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The BRCA1 tumour suppressor and its heterodimeric

partner BARD1 constitute an E3-ubiquitin (Ub) ligase

and function in DNA repair by unknown mechanisms.

We show here that the Caenorhabditis elegans BRCA1/

BARD1 (CeBCD) complex possesses an E3-Ub ligase re-

sponsible for ubiquitylation at DNA damage sites follow-

ing ionizing radiation (IR). The DNA damage checkpoint

promotes the association of the CeBCD complex with

E2-Ub conjugating enzyme, Ubc5(LET-70), leading to the

formation of an active E3-Ub ligase on chromatin following

IR. Correspondingly, defects in Ubc5(let-70) or the DNA

damage checkpoint genes atl-1 or mre-11 abolish CeBCD-

dependent ubiquitylation in vivo. Extending these find-

ings to human cells reveals a requirement for UbcH5c, the

MRN complex, c-H2AX and a co-dependence for ATM and

ATR kinases for BRCA1-dependent ubiquitylation at DNA

damage sites. Furthermore, we demonstrate that the DNA

damage checkpoint promotes the association between

BRCA1 and UbcH5c to form an active E3-Ub ligase on

chromatin after IR. These data reveal that BRCA1-depen-

dent ubiquitylation is activated at sites of DNA repair

by the checkpoint as part of a conserved DNA damage

response.
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Introduction

The BRCA1 tumour suppressor gene and its structurally

related partner, BARD1, form a heterodimeric complex

that functions in a variety of cellular processes including

transcriptional regulation, cell cycle progression and

maintenance of X chromosome inactivation (Scully and

Livingston, 2000; Ganesan et al, 2002). Several lines of

evidence also strongly implicate BRCA1 and BARD1 in DNA

repair (Kerr and Ashworth, 2001; Jasin, 2002; Venkitaraman,

2002). Mutant cell lines defective for BRCA1 or BARD1 exhibit

genome instability, are exquisitely sensitive to DNA dama-

ging agents and display defects in DNA double-strand break

(DSB) repair by homologous recombination (Moynahan et al,

1999; Scully et al, 1999). In S-phase cells or following

exposure to DNA damaging agents, BRCA1 and BARD1

form discrete nuclear foci at sites of DNA damage where

they colocalize with other DNA repair proteins such as the

DNA strand exchange protein, RAD51 (Scully et al, 1997b).

BRCA1 is also phosphorylated during the cell cycle and

following treatment with genotoxic agents by the DNA

damage checkpoint kinases ATM and ATR (Tibbetts et al,

2000). Despite these observations, the role(s) of BRCA1 and

BARD1 in DNA repair processes remains elusive.

BRCA1 and BARD1 both possess RING and BRCT domains,

and BARD1 also contains ankyrin repeats. Recent studies

suggest that the BRCT motifs may function as a phosphopep-

tide-binding domain that may be required for mediating

protein–protein interactions with phospho-proteins (Manke

et al, 2003; Yu et al, 2003). The N-terminal RING domains

form a dimerization interface responsible for tight association

of the two proteins (Brzovic et al, 2001b; Morris et al, 2002).

This motif also confers E3-ubiquitin (Ub) ligase activity

(Hashizume et al, 2001; Ruffner et al, 2001) raising the

possibility that BRCA1/BARD1 heterodimer may specifically

ubiquitylate proteins required for transcription, cell cycle

and/or DNA repair.

Ubiquitylation is the stepwise process by which a target

protein is modified by covalent attachment of mono-Ub or

poly-Ub chains (Weissman, 2001). This process occurs in an

ATP-dependent manner and is initiated by the formation of a

thiol-ester bond between a cysteine residue in the Ub activat-

ing enzyme (E1) and the C-terminal glycine of Ub. The

second step involves the transfer of Ub from the E1 enzyme

to a conjugating enzyme (E2) with the formation of a new

thio-ester bond. Finally, an E3-Ub ligase catalyzes the transfer

of Ub from the E2 to a lysine residue in the target protein.

Accumulating evidence from in vitro experiments suggest

that the E3-Ub ligase activity of the BRCA1/BARD-1 hetero-

dimer requires the E2 conjugating enzyme, UbcH5c, that has

been shown to directly interact with the first and second

Zn2þ loops and central a-helix of the BRCA1 RING (Brzovic

et al, 2001b, 2003; Mallery et al, 2002; Dong et al, 2003). The

biological importance of the RING domain is highlighted by

the observation that a tumour-derived mutation in BRCA1

(C61G) abolishes E3 ligase activity in vitro (Brzovic et al,

2001a; Ruffner et al, 2001). Autoubiquitylation of BRCA1/

BARD1 results in a 20-fold stimulation in E3 ligase activity

in vitro, but how this activity is regulated in vivo is unknown

(Mallery et al, 2002). It has also been shown that BRCA1/

BARD1 autoubiquitylation occurs through K6 in Ub suggest-

ing that this enzyme may conjugate Ub through less conven-

tional linkages in vivo (Wu-Baer et al, 2003; Morris and
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Solomon, 2004). Although the BRCA1/BARD1 E3-Ub ligase

is able to mono-ubiquitylate p53, H2AX, RNA polymerase II

and the nucleosome core histones H2A, H2B, H3 and H4

in vitro, bona fide targets in vivo remain elusive (Mallery

et al, 2002; Dong et al, 2003). Moreover, the functional

relevance of BRCA1/BARD1 E3-Ub ligase activity during

DNA repair processes is not known.

We have previously described Caenorhabditis elegans

BRCA1 and BARD1 orthologues (Cebrc-1 and Cebrd-1, respec-

tively) that possess many of the functional domains present

in their human counterparts, including RING, ankyrin and

BRCT domains (Boulton et al, 2004). Consistent with con-

served roles in DNA repair, CeBRC-1 and CeBRD-1 interact to

form a heterodimer via their respective RING domains and

animals depleted for Cebrc-1 or Cebrd-1 by RNAi display p53-

dependent germ cell death, radiation sensitivity and chromo-

some fragmentation (Boulton et al, 2004). To explore the

mechanistic role of CeBRC-1 and CeBRD-1 in DNA repair

processes, we have characterized a CeBRC-1/CeBRD-1 com-

plex (CeBCD) purified by tandem immunoaffinity before and

at different time points after IR-treatment. This approach is a

first for C. elegans and demonstrates that protein complexes

purified in this manner are amenable to biochemical analysis

and can be used in combination with genetics and cell

biology to accelerate functional discoveries. We present evi-

dence that the CeBCD complex possesses an E3-Ub ligase

that is activated on chromatin in response to IR-treatment,

and further demonstrate that the DNA damage checkpoint

promotes association of the CeBCD complex with E2-Ub

conjugating enzyme, Ubc5(LET-70), to form an active E3-Ub

ligase in response to DNA damage. We also show that

ubiquitylation events at DNA damage sites require Cebrc-1,

Cebrd-1, ubc5(let-70), mre-11 and atl-1, thus providing in vivo

evidence to support our biochemical analysis. Finally, we

extended our findings in C. elegans to human cells and show

that BRCA1-dependent ubiquitylation at DNA damage sites is

abolished by UbcH5c siRNA and in checkpoint mutant cells.

Moreover, our studies reveal that BRCA1 and UbcH5c associ-

ate in a checkpoint-dependent manner to form an active E3-

Ub ligase on chromatin after IR in human cells. These results

define a conserved checkpoint-dependent mechanism in

C. elegans and human cells responsible for activating

BRCA1-dependent ubiquitylation at DNA damage sites.

Results

RAD-51 associates with the CeBCD complex after DNA

damage

Functional orthologues of BRCA1 and BARD1 exist in

C. elegans (Cebrc-1 and Cebrd-1, respectively) and share

many functional similarities with their human counterparts

(Boulton et al, 2004). To examine the role of CeBRC-1 and

CeBRD-1 in DNA repair processes, we have biochemically

characterized CeBRD-1 associated proteins (CeBCD com-

plexes) purified by tandem immuno-affinity (Polanowska

et al, 2004) (Figure 1A) from soluble and chromatin bound

fractions (Supplementary Figure S1A and B), under normal

growth conditions or at different time points after exposure to

IR. This purification strategy is performed on whole animals

at all developmental stages so has the potential to identify

CeBRD-1 association proteins from all cell types that express

CeBRD-1, including cycling cells in the mitotic compartment

of the germline and during embryogenesis, and in cells

at progressive stages of meiotic prophase (Supplementary

Figure S3 and data not shown). Using this approach up to 20

discrete bands reproducibly co-purify with CeBRD-1 from

soluble and chromatin bound fractions before IR-treatment

with a number of additional bands found exclusively in the

soluble or chromatin bound fractions (Figure 1B, lanes 2 and

4). The vast majority of these specific bands are absent from

the mock purification from an untagged strain (Figure 1B,

lane 1) (Polanowska et al, 2004). We have so far identified

four previously uncharacterized proteins in the CeBCD com-

plex by mass spectrometry that are the subject of ongoing

work to determine their biological relevance to the CeBCD

pathway. We have also identified six characterized proteins

with established meiosis specific roles that have clear func-

tional connections with CeBRC-1/CeBRD-1 during meiotic

prophase that will be described elsewhere. The CeBCD com-

plex also contains UBC-9 that was identified previously as a

yeast-two hybrid interacting partner with CeBRD-1 (Boulton

et al, 2004) (data not shown), Ubc5 (E2 conjugating enzyme)

and the RAD-51 recombinase (see below).

After IR-treatment with 75 Gy (an intermediate dose for

C. elegans (Gartner et al, 2000; Boulton et al, 2002)), a

number of bands are enriched in the CeBCD complex purified

from the chromatin bound fraction (Figure 1B, lane 5) with

no detectable changes in composition of the CeBCD complex

purified from the soluble fraction (Figure 1B, lane 3). Western

blotting reveals that CeBRC-1 and CeBRD-1 are present in

soluble and chromatin bound CeBCD complexes both before

and after IR-treatment (Figure 1C, lanes 2–5). In contrast, the

RAD-51 recombinase is only detectable as a stable component

of the chromatin bound CeBCD complex after IR-treatment

(Figure 1C, lane 5) (Dong et al, 2003). Association of RAD-51

with the CeBCD complex is resistant to DNaseI and ethidium

bromide treatment, suggesting that this interaction is direct

and does not require bridging through DNA (Figure 1C).

Taken together with previous observations that the human

BRCC complex is also enriched for Rad51 after DNA damage,

our findings suggest further functional similarities between

C. elegans CeBCD and human BRCC complexes (Dong et al,

2003).

The CeBCD complex possess E3-Ub ligase activity

To determine if the CeBCD complex possesses an E3-Ub ligase

activity (Hashizume et al, 2001; Ruffner et al, 2001; Mallery

et al, 2002; Brzovic et al, 2003), the purified CeBCD complex

was incubated with recombinant Ub activating enzyme Uba1

(E1), Ub, ATP and a panel of different recombinant E2

conjugating enzymes (see Materials and methods for details).

Reactions containing the purified CeBCD complex supple-

mented with either UbcH5a or UbcH5c possess potent E3-Ub

ligase activity (Figure 1D, lanes 3 and 5), whereas reactions

containing UbcH2, 3, 5b, 7, 10, methyl-Ub, Ub mutated for all

seven lysines or a mutant form of UbcH5c (C85A) defective

for Ub-conjugation give no activity (Figure 1D, lane, 1, 2, 4, 6

and 7; Supplementary Figure S1C). Furthermore, the E3-Ub

ligase activity of the CeBCD complex is inhibited by incuba-

tion with CeBRC-1 and CeBRD-1 antibodies that recognize

their respective RING domains but not by Cdc42 antibodies

(Figure 1E). Also, GST fusions to the CeBRC-1-RING, CeBRC-

1-BRCT or the CeBRD-1-RING act as dominant negatives to

inhibit E3-Ub ligase activity of the CeBCD complex whereas
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GST alone had no effect (Figure 1E). These data strongly

suggest that the CeBRC-1/CeBRD-1 heterodimer is the E3-Ub

ligase in the CeBCD complex and it exhibits the same

specificity for the E2-Ub conjugating enzyme Ubc5(LET-70)

(orthologue of human UbcH5c) as the human BRCA1/BARD1

heterodimer (Hashizume et al, 2001; Ruffner et al, 2001;

Mallery et al, 2002; Brzovic et al, 2003; Dong et al, 2003).

Moreover, we have found by mass-spectrometry and con-

firmed by Western blotting that CeBRD-1 is ubiquitylated in

the CeBCD complex (Figure 1F), indicating that at least part

of the ubiquitylation activity observed in the CeBCD complex

corresponds to CeBRD-1 autoubiquitylation similar to that

previously described for its human counterpart (Mallery et al,

2002; Brzovic et al, 2003).

E3-Ub ligase activity of the CeBCD complex is activated

on chromatin after DNA damage

To determine if the CeBCD E3-Ub ligase activity is regulated

in response to DNA damage, we compared E3-Ub ligase

activity in CeBCD complexes purified from soluble or chro-

matin bound extracts at different time points after IR-treat-

ment. Under normal growth conditions, the vast majority of

the E3-Ub ligase activity is present in soluble CeBCD com-

plexes (Figure 2A, lane 3), an activity that may correspond

to CeBCD-dependent ubiquitylation events that occur during

normal meiosis (see below). No detectable E3-Ub ligase

activity is found associated with chromatin bound CeBCD

complexes purified under normal growth conditions

(Figure 2A, lane 9). In contrast, in response to IR-treatment,

the E3-Ub ligase activity associated with soluble CeBCD

complexes is rapidly abolished and remains inactive for at

least 16 h post-IR treatment (Figure 2A, lanes 4–8). The

mechanism by which this inhibition occurs is unknown and

is the subject of ongoing investigation. Conversely, chromatin

bound CeBCD complexes become activated as an E3-Ub

ligase approximately 3 h after IR-treatment, and remain

active for at least 16 h post-treatment (Figure 2A, lanes

10–14). These data suggest that chromatin bound CeBCD
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RAD-51. (D) The CeBCD complex possesses E3-Ub ligase activity when incubated with recombinant E1 activating enzyme, ATP, Ub and
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(F) Western blot with aCeBRD-1 antibodies of mock (M) and CeBCD complexes following immunoprecipitation with aUb antibodies to enrich
for ubiquitylated proteins.
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complexes are activated as an E3-Ub ligase in response to

DNA damage.

Ubc5(LET-70) associates with chromatin bound CeBCD

complexes after IR

To determine how chromatin bound CeBCD complexes are

activated as an E3-Ub ligase following IR-treatment, we next

analyzed CeBCD complexes for their E1 and E2 cofactor

requirements in E3-Ub ligase assays in vitro. CeBCD com-

plexes purified before and at all time points after IR-treatment

show no E3-Ub ligase activity when recombinant E1 activat-

ing enzyme is omitted from the reaction (data not shown),

indicating that endogenous C. elegans E1 activating enzyme

is not a stable component of CeBCD complexes. Similarly,

omitting recombinant UbcH5c (E2) from the reaction

abolishes E3-Ub ligase activity in soluble CeBCD complexes

purified under normal growth conditions (Figure 2B, lane 6).

In contrast, chromatin bound CeBCD complexes purified

following IR-treatment still possess potent E3-Ub ligase activ-

ity even when the recombinant UbcH5c (E2) is omitted from

the reaction (Figure 2B, lanes 3–5). This result suggests that

after DNA damage, chromatin bound CeBCD complexes are

enriched for a factor that is able to compensate when

recombinant UbcH5c (E2) is omitted from the reaction.

Indeed, mass-spectrometry identified Ubc5(LET-70) as a com-

ponent of the chromatin-bound CeBCD complexes, but only

after DNA damage. This was confirmed by Western blotting

with Ubc5(LET-70) antibodies that revealed the presence of

endogenous Ubc5(LET-70) as a stable component of chroma-

tin bound CeBCD complex only after IR-treatment (Figure 2C,

lane 4). These data suggest that CeBCD complexes and

Ubc5(LET-70) associate to form an active E3-Ub ligase on

chromatin in response to IR.

Activation of E3-Ub ligase activity of the CeBCD

complex following IR requires the DNA damage

checkpoint

Human BRCA1 is phosphorylated by the checkpoint kinases

ATM and ATR in response to DNA damage raising the

intriguing possibility that activation of BRCA1-dependent

ubiquitylation may depend on phosphorylation by the DNA

damage checkpoint (Tibbetts et al, 2000). To determine if

phosphorylation is important for activating the E3-Ub ligase

of CeBCD complexes, we first treated purified complexes with

alkaline phosphatase prior to performing the E3-Ub ligase

assay in the presence of an excess of phosphatase inhibitors

(see Supplementary data and Supplementary Figure S2A and

B). Phosphatase treatment of the soluble and chromatin
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bound CeBCD complexes abolishes E3-Ub ligase activity

(Figure 2D and Supplementary Figure S2A). Moreover, silver

staining of CeBCD complexes following phosphatase treat-

ment indicates that the majority of CeBCD complex compo-

nents are unaffected by phosphatase treatment. However, the

association of a subset of components is reduced or abolished

following phosphatase treatment (Supplementary Figure

S2C). Together, these results indicate that phosphorylation

of the CeBCD complex is important for E3-Ub ligase activity,

as well as for stable association of a subset of components

with the complex.

Next, we treated animals with caffeine, an inhibitor of

ATM and ATR kinase activity (Sarkaria et al, 1999). Caffeine

treatment had no effect on the E3-Ub ligase activity of soluble

CeBCD complexes indicating that ATM and ATR are dispen-

sable for this activity (data not shown). However, chromatin

bound CeBCD complexes purified after DNA damage exhibit

severely reduced E3-Ub ligase activity after caffeine treatment

(Figure 2D and Supplementary Figure S2D). Indeed, the

DNA damage dependent association between chromatin

bound CeBCD complexes and endogenous Ubc5(LET-70) is

severely impaired following caffeine treatment (Figure 2E and

Supplementary Figure S2E). These results raise the possibility

that the DNA damage checkpoint is required for activation of

the E3-Ub ligase of chromatin bound CeBCD complexes and

may do so by regulating the association between the CeBCD

complex and Ubc5(LET-70).

The CeBCD complex is required for ubiquitylation

events at DNA damage sites in vivo

To further these studies in an in vivo setting, we took

advantage of recent observations showing that ubiquitylation

events at DNA damage sites in human cells can be visualized

with an antibody to Ub (FK2 antibody) that has been exten-

sively characterized and shown to recognize the conjugated

Ub chains but not the free form of Ub (Morris and Solomon,

2004). Morris and Solomon demonstrated that ubiquitylation

events at DNA damage sites are abolished by BRCA1 siRNA

and by overexpression of a K6R-Ub mutant that prevents

autoactivation of BRCA1 activity (Mallery et al, 2002; Morris

and Solomon, 2004). Immunostaining of the C. elegans germ-

line with the FK2 antibody reveals ubiquitylation events in

the later stages of meiotic prophase under normal growth

conditions (Supplementary Figure S3) that are rapidly abol-

ished following IR-treatment with similar kinetics to that

observed for the loss of E3-Ub ligase activity in soluble

CeBCD complexes (Figure 2A; data not shown). It is therefore

possible that these ubiquitylation events in late meiotic

prophase correspond to the E3-Ub ligase activity in soluble

CeBCD complexes purified under normal growth conditions.

Although Cebrc-1 and Cebrd-1 mutants exhibit a meiotic

phenotype (Boulton et al, 2004), the function of the ubiqui-

tylation events in late meiosis I and the nature of the E3-Ub

ligase inhibitory mechanism following DNA damage remains

to be determined and is the subject of ongoing studies.

In nonirradiated mitotic cells within the C. elegans germ-

line, a small number of dispersed cytoplasmic conjugated-Ub

foci are detectable, with few if any concordant with chroma-

tin (Figure 3B, panel 1). After IR-treatment, multiple conju-

gated-Ub foci are detectable at DNA damage sites in wild-type

(N2) mitotic nuclei between 3 and 16 h after treatment

(Figure 3B, panel 2; data not shown). In contrast, Cebrc-1

and Cebrd-1 mutants are defective for conjugated-Ub focus

formation after IR (Figure 3B, panels 3 and 4), indicating that
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atl-1(tm853) are deletion mutants in C. elegans BRCA1, BARD1, MRE11 and ATR, respectively.
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ubiquitylation at DNA damage sites in mitotic cells requires

the action of a functional CeBCD complex, similar to that

shown in human cells (Morris and Solomon, 2004). Thus,

ubiquitylation at DNA damage sites is a conserved function

of BRCA1 orthologues in C. elegans and human cells.

CeBCD-dependent ubiquitylation at DNA damage sites

is abolished in ubc5(let-70), mre-11 and atl-1 mutants

To examine the genetic requirements for CeBCD-dependent

ubiquitylation events at DNA damage sites, we next analyzed

CeBRD-1, RAD-51 and conjugated-Ub focus formation in

various mutant backgrounds following IR-treatment. Cebrc-1

mutants or a mutant in the mre-11 component of the MRN

complex (Chin and Villeneuve, 2001) are severely impaired

for IR-induced CeBRD-1 focus formation, but remain compe-

tent for RAD-51 focus formation after IR (Figure 3A, panels 2–

5). Unlike Cebrc-1 mutants that lack any detectable CeBRD-1

staining due to protein instability (data not shown), the vast

majority of CeBRD-1 protein detected in mre-11 mutants after

IR treatment is defuse within nuclei indicative of a defect

in recruitment of CeBRD-1 to DNA damage sites (Figure 3A,

panel 5; data not shown). In contrast, RAD-51 and CeBRD-1

focus formation in response to IR-treatment is unaffected by

caffeine treatment of wild-type (N2) animals, by a deletion

mutant in the C. elegans orthologue of the ataxia-telangiecta-

sia related (ATR) DNA damage checkpoint gene atl-l (Garcia-

Muse and Boulton, 2005), or in animals subjected to RNAi

depletion of Ubc5(let-70), the E2 conjugating enzyme that

confers ubiquitylation activity to the CeBCD complex in vitro

(Figure 3A, panels 6–8). These data indicate that efficient

CeBRC-1/CeBRD-1 recruitment to DNA damage sites is de-

pendent upon mre-11, but occurs independently of ubc5(let-

70) and atl-1. Immunostaining with the FK2 antibody

reveals that wild-type (N2) animals treated with caffeine,

mre-11, atl-1 or ubc5(let-70) RNAi depleted animals are all

compromised for ubiquitylation at DNA damage sites in vivo

(Figure 3B, panels 5–8). Collectively, these results suggest

that a failure to recruit the CeBCD complex to sites of DNA

damage (mre-11 dependent) or an inability to activate the

E3-Ub ligase of the CeBCD complex (ubc5(let-70) and atl-1

dependent) abolishes CeBCD-dependent ubiquitylation at

DNA damage sites.

Collectively, these data suggest that the DNA damage

checkpoint promotes association of the CeBCD complex and

Ubc5(LET-70) to form an active E3-Ub ligase on chromatin

following IR-treatment that is responsible for ubiquitylation

events at DNA damage sites.

BRCA1 and UbcH5c interact in a checkpoint dependent

manner to from an active E3-Ub ligase on chromatin

in response to DNA damage

To determine if our findings in C. elegans are conserved in

human cells, we first assessed whether BRCA1 and UbcH5c

interact to from an active E3-Ub ligase on chromatin in

response to DNA damage. Under normal growth conditions,

BRCA1 immuno-precipitates from soluble and chromatin

bound MCF7 cell extracts contain very low levels of

UbcH5c (Figure 4A, lanes 1 and 3, respectively). In contrast,

following IR-treatment, UbcH5c is significantly increased in

BRCA1 immuno-precipitates from chromatin bound MCF7

extracts (Figure 4A, lane 4). The increased level of associa-

tion between BRCA1 and UbcH5c is not seen in soluble

extracts after IR (Figure 4A, lane 2) and is abolished in

chromatin bound extracts following caffeine treatment

(Figure 4A, lane 8). Correspondingly, BRCA1 immuno-

precipitates from chromatin bound extracts following IR-

treatment possess ubiquitylation activity when incubated

with Ub, ATP and E1 activating enzyme (Figure 4B, lane 4).

In contrast, ubiquitylation activity is not observed in BRCA1

immunoprecipitates incubated with Ub, ATP and E1 activat-

ing enzyme from soluble or chromatin bound extracts before

IR treatment and from soluble or chromatin bound

extracts treated with caffeine before or after IR (Figure 4B).

This result indicates that the increased levels of endogenous

UbcH5c present in BRCA1 immunoprecipitates from the

chromatin fraction after IR-treatment is able to compensate

for the absence of recombinant UbcH5c in the in vitro E3-Ub

ligase assay. Finally, BRCA1 immuno-precipitates from

MCF7 cells treated with caffeine or from Nbs1�/�, A-T or

ATR-Seckel cells do not exhibit the increased levels of UbcH5c

after IR treatment seen in MCF7 cells (Figure 4C and D).

Collectively, these data indicate that the DNA damage

checkpoint somehow promotes association between BRCA1

and UbcH5c to form an active E3-Ub ligase on chromatin

following DNA damage, similar to our observation in

C. elegans.

BRCA1-dependent ubiquitylation at DNA damage sites

is abolished by BRCA1 and UbcH5c siRNA, and in

ATLD1/D, NBS1�/�, A-T and ATR-Seckel cell lines

To examine the genetic requirements for BRCA1-dependent

ubiquitylation at DNA damage sites in human cells, we next

correlated g-H2AX, an early marker of DNA breaks

(Fernandez-Capetillo et al, 2004), with BRCA1-mediated ubi-

quitylation events (Morris and Solomon, 2004) after IR-treat-

ment in MCF7 cells and in cell lines deficient for Atm, Atr,

DNA-PKcs, Mre11, Nbs1, Chk2 and g-H2AX (reviewed in

Bradbury and Jackson, 2003; Shiloh, 2003; Kastan and

Bartek, 2004). Representative images of g-H2AX and conju-

gated-Ub staining (Figure 5A) and quantification of conju-

gated-Ub focus formation (Figure 5B) are shown. In untreated

MCF7 cells, g-H2AX and conjugated-Ub foci are detectable at

very low levels (Figure 5A, panel 1 and B). In contrast,

multiple g-H2AX and conjugated-Ub foci are detectable

at sites of DNA damage following IR-treatment (Figure 5A,

panel 2 and B) (Fernandez-Capetillo et al, 2004). Consistent

with previous observations and our findings in C. elegans,

BRCA1 siRNA (Figure 5C) abolishes IR-induced conjugated-

Ub foci, but has no effect on the accumulation of g-H2AX foci

(Figure 5A, panel 3 and B) (Morris and Solomon, 2004).

Furthermore, siRNA to UbcH5c, but not to UbcH2 or Ube2K,

abrogates BRCA1-dependent ubiquitylation at DNA damage

sites, thus confirming UbcH5c as the bona fide E2-conjugat-

ing enzyme for BRCA1 in vivo (Figure 5A, panel 4 and B and

Supplementary Figure S4). Also, MCF7 cells treated with

caffeine (Sarkaria et al, 1999), as well as ATLD1/2, A-T,

ATR-Seckel and NBS1�/� cell lines (deficient for Mre11,

ATM, ATR and Nbs1, respectively) accumulate g-H2AX but

are defective for conjugated-Ub focus formation after IR

(Figure 5A, panels 5, 7, 8, 9 and 11, and B). Similar to our

findings in C. elegans, these results indicate that a functional

checkpoint is required for BRCA1-dependent ubiquitylation

events at DNA damage sites in human cells.
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BRCA1-dependent ubiquitylation at DNA damage sites

requires ATM and ATR kinase activity and c-H2AX

To further explore the role of the DNA damage checkpoint

in the activation of BRCA1-dependent ubiquitylation at DNA

damage sites, we corrected Nbs1�/�, A-T and ATR-Seckel cell

lines by expression of wild-type Myc-Nbs1, Flag-ATM and

Flag-ATR, respectively (Figure 5C). Correction of Nbs1�/�,

A-T and ATR-Seckel cell lines with their respective wild-type

cDNA restores BRCA1-dependent ubiquitylation events

(Figure 5B). However, expression of kinase dead versions of

ATM and ATR fails to restore this response in A-T and ATR-

Seckel cells (Figure 5B). These results indicate that the kinase

activities of both ATM and ATR are required for BRCA1-

dependent ubiquitylation events at DNA damage sites.

Consistent with previous observations that g-H2AX phos-

phorylation by ATM/ATR is required for retention of BRCA1

at DNA damage sites (Celeste et al, 2003), H2AX�/� cells that

lack g-H2AX foci are compromised for conjugated-Ub focus

formation after IR (Figure 5A, panel 13 and B). Recent studies

have shown that BARD1 is also a substrate for phosphoryla-

tion by cyclin-dependent kinases (Hayami et al, 2005).

However, MCF7 cells treated with roscovitine, a potent and

selective inhibitor of cyclin-dependent kinases (Mailand and

Diffley, 2005), has no effect on BRCA1-dependent ubiquityla-

tion events after IR (Figure 5A, panel 6 and B). BRCA1-

dependent ubiquitylation at DNA damage sites is also

unaffected in NBSþ /þ , H2AXþ /þ , Chk2�/�, DNA-PKcs�/�

(M059J) and DNA-PKcsþ /þ (M059K) cells as shown by the

accumulation of both g-H2AX and conjugated-Ub foci after

IR (Figure 5A, panels 10, 12, 14, 15 and 16 and Figure 5B).

Collectively, these results reveal that the DNA damage check-

point, including the MRN complex, the kinase activities of

ATM and ATR, and g-H2AX, are required for BRCA1-

dependent ubiquitylation at DNA damage sites. However,

DNA-PKcs, a critical component of the non-homologous

end-joining pathway, Chk2, an effector kinase downstream

of ATM, and cyclin-dependent kinases are dispensable for

this response.

Discussion

Our previous report revealed the intriguing possibility that

BRCA1 and BARD1 homologs exist in C. elegans (Boulton

et al, 2004). This notion was based on extensive sequence

and domain conservation between the C. elegans and human

proteins, the formation of a RING-dependent heterodimer

between CeBRC-1 and CeBRD-1, and DNA repair defects

observed in worms RNAi depleted for Cebrc-1 or Cebrd-1

(Boulton et al, 2004). In this study, we have purified the first

native protein complex from C. elegans amenable to exten-

sive biochemical analyses. Our studies of CeBCD complexes

have revealed extensive functional similarities with the
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human BRCC complex, as well as providing new insight into

the function and regulation of BRCA1. First, we have shown

that CeBCD complexes contain RAD-51, but only after DNA

damage, similar to the human BRCC complex (Dong et al,

2003). Second, CeBCD complexes possess E3-Ub ligase activ-

ity and exhibit the same specificity for the E2-conjugating

enzyme Ubc5/LET-70 (human UbcH5c) as reported for its

human counterpart (Brzovic et al, 2001a; Ruffner et al, 2001;

Mallery et al, 2002; Dong et al, 2003). Third, CeBRD-1 is

subjected to autoubiquitylation, similar to its human counter-

part (Mallery et al, 2002). Fourth, like BRCA1/BARD1 in

human cells, CeBRC-1/CeBRD-1 are recruited to sites of

DNA damage (Scully et al, 1997a). Fifth, Cebrc-1 or Cebrd-1

mutants are defective for ubiquitylation events at DNA

damage sites in vivo, consistent with recent studies in

human cells (Morris and Solomon, 2004). Finally, we have

also shown for the first time that Ubc5/UbcH5c is the bona

fide E2-conjugating enzyme for CeBCD/BRCA1 in C. elegans

and in human cells, respectively, and present evidence that

the DNA damage checkpoint promotes association between

CeBCD/BRCA1 and Ubc5/UbcH5c leading to activation of

BRCA1-dependent ubiquitylation events at DNA damage

sites.

Morris and Solomon (2004) previously demonstrated that

BRCA1 is responsible for ubiquitylation events at DNA

damage sites in human cells. Our findings that Cebrc-1 and

Cebrd-1 are required for ubiquitylation events at DNA

damage sites in C. elegans substantiates the findings of

Morris and Solomon and demonstrates that this response to

DNA damage is conserved in a simple metazoan. A number

of reports have shown that the human BRCA1/BARD1 pro-

teins preferentially use UbcH5c as the E2-Ub conjugating

enzyme in E3-Ub ligase reactions in vitro (Brzovic et al,

2001a, 2003; Ruffner et al, 2001; Mallery et al, 2002; Dong

et al, 2003). Studies have also shown that UbcH5c interacts

with the first and second Zn2þ loops and central a-helix of

the BRCA1 RING (Brzovic et al, 2003). However, the impor-

tance of UbcH5c in BRCA1-dependent ubiquitylation reac-

tions in vivo has not been explored. We present two lines

of evidence that implicate Ubc5(LET-70)/UbcH5c as the
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E2-conjugating enzyme that functions with CeBCD/BRCA1 at

DNA damage sites in vivo. First, we show in C. elegans and in

human cells that CeBCD/BRCA1 and Ubc5(LET-70)/UbcH5c

co-immunoprecipitate from chromatin following IR-treat-

ment, respectively. Second, we find that RNAi depletion of

Ubc5(let-70) in C. elegans and siRNA to UbcH5c in human

cells abolishes ubiquitylation events at DNA damage sites.

It has not been possible to assess whether Ubc5/let-70 and

UbcH5c depletion confer DNA damage sensitivity similar

to CeBCD/BRCA1 mutants as both Ubc5(let-70) and UbcH5c

function as the E2-Ub conjugating enzyme in other cellular

processes and are essential (Frazier et al, 2004).

It was not clear from previous studies how BRCA1-depen-

dent ubiquitylation events are regulated and activated in

cells. The data presented here provide new insight into the

regulation of BRCA1-dependent ubiquitylation events at DNA

damage sites. We have shown first in C. elegans and then in

human cells that chromatin bound CeBCD/BRCA1 complexes

associate with Ubc5(LET-70)/UbcH5c to form an active E3-Ub

ligase in response to DNA damage. The fact that this associa-

tion was blocked by phosphatase or caffeine treatment raised

the possibility that checkpoint dependent phosphorylation

could be required for CeBCD/BRCA1 complexes to associate

with Ubc5(LET-70)/UbcH5c, in C. elegans and human cells,

respectively, Indeed, caffeine treatment was also found to

significantly reduce E3-Ub ligase activity in chromatin bound

CeBCD/BRCA1 complexes after IR-treatment. The importance

of the DNA damage checkpoint in activating CeBCD/BRCA1

dependent ubiquitylation was confirmed by our findings

that (1) atl-1 (C. elegans ATR), mre-11 mutants and caffeine

treated wild-type (N2) animals are compromised for CeBCD-

dependent ubiquitylation at DNA damage sites; (2) Nbs1�/�,

A-T and ATR-Seckel cells fail to exhibit increased association

between BRCA1 and UbcH5c on chromatin, after IR-treat-

ment; and (3) caffeine treated MCF7 cells, as well as ATLD1/

2, Nbs1�/�, A-T, ATR-Seckel and H2AX�/� cell lines are

defective for BRCA1-dependent ubiquitylation at DNA da-

mage sites. Together, these data indicate that the checkpoint

promotes association between BRCA1 and UbcH5c leading to

the formation of an active E3-Ub ligase on chromatin after IR.

It is perhaps surprising that BRCA1-dependent ubiquityla-

tion events have a co-requirement for both ATM and ATR

checkpoint kinases, as it was conventionally thought that

these kinases respond primarily to DSBs and replication

stress, respectively. However, recent work in C. elegans and

mammalian cells has revealed that checkpoint responses to

DSBs require both ATM and ATR kinases (Garcia-Muse and

Boulton, 2005; Jazayeri et al, 2006). Thus, BRCA1-dependent

ubiquitylation is one of the first DNA damage responses

reported to have a co-dependence on ATM and ATR. In future

studies, it will be important to determine how checkpoint-

dependent phosphorylation regulates association between

Ubc5/UbcH5c and CeBCD/BRCA1, respectively. It is unlikely

that that phosphorylation is a determinant of the interaction

surface between BRCA1 and UbcHc5, as recombinant BRCA1

and UbcH5c associate in vitro to form an active E3-Ub ligase

in the absence of any detectable phosphorylation and BRCA1

and UbcH5 can interact in the yeast-two hybrid in the

absence of DNA damage (Brzovic et al, 2003). Rather, check-

point dependent phosphorylation is more likely to regulate

the co-recruitment or retention of BRCA1 and UbcH5c as an

active complex at DNA damage sites. Our observation that

H2AX�/� cells are defective for BRCA1-dependent ubiquity-

lation supports this possibility as previous work has demon-

strated a role for g-H2AX in retaining BRCA1 at DNA damage

sites (Celeste et al, 2003; Nakamura et al, 2004). It is also

plausible that the DNA damage checkpoint may target/mark

a substrate protein for CeBCD/BRCA1 dependent ubiquityla-

tion at DNA damage sites through phosphorylation.

In summary, these results reveal that CeBCD/BRCA1-

dependent ubiquitylation is a conserved response to DNA

damage that is activated by the checkpoint (Figure 6). Our

data implicate Ubc5(LET-70)/UbcH5c, MRE-11/MRN com-

plex, ATM, ATL-1/ATR and H2AX in the activation of

CeBCD/BRCA1-dependent ubiquitylation at DNA damage

sites. Checkpoint activation following IR-treatment promotes

ATL-1

CeBCD + Ubc5/LET-70

CeBCD
Ubc5/
LET-70
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Ubiquitylation
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Figure 6 A conserved DNA damage-signalling pathway required for activation of BRCA1-dependent ubiquitylation during DNA repair.
Following IR-induced damage, checkpoint activation in C. elegans and human cells promotes the association of CeBCD/BRCA1 with Ubc5/
UbcH5c, respectively, and results in E3-Ub ligase activation. Once active, the E3-Ub ligase is responsible for ubiquitylation events at DNA
damage sites. The sensitivity of Cebrc-1/BRCA1 mutants to DNA damaging agents suggest that their role in ubiquitylation at DNA damage sites
may be required for efficient DNA repair.
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the association between CeBCD/BRCA1 and its E2-Ub con-

jugating enzyme Ubc5(LET-70)/UbcH5c on chromatin. This

triggers the formation of an active E3 Ub-ligase complex that

is responsible for ubiquitylation events at sites of DNA

damage (Figure 6). It is important to note that the timing of

CeBCD/BRCA1-dependent ubiquitylation at DNA damage

sites is relatively late compared with initial checkpoint acti-

vation and gH2AX phosphorylation, suggesting that this

response may play a late role in DNA repair processes and

may occur at complex DNA lesions that take a longer time to

repair. While convincing evidence for in vivo substrates for

the E3-Ub ligase of CeBCD/BRCA1 remains elusive, our data

and those of Morris and Solomon strongly suggest that

bona fide substrates reside at sites of DNA damage and

may therefore function in DNA repair and/or regulation of

chromatin dynamics.

Materials and methods

Worm strains
C. elegans strains were cultured as described previously(Brenner,
1974). For caffeine experiments, C. elegans were cultured in
standard growth media supplemented with 20 mM caffeine for
at least 6 h prior to purification of the CeBCD complex. The
following strains were kindly provided by the Caenorhabditis
Genetics Centre (University of Minnesota, St Paul, MN), including
wild-type Bristol N2, mre-11(ok179)(Chin and Villeneuve, 2001),
rad-51 (lg08701)(Alpi et al, 2003). brd-1(dw1) will be described in
detail elsewhere. brc-1(tm1145) and atl-1(tm853) were generated
and kindly provided by Shoehi Mitani of the National Bioresource
Project for the nematode, Japan.

Cell culture
Human HeLa ohio cells (ATCC), human breast carcinoma MCF7
cells (ATCC), human fibroblasts F02-98 (ATR-Seckel), M059J (DNA-
PKcs�/�), M059K (DNA-PKcsþ /þ ), GM02052 (ATM�/�) and
GM15989 (NBS1�/�), human colon tumour cells Chk2�/� and
mouse embryonic fibroblast H2AXþ /þ and H2AX�/� were main-
tained in minimum essential media (MEM) supplemented with 20%
fetal calf serum, L-glutamine and penicillin–streptomycin (100 mg/
ml and 100 U/ml, respectively). ATLD1/2 cells carry a truncating
mutation in Mre11 and were grown in MEM with 15% fetal calf
serum, L-glutamine and penicillin–streptomycin. Cells were kindly
provided by Penny Jeggo (ATR-Seckel, ATLD1/2), Andre Nussenz-
weig (H2AXþ /þ and H2AX�/�) Fred Bunz and Bert Vogelstein

(Chk2�/�) and Ted DeWeese (ATM�/�, M059J and M059K). All cell
lines were maintained at 371C in a 5% CO2/95% air incubator.
BRCA1, UbcH5c, UbcH2 and Ube2K siRNA (Dharmacon) was
performed using Dharmafect transfection reagent and analyzed for
FK2 focus formation following IR-treatment 48 h post-transfection.
Caffeine and roscovitine were purchased from Sigma and Calbio-
chem, respectively. Plasmids for correcting NBS1�/� (Myc-Nbs1),
A-T (Flag-ATM and Flag-ATM-KD) and ATR-Seckel (Flag-ATR and
Flag-ATR-KD) were kindly provided by Matt Weitzman, Yossi
Shiloh, Jacob Falck and Steve Jackson. Transiently transfected cells
and stably selected clones gave similar results when assessed for
correction of BRCA1-dependent ubiquitylation.

In vitro E3-Ub ligase assay
To measure E3-Ub ligase activity, purified CeBCD complexes were
incubated at 301C for 60 min in 15ml of assay buffer containing
0.1 mg Uba1 E1, 0.04mg UbcH5c E2, 5 mg Ub, 50 mM Tris–HCl pH
8.0, 0.2 mM CaCl2, 5 mM MgCl2, 1 mM DTT, 4 mM ATP. The reaction
was resolved on SDS–PAGE and transferred onto nitrocellulose
membrane. After preincubation in denaturating buffer (6 M
guanidine–HCl, 20 mM Tris–HCl pH7.5, 5 mM b-mercaptoethanol,
1 mM PMSF for 30 min 41C) and extensive washing in PBS, the
activity was revealed by Western blotting with mouse anti-Ub
antibody (1:300, Zymed Laboratories). Reactions were performed
in the presence of 0.04mg of recombinant E2 enzymes: UbcH2,
UbcH3, UbcH5a, UbcH5b, Ubch5c, UbcH6, UbcH7, UbcH10 (Boston
Biohem). Reactions in Figure 1E were performed following a 30 min
incubation of the CeBCD complex with 0.04mg of CeBRC-1, CeBRD-
1 or Cdc42 antibodies or with recombinant GST-BRC-1-RING (1–150
aa), GST-BRC-1-BRCT (350–547 aa), GST-BRD-1-RING (1–150aa) or
GST alone. C. elegans Ubc5(LET-70) was detected with rabbit anti-
Ubc5 antibody (Boston Biochem).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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