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Mechanistic Insights into in vitro DNA Adduction of Oxaliplatin
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(trans-R,R)1,2-Diaminocyclohexaneoxalatoplatinum(II)
(oxaliplatin, also known as Eloxatine) is a novel platinum co-
ordination compound, recently approved for the treatment of
colorectal cancer, a major cause of cancer deaths worldwide,
and has been licensed in the European Union since 1999, and
in the United States since 2002 (structure shown in Figure 1).1
Oxaliplatin has a broad spectrum of anticancer activity, and
importantly, preclinical studies showed that oxaliplatin in com-
bination with 5-fluorouracil has greater in vitro and in vivo
anti-proliferative activity than either compound alone in several
tumor models, including metastatic colorectal carcinoma.' In-
terestingly, the cytotoxicity effect of oxaliplatin is not affected
in cisplatin-resistant cell lines, providing the first evidence of
the absence of cross-resistance between oxaliplatin and cispla-
tin/carboplatin.2

Oxaliplatin has diaminocyclohexane (DACH) as a carrier
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Figure 1. Chemical structures of cisplatin, carboplatin, and oxaliplatin.
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Various reaction products depending on time and reactant concentrations,

group and oxalato as a leaving group, and is generally assumed
to exert the cytotoxicity effect by interaction with DNA to form
monoadducts and intra- and interstrand diadducts, like other
platinum-based anticancer drugs such as cisplatin and carbo-
platin.l’3 It has been known that a Pt-DNA level of ~200
fmol/10 pg of DNA reduces cell survival by 90%, and that a
Pt-nucleobase binding ratio of ca. 1:250,000 is required to ini-
tiate apoptosis.*

Whereas the mechanisms of action for cisplatin and carbo-
platin are relatively well established,'” that for oxaliplatin re-
mains uncertain; there are only a few previous studies on ring-
opening reactions of oxaliplatin, reporting that the relative
unstableness of oxaliplatin to hydrolysis and chloride substitu-
tion.” In aqueous solution, it is reported that the oxalate ligand
is detached in two steps, forming the oxalate monodentate com-
plex and the dihydrated oxaliplatin complex.5 The ring-opening
step has a half-life of 16.1 min (7.17 x 10 *s ') and the loss of
the oxalate ligand occurs with a half-life of 92.4 min (1.25 x
10*s ™) at 37 °C, compared with overall half-lives of 268 h for
carboplatin and 24 h for cisplatin in chloride-free phosphate
buffer at pH 7 and 37 °C.>° Under in vivo conditions, oxaliplatin
is known to undergo extensive biotransformation (see Figure 2
for putative biotransformation pathways of oxaliplatin with low
molecular weight endogenous compounds). In plasma ultra-
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Figure 2. Putative in vivo biotransformation pathways of oxaliplatin with low molecular weight endogenous compounds.

*These authors contributed equally to this work.
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filtrate from cancer patients, for example, biotransformation
products with chloride, methionine and glutathione have been
identified.”

We recently reported the use of an extremely sensitive detec-
tion method of accelerator mass spectrometry (AMS),8 to study
the kinetics of oxaliplatin-DNA adduct formation in DNA.’In
this study, we describe a mechanistic refinement of the kinetics
of hydration of the parent compound and subsequent covalent
binding to DNA.

Salmon sperm DNA was incubated with [14C]0xaliplatin
over time, and the fraction of the drug bound to the DNA in the
form of both monoadducts and diadducts was experimentally
determined and plotted as a function of time (Figure 3). The
concentrations of oxaliplatin-DNA mono- and diadducts during
the time course of the reaction allowed kinetic calculation of
oxaliplatin binding to DNA. The radiocarbon content of the
DNA displayed an exponential increase over the time course of
the experiment, leading to determination of a kinetic constant
kobs tobe 3.36 x 10 s (R2 =0.989) by linear regression analy-
sis.”® Our results show that the reaction of oxaliplatin with
DNA is very slow in vitro, suggesting that the DNA adduct
formation in vivo may instead be forming with non-enzymatic
biotransformation products of oxaliplatin (Figure 2). We attri-
bute this kinetic profile to parameters defining the rate of oxali-
platin-DNA mono- and diadduct formation and by depletion
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Figure 3. Ln(1-fraction of total radiocarbon) vs. time plot from experi-
mental and theoretical data for in vitro reaction of oxaliplatin with
DNA. The radiocarbon measured by accelerator mass spectrometry
(AMS) due to oxaliplatin-DNA mono- and diadducts as a fraction of
the total radiocarbon, represented by the symbol . The hne was
fitted using linear regression analysis with kgs =3.36 X 10 s (sohd
line). These data were from our previously published paper (Ref. 9).
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of the solution of oxaliplatin derivatives capable of reacting
with DNA over time.

As depicted in Figure 4, the dominant mechanistic steps of
oxaliplatin reacting with DNA likely include rate constants
for: mono- and diaquation of the parent compound, ki and 4,
respectively, formation of oxaliplatin-DNA monoadducts at
purine nucleotides, 43, and diadduct formation, 4. It should be
pointed out that in this mechanism chlorination reaction, back-
ward reaction of the first ring-opening step, and acid dissociation
of the oxalate monodentate complex are ignored in order to
simply understand the mechanism of action for oxaliplatin in
the reaction system employed, since 1) the buffer system em-
ployed is similar to one (50 mM NaCl, 10 mM HEPES buffer
atpH 7.4 and 37 °C) in which oxaliplatin degradation was cha-
racterized to occur at a few percent per hour to form chlorinated
species, although this chlorination reaction should not be ignored
under in vivo conditions, "’ 2) the series reaction of the hydroly-
sis of oxaliplatin is known to obey pseudo-first order kinetics
and rate of the formation of diaquated species is very fast com-
pared to that of the formation of diaquated cisplatin or carbo-
platin species (it should be noted, however, that the reverse
reaction of oxaliplatin formation is fast when the oxalate mono-
dentate complex is acidified, although at pH > 12 the conversion
of the oxalate monodentate complex back to oxaliplatin is less
than 1%),5@ and 3) the acid dissociation constant for the oxalate
monodentate complex (~5.9 x 10 s™") is approximately 1000-
fold smaller than that for formation of diaquated oxaliplatin
from the oxalate monodentate complex.s(b) Moreover, it has
been suggested that in order to react with DNA oxaliplatin should
be activated in vivo to the diaquated oxaliplatin complex via
either of two routes: by reaction with bicarbonate or phosphate
followed by hydrolysis giving diaquated oxaliplatin complex
or by reaction with chloride giving a dichloro complex which
is subsequently hydrolysed to the diaquated species.7

An alternative mechanism could involve direct covalent
binding of the monoaquated species to DNA, since the forma-
tion of monoadduct from the monoaquated oxaliplatin is likely
to be kinetically important and the steady state concentration
of this species can be greater than the steady state concent-
ration of the diaquated oxaliplatin. However, we observed a
substantial amount of non-covalently bound compound, possibly
the diaquated +2 charged species, on the DNA especially at
early time points, which could be removed by exposure of the
solution to concentrated NaCl prior to DNA isolation (data not
shown). In addition, rate of the formation of diaquated oxalipla-
tin is known to be very fast™® and our data cannot be explained
without an assumption that a ring-opened monoaquated oxali-
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Figure 4. Proposed mechanism of action for oxaliplatin under the conditions in the study (the location of the '*C atom is asterisked). Based on the
experimental data, a four consecutive irreversible pseudo-first-order reaction mechanism is assumed to be the major contributor for oxaliplatin-
DNA monoadduct formation, followed by conversion to diadducts.
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Table 1. Comparison of apparent rate constants for cisplatin and oxali-
platin adduction to DNA. Rate constants ki, k>, k3 and k4 for cisplatin
stand for the rates for monoaquation of cisplatin, monoadduct for-
mation of monoaquated species, monoaquated species of mono-
adducts, and monoadduct-to-diadduct conversion, respectively, and
rate constants for oxaliplatin stand for the rates for monoaquation of
the parent compound, diaquation of monoaquated species, mono-
adduct formation of diaquated species, and monoadduct-to-diadduct
conversion, respectively.

cisplatin” oxaliplatin
ki 0.000102 0.000717°
k> 0.00196 0.000125"
ks 0.000092 ~0.00000576°
ks n.d. ~0.0000438¢

The unit for the kinetics constants is s ' and 7.d. represents not determined.
“Ref. 11, "Ref. 5(c), “In this study, ‘Ref. 13, respectively.

platin derivative minimally or negligibly contributes to the
oxaliplatin-DNA adduct formation, and thus that the four con-
secutive irreversible pseudo-first-order mechanism is a major
contributor to oxaliplatin-DNA adduct formation. This inter-
pretation is consistent with the presence of a substantial fraction
of parent and monoaquated compound early in the reaction,
which are quantitatively converted to diaquated Pt(DACH) prior
to covalent binding to DNA. From this point of view, oxali-
platin, like cisplatin, but differently from carboplatin, could be
considered as a pro-drug, with hydrolysis being a key step. In
fact, hydrolysis of cisplatin or oxaliplatin is extremely rapid,
whereas it is slower for carboplatin.">’

Based upon the reported apparent rate constant values of &,
(7.17x10 *s ) and &k (1.25 x 10 s™),” we estimated ks to be
(5.76 £0.57) x 10 ° s ' (see Experimental Section for details).
This value is approximately three-hundred-fold lower than re-
ported for cisplatin (ks, 1.96 x 10~ s ', Table 1),"" explaining the
lower reactivity of oxaliplatin than cisplatin in the literature.'”
The kinetic constant k4, however, could not be determined with
our experimental data, since our method does not distinguish
monoadducts from diadducts, although it may be assumed that
ky for oxaliplatin monoadduct-to-diadduct conversion is likely
close to that reported for diaminocyclohexanedichloroplati-
num(Il) [PtCly(DACH)] in the literature (4.38 x 10° s ),"”
since PtCl,(DACH) should also form dihydrated oxaliplatin
species prior to DNA adduction.

In conclusion, we refined the kinetics of oxaliplatin-DNA
adduct formation, which may allow us to gain new mechanistic
insights into in vitro DNA adduction of oxaliplatin, suggesting
a mechanism of action for oxaliplatin in vitro (Figure 4), in
which the leaving group is replaced by two water molecules in
two consecutive steps forming the diaquated oxaliplatin com-
plex, followed by the reaction with DNA to form monoadducts
and by conversion to crosslinks. Table 1 summarizes the appa-
rent rate constants for cisplatin- and oxaliplatin-DNA adduct
formation in vitro, showing that the in vitro reaction of oxali-
platin with DNA is very slow compared to cisplatin, even if
these values for cisplatin and oxaliplatin may not be directly
compared. Overall, our kinetic study suggests that the DNA
adduct formation of oxaliplatin in vivo may be forming with non-
enzymatic biotransformation products of oxaliplatin, support-
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ing the assumption that in vivo, oxaliplatin undergoes extensive
nonenzymatic biotransformation and nucleophiles such as an
endogenous bicarbonate and dihydrogen phosphate may dis-
place the oxalate group forming unstable reactants which can
be further hydrolyzed to aqua complexes, and that the aqua
complexes are likely important for the cytotoxic effect of oxali-
platin, mediated by the formation of DNA adducts.

Experimental Section

To refine the kinetics of oxaliplatin-DNA adduct formation,
we used the experimental data for in vitrro DNA binding kine-
tics, previously described for oxaliplatin studies.” Briefly, a
mixture of [14C]0xaliplatin (GE Healthcare, Piscataway, NJ)
and non-labeled oxaliplatin was prepared immediately prior
to use and incubated with salmon sperm DNA (0.5 mg/mL) at
37 °C in 25 mM NaCl, 0.14 mM EDTA, 0.14 mM Tris-HCl,
pH 7.4. This buffer system is similar to one (50 mM NaCl, 10
mM HEPES buffer at pH 7.4 and 37 °C) in which oxaliplatin
degradation was characterized to occur at a few percent per
hour to form chlorinated species. "% The initial concentration of
oxaliplatin was 12.4 pg/mL (33.4 nmol, 33.4 uM), which con-
tained 13.4 dpm (96.8 fmol) of ["“Cloxaliplatin (77.6 pCi/
mmol). Samples (200 pL) of the solution were taken at 11 time
points up to 24 h (see Figure 3 for specific time points sampled),
and were immediately adjusted to 0.5 M NaCl and frozen in
liquid nitrogen. For AMS sample preparation, the samples were
thawed on ice and the DNA was isolated at 4 °C by ethanol
precipitation and air dried. The dried samples were redissolved
in medium containing 50 mM sodium acetate, 10 mM MgCl,,
pH 5.5, as described for ethanol precipitation.”* Variance in
DNA recovery, which ranged from 10 - 70 percent, did not in-
fluence the radiocarbon concentrations in the resulting AMS
samples as evidenced by the high precision of the AMS mea-
surements from triplicate experiments. The DNA was then
converted to graphite, and analyzed for the ratio of "C to total
carbon by AMS, as previously described.”™”’ All experiments
were carried out in triplicate.

Kinetic calculation. When focusing on the carrier group
(diaminocyclohexane or DACH) of oxaliplatin, there are at least
five predominant forms of oxaliplatin derivatives in the reaction
solution: Unreacted oxaliplatin (A), monoaquated oxaliplatin
(B), diaquated oxaliplatin (C), monofunctional oxaliplatin-
DNA adduct (D), and difunctional oxaliplatin-DNA adduct
(E). And because the concentration of the target sites in DNA
is highly excess, the reaction kinetics can be assumed as the
pseudo-first order (i.e. the concentration of the DNA target
remains in constant vast excess), allowing for the determination
of kobs. The chlorination reaction of oxaliplatin is known to be
negligibly slow,'" and the corresponding forms have been ignor-
ed in terms of kinetic consideration in this study, leading to a
four-step consecutive irreversible pseudo-first-order reaction
scheme. The overall rate constant kobs can be used to calculate
each rate constant based on the equation of 1/ksps = 1/ki + 1/kr +
1/ks + 1/ks, which can be used to estimate the rate constant &3,
when other rate constants &y, k» and k4 are known.

Alternatively, k3 can be estimated using the following equa-
tions where Ay is the starting concentration of oxaliplatin, based



2046  Bull. Korean Chem. Soc. 2010, Vol. 31, No. 7

on the assumption of a four-step consecutive irreversible mecha-
nism and the reported values of k;, k» and kj.®

[A] = Age ™

klAO —it —ot:
B - - it 2!
[B]= ' fe - et

[C]=kikxAole '/ {(k = kn)(ks = kn)} + €/ (ki = ko) (ks — ko) }
+ e_kSt/{(/q —k3)(kr — k3)}]

[D] = kikaksAo[e ™ { (ks = ki) (ks = ki) (ks — k)
+ e/ {(ks = ka)(ks ~ k)i — ko) }
+ ™Y (ks — ks — s) (ke — hes)}
+ e/ {(ks ~ ka)(ka = ka)(ky ~ ka)}]

[E]= Ao~ [A] - [B] - [C] - [D]
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