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Abstract: We have investigated the reactions of [PtCl(en)(ACRAMTU-S)](NOs). (2) (en = ethane-1,2-
diamine; ACRAMTU = 1-[2-(acridin-9-ylamino)ethyl]-1,3-dimethylthiourea, acridinium cation, 1), the prototype
of a new class of cytotoxic DNA-targeted agents, with 2'-deoxyguanosine (dGuo) and random-sequence
native DNA by in-line liquid chromatography/mass spectrometry (LC/MS) and NMR spectroscopy (*H, 1%Pt)
to identify the covalent adducts formed by platinum. In the mononucleoside model system, two adducts
are observed, [Pt(en)(ACRAMTU)(dGuo)]** (P1, major) and [Pt(en)(dGuo),]>" (P2, minor). The reaction,
which proceeds significantly slower (half-life 11-12 h at 37 °C, pH 6.5) than analogous reactions with
cisplatin and reactions of 2 with double-stranded DNA, results in the unexpected displacement of the sulfur-
bound acridine ligand in ~15% of the adducts. This reactivity is not observed in double-stranded DNA,
rendering 1 a typical nonleaving group in reactions with this potential biological target. In enzymatic digests
of calf thymus DNA treated with 2, three adducts were identified: [Pt(en)(ACRAMTU)(dGuo)]** (A1, ~80%),
[Pt(en)(ACRAMTU){d(GpA)}?t (A2, ~12%), and [Pt(en)(ACRAMTU){d(TpA)}]?* (A3, ~8%). Al and P1
proved to be identical species. In the dinucleotide adducts A2 and A3, complex 2 covalently modifies adenine
at GA and TA base steps, which are high-affinity intercalation sites of the acridine derivative 1. A2 and A3,
which may be formed in the minor groove of DNA, are the first examples of monofunctional adenine adducts
of divalent platinum formed in double-stranded DNA. The analysis of the adduct profile indicates that the
sequence specificity of 1 plays an important role in the molecular recognition between DNA and the
corresponding conjugate, 2. Possible biological consequences of the unusual adduct profile are discussed.

Introduction the formation of all known cisplatinDNA adducts. Subsequent

The design of sequence- and groove-specific DNA-targeted closure of the monofunctional adducts to bifunctional cross-

molecules plays an important role in postgenomic drug discov- links may_then occur with guanine-N7 or adenine-N7. The We.”_
. . - characterized 1,2-intrastrand cross-link between neighboring

ery. Numerous cancer therapeutics produce their cytotoxic effect” . . - . . -

by damaging nuclear DNA, thereby interfering with chromo- purln_es’,’ a lesion ”“"Tt IS _recognlzed by mihor-groove binding

some replication and gene-regulatory processes of the Ce”.protelns‘? has been implicated as a possible mediator of the

Structurally novel pharmacophores that produce new types of cytotoch effect .Of cisplatin. Th? blnqllng af'S[PFCI(HZO)'
DNA adducts may trigger events in cell metabolism that (NH3)o]", the activated form of cisplatin, to DNA is driven by
ultimately lead to (apoptotic) cancer cell dea®ynthetic metal- simple elegtrostatic interactiofisind adduct forr_ngtion oceurs
containing compounds that cause cellular damage at the DNAWIthOUt noticeable long-range sequence specifitithe high

S o i . . selectivity of divalent platinum for guanine-N7 in DNA is
level, such asis-diamminedichloroplatinum(ll) (cisplatin), have . . . .
. N common to all second- and third-generation cisplatin analogues
demonstrated clinical utility in cancer chemotherapy.

o . as well as nonclassical agents, such as polynuclear complexes
The coordination chemistry and many aspects of the molec- L
. ) . and complexes exhibiting trans geométBeveral approaches
ular biology of cisplatin are now well understood and have been

the subject of detailed reviews Briefly, the nucleophilic attack
of guanine-N7 in the major groove is the first binding step in

(1) (a) Foye, W. O.; Sengupta, S. K. Rrinciples of Medicinal Chemistry
Foye, W. O., Lemke, T. L., Williams, D. A., Eds.; Lippincott Williams:
Philadelphia, 1995; pp 822845. (b) Sikora, K.; Advani, S.; Koroltchouk
V.; Magrath, |.; Levy, L.; Pinedo, H.; Schwartsmann, G.; Tattersall, M.;
Yan, S.Ann. Oncol 1999 10, 385-390.

(2) Wong E.; Giandomenico, C. MChem. Re. 1999 99, 2451-2466.

(3) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-2498.

(4) Gelasco, A.; Lippard, S. J. Mopics in Biological Inorganic Chemistry
Clarke, M. J., Sadler, P. J., Eds.; Springer: New York, 1999; Vol. |, pp
1-43.
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11776. (b) Ohndorf U.-M.; Rould, M. A.; He, Q.; Pabo, C. O.; Lippard, S.
J.Nature1999 399 708-712. (c) Jamieson, E. R.; Jacobson, M. P.; Barnes,
C. M,; Chow, C. S,; Lippard, S. J. Biol. Chem.1999 274, 12346-
12354,
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Chart 1. Structures of the Novel 9-Aminoacridine Derivative and
Its Platinum Conjugate

2 (PT-ACRAMTU)

attempting to produce platinum drugs with altered DNA-binding
profiles by attaching the metal to DNA intercalators or groove
binders have been reported. In virtually all cisplatintercalator
complexes, however, tregs-diaminedichloroplatinum(ll) moiety

dominates the sequence specificity of the conjugates, leading
to 1,2-intrastrand cross-links in runs of adjacent guanine

bases! Characteristically, even the tethering of platinum to
suitably modified distamycin, a minor-groove binding agent
with a distinct preference for AT-rich domains in DNAresults

in an array of covalent guanine adducts similar to that of

cisplatin®
To reduce or eliminate the cisplatin character of platirum

acridine complexes and to produce an alternative antitumor
profile, we argue that it is necessary to completely prevent the

metal from forming cross-links in G-rich regions of DNA.
Toward this objective, we have developtd prototypical
cytotoxic platinum-acridine conjugate (“PFACRAMTU”, 2)
by substituting one chloro leaving group in [Pi@n)] (en=

In a recent study we employed various physicochemical and
biophysical methods to shed light on the DNA modifications
of 1, 2, and related compounds in cell-free systems. Conjugate
2 unwinds negatively supercoiled pUC19 plasmid b§/a@dduct,
which indicates (partial) intercalation of acridine into the DNA
base stack and confirms the persistence of the sulfur-mediated
platinum—acridine linkage in covalent DNA adducts 2#° This
type of “pseudobifunctional” mode of binding was first proposed
for cis-[Pt(NHz)»(9-aminoacridine)Cij and related complexés.
The acridinium catiorl itself binds strongly to native DNA
(pKa ~ 9.814 K; = 1.5 x 10° M~1) and exhibits a 1.6-fold
preference for AT over GC in alternating synthetic copolymers.
Using 2-D NMR and molecular modeling techniques we were
able to unequivocally establish the site(s) of intercalation of
the acridine moiety and the groove specificity of the noninter-
calating thiourea side chain in'” In self-complementary model
duplexes,1 selectively intercalated into the TA/TA, CG/CG,
and GA/TC base steps with the thiourea residue located in the
minor groove (2-D NOESY experiments), as predicted from
previoud® physical data.

We have now studied the covalent interactions of the
corresponding platinum conjugatg, both in a simple mono-
nucleoside model system and in random-sequence native DNA
using NMR spectroscopy and liquid chromatography/mass
spectrometry (LC/MS). The unusual findings presented in this
contribution strongly suggest that the intercalator unit in complex
2 alters the binding-site specificity of divalent platinum, leading
to covalent adenine adducts, possibly in the minor groove of
DNA. While guanine adducts are still the predominant lesion,
the high frequency of adenine binding (approximately 20% of
the DNA adducts identified) clearly rende?sa non-guanine
specific platinum-based DNA modifier.

Experimental Section

Materials. PT-ACRAMTU (2, nitrate salt) was synthesized ac-
cording to the published procedureStock solutions of2 in the

ethane-1,2-diamine), a cisplatin analogue, with sulfur of the appropriate buffers were prepared immediately prior to the incubations

novel acridine derivative, 1-[2-(acridin-9-ylamino)ethyl]-1,3-
dimethylthiourea (‘“ACRAMTU”,1) (Chart 1). In this complex,

thiourea sulfur and bidentate amine presumably act as typical
nonleaving groups that are not displaced by DNA nucleophiles.

This critical feature should not only prevent platinum from cross-
linking purines on DNA, but may also lead to the formation of

and, if necessary, stored at20 °C. 2-Deoxyguanosine (dGuo) and
calf thymus DNA were purchased from Sigma. The mononucleoside

jwas used as supplied. The hexam&GBGAGA-3', was synthesized

using phosphoramidite chemistry and desalted prior to incubation with
platinum. Calf thymus DNA was dissolved in 20 mM Tris buffer (pH
7.1) and purified by dialysis against buffer using a dialysis tube with
a 10 000 Da molecular mass cutoff. The purity of the DNA was assessed

monofunctional covalent adducts that is controlled by the spectrophotometrically from the ratio of absorbances at 260 and 280
sequence and groove specificity of the intercalating unit rather nm giving a value of 1.8, characteristic of RNA- and protein-free

than the metal moiety.

(9) Farrell, N.; Qu, Y.; Roberts, J. D. Iffopics in Biological Inorganic

Chemistry Clarke, M. J., Sadler, P. J., Eds.; Springer: New York, 1999;
Vol. I, pp 99-115.

(10) Farrell, N.Metal lons Biol. Sys1996 32, 603—-639.

(11) (a) Whittaker, J.; McFadyen, W. D.; Baguley, B. C.; Murray, Ahti-
Cancer Drug Des2001, 16, 81-89. (b) Temple, M. D.; McFadyen, W.
D.; Holmes, R. J.; Denny, W. A.; Murray, \Biochemistry200Q 39, 5593~
55909. (c) Perrin, L. C.; Prenzler, P. D.; Cullinane, C.; Phillips, D. R.; Denny,
W. A.; McFadyen, W. D.J. Inorg. Biochem200Q 81, 111-117. (d)
Murray, V.; Motyka, H.; England, P. R.; Wickham, G.; Lee, H. H.; Denny,
W. A.; McFadyen, W. DBiochemistry1992 31, 11812-11817. (e) Murray,
V.; Motyka, H.; England, P. R.; Wickham, G.; Lee, H. H.; Denny, W. A.;
McFadyen, W. DJ. Biol. Chem 1992 267, 18805-18809.

(12) lida, H.; Jia, G. F.; Lown, J. WCurr. Opin. Biotechnal1999 10, 29—33.

(13) (a) Kostrhunova, H.; Brabec, \Biochemistry200Q 39, 12639-12649.
(b) Loskotova, H.; Brabec, VEur. J. Biochem1999 266, 392-402.

(14) Martins, E. T.; Baruah, H.; Kramarczyk, J.; Saluta, G.; Day, C. S.; Kucera,
G. L.; Bierbach, UJ. Med. Chem2001, 44, 4492-4496.
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DNA.8 The synthetic alternating copolymer, poly(dA-d{Pharmacia
Amersham Biotech) was used as supplied. The nucleic acids were
annealed by slow cooling of the buffered solutions fronf8Go room
temperature to ensure that the DNA was in its double-stranded form.
DNA concentrations (base pairs, bp) were determined from absorbances
at 260 nm using Beer's law withygo (calf thymus)= 12 824 M

cm! (bp) andezeAT) = 13 100 Mt cm™* (bp)2° Stock solutions of
DNA were stored at—20 °C. Millipore water was used for the

(15) Baruah, H.; Rector, C. L.; Monnier, S. M.; Bierbach, Biochem.
Pharmacol 2002 64, 191—200.

(16) Sundquist, W. I.; Bancroft, D. P.; Lippard, S.JJ.Am. Chem. Sod99Q
112 1590-1596.

(17) Baruah, H.; Bierbach, WINucleic Acids Re2003 In press.

(18) Turner, P. C.; McLennan, A. G.; Bates, A. D.; White, M. R. Hlstant
Notes in Molecular BiologyHames, B. D., Ed.; Springer: New York, 1998;
p 38.

(19) Jenkins, T. C. Idrug-DNA Interaction Protocolg-ox, K. R., Ed.; Humana
Press: Totowa, 1997; pp 19218.
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preparation of all buffers. DNase |, nuclease P1, and alkaline phos- uL/min using a syringe pump (adducil and P2) or were infused
phatase enzymes were obtained from Sigma or Amersham. HPLC gradeafter passing through the in-line HPLC system (addukis-A3).
solvents were used in all chromatographic separations. All other (bio)- Solvent evaporation was assisted by a flow gfdying gas (300°C,
chemicals (DNase-free, where available) and solvents were purchasedl1—-15 L/min). Mass spectra were recorded with enhanced scan
from common vendors and used without further purification.-JV resolution (5500mWz s™%) in positive and negative ion modes over a
visible spectra were recorded on a Hewlett-Packard 8453 spectropho-100-1800 m/z range. A capillary voltage of=1.8 kV was applied.

tometer. Tandem mass spectra (MS/MS) of the product ions of interest were
Reactions.Reactions betweed and dGuo were carried out under  generated by collision-induced dissociation of the trapped precursor
various conditions at 3040 °C in water for 72-96 h. The pH of the ions (He collision gas). The fragmentation amplitudes varied from 0.4

unbuffered solutions was adjusted te Bimmediately after combining ~ to 1.0 V, and the isolation width was 4rz. All data were analyzed
equimolar amounts of the reactants{BD mM). A maximum pH drop using the LC/MSD Trap Control 4.0 data analysis software.
of 0.8 units was observed during incubations. The progress of the NMR Spectroscopy.*H NMR (500 MHz) spectra of1 and P2
reaction was followed by reverse phase high-performance liquid were recorded on a Bruker DRX-500 instrument equipped with a 5-mm
chromatography (HPLC). The chromatographic separations of the inverse three-channgtgradient probe and a variable-temperature unit.
adduct mixtures were carried out by analytical and semipreparative All spectra were acquired at 25 and 30 with a spectral width of
HPLC or ion-exchange chromatography as described below. Calf 5000 Hz, 64k data points, 32 transients and a recycle delay of 1 s, and
thymus DNA and poly(dA-dT) (cona = 1072 M (bp); 20 mM Tris processed with Felix 2000 (Molecular Simulations Inc., San Diego)
buffer, pH 7.1) were incubated withat platinum-to-nucleotide ratios ~ on a Silicon Graphics O2 workstation. One-dimensional data sets were
(r;) of 0.2, 0.05, and 0.01 at 37T for 18 h. apodized using exponential multiplication and a line broadening of 0.3
Enzymatic Digestion. The following protocol was used to digest ~Hz. *H chemical shifts were referenced to the residual HDO signal,
1000#L samples of the platinum-modified DNAs (total incubation time ~ which was calibrated against external 3-(trimethylsilyl)-1-propane-
26 h at 37°C): (i) + 200uL of 50 mM MnCl, + 200 units DNase | sulfonic acid sodium salt (DSS). Variable-gH NMR spectra of RO
(2 hy; (i) + 130 units DNase | (2 h); (iiif- 80 units nuclease P1 (2 solutions ofP1 were recorded at 25C in the pH range +12 and
h); (iv) + 20 units nuclease P1 (16 h); (v 100 units alkaline referenced to internal DSS. The pH was adjusted with 0.1 M DCI and
phosphatasé¢ 100uL alkaline phosphatase buffer (500 mM Tris buffer, NaOD solutions and measured in the NMR tube using a Beckman micro
10 mM MgCh, pH 9) (2 h); (vi)+ 60 units alkaline phosphatase (2 h). ~combination electrode. Reported pH* values are uncorrected pH meter
The mixtures were centrifuged at 13 000 rpm for 5 min, and the super- readings of the BD solutions.**Pt NMR spectra were recorded at
natant was collected. The digested samples were desalted against watek07.5 MHz. Typical acquisition and processing parameters were the
for 6 h at 4°C using disposable dialysis tubes with a 100 BAQ%) following: spectral width 27 0000 Hz, flip angle 30600us recycle
molecular mass cutoff (Spectrum Labs) and storeet20 °C. delay, 30 000 transients, 30 Hz line broadenit¥Pt chemical shifts
Chromatographic Separations.HPLC separations of the product ~ Were referenced to an externab[RiCly] solution in DO and are
mixtures resulting from incubations @with dGuo were performed ~ reported vs NgPtCl].?* Details of the 2-D COSY and NOESY
on a LaChrom Hitachi D-7000 system equipped with a L-7420-Uv ~ €xperiments have been deposited as Supporting Information.
visible variable-wavelength detector. For analytical purposes, aliquots
of the reaction mixtures were collected, appropriately diluted, and

immediately loaded on the HPLC column. Reactions were monitored Reactivity of 2 in a Model System.The proposed mode of
at 254 nm, and pure fractions of the adducts were collected using DNA binding of PT-ACRAMTU @) involves platination of
Hamilton PRP-1 reverse-phase columns (2604.6 mm/7 um for nucleophilic nucleobase nitrogen and intercalation of the planar

analysis, flow rate 1.5 mL/min; 250 mx 10 mm/10um for isolation L ) -
of adducts, flow rate 5.0 mL/minEluents solvent A= 84% 0.1 M acridine chromophore into the DNA base stack adjacent to the

NH:OAC/12% MeOH/4% MeCN: solvent B= 60% MeOH/20% metal binding sité® Here, we have used HPLC/mass spectrom-
MeCN/20% 0.1 M NHOAG). Gradient 100% A—100% B over 20  €try and NMR spectroscopy to shed light on the covalent
min. HPLC fractions were stored a0 °C. Adducts for NMR analysis  interactions of2 with 2'-deoxyguanosine (dGuo). While this
were isolated by cation-exchange chromatography using a 306cmm model reaction does not mimic sequence- and groove-specific
10 mm CM-Sephadex column (carboxymethylethyl derivative of interactions o with double-stranded DNA, it provides valuable
Sephadex) on a Bio-rad BioLogic HR FPLC workstatidfluents information on the reactivity of the platinum complex and the
solvent A= water, solvent B= 1 M NaCl. Gradient 100% A — leaving-group specificity of adduct formation. Furthermore, the
100% B over 240 min at a flow rate of 1 mL/min. FPLC fractions platinum—nucleoside model complexes formed proved to be

;Verfoefig?;f,?;'eéﬁgﬁza;? :i%atigs(taggiﬁ;iﬁzglwffrr:ﬁirzii :)@Jirnness useful reference compounds for the identification of analogous
pprop P Y yyop Y " adducts in the enzymatic digests of DNA treated with

Adducts in desalted mixtures of enzymatically digested DNA were . . .
separated on the HPLC module of an Agilent Technologies 1100 Lc/ ~ Figure 1 shows the HPLC profiles of samples taken at various

MSD Trap system equipped with a multiwavelength diode-array Incubation times of a reaction mixture containing equimolar
detector and autosampleZolumn 150 mmx 4.6 mm reverse-phase ~ amounts of2 and dGuo. At 37C and pH 6.5, the half-life of
Agilent Zorbax SB-C18T = 25 °C. Eluents solvent A= 0.1% formic free dGuo is 1+12 h. Two new specie®?1 (major) andP2
acid in water; solvent B= 0.1% formic acid in MeCNGradient 95% (minor) were identified in the chromatograms at retention times
A/5% B — 73% A/27% B over 22 min at a flow rate of 0.75 mL/min. of 8.6 and 2.6 min, respectiveb}-H NMR spectra of the
Elution of unmodified and Ptacridine-modified DNA fragments was lyophilized mixtures taken in BD (Figure S1) confirm the
monitored at 254 and 413 nm, respectively. The four unmodified formation of two platinurs-nucleoside adducts, on the basis of
deoxynucleosides were assigned on the basis of the retention times ofthe presence of two new sets of guanosine H8 aricsighals.
known standards (Sigma). The data further indicated that a small amount of the bis-

Mass Spectrometry Mass spectra were acquired on an Agilent - a4+ 21
Technologies 1100 LC/MSD ion trap mass spectrometer equipped with (acridine) complex, [PY(en)(ACRAMTH)]*",*" had formed,

an atmospheric-pressure electrospray ionization source, which has a(20) Kerri s 3 S Sadler P.IM Res1978 3L 521325
. . - errison, S. J. S.; Sadler, P.Jl.Magn. Res , — .
standard mass range for singly charged ions 6fZ200m/z. Adducts (21) Augustus, T. M.; Anderson, J.; Hess, S. M.; BierbachBidorg. Med.

either were directly infused into the electrospray source at a rate of 10 Chem. Lett2003 13, 855-858.

Results
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Figure 1. Progress of the reaction between conju@aed dGuo monitored
by reverse phase HPLC. The starting materials dGu®atdte at retention
times of 3.0 and 10.5 min, respectively. The adducts fornRdd(major)
and P2 (minor), are identified at retention times of 8.6 and 2.6 min,
respectively. The shoulder present in the base ofth@eak is possibly

Scheme 1. Reaction of Conjugate 2 with dGuo

nz e+ nz T4+
N /Cl or /S-AC RAMTU

Pt

v

N
+ACRAMTU [ v Pt N

N \S-ACRAMTU N S-ACRAMTU
H

H2 H2 2+
N_  N;-dGuo o + dGuo N N7—dGuo—‘

N NIV
[ Pt — [ Pt

VRN VRN

N~ “S-ACRAMTU N~ “N,-dGuo

2 2

P1 P2

>85% <15%
binding to the N7 position of the nucleobaSeéNo protonation

of guanine was observed around pH K{N7) ~ 2.1%%).
Furthermore, a%Pt NMR chemical shift o —2928 was found

for this adduct, characteristic of arsShiourea€nvironmernt® of

P&r.

The minor product,P2, was identified as the bis(dGuo)
platinum adduct, [Pt(en)(dGug3™ (M, = 789.2), resulting from
displacement of both the chloro ligand and sulfur-bound
ACRAMTU in 2 by guanine-N7. Mass spectrometry ahdl
NMR spectroscopic data (Table S1) were used to establish the
composition of this adduct. The fragmentation R due to
collisionally activated dissociation (CAD) observed in the

due to the bis(acridine) side product. The monitoring wavelength was 254 positive-ion electrospray mass spectrum (Figure 2) yielded

nm.

which was supported by the presence of a signal2860 ppm
in %Pt NMR spectraP1 and P2 were isolated from these

crucial structural information. FoPR-H]* and the other cations
studied, CAD generally gave more informative spectra than
tandem mass spectrometry of trapped precursorfdkatinum-
containing fragments originating from thieZ-H]* ion (m/z 788)

mixtures using semipreparative HPLC and ion-exchange chro- .o it from loss of one intact dGuo ligandve 521), depuri-

matography and analyzed by mass spectrometry and NMRpation of one vz 671) or both (vz 556) nucleosides, and a
spectroscopy. Despite the relative lability of metal complexes .qmpination of loss of dGuo and depurination/ 405). The

containing DNA constituents in electrospray mass spectrom- peak atm/z 152 is assigned to protonated guanine base+[G

etry2? intact ions of all adducts were detected in this study.

H]". Critical differences are observed in the fragmentation

P1was unequivocally identified as the monofunctional adduct patterns o1 andP2 The presence of sulfur in the coordination

[Pt(en)(ACRAMTU)(dGuo)}+ (M, = 847.3) resulting from

sphere of platinum ifP1 causes trans-labilization and loss of

replacement of the chloro leaving group with nucleobase pidentate amine, which is not observed 2. On the other

nitrogen. The electrospray mass spectrumPafacquired in
negative ion mode (Figure 2) shows tiL{4H]~ ion (Mm/z 843)
and major product ions resulting from loss of en liganulz(
783), loss of dGuonyz 577), and loss of en and dGuoVg

hand, depurination is observed B2 but not forPL1 This is
consistent with reduced positive charge on platinated guanine-
N7 due to the presence of electron-rich sulfuPih disfavoring
base-sugar glycosidic cleavage.

517). Peaks assigned to the platinum-containing ions show the o, the basis of the above analytical and spectroscopic data,
expected Pt isotopic profiles. Other fragments identified in the tne reactions of can be summarized as follows (Scheme 1):

mass spectrum include free acriding;qH]~ (m/z 323), and
free 2-deoxyguanosine, [dGuo-H](m/z 266). Tandem mass

The major adducPl1 (> 85%, NMR) results from substitution
of chloride by dGuo, probably via a prehydrolysis pathway.

spectrometry (Figure S2) confirmed the proposed fragmentationThe rate of adduct formation proves to be significantly slower

pattern for the IP1-4H]~ precursor ion.

than for simple platinum chloroam(m)ine compleXgmssibly

'H and'¥*Pt NMR spectroscopy was used to further elucidate due to steric effects of the bulky thiourea group in substitution

the structure oP1. TheH NMR spectrum ofP1 and signal

reactions on the metal cent&1 does not react with additional

assignments based on 2-D COSY and ROESY experimentsdGuo (HPLC). Therefore, the first step in the formation of the
(Table S1, Figure S3) are given in Figure 3. The downfield minor productP2 (<15%, NMR) must be substitution of the

shift of A 0.47 ppm compared to free dGuo and pH dependence

of the guanine-H8 resonance are consistent with platinum (23) DijJt, F.J,; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M.; Reedijk,

(22) Beck, J. L.; Colgrave, M. L.; Ralph, S. F.; Sheil, M. Mass Spectrom.
Rev. 2001, 20, 61—-87.
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(24) Martin, R. B.Metal lons Biol. Sys1996 32, 61—89.

(25) Appleton, T. G.; Hall, J. R.; Ralph, S. Forg. Chem.1985 24, 4685
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Figure 2. Negative-ion electrospray mass spectrum of ad@lcand positive-ion electrospray mass spectrum of adB@athowing peaks for the adducts
[P1-4H]~ and P2-H] ™, respectively, and fragment ions resulting from in-source collisionally activated dissociation (CAD). The insets illustrate the observed
fragmentation patterns.

sulfur ligand by dGuo, followed by substitution of chloride by show features identical to those found in spectrePaf(see
a second equivalent of nucleoside. The reaction of nucleophilic Figure 2), including a peak atVz 843 and the corresponding
ACRAMTU released in this process with unreacted comf@ex CAD-based fragment ions, suggesting thét and P1 are
explains the formation of [Pt(en)(ACRAMT3),]**. identical species. These observations and the fact that a sample
Reaction of 2 with Native, Random-Sequence DNA.  of P1coelutes withAl from the HPLC column provide strong
Enzymatic digestion of native DNA covalently modified with ~ evidence that the major DNA adduct®fs the monofunctional
2 and subsequent analysis of the digests by HPLC chromatog-guanine adduct, [Pt(en)(ACRAMTU)(dGué)] Al was the
raphy/mass spectrometry (in-line LC/MS) was used to establish only detectable platinumacridine-modifiednononucleosidi
the nature of the nucleobases involved in platinum binding. Calf this mixture.
thymus DNA was incubated witl2 under physiologically Electrospray mass spectra4® andA3 acquired in positive-
relevant conditions for 18 h (reactions ®»fvith DNA proceed ion mode combined with selective fragmentation by in-source
considerably faster than reactions with dGuo, and maximum CAD (Figure 5) was used to establish the chemical nature of
binding levels are usually reached in less than 24).h  these adduct#2 andA3 were identified as the platinum-modi-
Incubations were performed at formal metal-to-nucleotide ratios fied guanine-adenine (GA)- and thymine-adenine (TA)-contain-
(ri) in the range 0.0£0.2. DNase | and nuclease P1 enzymes ing dinucleotidesequences, [Pt(en)(ACRAMTI(GpA)} 13+
were used to endonucleolytically digest the DNA samples, and (M, = 1159.5) and [Pt(en)(ACRAMTYX(TpA)}]2 (M, =
the resulting fragments were dephosphorylated with alkaline 1134.3). Peaks for the intact adducts are observed in both spectra
phosphatase to afford a mixture of modified and unmodified at myz 1158 (JA2-H]*) andmvz 1133 (JA3-H*]), respectively.
nucleosides. The desalted digests were then separated by HPLG he latter ion was also detected in digests of poly(dA.dT)
using gradient eluent systems and reverse phase stationaryreated with2 (not shown). The mass spectra show fragmenta-
phases and the separated adducts subjected to in-line masgon patterns that are in agreement with platinum binding to
spectrometry analysis. the adenine base in both cases. Critical fragment ions are
Typical HPLC traces obtained for a sample of drug-treated observed, which result from selective depurination (cleavage
digested DNA are shown in Figure 4. The profile recorded at of the adenine-ribose CN glycosidic bond, givimyg 712) and
254 nm shows baseline-separated peaks assigned to the foucombined depurination/loss of en liganmd'£ 652), respectively.
natural 2-deoxynucleosides and additional peaks at retention Both pathways lead to fragments, in which platinum remains
times of 8.6, 10.8, and 11.8 min. The same chromatogram attached to adenine. Under the experimental conditions used,
recorded at a monitoring wavelength of 413 nm, the most intense another major product ion is observedvdt 578, resulting from
band in the visible spectrum of the acridine chromopkofe dissociation of the platinum complex from the adenine nucleo-
~ 1 x 10* M~1 cm™), confirms that the peaks labeldd —A3 base. In adducA3, minor fragments aim/z 808 andm/z 325
represent drug-modified adducts. F&t, the most abundant  are consistent with the dissociation of the—Bt bond. The
adduct, mass spectra obtained in negative-ion mode (Figure 5)proposed sequence specificity of adduct formation in the above
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Figure 4. Reverse-phase HPLC elution profiles at monitoring wavelengths

b of 254 nm (bottom trace) and 413 nm (top trace) of an enzymatic digest of
860 calf thymus DNA treated with conjugat2 at r; = 0.05. Unmodified

mononucleosides elute at retention tin'edmin. The Pt-acridine-modified

8.40 A DNA fragments elute at 8.6 mirA), 10.8 min A2), and 11.8 min A3).

The asterisks indicate minor unidentified adducts.

w 820 4
Scheme 2. Formation of w Fragments Expected for 5'
Depurination
8.00 4 *
1A 6m
7.80 — T T T 5 . 3
0 2 4 6 8 10 12 Ho. | P oH
pH" w fragments, not observed
C
BES respectivel§” (promoted by the loss of sulfur-bound intercala-
/N tor), were detected in this LC/MS study. The freed2oxy-
HoN NH, . L s
N/ nucleosides were the only detectable nonacridine-modified
\ e /Pt\ 0 species in the HPLC traces monitored at 254 nm.
HN ® A NH ; ;
% | P Discussion
2 o NN,
7D Reactivity. Conjugate2 was developed as a therapeutically
& 2 useful platinum-acridine agent that does not induce cross-links
OH in duplex DNA415The design rationale was that the sequence-
P1 and groove-specificity of covalent adduct formation with the
Figure 3. (a) 500 MHzH NMR spectrum of addud®l (pH* 6.5, D,O, biopolymer would be. dominated by the acridine-basep! int_er-
25°C, c &~ 4 mM) giving signal assignments. The asterisk denotes the HDO calator. This would ultimately enhance the covalent modification
signal. (b) pH dependence of the guanine-H8 chemical shifin(c) of DNA sites normally inaccessible to nontargeted platinum

Structure ofP1 giving atom numbering for nonexchangeable protons. agents. Model reactions betwe@nand the potential target

nucleoside, dGuo, proceed considerably slower than reactions
with double-stranded DNA; suggesting slow hydrolysis of the
complex. Intercalative preassociation of acridin€iwith the
duplex, supposedly a rapid process, might accelerate platinum
binding by positioning the metal center close to DNA nucleo-
philes and favor substitution of chloridégthoutprior hydrolysis
of the Pt-Cl bond. A direct substitution pathway has previously
been proposed to account for the binding kinetics of structurally
related acridine-cisplatin conjugate&? Notably, the (unwanted)
substitution of acridine by dGuo in approximately 15% of the
adducts is not observed in reactionafith calf thymus DNA.
In native DNA, nucleobase nitrogen apparently replaces chloride
with high selectivity, based on tlempleteabsence of acridine-
free platinum-nucleoside adducts in the enzymatic digests.
’ While Pt=S bonds in adducts containing thioethers have been
demonstrated to be unstable in reactions with DNA nucleo-

dinucleotides, resulting in'85pA*-3' and 3-TpA*-3' modified
sequences (rather thair&*pG(T)-3'), is partly based on the
fact that now-type nucleotide fragments could be detected in
the negative-ion (tandem) mass spectra of these species
Depurination of the 5adenine base in"BA*pG(T)-3" would
be expected to lead to facile cleavage of the-O3ond in the
deoxyribose residue of the modified nucleobase (Scherie 2).
The DNA adduct profile of conjugatgwas established with
high reproducibility at the various incubation ratios studied. On
the basis of the integration of the peaks in the HPLC profiles
recorded at 413 nm, the three adduét$;-A3, form at a ratio
of approximately 80:12:8. Characteristically, no bifunctional
adducts [Pt(en)(dGuslf™ and [Pt(en)d(GpG}] ™, which would
signal the formation of inter- and intrastrand cross-links

(26) (a) lannitti-Tito, P.; Weimann, A.; Wickham, G.; Sheil, M. Mnalyst
200Q 125 627-634. (b) lannitti, P.; Sheil, M. M.; Wickham, G.. Am.
Chem. Soc1997 119 1490-1491. (27) Eastman, APharmacol. Ther1987 34, 155-166.
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Figure 5. Negative-ion electrospray mass spectrum of adédcand positive-ion electrospray mass spectra of addé2tand A3 showing peaks for the
adducts A1-4H]~, [A2-H]™ and [A3-H]™, respectively, and fragment ions resulting from in-source collisionally activated dissociation (CAD). The insets
illustrate the observed fragmentation patterns.

philes28 the displacement of thiourea sulfur from platinum in ACRAMTU (1) acts as a nonleaving group in reactions with
2 by dGuo-N7 is unusual, and only the reverse reaction has DNA. In contrast to reactions with dGuo, nucleophilic donors
been described in the literatui®. such as purine-N7 in a conformationally restricted duplex may
Modifications of Double-Stranded DNA. In 80% of the not be suitably positioned to displace acridine. Another explana-
adducts formed in calf thymus DNA, platinum 2ncovalently tion for the absence of cross-links may lie in the sequence
modifies guanine nucleobase. The fact that these adducts arepecificity of1, which has been demonstrated to intercalate into
formed in the major groove of DNA suggests that platinum the guanine-containing££G/CG and 5GA/TC steps in model
dominates the DNA interactions of conjugaein guanine-  duplexes. Insertion into the reverse sequence§@GC and
specific reactions. The intercalator itself has a high affinity to 5.AG/CT, and into the GG/CC base step was not obseted.
alternating GC sequenc&sAlthough intercalative preassocia-  The latter three sequences are the preferred sites of inter- and
tion of 2 most likely occurs from the minor groove, fast jntrastrand cross-link formation of cisplatin and its analogifes.
dissociation (“on/off”) rates of the conjugate and relatively slow Thus, in addition to the substitution-inertness of the ®bond,
covalent binding might explain why a major portion of the he intercalation properties of acridine 2'may contribute to
ado_lucts are formed at the high-affinity s_ite, guanine-N7, inthe {4 inability of the metal to form bis(purine-N7) adducts in
major groove. As stated above, no evidence was found that ;jsp|atin-specific sequences. The complete absence of bifunc-
would indicate transformation of these monofunctional adducts ;41 adducts in the enzymatic digests also demonstrates that
into bifunctional cross-links due to loss of acridine-thiourea. the chemistry observed in the dGuo model system cannot be

(28) (a) Barnham, K. J.; Djuran, M. I.; del Soccoro Murdoch, P.; Sadler, P. J. EXtrap()Iated to double-stranded DNA.
h

Chem. Commuril994 721-722. (b) van Boom, S. S. G. E.; Reedijk, J. intriqui i ili
Chem. CommurL93 13971398, 'I_'he most |r_1tr|gumg feature o2 proves to be_ its ability
(29) Beaty, J. A.; Jones, M. Mnorg. Chem.1992 31, 2547-2551. to induce a high percentage of covalent adenine adducts as
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evidenced by the presence of the platinum-modified GA and
TA dinucleotide fragmentsA2 and A3. Given the distinct
sequence specificity of the acridine derivatiyeghese findings

We have demonstrated that in the model adduct d(GGAG-
CTCC)+(1), the acridine chromophores intercalate into the
GAITC base steps with the thiourea groups residing in the

strongly suggest that in ca. 20% of the adducts the intercalatorminor groove of the B-type duple®:1” Similarly, rapid and

dictates the sites of covalent attachment of platinum in DNA.

regiospecific intercalation of acridine i@ from the minor

Consequently, the proposed mechanism of formation of thesegroove may “hijack” platinum away from its natural target
adducts involves sequence-specific intercalation of the planar(N7) and promote binding to nucleobase sites in duplex DNA

chromophore into the GA/TC and TA/TA base steps, respec-
tively, and subsequent platination of adenine. It is proposed,
on the basis of the fragmentation behavior in MS/MS experi-
ments, that the modified adenine baséihandA3 is located

at the 3terminus. This notion is further supported by the inter-
calation properties df (NMR).17 Platination of adenine adjacent
to guanine inA2 is a very unusual binding mode. Guanine-N7

that are usually not favored by platinum. The proposed “pseudo-
bifunctional” binding mode inA2 and A3 would involve
metalation of adenine and intercalation of the chromophore
at the 5 face of the modified nucleobase. Interestingly, no
platinum—adenosine mononucleoside adducts were detected
in the enzymatic digests, which indicates inhibition of endo-
nucleolytic hydrolysis of the phosphodiester linkage at the GA

would be expected to be the preferred target site, if adduction and TA binding sites. In contrast, the guanine adducts were fully

occurred in the major groove. Thus, it is proposed that the

degraded to modified mononucleosi@elj. One of the enzymes

selective modification of adenine in the GA sequence may occur Used in this study, DNase |, is a double-strand-specific endo-

in the minor groove of DNA in the absence of the competing

nuclease that associates with DNA through the minor gréeve.

donor, guanine-N7. In control experiments (Figures S4 and S5) The cleavage activity of this enzyme is known to be efficiently

we incubated the single-stranded sequend@AGAGA-3' with
conjugate? and subjected the mixture to enzymatic digestion.
Here, the only platinumacridine-modified DNA fragments

detected by HPLC and MS techniques were the mononucleoside

adducts, [Pt(en)(ACRAMTU)(dGud)} (major) and [Pt(en)-
(ACRAMTU)(dAd0)]3* (minor). These results indicate tha®,
formed in native DNA, is a truly double-strand-specific adduct.
The ability of acridine-thiourea to direct platinum into the
minor groove of DNA and favor covalent modification of

stalled by various minor groove binders (DNase | footpririfihg
Therefore, the absence of cleavage at the GA and TA sites might
indicate thatA2 and A3 are minor groove adducts.

Conclusions

The targeting of adenine sequences resulting in the formation
of monofunctional platinumadenine adducts breaks one of the
longest-standing paradigms in the biocoordination chemistry of
platinum anticancer complexethe requirement for guanine-

alternative donor sites, such as the N3 position in adenine, isN7 binding. Conjugate2 produces a unique array of mono-

an intriguing possibility. While endocyclic N3 of adenine
is a well-established target for various minor groove-directed
alkylating agent¥ (including acridine-tethered nitrogen
mustardd!), platinum binding to this site in native B-form
DNA is unknown. The only examples of structurally character-
ized Pt-adenine-N3 binding have been reported for model
nucleotides where N1/N7 coordination was prevented by bulky
substituent$? A recent stud§? of the DNA binding oftrans
[PtCly(iminoether)] using dinucleotide models shows cross-
link formation in AG sequences involving adenine-N3. In this
case, however, the first binding step involves platination of
guanine-N7 followed by closure of the trans chelate with
adenine-N3. It is important to note that a critical difference was
observed in the fragmentation patterns A2 and [Pt(en)-
(ACRAMTU)(dAdo)]®" in electrospray mass spectra: cleavage
of the glycosidic G-N bond is observed for the modified
adenine base irA2 but not in the mononucleotide adduct
(see Supporting Information). This observation is consistent
with platination of N7 in [Pt(en)(ACRAMTU)(dAdof}" pre-
venting protonation of this endocyclic nitrogen. Protonation of
N7 is a critical event known to facilitate depurinatighiThis is

in contrast to the proposed adenine-N3 bindingARy which
would allow protonation of N7 and result in facile loss of
adenine base.

(30) Denny, W. A.Curr. Med. Chem2001, 8, 533-544.

(31) Fan, J.-Y.; Ohms, S. J.; Boyd, M.; Denny, W.@hem. Res. Toxical999
12, 1166-1172.

(32) Meiser, C.; Song, B.; Freisinger, E.; Peilert, M.; Sigel, H.; LipperCBem.
Eur. J. 1997 2, 388—-398.

(33) Liu, Y.; Vinje, J.; Pacifico, C.; Natile, G.; Sletten, E. Am. Chem. Soc.
2002 124, 12854-12862.

(34) Nordhoff, E.; Kirpekar, F.; Roepstorff, Rlass. Spectrom. Re1996 15,
67—138.
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functional guanine (80%) and adenine (20%) adducts, which
opens new avenues in the design of DNA-directed platinum
anticancer agents that are truly different from drugs currently
in clinical use. We have already demonstrated thakhibits
activity in cell lines where cisplatin is a less effective treatniént.
The covalent adducts detected in this study in cell-free media
represent potential cytotoxic lesions at the DNA level, which
may trigger suicidal cellular events by interfering with DNA
replication and transcription. Many DNA-processing enzymes
and gene regulatory proteins associate with DNA through the
minor groove, and the modulation of their genomic functions
by minor-groove adducts of platinum might have profound
biological consequences. The targeting of regions in duplex
DNA hitherto inaccessible to platinating agents, such as adenine-
containing sequences, would render compouhdlso an
interesting tool for studying sequence- and groove-specific
interactions between DNA and DNA-binding proteins (e.g.,
TATA box proteins, TBPY).

In summary, we have demonstrated for the first time that it
is possible to direct platinum away from its natural target by
disfavoring cross-link formation and tethering of the metal to
an adenine-affinic, minor groove-directed intercalator. In this
report we have identified the covalent adducts of the title
compound formed with duplex DNA, which is a crucial step
toward an understanding of the molecular recognition between
a new platinum anticancer agent and DNA. Molecular biology
and high-resolution structural studies are underway to further

(35) Weston, S. A.; Lahm, A.; Suck, . Mol. Biol. 1992 226, 1237-1256.

(36) Fox, K. R. InDrug—DNA Interaction ProtocolsFox, K. R., Ed.; Humana
Press: Totowa, 1997; pp-R2.

(37) Nikolov, D. B.; Chen, H.; Halay, E. D.; Hoffmann, A.; Roeder, R. G
Burley, S. K.Proc. Natl. Acad. Sci. U.S.A.996 93, 4862-4867.
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elucidate the sequence context of adduct formation and char- Supporting Information Available: Table S1 giving'H
acterize the adducts and their structural impact in double- NMR chemical shift assignments fd?1 and P2, Figures
stranded DNA. S1-S5 showing'H NMR spectral data of incubation mixtures
of 2 and dGuo, the MS/MS spectrum of thel-4H]~ ion, the
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