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Abstract: The reactions of the anticancer complex trans-[PtCl{ (E)-HN=C(OMe)Me},] (trans-EE) with a
series of ribo and deoxyribodinucleotides have been studied by HPLC and 2D [*H, N] HMQC NMR
spectroscopy and compared with those of the inactive trans isomer of cisplatin, trans-[PtCl,(NHs).] (trans-
DDP). Reactions of trans-EE with r(ApG) and d(ApG) take place through solvolysis of the starting substrate
and subsequent formation of trans G—N7/monochloro and G—N7/monoaqua adducts. Slowly, the
monofunctional adducts evolve to a bifunctional adduct forming an unprecedented and unexpected A—N3/
G—N7 platinum cross-link spanning two trans positions. For stereochemical reasons, trans platinum
complexes cannot form N7/N7 cross-links between adjacent purines in di- or polynucleotides. For the reverse
sequence r(GpA), no chelate structure was formed even after a two-week reaction. The reaction of trans-
DDP with r(ApG) produces many more products than the analogous reaction with trans-EE. One of these
products was identified as the A—N3/G—N7 trans-chelate.

Introduction

The well-known anticancer drugs-diamminedichloroplati-
num(ll) (cissDDP) can form a variety of covalent DNA adducts.
Although the structure/activity relationship underlining the high
efficacy of cissDDP in the treatment of cancers is not fully
understood, it is generally believed that the cytotoxic properties
are a consequence of its bifunctional binding to DNK. the
major adductcis-DDP forms 1,2-cross-links between adjacent

purines in d(GpG) or d(ApG) sequences. These lesions result

in a bending of the helical axis of DNA in the range-250° in

the direction of the major groove? The clinically ineffective
transDDP isomer cannot form these types of 1,2-N7,N7
adducts. However, in the reaction betwegansDDP and
single-stranded oligonucleotides containing the triplet GNG (N

being a nucleotide residue), (G1, G3)-intrastrand cross-links are
formed® These intrastrand cross-links are stable as long as the

oligonucleotides are single-stranded. After annealing with the

Recently, it has been shown that several analogué&sio$
DDP exhibit antitumor propertie€s! Early examples of in vivo
active transPt(Il) complexes were thdrans[PtCl,(NHs)-
(thiazole)] and thetrans[PtCly(iminoether)] specief~11 Of
particular interest irans[PtCL{ (E)-HN=C(OMe)M& 7] (trans
EE) which has shown an activity comparable to thatcaf
DDP in the P338 leukemia system and exerts antitumor effects
on Lewis lung carcinom& The transEE/DNA binding mode
in cell-free medium has been investigated by several biophysical
methods. The major DNA lesion formed by the iminoether
compound appears to be a monofunctional Pt-binding to the
N7 nitrogen of a purine basé Recently we have published a

structural analysis of &ransEE platinated duplex formed by

platination at G-N7 of the single-strand'sl(CCTCG*CTCTC)
and subsequently hybridization with its complemerit 5
d(GAGAGCGAGG) Interestingly trans-EE platination was

found to induce a bending of the helix axis toward the minor

complementary strand, the 1,3-intrastrand chelate isomerizes to (7) Malinge, J. M.; Leng, M. IrCisplatin Chemistry and Biochemistry of a

form an interstrand DNA adduét.
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groove by 45. The magnitude of this bending angle is com-

d(ApG) and d(GpA) were purchased from DNA Technology A/S

parable to that observed in 1,2-bifunctional adducts of cisplatin (Denmark) and purified by HPLC. Deuterium oxide was purchased
although in the latter case the bending is directed toward the from Flurochem Limited Company. The reactions betw&ensEE

major groove.
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It has been postulated that sirtcansDDP is more reactive

and the nucleotides were carried out at 298 K by addition of a
stoichiometric amount of the complex &2 1 mM solution of the
nucleotide in the dark. Samples were collected for HPLC detection at
various time intervals as described previou&he platinated nu-
cleotides were purified by a Waters 626 HPLC instrument using
Millenium 32 software. A reverse phase Waters Symmetry C8 column
was used with gradient eluant-(80% methanol) in 50 mM NaClD

at a flow rate of 0.8 mL/min. The samples for the kinetic experiments
were run at an initial pH of 4.5, separated by HPLC, lyophilized, and
dissolved into 0.5 mL BO or H,0.

NMR Spectroscopy.NMR experiments were performed on a Bruker
DRX 600 instrument, operating at 600 MHz fét NMR spectroscopy.
1D H NMR spectra were collected with a total of 32 K complex points

than the cis isomer, undesired side reactions occurring on itsand 64 transients. For all 1D and 2D spectra, the spectral width was
way to the pharmacological target are likely to contribute, at 7200 Hz and a relaxation delay @ s was applied. The presaturation

least in part, to the lack of anticancer activitySterically
demanding ligands, like iminoethers tmansEE, could in

pulse sequence was used for the samples,@ Bnd double-pulsed
field gradient spir-echo (dpfgsew5) pulse sequence was used for water

principle reduce the axial accessibility of the Pt center and slow Suppression in b0 samples? In the ROESY and NOESY experiments,
the hydrolysis reaction and the subsequent substitution of the@ total of 2048 complex points ifa were typically collected for each

aqua ligand by biologically relevant substrates. We have recently

shown that the reaction betwe&ansEE and GMP proceeds

at a significantly lower rate than the corresponding reaction with

transDDP, especially with respect to the formation of bifunc-
tional adduct3® In this report, we have extended the investiga-

tion to a series of dinucleotides to further explore the stereo-

chemical aspects of these reactions.

One highly unexpected feature soon recognized in the reaction

betweentransEE and r(ApG) was the formation of a Pt-
[A(N3),G(N7)] cross-link spanning two trans positiobsAl-
though this bifunctional adduct was formed at a relatively slow
rate by rearrangement of the monofunctionaN@(adduct M1
(t22 =101 h), nevertheless, the Pt-p&8),G(N7)] adduct could

be of biological relevance since-AN3 is readily exposed to
platinum in the minor groove. The involvement of the N3 atom

of 256 t; increments, and 80128 transients were averaged for each

increment.

Two-dimensionalH, **N] HMQC (heteronuclear multiple quantum
coherence) spectra were recorded on the sampfda#nrichedrans
EE and its dinucleotide adduct$.The samples were prepared by
dissolving the dinucleotides in 20 mM phosphate buffet@% D,O,
pH 6.5) and adding theans-EE solution to make a 1:1 molar ratio.
Since variation in pH during the reaction influences the exchange rate
of the N—H protons and consequently affects the-MN cross-peak
intensities, it was decided to use a phosphate buffer to ensure constant
pH of 6.5. This condition is more biologically relevant, but at this pH
a certain amount ofransEE hydoxo species is formed in solution.
Another complication encountered in performing this experiment was
that the phosphate buffer is a potential ligand for platinum, and this
has to be taken into account in the kinetic analysis. Typical acquisition
parameters for two-dimensionalH, **N] HMQC spectra were the

of adenine as an alkylation site and in the cleavage reaction offollowing: In the first stage of the reaction, four transients were

hammerhead ribozyme has recently been demonsttatéd.

transDDP has generally been considered unable to form 1,2-
intrastrand d(GpG) or d(ApG) adducts as a result of the trans

disposition of the leaving group82° and this inability could
be responsible for lack of antitumor activity. In this paper, we
wish to address three different questions: (i) Does theN&/
G—N7 chelate formation occur with both ApG and GpA
sequences? (i) Does it involve both ribo and deoxyribo

accumulated for each time point (gradually increased to 128 transients),
2 k complex points along and 32 alonds, spectral width 6010 Hz for

IH and 1216 Hz fo*>N. The experiment was optimized for one-bond
1Jun = 78 Hz. The FIDs were multiplied by a square-cosine function
and zero-filled to 2048 complex points alorig and t,. The one-
dimensional'H FIDs were multiplied by an exponential window
function prior to Fourier transformation. Typically, 0.3 Hz was added
to the line widths!H spectra were referenced to the HDO-resonance
set at 4.76 ppm and®N spectra referenced to 1NPN enriched

compounds? (iii) Can this very unusual trans-chelate adduct beNH,CI in 1M HCI solution set at 0 ppm at 298 K.

formed withtransDDP as well?

Experimental Section

Materials and Sample Preparation. The >N labeledtransEE
complex was synthesized according to a literature procedu@apG)
was purchased from Sigma and used without further purification.
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Natural abundancéHl, *N] HMBC (heteronuclear multiple bond
correlation) spectra were acquired for the HPLC fraction M2 of the
transEE/r(ApG) reaction. The experiments were optimized for two-
bond *H—N connectivity involving nonexchangeable protons,
whereA = Y,IJNH = 48 ms. Coupling constants)g; for guanosine
and adenosine were in the range1& Hz. The'H and **N spectral
widths were 2650 and 11950 Hz, respectively. The data were acquired
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into 1024 complex points along, 512 transients were averaged for
1281, values, the recycling delay was 2 s, and the experimental time 0.30 7] b
was 40 h. 0.25 -
pH Measurements.pH Measurements were made using a Philips 0.20 -
PW 9420 pH meter equipped with a Sentron Red-Line semiconductor - 015 |
ion sensitive sensor calibrated with appropriate buffers. Values of pH <
were adjusted with HCIQor NaOH. This method of measuring pH 0.10 |
instead of using a conventional glass electrode prevents contamination 0.05
of the sample with chloride ions. Th&pvalues for the hydrolysis of 0.00 ;_é«_f\ww e
transEE were obtained by pH titration usingH, N] HMQC 16 20 | 24 28 | a2 3 40
spectroscopy to monitor the-N\H signal. The pH titration curves for

the signals of the dichloro and the solvated complexes are plotted in Minutes
Figure S1. The K, value estimate at ca. 5.8 for the deprotonation of 0.28 M1 a
the monochloro/monoaqua species is close to the corresponding value 1
for cisplatin?® The K, for deprotonation of the diaqua speciesrahs 0.24
EE could not be determined accurately because of overlapping with 0.20
the region for deprotonation of the imino groups (ca. pH 8). 0.16 4
Kinetic Measurements.The HPLC fractions at different time points 2 012 m1
were normalized to the starting concentration of dinucleotide. For the
N NMR data, the concentrations of each species were measured from 0.08 1 M2 M3
the 2D N-H cross-peaks which were then normalized to the 1D proton 0.04-| UAPG J L,JV/V\
spectra by comparing the aromatic signals of the dinucleotides with 0.00 j_/A__J\ — "‘I“k“l“‘m

the methyl signals ofransEE. The concentration of the dinucleotide 16 20 24 28 32 36 40
was determined by UV. The concentrations of all species were evaluated
at each time point and used as input data for the kinetic analysis. The
appropriate differential equations were integrated numerically, and the Figure 1. Typical HLPC profiles. (a) Reaction betweerans-EE and
rate constants were determined by a nonlinear optimization procedured(APG) 48 h after mixing of the reactants. (b) Conversion of m1 to M1 by
using the program SCIENTIST (version 2.01, MicroMath Inc). In the addition of 1M NaCl.
kinetic analysis of the HPLC data, we used the hydrolysis constants . .
for trans-EE previously determined by NMR. The errors given for the M_urdOCh et ‘?‘EG have r?Ported thatin the sample of p!atlnated
calculated rate constants represent one standard deviation. oligonucleotide containgn3 M KCl, ca. 40% of the platinated
Molecular Modeling. A model of thetrans- EE/r(ApG) chelate was species had been converted to free DNA after 6 days. Being a
obtained by energy minimization and molecular dynamics calculations nNoninvasive direct metho#N NMR spectroscopy could, in
(BIOSYM) using distance constraints extracted from ROESY NMR principle, allow more reliable kinetic determinations than HPLC.
spectra. Therans-EE ligands were initially fixed in the conformation ~ However, for very slow reactions (weeks), the HPLC method
as determined by X-ray structure analy3isn the final calculation, is usually more convenient.
only the platinum and the four nitrogen atoms were fixed in a square-  |n each experiment depicted in Figure-g the amount of
planar arrangement. G—N7/monochloro adduct (M1) reaches a maximum after about
Results and Discussion 10 h. The minor product ml represents the K&//monoaqua
adduct and was identified by addition of 1M NaCl which
The kinetics study was performed by HPLC (reaction time represses the concentration of m1 in favor of M1 (Figure 1b).
of ca. 25 days). A typical HPLC profile, taken 48 h after mixing A similar behavior was also observed in the reactiotrafs-
transEE and d(ApG), is shown in Figure la. THeansEE EE with GMP 22 The reaction rates expressed by the half-life
platination reactions for d(ApG), d(GpA), and r(ApG) were (t,,,) of the free dinucleotides are r(ApG) 1.6 h, d(ApG) 2.3 h,
monitored for 25 days and the species distributions versus time,and d(GpA) 2.9 h. For r(ApG) and d(ApG), the M1 adduct
as determined by HPLC, are plotted in Figure—2a The undergoes a slow trans-chelation reaction forming a bifunctional
reactions were carried out in acidic solution, and the pH (ca. 4) (A—N3, G-N7) chelate (M2) which was isolated and character-
changed only slightly during the reaction. For d(GpA), the ized by NMR (see below). In contrast, for d(GpA) the M1
reaction was also carried out at an initial pH of 6.2 which adduct is not converted to a bifunctional chelate. HPLC analysis
dropped to 5.4 by the end of the reaction. In the latter case, theof the d(GpA) reaction mixture, recorded after two weeks,
reaction rate decreased significantly as the pH was raised, thaldisplayed only the M1 and m1 peaks (Figure S2). Also at acidic
is, t12 = 10.7 and 2.9 h for pH 6.2 and 4.0, respectively. pH, d(GpA) does not form M2 chelates (Figure S3). Evidently,
At each time point, aliquots were collected and immediately the chelate formation is favorable for ApG but not for GpA.
loaded on the HPLC column. Since each HPLC experiment  The proposed reaction mechanism is shown in Scheme 1 and
takes 36-50 min, the initial stage of the reactions is not well  the rate constants for each reaction step are listed in Table 1.
defined. A common procedure used to alleviate this problem is Expanding Scheme 1 by taking into account the direct substitu-
to add large amounts of KCI or KBr, as quenching agents to tijon pathways A~ M1 and M1— M2 gave rate constants for
arrest the reaction, before carrying out the HPLC analysis. these steps 2 orders of magnitude smaller than those for the
However, this method may lead to significant removal of steps via solvato species. In the fitting of the experimental data,
platinum from the platinated nucleotide before the HPLC these steps were left out. As expected, kievalues for the
analysis is completed and may introduce an extra source of error.formation oftransEE G—N7/monochloro adducts determined

Minutes

(25) Berners-Price, S. J.; Frenkiel, T. A,; Frey, U.; Ranford, J. D.; Sadler, P. (26) Murdoch, P. del S.; Guo, Z.; Parkinson, J. A.; Sadler, B. Biol. Inorg.
J.J. Chem Soc, Chem Commun 1992 789-791. Chem 1999 4, 32—-38.
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Figure 2. Experimental concentrations (HPLC data) and theoretically fitted
curves for the reaction of 1 mitans-EE with (a) 0.8 mM r(ApG), (b) 0.9
mM d(ApG), and (c) 0.9 mM d(GpA). Symbols: (*) free nucleotides) (
M1, (+) m1, (x) M2, (O) MS3; for (c) also €©) m2, ©) m3.

at acidic pH (4.0) are larger than the value determined for
d(GpA) at higher pH (6.2), indicating that at higher pH most

of the monoaqua species is transformed into the monohydroxo

species. The experimental data for the hydrolysis of the M1
speciesk, andk_4) could not be fitted properly in d(GpA) (fairly

large standard deviation) since for this latter sequence there is

no formation of A-N3/G—N7 chelate and two additional
species (m2 and m3) are formed after several weeks of reactio
time. These species are tentatively included in the fitting

procedure as mono adducts of adenine. The reaction rate for

formation of M2 is faster in r(ApG)ks = 5.1 x 107%) than in

n

d(ApG) ks = 2.1 x 107%). The same difference can be observed
also for the half-life of M1 which is longer for the d(ApG)
adduct {12 = 297 h) than for the r(ApG) addudty = 101 h).

Kinetics Study Performed by [*H, 1°N] HMQC NMR
(Reaction Time of ca. 1 Day).The reactions betweetnans
EE and the dinucleotides r(ApG), d(ApG), and d(GpA) were
also monitored by recording'H, ®N] HMQC spectra at
different time intervals. In the early stage of the reactions,
spectra with sufficient S/N were recorded every 5 min. Typical
HMQC spectra for the reaction betwegans-EE and r(ApG)
are shown in Figure 3. The assignment of the cross-peaks was
carried out by comparison with previously recorded spectra for
the reaction betweenans-EE and GMP26 After 45 min (Figure
3a), the strong cross-peaks (A) at 7.42/86.93 ppm and (B) at
7.51/90.29 ppm represeritansEE dichloro and transEE
monochloro/monoaqua species, respectively. Peaks at 7.79/89.51
and 7.96/93.83 ppm are assigned to thensEE G—N7/
monochloro (M1) andransEE G—N7/monoagua (m1) adducts,
respectively. The major peak (P) at 7.59/90.56 ppm is assigned
to thetrans EE monochloro/monophosphate species. The degree
of involvement of the phosphate buffer in binding to Pt-
complexes has often been a subject of controvérsiowever,
our assignment of the NH proton representing the PPOy
adduct is confirmed by comparison with thi[ 15N] HMQC
spectra obtained in the reactiontoeinsEE/GMP either in the
presence or in the absence of 20 mM phosphate btfffer.
Additional evidence in support of the given assignment was
obtained by recording th8P NMR spectrum (Figure S4) which
indicates that a platinum phosphate adduct is formed in solution
of transEE in phosphate buffer. In the HMQC spectrum
recorded afte6 h (Figure 3b), the new peak (m1) at 7.96/93.83
ppm is assigned to the monoadduct having a water molecule
trans to the coordinated-&\7. In the HMQC spectrum recorded
after 28 h (Figure 3c), one prominent new peak (Q) at 7.86/
93.53 ppm was assigned to the monoadduct having a phosphate
trans to the coordinated-@\N7. A HMQC spectrum recorded
after 18 days (data not shown) contains other cross-peaks
representing minor adducts which were not characterized.

The peak intensities versus time for the main products
produced during the first 20 h of theansEE/r(ApG) reaction
are plotted in Figure 4. Similar reaction profiles toans-EE/
(ApG) andtransEE/(GpA) are reported in Figure S5. Kinetic
fits to the reaction profiles were carried out according to the
first part of Scheme 1, and the rate constants for each reaction
step are listed in Table 2. The rate constdatandk-_; for the
hydrolysis oftrans-EE are reasonably close to those published
earlier for reaction ofrans-EE with GMP 16 The rate constants
for the reactions betwedrans-EE monochloro/monoaqua and
the dinucleotideskg) were almost 1 order of magnitude lower
than those determined by HPLC (Table 1) except Kgrof
d(GpA) which was measured at neutral pH.

The discrepancy between the rate constants obtained by HPLC
and those obtained ByN NMR spectroscopy is a consequence
of the different pH used in the two sets of experiments. For the
reactions in acidic solution (monitored by HPLC), thhians
EE monochloro/monoaqua complex is the dominant solvato
species in solution, while in the reactions at neutral pH
(monitored by fH, ®N] HMQC NMR), the dominant solvato

(27) Legendre, F.; Veronique, B.; Kozelka, J.; Chottard, JG@em Eur. J.

200Q 6, 2002-2010.
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Scheme 1. Proposed Mechanism for Reaction of trans-EE with r(ApG) or d(ApG)
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Table 1. Optimized Rate Constants (Standard Deviations in
Parentheses) for Platination of Dinucleotides (1—3) with trans-EE
at 298 K and pH = 4.0 £+ 0.2 (1and 2) and 6.2—5.4 (3). The
Reactions Were Monitored by HPLC

k

fraction oftransEE/r(ApG) and the 1D'H NMR spectrum of
free r(ApG) are shown in Figure 5.

One may notice two unusual features of the spectra related
to the adenosine residue: (i) an extreme downfield chemical

ke s
(Sfl.Mfl) k5 (5*1) (s*l.M*l)

0.064(20) 5.1(6) 106 0.014(2)
0.064(16) 2.1(1) 1076 0.0091(7)
0.0030(7)

ks
(sMY ke (s7)
1 r(ApG)y 0.33(2) 2.6(6)x 105
2 d(ApGF 0.38(3) 3.9(9)x 10°5
3 d(GpAP 0.095(7) 3.1(19% 105 0.099(66)

shift (Ao = 3.68 ppm) for the anomeric proton-Ad1' and (ii)

a relatively large downfield chemical shifA§ = 0.82 ppm)

for the aromatic proton AH2. In addition, most of the other
sugar protons on the adenosine residue exhibit significant
downfield shifts. The assignments of adenine H2 versus H8 were
confirmed by measuringd; relaxation times: A-H2 (4.2 s),
species is the monochloro/monohydroxo complex. The latter o —Hg (1.9 s), G-H8 (2.2 s). The cross-peak AHAH2' in
species is expected to be much less reactive toward nucleotideshe COSY NMR spectrum provides additional evidence for the
than the corresponding monoagua comgldr.conclusion, both  assignment of AH1L

HPLC and NMR eXperimentS indicate that there iS no Significant TO exp|ain the unusual Chem|ca| Shlft pattern for the adeno_
difference between ApG and GpA for monofunctional binding  sine resonances, one has to invoke a completely new model for
to transEE. the platinum coordination to the purine dinucleotide. For stereo-

Characterization of Isolated Monofunctional Adducts M1. chemical reason$|;ans_Pt Compounds are unable to cross-link

Table S1. Downfield shifts of the ©H8 resonances in the range  G—N7 coordination. Consequently, if @\7 is one of the

of 0.48-0.60 ppm are in accord with-&\7 platination. Other binding sites, the second binding site must be M8. This
resonances show only minor shifts (6.2 ppm). The assign-  model can account for both the large downfield shift of 42
ments were based on 2D COSY and ROESY speckia.  and the normal (for a N7 coordinated G) downfield shift of
measurements gave additional support for distinguishing be- g—Hs.
tween A-H2 (long T1) and A—-H8 (shortT) signals. Figure 15N Natural Abundance NMR. An elegant method for
S6 shows the ROESY spectra for the M1 adducts of r(ApG) proving the A-N3/G—N7 coordination of the dinucleotide was
and d(ApG). In each spectrum, cross-peaks between the methyhased orH-detected IH, 15N] HMBC (heteronuclear multiple
and methoxy groups dfans-EE and the sugar/base protons of  pond correlation) spectroscopy. This technique is characterized
the guanine and adenine residues are observed. The chemicaéy a very high sensitivity and can be applied to samples with
shifts of free r(ApG) and d(ApG) nucleotides are in accord with natural abundancéN.2%3°The 2D HMBC spectra recorded for
those published by van Hemelryek. free r(ApG) and its M2 fraction is shown in Figu6 a and b.
The cross-peaks in the 2l NMR spectra were integrated  The 15N resonances of &N7 and A-N3 are shifted upfield
and the intensities converted to distances using the us@al by 99 and 83 ppm, respectively, while the other nitrogen atoms

distance dependence and a'Mf" distance of 1.8 A as a  exhibit only minor downfield shifts. These results prove
measuring stick. The calculated distances were based on only
. H H H 28) van Hemelryck, B.; Girault, J.-P.; Chottard, G.; Valdon, P.; Laoui, A.;
one set of ROESY peaks; thus, the distance constraints obtained Chottard, J.-Clnorg, Chem 1987 26, 787~ 795,
were not very reliable. (29) Bax, A.; Summers, M. Fl. Am Chem Soc 1986 108 2093-2094.
Characterization of Isolated trans-Chelate Bifunctional (30) Chen, Y.; Guo, Z.; Sadler, P. J.@isplatin Chemistry and Biochemistry

of a Leading Anticancer Drud-ippert, B., Ed.; Wiley-VCH: Zurich, 1999;
Adducts M2. The 2D'H ROESY spectrum of the M2 HPLC

pp 293-318.
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Figure 3. [*H, ™N] HMQC spectra 6a 1 mM solution oftransEE/r(ApG)
(1:1), 20 mM phosphate buffer and 10%@ recorded after 45 min (a), 6
h (b), and 28 h (c).

conclusively that A-N3 is indeed involved in coordination to

Concentration (mM)

Reaction time (hours)

Figure 4. Experimental concentrations (NMR data) and theoretically fitted
curves for the reaction between 0.8 ntMnsEE and 0.9 mM r(ApG) in

20 mM phosphate buffer. Symbolsd) trans-EE; (O) transEE monoaqua/
monochloro; A) M1; (+) m1; (*) transEE monochloro/monophosphate;
(x) transEE G—N7/monophosphate.

Table 2. Optimized Rate Constants (Standard Deviations in
Parentheses) for the First Stage (ca. 1 Day Reaction Time) of the
Reaction between trans-EE and Dinucleotides 1—3 Performed at
298 K and pH 6.5 (20 mM Phosphate Buffer)2

k.
KA ko k(s (M
(07 (M-S (<1079 (x10)

1.3(1) 0.091(1) 1.19(6) 1.6(8)
1.7(1) 0.056(1) 1.2(1) 1(2)
1.5(1) 0.063(2) 1.4(8) 1(1)

ky(s™) k- ky(s™)
(x107%)  (M7's™) (x1079)
1 r(ApG) 2.00(7) 0.096(9) 1.2(1)
2 d(ApG) 2.72(8) 0.119(9) 1.6(1)
3 d(GpA) 2.59(5) 0.090(8) 1.6(2)

aThe reactions were monitored by, 5N] HMQC NMR spectroscopy.

AH8 AH2 GHS8
b \i AH1'  GHT'
AH2 AH8 GH8
a AH1' \I ! \H GH1'
L ‘ [ LL |
2
S T T A CHs
X ]
£ 34
o
o
v ek OCH,
4 . T : T T I
9 8 7 6
ppm (*H)

Figure 5. 'H NMR 1D and 2D spectra dfrans-EE/r(ApG) bifunctional
adduct M2 (a), and 1D spectrum of free r(ApG) (b).

platinum. Adenine N3 is the least basic site of the ring nitrogen adducts formed in the reaction @fansEE with r(ApG) are
atoms of adenine and only a few examples are known whereshown in Figure 7. Similar plots for d(ApG) and d(GpA) are

metal ions bind to A-N3.31-33
Dependence of Chemical Shifts upon pHThe differences
in coordination mode between monofunctional M1 and bifunc-

reported in Figure S7 of Supporting Information.
The pH dependence of -@48 chemical shifts confirms
platination at G-N7 in both adducts. The M1 protonation of

tional M2 adducts are clearly evident also from plots of chemical A—N1 (apparent l§, ~ 3) causes a large change in chemical

shifts versus pH. The pH titration curves for the M1 and M2

(31) Meiser, C.; Song, B.; Freisinger, E.; Peilert, M.; Sigel, H.; Lippert, B.
Chem Eur. J. 1997, 3, 388—-398.

(32) Price, C.; Shipman, M. A.; Rees, N. H.; Elsegood, M. R. J.; Edwards, A.
J.; Clegg, W.; Houlton, AChem Eur. J. 2001, 7, 1194-1201.

(33) Blindauer, C. A,; Emwas, A. H.; Holy, A.; Dvorakova, H.; Sletten, E.;
Sigel, H.Chem Eur. J. 1997, 3, 1526-1536.

shift of both A-H2 and A-H8 and, to a smaller extent, also
of G—H8. The situation is quite different for the adenine protons
of the trans-chelate M2. The invariance of the H2/H8 shifts may
indicate either platination at N1 or, alternatively, platination at
N3. The latter platination would produce &pshift of A—N1
below the range of pH explored. In support of the latter

J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002 12859
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Figure 8. Stereoview of the molecular model of trans-EE/r(ApG) (N3,
N7) adduct M2.

model was optimized by energy-minimization calculations using
constraints for contacts betwedransEE methyl/methoxy
groups and nucleotide protons. ThensEE ligands were
initially fixed in the conformation determined by an X-ray
structure analysi& In the final calculation, only the platinum

and the four nitrogen atoms were fixed in a square-planar
arrangement. The molecular model obtained by the minimization
process is presented as a stereopair in Figure 8. The results are
in qualitative agreement with the experimental data.

One important aspect of the model is the location of the
anomeric proton A-H1' close to the platinum center (2.29 A).
This may explain the very largeA¢ = 3.68 ppm) downfield
shift resulting from the paramagnetic anisotropy of platinum.

84 oooe a It has been shown that protons located at a pseudoaxial position
.\'x above a platinum center in square-planar complexes may
82l "“l:;--k\.‘ experience large downfield shifts. In the crystal structure of
N e, . A-H8 trans[PtCly(benzoquinoline)(PE)], a Pt--H distance of 2.53
g \ Temeeeee-ees A was found for a benzoquinoline proton, and in solution this
80r Y proton experienced a downfield shift of 2.75 pghTherefore,
sy, Twasassmn G-H8 the large downfield shift of AH1' is in accord with the A-H1'-
TS --Pt distance of 2.29 A suggested by our model. Similar results
781 T AH2 were observed in theansEE/d(ApG) adduct M2 for which
0 2 :t é é 1'0 1'2 1'4 the AHZ signal (9.80 ppm) was shifted downfield by 3.64 ppm.
H Another important feature of the proposed model is the close
P contact between the’ 2oxygen of the adenine ribose and
platinum. This may help in stabilizing the chelate geometry and
881 b could probably explain why r(ApG) forms the M2 chelate adduct
861 A—AAdabA—ad—dA-A-aA-bATAAGASAAL L, at a faster rate than d(ApG). d(GpA), on the other hand, does
' not form a chelate even after two weeks of reaction. In all cases,
84l oo AHB the first step in the reaction witllansEE is likely to be N7-
§ coordination of the guanine residue. For d(ApG) and r(ApG),
82 . ee i ne s the coordinated guanine will have the adenine residu€'-in 5
= \'\\_\ position. A B residue is usually able to reach over the
80r ~aumns G-HS coordinated metal moiety and to interact with it (this is the case
78 . . . , . . of the B-phosphate of a coordinate¢GMP which is able to

0 2 4 6 8

pH

10

12 14

Figure 7. *H NMR chemical shifts vs pH for AH8, G-H8, and A-H2

interact with a cis amine). In the case under investigation, the
two cis positions are kept by iminoether ligands; therefore, the
only chance for the adenine to interact with platinum is to reach

over the trans position and displace the coordinated water
molecule. Such a rearrangement is very rare in platinum
chemistry since it requires the closure of a very large chelate
ring; however, it is not forbidden. Therefore, a cross-link

spanning trans positions is formed by coordination efM3.

in the transEE/r(ApG) adducts M1 (a) and M2 (b).

hypothesis are the reported estimateskf palues for N1 and
N7, in N3-platinated N6,N6,N9-trimethyladenine,-6i..2 and
0.3, respectively!

Molecular Modeling. The distance constraints obtained from
the ROESY spectra of the r(ApG) M2 adduct were used, with (34) BIOSYM User Guide for Insight{version 2.3.5), Discover (version 2.9.5),
relatively wide margins for upper and lower distance limits, as and NMR Refine (version 2.3), 1993.

. X (35) Albinati, A.; Pregosin, P. S.; Wombacher |forg. Chem 199Q 29, 1812-
input data for the molecular modeling program BIOSY¥#T he 1817.
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Coordination to platinum of AN7 or A—N1 probably would 0.08
require a more severe stretch of the sugalvosphate backbone.

In the d(GpA), coordination to platinum of-@N7 places the
adenine residue in’ position, away from the metal center and 0.04
unable to give the trans-chelation reaction (the phosphate in 3 AU
position of a coordinated'85MP is unable to interact with a 0.02
cis amine).

Characterization of Isolated Binuclear Adducts MS3.
Another major adduct, M3, is formed tifans-EE is present in
excess with respect to the dinucleotide r(ApG) (Figure 1a). 1D
IH NMR spectra of this fraction are distinctly different from 100
those obtained for M1 and M2. The integration of the HD
spectra (Figure S8) indicates that the composition of M3 s}
corresponds to rlans-EE/r(ApG) ratio of 2:1. It can be shown
from ROESY spectra that the two sets of £BICH; signals at
3.75/2.46 and 3.72/2.40 ppm belong tans-EE bound to
adenine and guanine, respectively (see Table S2). The downfield
chemical shifts of GH8 (Ad = 0.60 ppm) and A-H8 (Ad =
0.82 ppm) indicate that both-eN7 and A-N7 are coordinated 20
to platinum. The pH profiles of the aromatic protons are shown
in Figure S9. The change in chemical shift of-88 gives a or
pKa ~ 8 for G—N1 deprotonation and is in accord with
platination at G-N7. Change in chemical shifts of-AH2 and

A—H8 protons gives al, ~ 1 for A—N1 in accord with Figure 9. HPLC traces for the reaction afansDDP with d(ApG); (a)
P after 371 h; (b) species distribution as a function of reaction time. Tentative
platination at N7 (Ka of 3.5 for free r(ApG)). assignment of the HPLC peaks representing different adductsan$
Reaction of trans-DDP with d(ApG). The A—N3/G—N7 DDP: (*) d(ApG); (a) M1; (x), (O), and Q) were not assigned, but one

chelation of adjacent purines observed in the reacticneofs of them most likely represents the bifunctional chelate M2.
EE with d(ApG) a_nd r(ApG) has never peen reportedtfan; Conclusions

DDP reactions with di- or oligonucleotides. Stereochemically,
transDDP should have the same ability aans-EE to form

0.06

12 16 20 24 28
Minutes

Integration (%)

Reaction time (hours)

This investigation has demonstrated, beyond any reasonable

an A-N3/G—N7 chelate. However, since the chelate formation d0ubt, that trans-oriented platinum complexes are capable of
is quite slow, it may not have been recognized yet. The reacticmformmg 1,2-bifunctional adducts with single-strand oligonucle-
betweertransDDP and d(ApG) was monitored both by HPLC otides. So far, formation of such a cross-link spanning two trans
and'™ NMR. The HPLC curves recorded over several hours F’OS“‘°”S has .bee.n observgd only in the. ApG sequence.and
of reaction time (Figure 9) show thaans DDP produces many involves coordlpatlon to platmum of adenine N3 and guanine
more adducts thatrans-EE. Only the first major adduct was N7(;i 23\?;/%0_5;'?'6 Cgotr)(limatlolrlimodgs such aﬁ\ﬂ/G—NB
separated by HPLC and characterized by NMR. This adduct is an / probably would require a much more severe
T . : stretch of the dinucleotide frame.
similar to thetransEE/d(ApG) M1 adduct with monofunctional . . o N .
platination at G-N7. Other adducts could not be separated in Th? first step in the reaction is coordination to_platlnum_ of
sufficient amounts to allow their characterization by NMR. The gl;anllne N7 follpwgd by a very.sIO\I/v t.rans-cEelatllon reactlo”n.
1D H NMR spectrum of the reaction mixture shows several The latter reaction is very rare in platinum chemistry (usually

overlapping resonances: however. after two weeks of reactionchelation occurs in cis positions) probably because it requires
. ppIng o S o formation of a very large ring. A distinct feature of this cross-
time, an A-H1' signal is well visible in about the same extreme

) " . link ing two t -positi i I downfield shift
low-field position as the A-H1' signal of the M2 compound nK Spanning two frans-positions 1S a very 1arge cownfiet shi

. . - N of the A—H1' proton (3.68 ppm); molecular models indicate
formed in the reaction ofransEE with d(ApG). The initial that this proton sits on the platinum atom at a distance of 2.29

rate for reaction ptransDDP Wi:[h d(Ap.G),' as expre§sed by A. The presence of this uniqueA11' resonance in the reaction
the d(ApG) half-life {2 = 3 h), is not significantly different ¢ 21 PPP with d(ApG) indicates that a similar adduct is

from that found intrans-EE (2 = 2.3 h). However, the half- (104 4150 in the latter case. Therefore, formation of aiNa/
life of the trans DDP/d(ApG) M1 adducttf, = 56 h) is shorter  5_N7 12 trans-chelate is not a peculiar feature of trans-

than those ofransEE/d(ApG) andirans EE/(ApG) M1 adducts  mingether platinum substrates but is general for trans-oriented
(tz = 297 and 101 h, respectively). Thus, the steric effect yainum substrates, although it might not be always the
imposed by the bulky iminoether ligands does not influence preferential reaction path.
significantly the reaction rate for formation of the monofunc- An interesting observation was the total absence of trans-
tional adducts but, instead, significantly influences the subse- chelate 1,2-cross-link formation in the reaction with the reverse
quent M1— M2 reaction. GpA sequence. This finding has been correlated with the
In conclusion, both HPLC anéH NMR data indicate that inability of the adenine in'3position of the G-N7 coordinated
also transDDP, like transEE, is able to form M2 chelates, = monofunctional Pt/r(GpA) adduct to reach over the platinum
and formation of cross-links spanning trans-positions appearscenter and to interact with it. Of course, the situation is very
to be an intrinsic property of trans-platinum complexes. different for an adenine in"fosition of a G-N7 coordinated
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Pt/(ApG) monofunctional adduct. This finding has an astonish-  Taken together, the results of this work open new perspectives
ing similarity with the adenine/guanine 1,2-intrastrand cross- in the mode of interaction of trans-oriented platinum drugs with

link formed in the reaction ofisplatinwith DNA. Also in this nucleic acids.
case, it is required that the adenine is ip&sition with respect
to the guanine base. Acknowledgment. We thank the Norwegian Research Coun-

Another noteworthy observation was the faster rate of forma- ¢ (contract 135055/432) and the Italian M.L.U.R. (Cofin. N.
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conFact between the’ 2xygen of the.adenine ribos_e gnd the of Turku, and other working group members of the COST
platinum center has been found. This result may indicate that Action D20

the A—N3/ G—N7 trans-chelate could play an important role
in the interaction of trans-oriented platinum substrates with RNA

sequences rather than with DNA. . ) . . .
chemical shifts, HPLC profiles!P NMR spectra, species dis-

Finally, a distinct feature of the ribo-dinucleotides, with re- >~ ="' )
spect to the deoxyribo sequence, was observed also in the for{fioution, and ROESY NMR spectra and tables of chemical

mation of the dinuclear adducts Pt-ApG-Pt. The coordination Shifts (PDF). This material is available free of charge via the
was exclusively at AN7/G—N7 in the former case while in  Internet at http://pubs.acs.org.

the latter case both AN7/G—N7 and A-N1/G—N7 adducts

were formed. JA027251N
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