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Functional Interaction of 
BRCAl -Associated BARD1 with 
Polyadenylation Factor CstF-50 
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Polyadenylation o f  messenger RNA precursors requires a complex protein ma- 
chinery tha t  is closely integrated w i t h  the  even more complex transcriptional 
apparatus. Here a polyadenylation factor, CstF-50 (cleavage st imulat ion factor), 
is shown t o  interact in vitro and in  intact cells w i th  a nuclear protein o f  previously 
unknown function, BRCAI-associated RING domain protein (BARDI). The BARDI- 
CstF-50 interaction inhibits polyadenylation in vitro. BARDI, Like CstF-50, also 
interacts w i th  RNA polymerase II. These results indicate that  BARDI-mediated 
inhibition o f  polyadenylation may prevent inappropriate RNA processing during 
transcription, perhaps at  sites o f  DNA repair, and they reveal an unanticipated 
integration of diverse nuclear events. 

Almost all eultaryotic inRNAs have a poly- the AAUAAA-binding cleavage-polyadenyla- 
adenylated [poly(A)] tail at the 3 '  end. For- tion specificity factor (CPSF), to define the 
mation of this stmcture involves e~ldonucleo- poly(A) site (12). CstF-50 contains seven b73- 
lytic cleavage of the mRNA precursor cou- 
pled with poly(A) synthesis: a reaction that 
requires a coinplex set of protein factors (1). 
Although polyadenylatio~l can be reconstitut- 
ed in vitro with purified components and a 
synthetic mRNA precursor, considerable ev- 
idence now exists that, in the cell nucleus, 3' 
end foinlation is noimally tightly coupled to 
transcriptio~l by RNA polymerase I1 (RKAP 
11). Polyadenylation factors associate with 
RNAP I1 at the promoter (2) and appear to 
remain with it during elongation (3). Wlle~l 
RNAP I1 reaches the site of polyadenylation, 
it participates directly i11 the processing reac- 
tion together with the other polyadenylation 
factors (4); it also receives a signal needed 
for subsequent transcription tenninatio~l (5) .  
How these coinplex interactions are orches- 
trated is not known. However, polyadeayla- 
tion can be regulated, for example, during the 
cell cycle ( 6 )  and cellular differentiati011 (7). 

Cleavage stilnulatio~l factor (CstF) is a poly- 
adenylation factor that helps specify the site of 
processing (8, 9). It is a heterotrimeiic protein 
with subunits of 77, 64, and 50 liD (CstF-77, 
-64: and -50) that recognizes the G+U-rich 
element, a sequence located do~;nstreain of the 

40 repeats (13), is required for CstF activity in 
vitro (II),  and interacts with the COOH-tein~i- 
nal domain of the RNAP I1 largest subunit 
(CTD) (3). 

To identify additional CstF-50-interacting 
proteins, we performed a yeast two-hybrid as- 
say (14); for bait we used CstF-50 fiised to the 
LexA DNA binding doinain (1.5). Among the 
strongest interacters recovered was BARDl 
(16), a protein lu~o\ill to associate with the 
breast cancer-associated tumor suppressor 
BRCAl in vivo. Both BARDl and BRCAl 
possess NH,-ter~ninal RIIiG motifs and 
COOH-tein~inal BRCT domains, with the 
foinler responsible for the BARD1-BRCA1 in- 
teraction (17). Although the fiinctio~l of 
BARDl is uihlonn, inl~ibiting its expression 
in cultured cells results in changes that suggest 
a premalignant phenotype (18). BARD 1 likely 
plays a role in BRCAl-mediated tumor sup- 
pression and may itself be a target for h~moii- 
genic inutations i11 some cancers (19). BARD1, 
in association with BRCA1, can colocalize with 
the DNA replication and repair factors PCNA 
and Rad5 1, perhaps pasticipating in the cellular 
response to DNA damage (20). 

The BARDl cDNAs obtained froin the 
cleavage site. RYA binding is mediated by two-hybrid screen encoded amino acids 457 to 
CstF-64 (10). CstF-77, or Suppressor-of-forked 777 (Fig. 1A): which includes two of three 
in D~osophilcr, bridges CstF-64 and -50 (11) alkyiin repeats and the BRCT domain. We 
and interacts with another multisubunit factor, used essentiallv full-leaah BARDl (amino - 

acid residues 13 to 777), which interacted as 
~ ~ ~ ~ ~ t ~ ~ ~ t  of ~ i ~ l ~ ~ i ~ ~ l  sciences, columbia univer- efficiently as the smaller fragment: to confirm 
sity, N e w  York, NY 10027, USA. the interaction i11 yeast. CstF-50 (amino acid 
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mail: jlm2@columbia.edu tennlinal region of CstF-50: also interacted 

strongly with BARD1. As observed with 
BRCAl (24,  yeast strains expressing BARDl 
displayed a S ~ O W - ~ ~ O W T ~  phenotype (22). 

We next characterized the BARD1-CstF-50 
interaction i11 vitro. The bvo proteins were 
translated separately in vitro, mixed, and sub- 
jected to immu~loprecipitatio~~ with antibodies 
to BARDl (anti-BARD1 antibodies) (23) (Fig. 
2A). CstF-50 was precipitated i11 the presence 
(lane 3), but not i11 the absence (lane 2), of 
BARD1, which strongly suggests a specific 
interaction between the hvo proteins. 111 another 
approach, a glutathione S-traasferase (GST)- 
BARDl fiision protein (BARD1 residues 13 to 
777) was purified from Escherichin coli and 
used in protein interaction assays, again with in 
vitso translated CstF-50 (Fig. 2B). A significant 
fraction of the input CstF-50 bound to GST- 
BARD1 (lane 3) but not to GST alone (lane 2). 
COOH-terminal buncations of CstF-50 (see 
Fig. 1B) eliminated binding (lanes 4 to 7): 
consistent with the requirement of at least the 
seventh WD-40 repeat for interaction. To elu- 
cidate the region of BARDl required, we used 
additional GST-BARD1 derivatives (Fig. 1B) 
in binding assays with CstF-50 (Fig. 2C). A 
COOH-terminal truncation removing most of 
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Fig. 1. lnteraction of BARD1 and CstF-50 in 
yeast. (A) Two-hybrid screening identifies a 
CstF50-BARD1 interaction. LexA-CstF50 fu- 
sion proteins are indicated on the left and 
BARD1 derivatives are shown below. Features 
of proteins are indicated and numbers repre- 
sent amino acid residue, Interactions were de- 
tected by LEU2 and LacZ expression. (B) Dia- 
gram of BARD1 and CstF-50 derivatives used in 
in vitro experiments. Proteins were produced 
by in vitro translation or as NH,-terminal GST 
fusions in E. coli. 
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the BRCT domain only slightly reduced bind- 
ing (compare lanes 3 and 4), indicating that this 
region is not essential. However, two different 
derivatives lacking the ankynn repeats failed to 
bind CstF-50 (lanes 5 and 6). In combination, 
the data suggest that the two COOH-terminal 
ankyrin repeats, the region just downstream, or 
both constitute the CstF-50 interaction domain. 

To determine whether CstF-50 interacts 
with BARDl in vivo, we analyzed HeLa cell 
nuclear extracts (NE) by cofractionation and 
coimmunoprecipitation (24). Because CstF- 
50 is part of the CstF heterotrimer, we used 
an antibody directed against another subunit, 
CstF-64, which ensured that any interactions 
detected were with intact CstF. We first test- 
ed whether the proteins could be coimmuno- 
precipitated from NE. The results (Fig. 3A) 
indicate that antibodies against either protein 
coprecipitated a small but significant fraction 
of the other, as judged by immunoblots of the 
immunoprecipitates (IPS) (lanes 1 to 5). Ex- 
traneous antibodies did not immunoprecipi- 
tate either protein (lanes 6 and 7), nor did 
either antibody cross-react with the other pro- 
tein (22). We also followed the proteins dur- 
ing the early steps of CstF purification, which 
includes (NH4),S04 fractionation followed 
by Superose-6 gel filtration (25). This pro- 
duces a fraction, cleavage-specificity factor 
(CSF), that contains all the factors essential 
for 3' cleavage. Immunoblotting of the Su- 
perose fractions (Fig. 3B) revealed, as ex- 
pected, significant amounts of CstF coeluting 
with CSF activity. However, large amounts 
were also detected in more rapidly eluting 
fractions. BARD1, on the other hand, was 
found predominantly in the heavier fractions, 
with smaller amounts in the CSF active frac- 
tions. To determine whether BARDl and 
CstF were associated in these fractions, we 
again performed coimmunoprecipitation ex- 
periments. Given the interaction between 
BARDl and BRCAl (16, 20), we also exam- 
ined the possible presence of BRCAl in 
CstF-containing complexes. We obtained 
similar results with all fractions that con- 
tained the three proteins; Fig. 3C presents 
results obtained with fraction 22. Strikingly, 
all three antibodies precipitated not only their 
cognate protein but also significant amounts 
of the other two. These findings indicate that 
the CstF5O-BARD1 interaction occurs in the 
nuclei of HeLa cells and is likely to be phys- 
iologically relevant. 

We next determined whether BARDl af- 
fects polyadenylation in vitro. During prelim- 
inary experiments aimed at developing con- 
ditions for immunodepletion of NE, we ob- 
served that the cleavage step was enhanced 
by addition of an anti-BARD1 monoclonal 
antibody (mAb), EE6 (1 6), and we developed 
conditions that allowed this activation to be 
observed reproducibly (26) (Fig. 4A). We 
monitored cleavage of a simian virus 40 late 

pre-mRNA substrate in a limiting amount of and specifically enhanced cleavage, which 
NE that had been preincubated with no addi- suggests that BARDl may antagonize 3' end 
tions (lane 1) or with increasing amounts of formation. Inclusion of increasing amounts of 
anti-BARD1 (lanes 2 to 4) or anti-p53 (lanes purified GST-BARD1 in the preincubation 
5 to 7). The anti-BARD1 mAb significantly mixture prevented antibody activation and 
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Fig. 2. Interactions of BARDl and CstF-50 in vitro. D 
(A) Coimmunoprecipitation. BARD1 and CstF-50 \,&\$ &." c,d ++ 
were produced by in vitro translation in separate - 

BARUI - + +  * + +  - + + 
reaction mixtures (only CstF-50 was labeled). Equiv- car .m+ - + +  - +  + - +  
alent amounts were mixed, incubated, and then - 7 4 ~  . .-  
immunoprecipitated with anti-BARD1 antibodies. BARD~. c* .97kD 

Pellets were washed, dissolved in sample buffer, and 
resolved by SDS-PACE. Lane 1, 5% of CstF-50- 
containing lysate used for immunoprecipitation. 
Lane 2, immunol n of reaction mixture ~ ~ p . 9 - w  *- u - kD 

lacking in vitro tr, rRD1. Lane 3, irnmuno- 
precipitation of rc ture containing BARD1. 
(8) Interaction of 1 and CstF-50. Full-length CstF-50 (I ted 
COOH-terminal truncat~ons (lanes 4 to  7) were produced by in vltro translat~on and rncubated with 
purified GST (lane 2) or CST-BARD1 (lanes 3, 5, and 7). Bound proteins were eluted and resolved 
by SDS-PAGE. Ten percent of each of the CstF-50 derivatives used in binding reactions is shown in 
lanes 1, 4, and 6. (C) Requirement of BARDl ankyrln repeats for CstF-50 Interaction. GST (lane 2) 
and the indicated CST-BARD1 derivatives (lanes 3 to  6) were used in in vitro binding reactions with 
full-length CstF-50 produced by in vitro translation. Lane 1 contains 10% of the CstF-50 used in 
binding reactions. (D) Interaction with RNAP II CTD and with PCNA. BARDl and CstF-50 were 
produced by in vitro translation (lanes 1 and 2) and incubated with 1 p g  of either GST (lane 3), 
GST-CTD (lanes 4 to  6), or CST-PCNA (Lanes 7 to  9). Binding reactions were performed and 
analyzed as in (B). 
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Fig. 3. BARD1, BRCA1, and CstF associate in vivo. (A) - ~ L D  

BARD1 and CstF-50 coirnmunoprecipitate from HeLa 1 2 t J 5 b 7 M 9  

cell NE. Aliquots of NE (lane 1) were irnmunoprecipi- 
tated with antl-CstF64 (lanes 2 and 3), anti-BARD1 
(lanes 4 and 5) or preimmune (lanes 6 and 7) antibodies. Equivalent amounts of the pellets (IP; 
lanes 2.4, and 6) and supernatants (SUP; lanes 3.5, and 7) were resolved by SDS-PACE and proteins 
were detected by immunoblotting with anti-BARD1 or CstF-64 antibodies. Positions of BARDl and 
CstF-64 are indicated. Asterisk indicates a species detected by the anti-BARD1 mAb. I t  can be 
separated from authentic BARD1 [see (B)], and its relationship to  BARD1 is currently unknown (35). 
However, the fact that it can be co~mmunoprecipitated not only with the anti-BARD1 polyclonal 
but also with the anti-CstF64 mAb and the anti-BRCAl mAb (22) strongly suggests that it is related 
t o  BARDl. (8) Cofractionation of BARD1 and CstF. NE was subjected to 20% to 40% ammonium 
sulfate fractionation and Superose-6 gel filtration. Aliquots from NE and fractions 22 to  30 of the 
column were resolved by SDS-PAGE, and proteins were detected by imrnunoblotting with anti- 
BARD1 and anti-CstF64 antibodies. Positions of BARD1 and CstF-64 are indicated. Asterisk denotes 
the putative BARD1-related species [see (A)]. CSF activity was present in fractions 26 to 28. (C) 
Association of CstF, BARD1, and BRCA1 in a high molecular weight Superose-6 fraction. Aliquots 
of a fraction equivalent to fraction 22 in (B) were subjected to irnrnunoprecipitation exactly as in 
(A), except that an anti-BRCAl antibody was used in both the immunoprecipitation and Immu- 
noblotting (lanes 6 and 7) in addition to the anti-BARD1 (lanes 4 and 5) and anti-CstF64 (lanes 2 
and 3) antibodies. An anti-p53 rnAb was used as an irrelevant control (lanes 8 and 9). Positions of 
proteins are indicated on the left and sizes are on the right. 
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completely inhibited cleavage at the highest 
concentrations (Fig. 4B, lanes 1 to 5). GST- 
BARDl also was sufficient to block cleavage 
(Fig. 4C, lanes 1 to 4). Essentially identical 
results, with both antibody activation and 
inhibition by GST-BARD1, were observed 
with a second pre-mRNA, adenovirus L3 
(22). These results indicate that BARDl in- 
hibits the first step of mRNA 3' end fonna- 
tion in vitro and may explain why the active 
CSF fractions from the Superose column con- 
tained relatively little BARDl (Fig. 3B). 

We next examined regions of BARDl 
required for inhibition. The results, shown in 
Fig. 4D, correlate well with the binding data 
in Fig. 2C. GST-BARD1 (residues 13 to 638), 
which lacks the BRCT domain, inhibited pro- 
cessing, although somewhat less efficiently 
than did GST-BARD1 (compare lanes 2 to 4 
with lanes 5 to 7). In contrast, the two deriva- 
tives lacking the ankynn repeats were inactive 
(lanes 8 to 13). These results indicate that the 
same region of BARDl required for binding 
CstFdO is necessary for inhibiting 3' pre- 
mRNA cleavage. 

We suggest two related models in which 
the in vivo function of BARDl is to prevent 
premature or incorrect 3' end formation. The 
first stems from the previously documented 
interaction of CstF, as well as BRCAl, with 
the RNAP I1 holoenzyme (3, 27). The tight 
association between BRCAl and BARDl 
suggests that BARDl may also be associated 
with RNAP 11. Indeed, we found that in vitro 
translated BARDl bound to a GST-CTD fu- 
sion protein with the same efficiency as CstF- 
50 (Fig. 2D, lanes 4 to 6) (3). BRCAl, in 

contrast, did not bind GST-CTD (22), and it 
is conceivable that the BARDI -CTD interac- 
tion contributes to the presence of BRCAl in 
the holoenzyme. Our data suggest that, be- 
cause of BARD1, the polyadenylation appa- 
ratus associated with the holoenzyme is inac- 
tive, which would prevent inappropriate pro- 
cessing of nascent transcripts-for example, 
at sites of RNAP I1 pausing or at cryptic or 
pseudo-poly(A) signals within the body of 
the transcript. By this view, the absence of 
BARD1 could lead to prematurely terminated 
transcripts and production of truncated, po- 
tentially deleterious proteins. 

A related possibility is that BARDl pre- 
vents premature polyadenylation of nascent 
transcripts associated with polymerases stalled 
at sites of DNA damage. Several observations 
support this hypothesis. First, BRCAl, likely 
with BARDl, colocalizes with RadS1 (28), a 
protein implicated in DNA recombination and 
repair (29). RadS 1 has also been identified as a 
component of the RNAP II holoenzyme, sup- 
porting the link between transcription and DNA 
repair (30); genetic studies have also implicated 
BRCAl in transcription-coupled repair of oxi- 
dative DNA damage (31). Second, BRCAl, 
BARDl, and Rad5 1 wlocalize with the DNA 
replication and repair factor PCNA to sites of 
DNA damage during S phase (20). Remark- 
ably, the strongest CstF-50-interacting protein 
isolated in our two-hybrid screen was PCNA 
(22). The interaction required the CstF-50 NI-&- 
terminus, which contains a sequence similar to 
the consensus PCNA interaction motif (32), and 
was observed in vitro with GST-PCNA and in 
vitro translated CstFJO (Fig. 2D, lanes 7 to 9; 

1 2 . + 4 > 6 7  1 2 2 4 5 6 7  1 2 3 4  5 6 7 8  

Fig. 4. BARD1 inhibi i  pre-mRNA 
3' cleavage in vitro. (A) Activation D 
of cleavage by anti-BARD1 anti- 
bodies. HeLa NE was preincubated - 
with no addition (lane 1) or wit 

A,~l,&4l/+l - ~ p r r - m l N A  

increasing amounts (100, 200, ( 

300 ng) of a purified anti-BARE r 4-5' 

(lanes 2 to 4) or anti-p53 (lanes 
to 7) mAb. After 15 min, pre- 
mRNA was added and incubation I 
continued for 90 min. RNAs were 
purified and analyzed by denaturing PAGE. product are 
indicated. (B) CST-BARD1 reverses activation by anti-BARD1 antlbodles. N E  was pre~ncubated with no 
addition (lane 1); with 200 ng of anti-BARD1 (Lanes 2 to 8); and with 50, 100, or 200 ng of CST-BARD1 
(lanes 3 to 5) or 100 or 200 ng of CST (lanes 6 and 7). Pre-mRNA was added and reaction mixtures were 
processed as in (A). (C) Inhibition of 3' processing by GST-BARD1. NE was preincubated with no 
additions (lanes 1 and 5) or with 50, 100, or 150 ng of GST-BARD1 (lanes 2 to 4) or CST (Lanes 6 to 8). 
Pre-mRNA was added and reaction mixtures were processed as in (A). (D) Domain requirements for 
inhibition of 3' processing by GST-BARD1. Processing reactions were performed as in (C), except that 
50, 100, or 150 ng of the indicated CST-BARD1 derivative was used. 

Positions c . - A and the ! .. * .- 

1.1 11 15 16 

5' cleavage . . 

these data also show an interaction between 
BARDl and PCNA, consistent with their 
known colocalization). Together, these results 
suggest a model in which BARDl, as part of 
the RNAP II holoenzyme, senses sites of DNA 
damage and repair, and the inhibitory interac- 
tion with CstF ensures that nascent RNAs are 
not erroneously polyadenylated at such sites. 
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Control of Circadian Rhythms 
and Photoperiodic Flowering by 
the Arabidopsis GIGANTEA Gene 

Deok Hoon park,'" David E. ~omers,'" Yang Suk ~ i m , '  
Yoon Hi Choy,' Hee Kyun ~ i m , '  Moon Soo Soh," Hyo Jung Kim,' 

Steve A. ~ a y , '  Hong Gil Nam"? 

Photoperiodic responses in plants include flowering that is day-length-depen- 
dent. Mutations in the Arabidopsis thaliana GIGANTEA (GI) gene cause pho- 
toperiod-insensitive flowering and alteration of circadian rhythms. The GI gene 
encodes a protein containing six putative transmembrane domains. Circadian 
expression patterns of the GI gene and the clock-associated genes, LHY and 
CCAI, are altered in g i  mutants, showing that GI is required for maintaining 
circadian amplitude and appropriate period length of these genes. The g i - I  
mutation also affects light signaling to the clock, which suggests that GI 
participates in a feedback loop of the plant circadian system. 

The circadian clock system is a self-sustained 
biological oscillator with a period of -24 hours 
that operates ubiq~litously in animals, plants, 
and microorganisms (I, 2) and controls a wide 
range of rhgrthmic processes (3, 4). In plants, 
the circadian clock controls daily changes of 
photosynthetic activities, leaflet movement, cell 
growth, and expression of several genes, in- 
cluding the chlorophyll a/b binding protein 
(CAB) genes (2, 5). Several components regu- 
lating the circadian system have been genetical- 
ly defined in Avabidopsis thalialza (6, 7). How- 
ever, molecular components controlling the 
plant circadian system are largely unknown, 
except for the two clock-associated factors, 
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LHY and CCAl (8, 9). 
The ability to perceive changes in day 

length (7, 10-I2), photoperiodism, is essen- 
tial for organisms to recognize seasonal 
changes and is associated with the circadian 
clock system (4, 7-9). A?.abidopsis is a fac- 
ultative long-day plant, flowering in a fewer 
number of days under long photoperiods than 
under short photoperiods. Certain alleles of 
the Ai.abirlopsis gi mutants are insensitive to 
photoperiod (11, 13, 14).  Here, we report an 
impoitant role for GI in plant circadian func- 
tion and molecular nature of the Avabidopsis 
gi mutations. 

Cotyledons and leaves of Arabidopsis 
show circadian movement, rising and falling 
in relative position during subjective night 
and day, respectively (7). Measurement of 
leaf movenlent rhythms (15) revealed that 
both the gi-1 and gi-2 mutants have shoiter 
circadian periods than wild-type plants (Fig. . . 
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To characterize the effects of the gi mutations 
on the circadian system, we crossed the clock- 
controlled reporter consm~ct, cab2::lucifei.ase 
(cab2::luc) (6), into the gi-1 and gi-2 back- 
grounds. Both mutants alter the circadian peri- 
od of cab2::luc expression (Fig. 1C and Table 
1) (15). The period is substantially shoiter in the 
homozygous gi-1 mutant than in the wild type, 
and this effect is dependent on gene dosage 
(Fig. 2A and Table 1). In contrast, the gi-2 
in~ltation causes the period to lengthen and is 
fi~lly recessive (Fig. 2B and Table 1). Lumines- 
cence cycling in the gi-2 background remained 
in phase with the wild type for up to 60 hours 
after transfer to contin~lo~ls white light (LL), 
after which the period lengthened (Fig. 1C) (15, 
16). There was no apparent lag in the period- 
shoitening effects of the gi-1 mutation (Fig. 
1C). Both mutations caused an abnormally rap- 
id damping of rhythm amplitude. 

We cloned the GI  gene with a map- 
based approach. The GI  locus is linked to 
the THIAL14IiZTE REQUIRING 1 (THI) locus 
on chromosome 1 (1 7). We thus used the THl 
gene to screen an A. flzaliana bacterial artificial 
chromosome (BAC) library, identifying the 
BAC clone T23L3 (18). Subsequent probing 
with T23L3 identified two contiguous BAC 
clones, T14K14 and T22J18 (19). Thegi-I and 
gi-2 alleles were generated by x-ray mutagen- 
esis (13), which frequently generates deletion 
mutants. When wild-type (Columbia), gi-I, and 
gi-2 genomic DNA were digested with Stu I 
and probed with theT22J18 clone, two restric- 
tion fragments (7.1 and 1.1 kb, respectively) 
detected in the wild-type and gi-2 lines ap- 
peared as a single 8.2-kb band in the gi-1 
mutant (19). End sequences of the 7.1- and 
1.1-kb fragments (20) matched a genomic se- 
quence (GenBank accession number Y 12227) 
that contains a predicted open reading frame 
(OW) of 1167 amino acids. Sequence compar- 
isons in this region between the wild-type, gi-I, 
and gi-2 lines revealed small deletions within 
the predicted O W  in both mutants (19). 
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