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Ruthenium(ll) Complexes of Redox-Related, Modified Dipyridophenazine Ligands:
Synthesis, Characterization, and DNA Interaction

Introduction

Metal complexes of phenanthroline (phen) and other structur-
ally related ligands, such as dipyridophenazine (dppz), are
increasingly being employed in studies with DNAL” An
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The synthesis, spectral characterization, and electrochemical properties of [Ry((uhmsp)f+, which incorporates

a quinone-fused dipyridophenazine ligand (naphthofd#syrido[3,2-+:2',3 -f]phenazine-5,18-dione, qdppz), are
described in detail. Chemical or electrochemical reduction of [Ru(ptuppz)F" leads to the generation of
[Ru(phen)(hqdppz)F —a complex containing the hydroquinone form (hqdpp3,18-dihydroxynaphtho[2,3}-
dipyrido[3,2h:2',3-f]phenazine) of qdppz. Absorption and viscometric titration, thermal denaturation, topoisomerase
assay, and differential-pulse voltammetric studies reveal that [Ru(ghdppz)f" is an avid binder of calf-

thymus DNA due to a strong intercalation by the ruthenium-bound gdppz, while [Rugfihgappz)f™ binds to

DNA less strongly than the parent “quinone”-containing complex. DNA-photocleavage efficiencies of these
complexes also follow a similar trend in that the MLCT-excited state of [Ru(pletppz)f* is more effective

than that of [Ru(phenjhqdppz)f* in cleaving the supercoiled plasmid pBR 322 DNA = 4404+ 5 nm), as
revealed by the results of agarose gel electrophoresis experiments. The photochemical behaviors of both the
quinone- and hydroquinone-appended ruthenium(ll) complexes in the presence of DNA not only provide valuable
insights into their modes of binding with the duplex but also lead to detailed investigations of their luminescence
properties in nonaqueous, aqueous, and aqueous micellar media. On the basis of the results obtained, (i) a
photoinduced electron transfer from the MLCT state to the quinone acceptor in Ru{pldepk)F" and (i)
quenching of the excited states due to proton transfer from water to the dipyridophenazine ligand in both complexes
are invoked to rationalize the apparent lack of emission of these redox-related complexes in the DNA medium.

important advantage of using these complexes in such studies
is that their ligands and metals can be conveniently varied to
suit individual applications. During our investigation on dppz-
based complexés$,it occurred to us that further derivatization

of this ligand with suitable electron-donating/withdrawing
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groups might not only accentuate DNA-binding and -photo-
cleavage efficiencies of the ensuing complexes but also facilitate

Chem.1996 177, 25. the study of other interesting associated functional aspects.
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Figure 1. Structures of the two redox-related ruthenium(ll) complexes investigated in this study.

Experimental Section

A. Materials. 1. General Details.All the common chemicals and
solvents utilized in this study were obtained in their highest available
purity from either BDH (Mumbai, India) or Ranbaxy (Mumbai, India).
Ruthenium trichloride (hydrate), tetrabutylammonium hexafluorophos-
phate, and tetrabutylammonium chloride were obtained from Aldrich,
calf-thymus DNA (CT DNA), bovine serum albumin (BSA), and
dithiothreitol (DTT) were obtained from Sigma, and agarose (molecular
biology grade) and ethidium bromide were purchased from Bio-Rad.
Supercoiled pBR 322 DNA (CsCl purified) and topoisomerase | (wheat
germ) were obtained from Bangalore Genie (Bangalore, India) and were
used as received. All solvents utilized for spectroscopic and electro-
chemical work were rigorously purified before use according to standard
procedured® Deionized, triply distilled water was used for preparing
various buffers.

2. Syntheses.1,10-Phenanthroline-5,6-diof%,[Ru(phen)]Cl,,?°
[Ru(phen)Cl,,2* and [Ru(phen)dppz)]CL?? were synthesized by
following the reported procedures. The syntheses of qdppz and the
ruthenium(ll) complexes are described below.

qdppz (Naphtho[2,3-a]dipyrido[3,2-h:2',3-flphenazine-5,18-di-
one). This compound was prepared by a slight modification of the
procedure of Lopez et &t.1,2-Diaminoanthraquinone (0. 22 g, 1 mmol)
was added to a 250 mL ethanolic solution of phenanthroline-5,6-dione
(0.21 g, 1 mmol), and the resulting mixture was refluxed for 5 h.
Evaporation of the solvent gave a greenish-brown residue, which was
taken up in 100 mL of CHGJ and the solution was warmed to ca. 50
°C during 0.5 h. The resulting mixture was cooled and filtered, and a
yellow precipitate was obtained upon addition of diethyl ether to the
filtrate. The solid was filtered off, washed with diethyl ether, and
vacuum-dried. Yield: 70%. Anal. Found: C, 73.02; H, 3.02; N, 12.35.
Calcd for GeH12N4O2: C, 73.43; H, 2.98; N, 12.51. FAB-MSnv/z
413 (MY). IR (KBr pellet): 1670, 1585, 1462 cmi UV—visible
(CH.CLp), Amax, nm (log€): 410 (4.13), 394 (4.13), 281 (4.58), 259
(4.62).'H NMR (200 MHz, CDC}, 298 K): 6 9.85 (d, 1H), 9.65 (d,
1H), 9.35 (d, 2H), 8.71 (dd, 2H), 8.32 (q, 2H), 7.88 (m, 4H). (DMF,

0.1 M (TBA)PFs, V vs SCE):—0.46,—1.48.

[Ru(phen)(qdppz)](PFe)2 (Bis(1,10-phenanthroline)(naphtho[2,3-
a]dipyrido[3,2-h:2',3-flphenazine-5,18-dione)ruthenium(ll) Hexa-
fluorophosphate). Ru(phen)Cl, (0.53 g, 1 mmol) and qdppz (0.45 g,
1.1 mmol) were refluxed in ethylene glycol (50 mL) for 12 h. The
resulting solution was cooled to the room temperature, after which 20
mL of water was added and the solution was filtered. Addition of solid
NH4PFR to the filtrate precipitated crude [Ru(phefdppz)](Pk)z,

(18) Perrin, D. D.; Armango, W. L. F.; Perrin, D. RRurification of
Laboratory ChemicalsPergamon: Oxford, U.K., 1986.

(19) Yamada, M.; Tanaka, Y.; Yoshimoto, Y.; Kuroda, S.; ShimaBuyll.
Chem. Soc. Jpri992 65, 1006.

(20) Lin, C.-T.; Bottcher, W.; Chou, M.; Cruetz, C.; Sutin, .Am. Chem.
Soc.1976 98, 6536.

(21) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem 1978 17,
3334.

(22) Amouyal, E.; Homsi, A.; Chambron, J.-C.; Sauvage, JJ-FChem.
Soc., Dalton Trans199Q 1841.

(23) Lopez, R. B.; Loeb, B. L.; Boussie, T.; Meyer, TT&trahedron Lett
1996 37, 5437.

which was purified by repeated recrystallizations from an acetone/
diethyl ether mixture. Yield: 80%. Anal. Found: C, 50.86; H, 2.43;
N, 9.22. Calcd for GH3NgO4PF12RU: C, 50.46; H, 2.49; N, 9.34.
FAB-MS: m/z 1019 (M — PRg*), 874 (IM — 2PR]"). IR (KBr
pellet): 1670, 1589, 1427, 837 cim UV—visible (CHCN), Amax M
(log €): 440 (4.29), 388 (4.32), 278 (4.92), 263 (5.09).NMR (200
MHz, DMSO-dg, 298 K): ¢ 9.5 (br, 2H), 8.81 (m, 6H), 8.41 (s, 4H),
8.32 (d, 2H), 8.23 (d, 4H), 8.10 (d, 4H), 7.82 (m, 6I)C NMR (200
MHz, CDsCN/10% DO, 298 K, major peaks)d 126.5, 128.6, 131.6,
137.5,148.4, 153.7, 155.4, 182.8, 18&H. (CH:CN, 0.1 M (TBA)PF,

V vs SCE): +1.36.E1, (DMF, 0.1 M (TBA)PF;, V vs SCE):—0.37,
—1.27,—1.49.

[Ru(phen)(qdppz)]Cl2 (Bis(1,10-phenanthroline)(naphtho[2,34]-
dipyrido[3,2-h:2',3-flphenazine-5,18-dione)ruthenium(ll) Chloride).

The hexafluorophosphate salt obtained above was dissolved in a
minimum amount of acetone, and a saturated solution of tetrabutyl-
ammonium chloride in acetone was added dropwise until precipitation
was complete. The water-soluble chloride salt was filtered off, washed
thoroughly with acetone, and vacuum-dried. Recovery was about 90%
of the theoretical yield. IR (KBr pellet): 1666, 1413 cinUV—visible
(H20), Amax Nm (loge): 439 (4.26), 400 (4.28), 278 (4.89), 263 (5.10).
Ei2 (5 mM Tris, pH 7.1, 50 mM NacCl, V vs SCE):0. 16.

[Ru(phen)(hqdppz)]>* (Bis(1,10-phenanthroline)(5,18-dihydroxy-
naphtho[2,3-a]dipyrido[3,2- h:2',3'-f[phenazine)ruthenium(ll)). (a)
Electrochemical Method.[Ru(phen)}(qdppz)]l(PR). (1 x 10~4 M) was
subjected to exhaustive electrolysis under amtfosphere in aqueous
CHsCN (4—5% H,0) containing 0.1 M (TBA)PFat —0.5 V until the
current value reached cas1% of the initial value £20 min).
Comparison of the total Coulombs passed during the electrolysis with
the Coulombs passed during the electrolysis of 1,4-benzoquinone (1
x 1074 M) revealed that reduction of the [Ru(phefadppz)f+ ion
involved 1.9+ 0.1 electrons. Aliquots of the solution containing the
reduced species thus obtained were extracted under anaerobic condi-
tions, and the UV+visible as well as fluorescence spectra were recorded
using airtight cuvettes. Reversibility of the redox cycle was checked
by repeating the reduction and reoxidatienl(1l V) reactions for the
same solution three or four times and by measuring the-Usible
and fluorescence spectra of the resulting sample each time.

(b) Chemical Method. The chloride or the hexafluorophosphate salt
of this complex was obtained by B&O, reduction of [Ru(phen)
(qdppz)]C}k or [Ru(phen)(qdppz)](Pk)2, respectively, in slightly basic
(pH ~8.0, NaOH) aqueous or aqueous LM (CHCN/H.O or
CD3CN/D2O, 10:1 v/v) solutions.

Both [Ru(phenyhqdppz)]C} and [Ru(phenhgdppz)](Pk). were
found to be air-sensitive species; hence, their spectroscopic measure-
ments (UV-visible (1 x 107° M), fluorescence (1x 107°), and!H
(2 x 102 M) and *C NMR (=7 x 103 M)) were conveniently
performed, strictly under an atmosphere of nitrogen, for their in situ
preparations (inside the cuvette, NMR tube, etc.) obtained by the
addition of ca. 3-4 molar equiv of NaS;0, to previously deaerated
solutions of [Ru(phenjqdppz)f*. In each case, the solution was kept
aside in the dark for ca. 4560 min with occasional shaking prior to
the spectral measurements. YVisible (CHCN/10%H0), Amax, NM
(log €): 442 (4.28), 348 (4.22), 300 (sh, 4.74), 263 (5.06).NMR
(200 MHz, CXCN/10% DO, 298 K): 6 8.72 (m, 6H), 8.34 (s, 6H),
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8.33 (s, 2H), 8.12 (m, 4H), 7.80 (m, 8HYC NMR (200 MHz, CRCN/
10% DO, 298 K, major peaks)o 128.1, 129.7, 132.7, 138.9, 149.8,
155.1, 156.5, 157.6. calculated according to Cohen and EisenB&#jots ofy/no (1 andno

B. Methods. 1. Spectroscopy and ElectrochemistryJV —visible are the reduced specific viscosities of DNA in the presence and absence
and infrared spectra were recorded with a Shimadzu model UV-160 A of the drug) versus [drug])/[DNA] were constructed using the Microcal
(coupled with a model TCC-240 A temperature controller) and a JASCO Origin program. Plots ofi/1o versus [EtBr]/[DNA] and [[Ru(pher)?']/
model 5300 FT-IR spectrophotometer, respectively. Teand °C [DNA] were found to be similar to those reported in the literattiré.
NMR spectra were recorded with a Bruker NR-FT 200 spectrometer.  For the gel electrophoresis experiments, supercoiled pBR 322 DNA
Tetramethylsilane was used as an internal standard. The emission spectrél00xM in nucleotides) in Tris-HCI buffer (pH 8.0) was treated with
were recorded with a JASCO model FP-777 spectrofluorometer using 10 umol samples of the metal complexes and the mixtures were
[Ru(pheny]?" in CH;CN as the standard.While hexafluorophosphate  incubated fo 1 h in thedark. The samples were then analyzed by 0.8%
salts of the complexes were employed for the luminescence measure-agarose gel electrophoresis (Friscetic acid-EDTA buffer, pH 8.0)

measured, using a digital stopwatch, at least three times and were
accepted if they agreed within 0.1 s. Reduced specific viscosity was

ments in nonaqueous solvents (rigorously dried GH@H,Cl,,
dichloroethane, and G&N) and aqueous GIEN (10% HO) solutions,

the corresponding chloride salts were used for measurements in aqueoussystem and was also directly photographed and developed as described

aqueous buffered (buffer A: 5 mM Tris, pH 7.1, 50 mM NaCl), micellar
(SDS, 0.1 M), and CT DNA (up to 20@M) solutions. In all cases,
solutions containing 1M concentrations of the complex were excited

at 40 V for 5 h. The gel was stained withu@/mL ethidium bromide
for 0.5 h, after which it was analyzed using the UVP gel documentation

previously!6:333 [rradiation experiments were carried out by keeping

the preincubated (dark, 1 h) samples inside the sample chamber of a

JASCO model FP-777 spectrofluorimeter for 25 mig{= 440+ 5

at 440 nm and the emission was monitored between 500 and 650 nm.nm; slit width= 5 nm).

FAB mass spectra were recorded with a JEOL SX-102/DA-600 mass

spectrometer.

In the experiments with topoisomerase, samples of 0y 5f pBR
322 in 20uL of the assay buffer (50 mM Tris, 50 mg of NaCl, 1 M

Cyclic and differential-pulse voltammetric experiments were per- EDTA, 1 mM DTT and 10Qug of nuclease-free BSA, 1 mM Mgg}|
formed on an electrochemical work station comprising a Princeton 2 or 3 units of topoisomerase, and [Ru(phéppz)f" (or [Ru(pheny-
Applied Research (PAR) model 174A polarographic analyzer/PAR (hadppz)}') (1-9 uM) were incubated for 30 min at 37C. The
model 173 potentiostat, a PAR model 175 universal programmer, and reactions were stopped by the addition of 250 mM EDTA and 10%
an X-Y recorder (Digital Electronics, Series 2000), as described SDS. The samples were then electrophoresed in a 1% agarose gel as
previously?>26 A glassy carbon working electrode, a Pt-wire counter described above. The extent of helix unwinding was determined by
electrode, and a saturated calomel reference electrode (SCE) wereadopting a method described in the literattf&eq 1, wheres is the
employed. Exhaustive bulk-electrolysis experiments were carried out
using a BAS-27 potentiostat and Pt-mesh, Pt-flag, and SCE working,
counter, and reference electrodes, respectively.

2. DNA-Binding and -Photocleavage StudiesThe concentration
of CT DNA was measured by using its known extinction coefficient
at 260 nm (6600 M* cm™1).2” Buffer A was used for absorption titration

eﬁpenm?_?ts gng Iur:\w/llnﬁsgnce measgr?meﬂts, bulfféer B m_M pho(;Is'independent control experiments were carried out under the same set
phate, pH 7.0, 2 m aCl) was used for thermal denaturation an of experimental conditions. In the first control, no drug was used and,

ﬁiﬁeﬂgntiagpsuIs?wvlgltargmetcr)iczgxp&rimegg_,rAandegfger C (15 de here, no form | could be detected upon electrophoresis of the samples
f th O“ = M _al—&_ Q, -h n;ﬂ 'da | ! ? h ’ )wa}s use treated only with topoisomerase. In the other control, where EtBr was
or the viscometric titrations. The chloride salts of the complexes were o2 the intercaltor, the valuedfcalculated (26+ 4°) was found

used in studies with DNA. to be nearly equal to that reported in the literature £22°).35

DNA melting experiments were carried out by monitoring the  care was taken to avoid the entry of direct, ambient light into the
absorption (260 nm) of CT DNA (160M) at various temperatures in - gy mnjes during all experiments, and unless otherwise specified, all
the absence and in the presence10«M) of the complex. The melting experiments were carried out at 2933K.

temperature ) and the curve widtlor (=temperature range where
10%—90% of the absorption increase occurred) were calculated as
previously describetf Absorption titration experiments were performed

by maintaining a constant metal complex concentration/¥) and . L . .
varying the nucleic acid concentration{20uM), as described earliéf. The “atypical” electronic structure of dppz, which has been

Differential-pulse voltammetric experiments (highly polished glassy Propose&*’to endow it with features of both aa-diimine
carbon working electrode, Pt-wire counter electrode, and SCE referencechelate and a 1,4-diazine moiety, and the consequent structural
electrode) were performed for 0.1 mM complex in the absence and in and electronic features of the complexes derived from this
the presence of increasing amounts-80mM) of CT DNA. Current- versatile ligand seem to have made them attractive candidates

o=r.D/18 1)

superhelical density of the plasmid: equals the amount of the
ruthenium complex ions bound per nucleotide when all of the
superhelices are removed, arbl is the unwinding angle. Two

Results and Discussion

voltage curves were recorded after each successive addition of DNAfor use in various applicatiods15 Derivatization of dppz with

solution and equilibration (ca. 10 min).

Viscometric titrations were performed with a Canhon-Ubblehode
viscometer at 25- 1 °C. Titrations were performed for [Ru(phel),
[Ru(phen)(qdppz)}*, and ethidium bromide (EtBr) (340 M) and
for NaxS,04 (9—120uM) in the presence and absence of [Ru(phen)
(hqdppz)}* (3—40 uM). Each compound was introduced into the
degassed DNA solution (3QM in base pairs) present in the viscometer
using a Hamilton syringe fitted with a glass extender. Mixing of the
drug and DNA was done by bubbling with nitrogen. Flow times were

(24) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(25) Hariprasad, G.; Dahal, S.; Maiya, B. &.Chem. Soc., Dalton Trans.
1996 3429.

(26) Rao, T. A,; Maiya, B. Glnorg. Chem.1996 35, 4829.

(27) Reichmann, M. E.; Rice, S. A.; Thomas, C. A.; DotyJPAm. Chem.
Soc 1954 76, 3047.

(28) Kelly, J. M.; Tossi, A. B.; McConnell, D. J.; OhUigin, Qlucleic
Acids Res1985 13, 6017.

quinone—a ubiquitous electron-deficient group known for its
reversible redox chemistry and DNA-binding abifity-was

(29) Cohen, G.; Eisenberg, Bioplymers1969 8, 45.

(30) Satyanarayana, S.; Dabrowiak, J. C.; Chaires, Bidghemistry1992
31, 9319.

(31) Mehta, G.; Sambaiah, T.; Maiya, B. G.; Sirish, M.; Dattagupta, A.
Tetrahedron. Lett1994 35, 4201.

(32) Mehta, G.; Sambaiah, T.; Maiya, B. G.; Sirish, M.; Dattagupta].A.
Chem. Soc., Perkin Trans.1995 295.

(33) Mehta, G.; Muthusamy, S.; Maiya, B. G.; Sirish, M.Chem. Soc.,
Perkin Trans. 11996 2421.

(34) Keller, W.Proc. Natl. Acad. Sci. U.S.A975 72, 4876.

(35) Wang, J. CJ. Mol. Biol. 1974 89, 783.

(36) Ackermann, M. N.; Interrante, L. Mnorg. Chem 1984 23, 3904.

(37) Fees, J.; Kaim, W.; Moscherosch, M.; Matheis, W.; Klima, J.; Krejcik,
M.; Zalis, S.Inorg. Chem 1993 32, 166.

(38) Breslin, D. T.; Coury, J. E.; Anderson, J. R.; Mcfail-Isom, L.; Kan,
Y.; Williams, L. D.; Bottomley, L. A.; Schuster, G. B.. Am. Chem.
So0c.1997 119 5043 (and references therein).
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expected to provide an opportunity to examine the redox tuning
of the DNA interactions by the ensuing complexes. Thus, we
attempted to assess the effects due to the additional, electro-
active quinone/hydroquinone component on the DNA-binding
and -photocleavage efficacies of [Ru(phg€giippz)Ft and 0.33
[Ru(phen)(hqdppz)F' in this study?® Before we take up these

issues, it is instructive to examine the details concerning the

syntheses and characterizations of these new complexes in light

of those of the other structurally and functionally similar systems 0.26
reported previously.

A. Design, Synthesis, and CharacterizationEach synthetic
step presented here is straightforward and provides a good yield
of the desired product in pure form. qdppz was characterized
earlier by UV-visible and infrared method$,and our data
agree with the reported data. Additional characterization of this
ligand has been carried out in the present study by elemental
analysis, FAB-MSIH NMR, and electrochemical methods (see
the Experimental Section). These data are also consistent with
the structure and integrity of the compound.

The PR salt of [Ru(phen)qdppz)ft gave a satisfactory
elemental analysis, and it showed the expected pattern in its 0.36r
FAB-MS spectrum. In addition, the peak positions and their
intensities in théH and3C NMR spectra of the complex gave
sufficient evidence for its structure. The complex also showed
the characteristic MLCT band at 440 nm and bands due to the
intraligand transitions at 388 (qdppz) and 263 (phen) nm in the
UV —visible spectrum. The spectra of phen, qdppz, and [Ru-
(phen}(qdppz)](Pk)2 given in Figure 2 serve to illustrate this
point. The infrared spectra of qdppz and [Ru(phérdppz)F"
each showed a peak at 1670cmascribable to quinone carbonyl
stretching, thus confirming that chelation of qdppz to ruthenium
has not affected the quinone part of this ligand. The well-
defined® cyclic voltammetric responses seen-a1.36 and
—0.37 V for the complex can be assigned to"®RRu' and
qdppz/qdppz couples, respectively. The spectral and redox
characteristics of [Ru(phesfydppz)]Ck were found to be
essentially similar to those described above for the $R. 1.00+

[Ru(phen)(hqdppz)}* could be obtained by the reduction
of [Ru(phen)(qdppz)f+ with Na,S,04, and the process could
be reversed by oxidation with Ce(N}(NOs)s to reproduce
the quinone form. Electrochemical and fluorescence methods
have provided further support for the reversible nature of this
quinone/hydroquinone redox reaction. The reduced complex
obtained via chemical means could be characterized by UV
visible, NMR, and electrochemical methods (see the Experi-
mental Section). In particular, the complex shows only the
MLCT band (442 nm) af >350 nm, with the quinong—m*
transition (388 nm) of its precursor [Ru(phgfa)dppz)F™ having
clearly disappeared from the UWisible spectrum, Figure %. 300 460 560
Equally important is the appearance of a pair8&& NMR A/ am
signals at 156.5 and 157.6 ppm ascribable to the phenolic carbon
atoms of the complex instead of those due to the quinone carbonfigure 2. UV-—visible spectra of phen, qdppz, and [Ru(phen)
atoms on [Ru(phenjqdppz)f*+ (182.8 and 183.5 ppm). (qdpp2)f* in CH:CN.

B. DNA Binding. Initially, the interaction of [Ru(pher) DNA) methods. In the presence of increasing amounts of calf-
(qdppz)]Ch with DNA was monitored by absorption titration  thymus (CT) DNA, the complex showed bathochromic shifts
(MLCT band) and thermal denaturation (monitorifgeo of (4 £ 1 nm) and hypochromism (58 6% at [DNA]pnosphais
[Ru] = 4) in the UV—visible spectrum and increased values
(39) Cation-binding properties of a series of ruthenium(ll) complexes (gt [DNA]phosphalRU] = 25) of both the DNA melting tem-

containing crown-ether-appended dppz have been reported: Yam, V. _ ° : _

W.-W.; Lee, V. W.-M.; Ke, F.; Siu, K.-M.norg. Chem 1997, 36, pera_ture ATm=6+1°C) an_d the curve widthXor =4+ 1

2124. °C) in the thermal denaturation experimef@3hese observa-
(40) ip vs 012 = constant, wheré, is the peak current and is the scan tions are reminiscent of those reported earlier for various

rate,ip/ip, = 0.9-1.0, whereip, andip, refer to anodic and cathodic i
peak currents, respectively, ande, = 60—80 mV, wherek; is the metallointercalator$ and suggest that [Ru(phe(Qdppz)ICh

peak potential for these electron-transfer processes. See: Nicholson,PINdS strongly to DNA by an intercalative mode. Indeed, the
R. S.; Shain, IAnal. Chem 1964 36, 706. apparent binding constakKt, for the interaction of [Ru(phep)

phen
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Figure 3. UV—visible spectra of (1) [Ru(phes(iidppz)f™ and (2)
[Ru(phen)(hqdppz)}" in CH;CN/H,O (10:1, v/v). The reduced com-
plex was obtained by dithionite reduction of<1107> M [Ru(phen}-

(qdpp2)F*.

(gdppz)fF" with DNA is >10° M1 as estimated from the
absorption titration daté.

On the other hand, the value Kf is only (1+ 0.2) x 10°
M~1 for [Ru(phen)(hqdppz)}+ (buffer A, N&S;0,) as com-
pared to the strong binding exhibited by [Ru(phémippz)F*.4°
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Figure 4. Results of viscometric titrations carried out for CT DNA
(300 4M in base pairs, buffer C) in the presence af) (Ru(phen)-
(qdpp2)F* (3—40 uM), (M) [Ru(phen)]*" (3—40 uM), (@) Na$,04
(9—120uM), and () N&S;04 (9—120uM) + [Ru(phen)(qdppz)f*
(3—40uM). The plot marked with asterisks was obtained by subtracting
the data for Ng5,0, alone from those for N&O, + [Ru(phen)-
(adpp2z)F*.

DNA. In this regard, it may be noted that the strength of DNA
binding by [Ru(phen(qdppz)ft reported here is higher than
that of DNA binding by [Ru(phenr)?" but it is in the same
range as that for the Os(ll), Ru(ll), Ni(Il), and Co(lll) complexes
containing dppz (or modified dpp2)1%16 Although this
observation argues in favor of an interaction of the bound qdppz

This reduced complex also showed bathochromic shifts (maxi- With DNA, we note that it is only indirect evidence. This is

mum: 4+ 1 nm) and hypochromism (maximum: 25 3%)
during UV—visible titration with DNA at 293+ 3 K. However,

mostly because the UWisible method employed here for the
estimation of the binding constant does not monitor exclusive

thermal denaturation experiments could not be satisfactorily Properties of the individual ligands in [Ru(phefidppz)f*.

carried out with [Ru(phenjhqdppz)f™ due to the appearance
of turbidity (probably due to the presence of dithionite or
(TBA)PF¢/(TBA)CI) for DNA solutions containing this complex
at higher temperatures.

Itis of interest to know which ligand of the available two in
[Ru(phen)(qdppz)f', i.e., phen or gdppz, intercalates with

(41) Interestingly, [Ru(phea)DPPN)E+, where DPPN is benzidflipyrido-

We adduce direct evidence for the intercalation of metal-bound
gdppz with DNA by the application of viscometric, topo-
isomerase assay, and electrochemical methods.

Plots of/no vs [drug]/DNA are presented in Figure 4. As
seen, while [Ru(pheg]?" does not affect the DNA viscosity
as reported previousfp,there is a positive change of viscosity
with increasing addition of the complex for [Ru(phgn)
(qdppz)f', suggesting intercalatioi¥:2° On the other hand, a

[3,2-a:2',3-c]phenazine, has been reported to show a transition at 391 Significant negative Change in the Viscosity of DNA can be

nm that is ascribable to the—x* transition of the “benzene-fused
phenazine” moietyd’? However, such a transition is not apparent in
the spectrum of [Ru(phesfhqdppz)}*, incorporating the “naphthalene-
fused phenazine” ligand. It is possible that thex* transition is broad
and red-shifted and that there is an overlap of this band with the MLCT
band of this ruthenium complex. In fact, [Ni(phefi}qdppz)f"
(obtained by dithionite reduction of the corresponding quinone

noticed for [Ru(phenfhqdppz)}", which is generated in situ

in the viscometric cell by dithionite reduction of [Ru(phgn)
(qdpp2)F" ([Ru(phen)(qdppz)fF/Na,S,04 = 1/3, mol/mol).
However, it should be noted that, as such, addition of dithionite
alone to DNA solutions results in negative changes in the

complex) shows broad absorption between 300 and 400 nm: Eswar- Viscosity46 Thus, the “net” viscosity change observed for

amoorthy, K.; Maiya, B. G. Unpublished results.

(42) Ty and o7 values increased with increasing addition of the metal
complex, as expected.

(43) Long, E. C.; Barton, J. KAcc. Chem. Red99Q 23, 271.

(44) In a plot of percent hypochromism versus the ratio of nucleotide
phosphate to rutheniunR(p.ry), absorption saturation was evident at
Rup:ru~ 3, suggesting essentially stoichiometric binding, even at the
lowest possible complex concentration ([Rt] 2 uM) under our
experimental conditions. A simple fit of this plot indicatiés with a
lower limit of ~10f M-l These experiments actually require
concentrations that are several orders of magnitude higherkhan
Therefore, data are not sufficient to establish #e value with
acceptable accuracy for [Ru(phef)dppz)f*. This obseration is
entirely consistent with that reported for the majority of gicsly
studied dppz-based complexes!

(45) Ky, is estimated by following a method described by: Wolfe, A;
Shimer, G. H.; Meehan, TBiochemistryl1987, 26, 6392.

[Ru(pheny(hqdppz)}t is similar to that exhibited by [Ru-
(phen}]?*, as seen in Figure 4.

The extent of DNA helix unwinding by a noncovalently
bound species may be quantitated by examining the change in
the superhelical density in a plasmid after relaxation of the

(46) A mixture of NaS,04 and NaSQO, also effected negative changes in
the DNA viscosity in a fashion similar to that noted for 480, alone
in Figure 4. Addition of salts is known to influence the viscosity of
DNA; see, for example, refs 4749.

(47) Lerman, L. SJ. Mol. Biol. 1961, 3, 18.

(48) Cavalieri, L. F.; Rosoff, M.; Rosenberg, B. H.Am. Chem. So&956
78, 5239.

(49) Cory, M.; McKee, D. D.; Kagan, J.; Henty, D. W.; Miller, J. A.
Am. Chem. Sod 985 107, 2528.
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Figure 5. Agarose gel showing the unwinding of pBR 322 by
[Ru(phen)(qdppz)f" after incubation with topoisomerase | in the
presence of increasing amounts of ruthenium complex. While lane 1
is the pBR 322 control (without incubation), lane 2 shows the DNA
after incubation with topoisomerase in the absence of the complex.
Lanes 3-10 show the topoisomers after incubation of DNA, topo-
isomerase, and 1.1, 2.2, 3.3, 4.4, 5.5, 6.6, 8, apdv9[Ru(phen}- - ' s '
(qdppz)F*, respectively. 0.40 0.24 0.08 -0.08 -0.24  -0.49
Potential (V vs SCE)

plasmid in the presence of a bound complex with topoisomeraserigyre 6. Differential-pulse voltammograms (scan ratel0 mV/s;
13435 Figure 5 shows the unwinding of pBR 322 DNA by  modulation amplitude= 10 mV pp) of [Ru(pher)qdppz)F* (0.1 mM,
[Ru(phen)(qdppz)F" following incubation with topoisomerase  buffer B) in the absence (top) and in the presence of increasing amounts
| in the presence of increasing amounts of the ruthenium of CT DNA (0.3, 0.9, and 3.0 (bottom) mM).

complex. From these titrations, an unwinding angle of434

10° per ruthenium bound is obtained for [Ru(phgo¥ippz)E*. E% andEfy’ are the thermodynamic redox potentials for the
This value is consistent with those observed for other strongly bound and free complexes, respectivatyis the number of
intercalating ruthenium complexes such as [Ru(bmi)]>" electrons transferred.dKox is the ratio of binding constants
(phi = 9,10-phenanthrenequinonediimibfe)and [Ru(bpy)- for the reduced and oxidized species, and other parameters have

(dppz)E*.5! On the other hand, a topoisomerase assay carriedtheir usual meanilngs. By substituting appropriate values to suit
out in the presence of the reduced complex [Ru(phen) the electrochemistry of [Ru(phe®dppz)f* and from a
(hadppz)¥* gave a lower value for the unwinding angle 6 limiting shift of 33 mV, we calculate thaK([Ru(phen)-
7°) per bound ruthenium, as expected. (adppz)F*)/K([Ru(phen)(hqdppz)t*) is ~12.6°° Thus, the
Electrochemical methods, although easily adapted to monitor feduced species binds to DNA less strongly than [Ru(phen)
DNA interactions with small molecules, have rarely been (qdpp2)f*, and this result is in agreement with the known
employed for this purpose in the case of metallopolypyri- intercalative ability of the quinone moie#j Results of absorp-
dyls1652-55 The differential-pulse voltammetric method was tion titration experiments carried out with the reduced complex
employed in the present study to monitor DNA binding by @IS0 suggest the same; vide supta.
[Ru(phen)(qdppz)E". In buffer B, ruthenium-bound qdppz C. Luminescence StudiesElectrochemical on/off switching
could be reduced at0.16 V, a potential that is well within the  of luminescence exhibited by the"2@H" couple [Ru(pher)
solvent discharge limit and far away from the peaks due to the (qdppz)F*/[Ru(phen)(hqdppz)}* was already communicated
RU'"/RU', RU'/RU, and phen/phen redox couples. Coulometric by us. While the oxidized form of the complex was found to

studies revealed that this electrode process involves §22¢") be totally nonluminescent, the electrochemically reduced form
transfer and generates [Ru(phghyidppz)}*. Successive ad- ~ was found to emit light of 601 nm in aqueous{80%) CHCN
ditions of CT DNA to a solution of [Ru(phep(ndppz)f* solutions. This process was found to be reversible. During the

resulted in diminution of the peak current (maximum: #0  present study, we noticed that both [Ru(phégppz)F* and
5%) and cathodic shifts in the peak potential (maximum:+33  [Ru(phen)(hqdppz)}* remain essentially nonluminescent in the
2 mV) in the differential-pulse voltammograms as shown in presence of DNA. To rationalize this finding, we carried out a
Figure 6. While the decrease in peak current is in conformity series of luminescence experiments with these redox-related
with the proposal that ruthenium-bound qdppz intercalates with complexes in agueous, aqueous micellar, and nonagueous media.
DNA, 165255 the cathodic shift of the peak potential observed The results are summarized below.
here merits further discussion. [Ru(phen)(qdppz)f* was found either to be weakly lumi-

It was previously shown that binding of a metal complex to nescent or to be nonluminescent¢ 10~4) in both rigorously
DNA can bring about a shift in the redox potential if one redox dried nonaqueous solvents and in aqueous@H(10% HO),
state is more strongly bound than the otPfeP* The change in
the binding constant can be determined according to eq 2, wherg5s5) Grover, N.; Gupta, N.; Singh, P.; Thorp, H. korg. Chem 1992

31, 2014.
b, f, (56) Note here thah = 2 for the reduction of [Ru(phes(qdppz)f* in
Ey — Ey = (RTINF) log(K /K, (2) aqueous solutions and that the electrode procass ot the oerall

electrochemical reactignwas found to be not strictly reversible and
diffusion controlled during the cyclic voltammetric experiments in

(50) Jenkins, Y.; Friedman, A. E.; Turro, N. J.; Barton, JBfochemistry buffer B (Ep, — Ep, > 50 mV, andi,/vY2is not a constant with respect
1992 31, 10809. to scan ratesu) ranging between 50 and 500 mV/s). However, a

(51) Pyle, A. M.; Rehmann, J. P.; Meshoyeer, R.; Kumar, C. V.; Turro, N. tendency toward reversibility was noticed in the presence of DNA. In
J.; Barton, J. KJ. Am. Chem. Sod 989 111, 3051. any case, we note that these electrochemical results do not have any

(52) Carter, M. T.; Bard, A. JJ. Am. Chem. Sod 987, 109, 7528. significant effect on the value of the ratio of binding constants.

(53) Carter, M. T.; Rodriguez, M.; Bard, A. J. Am. Chem. Sod 989 (57) Ky, obtained by the absorption titration method is close to that predicted
111, 8901. on the basis of electrochemical redox potential data using eq 2 (i.e.,

(54) Carter, M. T.; Bard, A. JBioconjugate Chenil99Q 1, 257. 100/126=8 x 10 Mt ~ (L £ 0.2) x 1P M7Y).
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Figure 7. Luminescence spectrae(. = 440 nm) of 1QuM [Ru(phen}-
(hqdppz)}*+ (obtained by dithionite reduction of [Ru(phe@@dppz)f)
in water (---), 0.1 M SDS {-—), and CHCN/H;O (10:1, v/v) ().

buffer A, and micellar solution¥’ [Ru(phen)(hqdppz)f*, as
obtained by in situ dithionite reduction, was also found to be

Ambroise and Maiya

complex. Thus, the lack of luminescence observed in water and
in aqueous buffered solutions can be explained solely on the
basis of a proton-transfer quenching of the excited state of the
complex. As expected, “partial recovery” occurs in SDS and

CH3CN solutions, where the complex can, in principle, reside

in an increasingly more hydrophobic micellar environment and

the dipyridophenazine ligand is protected from water. These
observations were quite helpful in our attempt to distinguish

between the DNA-binding modes of these complexes as
discussed below.

While the lack of luminescence for the DNA-intercalated
oxidized form can be due, in most part, to an intramolecular
electron-transfer quenching, that for the reduced complex is quite
curious and, moreover, is in stark contrast to the luminescence
characteristics of [Ru(phesfiippz)E* in the presence of DNA.
The strong binding of [Ru(phes{yippz)F™ to DNA was reported
to give rise to the so-called “molecular light switch effect”,
where the nearly undetectable emission from the MLCT excited
state in water becomes strongly enhanced upon binding, assigned
to intercalation of the planar dppz ligand between the base pairs
of DNA.58-61 The apparent lack of emission from [Ru(phgn)
(hqdppz)f" in the presence of DNA thus clearly indicates that
the dipyridophenazine part of hqdppz is residing in a hydrophilic
environmen€? This is possible if either this hydroquinone ligand
is not a good intercalator or the complex is intercalating through
its phen ligand. Both of these suppositions are consistent with
the results of DNA binding of [Ru(phes{hqdppz)}+ as probed
by absorption titration, viscometry, differential-pulse voltam-
metry, and the topoisomerase assay (vide supra).

D. DNA Photocleavage.Control runs in the agarose gel
electrophoresis experiments suggested that untreated plasmid
pBR 322 DNA does not show any perceptible cleavage in the

essentially nonluminescent in aqueous solutions with or without dark and even upon irradiation by 4405 nm light for 2 h

buffer A, as was the case with its oxidized form. However, this
reduced complex showed MLETuminescencelem(maxy= 601
nm) in micellar and agqueous GEN solutions with quantum
yields of approximately 0.002 and 0.01, respectively (Figure
7).

The weak luminescence observed for [Ru(ph@uppz)F"

(lanes 1 and 2, Figure 8). Similarly, DNA nicking was not
observed for the plasmid treated with [Ru(ph€giippz)]Ch

in the dark run (lane 3). However, increased streaking and
retardation in the DNA mobility are seen due to intercalation
by this complexX3 Irradiation of DNA in the presence of the
complex for 25 min caused complete conversion of the

in nonaqueous solvents can be rationalized, primarily, in terms supercoiled form (form 1), generating relaxed circular DNA
of an intramolecular photoinduced electron transfer (PET) (form Il) under similar experimental conditions (lane 4). The
quenching of its MLCT state by the appended quinone fragment. reduced complex, obtained from dithionite reduction of
Metal complexes bound to quinone-substituted ligands, such asjRu(phen)(qdppz)]Ch, was also seen to cleave DNA, albeit with
Re(qdppz)(CQICI* and [Ru(bpy)(bpy-BQ)F* (where bpy-BQ  |ess efficiency (see lanes 4 and 5). In summary, these results
is a quinone appended bipyridine ligaitd)vere reported earlier.  gemonstrate that the DNA-photocleavage efficiencies of the two
In both the cases, a PET from the MLCT state to the quinone pew complexes follow a trend that is consistent not only with
acceptor was proposed to be responsible for the apparent lackneir DNA-binding abilities but also with the known capabilities

of emission from these complexes. In the case of [Ru(pRen) o co(ill) and Ru(ll) complexes containing the parent ligand
(gdppz)F", an additional process, involving the sensitivity of dppzl?

the excited state to quenching by water and the subsequent
increase in the nonradiative decay rate in an aqueous environ-
- . - (62) A reviewer has suggested that intercalation of [Ru(piieaqdippz)f*
mer_]t' can also be invoked. Indeed, in aqueous so'”“_ons’ the might thus involve the “hydroquinone” part of hqdppz, as is the case
excited state of [Ru(phes(lppz)f+ was reported to be highly with several anthracycline antibiotics, but that it is sterically reasonable
guenched due to proton transfer from the solvent to the TOtf thel ;dl%rldgﬂhenatzr:nte’t’hp?rt of botz hcll%l?pé, and qdpplzktlo
H H H H 8—62 Intercalate. Ve pelieve thal € 1ormer mode of binding Is more likely
dipyridophenazine Ilgané. ) because binding by the “hydroquinone” part would leave the “di-
As far as [Ru(phenfhqdppz)f" is concerned, the PET
reaction does not operate in this hydroquinone-containing

pyridophenazine” part of the ligand to the aqueous phase, thus
explaining the nonluminescent nature of the complex in DNA
solutions. In the latter case, the “quinone” and “hydroquinone” parts
of these ligands might cause steric clashes with the DNA at the
intercalation site. Such a steric clash is expected to render [Rugehen)
(qdppz)f+ a weakly binding complex, and this, certainly, is not the

(58) Goulle, V.; Harriman, A.; Lehn, J.-M.. Chem. Soc., Chem. Commun
1993 1034.

(59) Turro, C.; Bossman, S. H.; Jenkins, Y.; Barton, J. K.; Turro, N. J.
Am. Chem. Sod 995 117, 9026.

(60) Dupureur, C. M.; Barton, J. K. Am. Chem. Sod 994 116, 10286.

(61) Friedman, A. E.; Kumar, C. V.; Turro, N. J.; Barton, J. Kucleic
Acids Res1991, 19, 2595.

case. As far as [Ru(phesthqdppz)}* is concerned, intercalation by
the “dipyridophenazine” part of hgqdppz and subsequent steric clash
of the “hydroquinone” part with the DNA would probably rationalize
the lowerKy, value observed for this complex, but they are inconsistent
with its nonluminescent nature in DNA solutions.
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photocleavages by the two new complexes observed in this study
have not yet been explored in detail. However, it is interesting
to note that whereas excitation of [Ru(phghydppz)}+ at 440
nm can activate only the MLCT state, that of [Ru(phen)
(gdppz)F™ can, in principle, activate both its MLCT and
localized quinones{—x*) states owing to a partial overlap of
the corresponding absorption bands (see Figure 3). While
irradiation into the MLCT band of [Ru(phesfyidppz)f" can
generate a species containing oxidized ruthenium and reduced
gdppz (1€ transfer), direct excitation of the bound qdppz is
expected to provide the triplet quinone. Both these quinone-
Figure 8. Light-induced nuclease activities of [Ru(phgiqpppz)f+ based, transient species are known to be potent DNA-cleaving
and [Ru(phenfhqdppz)}*. Dark and light experiments: lanes 1 and agents capable of reacting with the duplex via various mech-
2, untreated pBR 322 (1Q@V) in the dark and upon irradiation; lanes  4jsms38.67 thus explaining the superior DNA-nicking ability

3 and 4, pBR 322+ [Ru(phen)(qdppz)f" in the dark and upon +
irradiation; lanes 5 and 6, pBR 322 [Ru(phen)(hgdppz)}" in the .Of [Rl_J(phen).(qdp_pz)]Z compared to the other complexes
; investigated in this study.

dark and upon irradiation. In each case, [DNA nucleotide phosphate]
[drug] = 10. Conclusions

A comparison could made of the DNA-photocleavage abilites I summary, the new ruthenium(ll) complex [Ru(phen)
of [Ru(phen)(qdppz)f+ and [Ru(phen(hqdppz)} with those  (adppz)F*, endowed with a novel, quinone-fused dipyrido-
of the related complexes [Ru(phegi®)l, and [Ru(phen)dppz)]- phenazine ligand, is not only an avid binder of DNA but also
Cl, by the agarose gel electrophoresis method. Under compa-an efficient photocleaver of the plasmid. The corresponding
rable experimental conditions, DNA-nicking efficiencies of these reduced species, [Ru(phefi)qdppz)}*, also binds and photo-
complexes were seen to roughly follow the trend [Ru(pklen) cleaves DNA, albeit with less efficiency. These results, together
Cl, < [Ru(phen)(hqdppz)]Ct < [Ru(phen)(dppz)]Ch < with our earlier finding that the redox couple [Ru(phgn)
[Ru(phen}(qdppz)]Ch.3 While DNA photocleavage by  (qdppz)F/[Ru(phen)(hqdppz)}* represents an “electrgphoto
[Ru(phen)]Cl, has been reportéti®S to involve anlO,-based switch” 17 testify to the importance of quinone/hydroquinone
mechanism and, to a large extent, that by [Ru(pippz)]- moieties present in these complexes and further suggest that
Cl, is also expected to involve oxygen-centered reactive speciesthey may be useful in the design of photonucleases and
including0,,%6 the natures of the reactive intermediates as well molecule-based electronic devices.
as the mechanisms of their actions involved in the efficient DNA Acknowledgment. We are grateful to the DST (New Delhi)
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