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The breast cancer suppressor protein 1 {BRCA1) has been shuwn Lo purlicipuale in genomic integrity
mainlenance. Preclimical and clinical studies have recently revealed that the inactivation of BRCALI in
cancer cclls leads 1o chermosensitivity, Approaching the BRCA1 RING prolein as a potentially motecular
largel for a plalinum-based drug might be of interesl in cancer therapy. In the present siedy, the in vitro
platination of the BRCA1 RING protein by the anticancer drug cisplatin was observed. The protein
contained & prelormed struclure in the epo form with structural changes and resistance to limited
pratenlysis after Zo?* hinding. SDS-PAGE and mass-spectrometric analyses revealed ihal cisplalin
preferentially formed monofunctional and bifunctional BRCA1 adducts Tandem mass specirometry
{MS/MS) ol the 656.2%9+ jun indicaied that The jun arose [rom [PI{NH,),{OH)]' bound to thc BRCAI
peptide '"ENNSPEHLK'. The product-ion spectrum revealed Ibe Pl-binding sile on His117 Circolar
dichroisin showed that the apo form, not holo fonmn, of DRCAL underwent more folded structural
rearraugement upon cisplalin binding. Cisplalin-bound prolein exhibilcd an cnhanced thermostability by
13°, resulting from the favorably intermolecular cross-links driven by the free energy. Our fludings
demonstraicd the first conformational and thermal evidences for a direct binding of cisplatin to the
BRCA1 RING dornain and could raise a possibilily of selectively largeted Ireatment ol cancer with less
loxicity or improved response to conventicnal regimens

Introduction. — Cisplatin {cis-diamminedichloroplatinum{II)), a Pt-based anti-
cancer drug, is widely used for the treatment of human testicular, bladder, ovarian, and
head and neck cancers [1]. Ils anlicamcer aclivily polcndially resulis from (he
modification of DNA through covalent cross-linkings or Pi—-DNA adducts which
interfere DNA replication and transcription, and ultimately leading to cancer cell death
[2-4]. The cifcctiveness of the anticancer drug cisplalin depends on the drug tptake
and its actual amount that reacts with the cellular targets. The physiological chloride
concentration (110 mm) in blood and extracellular fluids is bigh enough o suppress
cisplatin hydrolysis. Cisplalin rcaches the surface ol cells as a dichloro form. Passive
diffusion is believed to be the main mechanism that enahles it to enter the cells. The
drug uptake in the breast cancer MCF-7 cells was 0.197 ng platimum per mg protein
wilh a high accumulalion ralio of 5.4 helween the intracellular and extracellular
platinum concentrations after a 24 h continuous treatment with cisplatin (0.1 pm) [5].
The intracellular activation of cisplatin is required before it plays an important role in
cylotoxicily, facililated hy the low cellular concentration of Cl- ions ol ca. 2-3 mM.
Chlorine groups of cisplatin are easily replaced by H,O molecules Lo allow the
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formation of aquated species in a slepwise manner. The hydration rate constanl of
monoaqua form was faster than that of diaqua form (238 %10 fs-'vs 14 %1075 1)
[6]. The agualcd forms are more reactive to the cellular targels which contain
nucleophilic groups such as DNA and RNA at N(7) of gnanine and adeuine bascs and
protein side chains of cysteine, methioniue, and histidine at S and N moieties [7].

The inieraction of cisplatin with proteins is of particular significance and believed to
play an important role in drug distribution and inactivation responsible for dctermining
its toxicity [B-15]. Intriguingly, its reaelion is also implicated in some crucial aspects of
protein structures and functions. For instance, eisplatin can cause the structural
perlurbation of a syntbetic peptide containing a Zn** finger domain. The Pt
coordination to Zo?*-binding siles resulted in Zn?' ejcction and subsequently loss of
protein tertiary structure, implying the inhibition of critically hiological functions
rcgulated by Zn?' finger protein. Such a mecbanism has beeu discusscd in the
apoptosis proccss medialed by the interaction of cisplatin and Pt-based compounds
with Zn?+ finger transcriptional factors [16]. Likcwise, the nucleocapsid Zn?* finger
NCp7 protein, a protein required for the recogaition and packaping of viral RNA, was
altraclcd by some Pt compounds, thereby inhibiting its nucleie acid binding and
preventing the viral mliectivily [17~19]. The Zn** finger protein, therefore, is a
potential target for Pt compounds in medieinal application.

The hreast cancer suppressor protein 1 (BRCAL) Las beeu shown to play a vital
role in genomic integrity maintenance through multiple functions in DNA damape
repair, cell-cycle checkpoint, protein ubiguitinalion, and transcriptional regulation
[20-22]. Tt contains 1863 amino acid residues that are charaelcrized inlo three major
domatns, including the N-lerminal Zn?+ finger RING domain (BRCAl RING
domain}, the large central segmenl, and the BRCA1 C-terminal domain (BRCT). The
BRCAIL RING domain contains the conservalive sequences of cysteine and histidine
{CHC,) uccessary [or the specific coordination with two Zn?* ions, Atomic siructurc
of the BRCAl RING domain have rcvealed thal both ends of the domam are
antiparallet r-helices, flanking the central RING molif characicrized hy a short
anliparallcl three-siranded g-sheets, two large Zn?+-binding loops, and a central a-helix
[23]. These two 1uetal-bindmg sitcs are established in an interleaved fashion, which the
first and third pairs of cysteines (Cys24, Cys27, Cys4d, and Cys47) form site [, and the
sccond and fourth pairs of cysteines and hislidine (Cys39, Hisdl, Cys61, and Cys64)
forin site II. It is an imporlant domain, since it can play a central role in BRCAI-
mediated macromolecular interactions Lo cxerl ils [unctions [24][25].

Recently, a new approach for cancer therapy is medialed by altcralion in DNA
repair process [26-28). The cells with dysfunctional DNA repair aceumulate the high
level of DNA dainage, eventually resulting in major genomic instability and cell deatl.
Several lines of evidences demonstrated Lhat cancerous cells witlh BRCAT inactivation
had a defcct in DNA repair of double-strand breaks (DSB) through the mechanism of
homelogous recowbiuatiou [29-31]. The DNA cross-linking agents that geuerate
DSBs and require the homology-directed repair would be bencficial for treatment of
such cancer cells, BRCATl-Deficient cells which impaired the BRCA1 function were
shown to be hypersensitive to cisplatin, milomycin C, and cyclophospbamide, and
displayed the effectively clinical response for fighting BRCAl-assoeiated breast and
ovarian cancers, Or even its aggressive forms of basal-like and triple negative sublypcs
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[32-34]. A clinical stndy assessed ten patients with BRCA1-positive breast cancer who
were treated with cisplatin. An impressively pathologic complete response of 90% was
observed in nine patients with excellent compliance [35]. Additionally, the Pt-based
chcmotherapy in patients with triple-negative breast cancer achieved a significantly
higher complete response rale in cownparison to non-triple-negative patients (88 and
51%, resp.) [36]. Reconstitution of BRCAL in the cells vig transfection undoubtedly
gained the BRCA1 functions and resulted in a reduced level of eancer ccll death,
following treatment with cisplatlin or other DNA-damaging agents {37]. Moreover,
recent evidences revealed the implication of BRCA1 in cisplalin-resistant breast and
ovarian cancer cell lines. These cells acquired resistance to DNA-damaging agents
mediated by secondary mulation in BRCA1. This mutation restored BRCAI1 protein
expression and function in DNA repair, eausing Lhe cancer cells to become more
tolerant to cisplatin [38][39).

The above data demonstrated the utilization of BRCA1 dysfunction as a clinically
validated target for therapeutic applicalion [40-47]. The interaction of cisplatin with
the BRCA1 protein, particularly the BRCAI RING dowmain, is of great interest.
Allerations in Zn?* coordination sites or some residues of the BRCA1 RING domain
have been shown Lo perlurb protein structure and ubiquitin ligase activity [48—50].
Therefore, largeting the BRCA1l RING domain through the disruption of Zn?*-
eoordination sites by the Pil-based drugs might be effective for the cradication of
cancers and rccurrenily Pt-resisiant cancer with lesser adverse effects than the
empirical and historieal treaunent. Here, we describe the first evidence for a direct
binding of the anticancer drug eisplatin to the BRCA1 RING doinain, parlicularly ils
conformalion and thermal denaturation.

Resulis. - Expression and Purification of the BRCAl RING Domain. The BRCA1
RING domain consisling of residues 1-139 was expressed in E. colf BL21(DE3) with
the regulation of the indueible T7 promoter of a pET28a (+) derivative. Because of the
restriction sites used, BRCALIL contained the leading MGS residues derived from the
plasmid. It was purified to an apparent homogeueity by reversed-phasc {RP)
chromatography (Fig. 1). Partial amino acid sequences of BRCA1 were verified by
analyzing the peptides from a tryptic digestion with 1nass spectrometry (Fig. 2). The
experimentally cbtained sequences corresponded to the N-terminal region of BRCAL.
Purifiecd BRCA1 proleins were further used to characterize some properties in the
following experiments. )

Protein Secondary Structure and BRCAL Dimerization. CD Speetra of the BRCAL
RING domain with and withoul Zn?* honnd showed similar profiles in shape with
some differences in their amplitudes ( Fig. 3). This indicaicd the potential preformation
of the BRCAI structure in the ahsence of Zn®* or apo forin, and the BRCA1 RING
domain gained additionally folded strueture in the holo form after Zn** binding. A
nonlinear least-squares fit of thc BRCA1-Zn?* hinding isotherm with a simple 1:2
coordination model yielded a binding constant of 2.79+0.24 x 10° m~! and provided the
free energy of binding (AG) of —8.64 kcal mol-! (Fig. 4). Furthermore, gel-filtration
chromatograpliy revealcd that BRCA1 was eluted as a single peak with the molecular
mass of a dimer (data not shown). The result from glutaraldchydc cross-linking also
eonfirmed that the BRCA1 RING domain predominantly formed a dimer, although
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Fig | Expression and purification of the BRCA1 RING

domain. Transformed E. eoli BL21(DER3) cells were induced

wilh 0.5 mm IFTG end analyzed by 15% SDS-PAGLE with

Conmassie blue staining. Lane {: wholeccll lysatc unin-

duced; Lane 2: whole—cell lysate after a 4-h induction: Lane

3: puribicd BRCAI protein after reversed-phase chromatog-
ruphy.

* 0w " s s om
1 MDLSALRVEE VQNVINAMOQK ILECPICLEL IKEPVSTKCD HIFCKFCMLK 50
. &
51 LLNQKKGPSQ CPLCEKNDITK RSLQESTRFS QLVEELLKII CAFQLDTGLE 100

101 YANSYNFAKK ENNSPEHLKD EVSII(QSMGY RNRAKRLLD 139

Fig. 2. Amino acid seq e of the peplides after trypiic digesiion. BRCAT Protcin band from Coomassie

blue-stained SDS-PAGE was excised, alkylated with iodoacetamide, in-gel digested wilh (rypsin, and

then nnalyzed by LC/ESI-MS/MS. Amino acid scquences of each trypric peptide were indicated in italic

bold letters. These carresponded 1o the N-terminal region of BRCAL The Zn?*-binding silcs were
identified with the asterisk.

the higher order of oligomerization was also observed at_ligher glutaraldchydc
concculration and prolonged incubation (data not shown).

Moreover, limited proteolysis was used (o probe the siructural consequence upon
Zn’* binding. BRCA1 without Zo?+ or in excess of ethylenediaminetetraaeetic acid
{EDTA) was rapidly degraded after the addition of elastase (Fig. 5,a). Two residual
fragments were appareni, and the cxaminalion by in-gel tryplic digestion with mass
spectrometry revealed the identity of the residues 1-88 and 8- 38 which posscssed only
the minimum RING domain. Similar results were obtained with trypsin digestion
(Fig. 5,b). The rcsults suggested that BRCA1 withoul Zn?*t was considerably flexible
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Fig. 3. The CD specrra of the BRCAI RING domain. Samples {0—5 mol-equiv. ratio of Zn*+ to protein)

were used (o monilor Zo-dependent folding property of the BRCA1 RING domain. Valnes were given

as the mean residue ellipticity. Samples were incubated with Zn?* at 4° for 24 h before CD measurement.
The measurements were performed at 20° wilh the scanning rate of 50 nm/min.
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Fig. 4. Titration curve of 7Zrt* binding to BRCAI Changes in eltipticity of protein at 208 nm with
increasing Zn** concentration were plotted, and the binding constant celewlsted using Egn. 7 was 2.79+
024 x 108 M~
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with slightly or no protease resistanee. On the other hand, BRCAL with Zn?* was
ruther resistant to proteolysis throughout the course of time (Fig. 5,c and 4). It
indicated that Zin?*+ causes ihe structnre of the BRCAI1 prolcin Lo be more (olded or
rigid with reduced proteolytic susceptibility throughout its C-terminal portion.

Cisplatin Binding to BRCAI and Protein Conformation. It was well-estahlished that
cisplatin induced the bifunctional adducts through the inlermolecular cross-links of
some proleins [11]. Thc mono- and triflunctional protein adducts also occurred by the
intramolecular cross-links [13]. Thus, the types of adduct formation hy cisplalin are
distinctive and dependent on the accessibilily of Pi-center and protein side chains. The
BRCAI1 RING domain formed intcrmolccular cross-links caused by cisplatin, and the
high amounl of cross-links was accompanied by an increase in cisplatin concenlration
(Fig. 6). This result was further verified by mass spectrometric (MS) analysis,
suggesting favorable monofunctional and bifunctional BRCAT1 adducts (Fig. 7).

Although cisplatin has been dcmonstrated o induce protein dimerization and
perturbed some protein structures, the secondary structure of the BRCAI RING
domain in the apo form was maintained and nnderwent more folded siructlural
rearrangement after increasing cisplatin concenlralions as judged by an increase in
negative CCD spcetra al 208 and 220 wn (Fig. 8,a). It was possible that cisplatin might
bind to the wnoccupied Zn**-binding sites and cause the siructural changes from 50%
a-helix, 9% f-sheets, 14% turn, and 26% disordered clement to 60% u-helix, 2% f-
sheets, 15% turn, and 24% disordered element. The binding constant of the in virro
platination was 3.00+0.11x10°mM~!, and the free energy of hinding (AG) was
-- 8.68 kcal mol ~! (Fig. 9). In addition, CD spectra of BRCA | pre-incubaled with Zn?+
gave the identical profilcs, suggesling thal cisplatin could interact with other residues
rather than the Zn**-binding sites, and barely affected the overall conformation of
Zi**+-bound BRCAL (Fig. 8,b).

To locate the hinding sitc of cisplalin on BRCAL, in-gel tryptic digestion of free
BRCA] and cisplalin—~-BRCAL adducts (molar ratio 1:1) were subjected to LC/MS.
The result revealed a unique fragment ion {+2) wilth a peak at m/z 656.29 obtained
only [rom cisplatin- BRCA1 adduct digests { Fig. 10). Tandein MS analyses (MS/MS)
of the 656.29%* ion (mcasurcd mass 1310.57 Da) indicated that the ion arose from
[PU(NH,).,{OH)]* (tbeoretical mass 245.99 Da) which was attached to a BRCAl
peptide V"ENNSPEHLK'"? (theoretical mass 1066.44 Du) wilb a mass difference of
0.86. Coordination of HyO to cisplatin lowers its pX, (pX,, 5.37 and pX,; 721) to give
hydroxe forms [51]. This product potentially reacted with BRCA1 and yielded
BRCAL-Pt(NH,),(OH) as described hy the following rcactions.

P1{NH;),ClL+2 HyO = [Pt(NIL,),(H,O), P+ +2 Cl-
[Pt{NH,).{H,0),]** = [PUNH,),(H,O)}(OH)]* +H*
BRCAL +[Pt{NH,),( H;O)(OH)]* == BRCA1-Pt{NH,),(OCH}+H,0+
The prodnci-ion spcetrum of the ion (+2) wilth the peak at m/z 656.29 revealed the

sequence ions (bf, {by—H,Ol*, [b,—H,0]*, {bs—H,0]', [b;~H,O]*, b7, [bg—
H,01*, b, and y#, which corresponded Lo Lbe peplide Glulll—-Lysl19 of BRCAL
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Fig. 5. Limited proteolysis of the BRCAI RING domain, Purified BRCA1 proteios withoul (a and b} and

with (= and d) Zn?* were incubaled wilh elasluse (2 and ¢) or trypsin (& and d) at the protein/protease

ralio of 100-200:1 (#/w). Reaction aliquols were removed at 0, (.25, 0.5, 1,2, 3, 6, 12, aodd 24 h aller the

addition of prolease { Lares 1 -%,1esp.) and then identified on 15% Coomassie blue-stained SDR-PAGE.
The molecular mass marker (kDa) was posilioned.
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Fig. 6. 15% SDS-PAGE of BRCA! iwermolecular

cross-linking by cisplatin. BRCAl Protcins
{10 )y were incubated with a number of cizplatin
MOnOmer  concenrrations in the dark at 37° for 24 h. Lane I:
prolein withool csplatin; Lanes 2—4: proleins
with 10, 100, and 10NN juu cisplatin, respectively.
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(Fig. I1). The ions with peaks al 116553 and 1293.57 were the Pt-bound b (Lheoretical
miz 1166.39) and b (lheoretical mfz 1204.43), respeetively, whereas the ion
corresponding to the peak at yniz 656.28 was assigned as the Pt-free b} ion with losing
a H,0 molecule (theorelical m/z 653.26). It is specnlated that cigplalin interacts with
the ecunterpart of the b ion (Hisl17-Lys119). The ion with the peak al m/z 641.32
was the Pt-containing yi ion (theoretical m/z 642.24), and the ion with the peak at
miz 260.19 was the Pt-frce yi ion (theoretical m/z 260.20). The difference in m/z
{381.13 Da) indicated the binding ol eisplatin to Hisll7 (theoretical m/z 382.05 Da).

Thermal Denaturation of Cisplatin-BRCAl Adducts. Thermal denaturation was
monitored by CD to follow hecat-induced unfolding which determined the effect of
cisplatin hinding on Lhe stahilily of the BRCAIL RING domnain. BRCA1 pre-incubated
with or without Zn?* was tucubated with cisplatin, and CD spectra showed the identical
changes with an increase in ellipticity when the temperatnre was raised from 15° to 95°
(Fig. 12). It indicated that ihe folded proteins gradually lost the contents of the ordered
struetures. When cooling to 20° after heing heated at 95°, CD spectrun was partially
recovered, indicating an incomplcle reversihility of the unfolding/refolding process.
The irrcversibility was probahly caused hy the aggregalion of the heat-unfolded
prolein. Furthenmore, the thermal denaturation curves were used to cownpare the
stabililies among platinated proteins, and the inelting temperatures (7, ) were collecled
in the inget {Fig. /3). The results showed Lhat Lhe melling lemperatures of BRCA1
wcere ca. 74° and 83° in the absence and presenee of Zn?*, respeetively. This suggesied
that the BRCA1 RING domain was more thermostahle by ca. 9° upon Zo** hinding.
Thus, it supported the important role of Zn?* in the determination and stabilization of
the local secondary structure in the RING domain. It was notable thal cisplatin at Lhe
coneentration of 10 uM exhiibited siilar melting ternperatures as those ohserved for
Zo** binding to the BRCA1 RING domain. However, highcr melting temperatnres
were observed at a ienfold concentration of cisplatin. These data supgested that
cisplalin binding lo the BRCAL RING domain conferred an enchanced thermostability
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Fg. 7. M5 Analyses of cisplatin- BRCAT adducts. a) BRCAI Proteins (15 p) or b) cisplatin-BRCA |
adducts (1:1) were incubaled in the dark =1 37" for 24 h. Samples were directly subjected to an ESI mass
gpectrometer, and the deconvoluted spectra were given,

by 13°, Resistance to thermal denaturation of cisplatin-modifed BRCA1 RING dounain
might result from the favorable intermolecular cross-links driven by the free energy.

Driscussion. ~ The interactions of some proteins with cisplatin have extensively beeu
investigated, and the cisplatin—protcin adducts are divergent in the formations and
functions. For instance, the platination of human serum albumin caused a partial
unfolding of the protein structure at high drug concentration and mduccd intcrmo-
lecular cross-links [#][11]. A few types of intramolecular cross-links occurred also in
ubiquitin adducts [13]. The loss of activity in protein aggregation prevention of the C-
terminal heat shock protein 90 was reported as the consequence of cisplatin binding,
but it did not show any conformational change [52].
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Fig. 8. The CI} spectra of cisplaiin— BRCAIQ adducts. BRCA] Proteins {10 pw) without Zn®* {2} and
with pre-incubation of 3 mol-equiv. ratie of Zn?* to profein (&) were mixed by a number of cisplatin
concentralions Samples were incubated in the dark ar ambient temperature for 24 b before CD

measurement al 20° wilh the scanning rate of 50 nm/min. The mecen residue ellipticity and wavelengih
ranging from 200 0 260 om were ploited.

Numerous studics of BRCA] have revealed its involvement in DNA repair whose
functional loss results in increased anticancer aclivilics of somc DNA-damaging
chemotherapeutics [35-38]. Targeting cancer cells specifically by utilizing the
advantage of BRCAY inaclivalion could provide an effeclive clinical response with
less adverse effects for treatment of BRCAl-associaled cancers and their aeqnired
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Fig. 9. Titration curve of cispletin binding to BRCAI. Changes in ellipticity of protein ar 208 nm with
incrensing cispletin concentration were plotted. The binding eonstant caleulated using Eqn. J was 3.00 &
0.17 = 108 m-1.

resistance [35][53]. In the present study, the BRCA1 RING domain was tarpeted by
the antieaneer drug eisplalin, aud its structural eonsequences of prolein conformalion
and thermal denaturation were ohserved. The RING protein revealed sowne structural
elements iu ils apo form and additional folded strueture in the holo form. Noi only was
the structure more folded or compaeted upon metal binding, bul (he prolein
coordinating with Zn?* appeared to be resistant to proteolysis. This was in eorrelalion
to other Zn?* finger proteins such as transcription factor I1IA, exhibiting the metal-
dependent foldiug recognized in the RING domain family 1o provide the proper
conformation for interactions with other macroinolecules [54].

Cisplalin-modified RING protein presented herein revealed favourable mono- and
bifupetional BRCA! adducts. Binding of cisplatin to lhe .apo form of BRCAI
underwent more folded structural rearrangements potentially at the vacant Zn*-
hinding sites. However, cisplatin did not pertnrb the global conformation of the holo
formn of the BRCAL RING protem. It implied that the drug interacled with olher
residues beyond the Zn?*-binding sites Tandem mass spectrometric analyses (MS/MS)
indicated the formalion of monofunctional adduct with [Pt{NH,),(OH)]* on the
BRCAL peptide MENNSPEHLK!'". The protonation of Lys119 at neutral pH and the
preference of aqnated cisplatin for His based on a dipeptide His-Ser model also
supported our reanlt that His117 was the Pt-binding site [55]. Althongh the bydroxo
form in the adduct complex is generally less reactive than lhe aqua form, ils existence
may be essential for interaction with other nucleophiles as it shows the significant
reactivity towards thiol groups [36].

The Pt binding to BRCA1 had Lhe binding constant of 3.00 x 10° M-, cquivalenl Lo
thal of Zn?* binding {2.79 x 10° M ~!). The calculated free energy of cisplatin and Zn?*
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Fig. 10. M5 Analyses of the cisplatin—- BRCA! udduct digests. Tn-gal tryptic digestion of a) the cisplatin—

BRCAI adducts (molar ratio 1:1), and b) free BRCA1 were subjected to analysis by LC/MS. A unique

fragment ion of 656.29%* only derived from Lhe cisplalin-BRCA1 udduct digesls presented a Pi-
conlaining peptide.

bindings were ca. —8.68 and — 8.64 kcalmol -, respectively, suggesting the thennody-
namic conlribution of metal-induced protein folding in the RING domain to drive
protein folding, dimerization, and thermostability of BRCAI. The comparison of these
two binding conslants was nol straighiforward as described in a previous study,
demonstrating the affinity of Zn?* and cisplatin to a short Zn’* finger peptide of 31-
mers in a different fashion [16]). Zn** Rinding to sueh a peptide employcd Lhe slepwisc
coordination by four cysleincs with the binding constant of 3.91 x 10 M~ !, whalst the Pt
binding involved Lhe coordination by two cysteines with the affinity of B.80x 1(F m 1
However, tbe binding constant of thc Pl-atom to a larger Zn?* [inger prolein is
supgesied Lo be much higher due to other favorable binding sites beyond the Zn?*-
binding residues of protein. Moreover, a short syntbetic peptide containing a minimal
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Fig. 11. The product-ion spectrum of the MSIMS analysis for the 65629+ ion. 1 indicatcd thal
[PU(NH,);(OH)]+ was attached to s peplide "\ ENNSPEHLK!® of BRCAL

BRCAL RING domain exhibited the Co?* binding constants ranging from 1.26 x 109 Lo
3.85%x 10" m~! [57]. Generally, the hinding specificity ol a Zn?*-binding peptide for
Co** was 2-4 orders of magnitude lower than that for Zn?* [58}[59]. Our observed
binding constlants are, therefore, consistent with these studies and showed a ca. 34-[old
higher Pt affinity than that observed for the short Zni** [(inger peplide of 31-mers
(3.00 x 10 vs. 8.0 x 10! M '), implyimg Llhe overall influence of the adjacent residnes of
the RING protein on the metal affinity [16]. Additionally, the Zn?*-bonnd BRCA1
RING domain was more thermostable by 9° than the Zn?+*-frec prolcin. The mcreased
stability was apparenily provided by the coordinating Zn?*, which mostly contribuied
o the proper folding of BRCAL. Although the meltiug temperature of the BRCA1
RING domain was high and far from the physiological condition (ca. 74-83°), it was
consistenl with the prcvious study, showing that the Zp?* finger domain formed a
thermostable  structure [53][60]. Furthermore, the increased thermostability of
cisplatin—-BRCA1 adducts by 13° probably rcsulicd from the thermodynamieally
stabilizing eontrbution of mlermoleeular cross-links [61].

Cisplatin can interaet nonspecifically with cellular proteing. Nucleophilic thiol
proteins such as glutathione and metallothioncins arc capable of binding to cisplatin
betore reaching the cellular targets. The intracellular conceniration of glutathione is as
high as 10 M, and it correlates to cisplatin resistance in which 1 mol of Pt binds Lo
2 mol of glutathicne with the rate constant of 8.45 % 10~ m~! -1 [62][63]. Moreover,
the increased lcvels of melallothioneins have been found in some cisplatin-resistani
cclls [64]. The stoichiometry of cisplatin—metallothionein {7:1) complex is cslablished
with a significantly high association constant of2.3 x 102 m~! [65]. The high abundance
and affinity to Pt of bolh two proteins in cclls cau compete with the BRCA1 RING
prolcin [or cisplatin binding. To avoid cisplatin inactivalion, some specilic cnzyme
inhibitors for biosynthesis of glutathione and metallolhioueins have been used [66].
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Fig. 13. Thermal denaturation curves of cisplatin—- BRCAI adducts. BRCAI Prolein (10 par) withaul

Zn*' und wilh pre-incubation of 3 maol-equiv. ratin of Zo? to protein were mixed with various

concentralions of cisplatin (0, 10, and 100 pM). Samples were incubated in the derk al ambienl

temperaturc for 24 h before CD mcesuremenl. The CD signals at 208 nln were measured, and Lhe
nnlulded fraction as a funclinn of temperature was plotied.

ligase activity which is closely associated wilth the DNA repair pathways [50]). The
complete information would be benelicial for [ulure therapeutie strategy of utilizing
the BRCA1 RING domain as a poteutially molecular target for Pt-based agents in the
treatment of BRCAl-associated cancer and its apgressively basal-likc and uriple
negative subtypes with higher survival ratc [35][36].

This work was supparted hy the Matinnal Synchrotron Research Center of Thailand (1-2548/L501),
aud, in part, hy the National Research Cosuncil of Thailand (PHAS1119900418), und Prince ol Sungkla
University (PHAS301888). We would like 1o thauk the Pharmaceutical Laboratory Service Center,
Facully of Pharmacevtical Sciences, Prince of Songkla University, for research facilities Prof. Dr. Lido
Heinemann, and Dra Eva-Christina Mittfer and Afbrecht Otto ul Mux-Delbriick Center for Mulecular
Medicine (MDC), Berlin, Gertnany. are acknowledged for kind assistance and discussions.

Experimental Part

General. cis-Diamminedichloroplatinum{I1) (cisplatin), bavinc scrum albumin (BSA). isopropyl-fi-
p-thiogalactoside {IPT(), iodoucclumide, sodinm cacodylale trihydrate, t-octylphenoxypolyethoxy-
elthanu] {Triten X-100), phenylmethylsulfonyl fluoride {PMSF}, and glutaraldehyde were purchascd
from Sigia Chemicals Co. {USA), Agarosc power, (amino)tris(hydroxyrhethyl inethane {tnolecular-
biology gradc), clastase, and lrypun (sequencing prade), aud dATP, ACTF, dGTP, and dTTP were from
Prumepa Corporation (1ISA). Restriction enzymes BemHI and Xkol werc obtaincd from New Lrgland
BinLabs Inc. (USA). Nonlder P-40 {NP40)) was purchused [rom Bio Buvic Inc. (Canada). MeCN (HPLC
grade) and kunamytin were ahlained from Roth (Germany). Bacto™ tryptone, Bacro™ yeast cXtract,
nnd Bacte™ agar were fram Becton, Dickion & Ca {USAY). Dithiothreitol, ethylencdisminctetruacetic
acid disodium salt (EDTA ), guanidinc hydrochloride, CF;COOH, und ZnCl; were oblained from Fluka
{Switzerland).

Cloning of the RRCAI RING Domain, The DRCA1 RING domain containing the first 139 amine
acid residues was prepared by RT-PCR. Tolal RNA was exlracied from human while hlaod cells nsing the
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Torat RNA Isolation Kit (QIAGEN, D-Hilden), which was further used for cDINA synthesis of the
BRCAL! gene fragment using the QIAGEN OneStep RT-PCR Kit. The BRCAZ gene Iragmenl was
amplified by PCR. Primers nsed were synthesized lo incorporale the 5 BamHI and ¥ XTol endenuclease
restrielion sites on the PCR products {forward primer: §-GACACGCGGATCCATGGATT-
TATCTGCTCTTOG-Y, reverse primern: 5-GACACCGCICGAGTCACTGTAGAAGTCTTITGG-
CAC-¥). PCR Products were digesied with BamHI and Xhol, cloned inte a plasmid pET28a(+)
derivalive, and subsequently verified hy DNA seqnencing. The recombinant plasmids were transformed
inn Escherichin coli BL21{DE3) for prolein synthesis

Expression and Furificarion Transformed E. coli BL2I(DE3) cells were grown in Luria Broth
medium with 30 pg/ml kanamyecin at 37°. lsopropyl-f-p-thiogalactoside was added to a final concen-
Iration of 0.5 mM to induce the expression, when the Ay o, Teached 0.5-0.6. Cells were nllowed (o grow
for 4 h after induction and harvesied by centrifngation. Cell pellets were resuspended in lysis buffer
{50 mM Tris, pH 7.6, 50 mM NaCl, 10 mm DTT, 1% Triton X-100,0.5% NP-40, and 1 mm PMSF) and then
lysed with a French press Lysale was purified using a Vydac protein C4 RP colomn (Grace, Deerbeld, IL,
USA) with a McCN gradient, cuntsining 0.1% CF,COOH. Parified protein was identified on 15%
Coomassie blue-stained SDS-PAGE and subsequently confirmed by sequencing the tryptic digested
peptides

Gei-Fitiration Chromutography. Purified BRCA] proteing from RP chromatography werc lyophi-
hzed and resuspended in 2w guanidine HCI with 3 mol-equiv. ratio of Zn?+ to protcin. Proieins {.3 mM)
were applied on an anal, Superose 12 HR 10i30 column {Amersham Biosciences, Piscalaway, NJ, USA).
The column wus pre-egnidibraled with 25 mM Tris, pH 7.0, 150 mm NaCl, and 10 p ZnCl;, and the
elution profiles were monitored at 212 nm.

Gluaraldehyde Crogs-Linking. Peak lractivns from gel filtralion colnmn (iypically 2 pm) were
subjeeled to the cross-linking reaction in the presence of 0.001-0.05% glutaraldehyde {(w/v) at ambicnl
temp. Reaction aliquots were removed at 0, 15, 30, and 60 min aller lhe nddilion of ploiaraldehyde,
quenched with an equal volume of SDS-loading dye, and visnalized on"15% SDS-PAGE by silver
slaymnyg.

Limited Proteolysix and Mass Spectromerry. Prolcin samples (30 pm) in the absence and presence of
3 mol-equiv. ratio of Zn?* Lo prulein were prepared in 10 mM caeodylate hoffer pH 6.8 and mixed with
either elaslnse or (rypsin at the prolein/protease ratio of 100~500:1 {w/w) at 37°. Reaction aliquots aL
different ime intervals were quenched by adding an equal volume of SDS-loading dye. Samples were
visualized on 15% SDS-PAGE by Coomuassie blue staining. Proteclysis of metal-free protein was also
delermined in lhe presence of 0.5 mM EDTA. To determine the constituents of the digested products, the
profein bands of interest Irom the SDS-PAGE gel were excised, in-gel nlkylated with ivdoscetamide, aml
digested with sequencing-grade irypsin (Promega). In-gel digestions of free BRCAY and cisplatin-
BRCAT1 nddnets for churneterizing the hinding sites of cisplatin were also performed with ignoring the
modification by iodoacetamide. The peptide mixiurc wus sepurnied un a PepMap CI8 columo (75 pm/
150 mm dimensions with 3 pm parlicle size}, nsing a gradient of 4-50% MeCN. Eluted peptides were
ionized by elecirospray ionization (ESI), and mass specira were seguired with a QTRAP 4000 Mass
Specirometer (Applied BiosysiemsiM DS Sciex). M3/MS Analyses were conducted using collision-enerpy
profiles chosen on Lhe basis of the mfz value and the charpe state of the parent ion. The Aralysi/
Bivanalyst software (version 1.4.1, Applied Biosysrems) was uscd to process und submil the Jata 1o the
MASCOT server {vcrion 2.2, Mairix Science Lid, London, UK) for in-house search against the
SwissProl prolein dalnbase. The 1nass tolerance of precursor jons and sequence ions was set to 0.4 Da.
The searches inclnded variable modifications of cysteine wilh propionamide and corbnmidomethyl, amd
methionine oxidation.

Circular Dichroism. Prolein samples (10 M) were prepared in 10 mM cacodylare buffer pH 6.8,
accarding 10 Bradford assay using DSA as standard. ZnCl; and eisplalin werc prepared as 5 inM stock
solns in deionized H,O. Mclal-dependeni [olding of the protein was monitored hy acquiring CD spectra
over a range of 200-260 nm nsing a Jasce J720 spectropolarimerer (Japan Spectroscopic Co., Lid.,
Hachioji City, Japan}. Measurements of Zn* ' and eisplutin binding were carried out al 20° using a 0.1-cm
quartz cuveite. The spectrum was Lhe average of five separale spectra with a step size of 0.1 nm, a 2-3
response lime, and a 1-nm bandwidth. Data were baseline-corrected by the subtracticn ol eacodylate
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buffer. The secondary structures of proteins were predicred by the CONTIN program [6%]. The effect of
Zn*' and cisplalin bindings on the prolein stability was determined in Lhe absence and presence of 3 mol-
equiv. rativ of Za*+ to protein. CD Experiments, involving thermal denaturation, were performed in
three separate scans in the range from 15° to 95° at 208 nm with a beat rate of 1°/min. Thermal
renaturarion (20° after being heated at 95°) was also obscrved. The binding constani was determined
using Egn I [A]:

fam = Bonen ((1 + (KC/n) + kP)/(2kP) — ({1 + (KC/m) + kP)/(2KP))’ ~ c;(up)) )

in which 8., is the nhserved ellipticity change at any concentration of metal, ¢, is the ellipricity change,
when all of the protein binds meral, k is the binding constant, P is the protein concentration, € is the
concentration of melsl added, und A is the number of binding, siles

The free energy of binding wax given by Egn. 2.

AG=_RTInk (2)

in which A is the free energy, R is the gas constant of 1.987 cal mol ", Tis the temp. in Kelvin, and k is
the binding constant.
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