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Abstract

The reactivity of three cytotoxic trans-Pt!! complexes bearing aliphatic amine ligands, with
transferrin and single-stranded oligonucleotides as DNA models, was investigated by ESI-MS and
the results obtained are discussed in comparison with cisplatin. Tandem MS studies provided
additional information on the preferential Pt binding sites. To determine whether trans-Pt!!
complexes can migrate from a peptide to an oligonucleotide, transfer experiments were also
performed using ESI-MS, and competitive binding of the trans-Pt!' complexes toward a model
peptide and different oligonucleotides was also investigated. Significant differences in the
reactivity of the trans complexes with respect to cisplatin were observed. In general, adduct
formation with the selected peptide is favored for the trans compounds, whereas cisplatin shows a
preference for oligonucleotides, especially if adjacent G-G residues are present. The results are
discussed in relation to the possible mechanism of action of the trans-Pt!! complexes.
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Introduction

The search for new anticancer platinum drugs with improved pharmacological properties
over those of cisplatin has been focused on cis geometric compounds for a long time. This
bias originates from the fact that transplatin, the trans isomer of cisplatin, is not an active
anticancer agent.[1:21 However, since the first reports on trans-Pt complexes with relevant in
vitro cytotoxicity, and in some cases endowed with significant in vivo activity,[3-6! trans-
platinum complexes have been widely investigated as “rule breaker” anticancer drugs. Some
of these compounds, with aliphatic amines as ligands (non-leaving groups), of general
formula trans-[PtLL’Cl,] (L and L’=aliphatic amines), were developed by some of us.[’] The
prototypical compound of this family is trans-[PtCl,(dma)(ipa)] (1) (dma=dimethylamine,
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ipa=isopropylamine);[8] notably, this compound was able to overcome cisplatin resistance in
tumor cells overexpressing the ras oncogene and exhibited promising effects in tumor
xenografts.l”°] Compound 1 has also been shown to readily react with DNA, the cellular
target for cisplatin,[1% forming interstrand cross-links.[8:111 Subsequently, trans-[PtCl,(dma)
(ma)] (2) (ma=methylamine) was found to be more cytotoxic than 1.[12]

CI<.,-.NH,CH(CH3),
(H3C),HN™ “ClI
trans-[PtCly(dma)(ipa)] 1

CI<_,.NH(CH3),
H3CH,N™ °Cl
trans-[PtCl,(dma)(ma)] 2
CI<,.NH,CH(CH3),

HyCHoN el

trans-[PtCl,(ipa)(ma)] 3

As the mechanism of action of this promising family of Pt complexes is not fully known,
and might involve interactions with biomolecules other than DNA, adduct formation with
proteins must also be considered. Notably, the exact mechanism of platinum drug delivery
into cells is still not elucidated, although it appears that cisplatin enters cells by both passive
diffusion and facilitated transporter-mediated uptake.[13-15] |n the cytoplasm, which has a
chloride concentration of ~4 mw compared with > 100 mw in the bloodstream, cisplatin
undergoes aquation and hydrolysis reactions to generate various reactive platinum species
that can bind to several nucleophiles, including glutathione, metallothionein and DNA
nucleobases.[16]

There are currently only a few published studies that describe the interactions of trans-
platinum(l1) complexes with proteins.[17-24] The reactivity of 1 and 2 with the model protein
cytochrome c was studied by electrospray ionization mass spectrometry (ESI-MS) and the
nature of protein-bound metal-containing molecular fragments was identified.[2] In contrast
with the results obtained for cisplatin and carboplatin,[26:27] the platinum-bound aliphatic
amine ligands were not lost upon protein binding. In addition, inductively coupled plasma
optical emission spectroscopy (ICP-OES) was used to evaluate the degree of platination of
serum proteins by 1 and 2, showing that platinum binding was not only relevant, but similar
to cisplatin. Met65 was also identified as the coordination site for these complexes by 2D
[1H15N] and [tH13C] HSQC NMR and 2D [tH1H] NOESY NMR experiments.[25]

Among the proteins that are involved in metallodrug transport, delivery, and storage, serum
transferrin (Tf) has been widely investigated.[28] Tfs are a family of large non-heme iron-
binding glycoproteins present in the blood and other mammalian fluids including bile,
amniotic fluid, cerebrospinal fluid, lymph, colostrum, and milk, and play a major role in
maintaining iron homeostasis by sequestering free iron in the extracellular milieu to deliver
it to cells and tissues. The concentration of Tf in blood is ~2.5 gL ™1 (35 jum), in which ~30%
is loaded with two Fe3* ions. When Tf is saturated with iron it binds strongly to its receptor,
whereupon it is internalized by cells, the iron is released, and the protein is re-circulated.
Human serum Tf is a single-chain peptide with a molecular mass of 79570 Da, containing
679 amino acids and comprising two structurally related lobes referred to as the N and C
lobes.[29] Each lobe is further divided into two subdomains by a cleft, with each cleft able to
coordinate an Fe3* ion via two tyrosine residues, an aspartate and a histidine residue, as well
as an exogenous bidentate anion (a so-called “synergistic anion”), usually carbonate,[30]
forming a pseudo-octahedral geometry.
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Because the role of Tf in the mechanism of action of trans-Pt!! complexes has yet to be
explored, and in view of the fact that protein-bound metallofragments could represent active
anti-cancer species, we studied the reactivity of 1 and 2 and their analogue trans-[PtCl(ipa)
(ma)][31] (3) with Tf using ESI-MS. The reactivity of the complexes toward single-stranded
oligonucleotides was also studied and compared with cisplatin. Moreover, to elucidate
whether the Pt!! ion can bind selectively or could be transferred from a peptide or protein
such as Tf to another biomolecular target such as DNA, competitive binding toward a model
peptide, mimicking one of the iron-binding pockets of Tf, and different oligonucleotides was
also investigated by ESI-MS. The outcome of these studies is described herein.

Experimental Section

Reagents

ESI-MS

Human serum transferrin, cisplatin, ammonium bicarbonate and ammonium acetate were
purchased from Sigma—Aldrich and used as received. The trans-platinum complexes were
prepared using published protocols.l”] HPLC-purified synthetic oligonucleotides were
purchased from Microsynth (Balgach, Switzerland) and DNA Technology A/S (Risskov,
Denmark); the HPLC-purified model peptide (KDCHLAQVPSHTV) was obtained from
PSL (Heidelberg, Germany). HPLC-grade solvents (water, n-propanol, and methanol) were
obtained from Acros (Geel, Belgium).

ESI-MS data of Tf adducts were recorded on an Ultima Il g-TOF mass spectrometer
(Waters, Manchester, UK) operated in positive ion mode. Data acquisition and analysis were
carried out using the MassLynx software package (Waters). The instrument was calibrated
daily using a 0.01% phosphoric acid solution in 50% acetonitrile. Samples were prepared
with a metallodrug/protein ratio of 3:1 in 20 mw carbonate buffer (pH 7.4) and incubated for
up to 24 h at 37°C. Prior to analysis, samples were ultracentrifuged using 30 kDa cutoff
filters (VWR, Switzerland) to remove unbound metallodrugs and injected into the ESI-MS
system after dilution with acetonitrile and formic acid (final concentrations 25% and 0.05%,
respectively).

For ESI-MS analysis of the oligonucleotides, samples contained a complex/oligonucleotide

ratio of 3:1 (75:25 mw) in 10 mm ammonium acetate (pH 7.4) and were incubated for 24 h at
37°C. ESI-MS data were recorded using the above-mentioned g-TOF instrument in negative
ion mode by diluting the samples 1:1 with methanol.

For ESI-MS experiments with the model peptide, samples were prepared with a
metallodrug/peptide ratio of 3:1 (75:25 pwm) in 20 mw ammonium hydrogen carbonate (pH
7.4) and incubated for 24 h at 37°C prior to analysis. Samples were then mixed with
acetonitrile and formic acid (final concentration 25% and 0.05%, respectively) and placed
into a 96-well plate in an Advion TriVersa robot (Advion Biosciences, Ithaca, NY, USA)
equipped with a 5.5 pwm nozzle chip. The ESI robot was controlled with ChipSoft v. 7.2.0
software with a gas pressure of 0.45 psi and voltage set at 1.7 kV. The samples were
analyzed in positive ion mode using an LTQ XL mass spectrometer (ThermoFisher
Scientific, Bremen, Germany). The same instrument was also used for fragmentation studies
for the oligonucleotides; in this case, samples were diluted 10-fold with a solution
containing methanol/water/n-propanol in a ratio of 65:20:5 immediately prior to analysis.
For all measurements, the mass spectrometer was operated in enhanced resolution mode,
and for fragmentation experiments an isolation width of 3.0 n/zand a relative collision
energy of 35% were used. The Xcalibur software package was used for data acquisition and
data analysis. For identification of unmodified fragments, the web-based Mongo Oligo Mass
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calculator v. 2.06 was used:[32] http://library.med.utah.edu/masspec/mongo.htm (accessed
May 17, 2010).

For transfer experiments, the peptide was incubated for 24 h at 37°C with the corresponding
metallodrug in a 1:1 ratio (50 pw) in 20 mm ammonium hydrogen carbonate (pH 7.4). Before
adding an equimolar amount of an oligonucleotide, binding of the metallodrugs to the
peptide was checked by ESI-MS. Monitoring of the free Pt complexes as well as drug—
peptide adducts assured that only a very small amount of platinum compounds, if any, was
still present free in solution before adding the oligonucleotide. Subsequently, the mixture
was incubated for 72 h, with samples taken after 24 and 48 h. Immediately prior to analysis,
methanol and formic acid were added (final respective concentrations of 50 and 0.05%). For
analysis of the metallodrug—peptide adducts, the g-TOF instrument was operated in positive
ion mode and metallodrug—oligonucelotide adducts were analyzed in negative ion mode.
Instrument settings in positive ion mode: capillary voltage 4.0 kV, cone voltage 70 V, source
temperature 100°C, desolvation temperature 200°C. Instrument settings in negative ion
mode: capillary voltage —4.5 kV, cone voltage —55 V, source temperature 80°C, desolvation
temperature 100°C.

In the case of direct competition experiments, samples containing a metallodrug/peptide/
oligonucleotide ratio of 1:1:1 (25 pwm) and incubated for up to 72 h (aliquots taken after 24
and 48 h) at 37°C were analyzed as described for the transfer experiments (Table 1).

Results and Discussion

Transferrin and peptide binding studies

The reactivity of 1-3 with human apo-Tf under simulated physiological conditions (pH 7.4;
37°C) was studied at a drug/protein molar ratio of 3:1. As can be seen in Figure 1 for
compound 3, binding toward Tf is observed after 24 h incubation, but with the major peaks
corresponding to the unmodified protein. Deconvolution of the spectrum yields 79550 Da as
the mass of the protein, which is in good agreement with published data; other peaks of
much lower relative intensity between 79250 and 79 700 Da probably correspond to post-
transitionally modified isoforms of the glycoprotein.[33] Additionally, an intense peak at
79834 Da, corresponding to a Tf—[Pt-(ipa)(ma)] adduct (calculated mass increase: 283 Da),
is observed in the spectrum. Similar spectra were obtained for compounds 1 and 2; the
formed adducts correspond to the complexes after loss of the chlorido ligands. After an
incubation period of 24 h the adducts reach a maximum relative intensity of ~19% in the
case of 2 and 3, but only 9% for 1. This percentage is relatively low in comparison with
cisplatin, for which only a minor peak corresponding to the unmodified protein is detected
after 24 h, as observed in previous ESI-MS, capillary electrophoresis—ICP-MS and LC-ICP-
MS studies.[34-36]

Only mono-adducts were detected in which the metallofragments retain both the amine
ligands. This was to be expected, as chlorido ligands are displaced more readily by aqua
intermediates to finally afford protein binding. Although caution must be taken in
quantification of the formed adducts, it seems that protein binding is significantly less
pronounced for complex 1 than it is for 2 and 3. These results are in good agreement with
previously reported studies on cytochrome c,[25] and with a study concerning transplatin—
protein interactions.[26] A possible explanation for the decreased reactivity of 1 relative to 2
and 3 might be the presence of bulkier amine ligands (dma and ipa), which impede
coordination of the Pt!! center to the protein. The differences in the binding rate of 1-3 may
be related to differences in their aquation behavior. [IH1°N] HSQC NMR spectroscopic
studies of the aquation of trans-[PtCl,(*°N-amine)(**N-amine)] complexes 1-3 showed that
the mono-aquation step is rapid (ty, : 1.3-3.5 h at 298 K) and faster than that observed for
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cisplatin (ty,: 8.1 h), [37] but aquation occurs only to a limited extent, with the equilibrium
favoring the dichlorido species, and formation of the diaqua complexes is scarcely
observed.[12] Aquation is significantly slower for 1 and 3 than it is for 2, which presumably
contributes to the slower reactivity of 1 with Tf. Although aquation occurs more rapidly for
2, it is the least aquated of the three complexes at equilibrium. Notably, 2 is more cytotoxic
than 1 and 3, suggesting an important role for hydrolysis in the mechanism of antitumor
activity.

Tf peptide mimic

To identify which amino acids might be responsible for adduct formation between the Pt
compounds and the protein, 1-3 were incubated for up to 24 h with a peptide resembling one
of the binding pockets of Tf, and the adducts were subsequently analyzed by tandem MS.
Collision-induced dissociation (CID) is a widely employed technique for the
characterization of peptides in proteomics and can also be used to identify modifications of
single amino acid residues. The technique has only been used recently to determine
metallodrug binding sites on proteins,[?1] with bottom-up approaches previously used.[38]

The metallodrugs form bifunctional adducts with the peptide, i.e., [Pep+Pt(amine)(amine’)],
following loss of the two chlorido ligands. Intense peaks exhibiting isotopic patterns
characteristic for platinum at m/z 578.2, 568.8, and 573.5 (most intense isotope, 3+ charge)
are observed for compounds 1, 2, and 3, respectively, which were subsequently subjected to
CID. As expected, a similar pattern was identified in the fragment ion spectra for all three
trans-Pt complexes; the two major peaks in the spectra correspond to the intact peptide with
platinum and one of the amine ligands, resulting in signals at m/z: 558.4 and 563.1 assigned
to [Pep+Pt(dma)]3+ and [Pep+Pt(ipa)]3* in the case of 1, as depicted in Figure 2.

The exact binding site on the peptide is elucidated by combining information of the
complementary b (containing an intact N terminus) and y (containing an intact C terminus)
fragment ion series (see Figure 3 for nomenclature). Analysis of the b,-type fragments
formed starting from the N terminus of the peptide reveals that b,™ is present in its
unmodified form (m/z: 244.1), whereas b, (containing both the cysteine and histidine
residues) is platinated. This modification results in four peaks at m/z: 361.6 and 368.6 for the
doubly charged species [bs+Pt(dma)]2* and [bs+Pt(ipa)]2* (note that either of the amine
ligands is lost during fragmentation), and at m/z. 722.2 and 736.1 for the corresponding
singly charged product ions. Whereas complete sequence coverage is obtained for the
unmodified peptide upon CID, the only further ion attributable to the by, series in the CID
spectrum of the platinated peptide corresponds to [bg+Pt(dma)]2* at m/z 567.1. This
indicates that dramatic structural changes are induced upon binding of a platinum moiety,
leading to decreased fragmentation efficiency of the platinated species relative to the
unmodified peptide. Complementary yy, ions starting from the C terminus of the peptide
remain unmodified up to the yg ion (m/z: 476.2 and 951.4 for the doubly and singly charged
species, respectively), and also a minor peak can be assigned to unmodified y1o* (mz
1088.3). In contrast, y112* and y;32* (both containing the histidine and cysteine residue) are
platinated, with [y;1+Pt(dma)]?* assigned to the peak at m/'z: 715.2, [y;3+Pt(dma)2*] at
837.2, and [y;3+Pt(ipa)]?* at 843.7 (the peak corresponding to [y;1+Pt(ipa)]2* overlaps with
[bs+Pt(dma)]*). The obtained results suggest that the cysteine residue is the major binding
partner (as it is included in all platinated fragment ions), although its vicinal histidine is
probably also involved in the bidentate adduct formation by providing the second
coordination site. In a previous study, the same residues were also found to interact with
cisplatin.[38] All four platinum compounds bind more rapidly to the peptide than to T itself.
This difference underscores the strong influence of the tertiary structure of the protein on
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metal binding, compared with the essentially linear peptide that has much more flexibility,
and therefore facilitates adduct formation without steric restrains.

Oligonucleotide binding studies

The applicability of a tandem top-down MS approach for determining the binding sites of
cisplatin on oligonucleotides has already been demonstrated.[3%-411 Due to the characteristic
isotopic pattern of platinum upon coordination to the oligonucleotide, modified fragments
can easily be distinguished from those that remain unplatinated. Consequently, this approach
was used to elucidate the binding sites of the trans-Pt complexes 1-3 on two different DNA
models: SS1 (5-d(TAC ACA CCG GTA C)-3’) and SS2 (5-d(TAA TTA AGC ATA ATA
T)-3'), which essentially differ in the number of guanine residues present.

The commonly applied nomenclature for oligonucleotide fragments is summarized in Figure
3. For n-type fragments, B, (B=one of the nucleobases A, C, G, or T) is usually lost by an
elimination reaction prior to strand breaking due to a second elimination reaction, leading to
a furan ring system.[#2] Internal fragments, resulting from two strand breaks at the a/w site,
possess a phosphate group at their 5’ terminus, whereas the 3’ terminus carries a furan
system.

The full-scan mass spectra of oligonucleotides SS1 and SS2 incubated with 1-3 and
cisplatin showed the formation of similar adducts corresponding to [SS+Pt(amine)(amine’)]
moieties (data not shown). In general, the reactivity of the trans compounds was lower than
that of cisplatin.

As can be seen in figure S1 (Supporting Information) for the SS1 oligonucleotide that
contains a G—G sequence (see Table 1) incubated with 2, fragmentation of the modified
oligonucleotides ([SS1+Pt(dma)(ma)]3~ at mVz 1390 in the full-scan MS data in this case)
leads to a spectrum in which a number of Pt-modified species are observed. Starting from
the 5’ end, no modification of the nucleobases up to G9 are observed, as evidenced, for
example, by the peaks at m/z: 1103.0 and 1248.0, which were assigned to [ag—C]?~ and [ag—
G]?~. From there on, (a—By,) fragments exhibit an isotopic pattern characteristic of platinum
and a mass increase corresponding to the addition of [Pt(dma)(ma)]2* (269 Da for the
neutral species). Consequently, the peaks at m/z: 1547.0 and 1863.4 were assigned to [a;9—G
+Pt(dma)(ma)]?~ and [a;,—A+Pt(dma)(ma)]2~ fragments. Starting from the 3’ end of the
oligonucleotide, all fragments up to wy (M/z: 1252.0), which includes G10 but not G9,
remain unmodified, whereas all further identified fragments, which include G9, are
platinated. This is evidenced, for example, by peaks at m/z: 1214.0 and 1515.0, which may
be assigned to [wy+Pt(dma)(ma)]2~ and [wg+Pt(dma)(ma)]2~, respectively.

Combining the information from both ends of the strand, G9 is the major binding partner, as
it is contained in all platinated fragments. As the binding is bidentate, G10 could serve as the
second binding partner, as observed for cisplatin, oxaliplatin, and carboplatin.[41]

For 1 and 2, fragmentation spectra showed similar binding characteristics. In general, lower
reactivity toward SS2 than toward SS1 was observed for all compounds, also indicating a
strong influence of the number of guanine residues.

To evaluate if the binding is still selective toward guanine residues if adenine and thymine
are present in large excess, tandem MS experiments were carried out using SS2 (containing
only one G residue, see Table 1). Supporting Information figure S2 shows a CID spectrum
of the parent ion [SS2+Pt-(dma)(ma)]*~ at m/z 1287.8. Similar to the experiments with SS1,
the adducts are formed with the [Pt(ipa)(ma)]?* moiety, resulting in peaks such as [ag—C
+Pt(dma)(ma)]?~ and [a;o—A+Pt(dma)(ma)]2~ at m/z 1429.0 and 1574.0, respectively, both
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of which contain the guanine residue. Furthermore, the peak at n/z: 1264.9 may be assigned
to [ag—G+Pt-(dma)(ma)]?~, indicating that adenine residue at position 8 may also serve as a
coordination site for the platinum moiety. More generally, (a,—By,) fragments with n<8
(none of which contain guanine) remain unmodified, whereas all product ions of this series
with n>8 are platinated. When analyzing fragments with an intact 3’ terminus (w ion series),
the first modification is observed for the wg2~ ion, which is present in both native and
platinated forms (peaks at m/z: 1234.4 and 1369.4, respectively). This is rather surprising, as
wg includes the cytosine, but not its vicinal guanine residue. All wy-type fragments with n>8
are detected only in their platinated forms, as evidenced, for example, by [wg+Pt-(dma)
(ma)]2~ and [wyo+Pt(dma)(ma)]?~ at m/z: 1533.9 and 1690.3, respectively.

Combining the assignments for both (a—B)- and w,-type ions, G9 and its neighboring A8
and C10 residues correspond to the major binding sites. Additionally, as SS2 contains six
more bases than SS1, an increased number of internal (Bn:By,) fragments such as [A3:A7]~
at m/z. 1723.9 are also detected, which also indicated that G9 is a binding partner. As the
binding is bidentate, it may be assumed that adduct formation occurs by intrastrand bridging
of two nucleobases. Similar observations were made for 2 and 3.

Transfer experiments

To determine whether Pt complexes can transfer from a peptide to an oligonucleotide,
transfer experiments were performed in which the Tf model peptide was pre-incubated with
one of the platinum compounds under physiological-type conditions for 24 h, after which
the oligonucleotide (SS1 or SS2) was added (see Experimental Section above for details).
The sample was analyzed by ESI-MS at various times over 72 h. Such an experiment
imitates, to some extent, transporter-mediated delivery to DNA nucleobases. Figures 4 and 5
show representative spectra, recorded in both positive and negative modes, for 3 and
cisplatin, respectively. Table 2 lists the peaks’ full assignment. Note that although ionization
conditions were optimized, small peaks corresponding to the oligonucleotide can be seen in
positive ion mode (especially following Pt binding, which introduces additional positive
charges) as well as peptide peaks in the negative ion mode. For the non-platinated peptide,
peaks of low relative intensity corresponding to dimers (labeled [2Pep] in the spectra) are
observed after 72 h of incubation, indicating oxidation of the cysteine residue with the
concomitant formation of a disulfide bond. The fact that no platinum adducts were detected
for the dimer further substantiates the results from the binding site determination studies,
that cysteine is involved in adduct formation, as this residue is not accessible after
dimerization.

For samples of 3 incubated with the peptide and SS1, the peak of highest relative intensity in
the positive ion spectrum corresponds to [Pep+Pt(ma)]3* and [Pep+Pt(ipa)]3* (Figure 4A)
72 h after addition of the oligonucleotide. The amount of the metallofragment transferred to
the oligonucleotide is rather low and depends on its sequence, that is, the number of
guanines, as expected from the oligonucleotide binding experiments. Even when using SS1
(two adjacent G residues), only peaks of low relative intensity such as [SS1+Pt(ipa)(ma)]>~
at m/z: 836.5 were detected (Figure 4B), indicating a preference for the peptide under these
conditions. Compounds 1 and 2 displayed a very similar behavior in these experiments, with
only a low transfer of the platinum fragment from the peptide to the oligonucleotides
observed.

When performing the same experiment with cisplatin, the influence of the number of
guanines is more pronounced. In the case of addition of SS1 to the reaction mixture, only
minor peaks can be assigned to peptide—Pt adducts in positive ion mode, whereas major
peaks in the negative ion mode spectra correspond to [SS1+Pt(NH3),] ions. As depicted in
Figure 5, this is not the case with SS2; in positive ion mode, a multitude of peaks can be
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assigned to platinated peptide species (Figure 5A). The most significant peaks correspond to
[Pep+Pt(NH3),]2* at mVz 831.9, but also to bis-adducts such as [Pep+Pt(NH3)+Pt(NH3),]%*
at m/z: 936.0, indicating even tridentate coordination with the peptide can occur. Minor
peaks stem from adduct formation with sodium or potassium ions. Only a minor amount of
the Pt is bound to the oligonucleotide, evidenced by low-intensity peaks for platinated
species in the negative ion spectrum (Figure 5B).

For all of the trans complexes, only limited transfer of the metallodrug fragments from the
peptide was observed, with the majority of the Pt adducts still bound to the peptide 72 h
after addition of either oligonucleotide. For cisplatin, the distribution depended strongly on
the sequence of the DNA model; for SS1 (adjacent G—G residues), most of the metallodrug
adduct was transferred to the oligonucleotide, whereas relatively little transfer was observed
for SS2 (one G residue).

Competition experiments

Direct competition experiments, in which the peptide and oligonucleotide were added
simultaneously to the metallodrug solution in equimolar amounts, were undertaken. This
setup simulates, to some extent, interactions of the free drug in the cytoplasm where a
multitude of binding partners such as peptides and proteins, but also single nucleobases,
oligonucleotides, and RNA molecules are present. Figure 6 shows representative spectra for
the interaction of 3 with the model peptide and SS1. Although caution must be taken in
quantifying the extent of adduct formation using ESI-MS, it is clear that the amount of
platinated oligonucleotide is higher under competitive conditions relative to the case in
which the Pt is initially bound to the peptide. The peak of highest relative intensity in the
positive ion spectrum corresponds to [Pep+Pt(ipa)]3* and [Pep+Pt(ma)]3* (Figure 6A),
whereas the most prominent peak in the negative ion spectrum may be assigned to
[SS1+Pt(ipa)(ma)]°~ (Figure 6B). Using SS2 (only one G residue), only minor peaks can be
assigned to platinated oligonucleotides, with the vast majority bound to the peptide. The
situation with 1 and 2 is very similar for both mixtures containing the peptide and SS1 or
SS2.

For cisplatin, the distribution of the drug between the binding partners is altered more
dramatically. As depicted in Figure 7 for the incubation with the model peptide and SS2
under competitive conditions, no platinated peptide species could be detected in positive ion
mode, whereas significant adduct formation with the oligonucleotide takes place. Even with
only one guanine present in the strand, the formation of bis-adducts is observed (peaks at m/
z 851.5 and 890.0 for [SS2+Pt(NH3),]%~ and [SS2+2Pt(NH3),]6™, respectively). When
exchanging SS2 for SS1, which provides the preferential G-G binding site, similar spectra
are obtained, with no platinated peptide peaks detected.

In general, in direct competition experiments, no platination of the peptide could be detected
for cisplatin, independent of the oligonucleotide used. In contrast, the trans complexes are
distributed about equally between the peptide and the oligonucleotide when using SS1,
whereas with SS2 the complexes are almost exclusively bound to the peptide.

Notably, published studies have already highlighted the differences between cis- and trans-
Pt!! complexes in their preferential binding to sulfur-containing amino acids and
nucleobases.[*3] For example, studies of the reactivity of the model cis compound
[PtCI(dien)]* with sulfur donor nucleophiles showed that the Pt-thioether bond could be
displaced by N7 of guanine.[4445] Other studies on various trans-Pt'! complex ternary
systems with sulfur-containing nucleophiles and DNA model compounds have evidenced
different reactivity patterns depending on the Pt spectator ligands and the kind of model
biomolecules used.[46-48] Recently, the affinity of trans-Pt!! complexes for cysteine residues
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has been described in a comparative study on the reactivity of the cysteine-rich protein
metallothionein-2 with cisplatin— and transplatin—(5’-GMP) adducts (5’-GMP=5"-guanosine
monophosphate).[4%] The analysis of the reaction products over time by NMR spectroscopy
showed that while the formation of the ternary GMP-trans-Pt—MT adduct is accompanied
by 5’-GMP release, a stable ternary GMP—cis-Pt-MT complex is formed.

Conclusions

ESI-MS was used to study the reactivity of 1-3 with apo-Tf, establishing the nature of the
protein-bound metal fragments and the stoichiometry of the adducts. The compounds retain
both aliphatic amine ligands upon protein binding, in agreement with previous studies
involving model proteins.[25] Differences in the reactivity of these compounds may be
correlated to differences in aquation kinetics, but could also partly be ascribed to steric/
hydrophobic effects, as adduct formation is decreased for the complexes with bulkier
ligands. Relative to cisplatin, the extent of adduct formation is lower, highlighting the
influence of the cis geometry on reactivity. Using a Tf model peptide in combination with
tandem MS, a preference of 1-3 for the sulfur-containing amino acid cysteine was observed.
This preference is in accordance with data obtained for cisplatin,[36] indicating that the Pt'!
compounds exhibit similar binding preferences toward peptides independent of their
geometry. However, it must be taken into account that a short peptide possesses much more
flexibility than a protein, making all residues equally accessible.

The binding of 1-3 toward single-stranded oligonucleotides containing different numbers of
guanine residues was also investigated, and [Pt(amine)(amine’)] moieties were identified as
the bound species. In all cases, cisplatin was found to be more reactive than the trans
complexes. The transfer of the metallodrug adducts from the Tf model peptide to the
oligonucleotides was also studied, as well as the competitive binding of the complexes
toward peptide—oligonucleotide mixtures. In general, significant differences between the
trans-Pt'! complexes and cisplatin were observed, indicating the preferential binding of the
trans compounds toward the peptide, whereas cisplatin shows a preference for binding to
oligonucleotides (especially those containing adjacent GG residues). This selectivity could
be relevant to the mode of action of the trans compounds. Should adduct formation with
DNA (either directly or by transfer from another biomolecule) prove to be inefficient to
damage DNA, proteinaceous targets could be involved in inhibiting cellular proliferation,
especially for compounds of similar cytotoxicity. Further biochemical and biological studies
will be conducted to substantiate this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ESI mass spectra of Tf incubated with 3 for 24 h under simulated physiological conditions:
spectrum at left shows the charge envelope of both the pure and modified () protein; at
right is the deconvoluted spectrum.
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Figure2.

CID spectrum of the Tf iron binding site model peptide after incubation with 1 in the range
from 200 to 1100 mvz indicating cysteine as the major binding partner. The fragmented
parent ion corresponds to [Pep+Pt(dma)(ipa)+H]3*. The insert shows a close-up of the
platinated peaks at 722.2 and 736.1 nvz corresponding to [bs+Pt(dma)]* and [bs+Pt(ipa)]*
4 , respectively, with the distinctive Pt isotope pattern.
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Figure 3.

Nomenclature of oligonucleotide fragments observed by tandem MS; a-d correspond to
fragments with an intact 5’ terminus and w-z-type fragments have an intact 3’ terminus.
Internal fragments resulting from double fragmentation usually occur at the a/w site.
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Figure 4.

Spectra obtained following incubation of 3 with the model peptide for 24 h, followed by
addition of SS1 and further incubation for 72 h: A) positive ion spectrum (peptide), B)
negative ion spectrum (oligonucleotide); see Table 2 for the assignment of platinated peaks.
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Figureb5.

Spectra obtained following incubation of cisplatin with the model peptide for 24 h, followed
by addition of SS2 and further incubation for 72 h: A) positive ion spectrum (peptide), B)
negative ion spectrum (oligonucleotide); see Table 2 for the assignment of platinated peaks.
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Figure6.

Spectra obtained following incubation of 3 with the model peptide and SS1 for 72 h: A)
positive ion spectrum (peptide), B) negative ion spectrum (oligonucleotide); see Table 2 for
the assignment of platinated peaks.
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Figure?.

Spectra obtained following incubation of cisplatin with the model peptide and SS2 for 72 h:
A) positive ion spectrum (peptide), B) negative ion spectrum (oligonucleotide); see Table 2
for the assignment of platinated peaks.
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Table 1

Sequences and monoisotopic masses of the oligonucleotides and model peptide.

Sequence Mass[Da]
SS1 5-d(TACACACCGGTAC)-3 3901.7
SS2 5-d(TAATTAAGCATAATAT)-3 4885.9
Tf-Peptide H-KDCHLAQVPSHTV-OH 1433.7
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Table 2

Page 20

Calculated and experimental myz values (most abundant isotope) for platinated species in the transfer and
competition experiments (see Figures 4-7).

lon m/z  Transfer ~ Competition
Calcd Exptl
Cisplatin:
[Pep+2Pt(NH3)I** 6189  619.1 + -
[Pep+2Pt(NHg),]** 630.2  630.3 + -
[Pep+Pt(NH3)]** 8233 8232 + -
[Pep+Pt(NHg) ]+ 8319 8319 + -
[Pep+2Pt(NH)** 927.8 9279 + -
[Pep+Pt(NHg)+PY(NHg), ] 936.4 9365 + -
[Pep+2Pt(NHg),]** 9449 9447 + -
[SS2+Pt(NH3),]7~ 7296 7295 + +
[SS2+2Pt(NH3),]"~ 762.1 762.3 - +
[SS2+Pt(NH5),]%~ 851.3 8515 + +
[SS2+2Pt(NH3),]6" 889.7  890.0 - +
[SS2+Pt(NH3),]%~ 1021.9 1022.0 + +
[SS2+2Pt(NH3),]5~ 1067.3 1068.0 - +
trans-[PtCl,(ipa)(ma)] (3):
[Pep+Pt(ma)]3* 553.9  554.0 + +
[Pep+Pt(ipa)]®* 563.2 563.1 + +
[Pep+Pt(ipa)(ma)]** 5735 5737 + +
[Pep+Pt(ma)]?* 8304  830.3 + +
[Pep+Pt(ipa)]?* 844.4 844.3 + +
[Pep+Pt(ipa)(ma)]* 859.5  859.4 + +
[SS1+Pt(ipa)(ma)]® 697.0  697.0 + +
[SS1+Pt(ipa)(ma)]>~ 8365 8366 + +
[SS1+Pt(ipa)(ma)]*~ 1045.7  1045.6 + +
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