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Abstract

The kinetics of redox reactions of the Pt!Y complexes, trans-Pt(d,1)(1,2-(NH,)>CgH10)Cl4
([Pt'VCly(dach)]) and Pt(NH,CH,CH,NH,)Cly ([PHVCly(en)]), with 5'- and 3'-dGMP (G) has been
studied. These redox reactions involve substitution followed by an inner-sphere electron transfer.
The substitution is catalyzed by Pt!! and follows the classic Basolo-Pearson Pt!!-catalyzed Pt!V-
substitution mechanism. We found that the substitutution rates depend on the steric hindrance of
Pt!l, G, and Pt!V with the least sterically hindered Pt!! complex catalyzing at the highest rate. 3'-dGMP
undergoes substitution faster than 5'-dGMP, and [Pt'VCl,(en)] substitutes faster than [Pt'VCl,(dach)].
The enthalpies of activation of the substitution, AH¥;, of 3'-dGMP is only 70% greater than that of
5-dGMP (50.4 vs. 30.7 kJ mol 1), but the entropy of activation of the substitution, AS*s, of 3'-dGMP
is much greater than that of 5'-dGMP (—59.4 vs. —129.5 J K- mol 1), indicating that steric hindrance
plays a major role in the substitution. The enthalpy of activation of electron transfer, AH*;, of 3'-
dGMP is smaller than that of 5'-dGMP (88.8 vs. 137.8 k] mol-1). The entropy of activation of electron
transfer, AS*,, of 3'-dGMP is negative but that of 5'-dGMP is positive (—27.8 vs. +128.8 J K1
mol~1). The results indicate that 5'-hydroxo has less rotational barrier than 5'-phosphate, but is
geometrically unfavorable for internal electron transfer. The electron transfer rate also depends on
the reduction potential of Pt'Y. Due to its higher reduction potential, [Pt'YCl,(dach)] has a faster
electron transfer than [Pt!'VCly(en)].

Introduction

Platinum complexes are biologically important because of their anticancer activities. In

particular, the interaction of DNA with Pt!! complexes has been extensively studied.1 On the
other hand Pt'Y complexes, which are relatively inert, have not been the focus of much research
because potential reactivity with DNA is not generally expected for such inert molecules.
However our lab recently discovered that trans-Pt(d,1)(1,2-(NH3),CgH10)Cla, [Pt'VCla(dach)],
oxidizes 5'-dGMP, 3'-dGMP and 5'-d[GTTTT]-3'.2 The proposed mechanism involves Pt'V
binding to N7 of the guanosine (G) moiety followed by nucleophilic attack of a 5’-phosphate
or a 5’-hydroxyl oxygen to C8 of the G moiety and an inner-sphere, two-electron transfer to
produce cyclic (5'-0-C8)-G and a Pt!! complex (Scheme 1). The identity of the final oxidized

G depends on the hydrolysis rate of the cyclic intermediate. The cyclic phosphodiester
intermediate formed from [Pt'VCl4(dach)]/5-dGMP is hydrolyzed to 8-0x0-5'-dGMP.
However the cyclic ether intermediate formed from [Pt'VCl,(dach)]/3'-dGMP (or 5'-d

[GTTTT]) does not hydrolyze, and this cyclic form is the final oxidation product. The Pt'Y
complex simply binds to N7 of the G moiety in 3',5"-cyclic guanosinemonophosphate (cGMP),

9-methylxanthine (9-Mxan), 5’-d[TTGTT]-3' and 5’-d[TTTTG]-3" without further redox

reaction. These prior results indicate that a nucleophilic group at the 5’ position is required for

the redox reaction between G and the Pt'Y complex.

*Author to whom correspondence should be addressed: (e-mail) choi@middlebury.edu.
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Although the kinetics of Pt!! complex binding to DNA is fairly well understood,3:4 the
corresponding Pt'Y chemistry is not. Roat and co-workers reported that the reaction of several
PtV complexes with 9-Mxan undergo Pt!'-catalyzed PtV substitution reactions without
autocatalysis, where the added Pt!! catalysts were Pt analogs.® Elding’s group established a
redox mechanism for reductive elimination at Pt'Y where two electrons transfer between the
reductant (thiol or ascorbate) and the PtV via a halide Iigand.6 Several other groups reported
the autocatalytic nature of Pt'V reduction by ascorbate via an outer- as well as an inner-sphere
one electron transfer.” None of these cases have a mechanism similar to the [Pt'VCl(dach))/
dGMP redox reaction, where substitution precedes inner-sphere two electron transfer.<2:

In our previous work,22 we observed that 3'- and 5'-dGMP reactions with [Pt'VCl,(dach)] were
autocatalyzed, and 3'-dGMP reacted faster than 5'-dGMP. The aim of the present work is to
expand on our earlier studies of substitution and electron transfer mechanism by use of
quantitative kinetic measurements. Using an autocatalytic kinetic model and the DynaFit
Software,8 we obtained the substitution rate constant (ks) and the electron transfer rate constant
(ke). Activation parameters were obtained from the rate constants at temperatures between 30
and 45 °C. We also compared the [Pt'VCl4(dach)] reaction rates to [Pt'VCl,(en)] to see how
the size of the carrier ligand and the reduction potential of Pt'Y complexes affect substitution
and electron transfer rates. To the best of our knowledge, this is the first detailed kinetic study
of a Pt'Y/DNA reaction.

Experimental Section

Sample Preparation

[Pt'VCl,(dach)] was obtained from the National Cancer Institute, Drug Synthesis and
Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment. The
[Pt!Cly(diam)] and [Pt“(tetam)(; complexes were purchased from Sigma-Aldrich.
[Pt'ICl,(dach)], 92 [Pt''Cl,(en)]9P and [Pt'VCl,(en)]®P were synthesized following previously
published procedures. They were characterized by IR (Bruker Equinox 55 Spectrometer), 1H
NMR (Bruker 400 Ultrashield spectrometer), and HPLC (Waters Alliance 2695 equipped with
a Waters 2996 Photodiode Array Detector and a Waters Atlantis dC18 column). [Pt!'Cl(dach)
(5'-dGMP)] and [Pt!!(diam)(5'dGMP),] were synthesized by the reactions of 5'-dGMP with
stoichiometric amounts of [Pt!'Cl,(dach)] and [Pt!'Cl,(diam)] respectively. Stock platinum
complex solutions were prepared by dissolving in saline water (0.1 M NaCl, pH 8.3~8.6). pH
8.3-8.6 was used to fully deprotonate the phosphate group in dGMP,10 and 0.1 M NaCl
solution was used to prevent hydrolysis of the platinum complexes.

Mass Spectrometry

Liquid Chromatography/Mass spectrometry (LC/MS) analyses were conducted on an 1100
Series LC and LC/MSD Trap XCT Plus from Agilent Technologies. The LC component was
equipped with a photodiode array detector and an Eclipse X-D8-C8 Column (5 m, 4.6 mm
%150 mm) running isocratic (0.5 mL/min) conditions with a solvent of 0.5% formic acid in
water. An ion trap mass spectrometer to select for specific masses was used with fragmentation
both on and off. The MS parameters were set to scan from 50-2200 m/z using positive detection
with electrospray ionization mass spectrometry (ESI-MS). For tuning, the nebulizer was set to
50 psi, the dry gas flow to 9 L/min and the dry temperature to 365 °C.

Kinetic Studies

To achieve the desired dGMP concentrations, appropriate amounts of 3'- or 5’-dGMPwere
added to vials containing equal volumes of platinum stock and saline solutions. The pH values
of the solutions were adjusted to pH 8.3 with NaOH using a pH meter (Orion Research 960)
equipped with a Mettler-Toledo Inlab combination pH microelectrode. Attainment of desired
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the pH constituted the beginning of the reaction. UV/visible spectra were obtained in 10-mm
cells on a Varian Cary 4000i Spectrophotometer with Cary WinUV Kinetic assay software. The
absorbances at 360 and 390 nm were monitored. The sample temperature was maintained by
a Varian-Cary temperature controller. Kinetic experiments were repeated at least three times.

Results and Discussion
Effect of added Pt!' complexes on the reaction of [PtVCls(dach)] and 5'-dGMP

Figure 1 compares the Azgp and Asgg Versus time of the reactions of [Pt'YCl,(dach)] and 5'-
dGMP without and with added Pt!' complexes such as [Pt!!Cl,(dach)], [Pt!'Cl(dach)(5'-
dGMP)], [Pt!'Cl,(diam)], [Pt!'CI(diam)(5’-dGMP),], and [Pt'!(tetam)]. The absorbances at 360
and 390 nm are mainly due to initial [Pt'VCl4(dach)] and the intermediate [Pt'VClz(dach)(5'-
dGMP)] ([Pt'V-G]), respectively.2&P without added Pt'" catalysts, there is a long induction
time for the reaction to start. All of the Pt!! complexes shorten the induction time (Figure 1a)
and produce the [Pt'V-G] intermediate at an earlier time, than when the reaction is run without
a catalyst (Figure 1b). Without added Pt!!, the [Pt'V-G] intermediate reached maximum
concentration around 3 hrs, but with the addition of 10% (mol) of [Pt!!(diam)(5-dGMP),],
[Pt!!CI(dach)(5'-dGMP)], [Pt'Cl,(dach)], [Pt!'Cl,(diam)], and [Pt!!(tetam)] it became 2.78,
2.52, 1.48, 1.28, and 1.27 hrs, respectively. The smallest catalysts, [Pt!!(tetam)] and
[Pt!!CI,(diam)] are the most efficient, followed by [Pt!'Cl,(dach)], [Pt''Cl(dach)(5-dGMP)],
and [Pt!!(diam)(5"-dGMP),] in order, coinciding with increasing ligand size.

Identification of Intermediate, PtV G

In order to further elucidate the substitution reaction, the Pt'V—G intermediates of the
[Pt'VCl,(dach)]/5'-dGMP reaction catalyzed by [Pt!!Cl,(en)] and by [Pt!'Cly(dach)] were
identified by LC/MS. The LC/MS was performed on each reaction when the intermediate
concentration observed by Asgg nm Was maximum. Figure 2 displays the LC/MS spectra of the
[Pt'VCl,(dach)]/[Pt!'Cl,(en)]/5’-dGMP reaction. It shows a 707.9 amu peak due to
[Pt'VCl3(en)(5'-dGMP)] (1) as well as a 762.0 amu peak due to [Pt'VCl3(dach)(5'-dGMP)] (11).
The LC/MS spectrum of [Pt!'VCl,(dach)]/[Pt!'Cl,(dach)]/5'-dGMP reaction only shows a 762
amu peak due to [Pt'VCl(dach)(5'-dGMP)] (I1). These results are best explained by
consideration of the Basolo-Pearson Pt!! catalyzed Pt'V substitution reaction where the central
platinum is exchanged between Pt!! catalyst and Pt'V substrate (Scheme 2).11 For the
[Pt'VCl,(dach)]/[Pt!'Cl,(en)]/5'-dGMP reaction, 5’-dGMP binds to Pt!'Cl,(en) to produce 5-
coordinate [Pt!'Cly(en)(5'-dGMP)], which then binds to [Pt'VCl,(dach)] through a chloro
ligand to form [Pt'VCl3(dach)Cl...Pt!!Cl,(en)(5’-dGMP)]. Two electrons transfer from Pt!! to
PtV through chloride ligand to generate [Pt''Cl,(dach)] and [Pt'VCl3(en)(5-dGMP)]. In the
subsequent reaction, 5’-dGMP binds to [Pt!!Cl,(dach)] to produce 5-coordinate [Pt!!'Cl,(dach)
(5'-dGMP)], which then binds to [Pt'VCl,(dach)] through a chloro ligand to form
[Pt'VCl(dach)Cl...Pt''Cl,(dach)(5-dGMP)]. Two electrons transfer from Pt!! to Pt!V through
a chloride ligand to generate [Pt!'Cl,(dach)] and [Pt'VCl3(dach)(5’-dGMP)].

Kinetic data analysis of 3'- and 5-dGMP reactions with [Pt'VCls(dach)]

The time courses of 5 mM [Pt!VCl,(dach)] reactions with 50 mM 5'- or 3'-dGMP at 40 °C are
displayed in Figure 3. The Aggg curve of 3'-dGMP has a much shorter induction time than 5'-
dGMP, and the Azgq curve shows that the intermediate [Pt'Y—3'-dGMP] reaches a maximum
faster than for [Pt'V-5'-dGMP] (3 hr vs. 1 hr). The kinetic curves are sigmoidal-shaped
indicating autocatalysis. The mechanism shown in Scheme 1 is a combination of a substitution
reaction and an inner-sphere electron transfer reaction. As demonstrated by the identity of the
Pt!V—G intermediate (Figure 2), the substitution follows the Basolo-Pearson Pt!!-catalyzed
Pt!V substitution mechanism, and therefore the overall substitution reaction can be written as
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equation (1) in Scheme 3.11 Even if no external Pt!! is added, a small amount is assumed to
be present as an impurity.

The Asgp and Asgg Vs. time kinetic curves were processed by the DynaFit Software8 utilizing
the kinetic model in Scheme 3. Figure 3 shows the close agreement between experimental and
modeled absorbance vs. time. The data fit best when the initial Pt!! concentration was fixed at
0.4 % of initial Pt'Y. We assume that [Pt'VCl4(dach)] contained 0.4 % of [Pt!'Cl,(dach)] as an
impurity.

Rate constants determined over a temperature range of 30-45 °C are reported in Table 1. The
activation parameters, AH* and AS¥, calculated from a linear least-squares fit to plots of In
(k/T) vs 1/T (Figure 4) are also reported in Table 1.

The substitution rate of 3'-dGMP is approximately twice as fast as that of 5'-dGMP at
temperatures between 30 and 45 °C (k3 = 14.8 M2 s 1 and 7.1 M2 s71, respectively). The
AH*; of 3-dGMP is approximately 70% bigger than that of 5'-dGMP (50.4 k] mol~1 and 30.7
kJ mol1). The enthalpic stabilization of 5-dGMP may be due to the hydrogen bonding between
the 5’-phosphate and the NH of the (dach) Iigand.10 The 3'-phosphate is too far away to
participate in hydrogen bonding with the NH of the ligand. The AS*; of 3'-dGMP is
significantly bigger than that of 5-dGMP (-59.4 J K~ mol~1 and —129.5 J K™ mol 2,
respectively), indicating that steric hindrance plays a major role in the substitution. The 5'-
hydroxyl group exerts less steric hindrance than the 5’-phosphate group when the G binds to
N7 (Chart 2). Dependence of a substitution on the steric hindrance of a carrier ligand has been
well characterized by many researchers.®

3-dGMP transfers electrons approximately twice as fast as 5’ '-dGMP at 35 °C (2.2 x 1074
s1and 1.4 x 1074 s71, respectively), but slightly slower at 45 °C (5.5 x 104 s and 8.1 x
1074 571, respectively). The AH¥, of 3'-dGMP is smaller than that of 5’-dGMP (88.8 kJ
mol~1 and 137.8 kJ mol 1, respectively). The AS¥, of 3'-dGMP is much lower than that of 5'-
dGMP (—27.8 J K1 mol~1 and +128.8 J K~ mol 1, respectively). At low temperature, AH*,
plays a major role in determining the rate constant. In order to initiate electron transfer, the
nucleophilic group at the 5’-position should rotate to attack C8 as shown in Scheme 4. The
lower AH*, of 3-dGMP indicates that the 5’-hydroxo group in 3'-dGMP has a lower rotational
barrier than the 5'-phosphate in 5’-dGMP. The lower rotational barrier of Pt—-N for 3'-

GMP than for 5-GMP is also reported by the Marzilli group.12 But above 40 °C, AS*, plays
a more important role. Cyclization and bond breaking are involved in the internal electron
transfer, the former contributes a negative AS* and the latter a positive AS*. Since the 5'-
hydroxo group is much farther away from the C8 position than the 5’-phosphate group (Chart
2), 3-dGMP must have a large negative AS* of cyclization, which is not compensated by the
positive AS* of the bond breaking. However, since the 5'-phosphate in 5’-dGMP is close to C8,
it may not have a large negative AS* of cyclization, and the positive AS* of bond breaking
dominates in AS*;, resulting in the positive A S¥ .

Comparison of [Pt'VCly(en) with [Pt'VCl,(dach)]

The final G product of [Pt'VYCl,(en)]/5-dGMP was the same as that of [Pt!VCl,(dach)]/5'-
dGMP, which was identified as 8-oxo0-5-dGMP by HPLC.22 The integration of the peaks
reveals that the amount of 8-0x0-5'-dGMP generated by [Pt'VCl,(en)] was approximately 70%
of the amount by [Pt'VYCl,(dach)].

Figure 5 compares the time course of Azgq of the [Pt'VCl4(en)]/[Pt"'Cly(en)]/5'-dGMP reactions
with [Pt'VCl,(dach)]/[Pt!'Cl,(dach)]/5-dGMP at 50 °C. It clearly shows that [Pt!VCl,(en)]
reacts with 5'-dGMP in the same manner as [Pt'VCl,(dach)] but at a different rate. The ks and
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ke Of [Pt'VCl4(en)] obtained by fitting Aggg to egs. (1) and (2) using DynaFit8 are 25.2
M~2s 1 and 1.5 x 1074 571, respectively. The ks and ke of [Pt'VCl4(dach)] are 11.1 M2 s L and
14.2 x 104 571, respectively. The results indicate that [Pt'VCl,(en)] is approximately twice
faster in substitution but approximately ten times slower in electron transfer than
[Pt'VCl4(dach)]. The (en) is a smaller carrier ligand than (dach), which is responsible for the
higher substitution rate of [Pt'VCl4(en)]. But [Pt'VCl,(en)] has lower reduction potential (E; =
—159 + 5 mV vs Ag/AgCl) than [Pt'VCl(dach)] (E¢ = —71 + 10 mV vs Ag/AgCl), which
explains the slow electron transfer rate of [Pt'VCl,(en)].

Conclusion

We have compared the substitution rate constant (ks) and the electron transfer rate constant
(k) in the redox reaction between Pt!V and 3'- (or 5’-) dGMP using an autocatalytic kinetic
model and DynaFit Software.8 Activation parameters were obtained from the rate constants at
temperatures between 30 and 45 °C. The results show that 3'-dGMP substitutes faster than 5'-
dGMP due to its small steric hindrance. In the electron transfer step, the reaction with 3'-dGMP
is faster only at temperatures below 45 °C; the reaction with 3'-dGMP is enthalpically
favorable, while the reaction with 5’-dGMP is entropically favorable. We have also shown that
[Pt'VCly(en)] is faster than [Pt'VCl,(dach)] in substitution due to its smaller carrier ligand, but
slower in electron transfer due to its low reduction potential. The results reported here
contribute to our understanding of platinum anticancer drugs and DNA reactions, which may
be important in developing new anticancer therapies.
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with 0.5 mM Pt!! complexes, pH 8.6 at 37 °C.
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Figure 2.

Mass spectra of [Pt!VCls(en)(5-dGMP)] (1) and [Pt'VCl;(dach)(5-dGMP)] (I1). The
intermediate complex was acquired using the ion trap set for a mass of (1) 708 amu and (I1)
762 with no fragmentation from the reaction of [Pt'VCl,(dach)]/[Pt!!(en)CI,]/5"-dGMP (1 mM/
0.7 mM/10 mM). The [Pt'VCl,(dach)]/[Pt''Cl,(dach)]/5"-dGMP (1 mM/0.7 mM/10 mM)
reaction generates only I1.
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Az () and Aggg (b) vs. time of 5 mM [Pt!VCl(dach)] with 50 mM 5'- and 3'-dGMP reactions
in 100 mM NaCl, pH 8.3 at 40 °C. Both fits give ks = 20.4 M2s L and ko = 3.9 x 104 s71 for
3-dGMP, and ks = 8.1 M~2s L and k. = 3.6 x 1074 571 for 5'-dGMP.
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mM 5’-dGMP and 3"-dGMP.
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Figure 5.

Az Vs. time of [PtV Cly(en)]/[Pt!'Cl,(en)] and [Pt!VCl4(dach)]/[Pt!'Cly(dach)] with 5'-dGMP
reactions at 50 °C. [Pt'V] = 1 mM, [Pt!"] = 0.2 mM, [5"-dGMP] = 20 mM. 100 mM NaCl, pH
8.3. The solid lines are the fit to egs. (1) and (2).
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Pt!l-catalyzed Pt!V substitution reaction.
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Scheme 3.
Kinetic Model for the oxidation of G by [Pt'VCl,(dach)]
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Scheme 4.
Internal electron transfer through cyclization.
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Structures of the guanine derivatives and platinum complexes studied.
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Steric hindrance between (dach) ligand and 5’- and 3'-dGMP.
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