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Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been used to probe the interaction
of the anticancer drug cisplatin with oligonucleotides. The binding kinetics, the nature of the adducts formed, and
the location of the binding site within the specifically designed double-stranded DNA oligonucleotides, ds(GTAT-
TGGCACGTA) and ds(GTACCGGTGTGTA), were determined by recording mass spectra over time and/or employing
tandem mass spectrometry (MS/MS). The FT-ICR MS studies show that binding to DNA takes place via a
[Pt(NH3)2Cl]+ intermediate prior to formation of bifunctional [Pt(NH3)2]2+ adducts. Tandem MS reveals that the
major binding sites correspond to GG and GTG, the known preferred binding sites for cisplatin, and demonstrates
the preference for binding to guanosine within the oligonucleotide. The obtained results are discussed and compared
to published data obtained by other mass spectrometric techniques, NMR spectroscopy and X-ray crystallography.

Introduction

Platinum complexes such as cisplatin, carboplatin, and
oxaliplatin (Figure 1) are widely used drugs for the treatment
of cancer.1 DNA is generally accepted to be the critical target
for platinum-based compounds,2 which induce structural
modifications on the helix, that ultimately lead to apoptosis.1

It has been shown that cisplatin binds to the purine-N7 of
DNA bases in cell free media, mainly causing intrastrand
adducts between adjacent guanine residues (pGpG) or
neighboring adenine and guanine residues (pApG) as well
as interstrand adducts and monoadducts.3-5 These binding
interactions have been confirmed in vivo by analysis of
leukocytes extracted from venous blood of cisplatin-treated
patients. The adducts were characterized as mainly pGpG
intrastrand cross-links (65%), followed by pApG intrastrand

cross-links (22%), interstrand and/or intrastrand cross-links
on pGpXpG sequences (13%) and monofunctional adducts
(<1%).6 Notably, the treatment response of cancer patients
suffering from ovarian or testicular cancer has been correlated
to the level of intrastrand adducts formed.7-9

Many different techniques have been used to characterize
the interaction of metallodrugs with DNA, including NMR
spectroscopy, capillary electrophoresis (CE), high-perfor-
mance liquid chromatography (HPLC), X-ray diffraction* To whom correspondence should be addressed. E-mail:
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Figure 1. Structures of Pt compounds in worldwide clinical use for the
treatment of various cancers.
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analysis and mass spectrometry.6,10-17 NMR spectroscopy,
mass spectrometry and X-ray diffraction have proven to be
the most useful for the structural characterization2 of
nucleotide- and other DNA model-Pt complex adducts, as
reported for cisplatin,18-23 and other platinum com-
plexes.13,17,24,25 CE and HPLC are mainly used for determin-
ing binding kinetics for the reaction of complexes with
nucleotides, sometimes in combination with MS character-
ization.13,26-35 Mass spectrometric methods, based on dif-
ferent ionization sources and analyzers, have emerged as
important tools in (bio)analytical studies especially when
coupled to modern separation techniques.14,15,34-40 In recent
years, the interaction of cisplatin and other antitumor drug

candidates with proteins, being the first potential interaction
partners in the blood stream after intravenous administration,
has been studied using various MS methods.37,41-45 The
transport proteins in human serum such as transferrin and
albumin are of interest with regard to drug delivery, but also
smaller proteins, such as cytochrome-c, glutathione S-
transferase, and ubiquitin, have been studied to provide
mechanistic information.15,39,46-52

Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS) is unrivaled in terms of mass resolution
and accuracy,53 and ideally suited for studying the interaction
of metallodrugs with biomolecules.39,54 The reaction of
anticancer drugs with proteins allows unambiguous charac-
terization of the adducts based on MS/MS,54 including, for
example, binding site determination of cisplatin, transplatin,
and oxaliplatin on ubiquitin.39 To the best of our knowledge,
FT-ICR MS has not previously been used to study interac-
tions between metal drugs and oligonucleotides, or to
determine the binding site of metallodrugs on an oligonucleo-
tide using a top-down approach. In this report, the application
of FT-ICR MS to probe the interactions of cisplatin with
double-stranded DNA oligonucleotides is presented, and the
results are compared to X-ray crystallography, NMR spec-
troscopic, and other mass spectrometric data from the
literature.

Experimental Section

Chemicals and Sample Preparation. HPLC-purified double-
stranded 13-mer oligonucleotides (ds(5′GTATTGGCACGTA) - ds1,
and ds(5′GTACCGGTGTGTA) - ds2, see Table 1 for details) were
obtained as 0.2 mM aqueous solutions from A/S Technology
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(Denmark) and checked by PAGE (20%), followed by ethidium
bromide staining, for complete annealing and homogeneity upon
delivery.55 The migration behavior of the double strands was
compared to the respective single strands.

Ammonium acetate (>99.99%) and cisplatin were purchased
from Sigma-Aldrich (Buchs, Switzerland), and HPLC-grade sol-
vents (water, methanol, and n-propanol) from Acros (Beel, Belgium).

To study the binding kinetics of cisplatin toward the oligonucle-
otides, cisplatin was freshly dissolved in water and incubated in
Eppendorf tubes with the respective double-stranded oligonucleotide
in an effective complex/oligonucleotide ratio of 60:20 µM for up
to 50 h at 37 °C in a thermomixer at 300 rpm in the dark.
Evaporation was minimized by sealing the tubes with parafilm.
Aliquots of 30 µL were taken after 0.25, 1, 3, 6, 15, 21, and 50 h
and stored at -20 °C until analysis by mass spectrometry.

Nanoelectrospray Ionization Fourier Transform Ion Cyclo-
tron Resonance Mass Spectrometry (nESI FT-ICR MS). In order
to minimize exposure of DNA to high concentrations of organic
solvents, which are essential for stable spraying, aqueous samples
were thawed and diluted immediately prior to analysis 1:10 with a
1.1 mM solution of ammonium acetate in water/n-propanol/
methanol giving a ratio of 30/5/65 and a final DNA concentration
of 2 µM.

For electrospray ionization mass spectrometry, the samples were
placed into a 96-well plate in an Advion TriVersa robot (Advion
Biosciences, Ithaca, NY) equipped with a 5.5 µm-nozzle chip. The
ESI robot was controlled with ChipSoft v7.2.0 software employing
the following parameters: gas pressure 0.40 psi; voltage 1.8-2.0
kV; sample volume 10 µL. The samples were analyzed in negative
ion mode using a hyphenated ion-trap-FT-ICR mass spectrometer
comprising an LTQ XL and an 11 T FT-ICR MS (both Ther-
moFisher Scientific, Bremen, Germany). The Xcalibur software
bundle was utilized for data acquisition (Tune Plus version 2.2 SP1;
ThermoFisher Scientific) and data analysis (Qual Browser version
2.2; ThermoFisher Scientific).

Mass spectra were recorded at a resolution of 75000 at 500 m/z
for m/z 350-2000 and 400-1500 for full spectra and MS/MS,
respectively. One scan consisted of 5 microscans and the spectrum
was averaged over at least 50 scans. For tandem MS analysis, the
most abundant charge state of the [Pt(NH3)2]2+ adduct peak was
fragmented by collision induced dissociation (CID) in the linear
ion trap with subsequent product ion transfer into the ICR cell for
high resolution detection and infrared multiphoton dissociation
(IRMPD), performed directly in the ICR cell using 10.6 µm CO2

laser. The experimental parameters are summarized in Table 2.
Data Analysis. XCalibur software (version 2.0.5) was applied

for offline recalibration of the recorded full-spectra, using the charge
distributions (4-9-fold negatively charged, see Supporting Informa-
tion) of a single-stranded, unplatinated oligonucleotide, improving
mass-accuracy from approximately 2 ppm to <1 ppm for nearly
all identified peaks. The full spectra recorded for the kinetic study

were deconvoluted using ProMass (ThermoFisher Scientific). For
semiquantitative analysis of the binding kinetics, the charge state
exhibiting equal intensities of the two corresponding unmodified
single strands was chosen. Relative peak intensities, normalized to
the highest peak of the investigated charge state, were plotted
against the incubation time with ds1 or ds2. For MS2 data analysis,
at least two assignable unplatinated fragments, being present in both
the IRMPD and CID spectra, were used for offline recalibration
(see Supporting Information, Table S1). Routinely, all signals with
an intensity of >1% were selected for interpretation and for
platinum free fragments the web-based Mongo Oligo Mass calcula-
tor v2.06 (http://library.med.utah.edu/masspec/mongo.htm) was used
for assignments.56 The platinum containing adducts could be
unambiguously identified by their characteristic isotopic distribu-
tions (Figure 2, top) as well as by the formation of a daughter peak
due to the loss of an ammine ligand. The [Pt(NH3)2]2+ (or
[Pt(NH3)]2+) adduct was subtracted and the resulting platinum-free
mass of the oligonucleotide was identified with the Mongo Oligo
Mass calculator. Additionally, theoretical and measured isotopic
patterns for all identified Pt-containing fragments were compared
and their mass accuracy was calculated.

Results and Discussion

Cisplatin is known to bind primarily to the N7 of guanine
residues, especially when two guanine moieties occupy
adjacent position on the DNA strand. More generally, it has
been reported that TGGC is the preferred DNA binding
sequence for transition metals.57 Therefore, an oligonucle-
otide (termed ds1) was designed with the preferred Pt binding
site (GG) embedded within a TGGC sequence, with the
complementary strand comprising a binding site of secondary
importance (GTG). A second oligonucleotide (termed ds2)
contained the TGGC binding site in both strands (see Table
1).

nESI FT-ICR MS Spectra of Oligonucleotides. Spectra
of the investigated 13-mer double-stranded oligonucleotides
(ds1 and ds2) were recorded in negative ion mode and
detected as their corresponding single-stranded oligonucle-
otides (S1/S1c and S2/S2c) with charge states between -4
and -9. Unplatinated S1c or S2c were used for offline
internal recalibration. Separation of the double-stranded
oligonucleotides into their complementary single strands was
always observed, irrespective of the degree of platination,
the spraying conditions and the solvent composition (con-
centration of organic solvent, use of buffer or pure water,
etc.), as expected for the chosen system.58-60 Strand separa-
tion facilitates the interpretation of tandem mass spectra since
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1, pp 5.40-45.46.
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York, 1996; Vol. 32, pp 419-451.

Table 1. Primary Structure of Four Single-Stranded Oligonucleotides
(S1, S1c, S2 and S2c), Forming Two Double-Stranded Oligonucleotides
(ds1 and ds2)

oligonucleotide mass (g/mol)

ds1 5′HO-GTATTGGCACGTA-OH3′ (S1) 3989.6
5′HO-TACGTGCCAATAC-OH3′ (S1c) 3918.6

ds2 5′HO-GTACCGGTGTGTA-OH3′ (S2) 4005.6
5′HO-TACACACCGGTAC-OH3′ (S2c) 3903.6

Table 2. Instrument Parameters for the FT-ICR MS Experiments

MS/MS

Full MS IRMPD CID

AGC 1 × 106 5 × 105 5 × 105

max injection time (ms) 500 1000 1000
isolation width (m/z) 5 5
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the adducts could be assigned to one of the strands. The FT-
ICR mass spectrum for a 50 h incubation of ds1 with cisplatin
is shown in Figure 2 together with details of the experimen-
tally observed signals and corresponding theoretical patterns
for unplatinated single-stranded species [S1 - 5H]5- at
m/z 796.73431, singly platinated [S1 + Pt(NH3)2 - 7H]5- at
m/z 842.13429 and doubly platinated [S1 + 2Pt(NH3)2 - 9H]5-

at m/z 887.73541. Because of the characteristic isotope
distribution of platinum, the Pt-free, singly and doubly
platinated oligonucleotide signals can easily be distinguished
(Figure 2).

The relative intensities of S1 and S1c are dependent on
the charge state: when analyzing the unplatinated oligomer
ds1, the peaks assigned to S1 are more intense than S1c for
charge states g -7, whereas the peaks for S1c for the charge
states < -7 have a higher relative intensity. This bias in
ion abundance has previously been attributed to slight
differences in the hydrophobicity and the Gibbs free energy

of solvatization between nucleotides.61 The bias observed
here is also dependent on the charge state and therefore slight
differences in the pKa values (with S1 < S1c) may also
contribute.

Binding Kinetics. Deconvoluted spectra following the
binding kinetics of cisplatin to ds1 for up to 50 h in water at
a complex-to-oligo nucleotide ratio of 3:1 (equal to ap-
proximately 1 platinum per 4 basepairs) are shown in Figure
3. The first observable adduct is the [Pt(NH3)2Cl]+ adduct
with a mass of 4252.7 and 4181.7 Da for S1 and S1c,
respectively. With time these peaks decrease in intensity
relative to those corresponding to the bifunctional [Pt-

(58) Bayer, E.; Bauer, T.; Schmeer, K.; Bleicher, K.; Maier, M.; Gaus,
H.-J. Anal. Chem. 1994, 66, 3858–3863.

(59) Wan, K. X.; Gross, M. L.; Shibue, T. J. Am. Soc. Mass Spectrom.
2000, 11, 450–457.

(60) Gupta, R.; Kapur, A.; Beck, J. L.; Sheil, M. M. Rapid Commun. Mass
Spectrom. 2001, 15, 2472–2480.

(61) Null, A. P.; Nepomuceno, A. I.; Muddiman, D. C. Anal. Chem. 2003,
75, 1331–339.

Figure 2. FT-ICR mass spectrum of ds(5′HOGTATTGGCACGTA3′) (ds1), incubated with cisplatin for 50 h with an oligonucleotide/Pt ratio of 1:3 (bottom).
Effective spraying conditions (1 mM ammonium acetate and 2 µM oligonucleotide in methanol/water/n-propanol ) 65:30:5) lead to negatively charged
species and a complete separation of the double-stranded oligonucleotide into corresponding single strands (9 and b). The experimental and theoretical peak
patterns of unplatinated single-stranded oligonucleotide (a), the Pt(NH3)2 adduct (b), and the bis-Pt(NH3)2 adduct (c) are shown.
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(NH3)2]2+ adducts characterized by peaks centered at 4215.7
and 4144.7 Da, respectively, and further platination affording
bis-Pt(NH3)2 adducts at 4443.7 and 4371.7 Da for S1 and
S1c, respectively. Deconvolution over all charge states also
eliminates the unequal intensities between the two single-
stranded oligonucleotides. It should be noted, however, that
deconvolution using ProMass results in loss of the high
resolution data. For semiquantitative analysis of the binding
kinetics, the intensities of identified adducts at the charge
state -6 were used (S1/S1c and S2/S2c were approximately
of equal intensity at the start of the incubation; incubation
of ds1 and ds2 with cisplatin in a ratio of 1:3; Figure 4). A
relative decrease of ca. 60% in the peak height of the signals
assigned to the unplatinated single-stranded oligonucleotides
of ds1 is reached within 2 h of incubation in the case of S1,
but lasted 15 h for the complementary sequence S1c. At
thermodynamic equilibrium, which is reached approximately
after an incubation period of 15 h, S1 further decreased to
less than 3% relative intensity while S1c remained constant
at ca. 60%. The faster kinetics as well as the more
pronounced decrease of the S1 peaks are possibly a
consequence of the presence of the preferred binding
sequence (TGGC) in S1, whereas the GTG sequence in S1c
represents a less important binding site. Furthermore, S1
contains four guanine residues within its primary sequence,
whereas S1c only contains two, and it is therefore expected
that S1 is more easily platinated a second time (the
bis-Pt(NH3)2 adduct reaches a maximum relative intensity
of approximately 40% for S1, but only 10% for S1c after
50 h).

Overall, the binding of cisplatin takes pace via the
formation of a [Pt(NH3)2Cl]+ monoadduct, which is trans-
ferred ultimately into the final bifunctional [Pt(NH3)2]2+

adduct. The latter is the most abundant adduct for S1 and
S1c at equilibrium (Figure 3). Both types were also observed
in ubiquitin-binding studies with cisplatin.40

In contrast to ds1, the ds2 oligonucleotide consists of two
strands both containing a TGGC-subsequence. However,
kinetics and relative peak intensities at equilibrium were not

affected by this change in the primary structure and surpris-
ingly led to similar results as the incubation with ds1, where
only one strand contained the preferred binding site. While
the decrease in relative intensity of S2 is comparable to that
of S1 (decrease to ca. 60% within 2 h and to 10% at
equilibrium after 15 h), S2c not only decreases at a slower
rate than S2, but also remains present with a relative intensity
of 80% at equilibrium from 15 h onward. The platination of
S2 and S2c with [Pt(NH3)2]2+ (m/z 704.27633 and 687.27709,
for [S2 + Pt(NH3)2 - 8 H]6- and [S2c + Pt(NH3)2 - 8 H]6-,
respectively) takes place in the same manner as for
S1 via an intermediate [Pt(NH3)2Cl]+ monoadduct (for [S2
+ Pt(NH3)2Cl - 7 H]6- and [S2c + Pt(NH3)2Cl - 7 H]6- at
m/z 710.43891 and 693.43958, respectively). At equilibrium,
[S2c + Pt(NH3)2 - 8 H]6- is the most abundant peak, while
[S2 + Pt(NH3)2 - 8 H]6- has a relative intensity of ca. 60%,
although it is the most abundant S2 containing species. This
difference is due to the increased formation of bis-Pt(NH3)2

adducts in the case of S2 (m/z 742.27824), which reach a
relative intensity of ca. 30% compared to 10% for S2c (m/z
725.11193). As the GG sequences in ds2 are in the closest
possible vicinity (due to CCGG subsequence) it can be
assumed that, as soon as binding of Pt toward GG in one
strand takes place, binding on the complementary strand is
(sterically) hindered. Binding kinetics toward S2 is faster
than for S2c, which may be due to the higher number of
guanosine residues in S2 compared to S2c (5 vs 2, respec-
tively), or due to easier accessibility of GG for cisplatin in
S2 than in S2c, and may explain the more pronounced
formation of bis-adducts for S2.

Determination of the Preferential Pt Binding Site. FT-
ICR MS allows ions to be trapped and fragmented (MS/MS)
which can be used to sequence proteins and oligonu-
cleotides via a “top-down” approach. Fragmentation depends
on the type of excitation with for example infrared mul-
tiphoton dissociation (IRMPD) mainly leading to a/w type
fragments.62 The commonly applied nomenclature for oli-
gonucleotide fragments is summarized in Figure 5.63 Note
that for a n-type fragments usually Bn is lost by an
elimination reaction prior to strand breaking due to a second
elimination reaction,64 leading to a furan ring system. Internal
fragments, resulting from two strand breaks at the a/w-site,
possess a phosphate group at their 5′ terminus, whereas the
3′ terminus carries a furan system.

The 6-fold negatively charged [Pt(NH3)2]2+ adducts of S1
(containing the GG sequence) and of S1c (containing a GTG
sequence) resulting from the incubation of ds1 with cisplatin
for 50 h were used for MS/MS studies employing CID and
infrared multiphoton dissociation (IRMPD). The energy
required to induce fragmentation was increased until a peak
of the parent ion was just visible in the tandem mass
spectrum. Figure 6 shows the recorded spectra (CID and
IRMPD) for the [S1 + Pt(NH3)2 - 8H]6- species. Peaks

(62) Hakansson, K.; Hudgins, R. R.; Marshall, A. G.; O’Hair, R. A. J.
J. Am. Soc. Mass Spectrom. 2003, 14, 23–41.

(63) McLuckey, S. A.; Van Berkel, G. J.; Glish, G. L. J. Am. Soc. Mass
Spectrom. 1992, 3, 60–70.

(64) de Hoffmann, E.; Stroobant, V. Mass Spectrometry: Principles and
Applications, 3rd ed.; John Wiley & Sons: West Sussex, 2007; p 489.

Figure 3. Deconvoluted FT-ICR mass spectra for the reaction of cisplatin
with ds1 over time (ds1/cisplatin ) 1:3).
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with relative abundances of g10% in at least one of the
spectra are labeled and assigned to structures. The majority
of all assignable peaks originates from [an - Bn]-type
fragments such as [a9 - B(A) + Pt(NH3)2 - 6H]4- (m/z
705.8529) and w-type fragments such as [w10 + Pt(NH3)2

- 7H]5- (m/z 668.89613), and were measured with an
accuracy often better than 0.5 ppm with no peak exceeding
an inaccuracy of more than 1.5 ppm (see Supporting
Information, Table S3 for a complete peak list) for all peaks
with a relative intensity >2% and all identified Pt containing
fragments of S1. As previously observed in MS studies of
oligonucleotides, fragmentation with IRMPD primarily leads
to [an - Bn] and w-type fragments due to the strong
absorption of the phosphate at 10.6 µm, which is typically
emitted by the CO2 laser.65 CID and IRMPD provided similar
fragmentation patterns but with different intensities. Hence,

peaks of low relative intensities were often present in only
one of the tandem mass spectra.

Assignment of the peaks of >5% relative intensity was
almost complete, whereas it was not possible to assign ca.
50% of the platinum-containing peaks with an abundance
of <2% (Table S5, Supporting Information). However, the
presence of a neighboring peak with a mass difference of
17.0265 Da (loss of the ammine ligand of cisplatin) was used
to indicate the presence of a Pt(NH3)2-containing species,
which facilitated the identification of the platinated DNA
fragments, especially for low abundant signals (<1% relative
intensity) with insufficient isotopic statistics.

The unidentified fragments do not result from a single
standard fragmentation pathway (a,b,c,d and w,x,y,z-frag-
ments) nor from internal fragments of the a/w-type. A
frequently observed fragment corresponds to a simple base
loss (e.g., [S1 - B(A) + Pt(NH3)2 - 8H]6- (m/z 679.10137,
relative abundance 40% in CID), and these signals may be

(65) Little, D. P.; Speir, J. P.; Senko, M. W.; O’Connor, P. B.; McLafferty,
F. W. Anal. Chem. 1994, 66, 2809–2815.

Figure 4. Binding kinetics of cisplatin toward the double-stranded oligonucleotides 5′HO-GTATTGGCACGTA (S1, S1c - ds1) and 5′HO-GTACCGGTGTGTA
(S2, S2c - ds2) incubated with cisplatin at an oligonucleotide-to-complex ratio of 1:3. Relative binding kinetics of charge state -6 for S1 and S1c are shown
in (a) and (b) and binding kinetics of S2 and S2c are shown in (c) and (d).

Figure 5. Nomenclature of oligonucleotide fragments observed by tandem MS; a-d fragments correspond to fragments with an intact 5′ terminus and
w-z-type fragments have an intact 3′ terminus. Internal fragments resulting from double fragmentation usually occur at the a/w site.
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attributed to (one or more) base loss(es) and consecutive
strand breaks on a different site in the chain, which result in
fragments not covered by the Oligo Mass Calculator. It is
worth mentioning that short Pt free fragments (e.g., [w2 -
H]1- at m/z 634.10753]), and even short internal fragments

(e.g [T4:T5 - H]1- at m/z 481.04189 and [T4:G6 - 2H]2-

at m/z 556.56668) are found in a relative abundance of up
to ca. 10%, while the much more specific and interesting
fragments of short Pt-containing fragments (<5 bases, equals
approximately 1800 Da) are rare, and are only present in

Figure 6. Tandem mass spectra in the mass ranges m/z 450-750 (top), 750-920 (middle) and 910-1260 (bottom) of [S1 + Pt(NH3)2 - 8H]6- by CID
(front) and IRMPD (back). The double-stranded oligonucleotide ds1 was incubated with cisplatin for 50 h and the 6-fold negatively charged platinum
monoadduct of S1 was isolated and fragmented (data for the complementary strand S1c is provided in the Supporting Information). All peaks with relative
abundance of g10% in at least one spectrum are labeled and assigned.
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low abundance (<2%). The correct assignment of such peaks
is essential for binding site characterization, as the high
abundance fragments that contain platinum comprise unspe-
cific, long fragments (w10, base loss, etc.). In S1, the shortest,
assignable Pt containing fragment was identified as [T4:C8
+ Pt(NH3)2 - 4H]2- (m/z 979.61812, Figure 7a), and for
S1c it was [a6 - B(G) + Pt(NH3)2 - 4H]2- (m/z 931.63745).
Both are present in low relative abundances of less than 1
and 2%, but cover the expected preferred binding site of
cisplatin, namely GG in the case of S1 and GTG in case of
S1c. The histogram with the occurrence of bases for all
assignable Pt containing fragments further strengthens the
T4:C8 region as binding site on S1 (Figure 7b). The TTG-
subsequence was most frequently observed in the Pt-
containing adducts, providing strong evidence that binding
takes place at the GG region, since the affinity of cisplatin
to T is low.28 Furthermore, this binding site coincides with
the minimum observed for the Pt-free fragments (Figure 7b).

The complementary strand of S1, that is, S1c, contains
the GTG motif, a binding site of secondary importance.
Similar to S1, assignment for high abundant peaks was nearly
complete, while the low abundant Pt containing fragments
are mostly not assigned (the complete peak list of all
identified Pt containing peaks in the CID and IRMPD
fragmentation experiments and the associated histogram are
available in the Supporting Information; Table S4, Figure
S1). Small fragments (starting from 1 base in length) were
only observed without platinum attached and the smallest
assignable Pt-containing fragment, a6-B(G), contained the
expected binding site. A series of large Pt-containing
fragments was observed and the peak of the histogram

coincides with the GTG-sequence and hence supports the
suggested binding site.

The fact that small Pt-containing fragments were not
observed in either case is possibly due to the fact that the
dicationic platinum adduct, attached to small fragments,
neutralizes the negative charge of the phosphate group(s).
These small fragments are either neutral or positively charged
and hence not detectable.

Conclusions

A FT-ICR MS-based method for the identification of
cisplatin/oligonucleotide adducts was not only validated, but
also shown to be capable of locating the Pt-binding site via
selective fragmentation using CID and IRMPD. FT-ICR MS
combines the highest available mass accuracy with advanced
MS/MS capabilities and is perfectly suited for studying the
interactions of many metal-based anticancer drugs with DNA,
the biomolecular target of many metal-based drugs. Binding
kinetics are in good agreement with the general accepted
mechanisms reported in the literature, with the initial
formation of [Pt(NH3)Cl]+ adducts followed by bifunctional
binding of the [Pt(NH3)2]2+ unit. Both fragmentation tech-
niques, CID and IRMPD, led to similar peak patterns but
with different relative intensities, which was found to be
especially advantageous for the assignment of low abundant
peaks. Statistical analysis of all data allowed the character-
ization of the preferred binding sites on the oligonucleotides,
namely, GG and GTG, confirming those determined by other
techniques.2 Direct determination using FT-ICR MS is
limited due to positive charges contributed by coordinated
Pt centers being only partly counter-balanced by the negative
charges on the smaller oligonucleotide fragments. Neverthe-
less, this approach for binding site determination is much
more rapid than NMR and more generally applicable than
X-ray analysis, where a single crystal must be grown, and
the bottom-up mass spectrometric approach involving en-
zymatic digestion of the oligonucleotide in which reactions
of the adducts could occur.
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Figure 7. Location of the binding site of cisplatin in S1. (a) The pattern
of the smallest assignable Pt-containing fragment [T4:C8 + Pt(NH3)2 -
4H]2- resulting from IRMPD fragmentation and the calculated isotopic
distribution. (b) Histogram with the occurrence of bases for all assignable
Pt-containing as well as Pt-free fragments.
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