BRCA1-
BARD1, Ub mutants in which all but one Lys residue are
substituted with Arg (UbLys-6, UbLys-11, UbLys-29, UbLys-48, and
UbLys-63) were produced. Although the single-Lys Ubs were all
less effective (Fig. 2A, lanes 3–7) compared with the wild type
(lane 2) in the in vitro Ub ligation reaction, there is some
preference for UbLys-6 (lane 3) and UbLys-29 (lane 5) to form
slower migrating products. The less effective ligation reaction
was not due to the failure of interaction of the Ub mutants with

UbcH5c (Fig. 2B). Again consistent with previous reports,
ROC1-CUL1 with CDC34 catalyzed dimer and trimer forma-
tion of UbLys-48 (Fig. 2C, lane 6), demonstrating the specificity
of the in vitro Ub ligation reaction using the single-Lys Ubs.

We next tested the single-Lys Ubs in the autoubiquitination
of BRCA1 in vivo. To allow detection of autoubiquitinated
BRCA1, Ub constructs containing four tandem repeats of HA-
tagged Ub (HA-Ub-HA-Ub-HA-Ub-HA-Ub, described as HA-
Ub) were constructed for expression in mammalian cells and
co-expressed in 293T cells with Myc-BRCA11–772 and BARD1.
Cells were boiled in 1% SDS containing buffer to dissociate
non-covalently bound proteins. Myc-BRCA11–772 was immuno-
precipitated by anti-Myc antibody after the lysate was diluted
to 0.1% SDS. Ubiquitinated Myc-BRCA11–772 appears in an
anti-HA Western blot as a smear that migrates slower than
Myc-BRCA11–772 (Fig. 3A, lane 3). The absence of Myc-
BRCA11–772 (Fig. 3A, lane 1), HA-Ub (lane 2), or BARD1 (lane
4) or the use of the breast cancer-derived RING finger mutant
BRCA1C61G (lane 5) abolishes the smear, consistent with it
being autoubiquitinated BRCA1. To eliminate the possibility
that the smear could be contaminated by polyubiquitinated
products other than autoubiquitinated BRCA1, we constructed

FIG. 1. In vitro Ub ligation activity using Ubs with a Lys-Arg mutation. A, His6-tagged RING finger domains of BRCA11–304 and
BARD114–189 (1 �g each) were purified from bacteria and incubated with ATP, E1, E2/UbcH5c, and 32P-labeled wild type or mutant Ub as indicated.
The reactions were terminated by boiling in SDS- and DTT-containing sample buffer. The samples were then resolved by SDS-PAGE followed by
autoradiography. WT, wild type. B, in vitro conjugation of E2/UbcH5c and 32P-Ub was performed as described in A without E3, and the reactions
were terminated by the sample buffer without DTT. ✽ indicates nonspecifically dimerized 32P-Ub in the absence of DTT. C, in vitro Ub ligation
assays were performed as described in A except that CDC34 and anti-Myc immunocomplexes from Myc-CUL1/HA-ROC1-transfected 293T cells
were used as the E2 and E3, respectively.
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sequentially truncated Myc-BRCA1 fragments and expressed
these in cells. In each case, the smears appear just above the
corresponding position of each fragment (Fig. 3B), confirming
that they are indeed autoubiquitinated Myc-BRCA1 products.
Single Lys-HA-Ubs were then co-expressed with Myc-BRCA11–772

and BARD1. Autoubiquitinated BRCA1 products were produced
when HA-UbLys-6 (Fig. 3C, top, lane 3), HA-UbLys-29 (lane 5), or both
(lane 8) were co-expressed, consistent with the in vitro Ub ligation
assay using the purified Ub mutants (Fig. 2A). In contrast, signif-
icantly less autoubiquitinated BRCA1 was detected when other
HA-Ub mutants, HA-UbLys-11, HA-UbLys-48, or HA-UbLys-63, were
co-expressed (Fig. 3C, top, lanes 4, 6, and 7). A Western blot of total
cell lysates indicates that each of the single-Lys Ubs can be simi-
larly incorporated into poly-Ub chains in vivo (Fig. 3C, bottom).
This suggests that the contrast among HA-UbLys-6, HA-UbLys-29,
and others in autoubiquitination of BRCA1 is not caused by differ-
ent expression or the inability of the HA-Ub mutants to be incor-
porated into poly-Ub chains. We note that low levels of autoubiq-
uitinated BRCA1 are also detected with HA-UbLys-11, HA-UbLys-48,
or HA-UbLys-63. These products could represent small populations
of BRCA1 containing poly-Ub chains linked via Lys-11, Lys-48, or
Lys-63. More likely, the products may be due to poly-Ub chains
generated from endogenous Ub that have their chains terminated
by the incorporation of a mutant single-Lys Ub.

Identification of Poly-Ub Chain Linkage by LC/MS/MS—We
were concerned that the use of mutant Ub molecules could yield
unnatural poly-Ub chains if, for example, elimination of the
intrinsic Lys residue allows an adjacent Lys residue to be used
instead. N-terminal tagging of Ub might also affect the chain
formation. We therefore employed a procedure to detect the Lys
residue linked in poly-Ub chains produced by BRCA1-BARD1
under more physiological conditions. Wild type untagged bo-
vine Ub, whose sequence is identical to that of human Ub, was

added to a Ub ligation reaction containing ATP, E1, UbcH5c,
and BRCA1-BARD1 immunocomplex. The poly-Ub-protein con-
jugates were resolved by SDS-PAGE followed by Sypro Ruby
staining. The slowest migrating proteins just under the border
of the stacking gel (Fig. 4A, indicated with ✽) were excised,
digested with trypsin, and subjected to nanoscale capillary
LC/MS/MS analysis. The masses for each possible branched Ub
fragment, consisting of the acceptor Ub tryptic fragment linked
to amino acids GG or LRGG from the C terminus of the donor
Ub, were calculated, and the experimental data were searched
for matches. A peptide ion with m/z 1517.83 was identified and
matched with the Lys-6-linked Ub fragment missing the N-
terminal Met residue (2QIFVKTLTGK conjugated with
73LRGG, where K is Lys-6), whereas peptide ions that match
the other candidate branched Ub fragments were not observed.
We confirmed that the recombinant bovine Ub used in the
study is missing its N-terminal Met residue by LC/MS/MS
analysis. The parental peptide ion was further analyzed by
collision-induced dissociation spectrum (MS/MS) to confirm the
peptide sequence. The fragment possesses two N termini.
Therefore we calculated the theoretical m/z of the MS/MS frag-
ment from the two straight fragments, QIFVKTLTGK and
LRGGKTLTGK, each possessing one N and one C terminus,
and we compared this with the experimental data (Fig. 4B).
Other spikes shown in Fig. 4B included more complicated frag-
ments as represented by QIFVGGKTLTG at m/z 1074.6 that
consisted in part of a branching lesion (GG) and a part of an
N-terminal lesion. The results clearly indicate that the poly-Ub
chain catalyzed by BRCA1-BARD1 indeed contains Lys-6-
linked Ubs.

The Poly-Ub Chain Products Catalyzed by BRCA1-BARD1
Are Deubiquitinated by the 26 S Proteasome in Vitro—Because
the Lys-6-linked poly-Ub chain we identified has not been

FIG. 2. BRCA1-BARD1 preferen-
tially utilizes UbLys-6 and UbLys-29 in
vitro. A–C, in vitro Ub ligation assays
were performed as described in Fig. 1,
A–C, except that 32P-labeled Ubs with sin-
gle Lys residues were used instead of
those with single Lys-Arg mutations. ✽ in
B indicates nonspecifically dimerized
32P-Ub in the absence of DTT. Arrow-
heads in C indicate a Ub dimer and tri-
mer. WT, wild type.
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characterized previously we next necessarily tested whether or
not it signals degradation. We first employed an in vitro deg-
radation assay using purified 26 S proteasome and the poly-
ubiquitination products catalyzed by BRCA1-BARD1. Poly-Ub
chains were produced by reactions containing ATP, FLAG-Ub,
E1, UbcH5c, and anti-Myc immunocomplexes precipitated from
lysates of 293T cells expressing Myc-BRCA11–772 and BARD1.
Immunoblotting with anti-FLAG antibody nicely detected the
polyubiquitination products after incubation for 60 min (Fig.

5A, top, lane 3). The protein complex containing polyubiquiti-
nated products immobilized on the beads was then incubated
with 26 S proteasome supplemented with MgCl2 and ATP. The
polyubiquitinated products disappeared after incubation with
30 or 60 nM purified 26 S proteasome (Fig. 5A, top, lane 5 or 6,
respectively), whereas incubation with buffer alone did not
alter the level of polyubiquitinated products (lane 4). We blot-
ted the same reaction with anti-Myc antibody to detect the
autoubiquitinated substrate, Myc-BRCA1. Mono- and poly-

FIG. 3. BRCA1-BARD1 preferentially utilizes UbLys-6 and UbLys-29 in vivo. A, to detect in vivo autoubiquitinated BRCA1, 293T cells on a
100-mm dish were transfected with plasmids expressing HA-Ub (5 �g), Myc-BRCA11–772 (either wild type (WT) or mutant; 5 �g), and BARD1 (5
�g) as indicated. Thirty-six h after transfection, cells were lysed in boiled 1% SDS lysis buffer and clarified by centrifugation. The supernatant was
diluted 10 times to 0.1% SDS and immunoprecipitated (IP) with anti-Myc antibody. The precipitates were washed three times and resolved by 7.5%
SDS-PAGE, followed by immunoblotting (WB) with anti-HA antibody. ✽ indicates the position of Myc-BRCA11–772 migration. B, the autoubiquiti-
nation of BRCA1 was detected as described in A with cells transfected with a series of sequentially truncated Myc-BRCA1 as indicated (top). A
portion of the cell lysates was subjected to straight Western blotting with anti-Myc antibody to detect non-ubiquitinated forms of BRCA1 (bottom).
C, the autoubiquitination of BRCA1 was detected as described in A using plasmids expressing HA-Ub (either wild type or mutants; 10 �g),
Myc-BRCA11–772 (3 �g), and BARD1 (0.5 �g) as indicated. For lane 8, 5 �g each of HA-UbLys-6 and HA-UbLys-29 were transfected. A portion of the
cell lysates was subjected to straight Western blotting with anti-HA antibody to detect total HA-Ub-conjugated proteins in cells (bottom).
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ubiquitinated forms of Myc-BRCA1 were detected 5 and 60 min
after the Ub ligation reaction, respectively (Fig. 5A, bottom,
lanes 2 and 3). The majority of the non-ubiquitinated Myc-
BRCA1 correspondingly disappeared as the polyubiquitinated
form appeared (Fig. 5A, bottom, lane 3). Consistent with the
anti-FLAG immunoblotting the autoubiquitinated Myc-BRCA1
disappeared after incubation with 26 S proteasome (Fig. 5A,
bottom, lanes 5 and 6).

Purified 26 S proteasomes have an intrinsic deubiquitinating

activity that rapidly releases poly-Ub chains from substrates
before their degradation by the 20 S proteases. To determine
whether the observed disappearance of polyubiquitinated prod-
ucts is due to degradation or to the deubiquitinating activity in
the 26 S proteasome fraction, a deubiquitination inhibitor,
Ubal, was added to the reaction. The decrease in autoubiquiti-
nated Myc-BRCA1 observed upon incubation with 30 nM 26 S
proteasome (Fig. 5B, top, lane 2) was slightly inhibited or
completely blocked by the presence of 1 or 10 �M Ubal, respec-

FIG. 4. Identification of Lys-6-linked Ub fragment by LC/MS/MS. A, in vitro Ub ligation assays were performed with ATP, E1, E2/UbcH5c,
bovine Ub (untagged), and anti-Myc immunocomplex from Myc-BRCA11–772/BARD1-transfected 293T cells. The reactions were washed three
times, and the polyubiquitinated protein complexes immobilized on the beads were resolved by SDS-PAGE followed by Sypro Ruby staining. The
slowest of the migrated polyubiquitinated products (indicated with ✽) were excised from the gel, digested by trypsin, and subjected to LC/MS/MS
analysis. B, the MS/MS spectrum of the parental peptide ion at m/z 1517.83 obtained in the MS survey scan. The theoretical m/z of each MS/MS
fragment calculated from the two straight fragments, QIFVKTLTGK and LRGGKTLTGK, which are indicated at the top of the panel, was matched
with the experimental data shown below. Other spikes included more complicated fragments as represented by QIFVGGKTLTG at m/z 1074.6,
which consists in part of a branching lesion (GG) and in part of an N-terminal lesion.
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tively (lanes 3 and 4). In contrast autoubiquitinated Myc-CUL1
that is comprised of Lys-48-linked poly-Ub chains (Fig. 1C) also
disappeared upon incubation with 26 S proteasome but was
unaffected by Ubal (Fig. 5B, bottom, lanes 2–4). The results
suggest that the Lys-6-linked poly-Ub chains mediated by
BRCA1-BARD1 are deubiquitinated by 26 S proteasome,
whereas Lys-48-linked polyubiquitinated substrates are
degraded.

The Steady State Level of Autoubiquitinated BRCA1 Is Not
Affected by Proteasome Inhibitors in Vivo—We next investi-
gated the in vivo effect of the proteasome on Lys-6-linked
poly-Ub chains by testing whether the steady state level of
autoubiquitinated BRCA1 can be stabilized by proteasome in-
hibitors. Myc-BRCA11–772, BARD1, and HA-Ub (wild type or
Lys-6) were co-expressed in 293T cells. Thirty h after transfec-
tion cells were treated with proteasome inhibitor MG132,
LLnL, or solvent Me2SO for 6 h. Autoubiquitinated Myc-
BRCA1 was then immunoprecipitated and blotted as described
above. None of these reagents affected the steady state level of
Myc-BRCA1 autoubiquitinated with wild type HA-Ub (Fig. 6,
lanes 1–4) or HA-UbLys-6 (lanes 5–8). This suggests that the
Lys-6-linked poly-Ub chain is not a proteasomal degradation
signal in vivo.

DISCUSSION

The fact that deleterious missense mutations in the RING
finger domain of BRCA1 found in familial breast cancer all
abolish the Ub ligase activity of BRCA1-BARD1 suggests a
strong connection between this activity and the tumor suppres-
sor function of BRCA1 (5, 7, 25, 26). However, the manner in
which the Ub ligase activity contributes to the biological func-

tions of BRCA1 remains to be determined. There are two key
types of information required to elucidate the role of the
BRCA1-BARD1 Ub ligase. One is, of course, the identity of its
specific substrate(s). The other is the type of poly-Ub chain
built by BRCA1-BARD1 and what biological consequence it
signals. The studies reported herein identify the Lys linkage of
poly-Ub catalyzed by BRCA1-BARD1. Three lines of evidence
demonstrate that BRCA1-BARD1 catalyzes poly-Ub chain
through the Lys-6 residue of Ub. First, K6R mutation of Ub
dramatically reduces the poly-Ub products mediated by
BRCA1-BARD1 in vitro (Fig. 1). We note that this result is
inconsistent with a previous report that Lys-48 and Lys-63 of
Ub are important for the polymer formation by BRCA1-BARD1
(7). There are two clear differences between our experimental
protocol and that in the earlier report that may account for the
different results. (a) To preserve the native properties of Ub as
much as possible, we used the conservative Lys-Arg mutation
rather than the Lys-Ala substitution. Also, (b) we used a His6

affinity tag on our mutant Ubs, whereas the earlier study
employed glutathione S-transferase-tagged Ubs, which will ex-
ist as dimers in solution. Second, BRCA1-BARD1 preferen-
tially utilizes UbLys-6 or UbLys-29 to mediate autoubiquitination
of BRCA1 in vivo. Third, mass spectrometry analysis identified
the Lys-6-linked branched Ub fragment from poly-Ub chain
produced by BRCA1-BARD1 using wild type Ub. The results
clearly indicate that BRCA1-BARD1 catalyzes Lys-6-linked
poly-Ub chain formation. The significance of poly-Ub chain
formation catalyzed by BRCA1-BARD1 in vivo using UbLys-29 is
not clear at present. BRCA1-BARD1 may catalyze heterogene-
ous poly-Ub chains. However, despite extensive effort, we failed

FIG. 5. In vitro deubiquitination of
autoubiquitinated BRCA1 and polyu-
biquitinated protein products pro-
duced by BRCA1-BARD1. A, in vitro Ub
ligation assays were performed with ATP,
E1, E2/UbcH5c, FLAG-Ub, and anti-Myc
immunocomplexes from Myc-BRCA11–772/
BARD1-transfected 293T cells for the indi-
cated lengths of time. The reactions were
terminated by washing with cold washing
buffer, and the polyubiquitinated protein
complexes immobilized on the beads were
either boiled in SDS- and DTT-containing
sample buffer (lanes 1–3) or subjected to the
reaction buffer containing the indicated
amounts of 26 S proteasome (lanes 4–6).
The reactions were terminated by boiling in
SDS- and DTT-containing sample buffer.
Half of the sample was then resolved by
SDS-PAGE followed by immunoblotting
(WB) with anti-FLAG (top) or anti-Myc (bot-
tom). IP, immunoprecipitation. B, in vitro
Ub ligation assay was performed as de-
scribed in A except that CDC34 and anti-
Myc immunocomplex from Myc-CUL1/HA-
ROC1-transfected 293T cells were used as
E2 and E3, respectively, for the bottom
panel. The autoubiquitinated Myc-BRCA1
(top) or Myc-CUL1 (bottom) was incubated
with 26 S proteasome (lanes 2–4) in the
presence or absence of the indicated amount
of Ubal. ✽ indicates IgG.
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to detect any branched Ub fragments other than that at Lys-6.
Lys-29 may be used by the BRCA1-BARD1-E2 complex when
its preferred Lys-6 side chain is not available.

Whereas the roles of poly-Ub chains linked through Lys-29,
Lys-48, and Lys-63 have been studied extensively, there is only
limited information available on Lys-6-linked poly-Ub chains.
In vitro, the yeast E2, RAD6, catalyzes the addition of up to six
or seven Ub molecules on histone H2B (in a reaction that does
not require an E3), and the product formation is inhibited by
UbK6R (27). However, in combination with rabbit reticulocyte
fraction II, RAD6 appears to mediate Lys-48-linked poly-Ub-
dependent proteolysis (27). Although the function of Lys-6-
linked poly-Ub mediated by an E3 is yet to be determined, it
has been reported that the RAD6-mediated Lys-6-linked chains
can be deubiquitinated by a Ub isopeptidase in the PA700, the
19 S regulatory complex of the 26 S proteasome (28). The 26 S
complex contains a 20 S proteasome with multiple peptidase
activities functioning in proteolysis and a 19 S regulatory com-
plex composed of multiple ATPases and components necessary
for binding protein substrates (29). It is now known that the 19
S regulatory complex also has two different types of deubiquiti-
nating enzyme. Rpn11, a metalloprotease subunit of the 19 S
complex, removes poly-Ub chains from substrates at the prox-
imal site of the chains, thereby allowing entry of the substrates
into the 20 S complex and subsequent degradation (30, 31).
This activity is Ubal-insensitive. There is also a Ubal-sensitive
deubiquitinating activity in the 19 S complex that disassembles
poly-Ub chains from the distal end, selectively rescuing some
ubiquitinated proteins from proteolysis (28, 32, 33). As such,
the 26 S proteasome edits different types of Ub conjugates
using the two deubiquitinating activities. The results shown in
Fig. 5B clearly demonstrate that Lys-6-linked autoubiquiti-
nated BRCA1 is distinctly edited by the 26 S proteasome in
vitro, relative to a Lys-48-linked polyubiquitinated substrate
that is known to be degraded. However, purified 26 S protea-
some preparations do not contain all the accessory subunits
that could facilitate recognition of Lys-6-linked chains for deg-

radation. Although the Lys-6-linked chains do not accumulate
by proteasome inhibitors in vivo (Fig. 6), suggesting a role for
these chains that is distinct from the role of traditional Lys-
48-linked chains, whether the mechanism of deubiquitination
by the 26 S proteasome seen in vitro also exists in vivo remains
to be shown. It is noteworthy that BRCA1 and BARD1 stabilize
each other in vivo (5, 7, 34), when their autoubiquitination is
enhanced. A possible explanation is that autoubiquitination of
BRCA1 through Lys-6-linked chains stabilizes BRCA1, while it
is also possible that formation of the BRCA1-BARD1 dimer
stabilizes the complex resulting in a detectable amount of
autoubiquitinated BRCA1. Interestingly the autoubiquitina-
tion of BRCA1 enhances its own Ub ligase activity (8). En-
hanced activity of BRCA1-BARD1 by autoubiquitination re-
sults in efficient monoubiquitination of nucleosome core
histones in vitro (8). Autoubiquitination of BRCA1 may have a
role as a positive feedback loop by stabilizing itself. To ascertain
whether Lys-6-linked polyubiquitination is a signal for protein
stabilization rather than degradation, bona fide substrate(s)
other than BRCA1 or BARD1 will need to be identified.

Recent proteomics study of protein ubiquitination in yeast
using mass spectrometry revealed that Lys-6-linked poly-Ub
chains exist in vivo, although they are less abundant than
other types of poly-Ub chains, observed in the order Lys-48,
Lys-63, Lys-11, Lys-33, and Lys-27 (35). It remains to be seen
whether Lys-6-linked poly-Ub chains are more frequently uti-
lized in higher eukaryotes where additional complexity and
levels of regulation may be needed, for example, to maintain
the genomic stability using BRCA1. Because Lys-6-linked
poly-Ub chains have not been widely studied to date, other Ub
ligases that mediate Lys-6-linked poly-Ub chain formation,
besides BRCA1-BARD1, may exist in nature. Mass spectrom-
etry analysis combined with mutational analysis, as shown in
this report, may contribute to the discovery of such ligases.
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