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ABSTRACT: The interactions of anticancer metallodrugs with proteins are attracting a growing interest in
the current literature because of their relevant pharmacological and toxicological consequences. To
understand in more depth the nature of those interactions, we have investigated the reactions of four
anticancer platinum(ll) iminoether complexes, namghns andcis-EE (trans andcis-[PtClL{ (E)-HN=
C(OCHs)CHg} 7], respectively) andrans andcis-Z (trans andcis-[PtClh(NH3){ (Z2)-HN=C(OCH;)CHa}],
respectively), with horse heart cytochroragcyt c). Our investigation was performed using mainly
electrospray ionization mass spectrometry (ESI MS) but was also supported by NMR, inductively coupled
plasma optical emission spectroscopy (ICP OES), and absorption electronic spectroscopy. ESI MS spectra
clearly revealed the formation of a variety of platintiprotein adducts predominantly corresponding to
monoplatinated cyt species. From a careful analysis of the major ESI MS peaks, specific information
on the nature of the protein-bound metallic fragments and on the underlying metataytugreactions

was gained for the various cases. We found treats-EE produces a major cytadduct (12 667 Da) that

is different from that produced by eitheis-EE or by transZ andcis-Z (12 626 Da). In particular, occurrence

of extensive hydrolysis/aminolysis (the latter fostered by ammonium carbonate buffer) of the iminoether
ligands and formation of the corresponding amides/amidines has been unambiguously documented. The
reactivity of the iminoether ligands is greatly enhanced by the presenceoésynferred from comparative

NMR solution studies. Additional ESI MS measurements recorded on enzymatically cleaved samples of
platinated cytt adducts, together with NMR investigation of the cjfrans-EE adduct, strongly suggest

that protein platination primarily occurs at Met 65. The biological and pharmacological implications of
the described protein platination processes are discussed.

Metallodrugs are known to behave, in most cases, asnucleobases of a bidentate [Pt(i*" fragment that is
“prodrugs”. In other words, an activation step, usually formally obtained through release of two water molecules
consisting of a ligand-exchange and/or a redox process isfrom the “activated” [Pt(NH),(H,0),]>" cation §—10).
required before they can exert their pharmacological effects Notably, introduction of kinetic restrictions to the production
(1-7). The resulting “activated” metal-containing species are, of these metallic fragments and to their transfer to target
thus, the “chemical entities” truly responsible for the biomolecules results into a substantial loss of biological
observed biological actions. Remarkably, these latter speciesactivity for the metallodrug, as was clearly demonstrated in

manifest a high propensity to react with biomolecules and the case of some representative gold(lIl) and ruthenium(lll)
to transfer them “metal-containing molecular fragments”, anticancer compoundd1, 12).

commonly through simple ligand substitution reactions.
For instance, the mechanism of action of cisplatin is
thought to rely on coordination to adjacent DNA guanine

During the last 20 years, the interest of the scientific
community working on anticancer platinum compounds has
mostly focused on platinum interactions with DNA, the
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thereaction of cisplatin with serum albumin and on the
characterization of the resulting adduct8); Subsequently,
Khalaila et al. described and modeled the binding of cisplatin
to transferrins 14). More recently, Mandal et al. have
analyzed the interactions of platinum drugs with hemoglobin
(15). Some other studies have analyzed the reactivity of
platinum drugs with small model proteins. For instance,
Gibson’s group produced a few fundamental studies on the
platinum/ubiquitin systemil6—20), and very recently, some

of us have reported high-resolution crystal structures of the
adducts of cisplatin with superoxide dismutagd)(and
lysozyme 22). The most relevant achievements obtained in
this field during the past 20 years have been summarized by
Timerbaev et al. in a comprehensive review that appeared
in 2006 @3).

Yet, we believe that this topic deserves more and more
attention as it is increasingly evident that the interactions of
platinum drugs with proteins may play crucial roles in their
uptake and biodistribution processes as well as in determining
their toxicity profile. In addition, reactions of platinum drugs
with proteins might be also involved in some aspects of their
overall mechanism of action through direct interactions with
“secondary” protein targets.

Nowadays, the study of the interactions occurring between
metallodrugs and proteins may take new and considerable!
advantage from the availability of very sophisticated analyti-
cal tools. For instance, a number of papers have highlighted

the great potential of modern mass spectrometry methods to

characterize metalprotein adducts at a molecular lev2i¢

33). Conversely, the rapid development of proteomic tech-
nologies and the use of advanced protein separation tech
nigues, coupled to very sensitive metal detection methods,
hold promise for the successful analysis of complex mixtures
of platinated proteins and for the identification of those

proteins that act as “platinum receptors” and/or “platinum

targets”.

We have recently shown that ESI MS is able to provide
valuable and detailed information on the reactivity of
classical anticancer platinum(ll) complexes with various
model proteins Z4, 25). In particular, a well-known and
intensely studied small protein, namely, the horse heart
cytochrome (cyt ¢ hereafter},has been selected as the “test
protein” for this kind of investigation upon consideration of
a number of favorable propertie®4, 34). Accordingly, we
report here on the reactions of @vith a few representative
platinum(ll) iminoether complexes, a family of promising
anticancer agents developed in the laboratory of Bari.

Pt(ll) iminoethers are indeed very interesting metallodrugs
that exhibit innovative and well-documented antitumor
properties 85, 36). These compounds may be straightfor-
wardly prepared by alcoholysis of the parent platinum(ll)
nitrile complexes §7). The overall geometry around the
platinum center is preserved during the alcoholysis reaction;
however, the formed iminoether ligands can have either
or E configuration, depending upon the relative positions of
the alkoxide and platinum ions with respect to the=IT
double bond (Chart 1). Within this family of platinum

1 Abbreviations: cyt, cytochromec; ESI MS, electrospray ioniza-
tion mass spectrometntransEE, trans[PtCl{ (E)-HN=C(OCH;)-
CHg},]; cis-EE, cis-[PtClL{(E)-HN=C(OCH;)CHg}.]; ICP OES, in-
ductively coupled plasma optical emission spectroscopy.
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Chart 1: Schematic Drawing of the Selected Platinum
Iminoether Complexes
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iminoethers{rans[PtCl{ (E)-HN=C(OCH;)CHa} ;] (trans

EE) was found to be as active as cisplatin toward P388
leukemia and Lewis lung carcinoma in mi@8(39) through
formation of stable DNA monofunctional adductd0y.
Remarkably, the presence of only one iminoether ligand
resulted to be sufficient for promoting the antitumor activa-
tion of the trans geometry. Accordingly, the compteans
[PtCI(NH3){ (2)-HN=C(OCH;)CHa}] (trans-Z), turned out

to be highly active against murine P388 leukemia and
SKOV-3 human cancer cell xenograft in nude midé)(

Four representative platinum iminoether complexes, ab-
breviated adrans and cis-EE (trans and cis-[PtCl{ (E)-
HN=C(OCH;)CHea} ], respectively), andrans and cis-Z
(trans and cis-[PtCl(NH3){ (2)-HN=C(OCHs)CHg}], re-

spectively) were selected for the present study. All these
compounds were previously characterized, both chemically
and pharmacologically3{, 38, 41), and their chemical
structures are represented in Chart 1.

The main reason for the present investigation and also its
primary goal is to describe the reactions that occur between
selected platinumiminoether compounds and cgtand to
elucidate the nature of the resulting adducts. Through the
study of a specific case, we hoped to unravel representative
and mechanistically relevant interactions that take place,
within biological fluids, between reactive platinum species
and the pool of soluble proteins.

MATERIALS AND METHODS

Sample Preparation for ESI Mass Spectromeffe
synthesis of the iminoether complexes has been carried out
as already reported3(). Horse heart cytochrome was
purchased from Sigma (code C7752). Metal complexes/cyt
¢ adducts were prepared in ammonium carbonate buffer (25
mM, pH 7.4), with a protein concentration of>5 1074 M
and platinum to protein ratio of 3:1. The reaction mixtures

were incubated for different time intervals (3, 6, 24, 72, and

168 h) at 310 K. Samples were extensively ultrafiltered using
Centricon YM-3 (Amicon Bioseparations, Millipore Corpo-
ration) in order to remove the unbound platinum complex.
After a 100-fold dilution with MilliQ water, ESI MS
spectra were recorded by direct introduction, atl3min

flow rate, in a LTQ linear ion trap (Thermo, San Jose, CA)

equipped with a conventional ESI source. The specific
conditions used for these experiments were as follows: spray

voltage 3.5 kV, capillary voltage 40 V, and capillary
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Ficure 1: Deconvoluted ESI MS spectra of cgtadducts with
transEE (A), cis-EE (B), trans-Z (C), andcis-Z (D). The platinum/
protein ratio is 3:1, and the incubation time at 310 K is 24 h.
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repeated varying capillary temperature (363 to 453 K), but
the peak patterns and relative abundances were not influenced
(data not shown).

Spectra of the same samples were also recorded on an
Orbitrap high-resolution mass spectrometer (Thermo, San
Jose, CA), and the obtained results were fully consistent (data
not shown). The instrument was equipped with a conven-
tional ESI source. The working conditions were the follow-
ing: spray voltage 2.3 kV, capillary voltage 20 V, and
capillary temperature 403 K. Sheath gas was set at 12 a.u.,
the sweep gas and the auxiliary gas were kept at 0 a.u. For
acquisition, Xcalibur 2.0 software (Thermo) was used, and
monoisotopic and average deconvoluted masses were ob-
tained by using integrated Xtract tool. For spectra acquisition
a nominal resolution (atvz 400) of 60 000 was used.

Determination of the Binding Sitel-or the enzyme-
digestion analysis, 40L of cyt ¢ (104 M), either free or
reacted withtrans-EE or cis-EE, was diluted at a concentra-
tion of 5uM in 10 mM ammonium bicarbonate (pH 7.4),
and endoproteinase Asp-N (Sigma, P3303) was added to a
ratio of 1:50 (w/w). The mixture was incubated for 16 h at
310 K and after digestion was acidified with 0.05% formic
acid before ESI MS analysis, using the LTQ Orbitrap mass
spectrometer and the instrumental parameters mentioned
before.

ICP OES Measurement&P OES analyses were recorded
using an Optima 2000 instrument (Perkin-Elmer, Europe).
The samples containing adducts of eywith the various
platinum complexes were prepared as described above for
the ESI MS studies.

NMR Studies.The complex trans[PtCh{ (E)-HN=
C(OCH;)CHa)} 5] was prepared as already report8@)(and
then used in two types of experiments. In one case the
complex (1 mg, 0.0024 mmol) was dissolved in 1 mL of
ammonium carbonate buffer (25 mM) prepared by dissolving
(NH4).COs (2.4 mg, 0.025 mmol) in KO/D,O (9:1, 1 mL).

In a second experiment the same complex was dissolved in
N-enriched ammonium carbonate buffer prepared by dis-
solving AgCQO; (6.7 mg, 0.024 mmol) and{NH4)CI (2.7
mg, 0.048 mmol) in 1 mL of KHO/D,0 (9:1) and filtering
the solution in order to remove the precipitated AgCI. The
pH of both ammonium carbonate buffers was adjusted to
7.4 by addition of HCIQ(1 M solution). The time-dependent
transformations of the two samples were monitored by 1D
and 2D NMR spectroscopy using Bruker Instruments Avance
300 UltraShield, equipped with a broad-band probe, and
Avance 600 UltraShield Plus, equipped with a triple-
resonance (TXI) probe with pulsed field gradients along the
z-axis.

The complex trans[PtClf{ (E)-HN=C(O"“CHjz)CHa)} ]
was prepared as reported in the Supporting Information. For
monitoring the hydrolysis of thid3C methoxide-enriched
complex in the presence of cgta solution of the complex

temperature 353 K. Sheath gas was set at 18 a.u. (arbitraryin H.0/D;O (9:1 v/v, pH 6.9; 1.5 mM concentration) was
units), whereas sweep gas was set at 5 a.u. and auxiliarytreated with an equimolar amount of aytFor comparison
gas was kept at 0 a.u. ESI spectra were acquired usingpurposes, a second complex solution similar to the previous
Xcalibur software (Thermo), and deconvolution was obtained one, but deprived of cyt, was also investigated. The two
using Bioworks software (Thermo). The mass step size in solutions were incubated for 1 week at 310 K and monitored
deconvolution calculation was 1 Da, and the spectrum rangethrough 1D*C and 2D'H,**C-edited HSQC (heteronuclear
considered was 116€2000m/z. The same experiments were single quantum correlation) NMR spectra at 600 MHz.
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Ficure 2: Time-dependent spectral profiles for tihens-EE/cyt c
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sequence in which coherence selection and water suppression
are achieved via gradient pulses. The sequence was optimized
with a delay 1/(dcn) of 1.72 ms. Decoupling during the
acquisition time was achieved using a GARP decoupling
scheme 46). Data zero-filled in F1 were subjected to
apodization using a squared cosine bell function in both
dimensions prior to Fourier transformation and phase cor-
rection. The data were analyzed with the program CARA
(The Computer Aided Resonance Assignment Tutorial, R.
Keller, 2004, CANTINA Verlag). Resonance assignment was
carried out by using availabltH and **C chemical shifts
data at 293 K 47, 48), with the aid of 2D TOCSY (total
correlation spectroscopy) and NOESY (nuclear Overhauser
enhancement spectroscopy).

RESULTS

Preparation and Characterization of MetaProtein Ad-
ducts.In order to investigate comparatively their interactions
with the chosen test protein, all four platinum iminoether
compounds were individually reacted with horse heariccyt
at a molar ratio of 3:1 (metal/protein) and at physiological
pH. Samples of the individual reaction mixtures, taken at
increasing time intervals after mixing, were subjected to
extensive ultrafiltration and then analyzed for Pt content by
ICP OES. Under the applied experimental conditions, the
protein platination was found to be relatively fast and nearly
comparable for the four samples. The Ptfcyatio was>1.0
already afte1 h ofincubation and increased only marginally
for longer incubation times. Even after very long incubation
times (168 h), the platination levels never exceeded a Pt/cyt
c ratio of 1.5; in all cases a significant amount of Pt was
recovered in the low molecular weight fraction. Remarkably,
cis-EE, at variance with the other three tested compounds,
was shown to cause some direct cydamage, possibly as
a consequence of partial proteolysis, that could be directly
monitored through spectrophotometric analysis (however, the
total protein loss never exceeded 15%).

ESI MS Studies of the AddudBharacteristic features were
detected in the ESI MS profiles of platinated cysamples
that are diagnostic of the formation of stable platintm
protein adducts. Representative deconvoluted ESI MS spectra
of the protein adducts formed after 24 h of incubation with
the four platinum(ll) iminoether compounds, and subsequent
extensive ultrafiltration, are shown in Figure 1. Beyond the
peak characteristic of native cgt located at 12 358 Da, a
number of intense additional peaks of higher molecular mass
are also observed, which likely correspond to platirtoyt
¢ adducts.

Inspection of the ESI MS spectra provides straightforward

derivative. Spectra were recorded after 3, 24, 72, and 168 h of insight into the stoichiometry of the resulting metallodrug

incubation of the sample at 310 K.

For the identification of the platinum coordination site of
cyt ¢, natural abundanceéH,'*C-edited HSQC 42—44)
spectra were recorded at 293 K for a sample of pureccyt
and for a sample containing a 1:1 mixture of cg@ndtrans
EE incubated for 1 week at 310 K.

cyt ¢ adducts. In full agreement with the ICP OES results,
indicating that the monoplatinated adducts are the dominant
species, also the majority of the ESI MS peaks correspond
to monoplatinateccyt ¢ with peaks falling in the 12 550

12 700 range. In a few cases, some weak features with
masses higher than 12 800 Da (notably in the 12-8(%100

For HSQC experiments, 16 transients were acquired overDa range) were also observed, which are indicativeoofoly
an F2 {H) spectral width of 14 ppm into 1024 complex data platinatedspecies.

points for each of 256, increments in TPPI mode ) with

To identify the precise nature of the protein-bound Pt

an F1{3C) spectral width of 70 ppm centered at 40 ppm. fragments, a detailed analysis of the major ESI MS peaks
All 2D NMR data were acquired using a gradient-enhanced belonging to the various platinated species was carried out.
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Scheme 1: Proposed Reaction Schemetrfans-EE in Ammonium Carbonate Buffer, pH 7.4, and 310 K
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Notably, the ESI MS spectrum of the#ansEE/cyt c assignment of the peaks detected in the ESI MS spectra is
derivative is dominated by a peak at 12 667 Da, which given in the reaction Schemes 2 and 3 reported later on in
corresponds to addition to the protein of a molecular fragment the discussion.
of mass 309 Da. Rather surprisingly, this mass does not Time-Dependent ESI MS Studi@snumber of additional
correspond to retention of the two intact iminoether ligands ESI MS measurements were carried out, at different intervals
on the platinum center (expected mass~#40 Da) but to over 1 week time, to monitor the time-dependent behavior
protein binding of a molecular fragment containing the of the various adducts. A representative example is reported
platinum ion and two acetamide/acetamidine ligands (ex- in Figure 2, where the evolution of the ESI MS spectra of
pected mass o311 Da). These latter ligands are thought transEE/cytc over 168 h is shown. Afte3 h ofincubation,
to originate from hydrolysis/aminolysis of the iminoether there is already a weak multiplet centered~éit2 668 Da
ligands (the aminolysis being fostered by the presence of acorresponding to addition to the protein of the mentioned
high concentration of ammonium carbonate buffer; it is to 311 Da platinum fragment. For longer incubation times (24,
be noted that the mass of acetamide is only 1 Da greater72, and 168 h) at 310 K, similar spectral features are observed
than that of acetamidine). So far the hydrolysis/aminolysis (the peak at 12 668 Da is always the most intense) implying
of the iminoether ligand was only observed at high pH. that the nature of the main protein-bound platinum fragment

Conversely, in the case ofs-EE, cis-Z, andtrans-Z, the does not change. However, some significant variations in
ESI MS spectra of the Pt/cytadducts are dominated by a peak intensities are observed between 72 and 168 h, implying
peak corresponding to a mass increase of 268 Da (peak athat the system is still subject to slow changes. A similar
~12 626 Da in the deconvoluted spectra). This latter mass behavior was found for the ESI MS peaks of cyadducts
value corresponds well to a platinum(ll) ion coordinated to with cis-EE, cis-Z, andtransZ, when expanding the observa-
both an acetamide/acetamidine and an aqua/amine ligandtion period to 168 h.

In all cases, the ESI MS results point out that, under the NMR Studies on the Solution Belar of transEE. The
solution conditions used in our experiments, the platinum- hydrolysis/aminolysis reactions documented by ESI MS for
bound iminoether ligands are not lost but undergo important platinum-coordinated iminoether ligands were rather unex-
chemical transformations (hydrolysis/aminolysis). Only in pected. Thus, additional experiments were carried out to
the case otis-EE there was release of one iminoether ligand better elucidate this critical point and to gain independent
probably due to trans labilization induced by the coordinated information on this controversial issue. Specifically, high-
cytc. resolution NMR studies were performed wansEE in the

Our interpretation of the ESI MS results was further same medium (ammonium carbonate buffer, pH 7.4) at
supported by additional experiments in which eytvas 310 K.
reacted with eithetransEE or cis-EE bearing deuterated After dissolution of trans[PtCly{ (E)-HN=C(OCHg)-
C-methyl groups. A mass increase of 6 units was observedCHz)},] in ammonium carbonate buffer, the first observed
in the case ofransEE, whereas in the case ofs-EE, the transformation (1 h reaction time) is a solvolytic process in
measured mass increase was of only 3 units. A completewhich one of the two trans chlorido ligands is replaced
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Ficure 3: 'H NMR spectra (600 MHz) in 6D/D,0O (9:1) oftrans-[PtCly{ (E)-H®*N=C(OCH;)CHa} ;] (2.4 mM) in ammonium carbonate

buffer (25 mM, pH 7.4) at 310 K.

by a molecule of solvent (#D). The starting complex(in
Scheme 1) hatd signals at 2.50 (CE3C ~21.0 ppm), 3.72
(OCHg,3C ~55.0 ppm), and 7.35 ppm (NFEN ~90.5 ppm),
whereas the new specieB)(has signals at 2.54 (GHC
21.5 ppm), 3.75 (OCH *3C 55.0 ppm), and 7.50 ppm (NH,

(labeledD in Figure 3) has signals at 2.46 (gH3C ~21.0
ppm), 2.30 (CH, 13C ~19.0 ppm), and 4.00 ppm (OGH
the intensity of this signal is comparable to those of the other
two signals if the spectrum is acquired without suppression
of the solvent signal3*C ~58.0 ppm), which can be ascribed

15N 91.5 ppm) and is assigned to the monosolvated speciesto a complex having one iminoether liganddrand the other

One hour after dissolution the ratio betwerandB is ca.
1:9 (Figure 3).
For longer reaction times {24 h) a further transformation

in Z configurations (an upfield shift of the methyl protons
and a downfield shift of the methoxy protons are common
features in the switch fronk to Z configuration of an

leads to the formation of complex species bearing coordi- iminoether ligand coordinated to platinum; an analogous
nated amine (broad signals around 3.5 ppm). Two new trend is also observed for the chemical shifts of the
species C; andC; in Figure 3) have proton signals at 2.55 huclei).

and 2.51 ppm (CH 13C ~21.0 ppm) and at 3.77 and 3.74
ppm (OCH, 3C ~55.5 ppm), which are in accordance with

the new compoundS; andC; having the iminoether ligands

in the originalE configuration. Another newly formed species

Iminoether ligands are also characterized by imino protons
in the 7.0-8.0 ppm region. Signals for all compounds—
D) were observed in this region (Figure 1S in the Supporting
Information).
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h (left panels) and after 1 week (right panels) at 310 K. The peak positiol¥€ afiethoxide in the complex and of fré& methanol are

indicated.

The coordination to platinum of ammonia was investigated presence of cyt would have a great effect on the rate of

in more detail by performing the reaction #N-enriched
ammonium carbonate buffer. The presence in the'iN]
HMQC (Figure 2S in the Supporting Information) of at least
four signals N chemical shift betweer-80.0 and—60.0

hydrolysis. In order to further prove the catalytic role of cyt
c on the hydrolysis of iminoether ligands# methoxide-

enrichedtrans EE complex was prepared and its hydrolysis
in buffered water solution (1.5 mM concentration, pH 6.9)

ppm, *H chemical shift between 3.5 and 4.1 ppm) coupled was monitored in the presence or absence of a stoichiometric

with platinum {Jp;\ ranging between 260 and 280 Hz and
2Jpen~ 57 Hz), strongly supports the formation of platinum
complexes bearing coordinated amine ligand(s).

amount of cytc. The extent of hydrolysis after 1 week at
310 K (easily monitored by the appearancéi-enriched
methanol) was negligible in the absence of cyivhereas it

For still longer reaction times (60 h) a significant amount was quantitative in the presence of c\Figure 4 and Figure

of free methanolH signal at 3.26 ppm an#fC signal at

3S in the Supporting Information). It is to be noted that under

49.2 ppm) is formed. Simultaneously, new methyl signals these experimental conditions the amount of platinum

(E in Figure 3) around 1.85 ppm3C ~24.5 ppm) and new
iminic signals around 5.50 ppr® 68.0 ppm) appear. The

coordinated to cyt is in the range of 28625% while the
iminoether hydrolysis is almost complete; therefore, it is also

chemical shifts of the latter set of signals are characteristic possible to conclude from this experiment thatcygatalyzes

of a platinum-coordinated amide. Therefore a hydrolysis of hydrolysis of the iminoether ligands also on the free complex.
the iminoether ligand with formation of an amide and of It can be hypothesized that electrostatic interaction between
free methanol takes place. At still longer times (168 h) the cyt c andtransEE taking place at basic protein surface can
amounts of free methanol and of species containing amidefoster such a hydrolysis.

ligands increase at the expenses of species containing Assignment of the Primary Platinum Binding Sifehe

imnoether ligands.

above-reported results, but in particular the strong tendency

After 15 days the iminoether signals disappear almost to form monoplatinated derivatives, strongly favor the idea

completely while signal& further increase and new signals
(F) at 2.09 (CH, 3C 20.5 ppm) and 6.00 ppm (NH) appear.

that cytc possesses a primary binding site for platinum drugs.
As platinum(ll) compounds are known to manifest relatively

We can assign thé signals to amidine complexes by high affinity only for a few amino acid side chains, namely,
comparison with the chemical shifts of authenticated plati- Cys, Met, and His, we analyzed the primary sequence of
num—amidine compounds. The formation of the different the protein and its crystal structure in order to identify which
species as inferred from NMR results is shown in Scheme 1. potential platinum(ll) binding sites were characterized by a
Thus, the NMR experiments have confirmed the occur- good solvent accessibility. The protein exhibits seven
rence but only aer a time intepals of 1-2 week} of candidate binding sites: two Cys (14 and 17), two Met (65
extensive hydrolysis/aminolysis with release of methanol and and 80), and three His (18, 26, and 33). Among them the
conversion of the iminoether into amide/amidine (see two cysteine residues are involved in the covalent binding
Figure 3). of the heme group to the polypeptide chain, while Met 80
In the light of the NMR results obtained on thrans-EE and His 18 are recruited in the axial coordination of the iron
complex, it is evident that the presence of cyleads to a in the heme pocket. Therefore, only Met 65 and His 26 and
great and generalized enhancement of the reactions taking33 can be predicted to form adducts with platinum(ll)
place at the level of the platinum-coordinated iminoether compounds. Moreover, previous studies have supported the
ligands. Such transformations could take place before view that Met 65 might indeed represent the primary binding
platinum coordination to cyt or soon after coordination of  site for platinum drugs on horse heart cyt49). The latter
the platinum iminoether complex to cgt In any case the  hypothesis can be probed with a simple experiment otcyt
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Ficure 5: Deconvoluted ESI MS spectra of Asp-N treated samples of ejpne (A) or after incubation with an excesstdnsEE (B)
or cis-EE (C). Data were recorded with an Orbitrap high-resolution mass spectrometer (Thermo, San Jose, CA).

Scheme 2: Proposed Reaction Schemetrfams-EE with Cytochromec

+ Cytc X Cytc
>* L~ _*2X >7 L >:NH/Pt/ Pt
NH—( —a CI/ L SNH=

SNH= - CI

-2 MeO
trans-EE 346+ Cytc X 328 + Cytc 311+ Cytc
411 Da about 12702 Da about 12684 Da about 12667 Da

L = H,0, NHy; X = OH, NH,

proteolysis using the endoproteinase Asp-N. This enzymewith Asp-N, and then analyzed by ESI MS in comparison
is known to hydrolyze peptide bonds on the N-terminal side to a control. The obtained results are shown in Figure 5.
of aspartic and cysteic acid residues. In the case of horseThe deconvoluted ESI MS spectrum of Asp-N treated
heart cytc, Asp-N causes selective cleavage only at the nonplatinated cyt reveals two main fragments that cor-
N-terminal site of an aspartic residue, and this single cleavagerespond to the expected products: the peptidd9 (includ-
results into the separation of Met 65 from all the other ing the heme) and the peptide-5004 (molecular weights
potential binding sites (His 26 and 33). Therefore, a protein of ~5944 and 6433 Da, respectively; Figure 5A). In contrast,
sample was treated with eithieans-EE or cis-EE, incubated the ESI MS analysis of the platinated species produced the
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13C comprising the identification of the protein-bound metallic
ppm ] Cytc fragments and the assignment of the primary metal binding

w- Cyt c:trans-EE 1:1 "?_75_-8 site for cytc_. ] )
| Preferential formation of monoplatinated adducts was

| = | observed for all investigated platinum compounds supporting
12 Met 65 ¢ : . . .. -~ .
s the view that cyt bears a single, high-affinity, binding site

14 0 for these platinum(ll) species. Upon careful analysis of the
1 various ESI MS peaks, a comprehensive identification of the
various platinated species and of the underlying reactions
was achieved (see Schemes 2 and 3).
transEE is proposed to release a chloride ligand and bind
e, cyt c. Concomitantly, replacement of the OgHroups by
ad Thr19y ' water/ammonia takes place leading to the formation of
a 23 - " 20 19 18 ppm 1H acetamide/acetamidi.ne ligands (amination is fostered by t_he
FiIGURE 6: Overlay of 2DH,'3C-edited HSQC spectra, recorded presence of ammonium carbonate buffer). In tur_n, p.roteln
at 20 °C', of cyt ¢ alone (t;lue contours) and after 1 week of binding promotes rgplacement of the trans Chlo.”do _Ilgand
incubation at 310 K with 1 equiv ofransEE (red contours). ~ DY @ water/ammonia molecule, whereas the imine ligands
Resonance assighments of this spectral region are reported. Théemain coordinated to the platinum center. The postulated
spectral change induced by'Romplexation to Met 65 is indicated  sequence of events and peak assignments (specifically at ca.
with an arrow. 12 667 and 12 684 Da) are given in Scheme 2.
L ) ) ) In the case otis-EE, after the release of the first chlorido
spectra shown in Figure 5B and 5C. It is evident that, in ligand and binding of cyt, the iminoether ligand that is

addition to peaks of the two main fragments, a third group (ans to the protein is lost, while the iminoether ligand which
of peaks having molecular masses greater than those of theg is to the protein is retained (hydrolysis/aminolysis

larger fragment is observed. In the casérahsEE, the third  conyerts the iminoether into the corresponding amide/

multiplet exhibits a mass increase o811 Da that nicely amidine). The reaction pattern and peak assignment are

corresponds to the mass of the larger protein fragment plusyescribed in Scheme 3 (specifically at ca. 12 626 and 12 644
a platinum fragment carrying two acetamide/acetamidine p5)

ligands. Conversely, in the caseai-EE, the third multiplet Finally, for cis-Z andtrans-Z it is found that both of them

exhibits a mass increase 6268 Da corresponding t0 @  paintain the platinum-coordinated iminoether ligand which,
platinum fragment carrying an acetamide/acetamidine and 45 a\ways, undergoes hydrolysis/aminolysis with transforma-
an aqua/amine ligand. No signs of platination of the smaller 4o into the corresponding amide/amidine.
fragment were detected. , , Remarkably, the above-reported interpretation of the ESI
The latter r'esult provides clear evidence that metalation ps gata reveals a peculiar and largely unexpected behavior
occurs selectively on the larger fragment (peptide 504), oy these iminoether ligands, i.e., occurrence of extensive
e, in the peptide containing Met 65. In the light of these p,yqrolysis/aminolysis and formation of the corresponding
data it is rather straightforward to propose that Met 65 amige/amidine. It is evident that such a reactivity is greatly
represents the primary binding site for platinum(ll) imino- - enpanced by a direct interaction of the metal complexes with
ethers in horse heart cyt the protein as it emerges from independent NMR measure-

~ NMR experiments were also set to further confirm the ments performed orans EE either alone or in the presence
involvement of Met 65 in coordination to platinum residues. of 5 stoichiometric amount of cyt. Under identical

Therefore, equimolar amounts of oytandtrans EE were experimental conditions, purérans-EE remains stable,
allowed to react in water solution (1.5 mM concentration, \yhereas 1:1 mixtures ofransEE and cyt ¢ undergo

pH 6.9) and the’H,"*C HSQC spectrum monitored as & gytensive ligand hydrolysis. Overall, these results imply that
function of time. Although under these experimental condi- platinum drugs dissolved in biological mediand thus in

tions only a fraction of cyt reacts with platinum (ca. 20 the presence of many chemical components, including
25%), the newly formed species could be characterized. In yacromoleculesmay manifest a chemical reactivity that is
particular a new cross-peak (belonging to Met &EH;) profoundly distinct from that observed when they are just
appears downfield of the corresponding peak in nativeecyt  gissolved in simple buffered solutions. These observations
(shift of *H and**C resonances from 1.78 to 2.22 ppm and pose important “caveats” to extrapolating the behavior
from 13.8 to 18.2 ppm, respectively, Figure B)(51). Very  gpserved in solution for metallodrug to that believed to occur
similar shifts were already observed for platinum coordina- jnside cells. It is proposed that the hydrolysis of iminoethers
tion to methionine in some model polypeptides. Therefore, is fostered by electrostatic interactions between the metal
it is possible to conclude that, behind any reasonable dOUbt-compIex and basic surface areas of the protein.
platinum coordination occurs at Met 65 of ayt In addition, important differences have emerged in the
DISCUSSION rea_ctivities_of the variOL_Js tested compounds with cyAt
variance withtrans-EE, cis-EE was shown to release one of
The present study has highlighted the effectiveness of anits iminoether ligands, most likely the one which is trans to
ESI MS-based approach for the characterization of platiaum the bound protein. Thus, the same type of molecular
protein adducts at a molecular level. Indeed, relying primarily fragments was found in the adducts of cytvith cis-EE,
on ESI MS results, it has been possible to achieve a rathercis-Z, andtransZ. Remarkably, the time-dependent evolution
detailed description of the metallodrug/protein adducts, of the various platinated adducts was found to manifest a

16
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Scheme 3: Proposed Reaction SchemecfeEE with
Cytochromec

—0 + Cytc
+X
—NH cl + 2L L /L L L —
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/ Cl - ImE HN Cytc HN N
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411 Da about 12644 Da about 12626 Da

L =H,0, NH;; X = OH, NH,; ImE = iminoether

significant stability even over relatively long time periods
(168 h); only in the case afis-EE some relevant protein
degradation was observed already within 24 h.

A final comment concerns the specific localization of the
platinum binding sites on cyt On the grounds of the above
results (mainly formation of monoadducts), it is evident that
cyt ¢ has a primary binding site significantly stronger than
any other. Previous studies have reported that Met 65
represents a high-affinity binding site for platinum drug@)(
This hypothesis is now strongly supported by additional ESI
MS studies performed on cgiproteolytic fragments showing
that platination occurs selectively on the larger fragment (i.e.,
the fragment containing Met 65). The latter conclusion is
also fully supported by NMR investigations showing a
characteristic downfield shift of the Met 65 methyl signal
upon reaction with the metallic substrate.

Concluding Remarks and Perspeets.Overall, the strat-
egy here illustrated has turned out to be particularly suc-
cessful in monitoring the reactivity of platinum metallodrugs
with the model protein cytt and in elucidating, at the
molecular level, the formation, nature, and evolution of the
resulting platinum-protein adducts. It has emerged very
clearly thatinteractions with this specific protein do pro-
foundly alter the intrinsic reactity of platinum compoundls
leading to the observation of rather unexpected chemical
transformations at the level of the platinum ligands. The
comparative analysis of the present results with those
previously obtained on classical platinum(ll) anticancer
drugs, the results of a specific partial proteolysis experiment,
and the NMR monitoring of methionine chemical shifts make
us confident that Met 65 is the major binding site for
platinum(ll) iminoethers on cyt.

The mechanistic implications of the present work also
deserve a final comment. The results obtained here for cyt
c are attractive since they might be of general significance
and could help in understanding what is occurring inside cells
during treatment with platinum drugs. Of course, some
specificities in the metal/protein interactions can be expected
depending upon nature and surface exposure of different
amino acids and their affinity for platinum (consider for
instance the case of cysteine-rich metallothioneins, a group
of proteins displaying high affinity for platinum and other
soft metals). Some literature is indeed available on this issue.
However, since it is now firmly established that a large
number of proteins (and not only a few ones) are platinated
in vitro, we can reasonably assume that reactions similar to
those described here for platinum iminoethers towardccyt
may actually occur inside cells. These arguments reinforce

the importance of the present strategy based on the use of

specific model proteins.
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