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Introduction

Oxidation of DNA plays a major role in carcinogenesis 
[1, 2], aging [3, 4], and neurodegenerative diseases such 
as Parkinson’s and Alzheimer’s disease [5, 6]. Among the 
four nucleobases, guanine (G) has the lowest reduction 
potential (E0 = 1.3, 1.4, 1.6 and 1.7 V vs. NHE for dGuo, 
dAdo, dCyt and dThy, respectively) and, therefore, is most 
easily oxidized [7]. Many transition metal complexes 
including those of Cr, Mn, Fe, Co, Ni, Cu, Ir, Os, Re, and 
Rh mediate oxidation of guanine via many different mech-
anisms and all require oxidizing radiation, photosensitiz-
ers, or oxidants [8, 9].

The RuIII and PtIV complexes can also oxidize purine 
derivatives, but unlike the oxidation by other transition 
metal complexes cited above, this process does not involve 
oxidizing radiation, photosensitizers, or oxidants. Both 
RuIII and PtIV complexes are substitution inert but bind 
slowly to the N7 of G (N7) followed by a two-electron 
inner sphere redox reaction. Clarke’s group reported that 
the H8 of G (H8) bound to RuIII (H8G–RuIII) can be depro-
tonated by OH− in basic solution (intermolecular nucleo-
phile), and a two-electron oxidation product of 8-oxo-G is 
produced in the presence of O2 molecules [10–12]. Later, 
our group reported that the H8 bound to PtIV {H8G–PtIV: 
PtIV =  [PtIV(dach)Cl4]} can be deprotonated by 5′-OH or 
5′-phosphate (intramolecular nucleophile) forming a two-
electron oxidation product of either cyclic-5′-O-C8-G or 
8-oxo-G without involving O2 molecules [13, 14]. We also 
discovered that the redox reaction between PtIV and G can 
occur in basic solution or phosphate buffer, where OH− or 
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(deoxyguanosine-5′-monophosphate) at a relatively fast rate 
and oxidizes it to 8-oxo-5′-dGMP. Here, we further studied 
the kinetics of the oxidation of 5′-dGMP by the PtIV com-
plex. The electron transfer rate constants between 5′-dGMP 
and PtIV in [H8-5′-dGMP–PtIV] and [D8-5′-dGMP–PtIV] 
were similar, giving a small value of the kinetic isotope 
effect (KIE: 1.2 ± 0.2). This small KIE indicates that the 
deprotonation of H8 in [H8-5′-dGMP–PtIV] is not involved 
in the rate-determining step in the electron transfer between 
guanine (G) and PtIV. We also studied the reaction of 
5′-dGDP (deoxyguanosine-5′-diphosphate) and 5′-dGTP 
(deoxyguanosine-5′-triphosphate) with the PtIV complex. 
Our results showed that [PtIV(dach)Cl4] oxidized 5′-dGDP 
and 5′-dGTP to 8-oxo-5′-dGDP and 8-oxo-5′-dGTP, 
respectively, by the same mechanism and kinetics as for 
5′-dGMP. The PtIV complex binds to N7 followed by a two-
electron inner sphere electron transfer from G to PtIV. The 
reaction was catalyzed by PtII and occurred faster at higher 
pH. The electron transfer was initiated by either an intramo-
lecular nucleophilic attack by any of the phosphate groups 
or an intermolecular nucleophilic attack by free OH− in the 
solution. The rates of reactions for the three nucleotides 
followed the order: 5′-dGMP > 5′-dGDP > 5′-dGTP, indi-
cating that the bulkier the phosphate groups are, the slower 
the reaction is, due to the larger steric hindrance and rota-
tional barrier of the phosphate groups.
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phosphate in solution (intermolecular nucleophile) attacks 
C8 of G (C8) to produce 8-oxo-G and PtII [15]. Through this 
mechanism, every G in the oligonucleotides can be oxi-
dized to 8-oxo-G in phosphate buffer.

We further discovered that RuIII complexes like the PtIV 
complex, can go through the two-electron redox mecha-
nism without involving O2 [16, 17]. The [RuIII(NH3)5L] 
(L = dGuo, dIno, Xao) complex disproportionates in basic 
solution to the corresponding RuII and RuIV complexes, 
followed by a two-electron redox reaction between RuIV 
and L that does not involve O2. When L was dGuo, the 
two-electron oxidation product was cyclic-5′-O-C8-dGuo 
[16], but when L was dIno or Xao, the oxidation product 
was 8-oxo-L [17].

What is the main driving force for the redox reaction 
between G and PtIV (and RuIII/RuIV)?

Coordination of a metal ion at N7 inductively withdraws 
electron density from G, placing a partial positive charge at 
C8 and promotes the exchange of H8 [18]. Clarke’s group 
showed that the autoxidation rate of [RuIII(NH3)5L] (L = Ino, 
1-MeIno, 1-MeGuo, Guo, and dGuo) at high pH to the corre-
sponding 8-oxo complex depends on the polarity of H8 [12]. 
The change in polarity of C8 is reflected in the chemical shift 
of H8 of [RuIII(NH3)5L] in the 1H NMR spectra at −31.24, 
−30.37, and −20.22  ppm for dGuo−, Guo−, and Ino−, 
respectively. The rate follows the order dGuo  <  Guo  <  Ino 
indicating that the more polar the H8 is, the faster the 
redox reaction becomes. The oxidation of the 1-MeIno (or 
1-MeGuo) complex proceeds approximately 3 times faster 
than that of the dGuo (or Guo) complex. The H8 of 1-MeGuo 
is highly susceptible to polarization because there is no H at 

N1 to deprotonate at high pH to induce large negative charge 
on C8. Therefore, the main driving force for the redox reac-
tion should be the polarization of H8 by electron-deficient 
PtIV and RuIV.

One of our major questions in this investigation was at 
what point the deprotonation of H8 occurs. Does it occur 
right after the nucleophile attacks C8 (Scheme 1a) or after 
the two-electron transfer between G and PtIV is complete 
(Scheme 1b)? Recent density function theory (DFT) calcu-
lations on the oxidation of 5′-dGMP suggested that H8 is 
deprotonated after the redox reaction (Scheme 1b) [19]. To 
shed light on which mechanism is more plausible, we deter-
mined the kinetic isotope effect (KIE = kH/kD) of the elec-
tron transfer rate. In Scheme 1a, the rate-determining step 
is deprotonation of H8, which should give a primary KIE of 
7 [20]. On the other hand, in Scheme 1b, the H8 is depro-
tonated after a two-electron transfer from G to PtIV, which 
should give a secondary KIE of a value much smaller than 
7. Our results showed that the KIE of fac-[PtIV(dach)Cl3(5′-
dGMP)] was 1.2 ±  0.2, indicating that the deprotonation 
of H8-5′-dGMP–PtIV is not involved in the rate-determining 
step. Therefore, the plausible mechanism is not the paths in 
Scheme 1a but rather in Scheme 1b, which is in agreement 
with the DFT calculations [19].

Another objective of this study was to investigate the 
mechanism and kinetics of the oxidation of other nucleo-
tides such as 5′-deoxyguanosine diphosphate (5′-dGDP) 
and 5′-deoxyguanosine triphosphate (5′-dGTP), and com-
pare them with the conclusions made for the reaction 
with 5′-dGMP [13–15, 21]. This new objective is biologi-
cally important as 5′-dGDP and 5′-dGTP comprise a major 
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Scheme  1   Proposed mechanism on basis of Choi et  al. for the oxidation of 5′-dGMP by [PtIV(dach)Cl4] [14]. Deprotonation of H8 in a is 
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fraction of the intracellular nucleotide pool, and their modifi-
cation by transitional metal complexes can lead to mutations 
through their incorporation in the DNA chain during replica-
tion. These indirect modifications of the DNA molecule could 
cause mutagenesis in the same fashion as the direct modifica-
tion of the normal guanine bases of DNA [22]. Our results 
showed that [PtIV(dach)Cl4] oxidized 5′-dGDP and 5′-dGTP 
to 8-oxo-5′-dGDP and 8-oxo-5′-dGTP, respectively, by the 
same mechanism and kinetics as in the case of 5′-dGMP 
[13–15, 21]. The PtIV complex binds to N7 followed by a two-
electron inner sphere electron transfer from G to PtIV. The 
reaction was catalyzed by PtII and occurred faster at higher 
pH. The electron transfer was initiated by either an intramo-
lecular nucleophilic attack by any of the phosphate groups 
or an intermolecular nucleophilic attack by free OH− in the 
solution. The rates of reactions for the three nucleotides fol-
lowed the order: 5′-dGMP > 5′-dGDP > 5′-dGTP, indicating 
that the bulkier the phosphate groups are, the slower the reac-
tion is, due to the larger steric hindrance and rotational barrier 
of the phosphate groups.

Materials and methods

Chemicals

[PtIV(dach)Cl4] was obtained from the National Cancer 
Research Institute, Drug Synthesis and Chemistry Branch, 
Development Therapeutics Program, Division of Cancer 
Treatment. The deoxy-nucleotides, 5′-dGMP (>99  %) and 
5′-dGDP (>90  %) were obtained from Sigma-Aldrich, and 
5′-dGTP (>98 %) was obtained from GE Healthcare Life Sci-
ence, and were all used as sodium salts. NaCl, NaOH, HCl, 
ammonium acetate, and HPLC-grade acetonitrile were pur-
chased from Fisher Scientific. Radiolabeled H2

18O (97  %) 
was purchased from Berry & Associates, Synthetic Medicinal 
Chemistry. All other chemicals were obtained from Sigma-
Aldrich. All chemicals were used as purchased without any 
further purification. All water used was purified by a Hydro 
Picotech 2 purification system. The pH of reactions and sol-
vents was adjusted with 1.0 M NaOH and 0.5 M HCl, using an 
Orion Research Expandable Ion Analyzer EA 940 equipped 
with Corning Semi-Micro Combo electrode. For NMR experi-
ments D2O (99.9 %) was used as the solvent, and the pH of 
the solution samples was adjusted with 1.0 M NaOD (99.9 %), 
both chemicals were obtained from Sigma-Aldrich.

Synthesis of D8‑5′‑dGMP

D8-5′-dGMP was prepared by adapting a previously pub-
lished procedure [23]. Briefly, 0.0203 g 5′-dGMP was dis-
solved in 5 mL of D2O and heated at 80 °C for 24 h. The 
solution was dried under N2 gas, and a white solid was 

collected. The solid was isolated by vacuum filtration and 
identified by 1H NMR and ESI-LC/MS. The 1H NMR peak 
at 8.3 ppm corresponding to the H8G of 5′-dGMP had dis-
appeared and the ESI-LC/MS showed an m/z peak of 348.5 
(m/z for 5′-dGMP = 347.5), indicating that the reaction was 
completed and the 5′-dGMP was completely deuterated.

Preparation of reactions

Stock solutions of [PtIV(dach)Cl4] (10 mM) were prepared by 
dissolving appropriate amounts of [PtIV(dach)Cl4] in water 
(in the form of H2

16O, H2
18O, or D2O) followed by stirring and 

gentle heating (maximum 50 °C) for at least 6 h. An appro-
priate amount of NaCl was also added to a final concentra-
tion of 100  mM to decrease the hydrolysis of [PtIV(dach)
Cl4] through the replacement of its chloride ligands by water. 
When needed [PtII(dach)Cl2] was also dissolved in the solu-
tion in low concentrations (~0.02 mM). A fresh solution of 
[PtIV(dach)Cl4] was prepared for each reaction as [PtIV(dach)
Cl4] hydrolyzes when in solution for extended periods of 
time. Buffers were not used to avoid complications arising 
from buffer coordination to platinum. Appropriate amounts 
of 5′-dGMP, 5′-dGDP or 5′-dGTP were weighted in 1.5-mL 
Eppendorf tubes, in which the desired volume of the dis-
solved [PtIV(dach)Cl4] solution was transferred. The solu-
tion was vortexed for 5 min and the pH was then raised to 
7.0 or 8.6 using 1.0  M NaOH (or NaOD). Each solution 
was then incubated at 37 °C in a Teckam Dri-Block with a 
DB-1 Heater, while covered in aluminum foil to avoid any 
form of photodegradation. All the samples for NMR analysis 
were prepared in D2O (>98 %). Most reaction solutions were 
filtered through a syringe-end filter disk (Gelman Acrodisk 
0.45 µm pore size) before ESI-LC/MS and NMR analysis.

1H and 31P NMR spectroscopy

NMR spectra were recorded on a Bruker 400 Ultrashield 
spectrometer in D2O at room temperature. The 1H NMR 
spectra of all reactions were taken at 400.1319 MHz over 
50–256 scans. No water-suppression method was used, 
since the peaks of interest had chemical shifts that were 
not close to that for water. For the 31P NMR spectra, 2000 
scans were taken at 16233.77  Hz. All free inductions 
decays (FID) were Fourier transformed and analyzed using 
Bruker TOPSPIN 1.3 software. Spectra were edited using 
the XWIN-PLOT software.

Electron spray ionization–liquid chromatography/mass 
spectrometry (ESI‑LC/MS)

Liquid chromatography coupled to a mass spectrometer 
was used to identify the intermediates and final oxidation 
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products of the reactions. A 1100 Series LC, coupled to an 
LC-MSD Trap XCT Plus system from Agilent Technolo-
gies, was used to perform sample analysis. The liquid chro-
matography component was equipped with a photo diode 
array detector and an Eclipse X-D8-C8 column. Isocratic 
elution was performed with 0.5  % aqueous formic acid 
solution at a flow rate of 0.5 mL/min. The mass spectrom-
eter was set to scan in the range of 50–2200 m/z, detect-
ing positive ions with electrospray ionization mass spec-
trometry (ESI–MS). The nitrogen nebulizer pressure was 
set to 50 psi, the dry gas (helium) flow to 9 L/min, and the 
dry temperature to 365 °C. The ion trap was set to collect 
targeted molecules and acquire their fragmentation mass 
spectra.

UV/Vis spectroscopy

UV/Vis spectroscopy was used to monitor the reaction rates 
of [PtIV(dach)Cl4] with 5′-dGMP, 5′-dGDP and 5′-dGTP. 
UV/Vis spectra were obtained in 10-mm-path length micro 
quartz cells on a Varian Cary 4000 Spectrophotometer with 
Cary Win UV kinetic assay software. All kinetic experi-
ments were replicated at least in triplicate. The baseline 
absorbance was measured using water prior to experimen-
tal measurements. Analysis of the obtained kinetic data was 
performed using the Kaleidagraph software.

Results and discussion

Kinetic isotope effect of the reaction of 5′‑dGMP 
with [PtIV(dach)Cl4]

Figure 1 compares the kinetic curves of the reaction of H8-
5′-dGMP and D8-5′dGMP with [PtIV(dach)Cl4] at pH 7.0 
and 40  °C. Both reactions show the same kinetics trends. 

As indicated by the decrease in A360, the disappearance of 
the reactant, [PtIV(dach)Cl4], is slow in the beginning, but 
increases in rate as the reaction progresses because the 
reaction is auto-catalyzed by the product, [PtII(dach)Cl2]. 
The A390 curve arises from the intermediate, fac-[PtIV(dach)
(5′-dGMP)Cl3]

+. The kinetic curves of A360 and A390 vs. 
time were fitted with the DynaFit Software [24] utilizing 
the kinetic model in Scheme 2 [21]. The substitution rate 
constant (ks) and the electron transfer rate constant (ke) giv-
ing the best fit to both A360 and A390 curves were identical.

The ks and ke values giving the best fit to the curves 
of A360 and A390 (Fig. 1) were basically the same for H8-
5′-dGMP and D8-5′-dGMP. The ks of H8-5′-dGMP and 
D8-5′-dGMP at pH 7.0 and 40  °C were 5.02  ±  0.88 
and 4.76  ±  0.07  M−2s−1, respectively. The ke of H8-
5′-dGMP and D8-5′-dGMP at pH 7.0 and 40  °C were 
3.13 (±0.08) ×  10−4 s−1 and 3.06 (±0.03) ×  10−4  s−1, 
respectively. These rate constants are comparable with 
the previously found ks and ke values of 5′-dGMP at pH 
8.3 and 40  °C, which were 8.1  ±  0.2  M−2s−1 and 3.6 
(±0.5)  ×  10−4  s−1, respectively [21]. The kinetic iso-
tope effect (KIE) of ke which is the ratio of the ke of H8-
5′-dGMP to the ke of D8-5′-dGMP was calculated to be 
1.2 ±  0.2. This small KIE value suggests that the depro-
tonation of H8 bound to PtIV, [H8-5′-dGMP–PtIV], is not 
involved in the rate-determining step in the electron transfer 
between G and PtIV. This result is consistent with the DFT 
calculation which predicted that H8 deprotonates after two 
electrons from 5′-dGMP are transferred to PtIV, the rate-
determining step in the electron transfer (Scheme 1b) [19]. 

Fig. 1   Kinetic curves at a 360 
and b 390 nm of the reactions 
of [PtIV(dach)Cl4] with H8-
5′-dGMP and D8-5′-dGMP in 
100 mM NaCl at 40 °C with a 
starting pH 7.0 (t = 0). Fits to 
both A360 and A390 curves give 
identical ks and ke values
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It is interesting to note that the KIE of ke of fac-[PtIV(dach)
(9-EtG)Cl3]

+ (9-EtG = 9-ethylguanine) at high pH (pH 12) 
is reported to be 7.2 ± 0.2 [16]. At high pH, the electron 
transfer is initiated by OH− in the solvent (inter molecular 
nucleophile), while at pH 7, the electron transfer is initi-
ated by 5′-phosphate (intramolecular nucleophile). These 
results indicate that OH− is a more powerful nucleophile 
than phosphate. However, the KIE of autoxidation of 
[RuIII(NH3)5(Ino)] assisted by O2 and OH− is reported to be 
a secondary KIE of 1.6 [11]. It seems that different systems 
have different KIEs, indicating that deprotonation occurs at 
different stages, depending on the nucleophiles involved.

Reaction of 5′‑dGDP with [PtIV(dach)Cl4]

The time course of the reaction of [PtIVCl4(dach)]/5′-
dGDP (10/20  mM) was monitored by 1H-NMR spec-
troscopy, and the results were in parallel with those for 
5′-dGMP [14]. Figure 2 shows the 1H NMR spectra in the 
area where the chemical shifts of H8 and H1′ appear. When 
G is free, H8 resonates around 8.2 ppm (not shown). When 
G is bound to the electron-deficient PtIV and PtII at the 
N7 position, the chemical shifts of H8 change to 9.03 and 
8.32 ppm, respectively. The 9.03 ppm peak appears after 
12 h and disappears after around 48 h, indicating that PtIV-
bound G is an intermediate. The 8.32  ppm peak appears 
after 24 h and grows in intensity, indicating that the PtII-
bound G is a product.

The H1′ of free G resonates at 6.17 ppm. The two over-
lapping peaks around 6.33  ppm correspond to the sec-
ond intermediates and were assigned to the H1′ of the 
cyclic (5′-PO-C8)-dGDP intermediate, one involving the 

α-phosphate in the ring structure, and the other one the 
β-phosphate. At 24  h the peak at 6.33  ppm appears as a 
triplet with no overlapping, suggesting that one cyclic 
intermediate is more stable than the other and disappears 
faster. The peaks at 6.10 and 6.15  ppm arise from H1′ of 
the final products of 8-oxo-dGDP and PtII-bound-5′-dGDP, 
respectively.

Figure  3 shows an overlay of the time course of 31P-
NMR spectra of the reaction of 5′-dGDP (20  mM) with 
[PtIV(dach)Cl4] (10  mM) in D2O with 100  mM NaCl 
and a starting pH of 8.6. At the beginning of the reaction 
(t = 0 h) there are two doublets at −5.95 and −10.20 ppm 
corresponding to the resonance of 31P nuclei of the β- and 
α-phosphate groups of free 5′-dGDP, respectively [25]. The 
31P peak of the β-phosphate of free 5′-dGDP at −5.95 ppm 
shifts upfield over the course of the reaction to −9.0 ppm 
after 48 h. This upfield chemical shift is due to the protona-
tion of the phosphate group (pKa = 6.8), as the pH of the 
reaction mixture decreases over time due to the production 
of two protons in the two-electron redox reaction [13, 14]. 
It is known that both inorganic and nucleotide phosphates 
shift upfield when phosphate is protonated [26, 27]. After 
12 h of reaction two new doublets are formed at −11.3 and 
−19.0  ppm and gradually disappear. These are assigned 
to the (5′-PβO-C8)-dGDP and (5′-PαO-C8)-dGDP cyclic 
intermediates, respectively. The upfield chemical shifts of 
5 and 9 ppm of (5′-PβO-C8)-dGDP and (5′-PαO-C8)-dGDP, 
respectively, compared to the free 5′-dGDP, are relatively 
close to that of 10  ppm upfield reported for the cyclic 
intermediate in 5′-dGMP. The 31P peaks of free 5′-dGMP 
and (5′-PO-C8)-dGMP appear around 5.0 and −5.5  ppm, 
respectively [14].
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Fig. 2   Time-dependent 1H NMR spectra of the reaction of 10 mM [PtIVCl4(dach)] with 20 mM 5′-dGDP in 100 mM NaCl at 37 °C with a start-
ing pH 8.6 (t = 0)
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Two more doublets, with low intensities, appear after 
12 h of reaction with chemical shifts 0.5 ppm upfield from 
the peaks of α and β-phosphate of free 5′-dGDP. These 
peaks probably correspond to the 31P nuclei of the neigh-
boring phosphate groups in the two cyclic intermediates, 
which do not participate in the phosphodiester bond. This 
assignment is supported by the fact that these low-intensity 
peaks show up in the same timeframe with the other two 
intermediate peaks, and have significantly smaller changes 
in chemical shifts, as expected for nuclei that do not par-
ticipate directly in chemical changes in the molecule. It is 
also possible that these peaks correspond to the PtIV–dGDP 
intermediate.

To further verify the identity and presence of the PtIV–
dGDP intermediate, the above reaction mixture was ana-
lyzed by ESI-LC/MS. Figure 4 shows the mass spectrum of 
PtIV–dGDP obtained after 16 h of reaction. The major peak 
841.5 (m/z) is close to the expected mass of PtIV–dGDP 
(840.0 amu). The multiple surrounding peaks appear due to 
the several platinum isotopes.

To confirm the 31P NMR results indicating that both 
phosphate groups (α and β) participate in the intramolecu-
lar nucleophilic attack to produce the cyclic phosphodiester 
intermediate, the reactions of [PtIV(dach)Cl4] with 5′-dGDP 
were carried out in both normal H2

16O and H2
18O and their 

products were analyzed by ESI-LC/MS. In particular, the 
fragmentation mass spectra of 8-oxo-dGDP from both 
reactions after 48 h were obtained and analyzed. Figure 5 
shows the overlay of the mass spectra of 8-oxo-5′-dGDP 
obtained from the reaction in H2

16O (8-oxo-5′-dGDP(16O)) 
and 8-oxo-5′-dGDP obtained from the reaction in H2

18O 

[8-oxo-dGDP(18O)]. The mass of 8-oxo-5′-dGDP(18O) 
(445.6  m/z) is 2 amu higher than the mass of 8-oxo-5′-
dGDP(16O) indicating that the former compound con-
tains an 18O atom in its structure. The absence of a peak 
at 443.6 (m/z) in the reaction in H2

18O suggests that there 
was not any significant contamination by H2

16O. Further-
more, the mass of 5′-dGDP from a control experiment of 
incubating 5′-dGDP in H2

18O without [PtIV(dach)Cl4] for 
48 h did not increase 2 amu. This result confirmed that the 
2 amu increase of 8-oxo-5′-dGDP(18O) was not due to the 
oxygen exchange in the phosphates of 5′-dGDP, but due 
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to the involvement of H2
18O in the reaction of [PtIV(dach)

Cl4] and 5′-dGDP. Similarly, the absence of any peaks cor-
responding to a mass higher than 8-oxo-5′-dGDP(16O) by 
4 or 6 amu further indicates that oxygen in water did not 
exchange in the phosphates of 5′-dGDP.

Figure  6 displays the overlay of fragmentation mass 
spectra of 8-oxo-5′-dGDP(16O) and 8-oxo-5′-dGDP(18O) 
from m/z 150 to 450. The fragmentation mass spectrum 
of 8-oxo-5′-dGDP(O16) shows five major peaks arising 
from fragments [1], [2], [3], [4], and [5]. All of these peaks 
appear in 8-oxo-5′-dGDP(18O) as well, accompanied by 
the corresponding weaker peaks at 2 amu higher arising 
from fragments [1′], [2′], [3′], [4′], and [5′]. The structure 
of 8-oxo-5′-dGDP, the possible bond breakages, and the 
five fragments are shown in the inset in Fig.  6. When the 
bonds break at (a) and (c) positions, the fragments [1] and 
[2] are produced. The fragment [1] with m/z = 167.5 due to 
guanine can be generated from both 8-oxo-5′-dGDP(16O) 
and 8-oxo-5′-dGDP(18OPβ) or 8-oxo-5′-dGDP(18OPα), but 
[1′] with m/z =  169.5 can be generated only from 8-oxo-
5′-dGDP(18OC8). The fragment [2] with m/z =  179.5 due 
to ribose-phosphate can be generated from both 8-oxo-
5′-dGDP(16O) and 8-oxo-5′-dGDP(18OPβ) or, 8-oxo-5′-
dGDP(18OC8), but [2′] with m/z  =  181.5 from 8-oxo-5′-
dGDP(18OPα). When the bond breaks at (b), the fragment [3] 
with m/z = 247.5 due to guanosine is generated from both 
8-oxo-5′-dGDP(16O) and 8-oxo-5′-dGDP(18OPβ) or 8-oxo-
5′-dGDP(18OPα), but [3′] with m/z = 249.5 from 8-oxo-5′-
dGDP(18OC8). When the bond breaks at (c), the fragments 
[4] and [5] with m/z = 327.6 and 345.6, respectively, from 

8-oxo-5′-dGDP(16O) and 8-oxo-5′-dGDP(18OPβ) are gen-
erated, while fragments [4′] and [5′] with m/z  =  329.6 
and 347.6, are generated, respectively, from 8-oxo-5′-
dGDP(18OPα) or 8-oxo-5′-dGDP(18OC8). These results 
clearly indicate that 18O atom in 8-oxo-5′-dGDP(18O) can be 
located at Pβ, Pα, or C8, indicating that both an intermolecu-
lar and an intramolecular nucleophilic attack to the Pt(IV)–
G intermediate is possible. The possible structures of all the 
fragments along with their m/z are summarized in Table 1.

Together the 1H and 31P NMR, and ESI–MS/MS stud-
ies led us to propose the mechanism in Scheme  3. The 
[PtIV(dach)Cl4] complex binds to the N7 and a two-electron 
transfer from G to PtIV occurs. The two-electron transfer 
step is initiated by an intramolecular nucleophilic attack by 
either the α or β phosphate groups followed by cyclization 
and hydrolysis, or by an intermolecular nucleophilic attack 
by OH−.

Reaction of 5′‑dGTP with [PtIV(dach)Cl4]

The time course of the reaction of [PtIVCl4(dach)]/5′-dGTP 
(10/20 mM) was monitored by 1H-NMR spectroscopy, and 
the results were in parallel with those for 5′-dGMP [14] 
and 5′-dGDP described above. Figure 7 shows the 1H NMR 
spectra in the area where the chemical shifts of H8 and H1′ 
of guanosine (G) occurs. The H8 peak due to PtIV-bound 
dGTP appears at 9.00 ppm, and the PtII-bound dGTP peak 
at 8.35 ppm. The H1′ peaks due to the cyclic (5′-PO-C8)-
dGTP intermediate, 8-oxo-dGTP, and PtII-bound dGTP 
appear at 6.29, 6.07, and 6.13 ppm, respectively.
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Figure  8 shows an overlay of the 31P-NMR spectra of 
the reaction of 5′-dGTP (20  mM) with [PtIV(dach)Cl4] 
(10 mM) in D2O with 100 mM NaCl and a starting pH of 
8.6, without the presence of buffer, at different times. At 
the beginning of the reaction, the doublets at −10.6 and 

−5.5 ppm correspond to α and γ phosphate groups of free 
5′-dGTP, respectively, and the triplet at 21.1  ppm to the 
31P nuclei of the β phosphate. This assignment is in agree-
ment with previously published studies [25]. The chemi-
cal shift corresponding to the γ-phosphate of free 5′-dGTP 

Table 1   Possible structures of fragments of 8-oxo-5′-dGDP corresponding to the peaks in Fig. 6

H2O16 H2O18

[1]                 
m/z: 167.5

[1] [1']
m/z: 167.5                         m/z: 169.5

[2]                 
m/z: 179.5

[2] [2']
m/z: 179.5 m/z: 181.5

[3]                  
m/z: 247.5

[3] [3']
m/z: 247.5                          m/z: 249.5

[4]            
m/z: 327.6

[4] [4'] [4'] 
m/z: 327.6 m/z: 329.6 m/z: 329.6

[5]         
m/z: 345.6

[5] [5'] [5']
m/z: 345.6 m/z: 347.6 m/z: 347.6

[6]       
m/z: 363.6

[6] [6'] [6']
m/z: 363.6 m/z: 365.6 m/z: 365.6

[7]  
m/z: 407.6

[7] [7']
m/z: 407.6                                                        m/z: 409.6

[7'] [7']
m/z: 409.6                                                   m/z: 409.6

[8] m/z: 425.6

[8] [8']
m/z: 425.6                                                     m/z: 427.6

[8'] [8']
m/z: 427.6                                     m/z: 427.6
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shifts upfield over the course of the reaction to −8.1 ppm 
after 36 h. This upfield chemical shift is due to the proto-
nation of the phosphate group (pKa  ~  6.7), as the pH of 
the reaction mixture decreases over time [26, 27]. After 
12  h of reaction, two new doublets are formed at −19.7 
and −11.35 ppm, and a triplet at −23.7 ppm, all of which 
gradually disappear over time. They were assigned to the 
31P nuclei of the participating in the phosphodiester bond in 
the cyclic intermediates (5′-PγO-C8)-dGTP, (5′-PαO-C8)-
dGTP, and (5′-PβO-C8)-dGTP, respectively. After 12  h of 
reaction, low-intensity peaks appear with chemical shifts of 

0.5 ppm upfield from the corresponding peaks of α, β, and 
γ-phosphate of free 5′-dGTP. These peaks probably corre-
spond to the 31P nuclei of the neighboring phosphate groups 
in the two cyclic intermediates, which do not participate in 
the phosphodiester bond, or due to the peaks arising from 
the binding of [PtIV(dach)Cl4] to the N7 of 5′-dGTP.

To further verify the identity and presence of the PtIV–
dGTP intermediate, the above reaction mixture was ana-
lyzed by ESI-LC/MS. Figure 9 shows the mass spectrum of 
PtIV–dGTP obtained after 16 h of reaction. The major peak 
921.5 (m/z) is close to the expected mass of PtIV–dGTP 
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(920.0 amu). The multiple surrounding peaks appear due to 
the several platinum isotopes.

To confirm the 31P NMR results indicating that all three 
phosphate groups (α, β, and γ) participate in the intramo-
lecular nucleophilic attack to produce the cyclic phospho-
diester intermediate, the reactions of [PtIV(dach)Cl4] with 
5′-dGTP were carried out in both normal H2

16O and H2
18O 

and the results were analyzed by ESI-LC/MS. In particular, 
the fragmentation mass spectra of 8-oxo-dGTP from both 
reactions after 48 h were obtained and analyzed.

Figure  10 shows the mass spectra of 8-oxo-5′-dGTP 
obtained from the reaction in H2

16O [8-oxo-5′-dGTP(16O)] 
and 8-oxo-5′-dGTP obtained from the reaction in H2

18O 
[8-oxo-5′-dGTP(18O)]. The mass of 8-oxo-5′-dGTP(18O) 
(525.5 m/z) is higher than the mass of 8-oxo-5′-dGTP(16O) 
by 2 amu indicating that the former compound contains an 
18O atom in its structure. The absence of a peak at 523.5 
(m/z) in the reaction in H2

18O suggests that there was not 
any significant contamination by H2

16O. Furthermore, the 
mass of 5′-dGTP from a control experiment of incubat-
ing 5′-dGTP in H2

18O without [PtIV(dach)Cl4] for 48 h did 
not increase 2  amu. This result confirmed that the 2  amu 
increase of 8-oxo-5′-dGTP(18O) was not due to the oxy-
gen exchange in the phosphates of 5′-dGTP, but due to the 
involvement of H2

18O in the reaction of [PtIV(dach)Cl4] and 
5′-dGTP. Similarly, the absence of any peaks correspond-
ing to a mass higher than 8-oxo-dGTP(16O) by 4 or 6 amu 
further indicates that oxygen in water did not exchange in 
the phosphates of 5′-dGTP.

Figure  11 displays the overlay of fragmentation mass 
spectra of 8-oxo-5′-dGTP(16O) and 8-oxo-5′-dGTP(18O) 
from m/z 150 to 450. The fragmentation mass spectrum of 
8-oxo-5′-dGTP(16O) shows eight major peaks arising from 
fragments [1], [2], [3], [4], [5], [6], [7], and [8]. All these 
peaks appear in 8-oxo-dGTP(18O) as well, accompanied 
by the corresponding weaker peaks at 2 amu higher arising 
from fragments [1′], [2′], [3′], [4′], [5′], [6′], [7′], and [8′]. 
The structure of 8-oxo-5′-dGTP, possible bond breakages, 
and eight fragments are shown in the inset in Fig. 11. The 
fragments [1] to [5] were generated exactly the same way 
as for the 5′-dGDP. The fragments [7] and [8] indicate that 
an 18O atom should reside at Pγ

, and the fragment [7′] and 
[8′] should contain 18O at Pβ, Pα, or C8.

Together, the 1H and 31P NMR, and ESI–MS/MS studies 
led us to propose the mechanism in Scheme 4. The [PtIV(dach)
Cl4] complex binds to the N7, followed by a two-electron 
transfer from G to PtIV. The two-electron transfer step is initi-
ated by an intramolecular nucleophilic attack by either the α, 
β, or γ phosphate group followed by cyclization and hydroly-
sis, or by an intermolecular nucleophilic attack by OH−.

Kinetics of the reaction of 5′‑dGMP, 5′‑dGDP 
and 5′‑dGTP with [PtIV(dach)Cl4]

Figure 12 shows the changes in the electronic absorption at 
360 and 390 nm over time, for the reaction of [PtIV(dach)
Cl4] with 5′-dGMP, 5′-dGDP, and 5′-dGTP at 35 °C and at 
a starting pH of 8.6. The changes in the electronic absorp-
tion at 360 nm (A360) indicate the depletion of the unbound 
[PtIV(dach)Cl4], while those at 390 nm (A390) the formation 
and depletion of the PtIV–G intermediate. The change in 
A360 of 5′-dGMP is significantly larger than that of 5′-dGDP, 
which in turn is higher than that of 5′-dGTP. This trend 
suggests that [PtIV(dach)Cl4] reacts faster with 5′-dGMP, 

0

5 105

1 106

1.5 106

2 106

910 915 920 925 930 935 940

In
te

ns
ity

m/z

921.5

919.5

920.5

922.5

923.5

924.4

925.4

NH

N

N

O

NH2
N

O

OH

OPO
O

OH
PO
O

OH

H

H2
N
N
H2

Pt
Cl

Cl

Cl +

PHO
O

OH

Fig. 9   Mass spectrum of fac-[PtIV(dach)(5′-dGTP)Cl3] along with its 
theoretical isotope pattern

0

2.5 106

5 106

520 522 524 526 528
m/z

525.5

523.5
8-oxo-dGTP(16O) 

8-oxo-dGTP (18O)

Fig. 10   Mass spectra of 8-oxo-5′-dGTP produced from the reac-
tion mixture of 5′-dGTP (20 mM) with [PtIV(dach)Cl4] (10 mM) in a 
H2

16O and b H2
18O in 100 mM NaCl after 48 h at 37 °C with a starting 

pH 8.6 (t = 0)



1338	 J Biol Inorg Chem (2015) 20:1327–1341

1 3

followed by 5′-dGDP, and the slowest with 5′-dGTP. The 
change in A390 follows the exact same trend, with the maxi-
mum peak for 5′-dGMP (3.8 h) appearing earlier than that of 
5′-dGDP (9.3 h), and of 5′-dGTP (14 h). This trend indicates 

that the formation of an intermediate, PtIV–G, and its deple-
tion by electron transfer initiated by intra- or intermolecu-
lar nucleophilic attack, occurs faster for 5′-dGMP, followed 
by 5′-dGDP, and last by 5′-dGTP. In our previous kinetic 
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study on the PtIV reaction with 3′-dGMP and 5′-dGMP, we 
found that 3′-dGMP reacts faster than 5′-dGMP due to its 
low steric hindrance and low rotational barrier of 5′-group 
[21]. The activation parameters for the substitution and 

electron transfer reactions of 5′- and 3′-dGMP indicated 
that the steric hindrance and the ability of the 5′-group to 
form H-bonds are the main factors influencing substitution, 
while the rotational barrier determines the electron transfer 

Fig. 12   Changes in the elec-
tronic absorption at a 360 nm 
and b 390 nm over time, for 
the reaction of [PtIV(dach)
Cl4] (5 mM) with 5′-dGMP 
(50 mM), 5′-dGDP (50 mM) 
and 5′-dGTP (50 mM) in 
100 mM NaCl at 35 °C with 
[PtII(dach)Cl2] (0.02 mM) at a 
starting pH of 8.6 (t = 0)
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Fig. 13   Change in the elec-
tronic absorption at a 360 nm 
and b 390 nm over time, for 
the reaction of [PtIV(dach)Cl4] 
(5 mM) with 5′-dGTP (50 mM) 
with and without [PtII(dach)Cl2] 
(0.02 mM) in NaCl (100 mM) 
at 45 °C and a starting pH of 8.6 
(t = 0)
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tronic absorption at a 360 nm 
and b 390 nm over time, for 
the reaction of [PtIV(dach)Cl4] 
(5 mM) with 5′-dGTP (50 mM) 
with and without [PtII(dach)Cl2] 
(0.02 mM) in NaCl (100 mM) 
at 45 °C and a starting pH of 8.6 
(t = 0) and 6.0 (t = 0

0.8

0.9

1

1.1

0 2 4 6 8

pH 6.0
pH 8.6

Time (h)

A
36

0

(a)

0.2

0.3

0.4

0.5

0.6

0 3 6 9 12

pH 6.0
pH 8.6

A 39
0

Time (h)

(b)



1340	 J Biol Inorg Chem (2015) 20:1327–1341

1 3

step. Increasing the length of the phosphate chains should 
increase steric hindrance and rotational barrier, and decrease 
the overall reaction rate.

In previous studies, we also showed that the presence 
[PtII(dach)Cl2] can catalyze the substitution reaction of 
[PtIV(dach)Cl4] to 5′-dGMP, as shown in Scheme  2 [21]. 
Figure  13 shows the effect of the [PtIICl2(dach)] on the 
changes in A360 and A390 for the reaction of 5′-dGTP with 
[PtIV(dach)Cl4] at 45  °C and at a starting pH of 8.6. The 
presence of [PtII(dach)Cl2] shortened the induction time 
(Fig.  13a) and produced the [PtIV–G] intermediate at an 
earlier time than when the reaction was run without the cat-
alyst (Fig. 13b). Similar results were obtained for 5′-dGDP 
(not shown). Therefore, we concluded that [PtII(dach)
Cl2] acts as a catalyst for the substitution reaction for both 
5′-dGDP and 5′-dGTP.

Figure 14 shows the change of A360 and A390 for the reac-
tion of 5′-dGDP with [PtIV(dach)Cl4] at 45 °C and at two dif-
ferent starting pH values of 6.0 and 8.6. The changes of both 
wavelengths over time show that a decrease in pH from 8.6 
to 6.0 significantly slows down the reaction. A decrease in 
pH leads to the protonation of the β-phosphate of 5′-dGDP, 
decreasing its ability to form H-bonds with the amine groups 
of [PtIV(dach)Cl4] and thus decreasing the rate of substitu-
tion reaction, as well as decreasing the nucleophilicity of 
the β-phosphate group and thus slowing the electron trans-
fer step. Therefore, lowering the pH decreases the overall 
reaction rate. However, another important aspect is the role 
of the intermolecular attack by free OH− groups. A decrease 
of the pH from 8.6 to 6.0 lowers the concentration of free 
OH− in the solution, decreasing the rate of intermolecular 
nucleophilic attack to C8[G–PtIV]. Overall, the results from 
our kinetic study provide a qualitative framework to inves-
tigate in detail the factors that influence the reaction of 
[PtIV(dach)Cl4] with 5′-dGDP and 5′-dGTP. The fact that the 
mechanisms for the reactions of 5′-dGDP and 5′-dGTP with 
[PtIV(dach)Cl4] contain a greater number of intramolecular 
nucleophiles and cyclic phosphodiester intermediates, as 
well as a more significant role for the intermolecular nucleo-
philes than that of 5′-dGMP, will greatly increase the com-
plexity of the quantitative kinetic studies.

Conclusion

The deprotonation of H8-5′-dGMP bound to PtIV (H8-G–
PtIV) is not involved in the rate-determining step in the 
electron transfer between G and PtIV. The [PtIV(dach)
Cl4] complex oxidized 5′-dGDP and 5′-dGTP to 8-oxo-
5′-dGDP and 8-oxo-5′-dGTP, respectively, by the same 
mechanism and kinetics as in the case of 5′-dGMP. The 
PtIV complex binds to N7 followed by a two-electron 

inner sphere electron transfer from G to PtIV. The redox 
reaction was catalyzed by PtII and occurred faster 
at higher pH. The electron transfer was initiated by 
either an intramolecular nucleophilic attack by any 
of the phosphate groups or an intermolecular nucleo-
philic attack by free OH− in the solution. The rates of 
reactions for the three nucleotides follow the order: 
5′-dGMP > 5′-dGDP > 5′-dGTP, indicating that the bulk-
ier the phosphate group, the slower the reactions, due to 
the larger steric hindrance and rotational barrier of the 
phosphate groups.
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