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’ INTRODUCTION

Cisplatin (Figure 1) and several of its second-generation
analogues enjoy the status of the world’s best-selling anticancer
drugs. Unfortunately, like most chemotherapies, platinum antitu-
mor drugs suffer from major drawbacks, including intrinsic and
acquired resistance and severe systemic toxicity.1 To overcome
these limitations, structurally and functionally, uniquemetallodrugs
have been designed. These include trans-configured complexes,2

inert platinum(IV) compounds,3 polynuclear complexes,4 and
photoactivatable complexes,5 as well as agents containing alter-
native metals, such as ruthenium, osmium, or iridium.6�8 The
mechanism of action of cisplatin involves several critical events,
such as cellular uptake and transport of the drug to the nucleus,
formation of DNA adducts in chromatin, and recognition by
DNA-binding proteins and DNA-processing enzymes.9 Sub-
sequent activation of signal transduction pathways, as a consequence
of the DNA damage and its interference with nuclear proteins,
results in cell-cycle arrest and, if the lesions are not repaired, in
apoptosis or necrosis.10

Recent insights into the events triggering cell death have led to
the hypothesis that platinum and other transition-metal based
drugs that damageDNA in a fundamentally differentmanner than
cisplatin may show unique biological properties, including an
altered spectrum of antitumor activity.11 To test this hypothesis,
conjugates of metal complexes with organic intercalators have
been reported previously.12�16 Platinum�acridine complexes
represented by the prototype [PtCl(en)(ACRAMTU)](NO3)2
(1, “PT-ACRAMTU”) (en = ethane-1,2-diamine, ACRAMTU =
1-[2-(acridin-9-ylamino)ethyl]-1,3-dimethylthiourea) (Figure 1)
are a new class of hybrid agents also designed toward this goal.
These PtII compounds have demonstrated promising activity in a
wide range of human cancer cell lines including those resistant to
cisplatin.17 The DNA binding mechanism of 1 differs in many
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ABSTRACT: A combination of biophysical, biochemical, and computational techniques was
used to delineate mechanistic differences between the platinum�acridine hybrid agent
[PtCl(en)(L)](NO3)2 (complex 1, en = ethane-1,2-diamine, L = 1-[2-(acridin-9-ylamino)-
ethyl]-1,3-dimethylthiourea) and a considerably more potent second-generation analogue
containing L0 = N-[2-(acridin-9-ylamino)ethyl]-N-methylpropionamidine (complex 2). Calcu-
lations at the density functional theory level provide a rationale for the binding preference of both
complexes for guanine-N7 and the relatively high level of adenine adducts observed for
compound 1. A significant rate enhancement is observed for binding of the amidine-based
complex 2 with DNA compared with the thiourea-based prototype 1. Studies conducted with
chemical probes and on the bending and unwinding of model duplex DNA suggest that adducts
of complex 2 perturb B-form DNA more severely than complex 1, however, without denaturing the double strand and significantly
less than cisplatin. Circular and linear dichroism spectroscopies and viscosity measurements suggest that subtle differences exist
between the intercalation modes and adduct geometries of the two complexes. The adducts formed by complex 2 most efficiently
inhibit transcription of the damaged DNA by RNA polymerase II. Not only do complexes 1 and 2 cause less distortion to DNA than
cisplatin, they also do not compromise the thermodynamic stability of the modified duplex. This leads to a decreased or negligible
affinity of HMG domain proteins for the adducts formed by either Pt�acridine complex. In a DNA repair synthesis assay the lesions
formed by complex 2 were repaired less efficiently than those formed by complex 1. These significant differences in DNA adduct
formation, structure, and recognition between the two acridine complexes and cisplatin help to elucidate why compound 2 is highly
active in cisplatin-resistant, repair proficient cancer cell lines.

KEYWORDS: platinum drug, antitumor, DNA binding, conformational distortion, DNA repair



1942 dx.doi.org/10.1021/mp200309x |Mol. Pharmaceutics 2011, 8, 1941–1954

Molecular Pharmaceutics ARTICLE

ways from that of clinical platinum drugs. Cisplatin and its
analogues form bifunctional adducts with neighboring purine
bases (mainly 1,2-GG and AG intrastrand cross-links).9 These
cross-links unwind the DNA duplex locally and bend it toward
the major groove.18 This severe distortion is recognized by
nuclear proteins,19 including those involved in repair processes
and proteins containing high-mobility-group (HMG) domains.9

By contrast, the DNA binding mode of 1 involves a combination
of intercalation and monofunctional coordination. Complex 1
forms unique monoadducts with the N7 donor site of G residues
(80%) in the sequence 50-CG and with N7 (major), N3, and N1
of A residues (20%) at 50-TA and 50-GA sites.20 In these adducts,
the acridine moiety intercalates into the 50 base-pair step adjacent
to the platinated nucleobase.20�25

Recently, a derivative of PT-ACRAMTU (1), [PtCl(en)(L)]
(NO3)2 (2) (L = N-[2-(acridin-9-ylamino)ethyl]-N-methylpro-
pionamidine) (Figure 1) was synthesized,26 in which the thiourea
donor groupwas replacedwith an amidine group. The substitution
of thiourea sulfur with amidine nitrogen was done as part of a
structure�activity relationship study to explore the possibility of
modulating the reactivity of the hybrid agent with biological
nucleophiles by altering the donor set in the metal’s coordination
sphere. This simple modification led to a significant increase in the
rate of platinum adduct formation with DNA, which translated
into greatly enhanced cytotoxicity in non-small-cell lung cancer
(NSCLC) and tumor growth inhibition in the corresponding
mouse xenograft model.26 These observations suggest that the
biological activity of platinum�acridines can be tuned at the DNA
adduct level. The type of DNA conformational changes caused
by a specific adduct and its recognition and repair are critical
determinants of a platinum drug’s efficacy.9 In the current study,
we aimed to delineate differences in theDNA interactions between
complexes 1 and 2 and compare the effects of the hybrid adducts
with the damage produced by cisplatin. A combination of biophy-
sical, biochemical, and computational techniques were used to
establish mechanistic differences between the two compounds
with respect to the DNA adducts they produce, their effect on the
structure and stability of the damaged biopolymer, and their
interactions with critical DNA-binding proteins and DNA-proces-
sing enzymes. The latter aspect focused on high-mobility-group
(HMG) proteins9 and human RNA polymerase II,27 which are
critical mediators of the antitumor effect of clinical platinum drugs.
The repair of DNA adducts formed by 1 and 2 was also studied
since repair efficiency is a potential biomarker for the sensitivity of
a tumor to platinum-based therapy.28

’MATERIALS AND METHODS

Chemicals. Cisplatin (purity was g99.9% based on elemental
and ICP trace analysis) was obtained from Sigma (Prague, Czech

Republic). The platinum�acridine complexes 1 and 2 were
synthesized according to published procedures.21,26 Stock
solutions of the platinum complexes [5 � 10�4 M in NaClO4

(10 mM)] were stored in the dark at 277 K. Calf thymus (CT)
DNA (42% G + C, mean molecular mass ca. 20 000 kDa) was
prepared and characterized as described previously.29,30 The
plasmids, pUC19 (2686 bp) and pBR322 (4361 bp), were isolated
according to standard procedures. Restriction endonucleases,
plasmid DNA pCMV-GLuc (5764 bp), T4 DNA ligase and T4
polynucleotide kinase were purchased from New England Biolabs
(Beverly, MA). The synthetic oligodeoxyribonucleotides were
purchased from VBC-GENOMICS (Vienna, Austria) or DNA
Technology (Aarhus, Denmark). The purity of the oligonucleo-
tides was verified by either high-pressure liquid chromatography
(HPLC) or gel electrophoresis. Expression and purification of the
domains A and B (residues 1�84 and 85�180, respectively) of the
HMGB1 protein (HMGB1a and HMGB1b, respectively) were
carried out as described previously31,32 (in this study the HMGB1b
protein also contained the A/B linker (residues 85�91)33). The
HeLaScribe Nuclear Extract in vitro Transcription system kit was
from Promega (Mannheim, Germany). Deoxyribonucleotide tri-
phosphates were from Roche Diagnostics, GmbH (Mannheim,
Germany). Agarose was from FMC BioProducts (Rockland, ME).
Acrylamide, bis(acrylamide), ethidium bromide (EtBr), NaCN
and ureawere fromMerckKgaA (Darmstadt, Germany). Dimethyl
sulfate (DMS), KMnO4, diethylpyrocarbonate (DEPC), KBr,
and KHSO5were from Sigma (Prague, Czech Republic). Sodium
dodecyl sulfate (SDS) was from Serva (Heidelberg, Germany).
Proteinase K and ATP were from Boehringer (Mannheim,
Germany). Radioactive products were from Amersham
(Arlington Heights, IL, USA). The cell-free extract (CFE) was
prepared from the repair-proficient HeLa S3 cell line as reported
previously.34

Platination Reactions. If not stated otherwise, CT or plasmid
DNAs were incubated with the platinum complex in 10 mM
NaClO4 at 310 K in the dark. After 24 h, the samples were
exhaustively dialyzed against the medium required for subse-
quent biochemical or biophysical analysis. An aliquot of these
samples was used to determine rb values (the number of
molecules of the platinum complex bound per nucleotide
residue) by flameless atomic absorption spectrometry (FAAS),
or by differential pulse polarography (DPP).35 The duplexes
containing single, site-specific adducts of the platinum com-
pounds were prepared as follows: the single-stranded oligonu-
cleotides (the top strands of the duplexes used in the present
work) were reacted with 1, 2 or cisplatin in the dark. The
platinated oligonucleotide was repurified by HPLC. FAAS and
optical density measurements were used to verify that the
modified oligonucleotides contained one molecule of platinum
complex per one strand. By using Maxam�Gilbert (DMS)
footprinting of platinum on DNA,36 we also verified that the N7
position of the guanine residue in the platinated top strands was
not accessible for reaction with DMS. The platinated top strand
was allowed to anneal with the complementary strand in NaClO4

(0.1 M) and incubated with platinum at 310 K for 24 h.
Computational Studies.Models were built using the Gauss-

view program (Semichem Inc., ShawneeMission, KS, 2009). The
crystal structure coordinates of compound 226 and the 20-
deoxyguanosine adduct of compound 137 served as starting
geometries where applicable. Calculations were performed with
truncated models lacking theN-methylacridin-9-amine moieties.
These truncated models were modified in Gaussview to produce

Figure 1. Structures of the platinum complexes studied.
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PT�AMD�AQ, PT�AMD�A, PT�AMD�G, PT�TU�AQ,
PT�TU�A, and PT�TU�G. 9-Methylguanine and 9-methy-
ladenine were used to mimic binding of platinum to the N7
positions of the DNA nucleobases. Transition states were built
using a trigonal bipyramidal platinum template and the appro-
priate crystal structure fragments in Discovery Studio (Accelrys,
San Diego, CA, version 2.1, 2008). To sample the conforma-
tional space of both the transition states and platinum adducts,
the torsional angles about the Pt�nucleobase�N7 bonds were
systematically varied to allow themodels to relax into (hydrogen-
bonded) optimized geometries. Optimizations and single-point
energy calculations were performed with the Gaussian 03 (G03)
software package.38 All geometries were fully optimized in the gas
phase at the gradient-corrected DFT level using the restricted
B3LYP functional.39,40 The LANL2DZ valence basis set,41 which
includes relativistic core potentials, and the D95 V basis set42

were used to describe the elements Na�Bi and H�Ne, respec-
tively. Vibrational frequencies were used to confirm that the
optimized structures had converged to their local minima (or
maxima in the case of the transition states). Equilibrium struc-
tures contained no imaginary frequencies, whereas transition
state structures contained one imaginary frequency. Single-point
energy calculations on the gas-phase structures were performed
using the self-consistent reaction field (SCRF) approach,43

which employed a constant dielectric (ε = 78.3553) to mimic
solvation in water. Cartesian coordinates and vibrational fre-
quencies for the optimized structures have been submitted as
Supporting Information (Tables S1 and S2).
Circular and Linear Dichroism Spectroscopy. Isothermal

circular dichroism (CD) spectra of CT DNA at the concentra-
tion of 0.032 mgmL�1 (1� 10�4 M in nucleotides) modified by
1 or 2 at rb in the range of 0.01�0.1 were recorded at 298 K in
10 mM NaClO4 with 10 mM Tris 3HCl, pH 7.0, using a Jasco
J-720 spectropolarimeter equipped with a thermoelectrically
controlled cell holder. The cell path length was 10 mm. CD
spectra were recorded in the range of 200�500 nm in 0.2 nm
increments with an averaging time of 0.5 s. Flow linear dichroism
(LD) spectra were collected using a flow Couette cell in a Jasco
J-720 spectropolarimeter adapted for LD measurements. The
flow cell consisted of a fixed outer cylinder and a rotating solid
quartz inner cylinder, separated by a gap of 0.5 mm, giving a total
path length of 1 mm.44,45 LD spectra of CT DNA at a
concentration of 0.032 mg mL�1 (1 � 10�4 M in terms of
monomeric nucleotide content) modified with 1 or 2 were
recorded at 298 K in 10 mM NaClO4 with 10 mM sodium
cacodylate, pH 7.0.
Viscometry. The relative viscosity of the solutions of CT

DNA (150 μg mL�1), unmodified or modified with 1 or 2, was
measured in 0.01 M NaClO4 at 310 K by microviscometry
(AMVn Automated Micro Viscometer, Anton Paar GmbH,
Austria) in a 1.6 mm capillary tube. The densities of the solutions
were measured using a density meter DMA4500 instrument
(Anton Paar GmbH, Austria).
Differential Scanning Calorimetry (DSC). Excess heat capa-

city (ΔCp) versus temperature profiles for the thermally induced
transitions of the 15-bp duplex (see Figure 11A for its sequence)
were measured using a VP-DSC calorimeter (Microcal, North-
ampton, MA). In the DSC experiments the concentration of
duplex was 30 μM, the heating rate was 60 K h�1, and the
maximum temperature was 368 K. After reaching the maximum
temperature the samples were cooled at the same rate to the
starting temperature of 288 K. In this studyΔCp is defined as the

excess heat capacity, which is baseline-subtracted and concentra-
tion-normalized.46 The reference scans were subtracted from the
sample scans to obtain ΔCp versus temperature profiles. The
enthalpies (ΔHcal) and entropies (ΔS) of duplex melting were
calculated from the areas under the experimental ΔCp versus T
and the derived ΔCp/T versus T curves, respectively, using
ORIGIN (version 5.0, Microcal, Studio City, CA). The free
energy of duplex dissociation at 298 K (ΔG�298) was calculated
from the standard thermodynamic relationship and the corre-
sponding ΔHcal and ΔS values:

ΔG�
298 ¼ ΔHcal � 298:15ΔS ð1Þ

The duplexes were dissolved in buffer, at pH 7.0, containing
sodium phosphate (NaH2PO4/Na2HPO4, 10 mM) and NaCl
(150 mM). It was also verified, as described previously,47,48 that
the melting transitions of both the platinated and unmodified
duplexes were fully reversible.
Chemical Probing of DNA Conformation. The reactions of

the platinated oligonucleotide duplexes with KMnO4, DEPC and
KBr/KHSO5 were performed as described previously.49 The top
or bottom strands of the oligonucleotide duplexes were 50-end-
labeled with [γ-32P]ATP and T4 polynucleotide kinase. In the
case of the platinated oligonucleotides, platinum was removed
after reaction of the DNA with the probe by incubation with
NaCN (0.2 M, pH 11) at 318 K for 16 h in the dark.
Ligation and Electrophoresis of Oligonucleotides. Unpla-

tinated and monoadducted 20�23-bp duplexes (shown in
Figure 10) were 50-end-labeled with [γ-32P]ATP by using T4
polynucleotide kinase. The duplexes were allowed to react with
T4 DNA ligase. The resulting samples were subsequently
examined on 8% native PAA [mono:bis(acrylamide) ratio
29:1] electrophoresis gels. Other details of these experiments
were as described in previous papers50,51 or are described in
the text.
Electrophoretic Mobility Shift Assays with HMGB1 Do-

main Proteins. Radioactively labeled 22-bp DNA probes with
blunt ends (their sequence is shown in Figure 9) were titrated
with HMGB1a or HMGB1b proteins. The duplexes (1 pmol)
were incubated with the proteins in 10 μL sample volumes in a
buffer composed of HEPES (10 mM, pH 7.5), MgCl2 (10 mM),
LiCl (50mM), NaCl (0.1M), spermidine (1mM), bovine serum
albumin (0.2 mg.mL�1), and Nonidet P40 (0.05% v/v). For all
gel mobility shift experiments, samples were incubated on ice for
1 h and made 7% in sucrose and 0.017% in xylene cyanol before
loading on running, precooled (277 K), prerun (300 V, 1�2 h)
5% native PAA gels (29:1 acrylamide:bisacrylamide, 0.5� Tris-
borate-Na2H2EDTA buffer, Tris-HCl (45 mM), boric acid
(45 mM), and Na2H2EDTA (1 mM, pH 8.3). Gels were
electrophoresed at 277 K and 300 V for ∼1.5 h, dried, exposed
to a molecular imaging plate, and analyzed on a Fujifilm bioima-
ging analyzer. The radioactivities associated with the bands were
quantitated with the AIDA image analyzer software. Other details
have been published previously.33,52

Transcription by RNA Polymerase II in Vitro. In vitro
transcription was performed using HeLaScribe Nuclear Extract
in vitro Transcription system kit. The system contains all
necessary components for in vitro transcription from a CMV
promoter of plasmid DNA pCMV-GLuc. Plasmid pCMV-GLuc
linearized by XbaI was incubated with platinum complexes in
10 mM NaClO4 for 24 h at 310 K at an rb of 5 � 10�4 to 5 �
10�3. The DNA was precipitated with ethanol to remove un-
bound platinum. In vitro transcription was performed using the



1944 dx.doi.org/10.1021/mp200309x |Mol. Pharmaceutics 2011, 8, 1941–1954

Molecular Pharmaceutics ARTICLE

HeLa nuclear extract supplied with the kit following the manu-
facturer’s protocol with small modifications. Briefly, 100 ng of
platinated and unmodified, linearized pCMVGLuc DNA was
incubated in the transcription buffer supplemented with 4 mM
MgCl2, 0.4 mM ATP, 0.4 mMUTP, 0.4 mM GTP, 16 μMCTP,
10 mCi [R-32P]CTP (3000 Ci/mmol), 20 U of RNase inhibitor
and nuclear extract (8 U) in a final reaction volume of 25 μL at
303 K for 60 min. The reaction was terminated by adding 175 μL
of HeLa Extract Stop Solution followed by extraction with
phenol and chloroform. The transcripts were precipitated with
ethanol, and the pellet was washed, dried and resuspended in a
loading buffer containing 90% formamide, 10 mMNa2H2EDTA,
0.1% xylene cyanol and 0.1% bromophenol blue. The samples
were separated on a 6% denaturing PAA gel, and the radioactivity
associated with the bands corresponding to full-length runoff
transcription products was quantified.
Repair DNA Synthesis by Human Cell-Free Extract. Repair

DNA synthesis was assayed using platinated pUC19 plasmid
and cell-free extracts (CFEs). Each reaction of 50 μL contained
600 ng of unmodified pBR322 and 600 ng of unmodified or
platinated pUC19, 2 mM ATP, 30 mM KCl, 0.05 mg mL�1

creatine phosphokinase (rabbit muscle), 20 mM each dGTP,
dATP, and dTTP, 8 mM dCTP, 74 kBq of [R-32P]dCTP in the
buffer composed of 40 mM HEPES�KOH, pH 7.5, 5 mM
MgCl2, 0.5 mM dithiothreitol, 22 mM creatine phosphate, 1.4 mg
of bovine serum albumin/mL, and 20 mg of CFE from the
HeLa S3 cells. Reactions were incubated for 3 h at 303 K and
terminated by incubating for 20 min with 20 mM Na2H2EDTA,
0.6% SDS, and 250 mg mL�1 proteinase K. The products were
extracted once with phenol/chloroform (1:1) and precipitated
by adding 3 M sodium acetate and ethanol. After 30 min of
incubation at 253 K and centrifugation at 12000g for 30 min at
277 K, the pellet was washed with 0.2 mL of 80% ethanol and
dried in a vacuum centrifuge. The DNA was linearized before
electrophoresis on a 1% agarose gel. Gels were stained with
EtBr for photodocumentation. Experiments were performed in
quadruplicate.
Other Physical Methods. Absorption spectra were measured

with a Beckman 7400 DU spectrophotometer equipped with a
thermoelectrically controlled cell holder. HPLC purification of
oligonucleotides was carried out on a Waters HPLC system
consisting of a Waters 262 pump, Waters 2487 UV detector, and
Waters 600S controller with MonoQ 5/50 GL column. The
FAAS measurements were carried out on a Varian AA240Z
Zeeman atomic absorption spectrometer equipped with a
GTA 120 graphite tube atomizer. For FAAS analyses, DNA
was precipitated with ethanol and dissolved in HCl (0.1 M).
DPP was performed with an EG&G Princeton Applied Research
Corporation model 384B polarographic analyzer. The gels were
visualized on a BAS 2500 FUJIFILM bioimaging analyzer, and
the radioactivity associated with bands was quantified with the
AIDA image analyzer software (Raytest, Germany).

’RESULTS

Platination of DNA. Prior to the synthesis of the site-specific
adducts in this study, we investigated the reactions of 1 and 2
with CT DNA in cell-free media and compared their binding
properties with those of cisplatin. For this purpose, solutions of
double-helical CTDNA were incubated with 1 and 2 under well-
defined conditions (see Materials and Methods). At various time
intervals, suitable aliquots were withdrawn from the reaction

mixture and assayed by DPP for unbound platinum. The amount
of platinum bound to DNA increased with time, and the time at
which the binding of 1 or 2 reached 50% (t50) was 12( 1 or 6(
1 min, respectively. Both complexes were quantitatively bound
after ∼6 h. These results are in agreement with a recent kinetic
study, which showed that replacement of a thiourea sulfur with an
amidine nitrogen increased the rate of platinum binding by
approximately 3- to 4-fold.53 On the other hand, intercalator-
driven platination of DNA by 1 and 2 proved to be considerably
faster than formation of adducts by cisplatin.54

Circular and Linear Dichroism (CD and LD) Studies. CD
spectra of CT DNA modified with complexes 1 and 2 at varying
rb values were recorded to study the binding modes and global
conformational changes produced by the conjugates (Figure 2).
Complexes 1 and 2 are achiral molecules and therefore do not
show intrinsic CD signals. The CD signal above 320 nm (ligand
region) can be attributed to the interaction of the complexes with
the chiral DNA, resulting in induced circular dichroism (ICD).
The ICD signatures of complexes 1 and 2 bound to CT DNA
comprise broad positive features in the 380�460 nm regions
(Figures 2B,D), which essentially mimic the vibronically coupled
absorption spectrum of the intercalated 9-aminoacridine
moiety.24,55 The band can be assigned to the π� π* transition
polarized along the short axis of the intercalated chromophore
(Figure 2B,D).56,57 The same feature has been observed pre-
viously for a double-stranded octamer modified with a single
adduct of compound 1.24,55 Its positive sign is consistent with an
intercalation mode in which the long axes of the acridines in 1
and 2 are aligned with the long dimension of the adjacent base
pairs.56 Subtle differences, however, seem to exist between the
intercalation geometries of the two compounds since the long-
wavelength ICD signal for compound 1 is more intense than the
corresponding feature for compound 2.
While compound 1 shows a weak negative ICD band at

340 nm (n�π* transition57), the corresponding feature in the
spectrum of derivative 2 shows a positive sign. The negative ICD
in the former adduct suggests that the acridine moiety deviates
significantly from coplanarity with the nucleobases of the

Figure 2. Circular dichroism (CD) spectra of CT DNA modified
by 1 (A, B) and 2 (C, D). CD spectra were recorded for DNA
at the concentration of 32 μg mL�1 in 10 mM NaClO4 with 10 mM
Tris.HCl, pH 7.0. Curves (A�D): bold solid line, control (unplatinated)
DNA; dashed line, rb = 0.01; dotted line, rb = 0.05; solid line,
rb = 0.1.
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intercalation pocket, possibly indicating partial intercalation or
significant distortions within the adjacent base pairs. Below
320 nm (DNA region), changes in the CD spectrum upon
modification of the DNA with the platinum�intercalators can
be attributed to structural perturbations induced in the DNA.
However, since complexes 1 and 2 absorb below 300 nm, ligand-
based ICD bands (Figures 2A,C) may also contribute to the
observed changes in this region, which complicates their inter-
pretation. Overall, the CD data suggest that the DNA adducts
formed by compound 1 produce a less ideal geometry for classical
intercalation than adducts formed by the new derivative, 2.
LD was also used to characterize the DNA binding mode of

complexes 1 and 2. Long molecules such as DNA (minimum
length ∼250 base pairs) can be oriented through viscous drag
produced in a Couette flow cell.58 Small unbound molecules and
molecules bound randomly to CT DNA show no LD signal.
However, molecules bound in a specific orientation with respect
to the biopolymer give rise to LD. Thus, the LD signals in the
ligand regions of CTDNAmodified with complexes 1 and 2 arise
from the intercalative monoadducts. The LD spectra show a
ligand-based negative signal in the 370�460 nm range and
negative bands in the DNA region (220�300 nm) (Figure 3).
The latter feature confirms that the DNA modified with com-
plexes 1 and 2 remains in a B-type conformation. The short-axis
transition within the ligand chromophore gives rise to a signal
exhibiting the same sign as the DNA bands. This observation is in
agreement with a coplanar arrangement of the DNA base pairs
and the acridine moiety, which is highly suggestive of classical
intercalative binding.57

Viscometry Studies of Platinated DNA. The effects
of complexes 1 and 2 on the viscosity of CT DNA were also
studied (Figure 4). On increasing the amounts of 1 or 2 bound

to DNA (in the range of rb values of 0.01�0.08), the relative
viscosity of the DNA increased steadily. The linear increase in
viscosity as a function of platinum content observed for com-
pound 1 across the entire rb range is in agreement with the
classical intercalation model. For compound 2, a significant
deviation from linearity is observed at rb values greater than
0.05. This suggests that formation of monofunctional adducts
by 2, in which the acridine chromophore is able to intercalate into
the DNA base stack, becomes unfavorable at higher adduct
levels. The saturation behavior observed for 2 is consistent
with the change in base selectivity that results from the substitu-
tion of the thiourea linker in 1 with an amidine group in 2 (see
Discussion).

Figure 4. Viscometry of calf thymusDNAmodified by 1 (9) and 2 (0).
Dependence of relative viscosity of CT DNA on rb. The data were
recorded for DNA concentration of 0.15 mg mL�1 in 10 mM NaClO4

at 310 K.

Figure 5. Gel mobility shift assay analysis of the interaction of a 22-bp
duplex containing the 1,2-GG intrastrand cross-link of cisplatin (22-
TGGT) or adducts of 1 or 2 (22-TCGT) with HMGB1a and HMGB1b.
Radioactively labeled oligodeoxyribonucleotide duplexes (1 pmol) were
incubated with 10 ng of HMGB1a or 40 ng of HMGB1b. (A) Sequences
of the synthetic oligodeoxyribonucleotides used in this study. (B, C)
Autoradiograms of the gel mobility shift assay analysis of the interaction
with HMGB1a (B) and HMGB1b (C). Lanes 1, 2: control (unplatinated)
duplex. Lanes 3, 4: 1,2-GG intrastrand cross-link of cisplatin (22-TGGT).
Lanes 5, 6: 22-TCGT duplex modified by 1. Lanes 7, 8: 22-TCGT
duplex modified by 2. Lanes 1, 3, 5, 7: no protein. Lanes 2, 4, 6, 8: 10 ng
of HMGB1a (B) or 40 ng of HMGB1b (C).

Figure 3. Linear dichroism (LD) spectra of CTDNAmodified by 1 (A)
and 2 (B). LD spectra were recorded for DNA in 10 mM NaClO4 with
10 mM sodium cacodylate, pH 7.0 at 298 K. The concentration of
DNA was 32 μg mL�1. Curves (A, B): bold solid line, control
(unplatinated) DNA; dashed line, rb = 0.01; dotted line, rb = 0.05; solid
line, rb = 0.08.
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Recognition of Adducts by HMG Domain Proteins. An
important feature of the mechanism of action of cisplatin is that
the altered structures produced by the bending of the helical axis
induced in DNA by 1,2-intrastrand or 1,2-interstrand cross-links
of cisplatin attractHMGdomain proteins and other proteins.19,59,60

This binding of HMG domain proteins to cisplatin-modified
DNA has been postulated to mediate or enhance the drug’s
antitumor properties.19 Full-length HMGB1 or HMGB2 pro-
teins and the domains A and B of HMGB1 protein (HMGB1a
and HMGB1b, respectively) bind to 1,2-GG intrastrand cross-
links of cisplatin. Interestingly, the full-length HMGB1 protein
and its domain B that contains the N-terminal lysine-rich region
(seven amino acid residues) of the A/B linker specifically
recognize the interstrand cross-link.33,60

Since the DNA conformational changes caused by 1 and 2 are
very different from those caused by cisplatin, experiments were
performed to determine if differences exist in the recognition of
the monofunctional�intercalative and bifunctional adducts by
HMG domain proteins. The interactions of the domains A and B
of HMGB1, which is considered the prototype of this family of
proteins, with the adducts of 1 or 2 were investigated using a gel
mobility shift assay.33,61 In these experiments, the 22-bp duplex
with blunt ends (see Figure 5A for its sequence) was modified so
that it contained a single, site-specific, monofunctional adduct
formed by 1 or 2; or for comparative purposes, the 22-bp duplex

was also used which was identical to that containing the mono-
functional adduct of 1 or 2 except that its central sequence was
TGGT/ACCA at which a single, site-specific 1,2-GG intrastrand
cross-link of cisplatin was formed (Figure 5A). The binding of
the domains HMGB1a or HMGB1b to these DNA probes was
detected as a band of reduced electrophoretic mobility on the
gels.33,61 These proteins exhibited negligible binding to the
unmodified 22-bp duplexes, whereas both HMGB1a and
HMGB1b recognized and bound to the duplex containing the
1,2-GG intrastrand cross-link of cisplatin. The results of the
incubation of the duplexesmodified with 1 or 2withHMGB1a or
HMGB1b indicate that neither of these proteins bound the
probes under conditions where the HMGB1a or HMGB1b
proteins associated with the duplex containing the 1,2-GG
intrastrand cross-link of cisplatin (Figure 5B,C). Hence, the
either monofunctional adducts of 1 or 2 are not recognized at
all by HMG domain proteins or the affinity of these proteins is
markedly lower for the monofunctional adducts than for the 1,2-
GG intrastrand cross-link of cisplatin.
RNA Polymerase II Transcription and DNA Repair Synth-

esis in Human Cell-Free Extracts (CFE).To investigate how the
adducts formed by complexes 1 and 2 affect DNA-processing
enzymes, we used an assay to test the ability of RNA polymerase
II (RNA pol II) in human CFE to transcribe DNAmodified with
1 and 2. In addition, we used an in vitro system to study repair of

Figure 6. Inhibition of RNA polymerase II transcription by DNA adducts of complexes 1, 2 and cisplatin. (A) Autoradiogram of the 8% PAA/8M urea
denaturing gel. Lanes: 1, unmodified substrate, no extract added; 2, control, unplatinated pCMV-Gluc substrate; 3, 4, 5 and 6, pCMV-Gluc substrate
modified with cisplatin at rb = 5� 10�4, 1� 10�3, 2� 10�3 and 5� 10�3, respectively; 7, 8, 9 and 10, pCMV-Gluc substrate modified by complex 1 at rb
= 5� 10�4, 1� 10�3, 2� 10�3 and 5� 10�3, respectively; 11, 12, 13 and 14, pCMV-Gluc substrate modified by complex 2 at rb = 5� 10�4, 1� 10�3,
2� 10�3 and 5� 10�3, respectively. (B)Quantitative assessment. The relative transcription was assed as follows: The amount of full length transcript at
each rb was quantified (in% of total radioactivity in the lane) and calculated as the percentage of that generated by the control, undamaged template. Data
represent results of two independent experiments and are expressed as mean percentages ( SEM (9) cisplatin; (2) 1; (b) 2. (C) Inhibition of RNA
polymerase II transcription by the addition of increasing amount of exogenously platinated pUC19 DNA. The amount of full-length transcript in each
lane is expressed as a mean fraction ((SEM) of that generated in the absence of exogenously added DNA (white bar). Black bars: transcription of
undamaged DNA. Gray bars: transcription of cisplatin modified DNA. Light gray bars: transcription of DNA modified with 1. Hatched bars:
transcription of DNA modified with 2.
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platinum lesions by CFE. The effect of 1 and 2 on the transcrip-
tion activity of human RNA pol II was tested using a commer-
cially available in vitro transcription system kit. Using a previously
described procedure,62 the RNA pol II transcription template
pCMV-Gluc modified with 1, 2 or cisplatin and an unmodified
control were incubated with the HeLa nuclear extract supplied
with this kit. This extract can support accurate transcription
initiation by RNA pol II and exhibits both basal and regulated
patterns of RNA transcription.63 This nuclear extract also is the
source for a variety of transcription factors, DNA binding
proteins and the enzymatic machinery involved in the process
of RNA synthesis. Specific transcription from the CMV promo-
ter results in a runoff transcript 688 nucleotides in length. The
newly synthesized full-length transcripts can be subsequently
detected by gel electrophoresis. As seen in Figure 6A, in the
absence of platinum complex a high level of transcript was
observed. In contrast, a significant decrease in the amount of
full-length transcript was observed as a result of increasing
template modification by the three platinum complexes tested
in this experiment. The relative amount of transcript generated in
each reaction was quantified and plotted as a function of the level
of platination (rb) (Figure 6B). Under the specific conditions of
this assay, RNA pol II transcription was affected by very low
levels of platinum adducts. The lesions produced by 2 were
considerably more effective in inhibiting RNA pol II transcrip-
tion than those produced by 1 or cisplatin, in particular at low
adduct levels.
To determine if the catalytic activity of RNA pol II was

inhibited as a consequence of erroneous recruitment of factors
essential for RNA pol II transcription initiation62 to the DNA
adducts of 1 or 2, the following competition experiments were
performed: RNA pol II transcription of undamaged template
pCMV-Gluc was examined in the presence of increasing levels of
exogenous pUC19 plasmid containing multiple lesions caused by
1, 2, or cisplatin. As shown in Figure 6C, the initial addition of
undamaged exogenous plasmid resulted in an overall increase in
the amount of transcript generated by pCMV-Gluc. Additional
unmodified plasmid only led to a minor increase in transcript
levels. RNA pol II transcription of pCMV-Gluc template was
significantly reduced by the addition of cisplatin modified
exogenous plasmid. In contrast, a negligible inhibition effect
was observed when the transcription assay was performed in the
presence of exogenous plasmid containing the adducts of 1 or 2
(Figure 6C).
DNA Repair Synthesis by Human Cell Extract. Finally,

pUC19 plasmid (2686 bp) randomly modified with 1, 2 or
cisplatin at rb = 0.03 was used to study the repair of each type of
adduct by the CFE from repair-proficient HeLa cells. The repair
activity was monitored by measuring the amount of incorporated
radiolabeled nucleotide. The incorporation of radioactive pre-
cursor was corrected for the relative DNA content in each band.
As illustrated in Figure 7, damage-induced DNA repair synthesis
detected in the plasmid modified with 2 was considerably lower
than that found for 1 at the same level of modification, although
significantly higher than that found for cisplatin.
Computational Studies of DNAAdduct Formation.Critical

differences exist between the adducts produced by the platinum�
acridines and cisplatin-type cross-links with respect to their base
selectivity and rate of formation. While guanine-N7 is the major
target of cisplatin and the platinum�acridines, one striking
feature of thiourea-based 1 is its ability to produce a high
percentage (approximately 20% in native DNA) of previously

unknown adenine monoadducts. The majority of these adducts
are formed with N7 of the nucleobase. Replacement of the
thiourea donor with an amidine group in compound 2 has a
major impact on the DNA damage profile and the kinetics of
platination. Compound 2 reacts with the model nucleotide 20-
deoxyguanosine and double-stranded DNA significantly
more rapidly and shows a less pronounced affinity for adenine-
containing base-pair steps than complex 1. Attempts to detect
adenine adducts in enzymatic digests of DNA treated with the
amidine-linked conjugate have been unsuccessful (unpublished
results).
To shed light on the reactivity and nucleobase selectivity of

complexes 1 and 2, we performed density functional theory
(DFT) calculations on the reaction sequence leading to adduct
formation with guanine and adenine bases. Previous model
studies performed with compounds 1 and 2 have shown that
simple mononucleo(t)sides, while unable to mimic the sequence
context and donor site selectivity of intercalator-driven adduct
formation in double-stranded DNA, are extremely useful for
studying the relative nucleobase affinities of newly designed
derivatives.26,64 The proposed reaction pathway involves aqua-
tion of the chloro complexes in an equilibrium (k1/k�1) that lies
far to the left, followed by substitution of the aqua ligand by the
nucleobase nitrogen (k2) (Figure 8A). The binding processes
were modeled as associative mechanisms proceeding through
pentacoordinate, trigonal-bipyramidal transition states. The re-
action profiles along with the lowest-energy optimized transition
states for each reaction are shown in Figure 8B, and important
geometric parameters and energies are summarized in Tables 1
and 2. A table of absolute energies and views of the optimized

Figure 7. In vitro DNA repair synthesis assay. Repair mediated by the
extract prepared from the repair-proficient HeLa cell line was monitored
using unmodified pBR322 plasmid and pUC19 plasmid, unmodified or
modified at rb = 0.03 with cisplatin, 1 or 2. (A) Results of a typical
experiment. Top panel, autoradiogram of the gel showing the incorpora-
tion of [R-32P]dCTP; bottom panel, a photograph of the EtBr stained
gel. Lanes: cisplatin, unmodified pBR322 plus pUC19 modified with
cisplatin; 1, unmodified pBR322 plus pUC19 modified with 1; 2,
unmodified pBR322 plus pUC19 modified with 2. (B) Incorporation
of [R-32P]dCTP into unmodified or platinated pUC19 plasmid. For all
quantifications representing the mean values of three separate experi-
ments, incorporation of radioactive material is corrected for the relative
DNA content in each band. The radioactivity associated with incorpora-
tion of [R-32P]dCTP into DNA modified with cisplatin was arbitrarily
set to 100%. Values shown in the graph are the means ((SEM) of three
separate experiments, each conducted in quadruplicate.
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geometries of the aqua intermediates and final nucleobase
adducts are available as Supporting Information (Table S3,
Figure S1).

The first reaction modeled is the substitution of chloride in 1
and 2 by water, leading to the aquated species, PT�TU�AQ and
PT�AMD�AQ. Based on the total energies calculated in a
dielectric mimicking water, formation of the latter amidine-
substituted aqua complex is favored by 25 kJmol�1 over aquation
of the analogus thiourea-based complex, suggesting that com-
pound 2 aquates to a greater extent than compound 1. A
difference inΔGq of the same order of magnitude would translate
into a ∼103-fold enhanced rate of aquation. Unfortunately,
attempts to generate optimized transition state geometries for
the aquation reactions were unsuccessful. Loss of chloride in a
hydrolytic pre-equilibrium is the rate-determining step in plati-
num drug�DNA adduct formation. Thus, the observation that
complex 2 is significantly more reactive with DNA than com-
pound 153 is in agreement with a greater rate and extent of

Figure 8. Results of theDFT computations. (A)General reaction sequencemodeled for compounds 1 (X = S, Y =NH; “TU”) and 2 (X =NH, Y =CH2;
“AMD”) using truncated N-dimethyl carrier ligands and 9-methylpurine bases (G, A). (B) Computed reaction pathways for nucleobase binding to the
aquated forms of compounds 1 and 2 showing the lowest-energy optimized transition state geometries. For the optimized structures of the aqua
complexes and the final nucleobase adducts, see the Supporting Information (Figure S1).

Table 2. Summary of Free Activation Energies and Binding
Free Energiesa

reaction ΔGq (kJ mol�1) ΔGrxn (kJ mol�1)

PT�AMD�AQ + A 175.06 �21.77

PT�AMD�AQ + G 111.96 �38.77

PT�TU�AQ + A 126.41 �3.64

PT�TU�AQ + G 88.68 �55.18
a Solvation-corrected energies based on from single-point calculations
of the gas-phase structures performed with the self-consistent reaction
field (SCRF) approach.

Table 1. Selected Geometrical Parameters in Minimized
Models of Platinum Complexes and Transition States (TS)

selected bond

distances H-bonding interactionsa

lowest-energy

structure

Pt�O

(Å)

Pt-GN7/

AN7 (Å)

donor�
acceptor pair

D 3 3 3A
(Å)

PT�AMD�AQb 2.116

PT�TU�AQ 2.087 OHw�Ntu
c 2.659

PT�AMD�TS�A 2.459 2.442 NHamd�AN2 3.306 (weak)

PT�AMD�TS�G 2.428 2.553 NHamd�GO6 2.821

PT�TU�TS�A 2.365 2.570 OHw�AN2 2.647

PT�TU�TS�G 2.434 2.485 NHen�GO6 2.889

OHw�GO6 2.681

PT�AMD�A 2.042 NHamd�AN2 3.277 (weak)

PT�AMD�G 2.049 NHamd�GO6 2.867

PT�TU�A 2.051 NHen�AN2 2.942

PT�TU�G 2.065 NHen�GO6 2.684
aDonor�acceptor distances less than 3.40 Å considered. b For opti-
mized structures of the aqua complexes and the final nucleobase adducts
of 1 and 2, see the Supporting Information (Figure S1). cAbbreviations:
w, aqua ligand; tu, thiourea; amd, amidine; en, ethylenediamine.
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aquation of the amidine derivative, which is supported by the
computational results in this study.
To mimic DNA adduct formation, substitution of the aqua

ligands in PT�TU�AQ and PT�AMD�AQ by N7 of guanine
(G) or adenine (A) (Figure 8B) was modeled. Based on the
binding free energies (ΔGrxn) and free energies of activation
(ΔGq) calculated for the four reactions (Table 2), G-N7 is the
thermodynamically and kinetically preferred target of the platinum�
acridines, which is in agreement with experimental findings.20�25

The pentacoordinate transition states leading to the adducts
show distinct hydrogen-bonding interactions (Figure 8B,
Table 1) involving G-O6 and A-N6 as acceptors and the aqua-
OH, en-NH, or amidine-NH as H-bond donors. An important
observation is that, while the thiourea sulfur is unable to
participate in hydrogen bonding, the amidine NH group forms
a strong hydrogen bond with G-O6, both in the transition state
(PT�AMD�TS�G, Figure 8B) and in the final adduct
(PT�AMD�G, see Figure S1 in the Supporting Information).
Another striking feature of the modeled reaction pathways is that
the reaction of A-N7 with PT�AMD�AQ is kinetically dis-
favored by ΔΔGq ≈ 50 kJ mol�1 compared to the analogous
reaction with PT�TU�AQ. This difference in transition state
free energies would explain why compound 1, but not compound
2, forms a greater percentage of DNA adducts with adenine.
Likewise, a comparison of the ΔGq values for the substitution
reactions involving G-N7 suggests that adduct formation with
PT�TU�AQ is kinetically favored over PT�AMD�AQ, which
seemingly contradicts the observation that amidine-based com-
pound 2 reacts more rapidly with G-N7 in 20-deoxyguanosine
and double-stranded DNA than the thiourea-based prototype, 1.
However, the opposite reactivity is observed for the formation of
the aqua species (see above), which is in agreement with
experimental data because rapid aquation can be considered a
rate-enhancing event in guanine adduct formation.
Adduct Characterization Using Chemical Probes. To

further characterize the distortion induced in DNA by the mono-
functional adducts formed by 1 and 2, the platinum-modified
22-bp oligonucleotide duplex in Figure 9 was treated with reagents
that are commonly used as tools for monitoring conformational
changes in B-DNA. The single, site-specific adducts of 1 or 2 were
generated at the central 50-CG/CG base-pair step. The choice of
the central sequence at which the site-specific adducts of 1 or 2
were formed is substantiated as follows. Using DNA polymerase
stop assays we previously demonstrated26 that compound 2 shows
a slightly altered damage profile compared to compound 1. Similar
to compound 1, compound 2 produced adducts in the sequences
50-CTG, 50-CGATG, and 50-CGG, but not in poly dG, consistent
with the notion that this derivative targets 50-pyrimidine�guanine
steps.26 Unlike compound 1, however, which produces a high
percentage of adenine adducts, the only platinum-containingDNA
fragment isolated from enzymatic digests of CTDNA treated with
compound 2 was 20-deoxyguanosine (unpublished data). Thus,
sequences containing platinated central 50-CG damage sites
common to both derivatives were chosen as models in this study.
The reagents included KMnO4, bromine, and DEPC, which are

used as probes for structural changes in the vicinity of thymine,
cytosine, and adenine/guanine residues, respectively.49,65,66 These
probes react, under certain conditions, with nucleobases in single-
stranded DNA and distorted double-stranded DNA, but not with
nucleobases in intact, double-stranded DNA. For this analysis, we
used exactly the same methodology as in our recent studies of
DNA adducts of various antitumor platinum drugs.49,65,66 The

results (Figure S2 in the Supporting Information) are schemati-
cally summarized in Figure 9.
The pattern and degree of reactivity toward the chemical

probes shows that the conformational distortion induced by
monofunctional adducts of 1 and 2 is delocalized, extending over
at least four base pairs around the adduct. The distortion induced
by the adduct formed by 2 appears to be somewhat more
pronounced than that of 1 (Figure S1 in the Supporting
Information). Interestingly, the most pronounced structural
perturbations in these adducts are observed at T and A bases
adjacent to the 50-CG/CG base-pair step, the site of intercalation
of the acridine chromophore. The fact that the cytosine bases at
the intercalation pocket are relatively insensitive to bromination
is in agreement with the nondenaturing nature of the hybrid
adducts formed by these agents.
Bending and Unwinding in Site-Specifically Modified

Duplexes. In this work we performed studies on the bending
and unwinding induced by single, site-specific, monofunctional
adducts of 1 or 2 formed in oligodeoxyribonucleotide duplexes at
guanine residues. As in the previous studies,33,60,67,68 we used
variations in electrophoretic mobility as a quantitative measure of
the extent of DNA curvature to analyze the bending and
unwinding induced by the single, site-specific adduct formed
by 1 or 2. The oligodeoxyribonucleotide duplexes whose se-
quences are shown in Figure 10A were used in these studies. The
ligation products of these unplatinated duplexes and duplexes
containing a single, site-specific adduct of 1 or 2were analyzed on
native polyacrylamide electrophoresis (PAGE) gels. Details of
this assay have been discussed in previous reports.36,49 A
representative experiment showing the mobility of the ligation
products for 1 or 2 and the graphical analysis of the gel are shown
in Figures 10B,C. The data demonstrate that the monofunctional
adducts formed by 1 and 2, in the sequence 50-TCGT, bend the
model duplex by 7� and 13� toward the major groove and
concomitantly unwind it by 11� and 16�, respectively. For
comparison, using a similar setup, the 1,2-GG intrastrand
cross-link has been demonstrated to kink the DNA by
32�34� and unwind it by 13�.50 The direction of the bend was
determined using the duplex TCGT(A/T)(33) (Figure 10A),
which contained, besides a single monofunctional adduct, an
(AT)6 tract located “in phase” with the adduct, separating
the platinated base pairs and the center of the A tract by
11 bp.66,69,70 In summary, the hybrid adducts cause local
unwinding of the model duplexes similar to the 1,2-intrastrand
cross-link of cisplatin but cause significantly less severe major-
groove directed bending than the adducts formed by the
clinical agent.
Effect of Monofunctional Adducts on Duplex Stability. A

calorimetric technique was used to study the effect of the
monofunctional adducts formed by 1 or 2 on the thermal stability

Figure 9. Chemical probes of DNA conformation. Summary of the
reactivity of chemical probes with the 22-bp duplex containing a single,
site-specific adduct of 1 and 2. The platinated nucleobase is highlighted
in bold. Closed and open circles designate strong and weak reactivity,
respectively.
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and energetics of a site-specifically platinated 15-bp DNA duplex
(Figure 11A). The thermodynamic stability of the drug-damaged
DNA has been shown to play an important role in the cellular
response to and biological activity of platinum antitumor
drugs.47,48,67,71�74 Here, we studied duplexes containing unique
monofunctional adducts formed by 1 or 2 at guanine residues in
the central sequence 50-CGT. Figure 11B shows DSC melting
profiles (ΔCp versus T) for the parent unmodified 15-bp duplex
(solid curve) and the same duplexes containing a single mono-
functional adduct of 1 or 2. Each transition showed negligible
changes in the heat capacities between the initial and final states,
and denaturation (heating) and renaturation (cooling) curves for
the unmodified and platinated duplexes were superposable (not
shown), which is consistent with the reversibility of the melting
equilibrium. The calorimetric data were interpreted based on the
assumption that the thermodynamic parameters for the melting
of the unmodified and platinated duplexes can be ascribed to
differences in the initial duplex states. This implies that the final
single-stranded states should be thermodynamically equivalent
at the elevated temperatures at which they are formed. This
assumption was verified (not shown) similarly to earlier
reports by recording identical CD spectra for samples of un-
platinated and platinated duplexes heated at high temperatures
(363 K).47,48,71,72

DSCmelting profiles (Figure 11B) were analyzed as described
inMaterials andMethods, and the results are listed in Table 3. All
thermodynamic parameters discussed in this work refer to the
duplex dissociation process. Differences in the thermodynamics
of strand dissociation due to the presence of a platinum adduct
are presented as “ΔΔ” parameters. These parameters are

computed by subtracting the appropriate value measured for
the control, the unmodified duplex, from the value measured for
the duplex containing the single, site-specific platinum adduct
and are reported in Table 3 in parentheses. Inspection of these

Figure 10. Ligation and electrophoresis of platinatedmodel oligodeoxyribonucleotides. (A) Sequences of the synthetic oligodeoxyribonucleotides used
in this study with their abbreviations. The top and bottom strands of each pair are designated “top” and “bottom”, respectively, in the text. The bold
letters in the top strand indicate the location of the adduct after the modification of the oligonucleotides by 1 or 2 as described in the text. (B)
Autoradiogram of the ligation products of double-stranded oligonucleotides (20�23); platinum-free duplexes (lanes C) and duplexes containing a
unique adduct of 1 or 2 separated on an 8% polyacrylamide gel (lanes 1 and 2, respectively). (C) (a, b). Plots showing the relative mobilityK (defined as
the ratios of the calculated and the actual lengths) versus sequence length for the 20�23-bp oligomers containing the adducts of 1 (a) or 2 (b): (9) 20-
mer, (0) 21-mer, (b) 22-mer, and (O) 23-mer. (C) (c). The plot showing the relative mobility K versus interadduct distance in bp for the 20�23-bp
oligomers containing the adducts of 1 (9) or 2 (0) with total length of 190 bp. The experimental points represent the average of three independent
electrophoresis experiments, and the curves represent the best fit of the data to the equation K = ad2 + bd + c.50

Figure 11. Differential scanning calorimetry of the unmodified 15-bp
duplex and duplexes containing a single, monofunctional adduct of 1 or
2. (A) Nucleotide sequence of the 15-bp duplex; the bold letter (central
G residue) in the top strand indicates the location of themonofunctional
adduct of the platinum complex. (B) DSC thermograms; lines: solid,
unmodified duplex; dashed, duplex containing the adduct of 1; dotted,
duplex containing the adduct of 2. The duplex concentration was 30 μM,
and the buffer conditions were 10 mM phosphate buffer (pH 7) plus
150 mM NaCl. For other details, see the text.
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thermodynamic parameters reveals a number of interesting
features. First, the formation of monofunctional adducts by 1
and 2 increased the duplex thermal stability by 6.4 and 3.4 K,
respectively. Interestingly, the formation of monofunctional
adducts by 1 and 2 resulted in a large decrease in the enthalpy
of duplex dissociation (Table 3). In other words, the monofunc-
tional adducts of these platinum complexes enthalpically desta-
bilized the duplex relative to their unmodified counterpart. On
the other hand, the formation of monofunctional adducts by 1
and 2 resulted in a substantial decrease in the duplex dissociation
entropy (Table 3). Thus, the net result of these enthalpic and
entropic effects was that the formation of monofunctional
adducts by 1 and 2 induced only a very small increase (0.7 kJ
mol�1) in the free energy of duplex dissociation at 298 K
(ΔG�298; Table 3). Shape analysis of the experimental DSC
curves allows model-dependent ΔHvH enthalpies to be
calculated.75 We found that ΔHvH values were similar to ΔHcal

ratios for all duplexes and platinum compounds tested in this
work; the ratios of ΔHvH/ΔHcal were in the range of 1.01�1.03
(Table 3). The compensatory effects of the melting enthalpies
and entropies, which led to a virtually unchanged free energy of
duplex dissociation, have been previously observed in the van’t
Hoff analysis of a double-stranded dodecamer modified with 1.55

Based on this data, the energetic consequences of the intercala-
tive hybrid adducts are strikingly different from those observed
for the major 1,2-intrastrand cross-link of cisplatin, which
significantly reduces the thermodynamic stability of the modified
duplex.47

’DISCUSSION

The goal of the current project was to delineate mechanistic
differences between two members of a novel class of platinum�
acridine antitumor agents and compare their DNA damage
mechanisms with that of cisplatin. Specifically, the experiments
aimed to elucidate the consequences of changing a thiourea into
an amidine donor group for the molecular mechanism of the
hybrid agents at the DNA level. Using model studies in cell-free
systems, the two central questions addressed were (i) what
specific DNA binding features might contribute to the enhanced
cytotoxicity of the amidine-substituted derivative(s), and (ii)
what distinguishes the mechanism of the hybrids from that of
clinical platinum drugs. Based on the data acquired in this study, a
subtle structural modification made to the platinum�acridines
has a major effect on the rates and selectivity of DNA binding, as
well as on the DNA structural impact, recognition, and proces-
sing of the adducts formed.

TheDNA-binding experiments performed in this study confirm
that compound 2 has a major advantage over compound 1 with

respect to the kinetics of DNA adduct formation. The DFT
calculations suggest that this is due to a larger extent of aquation
of the former complex. In the computational study, critical
differences also emerged that suggest that the formation of adenine
adducts is kinetically more favorable for compound 1 than for
compound 2. This is in agreement with the broader array of
adducts formed by the thiourea derivative, of which adenine
adducts have been demonstrated to contribute significantly to
the cytotoxic effect of compound 1.76 Although compound 2 does
not show this degree of chemical promiscuity in its interactions
with DNA, it forms guanine adducts more rapidly. Based on the
relationship between DNA adduct levels in a set of plati-
num�acridine derivatives and their biological activities in the
H460 cell line,53 the DNA binding rate appears to be more critical
than the nucleobase and sequence specificity of adduct formation
in rapidly proliferating, repair proficient NSCLC cells. Amidine-
NH�G-O6 hydrogen-bonding, as observed in the models of the
transition states and the final adduct, may contribute to the high G
affinity of compound 2 and produce structural effects at the adduct
site not feasible for thiourea-based complex 1. High-resolution
structural studies are underway to support this notion.

The biophysical and biochemical experiments performed with
randomly (Figures 2�4,6 and 7) and site-specifically modified
(Figures 5, 9�11) DNA also demonstrate that substitution of the
thiourea donor group (X = S, Y = NH, Figure 1) with an amidine
donor group (X = NH, Y = CH2, Figure 1) has consequences for
the local DNA adduct structure and global DNA conformation
beyond the adduct sites. One striking difference between the
geometries of complexes 1 and 2 is the bond angle Pt�X�C,
which is 108.3(4) Å64 and 129.6(4) Å26 for 1 and 2, respectively.
This structural alteration, along with differences in drug�DNA
hydrogen bonding patterns, may lead to an altered geometry of
intercalation. The combined physicochemical and biochemical
data suggest that the DNA conformational changes produced by
the adducts formed by compound 2 are more pronounced than
the effects caused by compound 1. In particular, the higher
degree of duplex unwinding (Figure 10) and the CD signatures
(Figure 2) observed for compound 2 are in agreement with a
geometry more favorable for classical intercalation of the acridine
moiety in adducts of this derivative. Despite these structural
differences, the adducts formed by both derivatives do not
significantly affect the thermodynamic stability of the modified
DNA due to complete enthalpy�entropy compensation
(Figure 11, Table 3).

An important consequence of the small extent of bending in
DNAmodified with compounds 1 and 2 is the lack of recognition
of the damage by HMG domain proteins (Figure 5). HMG
domain proteins have been implicated in the cytotoxicity of
cisplatin9 although these proteins have been shown to play no

Table 3. Calorimetry-Derived Thermodynamic Parameters for the Dissociation (Melting) of the Unmodified and Platinum-
Modified 15-Bp Duplexesa

duplex Tm (K)

ΔHcal

(kJ mol�1)

ΔS

(kJ K�1 mol�1)

ΔG�298
(kJ mol�1)

ΔHvH

(kJ mol�1) ΔHvH /ΔHcal

control 338.8 488.1 1.445 57.3 499.3 1.02

1 345.2 (6.4) 441.4 (�46.7) 1.286 (�0.159) 58.0 (0.7) 447.4 1.01

2 342.2 (3.4) 457.8 (�30.3) 1.341 (�0.104) 58.0 (0.7) 470.0 1.03
aTheΔHcal andΔS values are averages derived from three independent experiments. The experimental uncertainties of the parameters are as follows: Tm(
0.5K,ΔHcal( 2%),ΔS( 3%,ΔG�298( 3%). The “ΔΔ” parameters are given in parentheses (these parameters are computed by subtracting the appropriate
value measured for the control, the unmodified duplex, from the value measured for the duplex containing the single, site-specific platinum adduct).
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significant role in the mechanism of cisplatin-induced cytotoxi-
city in mouse embryonic cells.77 The role of HMG domain
proteins as mediators or enhancers of cisplatin-triggered cyto-
toxicity is because HMG protein binding protects the 1,2
intrastrand cross-link of cisplatin fromcellular repair.9 This suggests
that binding of proteins that have a high affinity for the widened
minor groove of severely bent DNA to the monofunctional�
intercalative adducts does not play a role in the mechanism of
action of the hybrid agents. This notion is further corroborated by
the observation that transcription factors in the cell-free extracts
used in this study are “hijacked” to cisplatin-induced cross-links but
not to the sites of DNA damage produced by complexes 1 and 2
(Figure 6). These important findings may also apply to other
nuclear proteins known to recognize severely distorted DNA, such
as DNA damage recognition proteins belonging to the nucleotide
excision repair (NER) complex. Recent clinical studies suggest that
high levels of expression of proteins associated with NER of
cisplatin�DNA adducts result in tumor resistance and, ultimately,
are responsible for the low efficacy of classical platinum-based
regimens.78,79 NER most efficiently recognizes and removes
irreversible DNA adducts that are bulky in nature or severely
distort and thermodynamically destabilize double-stranded DNA.
Adducts that cause local unstacking of nucleobases, disruption of
Watson�Crick hydrogen bonding, or bending of the DNA helix
are ideal substrates for the NER complex.80 Thus, based on the
outcome of our experiments in cell-free systems, the monofunc-
tional adducts produced by complexes 1 and 2 should be poor
substrates for NER repair. The relative resistance to DNA repair
would explain why complexes 1 and 2 showmajor pharmacological
advantages over cisplatin in NSCLC, a cancer type notorious for
NER-related drug resistance. The repair synthesis assay in ran-
domly modified plasmid performed in this study (Figure 7)
demonstrates that the (presumably most cytotoxic) adducts
formed by complex 2 are repaired less efficiently than the damage
caused by derivative 1, but to a higher extent than cisplatin-type
adducts. Because this assay measures the cumulative effects of all
cellular repair pathways, additional experiments will have to be
designed to assess the contribution of nucleotide excision to the
global repair activity.

Another critical difference between complexes 1 and 2 emerged
with respect to their ability to inhibit transcription of DNA by
stalling RNA pol II. Complex 2 proves to be a significantly more
potent inhibitor of RNA synthesis than either complex 1 or
cisplatin (Figure 6). Inhibition of DNA transcription is considered
to be a major mediator of the cell kill effect of cisplatin. The
observation that monofunctional�intercalative adducts of com-
plex 2 are able to efficiently stall RNA pol II suggests that
transcription inhibition may contribute to the high cytotoxicity
levels observed for the second-generation platinum�acridine
pharmacophore. The ability of monofunctional adducts to inter-
fere with RNA pol II catalyzed transcription in a structurally
unique manner has recently been demonstrated for the complex
diammine(pyridine)chloroplatinum(II) (“pyriplatin”).81,82 Pyri-
platin and its analogues form non-intercalative adducts different
from the hybrid adducts investigated in this study. Thus, the
mechanisms by which these two types of agents interfere with
RNA synthesis may show critical differences, which may contri-
bute to their distinctly different cytotoxic potencies.

In conclusion, we have undertaken a comparative study of the
structural effects and recognition of the DNA damage produced
by the prototype of a class platinum�acridine agents, complex 1,
and its more potent second-generation derivative, complex 2.

The data acquired in this study will help establish structure�
activity relationships in this class of compounds, with the
ultimate goal of providing novel therapies exhibiting a unique
mechanism of action. A unique mode of DNA binding distinct
from that of cisplatin appears to be critical for overcoming
resistance in chemoresistant cancers.11
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