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Abstract

The complex obtained by the reaction of cisplatin and 2'-deoxyadenosine-5"-monophosphate
(5’-dAMP) in water has been isolated and detected by electrospray ionization mass
spectrometry. The so-formed cis-[PtCI(NH3)2(5’-dAMP)]" complex has been studied in detail
by IR multiple photon dissociation (IRMPD) spectroscopy in two spectral ranges, namely
700-1900 cm™ and 2800-3800 cm™ backed by quantum chemical calculations at the
B3LYP/LACV3P/6-311G** level of theory.

In agreement with computational results, the vibrational spectroscopic characterization of the
cis-[PtCI(NH3),(5’-dAMP)]" shows that the sampled ionic population comprises two major
isomers, differentiated in the X-H stretching region by their distinct fragmentation pattern.
One of these species presents coordination of the platinum moiety at the N3 position of
adenine whereas in the second one platinum is bound at the N1 position of adenine. IRMPD
kinetics have allowed an estimation of their relative proportions. Surprisingly, the most
abundant component of cis-[PtCI(NH;),(5’-dAMP)]" results to be the N3 isomer, though
slightly less stable than the other potential isomers in the gas phase. In contrast, the lowest
energy species, namely the one showing cisplatin binding to the N7 position of adenine,
seems to be the one less represented in the sampled ion population. These findings suggest
that the reaction of cisplatin with 5°’-dAMP is governed by the kinetics of the process

occurring in solution rather than by thermodynamic factors.



Introduction.

Cisplatin (cis-diamminedichloroplatinum(Il)) has revolutionized anticancer therapy and is
nowadays one of the most widely prescribed drug for many cancers, including testicular,
ovarian, head, and neck cancer.' Although its mechanism of action has not yet been fully
characterized, it is generally accepted that the therapeutic activity of cisplatin proceeds
through metal coordination to nucleobases leading to crosslinks within DNA, which inhibit
replication and transcription processes, and cause ultimately cell apoptosis.””

It has been shown that the N7 position of guanine residues represents the most favored
binding site of cisplatin®, and that the interstrand or intrastrand crosslinks generally contain at
least one guanine residue. Studies on the interactions of cisplatin with the model
mononucleotide 2'-deoxyguanosine-5-monophosphate (5’-dGMP) confirm this finding. In
solution, it has been shown for example that in the cis-[Pt(NH3)2(5’-dGMP-H)]" complex, the
nucleotide forms a chelate complex by the N7 and an O atom of the phosphate group, with an
anti orientation of the nucleobase.”® Also our own infrared multiple photon dissociation
(IRMPD) studies characterizing the structure of the platinum complexes in the gas phase '
confirm the very strong affinity of cisplatin towards the N7 atom, as well as the macrochelate
nature of cis-[Pt(NH3),(5’-dGMP-H)]" complexes.

Besides guanine, the formation of crosslinks may also involve the adenine nucleobase.'
However, our recent IRMPD study points to a totally different coordination scheme for this
nucleobase. As a matter of fact, the IRMPD spectrum of the cis-[PtCI(NH;3)2(A)]" complex
(where A is adenine) is consistent with the presence of two major isomers involving
platination at either N1 or N3 centers of adenine.’

In the present contribution, we continue the structural characterization of ionic complexes

between cisplatin and biological targets such as the DNA building blocks by isolating them in



#1012 and extend our study to the interactions of cisplatin with 2'-

the gas phase
deoxyadenosine-5'-monophosphate (5’-dAMP).

Figure 1 displays the structure of 5'-d AMP with the conventional atom numbering.

< Figure 1 >

Moving from the simple adenine nucleobase to the mononucleotide, the possible binding sites
of cisplatin increase. In addition to adenine, platinum may also interact with the oxygen(s) of
the phosphate group and with the hydroxyl group of the 2’-deoxyribose moiety. The aim of
this study is to determine if increasing the size of the DNA building block will have an effect
on the coordination site of adenine. To this end, we exploited electrospray ionization (ESI)
coupled to ion trap mass spectrometry (either Paul type ion trap or Fourier transform ion
cyclotron resonance, FT-ICR, mass spectrometry) to mildly transfer the complexes generated
in solution into the gas phase where they are mass-analyzed and sampled by IRMPD
spectroscopy. The ensuing vibrational signatures are interpreted with the support of
theoretical DFT calculations. To perform IRMPD spectroscopy, mass spectrometry is
interfaced with the output of tunable and intense IR radiation sources as already well

14-1
documented.'*"’

Experimental
2.1 Materials
Cisplatin and 5’-dAMP were research grade products from commercial sources (Sigma-
Aldrich s.r.l. Milan, Italy) used without further purification. To generate the complexes of

interest, an aqueous solution of cisplatin ca. 1-10° M was allowed to stand overnight. Mixing



with a 5’-dAMP solution and appropriate dilution with water yielded the final solution of the
two analytes in isomolar ratio and concentration of 5-10” M.

2.2 IRMPD experiments

The complex of interest has been obtained as gaseous species by ESI of a water solution
prepared as described. Typical ESI conditions were a flow rate of 2-4 puL/min, capillary spray
voltage at —3.8 kV, nebulizer at 15 PSI, drying gas flow at 5 L/min, and drying gas
temperature at 300°C.

Two distinct energy ranges were considered for IRMPD experiments. First, the vibrational
modes associated with the XH (X = C, N, O) stretches were investigated by recording IRMPD
spectra in the 2800-3800 cm’ frequency range. To this purpose, an optical parametric
oscillator/amplifier (OPO/OPA, LaserVision) laser system coupled to a Paul ion trap mass
spectrometer (Esquire 6000+, Bruker Daltonics), has been employed as described

. 18,19
previously. ™

The typical output energy from the OPO/OPA laser operated at 10 Hz was 20-
25 ml/pulse. In the trap, ions were accumulated for 10 ms and then mass-selected prior to IR
irradiation. IRMPD spectra were recorded setting the irradiation time at 0.5 s.
Photofragmentation kinetics involved irradiation times varying from 0.3 to 20 s. Secondly,
IRMPD spectra were recorded in the fingerprint region (700-1900 cm™) using the beamline of
the free electron laser (FEL) of the Centre Laser Infrarouge d’Orsay (CLIO). For the present
study, the electron energy of the FEL was set at 36 and 45 MeV in two distinct runs, to
optimize the laser power in the frequency region of interest. The FEL beamline is coupled
with a hybrid FT-ICR tandem mass spectrometer (APEX-Qe Bruker) equipped with a 7.0 T
actively shielded magnet and a quadrupole-hexapole interface for mass-filtering and ion

accumulation, under control by the commercial software APEX 1.0. Mass-selection of the

complex under study was performed in the quadrupole and ions were accumulated in the



hexapole containing argon buffer gas for 0.5 s for collisional cooling prior to their transfer
into the ICR cell. The isolated charged complexes were then irradiated for 250 ms with the IR
FEL light, after which the resulting ions are mass-analyzed.”**'

IRMPD spectra are obtained by plotting the photofragmentation yield R (R = -
In[Zprecursor/ (Lprecursor + Zfragment)], Where Iprecursor and Ifragment are the integrated intensities of the
mass peaks of the precursor and of the fragment ions, respectively) as a function of the
frequency of the IR radiation.*’

2.3 Computational Details

Molecular orbital calculations were carried out using the B3LYP density functional,**

as
implemented in the Gaussian-09 set of programs.** The different structures considered have
been optimized using the 6-311G** basis set, without any symmetry constraint. In order to
describe the metallic center, we used the Los Alamos effective core potential (ECP) in
combination with the LACV3P** basis set.””*’ Harmonic vibrational frequencies were
estimated at this level to characterize the stationary points as local minima or saddle points,
and to estimate the zero-point vibrational energy (ZPE) corrections. In the perspective of
studying bigger systems, B3LYP/6-31G** calculations have been also performed, Pt being
described either with the SKBJ (Stevens, Krauss, Basch, Jasien) ECP+basis sets”™ or the
LANL2DZ approach.”>” It turned out that both the relative energies and vibrational spectra
are similar, regardless of the pseudo-potential and basis sets used to perform the calculations.
Consequently, these two alternate approaches could be used confidently for bigger complexes.
The infrared absorption spectra of the various structures were calculated within the harmonic
approximation. All calculated frequencies were scaled by a factor of 0.974 in the fingerprint

region and by 0.957 in the X-H stretch region for a better agreement with the experimental

spectrum. These scaling factors were previously adopted for the related, simpler complex cis-



[PtCI(NH;),A]" with good results.” However, a distinct treatment is required for the IR modes

involving the phosphate group. As reported in previous papers about phosphates 29‘31,

32-34 10, 35-40

phosphorylated amino acids and nucleotides , the scaling factors normally suitable
for the vast majority of vibrational modes are found to be systematically too low for the
stretching modes involving P—O bonds belonging to the phosphate group (as well as SO and

NO bonds in other contexts*'™*

), when compared with the experimental frequencies.
Examples reporting phosphate P-O and P=O stretches for different systems have indicated
that an appropriate scaling factor for the calculated harmonic frequency of these modes should

32-40
be close to or even greater than one.

In some studies, ‘usual’ scaling factors were adopted
above 1300-1350 cm™ while a using scaling factor equal or slightly above 1 for calculated
vibrations below 1300 cm™, namely the region of phosphate (P-OH, P=0 and P-OC)

36,37,39
stretches.™

In the present study we decided to use the same strategy as the one used for
cis-[PtCI(NH3),(dGMP)]" complexes, by employing a scaling factor of 0.974 for all IR
frequencies in the fingerprint range, and no scaling factor (that is 1) only for the frequencies
involving the P=0, P-OH and P-OC stretches of the phosphate group.'

Throughout this paper total energies are expressed in Hartrees and relative energies in kJ mol
!. For the sake of simplicity, the basis set used will be referred to as 6-311G** henceforth.

Detailed geometries (Cartesian coordinates) of all the structures mentioned in this paper are

available from the authors upon request.

3. Results and Discussion
Formation of the cis-[PtCI(NH3),(5’-dAMP)]" complex is observed soon after mixing the two
solutions containing either cisplatin or 5’-dAMP, respectively. Under usual ESI conditions, a

pronounced signal is observed at m/z 594-598, consistent with the formation of cis-



[PtCI(NH;)»(5’-dAMP)]", together with other species containing cisplatin bound to various
units or fragments of 5’-dAMP, as reported previously.’

The complete isotopic cluster at m/z 594-598 corresponding to the cis-[PtCI(NH3)2(5'-
dAMP)]" complex was isolated in the cell of the mass spectrometer to be submitted to IRMPD
spectroscopy. The lower panel of Figure 2 reports the experimental IRMPD spectrum
obtained in the X-H stretching region, namely 2850-3700 cm ™. The first important finding we
observed while studying the IRMPD process in this particular energy range is that the
photofragmentation pattern of cis-[PtCI(NH3)2(5’-dAMP)]" is different when one inspects
different absorption bands. This behaviour is indicative of the simultaneous presence of at
least two different isomers. The first photofragmentation pattern, observed in correspondence
with the features at 3493 and 3381 cm™, occurs along four different channels (Figure 3b).
There is the loss of an ammonia molecule to generate the cluster at m/z 577-581 and the loss
of HCI to yield the cis-[Pt(NH3)2(5’-dAMP-H)]" complex (cluster at m/z 558-562). The two
other fragmentation channels involve the cleavage of the N-glycosidic bond presumably
leading to either [PtCI(NH3)(A)(HPOs)]" (cluster at m/z 461-465, where the presence of the
chlorine atom is confirmed by the isotopic pattern) or cis-[PtCI(NH3),(A)]" (cluster at m/z
398-403), and [PtCI(NH3)(A)]" at m/z 381-385 (A stands for the adenine nucleobase, CsHsNs,
to be consistent with ref. °). In this first photofragmentation pattern the adenine residue is
always present in all the fragment ions. Conversely, the two major fragment ions observed in
correspondence with the absorptions at 3435 and 3546 cm™ are rather due to the loss of the
adenine nucleobase (A) yielding the cluster at m/z 459-463, and the one at m/z 441-445, the
latter involving also loss of a water molecule. It is worth noting that in the two bands at 3435
and 3546 cm™ one finds also minor photofragments due to the loss of ammonia and/or HCI.

(Figure 3c). The other bands, especially the intense feature at 3663 cm™, present both



photofragmentation channels (Figure 3a, Figure S1 and Table S1). In order to confirm that the
two different photofragmentation channels observed indeed correspond to at least two
different isomers in the sampled ion mixture, we first compare the IRMPD spectrum with the
calculated IR spectra of candidate structures for the cis-[PtCI(NH3),(5’-dAMP)]" complex. As
previously underlined, 5’-dAMP presents different platinum coordination sites. The N1, N3
and N7 positions of adenine are possible platination sites, but also the phosphate group may
bind to the cis-[PtCI(NH;),]" moiety. In particular, binding with a phosphate oxygen atom
may be consistent with the observed photofragmentation channel involving adenine loss.
However, as reported in the former study of the cisplatin interaction with nucleobases, the
IRMPD spectrum of the cis-[PtCI(NH3),(A)]" complex pointed to the presence of two major
isomers with metal binding to either the N1 or N3 atom of adenine, both showing the same
photofragmentation mass-spectrum.”

Calculations have therefore been performed taking into account all potential isomers, with cis-
[PtCI(NH3),]" coordinated to N1, N3, N7 adenine positions, as well as to the phosphate group.
These examined complexes present a highly flexible character so that multiple conformers
within each family of isomers need to be considered. Major differences concern the rotation
of the nucleobase about the N-glycosidic bond and the ribose ring-puckering. The so-called
syn (anti) conformation relates to all the structures where the A residue is oriented towards
(away from) the phosphate group. Regarding the sugar ring-puckering, optimization of the
different forms resulted in various sugar conformations. A complete scheme with all the
species investigated (showing relative free energies, coordination site, sugar arrangement,
orientation of the adenine unit, and intramolecular hydrogen bonds) is provided in the

Supporting Information.(Figure S2 — Table S2)



First, one has to emphasize that, regardless of the interaction sites, the most stable forms
systematically correspond to macrochelate structures resulting from the simultaneous
interaction of the metal with the adenine residue and the phosphate group. Comparing the
relative free energies calculated at 298 K for each individual family of isomers, the global
minimum corresponds to a conformer with metal coordination at the N7 position (Table S2.)
However, also N1 isomers have comparable stability. In fact, the most stable N1 conformer
lies only 3.8 kJ.mol" higher in energy with respect to the most stable N7 one. Interaction with
the N3 center results in slightly less stable macrochelate forms (+10.6 kJ/mol). On the other
hand, attachment of platinum at a phosphate oxygen atom (PO) gives rise to isomers lying
much higher in energy, the most stable PO conformers being located at 57.3 kJ.mol" above
the global minimum. Figure 2 reports the calculated spectra of the most stable or
representative conformer for each family of isomers, henceforth simply named as N7, N1, N3,
and PO, indicative of the platinum coordination site.

Comparing the experimental spectrum in the XH stretching range with the calculated spectra
gathered in Figure 2 and in Figures S3-S6 in the supporting information where two other
calculated spectra for each isomer are reported as well, it is possible to observe that the major
absorption at 3663 cm', highlighted in green, is matched by a band appearing in all structures
platinated on the adenine ring, namely NI, N3 and N7. Optimized PO structures show
absorption in this region that is either appearing at slightly higher frequency or is split in two
bands, as shown in Figure S6. Interestingly, the band at 3663 cm™ presents all
photofragmentation channels previously described and should then include multiple isomers.
For N1, N3 and N7 species, it combines both the PO-H stretch (in a ‘free’ state, namely not

involved in hydrogen bonding) and the O3’-H stretch (computed at ~ 3666-3672 and 3664-
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3665 cm™ respectively), that are active at closely spaced frequency in all the adenine ligated
complexes.

The two bands at 3435 and 3546 cm’, emphasized in blue (and characterized by the
prominent loss of adenine in the IRMPD process), match only with the calculated spectra of
N3 isomers (as also reported in Figure S4 on the supporting Information) and correspond to
the symmetric and asymmetric NH, stretching modes expected at 3434 and 3557 cm’,
respectively. These same vibrational modes are calculated at ~3388 and 3509 cm™ for both
N1 and N7 isomers and can thus account for the experimental bands at 3381 and 3493 cm™,
respectively (Figure 2, S3 and S5). These features, underlined in yellow, are characterized by
the common loss of NH3 and HCI as major fragmentation paths.

With regard to PO conformers, in no one case is the calculated IR spectrum compatible with
either pair of absorptions characteristic of a common isomer, namely the bands at 3381/3493
cm” or 3435/3546 cm™ (Figure 2 and S6). Indeed, the absorptions at 3493 and 3546 cm™ are
never found in the IR spectra of PO isomers. Furthermore, the band calculated at 3464 cm'l,
corresponding to the asymmetric NH; stretching modes for the PO isomer, is not revealed in
the IRMPD experiment.

Because these different frequencies are isomer specific, one can use IRMPD kinetics to probe

the relative population of the isomeric species.**”"'

First, IRMPD kinetics were performed at
the frequency of 3663 cm™'. The results, presented in Figure 4, are plotted recording the decay
of the total abundance of the whole isotopic cluster of the precursor ion, namely Irecursor /
(Zprecursor + Iiragment), Where Lyiccursor and Iagment are the integrated intensities of the mass peaks
of the precursor and of the fragment ions, respectively, as a function of the laser irradiation

time. At 3663 cm’', nearly complete depletion of the precursor ion abundance, approximately

96 %, is observed and the kinetics conform to a neat exponential decay. The almost complete
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depletion indicates also that there is a good overlap of the IR beam with the ion cloud in our
experimental setup. Based on this evidence and considering that this frequency is IR active for
all N1, N3 and N7 isomers as well as PO conformers, the practically complete depletion of
the precursor ion is indicative that all the species present in the sampled ion mixture undergo
IRMPD in the XH (X= C, N, O) stretching region examined. The absence of bands for
(a)symmetric NH; stretching modes expected from the PO isomers allows us to discard this
family of isomers as possible candidates, in agreement with their relatively high free energy.
Also shown in Figure 4, the photofragmentation kinetics studied at 3435 cm™, corresponding
to an absorption present only in N3-ligated complexes, conform to a monoexponential decay.
However, in this case, the depletion of the precursor ion is not complete, ending with an
unreactive fraction of 48 %. Thus, a contribution of approximately 52 % can be estimated for
N3 species. The kinetics recorded at 3493 cm™, pertaining to an absorption common to both
N1 and N7 family of isomers, do not reach a plateau even after 20 seconds of laser irradiation
time (Figure 4). At this frequency the extrapolation of exponential decay reveals an unreactive
fraction of approximately 60 %. In conclusion, the IRMPD experiments in the X-H stretching
region allow asserting that the ionic population representing the cis-[PtCI(NH3),(5’-dAMP)]"
complex may include up to three families of different isomers. The most abundant is the N3
isomer, characterized by a photofragmentation channel mainly associated with adenine loss.
Because the metal is directly bound to an adenine nitrogen atom, dissociation of the
nucleobase is somewhat unexpected. This unanticipated fragmentation channel may find an
explanation considering the proximity of cis-[PtCI(NH3),]" to the sugar and phosphate units,
that can assist the loss of adenine by an intramolecular nucleophilic attack at the metal.

The spectrum calculated for N3 and depicted in Figure 2 also shows two absorptions at 3295

and 3348 cm'l, attributed to asymmetric stretching of N-H bonds within NH; and N’Hj
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ligands, respectively, which can account for the experimental signals at 3283 and 3347 cm™.
Finally, two bands computed at 3214 and 3235 cm™ are not observed in the experiment.
However, these features are due to N-H stretching modes of a group involved in a hydrogen
bond with the phosphoric functionality. It is well documented in the literature that X-H
stretching modes involved in hydrogen bonding are hardly observed when the
photofragmentation process requires more than one photon to reach the threshold

fragmentation energy.”*>>

Together with a major fraction of N3, the other species contributing
to the observed IRMPD spectrum may include N1 and N7 isomers, characterized by
comparable stability. The IRMPD experiment in the X-H stretching region does not allow to
make an explicit assignment. In fact, the most stable conformers of both N1 and N7 families
present quite comparable vibrational signatures (see Figure 2) if one excludes the PO-H
stretching mode involved in a hydrogen bond with the sugar ring oxygen and computed at
3261 cm™, but not observed experimentally probably for the reasons just mentioned above.
Consequently, in order to gain a more detailed characterization of the cis-[PtCI(NH3)2(5’-
dAMP)]" ion population, IRMPD spectra have been recorded also in the fingerprint range and
compared to the calculated IR spectra of the same exemplary N7, N1 N3 and PO isomers, as
reported in Figure 5.

The experimental IRMPD spectrum of the cis-[PtCI(NH3)2(5’-dAMP)]" complex, recorded
between 700 and 1900 cm', is very rich and presents many distinct features, namely at 923,
958, 1100, 1271-1340 and 1600-1648 cm’ (Figure 5a). Other weaker bands are found at 870,
1042, 1164, 1417 and 1480 cm™. Clearly, this fingerprint domain presents a highly complex
pattern, but unlike what was observed in the X-H stretch region, the photofragmentation

pattern of the cis-[PtCI(NH3),(5’-dAMP)] complex is not wavelength-dependent in the

fingerprint. Comparing the calculated spectra with the experimental one, we can easily
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exclude the presence of the PO family in the ionic cis-[PtCI(NH;3)x(5’-dAMP)]" adduct under
examination, confirming the previous evidence obtained in the X-H stretching region. In
particular, we note that the most active band at 1173 c¢cm™ in the IR spectrum of the PO
isomer, associated with the P=O-Pt stretching, appears in a quite flat region in the
experimental spectrum. Focusing on the three isomers bearing the (NH;),PtCl" moiety bound
to adenine, the best fit between the experimental spectrum and the calculated ones pertains to
the N1 isomer. However, the calculated spectrum of N3 also features most of the bands at
closely similar frequency as the ones in the IR spectrum of N1. Thus, the presence of this
isomer is also compatible with the experimental spectrum. Therefore, both N1 and N3 isomers
can account for the cis-[PtCI(NH3)2(5’-dAMP)]" ion population and their contribution is
confirmed also in this spectral range. The fact that both N3 and N1 isomers share most
common calculated features also explains why discriminating between the two different
fragmentation channels is not feasible in the fingerprint range. Interestingly, although N7 is
favoured based on thermodynamics grounds, it appears to be the less represented in the
sampled population. In fact, the agreement between the calculated spectra for this family of
isomers and the experimental IRMPD spectrum is globally less good. In particular, one may
note in Figure 5 that the observed band at 1648 cm™ is instead expected at about 1628 cm’'
for all N7 conformers. This band combines two vibrational modes, namely the NH; scissoring
and the C6-NH; stretching, and is well interpreted by the IR spectra of both N1 and N3
isomers, with a predicted maximum at 1646 and 1639 cm’, respectively. Ultimately, the
evidence obtained from the analysis of the experimental IRMPD spectrum in the fingerprint
range suggest a dominant contribution of N1 and N3 in the sampled cis-[PtCI(NH3)2(5’-
dAMP)]" complex, even though a minor role of N7 cannot be discarded. The observed pattern

finds a counterpart in the previously reported study of the cis-[PtCI(NH3)»(A)]" complex.” In
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this particular complex, the presence of an iso4mer from N7 platination was excluded
precisely because the band associated with the NH, scissoring mode was expected at much
lower wavenumber compared to what was found in the experimental spectrum. In that case,
the gap found between the calculated and experimental features was much higher, 1602 cm™
instead of 1658 cm™.” The present results and the formerly reported characterization of the
cis-[PtCI(NH3),(A)]" complex may be viewed from a unifying perspective if one considers
that cis-[PtCI(NH3)2(A)]" was delivered in the gas phase from the reaction of cisplatin with
5’-dAMP. It is reasonable to assume that the kinetically favoured sites of attack by cisplatin
onto 5’-dAMP will be the same, either revealed on the intact cis-[PtCI(NH3)2(5’-dAMP)]"
complex presently illustrated, or in the cis-[PtCI(NH3)2(A)]" fragment sampled by the ESI
process. Therefore, an only modest contribution of N7 isomers in the assayed cis-
[PtCI(NH;)»(5’-dAMP)]" complexes is consistent with the observations already reported
about the simple adenine adducts. Because according to our calculations the N3 isomers are
slightly less stable than the N1-N7 isomers, if the relative Gibbs free energy order obtained is
correct, the significant presence of N3 in the cis-[PtCI(NH3),(5’-dAMP)]" population sampled
in the ion trap may be a reflection of kinetic trapping of the primarily formed species from the
reaction between cisplatin and 5°-dAMP.***7 In a further effort to gain an insight into the
process occurring in solution, we have performed additional calculations taking solvation into
account through the use of the polarized continuum model (PCM). The results are reported in
the Supporting Information (Table S3). Using this formalism, solvation further stabilizes the
N7 isomers, confirming that thermodynamic criteria fail to justify the formation of the
prevailing isomeric complexes. These finding is not new in the chemistry of platinum(II)
complexes where initial, so-called metastable products tend to evolve to more stable isomers

upon standing.”® According to an interesting suggestion by a referee, an alternative
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explanation for the minor contribution of the N7 isomer in the sampled cis-[PtCI(NH3)(5°-
dAMP)]" population may lie in the peculiar structural features that characterize the two most
stable species, N7a and N7b. Both species present the PtCI(NH;3), group oriented in such a
way that a facile elimination of HCI can take place without any adverse effect on the
hydrogen bonds that stabilize these geometries. The N7 isomers could thus undergo selective
depletion in the ESI process and therefore their contribution be underestimated, leaving N1b
and N3a as the two most thermodynamically favorable species present in the ion population.
The closeness (0.7 kJmol™) in Gibbs energy of these two species would then be relatively
consistent with a roughly 50:50 population as indicated by the kinetics experiments. Support
to this hypothesis was sought by sampling the product of HCI loss that appears in the ESI
mass spectrum, namely the cis-[Pt(NH;3)»(5’-dAMP)-H]" ion. However, the IRMPD spectrum
reported in Figure S7 in the supporting information shows a clear N3 “signature”. Additional
features of lower intensity also appear in the IRMPD spectrum. They do not comply,
however, with a major contribution of N7-derived species in the assayed population.

Having established that a major component in the IRMPD spectrum is due to N1 and N3 one
may refer to these isomers to interpret the origin of the experimental bands as illustrated in
Table S4 (Supporting Information). In particular, the pronounced band at 1271 cm™ is related
to the P=0O stretching mode combined with the umbrella mode of ammonia and various
bending modes of the C’-H bond. The band at 923 cm™ corresponds to the P-OH stretching
and bending modes expected at 922 and 925 cm™ for N1 and N3, respectively, sugar ring
breathing being also observed for the former. The signals detected at 958 and 1045 cm™ may
correspond to vibrational modes computed for N1 structures and combining P-OC stretch
with sugar ring breathing. The feature at 1100 cm™ is the combined C4’-O and C5’-O-P

stretching modes computed at 1086 and 1120 cm™ for N1 and N3, respectively. The small
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feature detected at 1480 cm™ could be interpreted as adenine ring breathing and particularly
the stretching of the N3-C4 bond. Finally, both N1 and N3 forms nicely reproduce the very
strong signal detected above 1600 wavenumbers and dominantly associated with the NH;
scissoring mode and the stretching of the C6=N bond, as mentioned previously (vide supra).
Conclusions

The IRMPD spectra of the cis-[PtCI(NH3),(5’-dAMP)]" complex show that the sampled ionic
population comprises two major isomers, characterized in the X-H stretching region by
individual resonances showing a different fragmentation pattern. Unexpectedly, the most
abundant one shows coordination of platinum at the N3 position of adenine. The second one
presents metal coordination at the N1 position of adenine and is slightly more stable than the
N3 isomer. The negligible contribution of complexes binding the cisplatin moiety at the N7
position of adenine, in spite of being the lowest energy species, could be explained by the fact
that the reaction of cisplatin with the 5°-dAMP is governed by kinetic rather than
thermodynamic factors. Although sterically more hindered, the kinetically preferred platinum
coordination site results to be the adenine N3. This unexpected reactivity may open the way to
the synthesis of new transplatin compounds with promising performance in the formation of
intrastrand cross-link between N3 position of adenine and the N7 position of guanine.
Interestingly, although it is commonly held that the N3 site of adenine is not favored for
electrophilic attack on adenine'', there is ample recent evidence made by IRMPD action
spectroscopy showing that the N3 position is in fact favored in the protonation and alkali
metal cation attachment of both the free base and adenine” DNA and RNA nucleosides™ '

. 39
and nucleotides.

Also UVPD® and IRMPD® spectroscopy of alkali metal cation-adenine complexes and their

hydrated forms confirm that N3 binding is preferred in a bidentate fashion with the N9
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position on the tautomer A7 and support the view that N3 attack has likely been unduly
undervalued.
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Figure 1. Chemical structure of 2’-deoxyadenosine-5’-monophosphate.

Figure 2. Experimental IRMPD spectrum of the cis-[PtCI(NH3)x(5’-dAMP)]" complex
(bottom) in the X-H (X = C,N,O) stretch region compared to IR spectra of exemplary isomers
computed at the B3LYP/ 6-311G** level. See text for details.

Figure 3. Mass spectrum following selection of the isotopic cluster at m/z 594-598, cis-
[PtCI(NH;),(5’-dAMP)]" recorded after irradiation by IR light at a) 3663 cm™ b) 3493 cm™
c) 3435 cm’. The insets present enlarged portions of the mass spectrum.

Figure 4. Decay of the precursor cis-[PtCI(NH3),(5’-dAMP)]" ion abundance plotted as a
function of irradiation time. For each selected wavenumber, the equation of the fitting
exponential decay is reported.

Figure 5. Experimental IRMPD spectrum of the cis-[PtCI(NH3)x(5’-dAMP)]" complex
(bottom) in the fingerprint range compared to the IR spectra of exemplary isomers computed

at the B3LYP/ 6-311G** level. See text for details.
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Figure 1. Chemical structure of 2’-deoxyadenosine-5’-monophosphate.
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Figure 2. Experimental IRMPD spectrum of the cis-[PtCI(NH3)x(5’-dAMP)]" complex
(bottom) in X-H (X = C,N,0) stretch region compared to IR spectra of exemplary isomers
computed at the B3LYP/ 6-311G** level. See text for details.
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Figure 3. Mass spectrum following selection of the isotopic cluster at m/z 594-598, cis-
[PtCI(NH;),(5’-dAMP)]" recorded after irradiation by IR light at a) 3663 cm™ b) 3493 cm™

c) 3435 cm’'. The insets present enlarged portions of the mass spectrum.
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Figure 4. Decay of the precursor cis-[PtCI(NH3)2(5’-dAMP)]" ion abundance plotted as a

function of irradiation time. For each selected wavenumber, the equation of the fitting

exponential decay is reported.
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Figure 5. Experimental IRMPD spectrum of the cis-[PtCI(NH3)x(5’-dAMP)]" complex
(bottom) in the fingerprint range compared to the IR spectra of exemplary isomers computed

at the B3LYP/ 6-311G** level. See text for details.
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Synopsis: The gas-phase structures of the species obtained by the reaction of cisplatin and 2'-
deoxyadenosine-5'-monophosphate (5’-dAMP) are investigated by infrared multiple photon
dissociation (IRMPD) action spectroscopy combined with quantum chemical calculations.
IRMPD kinetics experiments indicate that the most abundant component in the sampled cis-
[PtCI(NH;)»(5’-dAMP)]" ion population is the isomer platinated at the N3 position of adenine,

in spite of being the less stable one among the potential candidates.
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