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Two-dimensional (2D) ['H, "°N] heteronuclear single-quantum coherence (HSQC) NMR experiments of the kinetics of
aquation and sulfation of the dinuclear platinum anticancer complex [{ trans-PtCI(NHz), } »(2-NHo(CH,)gNHo) 2 (1,1/
£t 1) in 15 mM sulfate solution are reported using conditions (298 K, pH 5.4) identical to those previously used for
other anionic systems (phosphate and acetate), allowing for a direct comparison. Sulfate is the fourth most abundant
anion in human plasma. The rate constant for the aquation step (ky) is higher than that previously found in the
presence of phosphate, but the anation rate constants are similar. The rate constant for sulfate displacement of the
aqua ligand (k) is approximately three times higher than that of phosphate, and a further major difference between
these two anions is the very high k__for loss of sulfate, suggesting that when formed in plasma the sulfato species will
be substitution labile. We also introduce a novel (free) plug-in, 2D NMR analysis’, developed for the expedited
integration and analysis of 2D ['H, "N] HSQC NMR spectra. We have found that this plug-in significantly reduces the

amount of time taken in the analysis of experiments with no loss to the quality of the data.

Introduction

The commonly accepted understanding of platinum anti-
cancer drug mechanism is of hydrolysis prior to activation and
reaction with biomolecules. The properties of the aquation
products of cisplatin, cis-[Pt(H,O),(NH3),]*" and cis-[PtCl-
(H,0)(NH;),]", have been much investigated.! Interactions
with weak nucleophiles, especially if present in high concen-
trations, can also affect the biodistribution of platinum agents
through formation of weakly bound species or even hydrogen
bonding and electrostatic interactions. For example, interac-
tion with carbonate has been implicated as a possible mecha-
nism of cellular accumulation of cisplatin through the forma-
tion of carbonato—platinum intermediates.*

Inorganic sulfate (SO,° ") is another example of a weak anion
involved in a wide variety of metabolic and cellular processes.
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Surprisingly, little study of SO,4*~ binding to Pt has been
reported,” although sulfate is the fourth most abundant anion
in human plasma. Serum sulfate concentrations are reported
to be typically in the range 0.3—0.4 mM>~’ but are strongly
influenced by a variety of physiological factors and can be much
higher than this under certain conditions.” Estimates of intra-
cellular concentrations of SO,*~ vary widely,”®* and many cells
have multiple transport proteins regulated in part by sulfur
metabolism.”

This paper investigates the aquation and sulfation profile of
a dinuclear platinum complex, fully '*N-labeled [gtrans-PtCL
("*NHa)a} o - "NHy(CHy)g "NH)* ("N-1,1/1,t, °N-1) using
two-dimensional (2D) ['H, '*N] heteronuclear single-quantum
coherence (HSQC) NMR spectroscopy. Polynuclear platinum-
based anticancer complexes (PPCs) have been shown to have
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Figure 1. Polynuclear platinum complexes —1,1/z,z (1), 1,0,1/z,z,t and 1,1/c,c. Also shown is the basic repeat unit for the oligosaccaride and heparan sulfate

and a general structure for a phospholipid.

distinctly different DNA binding modes compared to cisplatin
and its analogs carboplatin and oxaliplatin.””'* The dramatic
shift in structure from that of the fundamental mononuclear
platinum class provides approaches to overcome inherent and
acquired resistance associated with the currently used clinical
agents. The dinuclear complex 1,1/t,¢, (1) and the trinu-
clear complex, [{trans-PtCI(NH;),}o(u-trans-Pt(NH;z)>(NH»-
(CH,)¢NH,),)]** (1,0,1/1,1,1) are archetypal examples of PPCs
and have trans geometry about the terminal { PtN;X} moieties.
The dinuclear complex [{ cis-PtCI(NH3),},(u-H,N(CH,)sNH»)]
(1,1/c,c) 1s representative of the cis geometry (see Figure 1).
The trinuclear complex 1,0,1/z,¢,¢ has recently undergone
both phase I'* and IT'*!* clinical trials and has been shown
to be cytotoxic at concentrations that are 20-fold lower than
that of cisplatin. This increased potency has been attributed
to its unique DNA binding profile in comparison to mono-
nuclear agents.'®

We have previously used ['H, '’N] NMR spectroscopy to
study the interactions of SN-labeled 1,1 /t,t, 1,0,1/t,t,t, and
1,1/c,c with the physiologically relevant anions phosphate
and acetate.'” To allow for a direct comparison with the
results of the experiments with these anions, the current study
of the reaction of '"N-1 with sulfate was carried out under
identical conditions. Reported herein are the forward and
reverse rate and equilibrium constants for both the aquation
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and the sulfation of "’N-1in 15 mM sodium sulfate solution,
at pH 5.4 and 298 K.

Two-dimensional ['H, ""N] HSQC NMR spectroscopy is
used routinely to study '°N-labeled platinum am(m)ine com-
plexes allowing for all (relevant) species formed in solution
over the course of a reaction to be monitored (see for example
refs 2 and 18—22). While this technique has allowed the finer
details of the behavior of these complexes in solution to be
elucidated, it involves individual analysis of the 2D ['H, °N]
HSQC NMR spectra acquired and can be time consuming. A
further novel aspect of this work is the development of a plug-
in, 2D NMR analysis’ for the expedited integration and the
analysis of 2D NMR data of this type, which significantly
reduces the time taken in the analysis of these experiments with
no affect on the quality of the results.

Experimental Section

Chemicals. The '"N-labeled dinuclear complex [{trans-PtCl-
("*NH3),}»-(u-""NHx(CH,)6 *NH) > (**N-1,1/t,t or ">N-1) was
prepared using published procedures® and was a gift from Dr. Eva
Montero.

Aquation Experiment. A freshly prepared solution of "N-1
(0.30 mg, 0.39 mmol) dissolved in Na,SO,4 solution (40 L, 15 mM)
was added to an NMR tube containing Na,SO, (60 4L, 0.1 M),
1,4-dioxane (10 L, 10 mM), D,O (20 /4L5), and H,O (310 uL),
giving an initial concentration of 0.89 mM "*N-1in 15 mM sodium
sulfate in 5% D,0/95% H,0. The sample was immediately placed
in the spectrometer, and a series of 2D ['H, '"N] HSQC NMR
spectra recorded at 298 K until equilibrium conditions were
obtained. The pH of the solution was 5.4.

pH Measurements. The pH of the solution was measured using
a Shindengen ISFET (semiconductor) pH meter (pH Boy-KS723
(SU-26F)). To avoid leaching of chloride into the sample, a 10 uL
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Figure 2. Two-dimensional ['H, "’N] HSQC NMR spectra of '*N-labeled 1 in 15 mM sulfate (95% H,0/5% D-0) at pH 5.4 and 298 K at the start of the
reaction (0.3 h) and at equilibrium (40.3 h). The resonances are assigned to the Pt—'*NH, and Pt—'*NH, groups of the Pt—Cl (I), Pt—OH, (II), and Pt—SO,
(III) species and correspond to the mononuclear derivative of 1,1/z,t, [trans-Pt(NH3)>,(NH>(CH,)sNH,)Y]"", where Y represents any other ligand (see
Scheme 1). Peak assignments are shown in Table 1. Peaks labeled ‘i’ are assigned to '°N impurities from the synthesis of '*N-1; their presence does not

compromise these experiments, as discussed in detail elsewhere.”

aliquot of the solution was placed on the electrode and was not
returned to the sample. The pH meter was calibrated using pH
4.0 and 6.9 buffer solutions. Adjustments in pH were made using
0.1 and 0.01 M solutions of H,SO, and NaOH.

NMR Spectroscopy. The NMR spectra were recorded on a
Bruker AVANCE 600 MHz spectrometer ('H, 599.92 MHz; "N,
60.79 MHz). The 'H spectra were internally referenced to 1,4 diox-
ane (0 = 3.767 ppm), and the >N chemical shifts were externally
referenced to "NH,CI (1.0 M in 1.0 M HCl in 95% H,0/5% D,0)
at 8("*N)=0.0 ppm. The "H NMR spectra were acquired with water
suppression using the WATERGATE pulse sequence.”* The 2D
['H, N] HSQC NMR spectra (decoupled by irradiation with the
GARP-1 sequence during acquisition) optimized for 'J("°N,'H) =
72 Hz were recorded using the standard Bruker phase sensitive
HSQC pulse sequence.” One-dimensional 'H spectra were recorded
with 32 transients, a spectral width of 12 kHz, and a relaxation delay
of 1.5s. For the 2D ['H, "N] HSQC NMR spectra, 8 transients were
collected for 128 increments of #; with an acquisiton time 0.152 s and
spectral widths of 2 kHz in /> (‘H) and 1.8 kHz in f; ('°N). The
spectra were processed using Gaussian weighting functions in both
dimensions.

Data Analysis. The concentrations of species present during
the reaction were calculated from the relative volumes of the cross-
peaks in the 2D ['H, '’N] HSQC NMR spectra as described pre-
viously.!” The peak volumes of the Pt—'°NH; groups were mea-
sured using the novel plug-in 2D NMR analysis developed for the
program ImageJ (available free online at http://rsbweb.nih.gov/ij),
allowing for the rapid integration of multiple 2D ['H, '*’N] HSQC
spectra. The standard Bruker software XWINNMR was also used
for comparative purposes using previously described methods (see
Figure S3, Supporting Information).!” ImageJ, a program devel-
oped for the analysis of microscopy data, is able to read in single 2D
and 3D NMR spectra acquired on Bruker instruments via a plug-in
(BrukerOpener jar),”® developed by Bertram Manz. Using the 2D
NMR analysis plug-in, multiple spectra (as 2rr files) are read-in, and
a stack of these files created. Regions of interest (ROI) specified by
the user in each image in the stack are integrated. Intensity values for
2D crosspeaks are calculated by summing the intensities of each
pixel in the ROI (see Supporting Information, Figures S1 and S2).
Relative concentrations are then calculated by normalizing peak
volumes which are converted into concentrations of the individual
species for kinetic analysis."”

Kinetic Model. The reaction profile and the model used in
the kinetic analysis are shown in Scheme 1. The model treats 1
and its derived [trans-Pt(NH;3),(NH,(CH,)sNH,)Y]"" species
as mononuclear units.'” In this model, the total volume for each
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crosspeak accounts for the total concentration of the Pt—ClI (I),
Pt—OH, (II), and Pt—SO, (III) species. The concentrations of the
species of interest were then subject to kinetic analysis in the
program Scientist (version 3.0) using the Euler fitting method to
determine the forward and reverse rate constants for the aquation
and sulfation of 1. The aquation and sulfation steps were both
assumed to be reversible. The errors reported represent 1 stan-
dard deviation (SD). The model to which the data were fit in
Scientist is available in Supporting Information (Model S1).

Results and Discussion

Aquation of 1 in Sulfate Medium. The 2D ['H, "*’N] HSQC
NMR spectra of 1 at 298 K in 15 mM sodium sulfate solu-
tion (pH 5.4) recorded 0.3 h after the start of the reaction and
upon attaining equilibrium are shown in Figure 2. These
conditions are identical to those used previously for reactions
of 1 (1,1/8,1), 1,1/c,c, and 1,0,1/¢,2,¢ in acetate and phosphate
(15 mM), thus allowing for direct comparison.'”” The 'H
and "°N chemical shifts of the '*’NH5 and '"NH, groups of
the different species are listed in Table 1. The "°N shifts of the
Pt—NH; groups are less sensitive to changes in the leaving
ligand (chloro, aqua, sulfate) than the trans-NH, group, but
the "H/" N cross-peaks are well separated from each other in

(27) Davies, M. S.; Thomas, D. S.; Hegmans, A.; Berners-Price, S. J.;
Farrell, N. Inorg. Chem. 2002, 41, 1101-1109.
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the 'H dimension and are more accurately measured than the
broader NH, peaks, which lie close to the "H,0 resonance.

The "H/"N crosspeaks at ¢ 3.89/—64.5 (NH3) and 5.05/—
47.0 ppm (NH>) correspond to the parent dichloro species
(Pt—Cl, I), with less intense crosspeaks at ¢ 4.12/—62.3
(NH3) and 5.12/—63.8 ppm (NH,) attributable to the aqua-
ted species (Pt—OH,, II). The latter crosspeaks shift slightly
(to 0 4.15/—62.1 and 5.20/—64.5 ppm) as the reaction
proceeds, indicative of a slight drop in pH.? Two additional
peaks at 0 4.04/—60.8 (NH3) and 5.14/—65.9 ppm (NH,)
become visible as the reaction proceeds and are assigned to
the sulfato species (Pt—SOy, III).

Kinetic Analysis. The kinetic profile of the aquation of 1
in sulfate is shown in Figure 3, and the rate and equilib-
rium constants are summarized in Table 2. The system
reaches equilibrium after 12 h (Figure 3), and while the
profile resembles that observed for the analogous reac-
tion of 1 in phosphate,'” there are significant differences.
The forward rate constant (ky) is ~1.5—2.1 times higher
than that calculated for 1in both phosphate and acetate'’

Table 1. 'H and >N Chemical Shifts for the Pt—"*°NH; and Pt—"*NH, Groups
for the Species Observed during the Aquation of 1

ISNH, ISNH,
1,1/t,t species o'H ON O'H 0PN
1(CIY) 3.89 —64.5 5.05 ~47.0
11 (OH(H)/Y)" 412 —623 512 ~63.8
I (SO4/Y) 4.04 —60.9 5.14 —65.9
I (OAc/Y)* 3.95 —63.7 495 —618
I (POL/Y)* 3.98 —61.1 4.94 —63.9

“In the presence of sulfate, acetate, and phosphate at pH 5.4 and 298 K.
The 'H referenced internally to 1,4-dioxane at 6 3.767, and 5N referenced
externally to '"NH,CI. Roman numerals represent the mononuclear species
[trans-Pt(NH3)>,(NH,(CH,)¢NH,)Y]"", as shown in Scheme 1 in the kinetic
model. Y represents any other ligand, Cl, H,O, SO,, OAc, or PO,. ®The 'H,
15N shifts depend on the pH; for titration curves see ref 23. ¢ From ref 17 and
under identical conditions (pH 5.4 and 298 K).

16 _3&“‘“

conc./mM

0 20 40
time/h

Figure 3. Plots of the time dependence of species observed for the
aquation of 1 in the presence of 15 mM sulfate (95% H,0/5% D,0) at
pH 5.4 and 298 K, according to the kinetic model as shown in Scheme 1.
Concentrations were calculated based on the mononuclear [trans-Pt-
(NH3)>(NH,(CH,)sNH,)Y]"" species (see text). Key: Iis “x”; Cl™ is open
circles (O); I is open squares (O); and III is open triangles (A).
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(see Table 2). It is also higher than that of 1,1/c¢,c in both
acetate and phosphate.!” However, it is comparable to that
of 1,0,1/t,t,t in phosphate.>” The anation rate constant (k_)
for the reformation of chloro species (Pt—OH, — Pt—Cl) in
sulfate solution is slightly lower than that for phosphate but
similar to that calculated for 1 in acetate.'” The rate constant
for sulfate displacement of the aqua ligand, &y, is up to 5
times higher than the analogous rate constants for phosEhate
and acetate in any of the systems studied previously'’ (see
Table 2). Interestingly, however, the aquation of the sulfato
ligand, k_ , is significantly faster; up to 2 orders of magni-
tude in comparison to displacement of either acetate or
phosphate.

The derived equilibrium constants pK; and pK, are 3.77
and —1.6, respectively. The pK; value is almost 0.5 log units
lower compared to that of 1 in either acetate or phos-
phate. 71t is, however, similar to that of 1,0,1/t,t,t in phos-
phate buffer®’ (see Table 2). At equilibrium, the majority
(68.4%) of 1 remains in the chloro form (Pt—CI, I) while
the aquated (Pt—OH,, IT) and the sulfato species (Pt—SOy,
III) have much lower equilibrium concentrations, account-
ing for 20.9 and 10.7% of the total species, respectively. In
summary, the dichloro species is favored in all systems, and
there is a greater proportion of the aquated species present
in the case of 1 in sulfate solution compared to the other
systems studied.

Novel Plug-In for the Expedited Integration of 2D ['H,
I5>N] HSQC NMR Spectra. For studies following the
pathways of reactions of platinum am(m)ine anticancer
complexes (e.g., aquation reactions or DNA binding) up
to 200 sequential 2D ['H, '"N] HSQC spectra are typically
recorded. Thus, the analysis of each spectrum can be a time-
consuming process and can also be subject to human error
(as ROI cannot be saved using the available software). It was
for these reasons that avenues for either partially or wholly
automating the process were explored. Herein, we used the
aquation of 1in the presence in sulfate as a case study for our
novel plug-in, 2D NMR analysis, for use in the program
Imagel. This option allows observation of even the most
subtle of changes that are otherwise unnoticed when simply
looking at individual spectra. Figure S3 in the Supporting
Information compares the data from the two processing
procedures, confirming the reliability of the plug-in. ImageJ
is a freeware program with all the source code available free
online. It also runs on Java and can be used on Windows,
Linux or Mac OS/OS X operating systems.

Conclusions

The novel (free) plug-in, two-dimensional (2D) NMR anal-
ysis , introduced here is an exciting development for studies
following the pathways of reactions of platinum am(m)ine
anticancer complexes. It significantly reduces the time taken to

Table 2. Rate and Equilibrium Constants for the Aquation and Ligation of 1,1/¢,,'7 1,0,1/¢,1,t,”" and 1,1/c,c'” in 15 mM Sulfate, Acetate, and Phosphate

compound anion (L) k(1073 s7h kepM ™ 1s™h ke M7 'sTh ko (107%s7h pK; pPK>
11/t S04~ 3.85 4+ 0.05 0.229 + 0.04 0.025 + 0.004 70 + 10 3.77 +£0.01 —1.6 £0.1
PO 2.49 +0.04 0.40 +0.01 0.0086 + 0.0002 3.9+0.1 4.21 +0.02 —2.34 £ 0.02
OAc™ 1.83 £ 0.03 0.262 £+ 0.009 0.0086 + 0.0001 0.56 +0.02 4.16 +0.02 —=3.19 £ 0.02
L1/e,c OAc™ 1.56 +0.02 0.134 4+ 0.005 0.0066 + 0.0001 0.38 +0.01 3.93 +0.02 —3.24 £0.02
PO 2.18 +0.03 0.145 4+ 0.005 0.0071 = 0.0001 0.70 & 0.02 3.82+0.02 —3.01 £0.02
1,0,1/t,t,¢ PO,* 34+0.1 0.275 4+ 0.009 0.0166 + 0.0002 5.4 +0.1 3.73 £0.02 —2.51 £0.01

“ According to the kinetic model shown in Scheme 1.
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integrate multiple 2D ['H, "°N] heteronuclear single-quantum
coherence (HSQC) NMR spectra, without diminishing the
quality of the data, and allows for a more detailed understand-
ing of the experiment being studied. Moreover, the plug-in can
be applied more generally to the analysis of different types of
2D NMR spectra.

While sulfate reactions have been reported for cis-[PtCl,-
(NHs),], the physiological relevance has not been discussed.*
The comparative data for the aquation of 1,1/t in the
presence of phosphate and sulfate show that the rate constant
for sulfate displacement of the aqua ligand (ki) is approxi-
mately three times higher than that of phosphate, while for
the reverse ligation reaction (k_) the rate constant is more
than an order of magnitude of higher. Given the plasma and
cellular concentrations of SO, and the presence of many
sulfonated sites on biological membranes, these reactions
may have physiological significance. The rate constant for the
formation of the sulfato species is sufficiently high enough to
suggest that this may occur. The large rate constant for the
reverse ligation reaction suggests that binding of the sulfate

Inorganic Chemistry, Vol. 49, No. 23,2010 10819

occurs quickly and is liberated even more quickly. Reversible
reactions with weak anions of membrane components are an
attractive postulate for the mechanism of cellular transport
and worthy of further study with appropriate models.
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