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Abstract

Cisplatin is nephrotoxic, but the mechanism by which cisplatin kills renal proximal
tubule cellsis not well defined. Inhibition of gamma-glutamyl transpeptidase or pyridoxal 5
phosphate (PLP)-dependent enzymes blocks the nephrotoxicity. Our hypothesisis that cisplatin
IS metabolized to a renal toxin through a platinum-glutathione conjugate to a reactive sulfur-
containing compound. The final step in this bioactivation is the conversion of a platinum-
cysteine S-conjugate to areactive thiol by a PLP-dependent cysteine S-conjugate p-lyase. LLC-
PK; cdlls, a proximal tubule cell line with low cysteine S-conjugate 3-lyase activity, are used to
study cisplatin nephrotoxicity. We proposed that the -elimination reaction catalyzed by
cysteine S-conjugate B-lyaseisthe rate-limiting step in the metabolism of cisplatin to atoxinin
these cells. In this study, LLC-PK; cells were transfected with human glutamine transaminase
K, which catalyzes the B-elimination reaction. Cisplatin was significantly more toxic in
confluent monolayers of cells with increased cysteine S-conjugate f3-lyase activity. In contrast,
carboplatin, a non-nephrotoxic derivative of cisplatin, was 20-fold less toxic than cisplatinin
confluent cells and its toxicity was not altered by overexpression of cysteine S-conjugate p-lyase.
We propose that carboplatin is not nephrotoxic because it is not metabolized through this
pathway. Dividing cells were more sensitive to both cisplatin and carboplatin toxicity.
Overexpression of cysteine S-conjugate -lyase activity had no effect on the toxicity of either
drug. These data demonstrate that cisplatin kills quiescent renal cells by a mechanism that is
distinct from the mechanism by which it kills dividing cells and that the renal toxicity of cisplatin

is dependent on cysteine S-conjugate B-lyase activity.
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Cisplatin is one of the most effective anti-cancer agentsin the treatment of many solid
tumors, including testicular and ovarian cancer (O'Dwyer et a., 1999). The therapeutic effects of
the drug are significantly improved by dose escalation. However, high-dose therapy with
cisplatin is limited by its cumulative nephrotoxicity and neurotoxicity (O’'Dwyer et al., 1999).
Carboplatin, a second generation platinum drug, has also proven effective in the treatment of
ovarian tumors (Fig. 1). The dose-limiting toxicity of carboplatin is bone-marrow suppression
with cumulative anemia (McKeage, 2000). Carboplatin can be administered at doses 5-fold
higher than cisplatin without evidence of nephro- or neurotoxicity. The molecular mechanism
underlying the difference in the dose-limiting toxicities of these two platinum-based compounds

has heretofore been unknown.

Both cisplatin and carboplatin bind DNA, which istoxic to dividing tumor cells (Fink
and Howell, 2000; Perez, 1998). Chemotherapeutic drugs that disrupt pathways essential to
dividing cells are generally dose-limited by their toxicity toward the rapidly dividing cellsin the
bone-marrow, asis observed with carboplatin. The toxicity of cisplatin towards the non-dividing
proximal tubule cellsin the kidney suggests that cisplatin kills the renal cells by a mechanism

other than DNA crosslinking.

Data from our previous studies have shown that cisplatin is metabolized to a nephrotoxin.
Inhibition of the enzyme gamma-glutamyl transpeptidase (GGT) or pyridoxal 5-phosphate
(PLP)-dependent enzymes blocks the nephrotoxicity of cisplatin (Hanigan et al., 1994; Hanigan
et a., 2001; Townsend and Hanigan, 2002). Inhibition of these enzymes also blocks the

nephrotoxicity of hexachlorobutadiene and other nephrotoxic halogenated alkenes (deCeaurriz
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and Ban, 1990; Lash et al., 1994; Elfarraet al., 1986). The halogenated alkenes are metabolized
to a nephrotoxin through a glutathi one-conjugate(Anders and Dekant, 1998). One of the halogen
moietiesis displaced by the sulfur of glutathione. The resulting glutathione-conjugateis cleaved
to a cysteinyl-glycine conjugate by GGT, the cysteinyl-glycine conjugate is then cleaved to a
cysteine-conjugate by aminopeptidase N (EC 3.4.11.2, also known as aminopeptidase M). The
cysteine-conjugate is metabolized to a reactive thiol by a PLP-dependent cysteine S-conjugate 3-
lyase. The B-elimination reaction that defines a cysteine S-conjugate B-lyase enzyme can be
catalyzed by several PLP-dependent enzymes (Cooper et al., 2002). The enzymes are
aminotransferases active in amino acid metabolism and vary in their substrate specificity for the
B-lyase reaction. The enzyme that is responsible for the metabolism of each of the cysteine S-
conjugates of the halogenated alkenes in vivo has not yet been identified. However, the PLP-
dependent enzyme glutamine transaminase K (GTK) has high specific activity asacysteine S-
conjugate B-lyase with the cysteine-conjugates of trichloroethylene and tetrafluoroethylene
(Cooper et al., 2002). Overexpression of GTK in therenal proximal tubule cell line LLC-PK;
increased the toxicity of S-(1,2-dichlorovinyl)-L-cysteine (DCVC), the cystelne conjugate of

trichloroethylene (Goldfarb et al., 1996).

We have shown that the initial stepsin the bioactivation of cisplatin to a nephrotoxin are
the same as the reactions that activate the halogenated alkenes. Cisplatin-glutathione conjugates,
cisplatin-cysteinyl-glycine conjugates and cisplatin-N-acetyl-cysteine conjugates are more toxic
to LLC-PK; célsthan cisplatin (Townsend et al., 2003a). In animals and in cell culture,
inhibition of GGT or inhibition of PLP-dependent enzymes blocks the nephrotoxicity of cisplatin

(Hanigan et al., 1994; Hanigan et al., 2001; Townsend and Hanigan, 2002). In this study, we
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investigated the role of a PLP-dependent cysteine S-conjugate B-lyase in the activation of
cisplatin to a nephrotoxin. In LLC-PK; cells, GGT and aminopeptidase N activity issimilar to
activity in the kidney; but the cysteine S-conjugate p-lyase activity is significantly lower than in
vivo levels(Townsend et al., 2003a). Our hypothesisis that the B-elimination reaction catalyzed
by cysteine-S-conjugate 3-lyase isthe final step in the activation of cisplatin to a nephrotoxin,
and that the relatively low levels of cysteine S-conjugate p-lyase activity in LLC-PK; cells
makes this reaction rate-limiting for the metabolism of cisplatin in these cells (Fig. 2). To test
this hypothesis, human GTK cDNA was isolated and transfected into LLC-PK; cells. Cellswere
exposed to cisplatin or carboplatin according to a protocol that mimics the in vivo exposure. In
vivo the proximal tubules are exposed to the highest levels of cisplatin during thefirst 3 hr after
administration (Cornelison and Reed, 1993). Renal toxicity becomes apparent at 3 to 4 days.
Confluent cells were used as a model for the non-dividing monolayer of epithelial cellslining the
renal proximal tubules. The cells were exposed to cisplatin for 3 hr and toxicity was evaluated at
3 days. In thisstudy, the contribution of GTK to cisplatin and carboplatin toxicity was tested in

both dividing and quiescent cells.
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Materials and M ethods

Cloning of Cytosolic Glutamine Transaminase K. A full length cDNA of cytosolic
GTK was isolated from a human kidney QUICK-Clone cDNA library (Clontech Laboratories,
Inc., Palo Alto, CA) with two rounds of PCR amplification. The oligonucleotide primers were
designed based on the published sequence of the human cytoplasmic GTK (Perry et al., 1995,
National Center for Biotechnology Information, GenBank accession number: NM _004059). The
first round of PCR was performed with a pair of external primers, 5’
GTGAAGCGGCCCAGGTGAGGCTCG 3 and 5 ATGTCAGGGCCAAGGCGTGACTTC 3.
The PCR product from the first round was used as a template for the second round of PCR with a
pair of internal primers, 5 ATGGCCAAACAGCTGCAGGCCCGA 3 and 5
CTAGAGTTCCACCTTCCACTTCCG 3. The PCR product from the second round was ligated
to pT-Adv vector (Clontech Laboratories, Inc.). TOP 10F E. coli (Clontech Laboratories, Inc.)
were transfected with the ligation mixture and amplified. The GTK cDNA was isolated and
cleaved from the pT-Adv vector with Hind 111 and Xho I, then subcloned into the same restriction
sites in the mammalian expression vector pcDNA3.1 (+) (Invitrogen, Carlsbad, CA). The
plasmid was transfected into TOP 10F E.coli and amplified. The orientation of the insert was
confirmed by Pst | digestion of the plasmid. The GTK cDNA was sequenced with a T7 primer
and three internal primers (Oklahoma Medical Research Foundation DNA Sequencing Facility,
Oklahoma City, OK). The GTK cDNA had 6 codons that encoded amino acids that differed from
the published sequence (Perry et al., 1995). A Quikchange multisite-directed mutagenesis
system (Stratagene, La Jolla, CA) was used to correct the sequence in the cDNA so that it

encoded a protein identical to the published amino acid sequence.
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Transfection of LL C-PK; cellswith GTK cDNA. LLC-PK; (ATCC CRL 1392), apig
kidney proximal tubule cell line, was obtained from the American Type Culture Collection
(Manassas, VA). The cells were maintained in Dulbecco’s Modified Eagle' s Medium (DMEM,
Invitrogen), with 5% fetal bovine serum (FBS, Hyclone Laboratories, Logan, UT), 50 units/ml
Penicillin and 50 pug/ml streptomycin (Invitrogen) at 37 °C in a 5% CO, atmosphere. For
transfection, 5 x 10° LLC-PK; cells were plated on a P100 dish in 1:1 mixture of F12:DMEM,
with 10% FBS. Twenty-four hr after plating, 10 ug GTK/pcDNA3.1 plasmid were precipitated
by calcium phosphate and transfected into LLC-PK cells (Calcium Phosphate Eukaryotic
Transfection Kit, Stratagene). Control cells were transfected with pcDNA3.1 vector alone.
Stable transformants were selected with 2 mg/ml G418 (Invitrogen). Individual colonies were
picked and grown into cell linesin DMEM, 5% FBS, and 2 mg/ml G418. The transfected cell
line with the highest level of cysteine-S-conjugate B-lyase activity was selected and named LLC-
PK1/GTK. The control cell line was named LLC-PK4/C1. The two cell lines were maintained in

the DMEM medium containing 5% FBS and 400 pug/ml G418.

Preparation of Cell Lysate. LLC-PK;/GTK and LLC-PK1/C1 cellswere seeded in
P100 tissue culture plates at adensity of 2 x 10° cells/plate. On day 7, the cells reached
confluence and the medium was changed to fresh medium. On day 10, the cells were trypsinized
from the plates, rinsed twice with phosphate-buffered saline, and resuspended in 100 pl 10 mM
Tris-HCI, 0.25 M sucrose (pH 7.5). The cells were freeze-thawed twice, sonicated twice for 10

sec with a 30 sec cooling interval on ice, and centrifuged at 3000 x g for 5 min (Perry et al.,
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1993). The supernatant was used the same day to measure enzyme activities and aliquots were

stored at -80 °C for Western Blot analysis and protein concentration determination.

Cysteine S-Conjugate B-LyaseActivity. The substrate DCVC was synthesized
according to the method of McKinney et al. (McKinney et a., 1959). Trichloroethylene was
reacted with cysteine in the presence of metallic sodium in aliquid ammonia solution. The
ammonia was evaporated and the crude product was purified by crystallization. Identity of the
product was confirmed by ultraviolet spectrum, proton nuclear magnetic resonance spectroscopy
and fast atom bombardment mass spectrometry (OU Chem/Biochem Mass Spectrometry
Laboratory, Norman OK). The cysteine S-conjugate -lyase assay was a modification of a
previously published assay (Cooper et a., 2001). Briefly, 20 ul reaction mixture containing 100
mM potassium phosphate buffer (pH 7.2), 5mM DCVC, 10 uM PLP, and the cell lysate was
incubated at 37 °C. The reaction was stopped and the pyruvate released was converted to
pyruvate 2,4-dinitrophenylhydrazone by addition of 20 ul of 5 mM 2,4-dinitrophenylhydrazine
(DNP) in 2 M HCI. The solution was further incubated at 37 °C for 5 min, 160 ul of 1 M KOH
was then added. The mixture was immediately transferred to a 96-well plate and the absorbance
of pyruvate 2,4-dinitrophenylhydrazone was measured at 450 nm. The background absorbance
was determined by adding the cdll lysates immediately after the addition of the DNP. The molar
extinction coefficient of pyruvate 2,4-dinitrophenylhydrazone under these conditions was
15,000. One unit of activity was defined as the amount of enzyme that released one umole of
pyruvate per min at 37 °C. Protein concentrations were determined by BCA protein assay

(Pierce, Rockford, IL).
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GTK Activity. GTK activity was measured with a multi-well plate assay (Cooper et al.,
2001). A 50 pl reaction mixture contained 100 mM ammediol-HCI (pH 9.0), 5 MM a-keto-y -
methiolbutyrate, 20 mM L-phenylalanine, and cell lysate. The reaction was incubated at 37 °C
and terminated by the addition of 150 ul 1M KOH. The absorbance was read immediately at
322 nm. The background absorbance was determined by adding the cell lysate after the KOH.
The molar extinction coefficient of phenylpyruvate (enol) under these conditionsis 16,000. One
unit of activity was defined as the amount of enzyme that released one umole of phenylpyruvate

per min at 37 °C. Protein concentrations were determined by the BCA protein assay.

Western Blot Analysis. The western blot was performed based on a procedure from
Cell Signaling (Beverly, MA). The cell lysates (25 ug per lane) were diluted with 1% SDS and
60 uM dithiothreitol and boiled for 5 min. The proteins were separated on 12% SDS-
polyacrylamide gel electrophoresis. They were transferred onto nitrocellulose membranes
(Osmonics, Inc., Minnetonka MN). The membranes were blocked for 1 hr at 25 °C with 20 mM
Tris-HCI, pH 7.5, 500 mM NaCl, and 0.05% Tween-20 (TTBS) containing 5% non-fat dry milk
(blocking buffer). Membranes were washed three times for 10 min each in TTBS at 25 °C, then
incubated overnight at 4 °C with rabbit anti-rat kidney GTK antibody (a generous gift from Dr.
Arthur Cooper, Weill Medical College of Cornell University, NY; (Abraham and Cooper, 1996).
The antibody was diluted 1:500 with the blocking buffer. Membranes were washed three times
for 10 min each with TTBS and incubated for 2 hr at 25 °C with peroxidase-conjugated goat
anti-rabbit antibody (Sigma, St. Louis, MO) diluted 1:10,000 in blocking buffer. After three

washes with TTBS, the immunolabeled bands were visualized with an enhanced
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chemiluminescence kit (Amersham, Piscataway, NJ) according to the manufacturer’s

instructions.

Cigplatin and Carboplatin Toxicity in Confluent Cells. The nephrotoxicity of
cisplatin and carboplatin was assessed in an in vitro assay system that isamodel for in vivo
exposure (Townsend et al., 2003a). Briefly, LLC-PK1/GTK and LLC-PK;/C1 cells were seeded
in 96-well plates at 10* cells/well in DMEM medium containing 5% FBS and 400 pg/ml G418.
The cells became confluent on day 3 and the medium was replaced with fresh medium. On day
7, the medium was removed and replaced with cisplatin or carboplatin diluted in DMEM.
Cisplatin (Sigma) was prepared as a Img/ml stock solution in 0.9% NaCl. A fresh stock solution
of carboplatin (Sigma), Img/ml DMEM, was prepared each day. The stock solutions were
diluted in the DMEM less than 30 min before they were added to the cells. The cellswere
incubated in the cisplatin or carboplatin containing medium for 3 hr at 37°C in 5% CO,. Cdlls
incubated in DMEM alone served as controls. After 3 hr, the media containing the drugs were
removed and replaced with DMEM medium containing 5% FBS and 400 ug/ml G418. Thecells
were incubated at 37 °C in 5% CO- for an additional 69 hr. The number of viable cells was

determined by the MTT assay (Mosmann, 1983).

Cigplatin and Carboplatin Toxicity in Dividing Cells. Thetoxic effects of cisplatin
and carboplatin in dividing transfected cells were assessed with the in vitro assay system

described above. LLC-PKy/GTK and LLC-PK4/C1 cells were seeded in 96-well plates at 5 x 10°
cells/well in DMEM medium containing 5% FBS and 400 ug/ml G418. The next day, the

medium was removed and the cells were treated for 3 hr with cisplatin or carboplatin diluted in
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DMEM. At the end of incubation, the drugs were removed and replaced with DMEM medium
containing 5% FBS and 400 ug/ml G418. The cells wereincubated at 37 °C in 5% CO,for

additional 69 hr. The number of viable cells was determined by the MTT assay.

Data Analysis. Statistically significant differences between the cell linesin the levels of
enzyme activity were detected with t-tests. Differences were considered significant if p < 0.05.
Each cell culture toxicity experiment was repeated at least three times. In each experiment all
points were donein triplicate. The standard deviation (SD) from the mean was computed for
each point. LDsp and its 95% confidence intervals were calculated with Prism sigmoidal dose-
response (variable slope) curvefit (GraphPad Software, Inc., San Diego, CA). Statistically
significant differencesin toxicity between cell lines were detected with t-tests. Differences were

considered significant if p < 0.05.
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Results

Expression of Cysteine S-Conjugate p-Lyasein LLC-PK; Cells. Thefull length
cDNA of cytGTK was isolated from a human kidney cDNA library and modified by site-directed
mutagenesis to encode a protein identical to the published sequence for cytGTK. The pcDNA3.1
containing the GTK cDNA was transfected into LLC-PK; cells. More than three hundred
colonies grew out in the presence of 2 mg/ml G418; six were picked and grown into individual
cell lines. The cell lines were assayed for cysteine S-conjugate 3-lyase activity eight to ten
weeks after the transfection. The highest B-lyase activity of the GTK transfected LLC-PK; cells
was two-fold higher than that of the control lines. The colony that exhibited the highest cysteine
S-conjugate B-lyase activity was chosen for further studies and named LLC-PKy/GTK. The p-
lyase activity of LLC-PK1/GTK increased as the cells were passaged. Fifteen weeks after
transfection the enzyme activity was 4.32 + 0.37 mU/mg protein which is 2.8-fold higher than
the level of activity in mouse kidney (Townsend et al., 2003a). A second set of cells transfected
with the pcDNA3.1 vector served as a control and was named LLC-PK/C1. Both transfected

cell lines maintained the same growth rate as the parental cell line.

Glutamine Transaminase K Activity and Cysteine S-Conjugate B-Lyase Activity.
Four months after transfection, the GTK activity of LLC-PK1/GTK was 56-fold higher than that
of LLC-PK,/C1 (Tablel). Theleve of activity remained constant as the cells were passaged
over three months for use in these studies. GTK also catalyzes the B-elimination reaction that
defines a cysteine S-conjugate p-lyase. The cysteine S-conjugate B-lyase activity was measured

in the whole cell lysates of LLC-PK;/GTK and LLC-PK4/C1. The cysteine S-conjugate p-lyase
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activity, with DCVC as a substrate, was 4.32 + 0.37 mU/mg protein (Table 1). The level of
activity in LLC-PK/C1 was at or below the detection limit of the assay and could not be
measured reliably. These data demonstrate that the GTK transfected into LLC-PK41/GTK cells
was active as a glutamine transaminase. The enzyme was able to catalyze the cysteine S-
conjugate -lyase reaction and was the primary enzyme responsible for this activity in LLC-

PK1/GTK cdlls.

Western Blot Analysis of GTK Expression. Western blot analysis with a polyclonal
rabbit anti-rat kidney GTK antibody was used to detect human kidney GTK in the transfected
LLC-PK4/GTK cells. The amino acid sequence similarity between the rat and human kidney
GTK is83%. A protein band at 48 kD was detected by the antibody in LLC-PK1/GTK cdlls, but
not in the control cells (Fig. 3). The molecular weight of this band is consistent with human
GTK. One subunit of human GTK (homodimer) deduced from amino acid sequence is 47.9 kD
(Perry et al., 1995). For both cell lines, there was a minor band at 34 kD. LLC-PK; isaporcine
cell linewith low endogenous GTK activity. The amino acid sequence of porcine GTK has not
yet been reported. The minor band may be the endogenous porcine GTK, or another porcine
protein with an antigenic site similar to rat GTK. The faint bands at approximately 70 to 80 kD
were nonspecific bands, the intensity of which did not change when the amount of |ysate |loaded

on the gdl was reduced by 5-fold.

Toxicity of Cisplatin in Confluent GTK Transfected Cells. Confluent monolayers of

LLC-PK4/GTK and LLC-PK,/C1 cells were treated with cisplatin according to our standard

protocol: 3 hr in cisplatin with cell viability assayed 3 days after treatment. The data showed that

14
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cisplatin was more toxic to the cells transfected with GTK than to vector-transfected controls
(Fig. 4A). LDsp of cisplatinin LLC-PK1/GTK cellswas 111 uM with 95% confidence intervals
ranging from 108 to 114 uM. LDs of cisplatin in LLC-PK4/C1 cells was 164 uM with 95%
confidence intervals ranging from 159 to 169 uM. The two LDs, were significantly different (p
< 0.0001), and there was also a significant difference between the slopes of the two dose curves
(p = 0.0006). These studies demonstrate that in confluent monolayers of LLC-PK; cells the [3-
elimination reaction catalyzed by cysteine S-conjugate B-lyase is an important step in the

bioactivation of cisplatin to a nephrotoxin.

Toxicity of Carboplatin in Confluent GTK Transfected Cells. Confluent monolayers
of LLC-PK{/GTK and LLC-PK;/C1 cells were treated with carboplatin. Carboplatin was less
toxic towards these proximal tubule cells than cisplatin (Fig. 4B). The LDsfor carboplatin in
LLC-PK4/C1 cellswas 3.38 mM with 95% confidence intervals ranging from 3.13 to 3.66 mM,
more than 20-fold higher than the LDsp for cisplatin in these cells. LDsg of carboplatinin LLC-
PK1/GTK cedlswas 3.25 mM with 95% confidence intervals ranging from 2.95 to 3.58 mM. The
overexpression of human GTK had no effect on the LDs, of carboplatin (p = 0.34). The slopes
of the two dose curves were not significantly different (p = 0.18). Thus, carboplatin is not

bioactivated by a cysteine S-conjugate p-lyase reaction in LLC-PK; cells.

Toxicity of Cisplatin in Dividing GTK Transfected Cells. Dividing LLC-PK4/C1 cells
and LLC-PK,/GTK cells were treated with cisplatin (Fig. 5A). Dividing LLC-PK4/C1 cedlswere
4.3-fold more sensitive to cisplatin than quiescent monolayers (Fig. 4A and Fig. 5A). LDs of

cisplatin in dividing LLC-PK;/C1 cellswas 38.0 uM with 95% confidence intervals ranging
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from 30.5t047.2 uM. LDsp of cisplatin in dividing LLC-PK1/GTK cellswas 41.7 uM with 95%
confidence intervals ranging from 37.9 to 45.9 uM. There was no significant difference between
the LDsp of the dividing LLC-PK1/C1 and LLC-PK1/GTK cellstoward cisplatin (p = 0.36). The
slopes of the two dose curves were not significantly different (p = 0.84). These data demonstrate
overexpression of cysteine S-conjugate [3-lyase does not alter the toxicity of cisplatin toward
dividing LLC-PK; cdlls. Thisresult indicates that metabolism of cisplatin through a cysteine S-
conjugate B-lyase dependent pathway does not make a significant contribution to the toxicity of

cisplatin toward dividing cells.

Toxicity of Carboplatin in Dividing GTK Transfected Cells. Thetoxicity of
carboplatin toward dividing LLC-PK;/C1 and LLC-PK;/GTK cellsis shownin Fig. 5B.
Carboplatin was 2.2-fold more toxic towards dividing LLC-PK;/C1 cells than confluent cells
(Fig. 4B and Fig. 5B). The LDsg of carboplatin in dividing LLC-PK,/C1 cellswas 1.56 mM with
95% confidence intervals ranging from 1.36 to 1.79 mM. The LDsp of carboplatinin dividing
LLC-PK41/GTK cellswas 1.99 mM with 95% confidence intervals ranging from 1.54 to 2.57
mM. There was no significant difference between the LDs of the dividing LLC-PK,/C1 and
LLC-PK41/GTK celstoward carboplatin (p = 0.07). The slopes of the two dose curves were not
significantly different (p = 0.55). These data are consistent with the hypothesisthat a cysteine S-
conjugate -lyase dependent pathway does not play arole in the toxicity of carboplatin toward

either confluent or dividing cédlls.
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Discussion

The data from these studies confirm the role of a cysteine S-conjugate p-lyasein the
metabolism of cisplatin to a nephrotoxin. Our hypothesis is that the -elimination reaction
catalyzed by cysteine S-conjugate -lyaseisthefinal step in the activation of cisplatinto a
nephrotoxin and that the low level of cysteine S-conjugate p-lyase activity in LLC-PK; cells
make this reaction rate-limiting for the metabolism of cisplatin to a nephrotoxin. Our data show
that overexpression of GTK significantly increased the cysteine S-conjugate B-lyase activity in
LLC-PK; célls. In support of our hypothesis, cisplatin was significantly more toxic toward
confluent monolayers of LLC-PK; cells that overexpressed GTK than toward control cells. The
data show that carboplatin was 20-fold less toxic to confluent monolayers of LLC-PK1 cells than
cisplatin, which correlates with its lack of nephrotoxicity in the clinic. Overexpression of GTK
had no effect on the toxicity of carboplatin in confluent monolayers of LLC-PK; cells. We
propose that carboplatin is not bioactivated through the glutathione-conjugate pathway and this
differential metabolism explains the difference in renal toxicity between cisplatin and

carboplatin.

A comparison of the structures of cisplatin and carboplatin shows features that would
contribute to the differential metabolism of the two compounds. The chlorinesin cisplatin have
been substituted with a 1,1-cyclobutanedicarboxylate ligand in carboplatin (Fig. 1). The
stability of the carboplatin ligand renders carboplatin less reactive than cisplatin toward sulfur-
based nucleophiles (Dedon and Borch, 1987). The second-order rate constant for the

substitution reaction of carboplatin with glutathione is more than 14-fold less than the rate of the
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reaction of cisplatin with glutathione. The reduced reactivity of carboplatin with glutathione
would limit its metabolism through the proposed bioactivation pathway. In addition, we have
shown that a monoplatinum-monoglutathione conjugate of cisplatin isthe conjugate that is
metabolized to a nephrotoxin (Townsend et al., 2003b). A monoplatinum-monoglutathione
conjugate of carboplatin would have a bulky cyclobutanedicarboxylate side chain and may not

be a substrate for the enzymes in the pathway.

The data also show that dividing cells are more sensitive than quiescent monolayers of
cellsto the toxicity of both cisplatin and carboplatin. The level of cysteine S-conjugate -lyase
activity had no effect on the toxicity of either drug toward dividing cells. These data arein
agreement with the hypothesis that the mechanism by which cisplatin kills dividing céllsis
different from the mechanism by which it kills quiescent renal cells. Datafrom other
investigators indicate that death istriggered in dividing cells by cisplatin or carboplatin-induced
DNA damage (Fink and Howell, 2000; Perez, 1998). Cysteine S-conjugate 3-lyaseis not part of

pathways through which DNA damage induces apoptosis.

Cysteine S-conjugate p-lyases are PLP-dependent enzymes that catalyze the j3-
elimination of the cysteine conjugates (Cooper, 1998). The products of this reaction include
pyruvate, ammonia, and a sulfur-containing metabolite. The sulfur containing metabolites are
highly reactive and thioacylate proteins (Hayden et al., 1991). Thelysineresidues of proteins are
particularly susceptible to the thioacylating products and inactivation of essential proteins would
result in cell death (Birner et al., 1994; Cooper et al., 2002). Both mitochondrial and cytosolic

proteins are modified after treatment with the nephrotoxic halogenated alkene, trichloroethene or
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its cysteine conjugate (Birner et al., 1994). Aminooxyacetic acid, an inhibitor of PLP-dependent

enzymes, inhibits the formation of thioacylated proteins.

Cysteine S-conjugate p-lyase activity has been found in cytosolic, mitochondrial, and
microsomal fractions of the human kidney tissue, but the cytosolic fraction has the highest
activity (Lash et al., 1990). It isstill not known which enzyme catalyzes the -elimination
reaction of cysteine-conjugates of halogenated alkenesin vivo. Nine mammalian enzymes have
been identified that catalyze this reaction (Cooper et a., 2002). Five arecytosolic. They arerat
kidney cytGTK, rat liver kynureninase, pig heart aspartate aminotransferase, pig heart alanine
aminotransferase and human cytosolic branched-chain amino acid aminotransferase (Stevens et
al., 1986; Stevens, 1985; Gaskin et al., 1995; Adcock et al., 1996; Cooper et a., 2002). The
mitochondrial enzymes that possess cysteine S-conjugate B-lyase activities are human
mitochondrial branched-chain amino acid aminotransferase, rat liver mitochondrial aspartate
aminotransferase, rat kidney mitochondrial alanine-glyoxylate aminotransferase Il and a high-M,
mitochondrial protein (Cooper et al., 2002; Abraham et al., 1995; Abraham and Cooper, 1991).
CytGTK hasthe highest specific activity of the enzymes that catalyze the cysteine S-conjugate f3-
elimination reaction with the cysteine conjugates of the halogenated alkenes (Cooper et al.,

2002).

CytGTK has been detected immunohistochemically in the S1, S2, and S3 regions of the
kidney proximal tubules, but not the other regions of the kidney (Jones et al., 1988). Trevisan
and coworkers treated rats with S1-S2 and S3 specific nephrotoxicants and measured GTK

excretion in urine (Trevisan et al., 1998). The results showed that the enzyme was distributed
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along the whole proximal tubule. The proximal tubules are the major targets of the
nephrotoxicity caused by both the halogenated alkenes and cisplatin. Overexpression of GTK in

LLC-PK; cdlsincreased the sengitivity to the cysteine conjugate DCVC (Goldfarb et al., 1996).

Resultsin this study confirm our hypothesis that cisplatin is converted to a nephrotoxin
via a cysteine S-conjugate -lyase-dependent pathway. Future studieswill focus on identifying
the cysteine S-conjugate B-lyase that bioactivates the cysteine conjugate of cisplatin and the
critical targets of the reactive thiol produced by this reaction. Understanding the molecular
pathways that produce the dose-limiting nephrotoxicity associated with some platinum-based

drugs will aid in the rational design of new platinum-based chemotherapy drugs.
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L egendsfor figures

Figure 1. The structures of cisplatin (left) and carboplatin (right).

Figure 2. Metabolism of cisplatin to a nephrotoxin. The proposed pathway of cisplatin activation
is based on the metabolism of the glutathione-conjugates of the halogenated-alkenes to
nephrotoxins (Anders and Dekant, 1998). The location of intracellular and extracel lular
reactions that bioactivate cisplatin to a nephrotoxin are shown (left). Cisplatin enters cells and
binds to DNA, which istoxic to dividing cells but not to quiescent cells such as the proximal
tubulesin the kidney. Formation of cisplatin-glutathione conjugates reduces the amount of
platinum bound to DNA and protects dividing cells from cisplatin toxicity (Sadowitz et al.,
2002). The formation of platinum-glutathione conjugates and their transport out of the cell are
thefirst stepsin the metabolism to a nephrotoxin. The platinum-glutathione conjugate is cleaved
to a platinum-cysteinyl-glycine conjugate by GGT on the cell surface (Hanigan et al., 2001;
Townsend et al., 2003a). The platinum-conjugate is further cleaved to a platinum-cysteine
conjugate by aminodipeptidase N on the cell surface. The platinum-cysteine conjugate is taken
up into the cell whereit is converted to a highly reactive thiol by cysteine S-conjugate p-lyase.
Binding of the reactive thiol to essential proteins within the cell istoxic. The reaction catalyzed

by cysteine S-conjugate f-lyase is shown (right).

Figure 3. Western blot analysis of LLC-PK1/GTK and LLC-PK,/C1 cdll lysates. Lane1: LLC-

PK1/GTK (25 ug). Lane2: LLC-PK4/C1 (25 ug). A protein band with MW 48 kD (arrow) was
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detected in LLC-PK,/GTK cdll line, but not in LLC-PK/C1 céll line. The molecular weight of

this band is consistent with that of GTK monomer.

Figure 4. Toxicity of cisplatin and carboplatin in confluent LLC-PK1/GTK and LLC-PK,/C1
cells. Confluent monolayers of LLC-PK,/GTK (empty diamond) or LLC-PK/C1 (solid
diamond) were treated with cisplatin (A) or carboplatin (B) in DMEM for 3 hr. The cisplatin and
carboplatin solutions were removed at the end of the 3 hr exposure and replaced with fresh

DMEM, containing 5% FBS and 400 ug/ml G418. The viability of the cells was measured at 72

hr. Each point represents mean of three points+ S.D.

Figure 5. Toxicity of cisplatin and carboplatin in dividing LLC-PK1/GTK and LLC-PK,/C1
cells. Dividing cells of LLC-PK1/GTK (empty diamond) or LLC-PK/C1 (solid diamond) were
treated with cisplatin (A) or carboplatin (B) in DMEM for 3 hr. The cisplatin and carboplatin
solutions were removed at the end of the 3 hr exposure and replaced with fresh DMEM,

containing 5% FBS and 400 pug/ml G418. The viability of the cells was measured at 72 hr. Each

point represents mean of three points+ S.D.
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Table 1. Specific activities of enzymesin LLC-PK;/GTK and LLC-PK4/C1 cdll lines.

Enzyme Activities

Cdl Lines GTK Cysteine S-Conjugate p-Lyase
LLC-PK4/C1 1.5+ 0.272 <0.2°
LLC-PK{/GTK 84+ 85 4.3+0.37

®All enzyme units are expressed as muU/mg protein + S.D.

®The detection limit of the assay is 0.2 mU/mg protein
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This article has not been copyedited and formatted. The final version may differ from this version.
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