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Spectral and Electrochemical Behavior of Copper(lly-Phenanthrolines Bound to Calf
Thymus DNA. [(5,6-dimethyl-OP),Cu]?* (5,6-dimethyl-OP =
5,6-Dimethyl-1,10-phenanthroline) Induces a Conformational Transition from B to Z DNA
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The interaction of 1:2 copper(ll) complexes of 1,10-phenanthroline (OP) and variously methyl-substituted
phenanthrolines with calf thymus DNA has been investigated by viscometry and spectral and electrochemical
techniques. Viscometry and competitive ethidium bromide (EthBr) emission studies reveal that substitutions at
4- and 4,7-positions confer the complex a reduced affinity for DNA via partial intercalative interaction of the
middle ring of OP between the base pairs of DNA, while substitutions at 5- and 5,6-positions confer a weak
affinity toward DNA. The tetramethyl substitution at 3,4,7,8-positions lead to an intermediate behavior for the
complex. Circular dichroism spectral studies of the interaction disclose for the first time that, of all the complexes,
the 5,6-dimethyl-OP complex is a unique and remarkable reagent in that it reversibly binds to DNA and effects
the important conversion of right-handed B DNA to left-handed Z DNA even in the presence of EthBr, an allosteric
effector of the B conformation of DNA. This novel conformational transition is unexpected of the low GC
content of natural DNA. The ratios of the binding constahts/K,+) for DNA binding of the Cu(l) and Cu(ll)

forms of the redox active OP complexes rather than the Cu(ll)/Cu(l) redox potentials (0.623068 V vs

SCE) are good measures of the substituent dependent DNA cleavage efficiency and rate. They also reveal that
the Cu(l) form of OP and 4-methyl- and 5,6-dimethyl-substituted OP complexes displays enhanced affinity to
bind but noncovalently to the minor groove of DNA. Attempts have been made to illustrate the cleavage rate
and efficiency of nucleolytic reactions in the light of the relative binding constants of Cu(l) and Cu(ll) forms of
the OP complexes.

Introduction Scheme 1

The copper(l) complex of 1,10-phenanthroline (OP), [(©P . ¢ .
Cu]™, Witﬁsz(O)z as : coreactant,p is a chemical Elucl)eaEgz t%at [(OP):Cu")*" + DNA [(OP):Cu'}*-DNA
nicks DNA by a reaction mechanism that is sensitive to the
conformation of the nucleic acitl.It has attracted considerable le dlie
interest as probes of local DNA conformation and as reagents
for “footprinting” sites of binding of proteins and other ligands
on DNA. A precise understanding of the covalent chemistry b H0,
of the reagent, its DNA binding affinity, and the cleavage [(OP):Cu'l' + DNA ————— [(OP),Cu']"-DNA > products
mechanism would provide insight into the nature and structure
of the reactive intermediate and would be potentially useful in recognition event that determines the sequence-dependent
the design of new site-specific scission reagents and chemicalnuclease activity. On the other hand, equilibrium dialysis
probes. The reaction is known to be funneled through a studie4 have revealed that both the cupric and cuprous

noncovalent intermediate composed of [(@R)] " and DNA, complexes of OP bind to DNA, lending support to both the
and two alternative mechanisms (Scheme 1) for the cleavagemechanisms. As the cupric OP complex is formed during the
reaction have been proposgdin the first, the [(OP)CU]" redox cycling required for the reaction to procéets structure

complex is formed in solution and diffuses to the minor groove and mode and affinity of binding to DNA would be also
where it is oxidized by KO, (egs a and b). In the second one, expected to influence the nuclease activity. However, no
it is the cupric complex that binds to the minor groove and then attempt has been made so far to understand the factors governing
gets reduced before reacting with® (eqs ¢ and d). the mode and extent of its binding interactions with the DNA

Sigman has demonstrated that the noncovalent binding of thehost. So in our laboratory we have undertaken systematic
tetrahedral [(ORCu]" in the DNA minor groove is the  studies to probe the DNA binding interactions of cupric
complexes of OP and other related ligands.

(£)T8;1 )Wst‘igm;r?fgsgtfrg;?]‘;emwg“g‘lz;r%?g“\e/s_sgct‘ém A M. Mol Even though the effect of substituents on the DNA cleavage
Biol. 1979 254 12269. (b) Marshall. L. E.. Graham, D. R.: Reich, K. characteristics of copper(fOP complexes has been investi-

A.; Sigman, D. SBiochemistryl981, 20, 244. (c) Sigman, D. SAcc.

Chem. Res1986 19, 180. (d) Veal, J. M.; Rill, R. LBiochemistry (3) Sigman, D. SBiochemistry199Q 29, 9097.
1988 27, 1822. (4) Graham, D. R.; Sigman, D. $horg. Chem.1984 23, 4188.
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Table 1. Analytical Dat&for Copper Complexes

complex % Cu % H % N % Cu

Cu(OP)Cl*H,0 56.06 (56.20) 3.71 (3.54) 10.78 (10.92) 12.11 (12.39)
Cu(4-methyl-OP)Cl,*H,0O 57.56 (57.73) 4.32 (4.10) 10.08 (10.36) 11.56 (11.75)
Cu(4,7-dimethyl-OBLCl,-H,0 58.93 (59.11) 4.48 (4.61) 9.97 (9.85) 11.32 (11.17)
Cu(5-methyl-OP)Cl,*H,0O 57.92 (57.73) 4.28 (4.10) 10.21 (10.36) 11.83 (11.75)
Cu(5,6-dimethyl-OBLCI,H,0 58.92 (59.11) 4.78 (4.61) 9.72 (9.85) 11.34 (11.17)
Cu(3,4,7,8-tetramethyl-ORgl,-2H,0 60.04 (59.76) 5.42 (5.64) 8.60 (8.71) 10.12 (9.88)

Cu(5-nitro-OP)Cl»*H,0 47.63 (47.81) 2.82 (2.67) 13.76 (13.94) 10.39 (10.54)

aCalculated values are within parentheses.

Scheme 2. Phenanthroline Ligands 3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-tetramethyl-OP, L6),
and 5-nitro-1,10-phenanthroline (5-nitro-OP, L7) were prepared by
adopting the procedure described for Cu(SayH,O.2° All the present
phenanthroline complexes were found to conform to the general formula
CuL.Cl,.nH,O (n =1, 2), on the basis of elemental analysis (Table 1).

Methods and Instrumentation. For viscosity measurements the
viscometer was thermostated at 25 in a constant-temperature bath.
The concentration of DNA was 5QM in NP and the flow times were
determined with a manually operated timer.

Circular dichroic spectra of DNA were obtained by using JASCO
J-20 automatic recording spectropolarimeter operating &C25The

) ) ] region between 220 and 320 nm was scanned for each sample.
gateds no study has been carried out to evaluate the substituentyiolecular ellipticity values were calculated according to the formula

effect on the binding structures of both copper(l) and copper-

(I) complexes of 1,10-phenanthrolines. We have recently [6], = [6,/cl] x 100

studied the interaction of copper complexes of 2,9-dimethyl-

1,10-phenanthrolines (2,9-dimethyl-OP) with CT DNA as \yhere pj; is the molecular ellipiticity value at a particular wavelength
nonreactive probes and evaluated for the first time the DNA expressed in degrees centimeter squared per decioible,concentra-
binding parameters. The present report deals with our sys- tion in moles of nucleotide phosphate per litethe length of the cell
tematic investigation on the interaction of the copper(ll) bis- in decimeters, and, the observed rotation in degrees.

complexes of OP and variously substituted OP ligands (Scheme Emission intensity measurements were carried out by using a Jasco
2) with calf thymus (CT) DNA using viscometry and various FP 770 spectrofluorometer. The Tris buffer was used as a blank to
spectral and electrochemical studies. It is our aim to understand"wdkehpre"”,““}"‘ry adj“Stme”tsd. Thedebxcnatio” wavelength was fixed
the structure reactivity relationship of the chemical nuclease 2"d the emission range was adjusted before measurements. DNA was
activity. Also we are z\ttempting topaddress the nature of forces pretreated with ethidium bromide (4041) in the ratio [NPJ/[dye]= 1

. . : for 30 min at 27°C. The copperOP complexes were added to this
which govern the DNA interaction so as to understand the role mixture and their effects on emission intensity were measured.

of the intrinsic redox chemistry due to the copper ion on the  Aj yoltammetric experiments were performed in a single compart-
scission reactions and the extrinsic stereoelectronic and stericment cell with a three electrode configuration on@ & G PAR 273
properties of OP complexes, which are important in the potentiostat/galvanostat equipped with an IBM PS/2 computer and a
recognition event. During the course of this study we have HIPLOT DMP-40 series digital plotter. The working electrode was a
discovered that the copper(ll) bis-complex of 5,6-dimethyl- glassy carbon disk (area 0.34 9mand the reference electrode a
OP effects the important B> Z transition in the natural CT saturated calomel electrode. A platinum plate was used as the counter

DNA. electrode. The supporting electrolyte was buffer 1. Solutions were
deoxygenated by purging with nitrogen gas for 15 min prior to
Experimental Section measurements; during measurements, a stream wfald passed over

) o the solution. All experiments were carried out at 250.2 °C
Materials. Disodium salt of calf thymus DNA (SIGMA) was used  majntained by a Haake D8-G circulating bath. Aqueous 0.1 M NaCIO
as received. The solid Nasalt was stored at 4C. Solutions of DNA solution of 1 mM hydroxymethylferrocene under identical experimental

in buffer 1, 50 mM NaCl/5 mM Tris HCl in watermethanol (10:1,  ¢onditions gave a\E,° value of 73 mV withEy;, 0.176 V vs SCE.
v/v, pH 7.1), gave the ratio of UV absorbance at 260 and 280 nm,

Azso/Azso, Of >1.9, indicating that the DNA was sufficiently free of  Results and Discussion

protein® Concentrated stock solutions of DNA (10.5 mM) were . _ .
prepared in buffer 1 and sonicated for 25 cycles, where each cycle Al the present cupric complexes do not exhibit any intense

consisted of 30 s with 1 min intervals. The concentration of DNA in  charge transfer (CT) or a sufficiently intensediband, suitable
nucleotide phosphate (NP) was determined by UV absorbance at 260t0 monitor their interactions with DNA. So we have employed
nm after 1:100 dilutions. The extinction coefficierts,, Was taken cyclic and differential pulse voltammetric techniques for the
as 6600 M* cm .9 Stock solutions were stored at°€ and used present study. In the study of metallointercalation and coor-
after no more than 4 days. dination of metal ions and chelates to DNA, these methods
. 11(—)heh1:2 Cur(]”) Fom(ellexeshoﬁ %to'ﬁg;enjgtzrlo"”i(?fvl I(_)l)’h 4'”‘9”;3’" provide a useful complement to the previously used methods
L, 10-phenanthroline (4-methyl-OP, L2), 4,7-dimethyl-1,10-phenanthro- o j,yestigation such as UWvisible spectroscopy. Recently
line (4,7-dimethyl-OP, L3), 5-methyl-1,10-phenanthroline (S-methyl- o 56 syccessfully employed electrochemical techniques in
OP, L4). 5,6-dimethyl-1,10-phenanthroline  (5,6-dimethyl-OP, L5), discriminating the enantioselective interacfibof [Ru(OP)]2+

(6) Mahadevan, S.; Palaniandavar, Morg. Chem.1998 37, 693. with calf thymus DNA and for probing the interaction of copper
(7) Mahadevan, S.; Palaniandavar, 81.Chem. Soc., Chem. Commun.

1996 2547. (10) (a) Harris, C. M.; Lockyer, T. N. Hathaway, B. J.; Proctor, I. M.;
(8) Marmur, J.J. Mol. Biol. 1961, 3, 208. Slade, R. C.; Tomlinson, A. A. Gl. Chem. Soc. A969 2219. (b)
(9) Reichmann, M. E.; Rice, S. A.; Thomas, C. A.; Doty JPAmM. Chem. Harris, C. M.; Locker, T. N.; Waterman, HNature 1961, 192 424.

Soc.1954 76, 3047. (11) Mahadevan, S.; Palaniandavar, Bloconjugate Chen1996 7, 138.



Spectral and Electrochemical Behavior of CutiQP Inorganic Chemistry, Vol. 37, No. 16, 1998929

complexes of certain bis(pyrid-2-yl)polythioetk&and tridentate 1251

polypyridyl ligands!322,9-dimethyl-1,10-phenanthrolirfeand

L-carnosing3® 120} . *
Structures of Copper—Phenanthroline Complexes and .

Their Interaction with DNA. The central role of the produc-
tive, noncovalent intermediate in catalysis means that the precise
structures of [(ORCuU]" and [(OP)Cu?* complexes are crucial

ViB -

Relative specific viscasity (nm,)

to understanding the specificity and reactivity of the nuclease " .

activity. The cuprous ion is unique in its ability to form stable a .

complexes of approximately tetrahedral geoniétnith OP and R s 3

its derivatives, which appears to be a requirement for the unique 3 ;2 § # a o
reactivity of the ion. The high site-specific sequence-dependent roor

binding affinity and orientation of [[ORTuJ" in the oxidatively

sensitive minor groov@ appear to be more important than any 085 e e e e
bond breaking or bond formation involving the complex. VR (=ICa complex {NET)

Despjte intense study the exact mpde of binding of the complgx Figure 1. Effect of [(OPYCUP* (a), [(4-methyl-OP)CUE* (®), [(4,7-
remains unknown. A series of viscometry and spectroscopic gimethyl-OP)Cu* (O), [(5-methyl-OP)CUE* (v), [(5,6-dimethyl-
studies by Veal and Rill suggested partial intercalation of one OP)CuP* (»), [(3,4,7,8-tetramethyl-OREU)]2* (crossed boxes), and
of the OP rings with the second ring residing neatly in the minor [5-nitro-OP)Cul?* (c) on the viscosity of calf thymus DNAy, andy
groovel® However, strong evidence for a nonintercalative are the specific viscosity contributions of DNA in the absence and
docking of the complex within the minor groove is available, ~ Presence of complexes. The total concentration of DNA was300
L . . ; . NP. The effect of ethidium bromide (*) is given for comparisén.

Structure-reactivity studies with a family of redox-active
cuprous OP complexes (i.e., those complexes that do not havenydrogen bonded together in the form of a right-handed double
substituent ortho to the liganding nitrogens) do not require that helix, the present cationic Cu(l) and Cu(ll) complexes bind to
the essential noncovalent intermediate have an intercalativeDNA, most likely by replacing a cation from the compact inner
component even though the physical studies of the binding do (Stern) layer or the diffuse outer layer surrounding DRA.
not disallow that possibility® Because the OP ligands in this complex are coordinated to

The structure of the copper(HOP complex would also  copper(ll) in a nonplanar configuration, complete intercalation
influence the nucleolytic reaction, as there should be no of the OP ring between a set of adjacent base pairs is sterically
hindrance to configurational changes accompanying the oxida-impossible, but some type of partial intercalation involving one
tion of [(OPLCu]" species to the divalent state, and thus [Cu- of the ligands can be envisionét.Thus, the forces responsible
(2,9-dimethyl-OP)] ™, which shows reluctance to oxidatiéh, for binding interactions between [(Ofu]*t and DNA are both
is a poor scission reagent. So a consideration of the structuralelectrostatic and hydrophobic.

features and mode of DNA binding of the CuttPP complex Viscometry Studies Under appropriate conditions intercala-
is essential for understanding the scission reaction. The crystaltion causes a significant increase in viscosity of DNA solutions
structures of [Cu(ORJH20)](NOs)2!° and [Cu(OP)CI|CIO42° due to the increase in separation of base pairs at intercalation

reveal that the coordination geometry around copper(ll) is sites, resulting in an increase in the overall DNA contour length.
distorted trigonal bipyramidal in which the water molecule or By contrast, ligands that bind exclusively in the DNA grooves
CI~ ion occupies the trigonal plane. Spectral studies have (e.g., netropsin, distamycin), under the same conditions, typically
suggested that these complexes assume a cis-octahedral corcause less pronounced changes (positive or negative) or no
figuration in aqueous solution, as the two OP ligands deviate changes in DNA solution viscosif}. To understand the nature
from coplanarity owing to steric repulsion between the ortho of DNA binding of the present Cu(i)OP complexes, viscosity

2- and 9 hydrogen&. Though this structure is an octahedral measurements were carried out on calf thymus DNA by varying
analogue otis-Pt(NH;),Cl, and is similar to [Ru(ORLI,], the the concentration of the added complexes. The values of relative
complex is found to be optically inactive as expected of its specific viscosity /1), wheren and 7, are the specific
susceptibility to optical inversion. As B-form DNA is a viscosity contributions of DNA in the presence and in the
polyanion composed of two complementary, polymeric subunits absence of complex, were plotted again® (R = [NP]/[Cu
complex]) (Figure 1). There is a small to large increase in

(12) Mahadevan, S.; Palaniandavar,INbrg. Chim. Actal997, 254, 291. viscosity of DNA for almost all the complexes and the ability

(13) Mahadevan, S.; Palaniandavar,Mlnorg. BiohemL_Jnder revision. of the Comp|exes to increase the Viscosity of DNA follows the
ggz/ié\i/loanhadevan, S.; Palaniandavar, Nl Inorg. Biochem.Under order OP> 4-methyl-OP> 4,7-dimethyl-OP> 5-methyl-OP

(14) Healy, P. C.; Engelhardt, L. M.; Patrick, V. A.; White, A. $.Chem. = 3,4,7,8-tetramethyl-OF 5,6-dimethyl-OP= 5-nitro-OP. At
Soc., Dalton Trans1985 2541. first glance, we are tempted to ascribe the significant increase

15) zszi%rgan, D. S.; Mazumder, A.; Perrin, D. Ehem. Re. 1993 93, in viscosity of OP and 4-methyl-OP complexes to their

(16) Veal, J. M.; Rill, R. L.Biochemistry1991, 30, 1132. intercalative binding to DNA. But the increase is very much

(17) (a) Kuwabara, M.; Yoon, C.; Goyne, T. E.; Thederahn, T.; Sigman, less than that for the potential intercalator, viz., ethidium

B-_Sé- BiOCherRiS_tg{l%G 2% 734'01h(b) TQEdﬁfahrF‘é T-iguwa%aggl' M. bromide (EthBr), or variously substitutédéethyl-1,10-phenan-
168 ?g?ky' + Sigman, D. 8iochem. Biophys. Res. Commi&dQ throlinium cation3® in the same DNA concentration range. So

(18) Tamilarasan, R.; McMillin, D. R.; Liu, F. IiMetal-DNA Chemistry;
Tullius, T. D., Ed.; American Chemical Society: Washington, DC, (22) Saenger, W. InPrinciples of Nucleic Acid StructureSpringer-

1989; pp 49-50. Verlag: New York, 1983; pp 253282.
(19) Nakai, H.; Deguchi, YBull. Chem. Soc. Jprl975 48, 2557. (23) Satyanarayana, S.; Dabrowiak, J. C.; Chaires, Bid&hemistry1993
(20) Boys, D.; Escobar, C.; Martinez-Carrera,A8ta Crystallogr.1981, 32, 2573.

B31, 351. (24) Lerman, L.J. Mol. Biol. 1961, 3, 18.

(21) (a) Jorgenson, C. KActa Chem. Scand.955 9, 1362. (b) James, B. (25) Gabbay, E. J. Scofield, R. E.; Baxter, CJSAm. Chem. Sod.973
R.; Parris, M.; Williams, R. J. PJ. Chem. Soc1961, 4630. 95, 5, 7850.
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Figure 2. Emission spectra of 40M ethidium bromide in the absence
(a) and presence of 40M NP (b), 40uM NP + 40 uM [(5-methyl-
OPYCUP?* (c), 40uM NP + 40 uM [5-nitro-OP)Cul?* (d), 40 uM
NP + 40 uM [(3,4,7,8-tetramethyl-ORTU)Z* (e), 40uM NP + 40
uM [(4,7-dimethyl-OP)CuP* (f), 40 uM NP + 40 uM [(OP),Cul**
(9), 40uM NP + 40 uM [(4-methyl-OP}CuP* (h), and 4QuM NP +
40 uM [(5,6-dimethyl-OP)CuP?* (i).

we suggest that [(OBGu]?™ exhibits an affinity for the
intercalative sites on DNA lower than EthBr or phenanthro-
linium cations do. Further, the increase in viscosity of DNA
caused by other complexes is less than that by {OB}T,

Mahadevan and Palaniandavar
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Figure 3. Circular dichroism spectra of calf thymus DNA in 5 mM
Tris*HCI/50 mM NaCl water-methanol (10:1 v/v, pH 7.1) in the
absence ) and in the presence (---) of 0.5 mM [(5,6-dimethyl-
OP)YCuP*.

affinities on them resulting in their failure to compete with EthBr
for intercalative binding. All the observations are consistent
with the above viscometry result that the central ring of phen
is involved in intercalation. In contrast, interestingly, the 5,6-
dimethyl-OP complex, which is shown by viscosity measure-
ments not to be involved in intercalative binding, hinders the
enhancement in emission of EthBr almost to the same extent
as the unsubstituted [(Ofu** complex does. Further, on

suggesting that the substitutents on the central OP ring lowerthe addition of DNA pretreated with 5,6-dimethyl-OP complex

their affinity toward the intercalative site to different extents.
Thus, the methyl substitution at the 4-position slightly, while
that at the 4,7-positions significantly, lowers the affinity. In
contrast, all other complexes including [(5,6-dimethyl-goRiJ>"

appear to exhibit very low affinity for intercalative sites. Thus,

to EthBr no enhancement in the emission is observed. Like
the 5-substituted-OP complexes, this would be expected to
display lower affinities for the intercalative site and to not
interfere with the enhancement in EthBr emission. So the
absence of enhancement in emission suggests that the complex

the present data are consistent with the involvement of the binds to DNA in a nonintercalative mode but still prevents the

central ring of OP in partial intercalative interaction with DNA
base pairs.
Competitive Binding Studies Competitive ethidium bro-

intercalative binding of EthBr. All these observations are
consistent with the conformational transition from the B to the
Z form induced by this complex (cf. CD studies below); the Z

mide (EthBr) binding studies have been undertaken to gain helix, asit isla more rigid molecule, is unable to accommodate
support for the mode of DNA interaction inferred from the above an intercalating drug like EthBf.

viscometry results. They involve the addition of the present

complexes to DNA pretreated with EthBr ([NP]/[EthBH 1)

Circular Dichroism. The observed CD spectrum of calf
thymus DNA (Figure 3) consists of a positive band at 270 nm

and then the measurement of emission intensities of EthBr. The(UV: 1 max 259 nm) due to base stacking and a negative band
observed enhancement in emission intensity of EthBr in the at 240 nm due to helicity and is characteristic of DNA in the
presence of DNA (Figure 2) is expected of its strong stacking right-handed B forn¥® When incubated with the present
interaction (intercalation) between the adjacent DNA base copper-OP complexes, the DNA showed an additional positive

pairs?® The ability of the various phen complexes to hinder

feature (Table 2) around 296 nm with lower intensity for all of

the DNA induced enhancement in EthBr emission decreases inthem, except 5,6-dimethyl-OP complex. One more positive

the order OP~ 5,6-dimethyl-OP~ 4-methyl-OP ~ 4,7-
dimethyl-OP > 3,4,7,8-tetramethyl-OP> 5-methyl-OP ~
5-nitro-OP. The addition of [(OREu]?" almost completely

band around 265 nm with an intensity almost the same as that
of the 277 nm band is discernible for 5-methyl-OP and 4-methyl-
OP complexes. These relatively weak additional positive

hinders the enhancement in emission; also the addition of DNA ellipticity (Cotton effect) bands may be considered as relatively
pretreated with [(ORBLu]?" to EthBr fails to enhance the EthBr  weak perturbation on DNA consistent with the binding of the
emission. These observations suggest that the complex ef-OP chromophores (which have an absorption in the regior-265
ficiently competes with EthBr for the intercalative binding site, 275 nm) of the complexes on the asymmetric surface of the
illustrating its higher affinity for the latter. While 4-methyland DNA polymer. However, even when excess DNA was intro-
4,7-dimethyl substitutions do not appear to lower the affinity, duced into the solution containing the present complexes, no
3,4,7,8-tetramethyl substitution lowers it significantly. The
substitutions at the 5-position of the middle ring of OP as in (27) (a) Thomas, T. J.; Bloomfield, V. Aucleic Acids Res1983 11,

5-methyl-OP and 5-nitro-OP complexes confer still lower 1919. (b) Gupta, G.; Dhingra, M. M.; Sarma, R.H Biomol. Struct.
Dynam.1983 1, 97.
(28) Ivanov, V. I.; Minchenkova, L. E.; Schyolkina, A. K.; Poletayer, A.
|. Biopolymers1973 12, 89.

(26) LePecq, J.-B.; Paoletti, @. Mol. Biol. 1967, 27, 87.
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Table 2. CD Parameters for the Interaction of Calf Thymus DNA with Cu(ll)

sample

molecular ellipticitieg6]/degcm?-dmoi

DNA
DNA -+ 5004M [(OP),Cul+

DNA + 5004M [(4-methyl-OP}]2*

DNA + 5004M [(4,7-dimethyl-OP)CuP>*

DNA + 500u4M [(5-methyl-OP)Cul*

DNA + 5004M [(5,6-dimethyl-OP)Cul>*

DNA + 500uM [(3,4,7,8-tetramethyl-OBTu]*"

DNA + 5004M [(5-nitro-OP)Cul*+

aWavelength at which the ellipticities are expressed is in parentheses.

CD signal is discernible in the visible region where-dl
absorptions of the copper(ll) complexes are located {7460
nm). In contrast, 5,6-dimethyl-OP complex displays an interest-
ing behavior. Upon the incremental addition of the complex
to DNA, the intensities of both the negative and positive bands

decrease and then a nearly inverted CD spectrum with a new
positive band around 260 nm and a negative one around 285

nm is obtained. The inverted spectrum is distinctly differ@ht
from the features induced by the other OP complexes but is
similar to that observed earlier for poly(dG-dC) at high salt
concentratio® a condition when the Z conformation is
stabilized. The conformational transition from the right-handed
B DNA to the left-handed Z DNA in solution has been widely
studied! for the synthetic polynucleotides such as poly(dG-
dC)-poly(dG-dC). A variety of environmental conditions
including the presence of high salt concentrati¥ng? transition
metal complexed334 negative supercoilingf and chemical
modifications such as base brominafi®and alkylatiod” have
been shown to strongly influence the-BZ equilibrium. Since
alternative purine pyrimidine sequences are the only sequences
capablé®3L38of the B« Z transition, studies have been limited

(29) It may be expected that [(5,6-dimethyl-GEY]2" (UV 293 sh, 280,
230 nm), like the analogous [Ru(phe@),] (Barton, J. K.; Lolis, E.

J. Am. Chem. Sod985 107, 708), would bind to N7 of guanine,
which is readily accessible in the major groove, and then, as is
inversion labile, yield a certain net excess of theenantiomer
preferentially formed (Pfeiffer effect) giving rise to a positive cotton
effect. But the observation of a negative Cotton effect eliminates the
possibility of a Pfeiffer effect. Further, all the other coppehen
complexes, particularly the 5-substituted complexes, which give
viscosity effects similar to 5,6-dmp complex, do not exhibit such an
inversion in CD spectra. This is consistent with the failure of the
5-substituted complexes to inhibit the enhancement in DNA-bound
EthBr emission.

(30) Pohl, F. M.; Jovin, T. MJ. Mol. Biol. 1972 67, 375.

(31) Rich, A.; Nordheim, A.; Wang, A. H.-Annu. Re. Biochem.1984
53, 791.
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Figure 4. CD spectral titration of CT DNA with [(5,6-dimethyl-
OP)CuJ; variation of g5 with 1/R.
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Figure 5. Cyclic voltammograms of 0.5 mM [(ORJu" in the
absence (a) and in the presence ofu®b NP (b), 50uM NP (c), 75
uM NP (d), and 125«M NP (e). Scan rate 10 mV/s. Supporting
electrolyte, 5 mM TrisHCI + 50 mM NaCl in water-methanol (10:1
viv, pH 7.1).

to synthetic polynucleotides with alternating GC sequences. In
natural systems such as CT DNA, however, such alternative
GC stretches are of rather smaller length and so their Z form
would normally escape detection.

Figure 4 shows that the B to Z transition induced by the
complex is highly cooperative. The transition appears to start
at 1R (R = [NP)/[Cu complex]) of 0.5 and is completed when
the 1R value reaches unity. Contrastingly, the CD spectra of
CT DNA obtained in the presence of copper(ll) complexes of
all the other OP ligands show a considerable increase in intensity
of the positive band with only a slight perturbation of the
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Figure 6. Differential pulse voltammograms of 0.5 mM [(QGRuUP+
in the absence (a) and presence ofu@b NP (b), 50uM NP (c), 75
uM NP (d), 100uM NP (e), and 125:M NP (f). Scan rate 1 mV/s.
Supporting electrolyte 5 mM TrsICl + 50 mM NacCl in water
methanol (10:1 v/v, pH 7.1).
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Figure 7. Differential pulse voltammograms of 0.5 mM [(3,4,7,8-
tetramethyl-OPJCU?* in the absence—f) and presence (---) of 125
uM NP. Scan rate 1 mV/s. Supporting electrolyte, 5 mM “HiGI +

50 mM NaCl in water-methanol (10:1 v/v, pH 7.1).

negative band and there is no inversion of the CD spectra. Thus
[(5,6-dimethyl-OP)Cu?" appears to be unique and selective
in inducing the B to Z transition. When EDTA was added to
DNA incubated with [(5,6-dimethyl-OREuJ?+, the original CD
spectrum typical of native DNA was regenerated; this suggests
that the induced B to Z transition is reversible and that the
complex binds on the DNA surface to cause the transition.
Further, when DNA pretreated with the complex is dialyzed
against 50 mM NaCl buffer solution (pH 7.1) for 1 h, the
retentate yielded a CD spectrum with decreased intensity for
the longer wavelength CD band. On continuing the dialysis
for 4 h more the retentate yielded the original CD spectrum
typical of natural DNA. This confirms that the B to Z transition
in natural CT DNA brought about by the complex is reversible.
Upon the addition of EthBr to CT DNA to which [(5,6-
dimethyl-OP)Cu?t is bound, the CD peak intensities were
slightly reduced and the inverted spectrum did not revert to the
original one. Since a strong intercalator like EthBr is well-
known to convert Z DNA to an intercalated right-handed B form
(allosteric effect) under solution conditions that would otherwise
favor the Z conformatiod? the present complex appears to be
a strong reverse allosteric effector, shifting the equilibrium
toward the Z conformation even in the presence of an allosteric
effector. Further, when the complex is added to CT DNA

(39) Pohl, F.; Jovin, T. M.; Baehr, W.; Horbrook, J.Rxoc. Natl. Acad.
Sci. U.S.A1972 69, 3805.
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pretreated with EthBr, the inverted CD spectrum characteristic
of Z DNA is obtained. This suggests that EthBr fails to lock
the DNA in the B-form and is unable to prevent the BZ
conversion effected by [Cu(5,6-dimethyl-QPJ. Competitive
ethidium binding studies as illustrated above provide support
for this observation. The substituents at 5,6-positions in [Cu-
(5,6-dimethyl-OPj 2" would be expected to prevent the OP ring
from intercalative interaction with the B or any other non-Z
conformation as understood from the viscosity studies (Figure
1). It is clear that the binding of the present complex is
extremely strong to resist the reversal of conformational
transition by EthBr.

It is reasonable to expect that after the binding of the complex
cation possibly to N(7) and O(6) of guanosifi¢he hydrophobic
methyl groups at 5- and 6-positions act to effectively place
themselves between the phosphate groups at close proximity
(5.9 AL with each other leading to the potentiation of Z DNA
by decreasing the repulsion otherwise present between them in
Z DNA and change the £endo, anti conformation of sugar
pucker of deoxyribose into thesGendo, syn conformation.
Further, the effect appears to be similar to that by cytosine
5-methyl in poly(dG-rfdC) in that the 5,6-dimethyl groups may
effectively fill the pocket on the external surfaces, which might
be hydrated in the major groove of the B form in the absence
of the complex, and stabilize dG-dC base pairs in the Z form.

Redox Studies. In the absence of DNA, the limiting peak
potential separation&\E,°’, AE, value extrapolated to zero scan
rate) of 68-86 mV and the linearity of thigc vs v*2 plot passing
through the origin indicated a fairly reversible"lredox process
for [[OP)CuJ?* and the other substituted OP complexes. The
number and position of the methyl groups do not appear to
influence the observed trend in the redox potentials (0.023 to
—0.098 V, Table 3) of the complexes. The latter are expected
to illustrate the nuclease activity of coppegdP complexes, as
their Cu(ll) and Cu(l) forms are involved in the proposed
cleavage mechanism (Schemé?®)Thus, they are close to that
of cleavage-active coppeOP complex {0.080 V), suggesting
that all of them should display significant nuclease activity. The
ratio of cathodic to anodic peak currenitg{ipc, iS greater than
1 (unity for reversible redox systems) for all the complexes,
suggestintf that the copper(l) species are adsorbed on the glassy
carbon electrode.

In the presence of 0.125 mM nucleotide phosphate (NP),
significant changes in the CV waves are observed for all the
complexes, except [(5,6-dimethyl-OP)€l] even at loweR
(=[NPJ/[Cu complex])~ 0.25) values. Beyon® ~ 0.25, the
redox waves tend to broaden out. Since the Cu(ll)/Cu(l) couple
becomes irreversible in the presence of DNA, as shown by the
large increase iM\E, values even at lovR values, no attempt
was made to calculate the binding constants. Analogous to the
treatment of association of small molecules with micéflasd
DNA,** the ratio of the equilibrium constants, /K, for the
binding of Cu(ll) and Cu(l) forms of the present complexes to
DNA can be estimated from the net shift in Df\E;» values,

(40) Sorokin, V. A.Biofizika 1994 39, 993.

(41) McCall, M.; Brown, T.; Hunter, W. N.; Kennard, Qature 1985
322, 661.
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111 8901.

(45) Eyj2 values were determined from the DPV peak potenEgl by the
relationEy, = E, + AE/2 whereEy, is the equivalent of the average
of Epc andEpain CV experiments andE is the pulse amplitude{50
mV) (Bard, A. J.; Faulkner, L. R. IrElectrochemical Methodls
Wiley: New York, 1980, p 194).
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Table 3. Voltammetric Behavior of Cu(ll) Complexes of Various Phenanthroline Ligands Bound to Calf Thymu§ DNA

complex R EpdV EpdV AE/mV EiofV ipdipc
[(OP)XCuP?* 0.00 —0.124 —0.036 86 —0.080 1.3
0.25 —0.420 0.028 448 —0.098 1.6
[4-methyl-OP)Cu]?* 0.00 —0.158 —0.048 110 —0.098 1.2
0.25 —0.250 —0.028 222 —0.139 1.3
[(4,7-dimethyl-OP)Cu)?* 0.00 —0.096 —0.014 82 —0.055 15
0.25 —0.198 0.016 214 —0.091 1.6
[(5-methyl-OP)Cu** 0.00 —0.114 —0.012 102 —0.063 1.4
0.25 —0.250 —0.014 236 —0.132 1.6
[(5,6-dimethyl-OP)Cu** 0.00 —0.036 0.076 112 0.020 1.1
0.25 —0.030 0.080 114 0.025 1.1
[(3,4,7,8-tetramethyl-OREU** 0.00 —0.062 0.058 120 —0.002 1.3
0.25 —0.172 0.034 206 —0.069 1.3
[(5-nitro-OP}Cul?* 0.00 —0.028 0.074 102 0.023 1.4
0.25 —0.016 0.170 186 0.077 1.7

a Supporting eletrolyte, 5 mM TrislCI/50 mM NaCl in water-methanol (10:1 v/v, pH 7.1); scan rate, 50 mV/s.

Scheme 3 ence. In contrast, the symmetrical 3,4 and 7,8-positions of

[(OPLCu® + ¢ , [(OP),Cu]* E°; [(OPXCu]" lie in glose; cqntact With. the floor of thg minor

groove and so derivatization of the ligand at these sites would

be expected to disrupt the minor groove binding. However,

substitution only at the 4-position would permit positioning the

K, K, unsubstituted, equivalent 7-position in the interior of DNA minor
groove, leading to an interaction stronger than that involving
the 4,7-dimethyl-OP complex.

[(OP)CU*DNA+e S  [(OP),Cu]*DNA E°% To exhibit nuclease activity the [(OFu]* complex has to
be readily accommodated in the minor groove, without displac-
Table 4. DPV Behavior of Cu(ll) Complexes of Various ing it from close proximity to the C-1 hydrogen, its primary
Phenanthroline Ligands Bound to Calf Thymus DNA site of attack. So the above orderkof/K,. values, which are
(E° — measures of the predominance of minor groove binding of the
complex E°V BNV E°) KKy Cu(l) form over the partial intercalative interaction of the
[(OP).CUP" —0.066 —0.037 0029 31 corresponding Cu(ll) form, would reflect the decreasing order
[(4-methyl-OP)CU* ~0.087 —0.053 0.034 38 of DNA cleavage efficiency of the complexes. Thus, as
[(4,7-dimethyl-OP)CuP* —0.034 —0.034 0.000 1.0 expected, the copper complex of the 4-phenyl-OP complex
[(5-methy|-C)ng;u]2+ —0.065 —0.057  0.008 1.4 generates a cleavage pattern comparable to that of the unsub-
%gﬁ?édzrln?)é(-:tlgtrameth -OR} :8'818 _é)'(????’l —006(1)}14 0167 stituted OP complex, but the rate is significantly reduced. For
[(5_nit’r0'_(’)P>Cu]2+ Y 0015 0019 0004 1.2 several 5-substituted complexes Sigman et al. have obtained

the same digestion pattern as that of [(@R)]", illustrating

that there is a size-independent tolerance to substitution at the
5- and 6-positions of the OP rirfg Further, as the Cu(ll) form
assuming reversible electron transfer (Scheme 3). Here of the 5,6-dimethyl-QP (_:omplex select_ively and reversibly binds
[(OP),CuJ"™—DNA represents the [(ORJu]"™* complex bound ~ t© Z-form DNA, which is not susceptible to cleavdgender

a Supporting electrolyte, 5 mM TrBICI/50 mM NacCl in watefr
methanol (10:1 v/v, pH 7.1); scan rate, 1 mV/s.

to DNA. conditions similar to those for the B form, the observation of
Thus for a 1-€ process, the same cleavage pattern supports the a,b pathway in Scheme
1. Similarly, for the 4,7-dimethyl-OP complex a cleavage
E,” — E° = 0.059 logK_/K,.,) pattern not significantly different from that of [(Ofu]™ but

with a slight diminution in rate expected of its lowKr /K
where Er* and Ey®' are the formal potentials of the Cu(llyy ~ value has been actually observedrhe 3,4,7,8-tetramethy!-
Cu(l) couple in the free and bound forms, respectively. The OP complex has a greatly reduced rate of cleavage and does
K./Ko: values (Table 4) for most of the complexes aré not generate the cleavage pattern c.haracteristic of the unsub-
suggesting the preferential stabilization of Cu(l) forms. Interest- Stituted OP complex, as expected of its very WK, value.
ingly, this is in contrast to our previous observation for the Similarly, the 2,9-dimethyl-OP complexXewith lower K/Ka+
copper Complexes of 2,g_d|methylphenanthro“ﬁ@s(pynd_ values lack DNA nuclease aCt|V|ty All these observations lead
2-yl)polythioethers? L-carnosiné? etc. that these values are 10 the conclusion that th&./Kz+ value should be>1 for
less than 1, suggesting the preferential DNA interaction of these Observable nuclease activity.
complexes in the copper(ll) form. The variation of these values
in the order [(4-methyl-OBTuUP* > [(OP)Cul** > [(5,6-
dimethyl-OP)}Cu™ > [(5-nitro-OP)Cu™ > [(5-methyl- The present investigation provides strong and impressive
OPYCuUP" > [(4,7-dimethyl-OP)Cul?™ > [(3,4,7,8-tmphen) evidence for the binding of copper(#phenanthrolines to DNA
Cu)?* represents the decreasing ability of DNA to stabilize the via patrtial intercalation of the middle ring of phenanthroline
Cu(l) over the Cu(ll) form. This is consistent with the space- between the base pairs of DNA, the number and position of
filling binding mode? for the docking of [(5-phenyl-ORL U] methyl groups on phenanthroline ring dictating the affinity of
in the minor groove of DNA. The substituents at 5- and/or the complex for partial intercalative binding. Thus, substitutions
6-position(s) permits the ready accommodation of the OP at 4- and 4,7-positions lower the binding affinity, while that at
complex within the minor groove with minimum steric interfer-  the 5-position eliminates intercalative interaction; however, the

Conclusions
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3,4,7,8-tetramethyl derivative exhibits an intermediate behavior. cellular processe¥. The effect of the phenanthroline complexes
Interestingly, the results of viscometry and competitive binding on the conformational variation of poly(d@C) and poly(dA
studies of the 5,6-dimethyl-OP complex are not consistent with dT) will constitute an interesting and important investigation.
each other; this has been ascribed to the unique nonintercalative From the shifts in redox potentials of all the phen complexes
binding mode of the complex after inducing changes in the observed on the addition of DNA, the relative stabilities of their
conformation of DNA target. Recent investigations have shown DNA bound copper(ll) and copper(l) forms have been derived
that outer-sphere binding of ammine complexes can significantly and correlated with the DNA cleavage efficiency of the
alter DNA conformation, even to the extent of reversing the complexes. Factors which significantly favor the noncovalent
helical directior372:47.48 minor groove binding of the Cu(l) form over the partial

Thus, among the present copp@henanthroline complexes intercalative major groove binding of its Cu(ll) form appear to
[(5,6-dimethyl-OP)CUP" is a remarkable and unique reagent Cconfer the cleavage efficiency on the complex.
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