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ABSTRACT. The anticancer drug cisplatin is nephrotoxic and neurotoxic. Previous data support the hypothesis
that cisplatin is bioactivated to a nephrotoxicant. The final step in the proposed bioactivation is the formation
of a platinum-cysteineS-conjugate followed by a pyridoxalfphosphate (PLP)-dependent cystefenjugate
[-lyase reaction. This reaction would generate pyruvate, ammonium, and a highly reactive platinttmi@Pt)
compound in vivo that would bind to proteins. In this work, the cellular location and identity of the PLP-
dependent cysteing&-conjugates-lyase were investigated. Pt was shown to bind to proteins in kidneys of
cisplatin-treated mice. The concentration of Pt-bound proteins was higher in the mitochondrial fraction than in
the cytosolic fraction. Treatment of the mice with aminooxyacetic acid (AOAA, a PLP enzyme inhibitor),
which had previously been shown to block the nephrotoxicity of cisplatin, decreased the binding of Pt to
mitochondrial proteins but had no effect on the amount of Pt bound to proteins in the cytosolic fraction. These
data indicate that a mitochondrial enzyme catalyzes the PLP-dependent cigteimeigates-lyase reaction.
PLP-dependent mitochondrial aspartate aminotransferase (mitAspAT) is a mitochondrial enzyme that catalyzes
p-elimination reactions with cysteir@conjugates of halogenated alkenes. We reasoned that the enzyme might
also catalyze @-lyase reaction with the cisplatircysteineS-conjugate. In this study, mitAspAT was stably
overexpressed in LLC-Pkcells. Cisplatin was significantly more toxic in confluent monolayers of LLG-PK
cells that overexpressed mitAspAT than in control cells containing vector alone. AOAA completely blocked
the cisplatin toxicity in confluent mitAspAT-transfected cells. Thethiol compound could rapidly bind proteins

and inactivate enzymes in close proximity of the PLP-dependent cySeiopjugates-lyase. Treatment with

50 or 100uM cisplatin for 3 h, followed by removal of cisplatin from the medium for 24 h, resulted in a
pronounced loss ak-ketoglutarate dehydrogenase complex (KGDHC) activity in both mitAspAT-transfected
cells and control cells. Exposure to 10M cisplatin resulted in a significantly greater loss of KGDHC activity

in the cells overexpressing mitAspAT than in control cells. Aconitase activity was diminished in both cell
types, but only at the higher level of exposure to cisplatin. AspAT activity was also significantly decreased by
cisplatin treatment. By contrast, several other enzymes (both cytosolic and mitochondrial) involved in energy/
amino acid metabolism were not significantly affected by cisplatin treatment in the LL&&NS, whether or

not mitASpAT was overexpressed. The susceptibility of KGDHC and aconitase to inactivation in kidney cells
exposed to cisplatin metabolites may be due to the proximity of mitAspAT to KGDHC and aconitase in
mitochondria. These findings support the hypothesis that a mitochondrial cyStetmgugates-lyase converts

the cisplatin-cysteineS-conjugate to a toxicant, and the data are consistent with the hypothesis that mitAspAT
plays a role in the bioactivation of cisplatin.

Cisplatirt has been used successfully to treat a variety of glioblastomas). Unfortunately, the drug cannot be admin-
cancers, including testicular cancer, ovarian cancer, and soméstered at high doses because of its toxicity to renal proximal
tubules and its neurotoxicity2( 3). Studies from many
laboratories have implicated DNA damage as the primary
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mechanism by which cisplatin kills tumor cells and other  In a fashion similar to the bioactivation pathway for
dividing cells @, 5). However, the renal proximal tubule cells halogenated alkenes, the initial step in the proposed bioac-
are well-differentiated, nondividing cells that are not killed tivation of cisplatin involves the formation of a cisplatin
by other DNA-damaging agent§)( Early work suggested  glutathioneS-conjugate 13). The sulfur moiety of glutathione
that a metabolite of cisplatin is responsible for the nephro- replaces one of the chloride ions of cisplatiri,(12). The
toxicity (7). Several steps in the metabolic pathway through glutathioneS-conjugate is cleaved to a cisplatinysteinyl-
which cisplatin is bioactivated to a nephrotoxicant have glycine S-conjugate by GGT, which is highly expressed on
recently been identified8-13). In this study, we have the surface of proximal tubule cell27). The cysteiny-
focused on the identification of the enzyme(s) that cata- glycine S-conjugate is further metabolized to a cisplatin
lyzes the final step in the metabolism of cisplatin to a cysteineS-conjugate by aminopeptidases, which are also
nephrotoxicant. present on the surface of proximal tubule cef28)( Both
Inhibition of either y-glutamyltranspeptidase (GGT) or the GGT- and aminopeptidase-catalyzed reactions take place
pyridoxal 8-phosphate (PLP)-dependent enzymes blocks the extracellularly.
nephrotoxicity of cisplatin both in vivo and in vitr&¢13). We hypothesize that the cisplaticysteineS-conjugate
Buthionine sulfoximine, which depletes endogenous glu- is transported into the cells, where, because of the strong
tathione by inhibiting glutathione synthesis, also protects electron-withdrawing property of the P& moiety, it is
against cisplatin-induced nephrotoxicifi4j. These findings  converted by cystein&-conjugates-lyase(s) to pyruvate,
indicate that cisplatin is metabolized to a nephrotoxicant ammonium, and a reactive Pthiol compound [(NH).Pt-
through conversion of the drug to a glutathidseonjugate, (CISH] (eq 1).
followed by steps that involve a GGT- and cysteie
conjugatq@l-lyz(ajs_e-dr?pendent pgthwar?'{l?%. Thhe et?_zymgtic_ (H2N)2Pt(C|)SCI-§CH(NH3+)CO[ + H,0—
steps involved in this proposed pathway for the bioactivation - n
of cisplatin are similar to those previously established for CH,C(O)CQ, + NH,™ + (NHR),PYCISH (1)
the bioactivation of several halogenated alkenes to nephro- ] o ) ]
toxicants (5, 16). Bioactivation of halogenated alkenes We further hypothesize that this highly reactive-#tiol
involves the sequential formation of the glutathione, cys- compound rapidly binds to the sulfhydryl moieties of
teinylglycine, and cystein&conjugates. The final step in adjacent proteins, thereby su_ggestmg the cellular location
the bioactivation pathway of halogenated alkenes is a ©f the PLP-dependent cysteir@conjugatef-lyase that
B-elimination reaction on the corresponding cystefde ~ Metabolizes the cysteir@conjugate of cisplatin.
conjugate, catalyzed by cysteirconjugate f-lyase(s), .To test. our hypothesis, mice were _treatgd with cisplatin
yielding pyruvate, ammonium, and a highly reactive halo- With or without AOAA, a PLP enzyme inhibitor that blocks
genated thiol-containing fragment. Halogenated thiol- CysteineS-conjugates-lyase activity and which was previ-
containing fragments are rapidly converted nonenzymatically ©Usly shown to protect renal proximal tubule cells against
to products that thioacylate macromolecules in target cells CiSplatin toxicity both in vivo and in vitrol(©, 11). We asked
(17-19). Whether AOAA. reduced the level of Pt t_>ound to proteins in
Cytosolic, mitochondrial, and microsomal fractions of the mitochondria and/or cytosol of the kidney. After. finding
kidney homogenates have been shown to catalyze cysteindnat AOAA reduced the level of Pt bound to the mitochon-
Sconjugate f-lyase reactions in vitro with halogenated drlal_proteln,we investigated whether_ mltA_spAT [an enzyme
cysteineS-conjugatesZ0—23). To date, at least 11 enzymes Préviously shown to possess cystef@eonjugatef-lyase
have been reported to catalyze cystefmonjugates-lyase activity (29)] could catalyzg the bioactivation of. cisplatin.
reactions with the nephrotoxican®(1,2-dichlorovinyl)+- MitASpAT was transfected into LLC-PiCells, and its effect
cysteine (DCVC) an&-(1,1,2,2-tetrafluoroethyl)-cysteine on cisplatin toxicity was evaluated in bo_th d|V|d|ng_ and
(TFEC), which are the cysteir@conjugates of the haloge- co_nﬂuent c_ells. Finally, we assayed _spemf_lc cytosollp and
nated alkenes trichloroethylene and tetrafluoroethylene, Mitochondrial enzymes of energy/amino acid metabolism to
respectively 24, 25). CysteineS-conjugates-lyases are PLP- determine w.h|ch,.|f any, are disrupted in LI__C—EICeIIs
dependent enzymes that are normally involved in amino acid exposed to cisplatin. The results of these studies are reported
metabolism. However, when the halogenated cyst&ine here.
ponjugates serve as substrates, the strong eIectron—withdrawEXPERIMENTAL PROCEDURES
ing property of the halogenated moiety bound to the sulfur
causes these enzymes to catalyze a nonphysiological Reagents and EnzymeRig heart malate dehydrogenase
elimination reaction15, 19, 24—26). The sulfur-containing ~ (MDH) (910 units/mg, 5.6 mg/mL), cisplatin, G418, amme-
fragment produced in thg-lyase reaction with the haloge- diol (2-amino-2-methyl-1,3-propanediol), AOAA, Trizma
nated cysteiné&-conjugates, such as DCVC and TFEC, is base (Tris), HEPES, EDTA, EGTA, 2,4-dinitrophenyl-
toxic because it acts as a thioacylating agent particularly of hydrazine, NADH, NADPH, NAD, ADP, L-phenylalanine,
the e-amino group of lysyl residues in proteink7( 18, 24, trypsin, dithiothreitol, sodium thiomalate, ferrous ammonium
25). Several cystein8&-conjugates-lyases are presentin the sulfate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
mitochondria, including mitochondrial aspartate aminotrans- bromide (MTT, thiazolyl blue tetrazolium bromide), bovine
ferase (mitAspAT), mitochondrial branched-chain amino- serum albumin, cytochromz(horse heart type VI), leupep-
transferase, and alanine-glyoxylate aminotransferase isozyméin, the monosodium salts af-aspartate and-glutamate,
Il (see the Discussion). Others are largely cytosolic, including and the sodium salts of pyruvateketo-y-methiolbutyrate,
kynureninase, glutamine transaminase K (GTK), and cyto- anda-ketoglutarate were obtained from Sigma Chemical Co.
solic branched-chain aminotransferags)( (St. Louis, MO). Hank’s balanced salt solution (HBSS) was



Targeting of Cisplatin to Mitochondria Biochemistry, Vol. 45, No. 29, 2006961

from GIBCO/BRL. Rabbit anti-rat liver mitAspAT whole  NADPH-linked cytochromec reductase was assayed by a
serum was a generous gift from A. Iriarte (University of modification of the method of Srinivas et al3q). The
Missouri, Kansas City, MO). TFEC synthesized by the reaction mixture (0.2 mL) contained 100 mM Tris-HCI buffer
method of Hayden and Stever@9f was a generous giftfrom  (pH 8.0), 6 uL of cytochromec (20 mg/mL in distilled
S. Bruschi (University of Washington, Seattle, WA). DCVC water), 0.1 mM NADPH, and enzyme. In preliminary
was synthesized by the method of McKinney et alL)( experiments in which NADPH was omitted, there was no
Animals Male C57BL/6 mice (6-8 weeks old) were  change in the residual absorbance at 340 nm. Therefore, the
purchased from Harlan (Indianapolis, IN). Animals were blank used routinely to measure the activity of NADPH-
housed in cages in the Animal Resource Facilities at the linked cytochromec reductase lacked cytochronee The
University of Oklahoma Health Sciences Center (OUHSC). disappearance of NADPH was continuously monitored at 340
Food and water were provided ad libitum. All treatment nm (NADPHezs = 6230 Mt cm™1). All three assays were
protocols were approved by the OUHSC IACUC Committee. carried out at 37C in a SpectraMax 96-well plate spectro-
Treatment of Mice with Cisplatin and AOARice were photometer (Molecular Devices, Sunnyvale, CA).
treated with cisplatin and AOAA according to the same  Quantitation of Protein-Bound Pt in Mouse Kidney Frac-
treatment protocol used in previous studies in which AOAA tions Proteins in the M1, M2, and cytosolic kidney fractions
protected against cisplatin-induced renal toxicit)( AOAA were precipitated with 10% (w/v) trichloroacetic acid for 15
has been shown to inhibit kidney cysteir®conjugate min at 4°C and pelleted by centrifugation at 13@Pfor 3
[-lyase activity in vivo 82). The AOAA treatment protocol ~ min. The pellets were washed once with ice-cold acetone
used in this study has been used in mice by other investiga-and digested overnight at room temperature in 7.5 M nitric
tors to block the nephrotoxicity of hexachloro-1,3-butadiene, acid. The digested samples were diluted with water to 3.25
a halogenated alkene that is metabolized to a nephrotoxicantV nitric acid, and the amount of Pt bound to proteins was
by cysteineS-conjugates-lyase @3). Cisplatin was prepared  quantified by graphite furnace atomic absorption spectro-
as a 1 mg/mL (3.3 mM) stock solution in 0.9% (w/v) NaCl, metry (GFAAS) with a Varian SpectrAA-220Z graphite
sterilized by filtration through a 0.22m filter. Within 30 furnace double-beam atomic absorption spectrophotometer
min of treatment, AOAA was dissolved in saline at a with Zeeman background correction. The lamp current was
concentration of 10 mg/mL (110 mM) and sterilized by being 10 mA; the wavelength was 265.9 nm, and the slit width
filtered through a 0.22m filter. The mice were divided into  was 0.5 nm. Pt standards in 10% HCI (SPEX CertiPrep,
two treatment groups. Animals in group 1, the cisplatin Metuchen, NJ) were diluted with 3.25 M nitric acid. Each
treatment group, were each administered three doses of salinesample was measured in triplicate and calibrated relative to
(10 uL/g of body weight) via oral gavagl h before, 10 Pt standards that were measured with each set of samples.
min before, ad 5 h after 15 mg of cisplatin/kg of body Hot injection was performed at 8%C, and the injection
weight was injected intraperitoneally. Animals in group 2, volume was 15%L. The furnace program consisted of four
the AOAA—cisplatin treatment group, were each treated with phases: drying (85C for 5 s, 95°C for 32 s, and 120C
three doses of AOAA (100 mg of AOAA/kg of body weight)  for 10 s), ashing (1200C for 17 s), atomization (270€C
via oral gavag 1 h before, 10 min before, drb h after 15 for 3.5 s), and cleaning (280 for 3 s).
mg of cisplatin/kg of body weight was injected intraperito- Transfection of LLC-PKCells with Rat Liier mitAspAT
neally. Twenty-four hours after cisplatin treatment, the mice cDNA. The cDNA for the rat liver precursor of mitAspAT
were weighed and sacrificed by GQ@sphyxiation. The  (pmitAspAT) was a generous gift from A. Iriart@§, 39).
kidneys were removed, weighed, and used immediately for The precursor contains the N-terminal 29-amino acid peptide
isolation of subcellular fractions. that targets the protein for translocation into mitochondria
Isolation of Subcellular Fractions from Mouse Kidney (38). The targeting sequence is removed during import to
Fractionation of mouse kidneys was carried out according form the mature mitAspAT. The cDNA of pmitAspAT was
to published methods34, 35). Briefly, the tissue was  subcloned into the mammalian pcDNA3H)( expression
homogenized in ice-cold isolation medium [0.3 M sucrose vector (Invitrogen, Carlsbad, CA) througHindIll and
and 25 mM Tris-HCI (pH 7.3)] with a Dounce homogenizer. BanHlI sites. Cell line LLC-PK (ATCC CRL 1392), a pig
The homogenate was centrifuged at §@06r 15 min. The kidney proximal tubule cell line, was obtained from Ameri-

supernatant was collected and centrifuged at §000 15 can Type Culture Collection (Manassas, VA). The cells were
min. The 900@ pellet was rinsed by being resuspended in maintained in Dulbecco’s modified Eagle’s medium (DMEM,
isolation medium followed by centrifugation at 10@Df@r Invitrogen), with 5% fetal bovine serum (FBS, HyClone

15 min. The washed pellet was resuspended in isolation Laboratories, Logan, UT), 50 units/mL penicillin, and 50
medium and designated M1. The 9@08upernatant was  ug/mL streptomycin (Invitrogen) at 37C in a 5% CQ
centrifuged at 1000@Pfor 1 h. The 100000 supernatant  atmosphere. The pmitAspAT cDNA was transfected into
was the cytosolic fraction. The 10009@ellet was resus-  LLC-PK; cells with the calcium phosphate eukaryotic
pended in isolation medium and designated M2. The fractions transfection kit (Stratagene, La Jolla, CA) as previously
were stored at-80 °C. described40). More than 1000 colonies grew in the presence
Assays of Marker Enzymes in Subcellular Fractions of 2 mg/mL G418. Six colonies were picked and grown into
Prepared from Mouse Kidnelactate dehydrogenase (LDH), individual cell lines. The AspAT activity of each cell line
glutamate dehydrogenase (GDH), and NADPH-linked cy- was measured, and the cell line that exhibited the highest
tochromec reductase served as markers for cytosol, mito- AspAT activity was chosen for the studies presented herein
chondria, and microsomes, respectively. LDH and GDH were and named LLC-PKmMIitAspAT. The LLC-PK/mitAspAT
assayed by continuously monitoring the disappearance ofcell line maintained the same growth rate as the untransfected
NADH at 340 nm (NADHez40 = 6230 Mt cm™Y) (36). LLC-PK; cells. The pcDNAS3.1{) vector-transfected cell
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line (LLC-PKy/C1) from previous studies was used as the
control @0). The two cell lines were maintained in DMEM
containing 5% FBS and 400g/mL G418.

Western Blot Analysi€ell lysates of LLC-PK/MitAspAT
and LLC-PK/C1 cells were used for SBD$olyacrylamide

Zhang et al.

Preparation of LLC-PK Cell Lysates for Enzyme Meas-
urementsLLC-PK,/C1 and LLC-PK/mitAspAT cells were
seeded in P100 tissue culture plates at a density otdlBs/
plate. On day 4, the cells reached confluence and the medium
was changed. On day 7, the medium was removed and

gel electrophoresis and Western blot analysis as previouslyreplaced with 10 mL of incubation buffer [HBSS with 5 mM

described40). Rabbit anti-rat liver mitAspAT whole serum,

HEPES (pH 7.2)] containing 5&M cisplatin, 100 M

generously provided by A. Iriarte, was used as the primary Cisplatin, or no cisplatin (control), and the mixtures were

antibody at a 1:100000 dilutior88, 39, 41, 42).

Cisplatin Toxicity in Confluent LLC-P#mitAspAT Cells
and LLC-PK/C1 Cells.The toxicity of cisplatin toward LLC-
PK; cells was determined as described previougg).(
Briefly, LLC-PKy/mitAspAT and LLC-PK/C1 cells were
seeded in 96-well plates at a density of* Ills/well in
DMEM containing 5% FBS and 40@y/mL G418. The cells

became confluent on day 3, and the medium was replaced?l_

with fresh medium. On day 7, the medium was removed
and replaced with cisplatin diluted in DMEM. As in our

previous studies, serum and antibiotics were not included in

the medium during the treatmert(). The cisplatin stock
solution was diluted in DMEM within 30 min of addition to

the cells. The cells were incubated in the cisplatin-containing

medium fa 3 h at 37°C in 5% CQ. Cells incubated in
DMEM alone served as controls. After 3 h, the medium was
removed and replaced with DMEM containing 5% FBS and
400ug/mL G418. The cells were incubated at 37 in 5%
CO, for an additional 69 h. The number of viable cells was

determined by the MTT assay which utilizes dehydrogenase

activity in intact cells to assess the number of living cells
(43). For all experiments, the cells were observed im-

incubated fo 3 h at 37°C in an air incubator. At the end of
the 3 h incubation, all HBSS solutions were replaced with
DMEM containing 5% FBS and 40@g/mL G418. The cells
were then incubated at 3T in 5% CQ for 24 h. After the

24 h incubation, the cells were detached from the plates by
trypsinization and resuspended in dOof lysis buffer [50

mM Tris-HCI, 5 mM sodium citrate, 0.6 mM magnesium
hloride, 1 mM dithiothreitol, 0.2 mM EGTA, 0.08% (v/v)
riton X-100, and 50uM leupeptin (pH 7.4) 44)]. For
measurement of aconitase activity, the enzyme was activated
by incubating the lysate for 30 min at 3T in a mixture
containing 20 mM sodium thiomalate and 4 mM ferrous
ammonium sulfate 44). Freezing the lysate resulted in
variable recoveries of KGDHC, aconitase, glutamine trans-
aminase K (GTK), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) activities. Therefore, the activities of
these enzymes (and TFE&lyase activity) were determined
immediately after suspension of the cells in the lysis buffer.
AspAT, GDH, LDH, and MDH activities are stable to
freezing and thawing and were assayed in lysates that had
previously been stored at80 °C.

Enzyme Measurements in LLC-P®ell LysatesThe total

mediately before the MTT assay was started to ensure thatASPAT activity [cytosolic (cytAspAT) activity plus mito-

MTT data correlated with our observation of cell toxicity.

Treatment of Confluent LLC-RKnitAspAT Cells and
LLC-PKy/C1 Cells with AOAA and Cisplatif.reatment of
the cells with AOAA was carried out by a modification of
a previously published method1). After 7 days in culture,

a stock of 10 mM AOAA in DMEM was added at various
concentrations to the cell medium. The cells were then
incubated at 37C in 5% CQ for 30 min. The medium was
removed and replaced with DMEM containing no cisplatin
or 120uM cisplatin and the concentration of AOAA used
in the preincubation. The cells were incubated atG7or

an additional 3 h. At the end of ¢h3 h incubation, the
medium was replaced with DMEM containing 5% FBS and
400ug/mL G418. The cells were incubated at 37 in 5%
CO, for an additional 69 h. The number of viable cells was
determined by the MTT assa¢?J).

Cisplatin Toxicity toward Diiding Cells LLC-PKy/
mMitAspAT and LLC-PK/C1 cells were seeded in 96-well
plates at a density of & 10° cells/well in DMEM containing
5% FBS and 40(g/mL G418. The next day, the medium
was removed and replaced with cisplatin diluted in DMEM.
The stock solution of cisplatin was diluted in DMEM within
30 min of addition to the cells. The cells were incubated in
the cisplatin-containing mediumr@& h at 37°C in 5% CQ.
Cells incubated in DMEM alone served as controls. At the

chondrial AspAT (mitAspAT) activity] was assayed as
described by Cooper et aR9). The reaction mixture (final
volume of 0.2 mL) contained 100 mM HEPES (pH 7.0), 10
mM L-aspartate, 6 mM-ketoglutarate, 0.1 mM NADH, and
0.6 ug of MDH. The reaction was initiated by addition of a
solution containing AspAT (£10 uL). The disappearance
of absorbance of NADH at 340 nm was continuously
monitored. Blanks lacked aspartate. To distinguish between
cytosolic and mitochondrial isozymes, mitAspAT was in-
activated by heating for 10 min at 7€ in the presence of

4 mM o-ketoglutarate45). Under these conditions, cytAspAT
is stable. In cells overexpressing mitAspAT, the cell lysate
was diluted 25-fold in distilled water before the assay of
AsSpAT activity.

GTK activity was measured by the procedure of Cooper
(46) modified for 96-well plate analysis. The assay procedure
makes use of GTK as a freely reversible glutamine (me-
thionine) aromatic aminotransferasés(47). The reaction
mixture (50uL) contained 5 mMuo-keto+y-methiolbutyrate,

10 mML-phenylalanine, 100 mM ammediol buffer (pH 9.0),
and enzyme. After the mixture had been incubated &C37
the reaction was terminated by the addition of 1400f 1

M NaOH. The absorbance was read within 2 min at 320 nm
(phenylpyruvate enodzo = 16000 Mt cm™1). The blank
contained the complete reaction mixture to which enzyme

end of the incubation, the medium was removed and replacedVas added immediately prior to addition of NaOH. The

with DMEM containing 5% FBS and 40@g/mL G418. The
cells were then incubated at 3T in 5% CQ for an
additional 69 h. The number of viable cells was determined
by the MTT assay43).

reaction is linear for at least 2 h, provided no more than 25
nmol of a-keto-y-methiolbutyrate is transaminated.

Cysteine Sconjugate -lyase activity with TFEC as
the -lyase substrate was measured by the procedure of
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Table 1: Specific Activities of Marker Enzymes in Subcellular Fractions Isolated from Kidneys of Mice Treated with Cisplatin and Saline or
with Cisplatin and Aminooxyacetic Acid (AOAR)

cytosol M1 M2

cisplatin and saline

lactate dehydrogenase 19525 13.6+ 1.7 151+ 2.1

glutamate dehydrogenase 0F®.03 474+ 1.2 33.2+ 3.9

cytochromec reductase 1.86:0.10 2.14+ 0.66 14.8+0.9
cisplatin and AOAA

lactate dehydrogenase 22420 16.4+ 2.1 23.6+0.8

glutamate dehydrogenase 144.21 33.7£ 5.5 53.0+ 6.5

cytochromec reductase 2.86:0.14 4.25+0.32 222+ 2.2

a All enzyme specific activities are expressed as mU/mg of protein.4 for all determinations. Data are reported as the mezBEM.

Cooper and Pinto 4@). a-Ketoglutarate anda-keto-y- 11.5 for Windows. Differences were considered significant

methiolbutyrate were included in the reaction mixture to if p < 0.05.

prevent accumulation of the pyridoxaminé-ghosphate

(PMP) form of the enzyme which cannot suppopt-tyase RESULTS

reaction 48). CysteineS-conjugatej-lyase activity with ) o

DCVC as thep-lyase substrate was determined in the  Effect of AOAA on Leels of Protein-Bound Ptin Kidney

presence of PLP as previously describd@)( Subcellular FractionsMice were treated with cisplatin, and

Levels of GDH and LDH were measured in the isolated the distribution of protein-bound Pt in subcellular fractions
) . . of the kidney was analyzed. To identify the subcellular

cells as described above for analysis of these enzymes in . . ; .

subcellular fractions. GAPDH wasyassaye d by the r);etho d location of the cystein&conjugates-lyase(s) that activates

of Cooper et al. 49) .exce t that the volume of the assa cisplatin to a reactive thiol, half of the mice were treated

mixturez was réduced froFr)n 1.0 t0 0.2 mL. The activity 0); with cisplatin and the other half were treated with cisplatin

S ' ’ and AOAA. Treatment with AOAA blocks the action of
MDH was assayed according to the method of Park et al. : . -
(36). The disap)é)earance ongADH (for measurement of cysteineS-conjugates-lyases and reduces the binding of Pt
i in the subcellular fractions that contain these enzymes. The

MDH activity) or the appearance of NADH (for the . . : . :
g . kidneys from the cisplatin-treated mice were homogenized
measurement of GAPDH activity) was continuously recorded : . . :
and fractionated into three subcellular fractions. The purity

at 340 nm. Aconitase and KGDHC activities were determined ; : .
by continuous fluorometric procedures coupled to NAD of these s_ubcellular fractions was determlneq by assaying
each fraction for LDH-, GDH-, and NADPH-linked cyto-

NADP™ reduction §4). ) chromec reductase, which are predominantly localized in
All enzyme assays, except those of KGDHC and aconitase,the cytosol, mitochondria, and microsomes, respectively.
were carried out at 37C in a SpectraMax 96-well plate  These markers have high specific activities and are not
spectrophotometer (Molecular Devices). Aconitase and sypject to inactivation by AOAA or by freezing and thawing
KGDHC assays were carried out at 30 in a SpectraMax  (data not shown). Table 1 shows that the cytosolic fractions
96-well plate fluorometer (Molecular Devices). Each enzyme \yere highly enriched with the cytosolic marker LDH and
was assayed in triplicate for each cell harvest)( contained low levels of GDH (mitochondrial marker enzyme)
Protein and Specific Actity Measurements Protein or cytochromee reductase (microsomal marker enzyme). The
concentrations were determined using a micro-Biuret assaylow specific activity of GDH in the cytosolic fraction
kit from Sigma or by the BCA protein assay (Pierce, indicates that minimal rupture of mitochondria occurred
Rockford, IL). In both cases, bovine serum albumin was used during isolation. The M1 fraction was enriched with mito-
as a standard. For all enzyme activities reported here, 1 unitchondria as evidenced by the high specific activity of GDH
of enzyme activity is defined as the amount that catalyzes and low relative specific activities of LDH and cytochrome
the formation of lumol of product/min. Enzyme specific  creductase. The M2 fraction was enriched with microsomes
activity is defined as milliunits (mU) per milligram of protein. as shown by the high specific activity of NADPH-linked

Data AnalysesSignificant differences in the levels of ~Ccytochromec reductase in the M2 fraction compared to those

protein-bound Pt between AOAA-treated mice and controls in the M1 and cytosolic fractions. The M2 fractions also
were detected with two-tailed-tests (Prism, GraphPad Contained mitochondria, more in the AOAA-treated mice

Software, Inc., San Diego, CA). In each cell culture toxicity than the sg[ine-trggted control§, as evidenged by the relatively
experiment, all determinations were made in triplicate. Each high specific activity of GDH in that fraction.

experiment was repeated at least three times. The mean and The amount of Pt bound to protein in each of the fractions
standard deviation (SD) were computed for each treatment.is shown in Figure 1. In mice treated with cisplatin alone,
LDso and its 95% confidence intervals were calculated with the concentration of Pt bound to protein was significantly
a Prism sigmoidal doseresponse (variable slope) curve fit. higher in the mitochondrial fraction (M1) than in the
The two-tailed-test was used to detect significant differences cytosolic fraction [67.3t 4.0 (SD) ng of Pt/mg of protein

in cisplatin toxicity among the cell lines and to detect changes vs 32.1+ 7.6 ng of Pt/mg of proteinn = 3, p = 0.0058].

in enzyme activities in LLC-PKcells overexpressing mit-  The level of Pt bound to protein in the mitochondrial fraction
AspAT. The effects of cisplatin treatment on specific was also higher than that in the M2 fraction, although the
activities of selected enzymes in the cell lysates were difference was not statistically significant, which may be due
analyzed by a one-way ANOVA test using SPSS version to the contamination of the microsomal fraction with
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Ficure 1: Effect of AOAA on binding of Pt to protein in kidneys
from mice treated with cisplatin. Mice were pretreated with saline
(©) or AOAA (@) followed by an injection of 15 mg of cisplatin/
kg. Twenty-four hours after cisplatin treatment, kidney fractions
were isolated and the protein in each fraction was precipitated with
acid. The amount of Pt bound to protein was measured with
GFAAS. There was significantly more Pt bound to protein in the
M1 fraction than in the cytosol. AOAA had no effect on the amount
of Pt bound to proteins in the cytosol but significantly inhibited
the binding to proteins in the M1 fraction. Treatment with AOAA
did not significantly reduce the amount of Pt bound to protein in
the M2 fraction.

mitochondria (67.3+ 4.0 and 39.74+ 10.7, respectively;

p = 0.053). In mice pretreated with AOAA, there was no
significant change in the concentration of Pt bound to protein
in the cytosolic fraction (32.1£ 7.6 and 32.6+ 8.3,
respectively;n = 4, p = 0.93). However, inhibition of the
cysteineS-conjugatef-lyase reaction with AOAA signifi-
cantly decreased the amount of Pt bound to protein in the
M1 fraction (67.3%+ 4.0 vs 47.7+ 5.5;p = 0.0055). There
was a small, but not significant, reduction in the concentra-
tion of Pt bound to protein in the M2 fraction in mice treated
with AOAA (39.7 &+ 10.7 vs 30.5+ 7.9; p = 0.03). This
reduction may be due to the mitochondrial proteins present
in the M2 fraction.

In summary, the data show that in the kidney of cisplatin-
treated mice, the highest concentration of Pt bound to protein
was in the mitochondrial fraction. Inhibition of the nephro-
toxicity of cisplatin with AOAA was associated with a
significantly decreased concentration of Pt bound to protein
in the mitochondria but not in the cytosol or M2 fraction.
These data suggest that the cyst&enjugates-lyase that
metabolizes the cisplatircysteineS-conjugate to a neph-
rotoxicant is located in the mitochondria.

Expression of mitAspAT in LLC-RKnitAspAT Cells.
LLC-PK; cells were transfected with the cDNA for rat liver
mitAspAT, a mitochondrial enzyme with cysteilgeconju-
gatef-lyase activity 29). Individual colonies were grown
in the presence of G418. A subline that overexpressed
mitAspAT was named LLC-PKmIitAspAT and used for all
subsequent studies. A subline of LLC-PKells stably

Zhang et al.
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Ficure 2: Western blot of LLC-PK/mitAspAT and LLC-Pk/C1

cell lysates. LLC-PK/C1 (lane 1) or LLC-PK/mitAspAT (lane 2)
cell lysate was loaded in each lane (2§ of protein per lane).
Rabbit anti-rat liver mitAspAT whole serum was used as the
primary antibody. A prominent protein band with a molecular mass
of ~45 kDa (arrow) was detected in the LLC-FRitAspAT cell
line, but not in the LLC-PK/C1 cell line. The molecular mass of
this band is consistent with that of the mitASpAT monomer. The
positions of molecular mass markers are indicated.

Table 2: Specific Activities of AspAT and Cysteir@Conjugate
pB-Lyase(s) (DCVC as Substrate) in LLC-PKells Transfected with
MitASpAT?2

LLC-PKy/C1
(control) LLC-PKy/mitAspAT
total AspAT® 341+ 20 (8) 7240+ 509 (8)
cytosolic AspAT 170+ 14 (5) 212+ 28 (5)
cysteineS-conjugate3-lyase  <0.2 (6) 25.0+ 0.7 (6)

a All enzyme specific activities are expressed as mU/mg of protein.
Values in parentheses represent the number of separate cell cultures
that were analyzed. Data are reported as meaS&M. ® Total ASpAT
is the sum of mitAspAT and cytAspAT.Significantly different from
the control value with @ of <0.04.¢Below the limit of detection.
e Significantly different from the control value with @of <0.001.

in the LLC-PK; cells. The anti-rat liver mitAspAT antibody
did not bind to any proteins in the LLC-RKC1 cell line,
which indicated that the antibody did not recognize porcine
kidney AspAT (Figure 2, lane 1).

Quantitation of total ASpAT activity (i.e., mitAspAT plus
cytAspAT) shows a 21-fold increase in specific activity in
the LLC-PKy/mitAspAT cells compared with the control cell
line (Table 2,p < 0.001). As shown in Table 2y50% of
the total AspAT activity in the control cells is due to
mitAsSpAT. Therefore, the increase in mitAspAT specific
activity in LLC-PKy/mitAspAT cells relative to control cells
is more than 40-fold.

The increase in the specific activity of mitAspAT in the

transfected with an empty transfection vector served as aLLC-PK;/mitAspAT cells was accompanied by a large

control and was named LLC-RIKC1. Rat liver mitAspAT

is a homodimer with a subunit molecular mass of 45 kDa
(38, 39). Expression of rat liver mitAspAT was detected by
Western blot analysis in the LLC-RKnitAspAT cells
(Figure 2, lane 2). The band detected by the anti-rat liver
mMitAspAT antibody was 45 kDa, which demonstrated that
rat liver mitAspAT was correctly processed to mature protein

increase in cystein&-conjugatef-lyase specific activity
when either DCVC or TFEC was used ag-fyase substrate
(Tables 2 and 3). This result is consistent with our previous
findings that rat liver mitAspAT catalyzes/lyase reaction
with TFEC or DCVC as the substrat2q). In the control
cells, cysteineS-conjugatef-lyase activity toward DCVC
was too low to be detected (Table 2). However, a low level
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Table 3: Specific Activities (mU/mg) of GTK and Cysteine
S-Conjugates-Lyase(s) (TFEC as Substrate) in LLC-PRells
Transfected with mitAspAT and Treated with Cisplatin

specific activity?

LLC-PK3/C1 LLC-PK3/
treatment (control) MitAspAT
cysteine none 1.25£0.21 (4) 16.0& 1.6 (4p
S-conjugate
p-lyase
50uM cisplatin 1.75+ 0.09 (3) 14.4+ 0.5 (3y
100uM cisplatin - 0.96, 2.0 (2) 19.2,20.6 (2)
GTK none 0.73:0.11 (4) 1.08+ 0.16 (5)
50uM cisplatin ~ 0.90+ 0.14 (3)  0.91+ 0.13 (3)
100uM cisplatin ~ 0.69+ 0.19 (4)  0.82£ 0.13 (5)

a Specific activity in cells 24 h aftea 3 htreatment with 10Q«M
cisplatin. Data are reported as meanhSEM. The numbers of separate
cell lysates analyzed for a particular enzyme activity are given in
parenthese®.Significantly different from that of the LLC-PKC1 cells
with ap of <0.01. ¢ Significantly different from that of the LLC-PK
C1 cells with ap of <0.05.

of endogenous activity could be detected with TFEC as a
substrate (Table 3). Overexpression of mitAspAT resulted
in a 12-fold increase in thg-lyase specific activity with
TFEC as a substrate.

Purified rat kidney GTK exhibits stronf-lyase activity
toward TFEC in vitro (see the Discussion). The specific
activity of GTK in the control LLC-PK cells, however, is
low and was not increased in the cells overexpressing
mitAspAT (Table 3). This finding rules out the possibilities
that (a) mitAspAT overexpression leads to the concomitant
overexpression of GTK and (b) part of the increase in
cysteineS-conjugatef3-lyase activity in the cells overex-
pressing mitAspAT is due to an increased level of GTK. As
noted for TFECS-lyase activity, cisplatin treatment did not
affect GTK activity.

Toxicity of Cisplatin in Confluent mitAspAT-Transfected
Cells Confluent monolayers of LLC-P#mitAspAT and
LLC-PK,/C1 cells were treated with cisplatin. The cells
transfected with mitAspAT were more sensitive to cisplatin-
induced toxicity than the vector-transfected controls (Figure
3). The LDy of cisplatin in LLC-PK/mitAspAT cells was
126 uM with 95% confidence intervals ranging from 116 to
136 uM. The LDso of cisplatin in LLC-PK/C1 cells was
182 uM with 95% confidence intervals ranging from 177 to
187uM. There was a significant difference between the,d.D
of cisplatin toward LLC-PK/mitAspAT and LLC-PK/C1
cells (o < 0.0001), and the slopes of the two dose curves
were also significantly differentp(= 0.0033). These data
demonstrate that overexpression of mitAsSpAT increases
cisplatin-induced toxicity in confluent monolayers of LLC-
PK; cells.

Protection by AOAA against Cisplatin-Induced Toxicity
in LLC-PKy/mitAspAT Cells.The effect of AOAA on
cisplatin toxicity was assessed in confluent monolayers of
LLC-PK4/mitAspAT cells (Figure 4). In the absence of
AOAA, 120 uM cisplatin killed 33% of the LLC-PK
mitAspAT cells p < 0.05). AOAA protected confluent LLC-
PKy/mitAspAT cells against cisplatin-induced toxicity €
0.0001). The protective effect was significant with 1 or 2
mM AOAA (p < 0.0005). Addition of 0.£2 mM AOAA
to LLC-PKy/mitAspAT cells had no effect on cell viability
in the absence of cisplatirp (= 0.9). AOAA completely
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Ficure 3: Toxicity of cisplatin in confluent LLC-PKmitAspAT

and LLC-PK/C1 cells. Confluent monolayers of LLC-Rknit-
AspAT cells ) or LLC-PKy/C1 cells @) were treated with
cisplatin in DMEM for 3 h. The cisplatin was removed at the end
of the 3 h exposure and replaced with fresh DMEM, containing
5% FBS and 40Qug/mL G418. The viability of the cells was
measured at 72 h. A representative experiment is shown. Each point
represents the mean of triplicate sample$D.
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Ficure 4: Effect of AOAA on cisplatin toxicity in confluent LLC-
PKy/mitAspAT cells. Confluent monolayers of LLC-RKnitAspAT

cells were preincubated with AOAA for 30 min. The cells were
then treated fo3 h with DMEM containing no cisplatin€) or
120uM cisplatin (o) and the concentration of AOAA used in the
preincubation. The cisplatin and AOAA were removed at the end
of the 3 h exposure and replaced with fresh DMEM, containing
5% FBS and 40Qug/mL G418. The viability of the cells was
measured at 72 h. The experiment was carried out three times. A
representative experiment is shown. Each point represents the mean
of triplicate samplest SD.

0

blocked the toxicity of 120uM cisplatin in mitAspAT-
transfected cells (Figure 4).

Toxicity of Cisplatin toward Diiding LLC-PK; Cells
Transfected with mitAspATThe effect of cisplatin on
survival of dividing LLC-PK/C1 and LLC-PK/mitAspAT
cells is shown in Figure 5. The Ldpof cisplatin in dividing
LLC-PK4/mitAspAT cells was 25.ZM with 95% confidence
intervals ranging from 21.2 to 31:M. The LDs, of cisplatin
in dividing LLC-PKy/C1 cells was 28.2«M with 95%
confidence intervals ranging from 22.4 to 3%:¥l. There
was no significant difference between the 4gDof the
dividing LLC-PKy/C1 and LLC-PK/mitAspAT cells p =
0.48). The slopes of the two doseesponse curves were not
significantly different p = 0.10). Dividing cells are more
sensitive than nondividing cells to the toxicity of DNA-
damaging agents such as cisplatin. Both the LLG/BK
and LLC-PK/mitAspAT cells were more sensitive to cis-
platin toxicity in log growth (Figure 5) than as confluent
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Ficure 5: Toxicity of cisplatin in dividing LLC-PK/mitAspAT
and LLC-PK/C1 cells. Dividing LLC-PK/mitAspAT (<) or LLC-
PK,/C1 (®) cells were treated with cisplatin in DMEM for 3 h.
The cisplatin was removed at the end oétB h exposure and
replaced with fresh DMEM, containing 5% FBS and 40§/mL
G418. The viability of the cells was measured at 72 h. The
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with 50 uM cisplatin but was strongly inhibited in cells
treated with 100uM cisplatin (Figure 6). There was a
significant decline in the specific activity of total ASpAT in
both the control cells and cells overexpressing mitAspAT
treated with either 50 or 100M cisplatin. In the presence
of 100uM cisplatin, the relative decline in specific activity,
however, was much smaller for total AspAT than for
KGDHC and aconitase in both the control and LLC4PK
mMitAspAT cells (Figure 6). Cisplatin had no significant effect
on the specific activities of GDH (a largely mitochondrial
enzyme), LDH (a cytosolic enzyme), GAPDH (a cytosolic
enzyme), and total MDH in either LLC-BKnitASpAT or
control cells (Figure 6). Interestingly, the percent relative
KGDHC value in the LLC-PK/mitAspAT cells treated with
100 uM cisplatin (15.4+ 4.1) is significantly lower than
that in the LLC-PK/C1 cells treated with 100M cisplatin
(26.6 + 5.9), as determined by the two-tailed pairetst

(p = 0.008).

experiment was carried out three times. A representative experiment

is shown. Each point represents the mean of triplicate sardples
SD.

monolayers (Figure 3). The DNA damage-induced apoptosis
in theses cell lines is independent of cystefeonjugate
pB-lyase activity.

Alteration of the Specific Aafities of Some Enzymes of
Energy Metabolism when mitAspAT Isv&expressed in
LLC-PK; Cells. The specific activities of KGDHC and
aconitase in the LLC-PKcells were not significantly affected
by overexpression of mitAspAT (Table 4). However, the
specific activity of GAPDH in cells overexpressing mit-
AspAT was significantly increased compared to that of
control cells (24.4+ 6.6 and 12.4+ 1.8, respectivelyp <
0.05). The specific activity of total MDH (mitochondrial and
cytosolic MDH) was significantly decreased in cells over-
expressing mitAspAT compared to controls (3444 and
486+ 126, respectivelyp < 0.05). The specific activity of
GDH was increased (624 19.5 vs 139+ 65), but thep
value did not quite reach significancp € 0.07). Similar
trends were observed for enzyme specific activities between
LLC-PKy/mitAspAT and LLC-PK/C1 cells treated with
cisplatin (Table 4). Thus, overexpression of mitAspAT

DISCUSSION

Mechanism of Cisplatin-Induced Toxicity toward Mito-
chondria in Confluent Renal CellQur finding that the
amount of Pt bound to proteins is greater in renal mitochon-
dria of mice injected with cisplatin than in the cytosolic
fraction or the microsomal fraction (Figure 1) is consistent
with the previous observation that cisplatin is a mitochondrial
toxicant in confluent renal proximal tubule cellSQj. Our
finding leads to the question of how Pt is incorporated into
renal mitochondrial proteins. The binding of cisplatin to
proteins in the cytosol may be nonenzymatic. When cisplatin
enters the cell, the low intracellular chloride concentration
can lead to the dissociation of one or more of the chlorides,
resulting in the formation of monoaquo and diaquo com-
plexes cis-[Pt(NHz),(H,O)CI]* andcis-[Pt(NHz)>(H,0),]?",
respectively. Platinum forms a coordinate covalent bond with
negatively charged molecules such as the sulfur on cysteine.
Direct interaction of cisplatin with protein cysteine residues
would explain the platination of proteins in the cytosolic
fraction in the kidneys of mice treated with cisplatin and
the lack of an effect of AOAA on protein platination in this
fraction (Figure 1). It is of interest that in vivo cisplatin

apparently leads to compensatory changes in the specificaccumulates in both the liver and the kidné&g)( However,

activities of some other enzymes of energy metabolism.

the accumulation in the liver is transient. In the liver, the

These changes have to be taken into account when assessingsplatin may be bound to glutathione and excreted from the

the effects of cisplatin on the specific activities of enzymes
of energy metabolism in the cells overexpressing mitAspAT.

Selectie Inhibition of KGDHC in LLC-PK Cells Treated
with Cisplatin The specific activities of selected enzymes
of energy metabolism were measured in LLCsP¢e€lls
exposed to 50 or 100M cisplatin far 3 h followed by a 24-

h incubation in the absence of cisplatin (Table 4). The
specific activities varied considerably among different ex-
periments carried out on different days, accounting for the
large SEM. Nevertheless, by comparing relative specific
activities of enzymes prepared simultaneously from untreated

cell. In the kidney, cisplatin or itS-conjugates must traverse
the cytosolic compartment before entering the mitochondria.
Our data show a decreased level of platination of proteins
in the renal mitochondria of AOAA-treated mice but no
decrease in the level of protein platination in the renal cytosol
of AOAA-treated mice. Our previous studies showed that
AOAA protects mice and LLC-PKcells against cisplatin
(10). AOAA forms an oxime witha-keto acids and with
the coenzyme at the active site of many PLP-containing
enzymes, inactivating thend%). The work presented here
provides strong evidence that mitAspAT, acting at least in

by using one-way ANOVA, the data in this study showed
that KGDHC (a mitochondrial enzyme) is especially sensitive

to a renal toxicant.
Evidence that mitAspAT Is a Major Cysteine S-Conjugate

to inactivation by cisplatin (Figure 6). The specific activity j-Lyase Inolved in the Bioactiation of Halogenated

of aconitase (another mitochondrial enzyme of energy

Cysteine S-Conjugates and the Cisplat@ysteine S-Con-

metabolism) was not significantly affected in the cells treated jugate in Kidney Mitochondrialhere has been some debate
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Table 4: Specific Activities of Several Enzymes of Energy Metabolism in LLG/H2K and LLC-PK/mitAspAT Cells Exposed to Cisplatin

cells transfected

enzyme with mitAspAT no addition 5Q:M cisplatin 100uM cisplatin
total AspAT no 3414 20 (8p° 247+ 5 (6) 267+ 25 (6)
yes 7240+ 509 (8) 6470+ 386 (6) 5420+ 354 (6)
KGDHC no 10.2+ 2.2 (10) 5.18+ 2.52 (6) 3.41+ 1.20 (9)
yes 12.0+ 3.0 (10) 3.03t 1.1 (6 1.83+ 0.7 (9y
aconitase no 5.62 1.32 (7) 5.77+ 0.14 (5) 211 1.14 (4)
yes 6.99+ 2.59 (7) 6.30+ 0.16 (5) 1.82+1.12 (4)
GAPDH no 12.4+ 1.8 (7) 12.7+ 2.0 (3) 9.49+ 0.50 (5)
yes 24.4+ 6.6 (7F 18.5+ 3.3 (3) 14.9+ 2.8 (5)
GDH no 62.1+ 19.5 (7) 70.9+28.5 (5) 89.2+ 29.4 (5)
yes 139+ 65 (7) 137+ 61 (5) 1644 74 (5)
total MDH no 486+ 126 (5) 346+ 68 (5) 336+ 31 (3)
yes 3144 44 (5 191+ 13 (5) 225+ 66 (3)
LDH no 208+ 28 (4) 197+ 8 (3) 236+ 70 (3)
yes 206+ 32 (4) 186+ 19 (3) 185+ 33 (3)

a2 Cells were treated with 50 or 1QfM cisplatin, and the specific activities of selected enzymes were deternfiSgecific activity (mU/mg of
protein). The data are reported as meanSEM. ¢ The numbers of separate cell lysates analyzed for a particular enzyme activity are given in
parentheses. Treatment with cisplatin significantlyp(< 0.05) lowers the specific activity of the enzyme when compared with that of cells not
treated with cisplatin. Relative decreases of the specific activities are shown in Figureéspecific activity of the enzyme differs significantly
(p < 0.05) in cells that overexpress mitAspAT vs that of control cells. The two-taitedt was used for the statistical analysis.

about which PLP-dependent enzymes are responsible for theS-conjugates in LLC-PK cells in culture. However, the
bioactivation of halogenated cysteil®conjugates in the  results do not reveal the most likely cysteiSeonjugate
kidney in vivo. Purified rat kidney GTK is very active in  f-lyase contributing to the in vivo mitochondrial toxicity of
vitro as af-lyase with several toxic halogenated cysteine cisplatin in rat kidneys with normal levels of GTK. We
S-conjugatesZ4, 26, 53), and some authors have given this previously showed that GTK does not contribute significantly
enzyme the alternative name “cystef®eonjugates-lyase” to total cysteineS-conjugates-lyase activity (with DCVC
as if it were the only such lyas&4). However, work from and TFEC) in isolated rat kidney mitochondrig4). Mito-
our laboratory and from other groups has shown that chondrial enzymes positively identified as cysteie
mammalian tissues possess at least ten other PLP-containingonjugates-lyases to date include a hig¥i- S-lyase €5),
enzymes capable of catalyzifiglyase reactions with toxic,  alanine-glyoxylate aminotransferase isozymeti)( mito-
halogenated cystein®conjugates Z4, 25). chondrial branched-chain aminotransferag@),(and mit-
Both TFEC and DCVC are mitochondrial toxicants, and AspAT (29). Inasmuch as alanine-glyoxylate aminotrans-
renal mitochondrial proteins (but not cytosolic proteins) are ferase Il is restricted to kidney and to a lesser extent liver
thioacylated after rats are treated with pharmacological doses(66), this enzyme might contribute to the heightened
of TFEC 65—59). Moreover, the specific activity of cysteine  sensitivity of kidney (and to a lesser extent liver) mitochon-
S-conjugates-lyase(s) capable of convertirgy(6-guaninyl)- dria to toxic halogenated cysteigaconjugates. Particularly
L-cysteine (a cysteing-conjugate) to 6-mercaptoguanine is important, however, are the higWir lyase and mitAspAT.
45 times higher in a rat kidney mitochondrial fraction than The highM; lyase was shown to be copurified with HSP70
in a rat kidney cytosolic fractiortQ). These findings suggest (68) and contain mitAspAT (manuscript in preparation).
the major involvement of mitochondrial cysteiBeonjugate  ~ HSP70 is known to be important in the transport of
B-lyase(s) in the bioactivation of nephrotoxic, halogenated pmitAspAT into the mitochondria6Q).
(or prodrug) cysteiné&s-conjugates. In the rat, GTK exists In support of the hypothesis that mitAspAT is an important
in the cytosolic and mitochondrial compartments. The same mitochondrial enzyme involved in the bioactivation of
gene encodes cytosolic and mitochondrial forms of GTK halogenated cystein@conjugates, at least #20% of the
(61). Alternative splicing generates a 34-amino acid mito- cysteine S-conjugate3-lyase activity with TFEC as the
chondrial targeting sequence in mitGTK, but not in cytGTK substrate in crude rat kidney mitochondria is due to mit-
(61). As a result,~10% of the total GTK activity in rat  AspAT (29). Moreover, the thioacylated proteins found in
kidney homogenates is in the mitochondrial fracti®)( kidney mitochondria after rats are treated with TFEC include
Thus, this enzyme may contribute under certain conditions mitAspAT, HSP70, HSP60, the E2k and E3 subunits of
to bioactivation of halogenated cysteieonjugates and the  KGDHC, and aconitase. This labeling pattern is entirely
cisplatin—cysteineS-conjugate in rat kidney mitochondria  consistent with mitAspAT acting as a mitochondrial TFEC
(see below). p-lyase. Thioacylation of mitAspAT is presumably due to
In a recent study, we showed that cisplatin was signifi- release of a reactive sulfur-containing fragment at the active
cantly more toxic to LLC-PK cells overexpressing human site of this enzyme. As noted above, the highdyase
cytosolic GTK than to control LLC-PKC1 cells @0). In contains both HSP70 and mitAspAT, accounting for the
that study, GTK specific activity was increased0-fold thioacylation of HSP70. mitAspAT is thought to be part of
compared to that in control cells. Rooseboom etG8) have a metabolon that also includes KGDHC and aconit2g (
shown that both TFEC and cisplatin are much more toxic to KGDHC activity is decreased in the kidneys of TFEC-treated
LLC-PK; cells overexpressing rat kidney GTK than to rats 68, 59) and in TFEC-treated PC12 cell84). It was
control LLC-PK; cells. Therefore, highly overexpressed GTK proposed that the susceptibility of KGDHC to inactivation
can contribute significantly to the bioactivation of cysteine by TFEC and to its thioacylation in rats treated with TFEC
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LLC-PK, Cells reactive thiol does not contribute to cisplatin toxicity in
140 dividing cells, but it does so in confluent, nondividing cells.
R — C Comparison of Cisplatin and Halogenated Alkene-Induced
z ] - - Toxicity to KidneyHalogenated alkenes are metabolized to
5 W0 s ' ' T their corresponding cysteirf@conjugates, which are neph-
* G ' . rotoxicants. The reactive RSH fragments generated from
"§ 5 B2 toxic halogenated cysteirfconjugates induce lipid peroxi-
& dation and deplete energy stor@®,(71). The S regions of
£ B e the kidney proximal tubules are especially susceptible to the
T effects of toxic cystein&-conjugates{2). Mitochondria are
o . _ the prime targets of toxic halogenated cystemonjugates
GAPDH MDH GDH LDH AspAT Aconitase KGDHC leading to cell death in kidney cell24, 25).
= Control Toxicity induced by cisplatin is similar to that induced
- fgu'mf:ftm *p<0i8 by halogenated aII_<enes_. In the ki_dney, the_proximal tubyles
) are targeted by cisplatin and mitochondria are especially
LLC-PK, Cells overexpressing mitAspAT vulnerable 73). Cisplatin-induced renal damage results in
140 1 by o o inhibition of complexes+IV of the respiratory chain7g),
L * x » dose-dependent inhibition of oxygen consumption and
= 0 ' inhibition of Na"/K™-ATPase activity §0), decreased res-
E T =y piration and oxidative phosphorylation, altered mitochondrial
g ¥ - T transmembrane potential in renal proximal tubule cély,(
i 60 P and an increased level of ROS productiord)( These
2 T findings are consistent with our hypothesis that the toxicity
2z I of cisplatin in confluent cells is the result of the metabolism
§ 20 - T of a Pt-cysteineS-conjugate to a highly reactive thiol by
o' , . mitochondrial cysteineS-conjugatef-lyases. In contrast,
GAPDH MDH GDH  LDH ASpAT Aconitase KGDHC Tacka et al. 15) showed that exposure of dividing Jurkat
Ficure 6: Effect of cisplatin on the relative specific activities of ,Ce”S to !OW (,:Oncemrat'ons of (?'Splat'r_] that are toxic to cells
several enzymes of energy metabolism in control LLCREls in logarithmic growth had no immediate effect on cellular
expressing empty vector (LLC-RKC1 cells) and in LLC-PKcells mitochondrial oxygen consumption. Cellular respiration and

overexpressing mitAspAT (LLC-PHmitAspAT cells). The cells  viability did not decrease until 24 h as the cells underwent

were treated with 50 or 10@M cisplatin for 3 h. The cisplatin ; ; ; ;
solution was removed, and the cells were incubated in DMEM apoptosis75). These data are consistent with the hypothesis

containing 5% FBS for an additional 24 h. At the end of the tha,t _cisplatin-induced DNA damage triggers cell death in
incubation, the specific activities of selected enzymes in the dividing cells.
cisplatin-treated cells were compared to those of control cells. The  Toxicant Targeting May Contribute to Cisplatin-Induced

n and absolute values are as shown in Table 4. ASpAT representSDamage to K|dney Mitochondrial'his work is consistent

MitAsSpAT plus cytAspAT. The specific activities of the enzymes ; ; ; ; ;
measured in the cisplatin-treated cells are reported as a percentag&”th the hypothesis that a metabolite of cisplatin generated

of the specific activity of the enzyme in the control cells for each N the kidney interferes with energy metabolism in the
individual cell preparation. Significance values were determined mitochondria. These findings show that KGDHC activity
using a one-way ANOVA. The data are shown as the means and, to a lesser extent, aconitase activity are selectively
SEM. The asterisk indicatgs < 0.05. In addition, the two-tailed decreased in LLC-PKcells exposed to cisplatin. This finding

pairedt-test indicates that the relative specific activity of KGDHC - - . L . .
is significantly lower in the LLC-PK/mitAspAT cells treated with suggests that bioactivation of cisplatin, in a fashion similar

1004M cisplatin than in the LLC-PKIC1 cells treated with 100  t0 that proposed for TFEC24, 58), may involve targeting
uM cisplatin @ = 0.008). of a reactive fragment from the active site of mitAspAT to

a metabolon composed in part of mitAspAT, KGDHC, and
is due to the close juxtapositioning of mitAspAT and aconitase. We suggest that cisplatin is converted to the
KGDHC and to toxicant targeting of a reactive sulfur-contain- corresponding cystein&-conjugate, which is g3-lyase
ing fragment from mitAspAT to KGDHCZ4, 25, 59). substrate of mitAspAT. The PiS compound resulting from

By analogy with the bioactivation of halogenated cysteine the lyase reaction then binds to nearby proteins such as
S-conjugates, we suggest that mitAspAT contributes to the KGDHC and aconitase, thereby inactivating them. TheSt
toxicity of cisplatin in kidney mitochondria in vivo. If  compound also apparently slowly inactivates mitAspAT. We
mitAspAT is able to catalyze A-elimination reaction with found a significant decline in total ASpAT activity 24 h after
the cisplatin-cysteineS-conjugate angs-elimination leads LLC-PK; cells had been exposed to cisplatin for 3 h.
to toxicity, then overexpression of this enzyme in a suitable Inhibition of AsSpAT would lead to disruption of the malate
cell line should lead to increased cisplatin toxicity, which aspartate shuttle and impede passage of reducing equivalents
can be attenuated by AOAA. In our experiments, overex- across the mitochondrial membrang2). In summary,
pression of mitAspAT in confluent LLC-PKcells leads to inhibition of mitAspAT, KGDHC, and aconitase may
increased cisplatin toxicity, which can be overcome by contribute to the cisplatin-induced mitochondrial dysfunction
AOAA treatment (Figures 3 and 4). Overexpression of of energy metabolism in kidney cells.
mitAspAT, however, had no effect on cisplatin toxicity in What Accounts for the Selesti Toxicity of the Haloge-
dividing LLC-PK; cells (Figure 5). This finding is consistent nated Alkenes and Cisplatin to the Renal Proximal TulRules
with the hypothesis that the metabolism of cisplatin to a A major question that remains to be answered is why the
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renal proximal tubule cells are killed by cisplatin and by
nephrotoxic halogenated alkenes while other cells in the
kidney and most other nondividing cells throughout the body
are not affected to the same extent by these toxicants.
mitAspAT is widely distributed among various orgad$y.
Liver, heart, brain, kidney, and skeletal muscles exhibit high
levels of mitAspAT activity 45). Therefore, the nephrotox-
icity of halogenated alkenes and cisplatin cannot be explained
on the basis of the tissue expression of this enzyme.
Important factors may include uptake of cisplatin into the
kidney, activities of glutathion&transferases and export
pumps for the cisplatinglutathione conjugates, activities of
the ecto-enzymeg-glutamyltranspeptidas@() and amino-
peptidase N76) on the surface of the renal proximal tubules,
and an uptake system for cysteigeonjugates in the kidney
(77).

Summary Previous studies have provided evidence that
bioactivation of cisplatin involves the action of cisplatin
cysteineS-conjugate and PLP-containing cystei&eonju-
gatep-lyases 8—11, 13, 40). Analogy with the bioactivation
of nephrotoxic, halogenated alkenes suggested that the
cysteineS-conjugatef-lyases generated a reactive sulfur-
containing fragment from the cisplatitysteineS-conjugate
and that this fragment bound to protei®s-(L1, 13, 40). The
work presented here shows that in the kidney, adduction of
Pt to proteins in vivo preferentially occurs in the mitochon-
drial fraction. We also showed that cisplatin-induced toxicity
toward kidney mitochondria is associated with targeting of
enzymes of energy metabolism, namely KGDHC, and to a
lesser extent aconitase. The GGT-dependent, BRhyRse-
dependent pathway does not play a role in the toxicity of
cisplatin to dividing cells 40). It might be possible to
administer reversible inhibitors to temporarily diminish the
binding of the cisplatin-cysteineS-conjugate to the active
site of mitAspAT. This strategy may allow larger doses of
cisplatin to be administered to cancer patients while at the
same time minimizing toxicity to the kidneys.
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