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Activation of Carboplatin by Carbonate

Anthony J. Di PasquaJerry Goodismai,Deborah J. Kerwood Bonnie B. Toms,
Ronald L. Dubowy, and James C. Dabrowiak*

Department of Chemistry, Syracuse barisity, 111 College Place, CST, Room 1-014,
Syracuse, New York 13244-4100, and Department of Pediatrics, Upstate Medicelr&ityi, State Uniersity of
New York, 750 East Adams Street, Syracuse, New York 13210

Receied September 16, 2005

Carboplatin, [Pt(NH),(CBDCA-0,0)], 1, where CBDCA is cyclobutane-1,1-dicarboxylate, is in wide
clinical use for the treatment of ovarian, lung, and other types of cancer. Because carboplatin is relatively
unreactive toward nucleophiles, an important question concerning the drug is the mechanism by which
it is activated in vivo. UsingH,'>N] heteronuclear single quantum coherance spectroscopy (HSQC)
NMR and®N-labeled carboplatin, we show that carboplatin reacts with carbonate ion in carbonate buffer
to produce ring-opened products, the nature of which depends on the pH of the medium. The assignment
of HSQC NMR resonances was facilitated by studying the reaction of carboplatin in strong acid, which
also produces a ring-opened product. The HSQC NMR spectra and UV-visible difference spectra show
that reaction of carboplatin with carbonate at pH8.6 produces mainlgis-[Pt(NHz).(CO;?)(CBDCA-

0)]72, 5, which contains the mono-dentate CBDCA ligand and mono-dentate carbonate. At pH 6.7, the
primary product is the corresponding bicarbonato complex, which may be in equilibrium with its
decarboxylated hydroxo analogue. The UV-visible absorption data indicate tha¢tfar the protonation

of 5is ~8.6. Thus, the reaction of carboplatin with carbonate produces a mixture of ring-opened species
that are anions at physiological pH. HSQC NMR studies'®labeled carboplatin in RPMI culture
media containing 10% fetal bovine serum with and without added carbonate suggest that carbonate is
the attacking nucleophile in culture media. However, because the rate of reaction of carbonate with
carboplatin at physiological pH is small, NMR peaks for ring-opened carboplatin were not detected with
HSQC NMR. The rate of disappearance of carboplatin in culture medium containind@ Jurkat

cells is essentially the same as that in carbonate buffer, indicating that the ring-opening reaction is not
affected by the presence of cells. This work shows that carbonate at concentrations found in culture
media, blood, and the cytosol readily displaces one arm of the CBDCA ligand of carboplatin to give a
ring-opened product, which at physiological pH is a mixture of anions. These ring-opened species may
be important in the uptake, antitumor properties, and toxicity of carboplatin.

Introduction P
HsN 0—C  ,C HeN cl
Carboplatin, [Pt(NH)2(CBDCA-O,0)]* (1 in Figure 1), ’ N \CH2 ’ N
where CBDCA is cyclobutane-1,1-dicarboxylate, is a second- o No—d % 7N
generation Pt anticancer drug, which is less oto- and neph- : \\O H,

rotoxic thancis-diamminedichloroplatinum(ll) (cisplatin® (1,

2). Both cisplatin and carboplatin have cis ammonia ligands,
but in the latter, the two chloride ligands of cisplatin are replaced
by a dicarboxylate chelate ring (Figure 1). Because a bidentate
chelate ring is difficult to displace in substitution reactioB} (
carboplatin is much less reactive than cisplatin. Studies show
that the rate constant for the reaction of carboplatin with water
is very small,k; < 1078 s (4), which likely precludes
hydrolysis as a means of activating the drug in vivo.

In exploring ways to displace the chelate ring of carboplatin,
Sheldrick and co-worker$) used HPLC, NMR, and capillary

Carboplatin 1 Cisplatin 2
Figure 1. Structures of carboplatin and cisplatin.

electrophoresismass spectrometry to show that the thioether
group in a tripeptide can displace the bidentate dicarboxylate
of carboplatin. The introduction of the thioether into the
coordination sphere of the platinum (Pt) ion labilized the
ammonia molecule trans to the thioether, which ultimately led
to the replacement of all of the ligands of carboplatin with
donors from the peptide. Sadler and co-worké)showed that
the reaction of carboplatin with methionine is rapkd= 2.7 x
103 M~1s71) and that it produces a stable ring-opened species,
* To whom correspondence should be addressed. Tel: 315-443-4601. Cis-[Pt(CBDCA-O)(NHs)»(L-HMet-S)], which has a long half-
Fa)f(:g 3%%—3;1633%2} Sl?t-maili jcdabrow@syr.edu. life. The authors suggested that this reaction may play a role in
I=dio, University of New York. the biological activity of carboplatin. While a thioether group
1 Abbreviations: carboplatirgis-diammine(cyclobutane-1,1-dicarboxy- ~ ¢an readily displace the bidentate chelate ring of carboplatin,
lato)platinum(ll) P{(NH)(CBDCA-O,0'); CBDCA, cyclobutane-1,1-di-  the resulting Ptmethionine adduct is thermodynamically stable

carboxylate; HCBCDA, cyclobutane-1,1-dicarboxylic acid; cisplatuis- i ; heP
diamminedichloroplatinum(ll); dbD, distilled deionized water; D, making transfer of the Pt to a target via breakage of t t

deuterium oxide; FBS, fetal bovine serum: Pt, platinum; HSQC, hetero- PONd difficult (3). For example, ais-(NHz),Pt(Il) moiety, which
nuclear single quantum coherance spectroscopy. is bound to the terminal Met1 of ubiquitin, cannot be transferred

10.1021/tx050261s CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/10/2005
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to a potential DNA target, 'SGMP (7). However, for certain
structures containing both a thioether group and a DNA base,
the initially formed P+S adduct can rearrange to the-Base
adduct, suggesting that reaction of carboplatin with a thioether
may be a means of activating the drug in vi\g). (

In an effort to show that carboplatin may not require
activation, Sadler and co-worker9) (used NMR to measure
the rate of reaction of the drug with-&MP. They found that
carboplatin slowly reacts with the nucleotidey, ~ 46 h, to
producecis-[Pt(NH3z)(CBDCA-O)(5'-GMP)], suggesting that
the drug could directly attack DNA in vivo.

Carbonate is an important ligand for the uptake and toxicity
of Cd?t, P**, and Tt (10—12), and it may play a role in the
biological activity of Pt antitumor agents. Carbonate, which is
in equilibrium with bicarbonate, carbonic acid, and dissolved
carbon dioxide 13), is ubiquitous in biological systems, and it
is found in high concentration{24 mM) in blood (L4). Metal

Di Pasqua et al.

Materials and Methods

Materials. K,PtClL, H,CBDCA, and *NH,C| used in the
synthesis of°N-labeled carboplatin were purchased from Sigma-
Aldrich (St. Louis, MO). The NaHC®(>99%) was from Sigma-
Aldrich, and the fetal bovine serum (FBS) and RPMI-1640 with
(15-040) and without (50-020) NaHGQwvere from Mediatech
(Herndon, VA). The HCIQ (60%) and deuterium oxide ¢D)
(99.9%) were purchased from Fisher Scientific (Pittsburgh, PA)
and Sigma-Aldrich, respectively, and used without purification.

Synthesis of!>N-Carboplatin. To a solution containing 0.659
g (1.36 mmol) oftis-Pt®NHj3),l, (20) in 5 mL of distilled deionized
water (dHO) was added 5 mL of a solution containing 0.485 g
(2.85 mmol) of silver nitrate in 5 mL of dfD. The resulting
solution was stirred overnight in the dark after which time the Agl
that formed was removed by filtration through diatomaceous earth.
To the filtrate was added 0.215 g (1.50 mmol) of 1,1-cyclobutane-
dicarboxylic acid, and the pH of the resulting solution was adjusted
to 5.0 using 10 M KOH. After it was stirred for 3 h, the solvent

complexes having bound carbonate (carbonato complexes) carwas removed in a vacuum-g0°C) and the white solid was washed
be made by ||gand d|Sp|acement reactions invo'ving Carbonatewnh 5 mL of cold Water, ethanol, and ether and dried to y|e|d 27.8%

ion, or they can be formed by the rapid addition of carbon
dioxide to a metal-bound hydroxide ligantix( 16).

The potential of carbonate as an activating ligand for Pt was
explored by Chaney and co-workels’Y who demonstrated that
a six-membered malonate chelate ring bound # Bould be
readily displaced in carbonate buffer. Because the resulting

based ortis-Pt(*NHx),l,. ThelH NMR spectrum ofN-carboplatin
in DO [referenced internally to, DSS, M&i(CH,);SO;Na] at 25
°C, pH 5.0, exhibits signals at 2.880 (triplet, 44,4 = 8.0 Hz)
and 1.895 (quintet, 2HJ,—y = 8.0 Hz) &, 9).

[*H,*N] HSQC NMR Spectroscopy.HSQC NMR spectra were
recorded on a Bruker Advance 500 MHz NMR equipped with a 5
mm triple axis probe in the earlier described manried).(Each

carbonato complex was unstable, the authors suggested thakinetic run consisted of successive NMR measurements (each 60
bicarbonate/carbonate ion may be a nonenzymatic pathway formin in length, ns= 48). Peak volumes in arbitrary units for all

the formation of biologically active Pt complexes.

Earlier, we used H,'>N] heteronuclear single quantum
coherance spectroscopy (HSQC) NMR apid-labeled cisplatin
to show that a metabolite of the drug that forms in RPMI culture
medium is rapidly taken up and/or modified by Jurkat leukemia
cells (18). Further investigation by us using one-dimensional
and two-dimensional NMR and UV-vis absorption spectroscopy
revealed that the metabolite is a Pt carbonato complé, (
which is formed when cisplatin aquates in a medium containing
carbonate.

In this report, we usé&N-labeled carboplatinlf,1>N] HSQC
NMR, and UV-vis spectroscopy to show that carbonate ion in
carbonate buffer readily displaces the CBDCA chelate ring of

peaks of appreciable intensity, excludiAgfPt satellites, were
calculated using Bruker software. T8N chemical shifts were
referenced externallptl M (33NH,4),SO, in 95/5 H,O/D,0, which

was acidified to pH~ 1 by the addition of BSO,. TheH chemical

shifts were referenced externally to M#CD,CD,CO;Na, TSP, in

a pH 7.15, 23 mM sodium carbonate buffer.

Spectra were recorded in 95/5,6{D,O at 37 °C. Freshly
prepared stock solutions of the labeled drug in water were prepared,
and appropriate volumes were added to solutions to give a final
concentration of drug of 1160M in a final volume of 92QuL. The
pH 8.6, 23.8 mM and pH 8.6, 10 mM carbonate buffers were
prepared by dissolving the appropriate amount of NakliG@ater.

The pH 7.5, 23.8 mM and pH 7.5, 10 mM carbonate buffers as
well as the pH 6.7, 23.8 mM and pH 6.7, 10 mM carbonate buffers
were prepared in the identical manner with the addition of the

carboplatin to give a complex having mono-dentate carbonate gppropriate amountf@® N HCIO,. The “normal medium” used in

and the mono-dentate CBDCA ligand. The compound is
characterized from its HSQC NMR chemical shift data and by

the NMR studies was RPMI-1640 (pH 7.2) plus 10% FBS. To this
was also added 10@g/mL streptomycin, 100 1U/mL penicillin,

comparison of the corresponding aquo complex produced in theand 2.0 mM S-glutamine. The pH of the “medium without

acid hydrolysis of carboplatin. Studies done in the pH range
from 6.7 to 9.3 show that the mono-carbonato compound is in
a proton equilibrium with its bicarbonate form and possibly its
decarboxylated hydroxo form. In all studies, therapeutically
relevant carboplatin concentrations were used.

carbonate”, RPMI (50-020), 10% FBS, 1@@/mL streptomycin,
100 IU/mL penicillin, and 2.0 mM S-glutamine, was adjusted to
pH 7.5 by addition 3 N perchloric acid. Studies were also done
with “FBS alone”, which were done in 95/5,8/D,0 containing
10% FBS, pH 7.5.

UV —Visible Absorption Spectroscopy.The UV-vis absorption

The ability of carbonate to react with carboplatin in culture  spectra at 37C were obtained using a Cary 50 spectrophotometer
media is examined by measuring the rate of disappearance ofequipped with a thermostated cell holdera 1 cmpath length

15N-labeled carboplatin usingH,'>N] HSQC NMR. Although

the amount of ring-opened product produced in culture media
is too small to be detected with HSQC NMR, the rate of
disappearance df is dependent on the presence of carbonate

cell. Absorption spectra were collected every hour for 30 h in the
wavelength range of 560190 nm, using a scan rate of 60 nm/
min. Difference spectra were obtained by subtracting the spectrum
immediately after addition df to the buffer { = 0 spectrum) from

in the medium, suggesting that carbonate ion is the attacking SPectra taken at various times. Each difference spectrum was fitted

nucleophile under these conditions as well. Studies done in the
presence of Jurkat cells show that the rate of disappearance o

1 is not affected by cells in the medium. Because carboplatin
reacts with carbonate in culture media, a carboptatarbonato
complex may also be present in the blood of patients receiving
the drug. To the extent that speciation in blood is important for
biodistribution, carbonato complexes may play a role in the
uptake, antitumor properties, and toxicity of carboplatin.

to a sum of Gaussians using PeakFit (v. 4) to give band positions
]and areas. The area of a particular band (identified by position)
was then plotted vs time.

Cell Studies.Carboplatin (58:L from a 37.8 mM stock solution
of 1 in water) was added to 20 mL of medium (RPMH 10%
FBS, 100ug/mL streptomycin, 100 IU/mL penicillin, and 2.0 mM
S-glutamine) containing 900 million Jurkat cells to give a final
concentration of 11@M 1 in the culture mediumThe cells were
kept under standard conditions in a humidified, &7, 5% CQ



Carboplatin Carbonato Complexes

Scheme 1. Ring Opening of Carboplatin in Acid

0
HaN o—d (H:2 a *
NS N H' +H,0 H3N\ /OH2
Pt ; CH, Pt
HN/ \o '/'/’C/ oW N \o 0
: \\O H, b ~7 3
Carboplatin |t CH,
P -CBDCA Hoc o\
1 +H,0 Il pe—CHe
o}
HsN oH, |2
3 2
\Pt/
H3N/ \OH2
4

incubator. At various times, a 918 aliquot of cells plus medium

Chem. Res. Toxicol., Vol. 19, No. 1, 2B@b

Table 1.1H and 15N Chemical Shifts of the Ammine Ligands in
cis-Diammine Pt(Il) Complexes

complex o (*H) o (*™N) transligand
Pt(NHs)2(CBDCA-0,0') (1) 417 -81.3 (O)CBDCA
[Pt(NH3)2(CBDCA-O)(H20)]* (3) 426 —823 (O)CBDCA
431 —-87.8 (O)HO
[PE(NH3)2(H20)5] "2 (4) 450 —86.5 (O)HO
[Pt(NH3)2(CBDCA-O)(CO3)] 2 (5)° 3.93 —82.3 (O)CBDCA
361 -79.2 (0)CQ2
[Pt(NH3),(CBDCA-O)CI] ¢ 393 -84.3 (O)CBDCA
412 -68.7 CI
[Pt(NHz)2(CBDCA-O)(HPOy)]¢ 399 -83.3 (O)CBDCA
386 —79.2 (O)HPQ2

aMixture of 5, 6, and possibly7 at pH 8.6.° The observed chemical
shift parameters at pH 7.5 are 3.942.5 and 3.64/79.6.¢Ref 9.
d Protonation state and number of bound phosphate ligands not determined;

was removed from the incubation flask and the cells were separated” ef 9.

from the medium by centrifugation (1460 To the medium
supernatants, volume 875 uL, was added~45 uL of DO to
give a final volume of 92@L. The solution, referred to as “medium

exposed to Jurkat cells,” was placed in a capped 5 mm NMR tube,

and antH—1N HSQC NMR spectrum of the sample was obtained.
The elapsed time from the point of removal of the aliquot from the
incubation flask to the end of the NMR data collection time
(duration, 0.5 h) for each time point was0.8 h. Cell viabilities

Further evidence that the initially formed product in the
hydrolysis reaction is the ring-opened complex was obtained
by changing the pH of the solution. As shown in Figure 2b,c,
when the pH is raised to 2.2 by the addition of 10 M KOH, the
peaks for3 disappear and the peak farintensifies. Thus, the
deprotonation of the unbound carboxyl grougahduces ring
closure, producing morg, and that3 indeed has an attached

were measured by light microscopy, using a hemacytometer undermono-dentate CBDCA ligand. In Figure 2c, peak intensities

standard trypan blue condition®1). Cell viabilities taken at 0, 6,
and 25 h after addition of drug were 96.9, 96.9, and 0%,
respectively.

Acid Hydrolysis of Carboplatin. Freshly prepared stock solu-
tions of labeledl in water were prepared, and appropriate volumes
were added to a solution of 95/5,8/D,0 to give a final
concentration of 22@M carboplatin in a final volume of 920L.
The solution was acidified by the addition of HGI@ give a
hydrogen ion concentration of 0.03 M, arf¢H[*>N] HSQC NMR
spectra, at 37C, were obtained approximately every 0.33 h. At
1.8 h after the addition of acid & 1.8 h), the pH of the solution
was adjusted te~2.2 by the addition of 10 M KOH, and further
HSQC NMR spectra were obtained at 0.33 h intervals out=to

have been converted to concentrations, using the sum of the
peak intensities foi3ab to obtain the concentration of the
monoaquo specied The concentration of carboplatin, species
1, decreases with time (linear fit shown in Figure 2c) until base
is added at 1.8 h, after which it increases. Fof 1.8 h, the
concentration of3 increases at about the same rate as the
concentration of speciek decreases; after 1.8 h, it decreases
rapidly to below the detection limit of the NMR measurement,
confirming that3 forms from1 in acid solution (ring opening),
and 3 can be converted td (ring closing) if the pH is raised.
The concentration of the diaquo speclaacreases slowly with
time throughout the entire time period indicating that, while

3.3 h. Assuming that peak intensities were proportional to concen- qst of3 returns tol. additional4 also forms.

trations and knowing that the sum of the concentrations of the three

species observed was 2201, we derived the species concentrations
at each time point, before and after the addition of KOH.

Results

Ring Opening of Carboplatin. [*H,’>N] HSQC NMR. The
hydrolysis of carboplatin in acid, Scheme 1, was followed using
[*H,*5N] HSQC NMR @2). Allowing 1 to stand in 0.03 M
HCIO,4 at 37 °C resulted in a decrease in the HSQC NMR
intensity for peakl (at H,'>N, 6 = 4.17~81.3) and the
appearance of two new peaks at 4:282.3 and 4.31/87.8
(Table 1). At later times, an additional peak at 4:586.5 was
also observed in the spectra. Th,[PN] HSCQ NMR spectrum

The reaction ofl in 23.8 mM carbonate buffer (pH 8.6)
results in the slow decrease in the intensity of the peaKLfor
(kinetics discussed below) and the appearance of two new peaks
atH/'5N, 6 = 3.93/-82.3 and 3.6} 79.2 (Figure 3a). Because
the intensities of both product peaks increase at the same rate
and their'>N chemical shifts are consistent with N trans to O
(22), the carboplatin product that forms in carbonate buffer has
been assigned to the ring-opened compleis;[Pt(NHs3)2-
(CO;72)(CBDCA-0)] 2, 5 (Scheme 2). However, as discussed
below, this compound is in a proton equilibrium with its
protonated bicarbonate forn, and possibly also its decar-
boxylated hydroxo analogué,(13, 15, 16, 25). By comparison
with the N chemical shift parameters ofis-[Pt(NHs),-

1.3 h after addition of acid is shown in Figure 2a. Because the (CBDCA-O)CI]~ (9), an acetato complexX®), and3, the peak

peaks at 4.26/82.3 and 4.3} 87.8 increase in intensity at the

at IH/"5N, 6 = 3.93/-82.3 in Figure 3a, is N trans to O

same rate, they have been assigned to the ring-opened produc{CBDCA), 5a, while the peak atH/5N, 6 = 3.61/-79.2, has

cis-[Pt(NH3)2(CBDCA-O)(H,0)]™, 3, which has nonequivalent
ammonia molecules. By comparison wittN chemical shift
data forcis-[Pt(NHz),(CBDCA-O)CI]~ (9) and a Pt" compound
containing a bound acetate ligar2P), the peak at 4.26/82.3
is N trans to O (CBDCA)3a, while the peak at 4.33/87.8 is
assigned to N trans to O (@), 3b. The peak at 4.56/86.5,
observed at later times, which has’&N chemical shift similar
to that of 3b, has been assigned tis-[Pt(NH3z)2(H20),] ™2, 4

been assigned to N trans to O (€8, 5b. When the pH of the
23.8 mM carbonate buffer is lowered to 7.5, the rate of
conversion ofl to the ring-opened product is reduced &nd
can only be detected after18 h. Because lowering the pH
from 8.6 to 7.5 would lower the concentration of carbonate ion,
which is the attacking nucleophile in the reaction, a reduction
in the rate of formation ob at lower pH is expected. In addition
to slowing the reaction, lowered pH also results in protonation

(23). (Peak assignments are summarized in Table 1.) The of the bound carbonate to bicarbonate (Scheme 2). The resulting
presence of this complex was also shown by earlier studies, bicarbonato complex could spontaneously decarboxylate to the

which employed UV-visible spectroscopy to measure the
kinetics of acid hydrolysis of carboplatir24).

corresponding hydroxo form, or it could retain the bound
bicarbonate X3, 15, 16, 25). As will be evident below, the UV
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time in hours Figure 3. ['H,'5N] HSQC NMR spectra of 11@M N-carboplatin
Figure 2. (a) [*H,*>N] HSQC NMR spectra of 22aM *>N-carboplatin in 23.8 mM carbonate solution. (a) pH 816+ 15.6 h; (b) pH 7.5t =
1.3 h after the addition of 0.03 M HCIGt = 1.3 h). Asterisks show 18.6 h.
the 9Pt satellites ofl. Att = 1.8 h, 10 M KOH was added to the
solution in part a to adjust the pH to 2.2. (b) HSQC NMR of solution 25 0.06
at pH 2.2 att = 3 h. Asterisks show thé%®Pt satellites ofl. (c)
Concentrations of*N-carboplatin species (original concentration, 220
uM) as functions of time, derived from HSQC NMR intensities in
solution. The solution was originally 0.03 M HCJCaddition of KOH
at 1.8 h changed the pH to 2.2. Diamonds and solid line, carboplatin;
triangles and dashed lineis-[Pt(NHs),(CBDCA-O)(H20)]* (the sum
of the intensities for both nonequivalent ammonia peaks is used); and
circles and gray linegis-[Pt(NH3)2(H,0),] "2 Lines are linear fits to
the first five points.

absorbance

330 360 390

0.5

absorption studies show that the appard&tfor the protonation
of 5is ~8.6, so, at pH 7.5, the ring-opened product exists as a
mixture of5, 6, and possibly7, which are in rapid equilibrium
with each other on the NMR time scale. _ , wavelength (nm) o

UV —Visible Absorption Studies. The absorption spectrum E{'ﬂgg‘?‘;e ﬁ‘g?fgrrptr'ﬂ' 7sp5>ectrum of 508M carboplatin in 23.8 mM
of 500uM carboplatin in 23.8 mM carbonate buffer, pH 7.5, is ' e
shown in Figure 4. The compound exhibits a strong band at exhibits small but reproducible spectral changes indicating that
203 nm €M = 4600 M1 cm™1) and a shoulder at 229 nra\{ some of the drug has reacted with carbonate.
= 2300 M1 cm1), which because of their intensities appear Figure 5, left side, shows difference spectra for the wave-
to be charge-transfer transitior®.(The compound also exhibits  length regionA = 200-300 nm, at five values of pH (6.7, 7.5,
a much weaker band at 330 neM = 40 M~ cm™1), which 8.1, 8.6, and 9.3) for the reaction of 5@ 1 in 23.8 mM
appears to be due to thie-d transitions of the square planar carbonate buffer. Each graph shows difference spectra for the
P&* ion. After several hours in carbonate buffer, carboplatin timest = 6, 12, 18, 24, and 30 h. The difference spectrum at

0

190 230 270 310 350
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Scheme 2. Ring Opening of Carboplatin by Carbonate lon
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timet is obtained by subtracting the absorption spectrum at time reactant. (If one product is transformed into the other by a rapid
0 from the absorption spectrum at timmé here is considerable  proton exchange, it is equivalent to simultaneous production.)
noise in a difference spectrum because the two spectra beingAt pH 8.6, the ratio of the 210 nm peak to the 270 nm peak is
subtracted are very similar so that their difference is much 4.0+ 0.4 and the ratio of the 210 nm peak to the 239 nm peak
smaller than either. For clarity, we have shown in Figure 5 the is —3.0 £ 0.2. The latter implies that the species giving rise to
fits of the difference spectra to a sum of Gaussian bands (left the 210 nm peak arises from the species whose depletion is
panel). The areas of individual bands as a function of reaction responsible for the negative peak at 239 nm (carboplatin).
time are also shown (right panel). Determination of the pK, for the 5 to 6 Equilibrium. From
In each case, there is a relatively narrow peak at about 210the UV-visible results, it is clear that, depending on pH, ring
nm and a small broader peak at about 270 nm. For pH 6.7 andopening produces one of two products. The products are likely
pH 7.5, there is another peak between 215 and 225 nm. For pHa carbonate adducb) at high pH and a bicarbonate addug} (
8.1, pH 8.6, and pH 9.3, there is a negative peak at about 239at low pH. The latter may decarboxylate to the corresponding
nm. Linear fits have been made to peak areas vs time and arenydroxo form ), with different UV absorption peaks. Because
shown on the right side of Figure 5. 5 differs from6 by loss of a proton, it is of interest to determine
In all cases, the areas of the peak near 210 nm are well-fit tothe K, of 5. Normally, this would be done by plotting
linear functions of timeR? > 0.910. At pH 6.7, the areas for  absorption intensity for a given wavelength, taken from a
the peak at 215225 nm are fit R2 = 0.992) to a linear function  difference plot, vs pH, with all difference plots being obtained
of time, —0.0998+ 0.0448. For the peak near 270 nm, only at the samé. In the present case, however, one must take into
the area for the 3 minus 0 difference spectra was measurableaccount the pH dependence of the rate of the ring-opening
At pH 7.5, the areas for the peak at 215 nm are fit R2 = reaction. From the rate of decrease of the carboplatin peak
0.933) to 0.133+ 0.023, and the areas for the peak at 270 are intensity in NMR, one can find the first-order rate constiant
fit (R = 0.841) to 0.0945+ 0.0131. for this reaction (see Table 2). A plot of Idg vs pH for 10
The negative peak for pH 8.1 and higher, appearing at 239 mM carbonate is well-fit by logy = —9.25+ 0.422 pH, and,
nm, must arise from the depletion of carboplatin, since carbo- for 23.8 mM carbonate, logy = —8.54 + 0.363 pH. This
platin exhibits an absorption at230 nm (Figures 4 and 5).  predicts that the ratios of the rates at pH 7.5, 8.1, 8.6, and 9.3
When the areas of this peak at pH 8.1 are fit to a linear function to the rate at pH 6.7 are approximately 2.1, 3.5, 5.6, and 10.5,
of time, —0.0942+ 0.0019, the R? = 0.454. Thus, the value  respectively. So, if one compares absorption intensities for
of the slope is very uncertain. The same is true for the broad different pH values at some fixed wavelength, one should
peak near 270 nm, for which peak areas were only measurablecompare the 30 h difference spectrum for pH 6.7 with the 14 h
for eight out of 10 difference spectra. difference spectrum for pH 7.5,&l9 h difference spectrum for
At pH 8.6, the negative peak near 239 nm is much more PH 8.1, tte 5 h difference spectrum for pH 8.6, and the 3 h
pronounced than it is at pH 8.1. This suggests that the rate ofdifference spectrum for pH 9.3.
disappearance of carboplatin increases with increasing pH. The Absorbances were obtained from the difference spectra for

areas of the 239 nm peak are fR?(= 0.974) to—0.2085— each of the above times for 12 different wavelengths ranging
0.0159. At pH 9.3, the peak at 239 nm grows even more from 210 to 240 nm. Each set of data, corresponding to a
negative. The areas of the 239 nm peak are welRfit=£ 0.938) specific wavelength, was fit to a titration curve using Excel
to a linear function of time;-0.7042— 0.1129. Solver, giving aKp value of~8.6. The correspondingip for

In the cases where peak areas can be measured reliably fronfleprotonation ob is 5.4.
the UV difference spectra, it is found that ratios of peak areas Reaction of 1 in Different Media. Figure 6 shows carbo-
are constant in time. For example, the ratio of the areas of the platin concentrations, obtained from HSQC NMR intensities,
peaks at pH 6.7 is 0.4F 0.07 (average: standard deviation),  as functions of time for three 110M solutions, with least-
and at pH 7.5, the ratio of the sum of the areas of the high- squares linear fits. The three solutions were carboplatin in water
energy peaks to the area of the 270 nm peak ist2642. The at pH 7.5, carboplatin in 10 mM carbonate buffer at pH 8.6,
constancy of a peak ratio implies either that both peaks comeand carboplatin in 23.8 mM carbonate buffer at pH 8.6. Figure
from the same product or, if they come from different products, 7 shows similar information for three 11M solutions
that the products are produced simultaneously from the samecontaining different cell growth media conditions. These were
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Figure 5. Shown in the left panel are UV-visible difference spectra at pH 6.7, 7.5, 8.1, 8.6, and 9.3. Each plot shows the difference between the
spectra at times= 30 (top difference curve at 210 nm), 24, 18, 12d &h (bottom difference curve at 210 nm) and the spectrum=a0 h. For

clarity, the fit to a sum of Gaussians is shown rather than the original experimental data, which shows considerable scatter. Shown in the right panel
are peak areas plotted vs time, with linear fits to the data. The peak at 210 nm is diamonds and solid line; the pe&2&t@hSor pH 6.7 and

pH 7.5 and at 239 nm for pk&t 8.1 is squares and large dash line; and the peak at 270 nm is triangles and small dash line.
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Table 2. Pseudo-First-Order Rate Constants for the Reaction of

rate constants kj in s™
Carboplatin in Various Media Obtained Using HSQC NMR 1

4.E-06

ki (s71) standard error {
water, pH 7.5 5.0% 107 4.01x 107 3.E-06 | ¢
10 mM carbonate, pH 6.7 3.881077 6.39x 1077
23.8 mM carbonate, pH 6.7 6.5410°7 3.30x 1077 {
10 mM carbonate, pH 7.5 7.871077 3.28x 1077 2.E-06 1 ¢
23.8 mM carbonate, pH 7.5 2.0410°6 8.10x 1077
10 mM carbonate, pH 8.6 2.4410°6 1.31x 106 1.E-06 1
23.8 mM carbonate, pH 8.6 3.3610°6 3.10x 1077 { {
normal mediurn 3.08x 1076 2.02x 1077
medium minus carbonate 2.25x 1076 2.52x 1077 0.E+00 — T
FBS, pH 7.5 1.7% 1076 1.77x 1077 1 % 3 4 5 6 7 8 9 10 11
with Jurkat cells 2.8% 1076 5.94x 1077
140 mM chloride, pH 7 7.7x 107 _ -1.E-08 _ )
100 mM phosphate, pH7 43x 107 2.0x 1078 Figure 8. Pseudo-first-order rate constants derived from decay rate

) o ) of the ITH—N HSQC NMR peak for>N-carboplatin, with statistical

aS_ge Materials and Methods for complete description of media and grrors from linear fits. Key: 1, in water at pH 7.5; 2, in 10 mM
conditions.” Ref 9. carbonate at pH 6.7; 3, in 23.8 mM carbonate at pH 6.7; 4, in 10 mM
carbonate at pH 7.5; 5, in 23.8 mM carbonate at pH 7.5; 6, in 10 mM
carbonate at pH 8.6; 7, in 23.8 mM carbonate at pH 8.6; 8, in “medium”;
9, in “medium minus carbonate”; 10, in “FBS alone”; and 11, in
“medium with Jurkat cells”. See Materials and Methods for the
. 4 . definitions of the terms in quotations.

130

i
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ar
D‘I
|
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1
|
N

e the 10 mM carbonate run. It can be seen thas close to zero
alliels \\ for water but appreciable for the two carbonate solutions. In
" il vreo fact, at pH 6.7, 7.5, and 8.&; for 23.8 mM carbonate is, on
I average, twice thk; for 10 mM carbonate. This concentration
dependence suggests that attack of a species in carbonate buffer
70 (most likely carbonate ion) is responsible for the ring opening,
0 5 10 15 20 which removes carboplatin. In Figure 7, the top line is for 110
time in hours uM carboplatin in medium without carbonate at a pH of 7.5,
Figure 6. Concentration of*N-carboplatin (original concentration, ~ the bottom line is for carboplatin in normal medium, and the
110 4M) as a function of time derived from HSQC NMR intensities, Mmiddle line is for carboplatin in medium exposed to Jurkat cells.
with linear fits to the data. Carboplatin in water at initial pH 7.5 is The three slopes are fairly close together, but the slope for
squares and dashed line; carboplatin in 10 mM carbonate buffer at pHporma| medium is~1.5 that for medium without carbonate.
gﬁ‘flesr t:tagﬂlzsﬁagddis;t%mz’a?:édgcrg;bﬁﬁftm in 23.8 mM carbonate This confjrms that carbonate in the medium is responsible for
the reaction that converts carboplatin to products. The rate of
130 1 decrease of carboplatin in medium exposed to Jurkat cells is
about the same as that in normal medium not exposed to cells.
A This shows that Jurkat cells have no effect on the ability of
substances in the medium (carbonate) to decrease the concentra-
tion of 1. In none of the studies involving culture media (and
FBS alone), which were done at pH #2.5, were HSQC NMR
peaks for products observed. This is most likely due to the fact
that the rate of ring opening slows when the pH is lowered and
a small amount of product would be difficult to detect with the
2o NMR instrumentation used.

0 5 10 15 20 25 By dividing the slope of a linear fit by thg intercept, one

time in hours obtains the pseudo-first-order decay constarfor the disap-
Figure 7. Concentration of!5N carboplatin in media (original ~ pearance of carboplatin. Note that although the ring-opening
concentration, 110M) as a function of time, derived from HSQC NMR  reaction is really second-order (first-order in both carbonate and
intensities, with linear fits to the data. Carboplatin in medium is squares carboplatin), it behaves like a first-order reaction because

and solid line; carboplatin in medium minus carbonate is diamonds : ; ; ;
and gray line; and carboplatin in medium with Jurkat cells is triangles carbonate is not consumed in the reaction. The values obtained

and dashed line. See Materials and Methods for complete descriptionfOr Ki are given in Table 2, with the statistical errors from the

concentration in M
w
o

-
-
o

concentrations in yM
©
o

of media and conditions. linear fits, and are also plotted in Figure 8 for easier visual
comparison.

the following: normal medium, RPM# 10% FBS; normal If carbonate is the attacking reagekitshould be proportional

medium without carbonate, RPMi 10% FBS minus NaHC&) to [COs27], the concentration of carbonate ion. This can be

and normal medium exposed to Jurkat cells. In both Figures 6 calculated for a given pH and total carbonate concentration,
and 7, HSQC peak intensities have been converted to concentrasince the equilibrium constants

tions by performing a least-squares linear fit, obtaining the

y-interceptlo, and multiplying all intensities by (11@M)/l. [HCO, |[H +]
In Figure 6, the top line is for water at pH 7.5, the second 1= e

line is for 10 mM carbonate at pH 8.6, and the bottom line is [CO,

for 23.8 mM carbonate at pH 8.6. Because of increased scatter

in the data, only 14 (instead of 20) data points were used for and
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_[CONH]
* [HCO, ]

are known as:K; = 9.33x 1077, pK; = 6.35; andK, = 1.59

x 10710, pK, = 10.33 @6). The total carbonate concentration
is [CO;] + [H2COs] + [HCO37] + [COs%7]; note that [RCO;)

is negligibly small 25, 26).

The proportionality to carbonate concentration at fixed pH
has already been demonstrated. In Figure 9, six valudg of
are plotted vs [CG¥], calculated as above, on a semilog plot
for clarity. Thek; values were determined from the observed
rates from the HSQC NMR data (Table 2 and Figure 8) for
23.8 and 10 mM carbonate at pH 6.7, 7.5, and 8.6. The statistica
errors associated with linear fits of the data, shown in Figure 9
are large, which is not unexpected, given the difficulty in

measuring accurate rate constants at the low concentrations o

carboplatin used. The best-fit line, also shownkjis= 9.3 x
1077 + 0.00612 [C@*] (R? = 0.79), the small value oR?
being due to the scatter in the values. Considering that the
independent variable [Gf] ranges over 3 orders of magnitude,
the fit is quite satisfactory.

Discussion

As is evident from Table 2 and Figure 8, increasing the pH

at a constant total carbonate concentration or increasing the total

carbonate concentration at a constant pH leads tm@aease
in the rate of reaction of in carbonate buffer. Thk; values
for 10 mM carbonate at three pH values follow ldg)(= —9.25
+ 0.422 pH R?2 = 0.998), and thek; values for 23.8 mM
carbonate obey logk() = —8.54 + 0.363 pH R? = 0.901).
Also, the ratio ofk; for 23.8 mM carbonate t&; for 10 mM
carbonate is equal to 1.7, 2.6, and 1.4 for gtb.7, 7.5, and
8.6, respectively. Because the actual concentration of carbonat
ion increases when either total carbonate or pH increds®s (
the attacking nucleophile in the ring-opening reaction of
carboplatin is carbonate ion. This is confirmed by plottikag
vs [CO27] (see Figure 9) and showing the data fit the linear
function,k; = 9.3 x 107 s 14+ 6.1 x 103s I M1 [CO2T].
Sadler and co-worker) obtained pseudo-first-order rate
constants for reaction of carboplatin in 140 mM chloride and
100 mM phosphate, pH 7.0, 3T, of 7.7 x 1077 and 4.3x
1077 s71, respectively. Because the pseudo-first-order rate
constant for the reaction of carboplatin in 23.8 mM carbonate,
pH 7.5, 37°C, is much larger (2.04 1075, Table 2), carbonate
ion is probably the nucleophile activating carboplatin (opening
the ring) in vivo. This conclusion is also supported by the
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Figure 9. Observed rate constant for the disappearance of carboplatin
obtained from HSQC NMR data plotted vs true carbonate concentration.
IThe best-fit line,R? = 0.79, isk; = 9.3 x 1077 + 0.00612 [C@].
disappearance dfduring the 20 h NMR experiment. Significant
ariations in measured hydrolysis ratesTan unbuffered media
ave been previously reportefl, 7).

As shown in Scheme 2, the initially formed mono-carbonato
complex 5 can be protonated to form the mono-dentate
bicarbonato complexg. Because the K, for the protonation
of 5 determined from the UV-visible absorption datai8.6,
the compound is partially protonated @sat physiological pH.
Evidence from the literature suggests tBatould remain as a
mono-dentate bicarbonato complex, or it could decarboxylate
to the hydroxo complex7 (13, 15, 16, 25). A mono-dentate
Eicarbonat&zinc complex is believed to be important in the

ehydration of HC@" catalyzed by human carbonic anhydrase
I1 (28, 29), and a similar species could be among the ring-opened
products for carboplatin. Thus, at physiological pH, compound
5 appears to be in equilibrium wité and possibly also its
decarboxylated hydroxo form{. Even though the unbound
carboxylate of the CBDCA ligand is deprotonated at physi-
ological pH and it could presumably attack the Pt to reform
carboplatin, ring closure fds—7 does not occur. Most likely,
&his is due to the poor leaving groups in cis positions (anions),
which would need to be displaced in the closure reaction. As
shown in Scheme 1 and Figure 2, if the group cis to the mono-
dentate CBDCA ligand is D, which is generated in the acid
hydrolysis of 1, release of the proton from the unbound
carboxylate results in water displacement from Pt and ring
closure to reform carboplatin.

The UV-visible difference spectra show that the nature of
the ring-opened product formed in 23.8 mM carbonate buffer
depends on pH (Figure 5). At pH 9.3, the negative band at 239
nm increases with time more rapidly than at pH 8.6 and much
more rapidly than at pH 8.1, indicating that the concentration
of compoundl is decreasing and that the mixture of products
has a relatively weak absorption at this wavelength. At pH 6.7,

1.E-06

(¢t

0.E+00
1.E-06

observed rate constant, st

1.E-05 1.E-04 1.E-03

observed rates of disappearance of carboplatin in meqlium iNor at pH 7.5, the band at 23225 nm becomes strongly positive
the presence and absence of carbonate (Table 2 and Figure 7)anq grows with time, indicating that the product predominantly

Sadler and co-worker®9) measured the pseudo-first-order

formed at lower pH has a strong absorption at this wavelength.

rate constant for the hydrolysis of carboplatin in water. Because Mahal and van Eldik X5) have reported that a CT band near

they were unable to detect changes in tHeNMR spectra of
the compound after 2 weeks at 3C, pH 7, they reported a
value ofk; for the hydrolysis of<5 x 107° s™%, which was
consistent with an earlier study by Canovese et4)l. Which
suggested that; is <1 x 1078 s71. As is evident from Table

2, the rate constant for the reaction of carboplatin in water
measured by HSQC NMR in this study is (5.894.01) x 107

s71, pH 7.5, which is significantly larger than that found in the

260 nm (the absorption maximum was not reported) for a series
of Pd(Il) complexes having mono-dentate carbonate decreases
in intensity as pH is lowered. The decrease in intensity was
attributed to the elimination of intramolecular hydrogen bonding
between the bound carbonate and an adjacent amine hydrogen
of the complex as the carbonate ligand is destroyed by acid.
As is evident from Figure 5, lowering the pH leads to an increase
in intensity in this region. However, becaushas two ligands,

earlier studies. Because our study was done using a lowCOs?~ and CBDCA, which can potentially form intramolecular

concentration of carboplatin (110M) and the pH was not
controlled (no buffer was added), it may be that changes in pH,

hydrogen bonds with adjacent amine hydrogen atoms, the effects
of pH on the CT transition of the ring-opened products are

occurring as the reaction takes place, influence the rate of difficult to predict.
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As is evident from Table 2, the NMR peak for carboplatin concentration ofl normally used in therapy is an order of
disappears at approximately the same rate in culture media andnagnitude greater than that of cisplatd2(33), this may mean
23.8 mM carbonate, implying that carbonate is the attacking that, in terms of carbonato complexes (which may be the species
nucleophile, and the reaction shown in Scheme 2 takes place.entering the cell and producing the cytotoxic effects), AUC
However, ring-opened products are not detected with HSQC values could be similar fot and2. To what extent the AUC
NMR in culture media. This contrasts with what is found with values of the carbonato complexes of carboplatin and cisplatin
cisplatin, which rapidly reacts with carbonate in culture media in cell culture studies and therapy correlate with the toxicity

to produce amounts afis-[Pt(NHz)2(CO;~2)CI]~ readily de-
tected with HSQC NMRX8, 19). The reason for no observation
of product peaks in the 20 h NMR experiment for carboplatin

and antitumor effects of these drugs will require further
investigation.

In the commonly accepted mechanism of action of

probably relates to the mechanism of formation of carbonato cisplatin, the drug enters the cell as the dichloro form, which,
complexes for cisplatin and carboplatin in carbonate media. For hecause the chloride concentration inside the cell is low, aquates

cisplatin, aguation occurs much more rapidly than with carbo-
platin, to producecis-[Pt(NH3z)2(H.O)CI]* and cis-Pt(NHz),-
(OH)CI, which, at pH 7.4, are in a rapid proton equilibrium

to produce the more reactive mono-aquo comple4 @5).
The latter reacts with many components of the cell, but its
interaction with DNA is believed to be the important event

with one another. While both of these compounds can potentially leading to cell death3g). Recently, transport into the cell has
react with components in media to produce carbonato speciesbeen shown to possibly involve trans membrane proteins and

the mono-hydroxo complex probably reacts with dissolved
carbon dioxide within milliseconds26) to give the mono-
carbonato compounais-[Pt(NHz)(CO;2)Cl]~ (18, 19). The
reaction is rapid because reaction of 8@th a hydroxo ligand
does not require a metaligand bond-breaking step, which
would be slow. For cisplatin, the initial amount of mono-aquo
complex present in the clinical formulation, and the rapid rate
of production of more mono-aquo complex from the dichloro
compound, alloveis-[Pt(NHz)(CO;2)ClI]~ to rapidly build up
and persist in the HSQC NMR spectrum in culture media for
20 h. The hydrolysis rate of carboplatin is much slower than
that of cisplatin, so formation of a carbonato complex by reaction
of carbon dioxide with a hydroxo species is not possible. As
outlined above, compoun® forms by the attack of car-
bonate ion on carboplatin, which is much slower than the
route used by cisplatin to form a carbonato complex. Thus,
the carboplatin ring-opened product is slow to form in culture
media, making detection of the product by HSQC NMR
difficult.

We have shown that, at physiological pH,reacts with

direct binding to Pt 87, 38). The mechanism of action of
carboplatin has been less studied than that of cisplatin, but
carboplatin is believed to enter the cell either unmodified or
possibly modified in the extracellular fluid by some nucleophile
that displaces (opens) the CBDCA chelate ring. Like cisplatin,
carboplatin treatment leads to platination of DNA, suggesting
that the drugs have a common mechanism for the induction of
apoptosis 39).

Relevant to the cytotoxic effects of Ptarbonato complexes
are the reaction conditions existing in the blood and cytosol.
The intracellular concentration of carbonate for cells carrying
out normal metabolism is approximately the same as that in
blood, ~24 mM (14), so Pt-carbonato complexes could be
stable in plasma and, once inside the cell, also in the cytosol. It
is well-known that thiols such as GSH inside the cell readily
react with Pt drugs, producing PGSH adducts, with conse-
guences that have been widely discus<&d). (Although GSH
and other thiols are present in culture media, they seem to have
little effect on the survival oftis-[Pt(NH3)2(COs~2)(CI)]~ in
media (8). As was earlier suggested, this could be because

carbonate ion at concentrations found in culture media and bloodthiols in media exist in disulfide form, which is less reactive

to produce a small amount of ring-opened products, all of which

toward Pt. An additional factor may be that, becabs& and

are anions. If produced under conditions of therapy, they could cis-[Pt(NH3)2(CO;~?)(Cl)]~ are anions, attack by a thiolate, also
be taken up by cells and distributed to various organs of the an anion, is not favored, making the rate ofBtbond formation
body. In the studies done in the presence of a high density of slower @). Thus, anionic Ptcarbonato species could have
Jurkat cells, the rate of disappearance of carboplatin in medialonger than expected half-lives in plasma and the cytosol, giving

was the same as that in media without cells or in 23.8 mM
carbonate buffer (pH 8.6) (Table 2 and Figure 8). Thus, the
cells do not significantly affect the reaction of the medium with

carboplatin, from which we infer that carbonate in the medium
is mainly responsible for the disappearancé effen when cells

them more time to produce their biological effects. Work in
progress will determine if and to what extent the ring-opened
carboplatin compounds are toxic to cells.

A central question concerning the carbonates formed by
carboplatin and cisplatin is their potential to interact with nuclear

are present. As expected, continued exposure of Jurkat cells taDNA. In 1984, Fichtinger-Shepman et a41j reported that 20

carboplatin results in significant loss of cell viability and after
6 h a significant fraction of the population has died.

An important parameter in the administration of Pt drugs to
patients is the AUC, which is the product of the exposure time

mM NaHCG; reduces the amount of Pt bound to salmon sperm
DNA to ~one-third of that found when no buffer is present in
the medium. Because cisplatin forms carbonato species in
carbonate buffer1@8, 19), carbonato complexes can bind to

to the drug and the concentration of the drug in the extracellular DNA. Although the parallel study for carboplatin has not been
fluid (30, 31). In calculating AUC, attention is not normally ~ reported, the results summarized in Scheme 2 suggest that
paid to what forms of the drug are present in the extracellular carboplatin would behave similarly to cisplatin and that carbo-
fluid but only to the total Pt content. It seems more appropriate Platin carbonato compounds could also bind to DNA.

to use the extracellular concentrations of the forms of the drug  Clearly, characterizing the forms of the Pt drugs existing in
that are taken up by the cell and responsible for the antitumor biological media, the mechanisms by which they enter the cell,
effects. Although the rate of reaction of carboplatin with and the cellular sites of action are critical for understanding the
carbonate is about 2 orders of magnitude slower than the antitumor effects and toxicities of these important drugs. We

corresponding rate for cisplatin with carbonaie,(19), the
elimination rate ofl from the body is significantly slower than
that of cisplatin 82, 33). Combined with the fact that the

hope that this report will stimulate interest in the role of
carbonate in the molecular mechanism of action of Pt anticancer
drugs.
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Conclusions HT-antiporter and inorganic anion exchangeoxicology 131183~
192.
In this report, we show that carbonate ion at concentrations (13) Acharya, A. N., Das, A. C., and Dash, A. C. (2004) Carbonato

found in culture medium and blood readily displaces one arm ig’?p'exes: Models for carbonic anhydraselv. Inorg. Chem. 55

of the CBD_CA ligand of CarbOpIaﬂn_ to form_g ring—opene_d (14) Gross, E., and Kurtz, I. (2002) Structural determinants and significance
product having bound carbonate. Using UV-visible absorption of regulation of electrogenic NaHCO;™ cotransporter stoichiometry.
spectroscopy, we show that carboplatin reacts with carbonate ~ Am. J. Physiol. Renal Physiol. 288876-F887.

in the pH range of 6.79.3, with the rate of the reaction and (15 Mahal, G., and van Eldik, R. (1985) Kinetics and mechanism of
formation, aquation, and base hydrolysis reactions of a series of

the_ nature of the product dependent on pH. Analysis of the UV- monodentate carbonato complexes of palladiumifiprg. Chem. 24
visible and NMR spectral data reveals that the compound formed 4165.

at slightly basic pH is a ring-opened product having mono- (16) Palmer, D. A., van Eldik, R., and Harris, G. M. (1980) Kinetics and

Geiats Crbonai. e 0 Show el g o proonaion . esaren of ton ot vttt s
of this species is~8.6, so that reaction of carboplatin with (ethylenediamine)rhodium(lll) “system in aqueous solutibrorg.
carbonate at physiological pH produces a mixture of the Chem. 191009.

carbonato and bicarbonato ring-opened products and, becausél7) Mauldin, S. K., Plescia, M., Richard, F. A., Wyrick, S. D., Voyksners,

the latter can spontaneously decarboxylate, the analogous Ré,g%" and Chaney, S. G. (1988ochem. Pharmacol37, 3321~

hydroxo sp_eues_ may be present_as_ well. An important Slmllan_ty (18) Tacka, K. A., Szalda, D., Souid, A.-K., Goodisman, J., and Dabrowiak,
between cisplatin and carboplatin is that both drugs react with J. C. (2004) Experimental and theoretical studies on the pharmaco-
biologically relevant concentrations of carbonate to give nega- dynamics of cisplatin in Jurkat cell&hem. Res. Toxicol. 11434~
tively charged species. Because molecular charge affects bio- _ 1444.

catrilag 14 . - : (19) Centerwall, C. R., Goodisman, J., Kerwood, D. J., and Dabrowiak, J.
distribution and reactivity of compounds in vivo, the existence C. (2005) Cisplatin carbonato complexes. Implications for uptake,

of Pt—carbonato species under physiological conditions may antitumor effects, and toxicityl. Am. Chem. Soc. 1272768-12769.
help explain the uptake, antitumor properties, and toxicities of (20) Boreham, C. J., Broomhead, J. A., and Fairlie, D. P. (1981t
these important Pt drugs. and N NMR study of the anticancer drug, cis-diamminedichloro-
platinum(ll), and its hydrolysis and oligomerization producdsist.
. J. Chem. 34659-664.
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