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The RING heterodimer BRCA1-BARDI is a ubiquitin ligase
inactivated by the platinum-based anticancer drugs
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Abstract The bresst cancer susccptibility protein 1
(BRCA ) purticipates in the maintenance of eells genomic
Inlegrity through DNA repair, cell cycle checkpoint, pro-
tein ubiquitination, and transcriptional regulation. The
N-1erminus of BRCA1 contains a RING domain thal pref-
erentially forms a heterodimeric complcx with BARDI,
The BRCAI-BARD1 RING complex bas an E3 ubiquitin
ligase activity that plays an essential role in respohsc to
DNA damage. Preclinieal and clinical studies have recently
rcvcaled that structural changes 1o the heterodimer result in
alteratinng to the BRCAl-mediated DNA repair pathways
in cancer cells, and lead to hypersensitivity (o several
chemotherapeutic agents. It is of intergst (o approsch the
BRCA| RING domain as a potentially molecular larget for
platinuin-based drugs for cuncer therapy. A previous study
hus shown thal Lhe anticancer dng cisplatin formed intra-
molccular and intermolecular BRCA1 adducts in which
His117 was the primary platinam-bindiug site, and con-
ferred conformational changes and induced thermoslabil-
ity. Here, we have studied the functional consequence of
the iu vitro platinatiou of the BRCA1 RING domain hy a
nunber of plalinum complexes. The BRCA1 ubiguitin
ligase aclivily wus inhibited by transplatin > cisplatin >
oxaliplatin > carboplatin in that order. The consequenees
of the binding of the platinum complexes on the reactivity
of the BRCA| were also discnssed. The data raised the
possibility of selectively targeting the BRCA1 DNA repair
for cancer therapy.
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Introduction

The breast cancer susceptibility gene 1 (BRCAI) is essen-
tial for maintaining genowme stability, und is associatcd
with a number of cellular processes, including DNA repair,
cell cycle checkpoiul, transcriptional regulation, and pro-
tein ubiquitination [1, 2]. BRCAT encodes for 1,863 amino
acid residues with its N-terminus, containing a RING
domuin Lhat is characterized by a conserved pattern of
seven cysteines and one histidine that forin two distinct
Zn**-binding sites {3]. The BRCA1 RING domain prel-
erentially forms a heterodimeric complex with another
RING domain of BARDI (the BRCAl-associated RING
domuin 1) throngh an extensive four-belix-bundle intertace
(Fig. 1). The two proteins require each other tor their
mulual stabilitics, and are co-localized in muclear dots
(sites in the nucleus concerned with transcription)} during
the S-phase of the cell cycle aud m nuclear foci (siles
associated with repair of DNA caused by dunage agenls or
¢ irradiation) [4]. Of further interest is thal the BRCA1-
BARDI complex has enzymatic activity of an E3 ubiquitin
ligase that specifically transfers ubiquitin (a small peptide)
to proteiu substrales thal regulate some aspects of cell
biology [5, 6]. Ubiguitination is a form of post-transliatioual
mudification responsible not only for waditionally targetiug
pruteins for proteasome-dependent degradation but also
for playing roles in diverse cellular proeesses, such as
protein transport, and DNA repair [7]. Ubiquitination is a
multistep process initiated by an ATP-dependeul activation
through the formation of a thicester bond belween the
C-terminal glycine of ubiquitin and a eysteine residue of a
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Fig. 1 Solution siructure of the BRCA1-BARD RING heterodimer.
The spheres represenl Zn** nloms. The dimerization interface is
lormed by the antiparalle] a-helices, fanking the central RING motif
of hoth BRCAI and BARDI. The BRCAL RING domain conrains
iwo Zn’*-binding sites in an interleaved fashion, which the firs! and
third paics of cysteines (Cys24, Cys27, Cysdd, and Cy347) form site 1,
und the second and Fourth pairs of cysieines and hisddine (Cys39,
HisdI, Cystl, and Cyst4) form sile II. This struciure was gencratcd
with PYMOL sofiware (hitp://pymol.sourceforge.net) based on the
protein datahank (FDB: [TM7) [3]

ubiquilin-activating enzyme (E1). The ubiquitin is then
transferred to the active cysteine site of a ubiquilin-
conjugating enzyme (E2) by transesterificution. Finally,
ubiquitin is specifically attached to the g-amino group of a
lysine on its protein substrates via an isopeptide bond
mediated by a ubiquitin ligase (E3), Candidate subsirates
for the BRCA1-BARD]1 RING complex have recently
emerged from in vitro stmdies, such as BRCAI itself,
nucleosomal histones, RNA polymerase II, and the estro-
gen receptor a [8~11]. Thus, BRCAI-dependent ubiguin-
nation is probably responsible for inodifying many cellnlar
activities. Recenily, extensive invesligations have exam-
ined the relevunce of the BRCAl-mediated B3 ubiquitin
liguse aclivity o its lumor suppression function. After a
double-strand break (DSB) in DNA, the BRCAI complex
can repair DNA lesions as a result of its co-localization
with other DNA repair proteins to the ubiquitinated histone
variant y-H2AX at the sites of DNA damage (hrough the
interaction with RAPS0 and phosphorylated Abraxas [12].
Many cancer-predisposing mutations in the BRCA1 RING
downuin, thal inhibited the E3 ligase activity and its ability
lo aceumulate at damaged sites, were defective in the
homologous recombination that is critical for mmor sup-
pression [13, 14]. Interestingly, BRCA] nccumulalion at
the sites of DSB occurmed mapidly (within 20 g), and it
required the RING struetnre (residne 1-200 of BRCAL) for
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the rapid recruitment, with KuB0, at damaged siles in
responke to non-homologous end joining [15]. Missense
mutations in the BRCAI RING domain significantly
reduced their accumulations al the DSB, and abolished the
association with Ku80. Therefore, the [oss of the BRCAL
E3J ligase activity rendered cancerous cells hypersensitive
to ionizing radiations to indicate a significant role for
ubiquimation in the DNA damage response {16].
Recently, a new approach for cancer therapy involves
alterations to the DNA repair pathways in which the cancer
cells with dysfunctional DNA repair pathways accumu!ate
high levels of DNA damage (hat eventually result in major
genomie inslability and cell death [17]. Several preclinical
und clinical shxdies have demonstrated the utilization of a
dysfunctional BRCA1 as a clinically validated turgel for
breast and ovarian cancer treatmenl [18~20]. The E3
ubiquitin ligases that play essential roles in the regulation
of many cellular processes, including DNA repair, have
now becoine potential cancer drug targers and prognostic
bioinarkers [21, 22]. Recently, it has been reported that the
anticuncer drug cigplatin affected the conformation of the
apo-form of the BRCA1 RING finger domain [23]. Mass
spectrometric (MS) analyses revealed that cisplatin formed
intramolecular and intermolecular BRCA1 adducts, and
that a preferential platinum-binding sites was lacated on
histidine 1]7 [23]. An enhanced thermoslability of BRCA |
waos also observed afier protein platination. To raise the
posyibility that the BRCAl RING domain could be u
molecnlar target tor platinnm-based drugs, we further
investigated the functional consequences of Lhe platinated
BRCALI on its effect on the E3 ubiguitin ligase aetivity.

Materials and methods
Plarmid construcrion and protein purification

The short N-terminal fraginent of the BRCA protein amino
acid residues 1-304, and those of the BARDT1 protein amino
acid residues 26-327 (Addgene plasmid 12646) were pro-
duced as u GST fusion by cloning the respective genes into
the bacterial plasmid pGEX-<4T1 {Amersham Biosciences).
The full-length ubiguirin (Ub) (Addgene plasmid 12647)
and {/beH 5¢ (Addgene plasmid 12643) genes were inserted
intn a pET28a(+4) derivative for expression of o Hisg-lagged
protein. All reecombinant plasinids were verified by DNA
sequencing, and transformed inlo Escherichia rcolf
BLZ21(DE3) for production of the prutein. Proteins expres-
sion wus indueed with 0.5 mM isopropyl-1-thio-f-
p-palactopyrannside for 12 h ar 25°C. Cell pellets were
resuspended in a lysis buffer [50 mM Tris (pH 7.4), 50 mM
NaCl, 10% glycerol, 10 mM DTT, 1% Triton X-1(4}, 0.5%
NP-40, and | mM PMSF], and then lyred by sonication.



Breast Cancer Res Treat

GST-tagged proteins were freshly prepared by binding to a
glutathione-agarose column (Amersham Biosciences). The
bound proteins were eluted with a buffcr, containing
S0 mM Tris (pH 7.4), {0 mM S-incrcaptoethanol, and
20 mM reduced glutathione, and the purified proteins were
extensively dialyzed aguinst deionized water. Hiss-tagged
proteins were purified using nickel beads (Qiagen), and the
bound proteins were first washed with a binding buffer
[50 mM Tris (pH 7.4), 50 mM NaCl, and 10 mM imidaz-
ole] before being eluted with the binding buffer containing
300 mM imidazole. Purified Hiss—Ub.and Hisg—UbcHSc
proteins were then dialyzed against a buffer, containing
50 mM Tris (pH 7.0%, 10 mM #-mercaptoethanol, and 10%
glycerol. Human Hiss-E1 enzyme was purchased from Enzo
Life Sciences.

Preparation of the platinuin-BRCA1 complexes

Cisplatin, transplatin, carboplatin, and oxaliplatin were
purchased from Sigma-Aldrich, and prepared as stock
sotutions in deionized water (Fig. 2). Pwified BRCA | pro-
teins (1.67 pM) were mixed with the platinum eompounds at
concentration of 5-1000 pM. The rcuclion mixtnres were
incubated in the dark for 24 h at 4°C to help to maintain
BRCAI activity and stability. Samples were snbjected to
extensive ultrufiliration using Macrosep centrifugal devices
(Pall Life Seiences) to remove any unbound platinum. The
amount of protein was then carefully delermined by the
Bradford assay, using BSA as standard. |

In vitro ubiquitin ligase assay

The ubiquilin ligasc reactions {20 ut) contained 20 pM Ub,
300 nM El, 5 pM UhcH5c, 2 pg BRCA1 or BRCALI
adducts, and 2 pg BARDI in a buffer [50 mM Tns (pH
7.5), 0.5 mM DTT, 5 mM ATP, 2.5 mM MgCl,y, and 5 pM
ZnCl;]. Two separate reactions were incitbated at 37°C for
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Fig. 2 Moleculu siructures of Lhe platinum complexes used in this
swdy

3 h, and then terminated by adding an equal volume of
SDS-loading dye before electrophoresis on 8% SDS-PAGE
and visualization of the proiein bands using silver-staining.
The relative E3 ligase activity of BRCA1 adducls was
quantified by normalizing the density of an appurent band
of the wbiquitinated-protein conjugates (o that of the
parenial BRCAT1 as the control, using a Bio-Rad GS-700
Imaging Densitometer.

Results and discussion
BRCAT1 exhibited the E3 ubiquitin ligase activity

The BRCA1-BARD1 RING complexes in the presence of
ATP, ubiquitin, El, and UbcH5¢ exhibited E3 ubiquitin
ligase enzyine aclivity that promoted the formation of high
molecular weight polyubiquitin species that was signifi-
canlly greater than those produced by the individual BRCAL1
or BARD1 RING domain (Fig. 3). The apparent ubiquiti-
naled products, migrating at ~ 70, 80, and 212 kDa, were
likely to be the free ubiquitin polymer or autoubiquitinated
BRCAI1 or BARDI cunjugaies, respectively [9]. Previous
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Fig. 3 Tn vitro ubiguilination. Complete reaction mixtures, coutain-
ing 20 pM Ub, 3060 nM E1, 5 pM UbcHS5¢, 2 pg BRCAL {residues
1-304), and 2 pg BARD] (residucs 26-327), were incubated al 37°C
for 3 h. Lack of BRCA| and/or BARD components in the reactions
were carnried ot under the samc conditions. Samples were then
resolved on 8% silver-stained SDS-PAGE. Molecular weight markers
are: also identified. An apparent ubiguirinated product was iodicated
by fitled dlamond
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studies have demonstrated that BRCA1 and BARD formed
a stable heterodimmeric complex through an inlersction
between their RING domeadns [3]. The complex provided the
proper conlact surfuce on the BRCAI in the first and second
Zn*' -loops, and in the central helix of the RING for binding
E2/lbcHSe. The substantial E3 ligase activity of the BRCA1
complexes may result from the proper positioning and sta-
bilization of the BRCA1 RING domain relative to the
binding interfuces of both the BARD ! and UbcHS5c [24].

BRCA1-mediated E3 ligase inactivated
by the platinum-based drugs

To gain further insights into the functional eonsequence of
the platinated BRCAI, the BRCAL RING protein wus pla-
Lnated in vitro by cisplatin, transplualin, carboplatin, and
oxaliplutin ut various concentrutions. The resulie showed
that the relative E3 ligase activity was inversely proportional
1o the concentration of the platinum complexes (Fig_ 4). An
increase in platinum concentration was accompanied by u
high amount of BRCA1 adducts and a low amount of native
BRCAI prolein as described previously [23]. To address
whelber the inhibition of the E3 ligase activity resnlted from
the formation of BRCA1 addncts or a reduced amonnt of the
BRCAT? subunit, a ten-fold excess amount of the platinated

Fig. 4 1n viiro ubiquilin ligase
aclivity of the platinum~— a
BRCAI1 complexes. Two pg of
the platinum-BRCA | adduets
with & number ol delined
concentrations of cisplatin (a),
transplatin {h), carbopletin (¢),
and oxaliplatin {d} was assayed
for the ubiguilin ligasc aclivitiy,
An apparent ubiguitinated
product (as indicated by fiffed
diamond) was markedly
reduced as the concenaation of
platiniem increased
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BRCAI1 was assayed for the E3 ligase activity, The result
dcmonsirated that the platination of BRCA1 was indeed
involved in the inhibition of the E3 ligase activily (lane 3,
Fig. 5). In a similar way, the platinnin-BARD]1 adducls
failed to exhibit any E3 ligase aclivity (lune 4 and 5, Fig. 5).

Transplatin, a clinmically ineffective rrans-platinum
complex, was the most promising agent to completely
abolish the E3 ligase activity at its etfective concentration
of 80 pM compared to cisplatin and oxaliplatin (100 and
250 pM, respectively) (Fig. 4). Under the same exper-
mental condition, partial E3 ligase uaetivilty was slill
observed for the carboplatin-BRCA| adduels at coneen-
trations that exceeded 1000 pM. The E3 ligase activity was
reduced by half al eoneentrarions of 53 pM for transplatin,
60 puM for eisplatin, 150 pM for oxaliplatin, and 780 pM
for earhoplatin, respectively (Fig. 6). As a result, the
reactivity of the platinum complexes towards the BRCAL
RING domain decreased in the following order: trunsplu-
tin >> cisplatin > oxaliplatin > carboplatin. The geometry
and the properiies of both the leaving and the non-leaving
groupy of Lhe platinum complexes seemed 1o play essential
roles in controlling the reactivity towards BRCAL. The
activation of the platinum complexes oecurs when the
leaving group either chloride or oxygen is repluced by
water before the interaction with the nucleophilic groups of
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5 40 _20 40 &0 8 100
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Fig. § In vilro ubiguilin ligase activity of the platinum-BRCA1 or
plalinum-BARD] complexcs, Lane [ complete EJ ligasc rcaction
with 2 pg native RRCA|, lane 2 meaction of 2 pg BRCAI adduct
with [00 pM cisplarin, Jane 3 reaciion of 20 pg BRCA1 adduct wirth
100 pM cisplalin, lane 4 reaction of 2 pg BARDM adduect with
100 pM cisplatin, and lame 5 rcacion of 20 pg BARDI adduct
with 100 pM cisplatin. An apparenl ubignitinaled product (as
indicaled by filled diameond) was markedly reduced as the concen-
ration of cisplulin inecreased {Fig 4u)

Lthe prolein side-chains [25]. The ehelation effect and steric
hindrance hy the bulky leaving ligand of cyclohutane-1,2-
dicarboxylic acid results in a much slower hydrolysis rate
(5.00 x 107° s~ for carboplarin vs 1.62 x 107> 57! for
cisplatin), and indicates that there is a very low reactivity
of carboplatin to BRCA1 [26, 27]. The chloro leaving
groups in both cisplatin and transplatin readily undergo
Liydruelysis in waler, and this results in & higher reactivity.
The replacement of lwo ehlorides in the trans configuration
of trangplatin is the easicst prmcess compared to that of
cisplatin. Transplatin is, therefore, the most effective

vompound in inhibiting the E3 ligase activity. We suggest
that the cis/trans geometry plays an important role in the
reactivity and interaction with proteins [28]. In addition,
oxaliplatin exhibits a moderate reactivily w BRCAI
because the hydrolysis rate of the vxalate cxchangeable
group (1.20 x 107% 57!} is intermediate between those
reported for cisplatin and carboplatin under similar condi-
tions [29]. The five-membered chelation and the steric
hindrance of the diamminecyclohexane non-leaving mojety
at the platinum center of oxaliplatin are believed to be
unhydrolyzable, and result in its siguificant stability [29].
This result was consistent with previous studies thal have
demonstrated a similar reactvily of the platinnm complexes
lo a number of oligonucleotides and proteins, such as
ubiguitin, human seram albumin, and a human copper
transporter 1 [25, 28, 30, 31].

Preclinical and climical studies have recently gained
much atteution by taking advantage of the mbereul weak-
ness of the BRCAI dysfunclion in cancer cclls thal
increases their sensitivity lo DNA-damaging apents, such
as platinum agents. A pathology determined complete
response and excellent compliance was observed in nine
(90%) out of 10 breast cancer patients with BRCAI
mutations after cisplatin chemotherapy every 3 weeks for
four cycles [19]. Lirespective of the BRCAT slalus, eighleen
(64%) of 28 tnple-negative breast cancer patients also had
a good elinical response to ncoadjuvant therapy with cis-
platin [32]. Pactors assoctated with a pood cisplatin
response included young age, low BRCAI mRNA expres-
sion, BRCAI promoter methylation, p53 mutations, and a
gene cxpression signature of the activity of E2F3. In
addition, the significant benefits of the pathological
respouse and overall survival rate from cisplatin-based
chemotherapy werc extended 1o the bladder, ovarian, and
non-sinall eell lung (NSCL) cancers patientz [33-33].
Therefore, platinum-based therapy appears to be effective
in a high proportion of paticnts with a BRCA1 dysfuuction.
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Fig. 6 Tohibilivn uf (he BRCAL E3 ligase aclivity by (he platinmn
complexes. The apparent ubiquitinatcd products (as indicaled by filled
diamond) in gels shown in Fig. 4 were quuniified by Bio-Rud GS-700

Imaging Densilometer. The relative E3 ligase activity of BRCAI
adduocts (%) was plotted as a function of the concentration of (e
platinnm complexes
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Thiz study has revealed the inactivation of a BRCAI
function by platinum complexes. This could raise the
possibility of utilizing the BRCA] RING domaiu as a
potentially molecular target for platinum-based egents in
cancer chemotherapy. A new generution of platinum
compounds, especially frans-platinuin ones, or other melal-
based drugs that specificully targei the BRCA1 RING
domain, and disrupt its B3 ligase activity could signifi-
cantly improve the efficacy of the anticancer drugs [36].
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