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Herein it is demonstrated that Quartz crystal microbalance
(QCM) electrodes modified with single stranded oligonucleotides
can be used to study preassociation (i.e., electrostatic binding)
prior to covalent binding between the immobilized oligonucle-
otides and a mononuclear Pt(Il) complex. Cisplatais-{Pt-
((NH3),(Cl),]) is a widely used anticancer drdg-ydrolysis of
the Pt+CI bonds of cisplatin occurs in vivo produciras-[Pt-
(NH3)2(Cl)(H20)1™ (1) andcis-[Pt(NHz)2(H20),]%" (2). DNA, the
drug’s primary target, is likely first attacked Hywhile 2 has
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Figure 1. ldealized structure of the modified electrode.
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Figure 2. QCM frequency responses for exposure cig-[Pt(NHs).-
(H20)2]2* (0.25 mM, estimated pH 4.2) to a mercapto-hexanol-modified
electrode (control experiment) and to an oligonucleotide-modified

been used as a convenient route to simple preparation of theelectrode.

bifunctional adducts which are the final products of DNA

platination. Coordination occurs largely at the N7 positions of functionalized oligonucleotide and mercapto-hexanol on the silver
guanine (G) and adenine (A), with adjacent Gs being the most coated gold QCM electrodes used here (Supporting Information).
common binding sites. The N3 position of cytosine (C) is Figure 1 shows the idealized model of the surface architecture.
platinated less frequently, and thymine (T) is essentially inert at The oligonucleotide sequence is:'-GGGAAGGATGGCG-
neutral and acidic pf It has been proposed by Lippard and co- CACGCTG-3, containing suitable GG sites for bifunctional
worker$ that the DNA binding rates of such Pt(ll)-based covalent attachment of platinum and which has been previously
antitumor agents are facilitated through weak interactions resulting used in binding studies.Interactions between the platinum
in preassociation between the platinum complexes and oligo- complex and the hydroxyl terminal groups of the mercapto-
nucleotides. Specifically, directed diffusion of weakly associated hexanol portion of the surface are not detected at the concentra-
platinum complex along the phosphorthioate-modified oligo- tions used for this study (Figure 2).
nucleotide backbone was invoked to explain increased platination A wall-jet flow cell (see Supporting Information for conditions)
rates with increasing strand lengdthmportantly, the QCM data IS used to expose the QCM electrode surfaces to aqueous platinum
reported here strongly support this kinetic model by showing complex solution. After a stable baseline frequency is observed
direct, real-time detection of a weak preassociation betw&en Wwith water flowing through the cell, the flow is changed to
and the oligonucleotides prior to covalent binding. aqueous platinum complex solution and back to water. Arrows
Gold QCM electrodes coated with a thin layer of electro- in the Figures indicate the approximate times of changing the
deposited silvér(three monolayers) were modified with oligo-  flow.
nucleotides functionalized at thé &nd with a disulfide linking Representative data for exposure2ofo an oligonulceotide-
group (HO-(CH)e-SS-(CH)e-5'-DNA). This surface is subse-  modified electrode is shown in Figure 2. The reproducibility
quently reacted with mercapto-hexanol to reduce interactions between different electrodes is good and allows comparisons of
between the oligonucleotide backbone and the electrode surfaceplatination rates under varied conditions. The increase in mass
This scheme mimics the well-characterized surface modification indicated by the decrease in QCM resonant frequenely {8ng;
chemistry reported by Tarlov and co-workers for immobilizing 1.13 Hz/ng) is due to covalent binding 2fto the immobilized

oligonucleotides on bare gold surfadedhe thin layer of
electrodeposited silver used here prevents adsorptio twf

oligonucleotides. Upon changing the flow back to water (at ca.
19 min), no removal o2 is observed, indicating that the platinum

electrode surfaces modified with only mercapto-hexanol (Figure
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Figure 3. QCM frequency shift for exposure ofs-[Pt(NHz)2(H20),]3+ modified electrode to 0.25 mM [Ru(N$]3+ and for changing the flow
(0.10 mM, estimated pH 5.4) to an oligonucleotide-modified electrode back to water.
and for changing the flow back to water.

complex s irreversibly bound to the immobilized oligonucleotides. With the oligonucleotide. That is, the frequency shift is also
The mass increase is consistent with an oligonucleotide surface®versed upon changing the flow to water. These control experi-
coverage of ca. (1.& 0.2) x 101 mol/cn?, assuming complete ments strongly suggest that the reversal observed fidue to
electrostatic compensation (10 Pt(ll) complexes per 20mer Preassociation. .
oligonucleotide:—19 charge). ~The mass increase of ca. 5 ng (frequency plateau at 8 min in

At lower concentrations, QCM data also provide evidence for Figure 4) for electrostatic binding of [Ru(NJg]** is in agreement
weak preassociation @prior to covalent coordination. Figure 3 With the oligonucleotide surface coverage estimated from the
shows the QCM response for exposure of a 0.10 mM solution of platinum binding data and the binding site size (i.e., two I5ase)

2 to an oligonucleotide-modified electrode. The QCM frequency for [RU(NHz)e]*" on single-stranded oligonulceotides. Tarlov and
shift upon changing the flow back to water is also shown. The co-worker§® have shown good agreement between metal cation
total mass increase indicated by the first frequency platedu ( binding constants for immobilized oligonucleotides and solution-
ng at 28 min) is approximately equal to that observed for exposure Phase DNA. o , , i ,

of the oligonucleotide to the higher concentration (0.25 mM) of This system permits direct, real time detection of interactions
2 (Figure 2). Upon changing the flow back to water, however, betwee_n platinum Comple_xes and surface |_mmob|||zed_ oligo-
an increase in QCM frequency indicates that about half of the nucleotides. Th(29+data verify weak preassociation betwen
platinum complex is removed from the electrode surface. This [Pt(NHs)2(H20),]*" and the oligonucleotides before covalent
suggests that the covalent reaction is incomplete. Longer exposure"‘lttalcshme”t- Recently, preassociation has been observed in HSQC
times (1 h) at this concentration result in complete covalent ['H,"N] NMR studies of DNA and polynuclear platinum com-
binding (i.e., no removal o upon changing the flow back to plexes® The QCM t_echnlqu_e will be useful_ln understanding how
water). Some variation in the time required for complete preas- such electrostatic interactions may contribute to measured rates
sociation (frequency plateau) is observed at this concentration.of covalent binding of platinum complexes in general and how
Nevertheless, this result is consistent with preassociation betweerfney affect or dictate sequence specificity of the adducts formed.
2 and the immobilized oligonucleotides prior to covalent binding. NS method should also be useful for characterizing the recogni-

The frequency shift profile shown in Figure 2 is also likely a FIOI’] of plgtlnum—DNA_a}dducts by biomolecules believed to be
response to preassociation with covalent binding occurring at ainvolved in DNA repair:
slower rate. The kinetics of preassociation 2fppear to be
biphasic with an initial fast phase followed by a slower phase.
The data in Figure 2 sugge_st that the ave;age rate of preassociationjecrochemical QCM oscillator circuit was generously provided by Dr.
fomt=0tot = 13 minis 7 x 10° mol/scn? (t = 0 Marc D. Porter. Dr. David C. Muddiman provided a mass spectrum of
corresponds to 3 min in Figure 2). While the average rate of the disulfide-functionalized oligonucleotide.
preassociation frorh= 2.2 tot = 7 min is 8 x 10~° mol/scn?.

To further examine the evidence for preassociatidrwas Supporting Information Available: Figure S1 capacitance data for
exposed to a poly (:)-modified electrode. The QCM data show  e€lectrode modification and discussion of mercapto-hexanol monolayers
a mass increase (e.g., 12 ng). As expecteds completely on silver, Figures S2 and S3 of the flow cell, QCM mass sensitivity and
removed from the electrode surface upon changing the flow back calibration, Figure S4 of a poly ¢) control experiment, synthesis af
to water because it only binds through electrostatic interactions ﬁTtDS)buEZ'Z Cr:z;trenal is available free of charge via the Intemet at
(Supporting Information). Control experiments were also con- P: -acs.org.
ducted using ruthenium hexammine, [Ru(®4if+ (Figure 4). This JA015870A
inert cationic complex, chosen because it binds only electrostati-
cally to DNA S sir?]ilar to the much studied [Co(l\b&)i/;]“ and (8) Clarke, M. J.; Zhu, F.; Frasca, D. Rhem. Re. 1999 99, 2511.

' ] o (9) Cox, J. W.; Berners-Price, S. J.; Davis, M. S.; Qu, Y.; Farrell JN.
[RUCI(NHz)s]?"® binds reversibly to QCM electrodes modified Am. Chem. So001, 123 1316.
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