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ABSTRACT

New Co(lll) and Ni(ll) mixed ligand complexes of the type
[M(phen),(napy)] (PF,), xH,0O where M=Co(III) or Ni(II), napy=4-methyl-
1,8 naphthyridin-2-ol, and phen=1,10-phenanthrolinesn=3 or 2, x=3 or 2
have been synthesized and characterized by employing analytical and
spectral methods. The DNA binding property of the complexes (1) and (2)
with Calf thymus-DNA have been studied by using absorption spectra,
viscosity measurements as well as thermal denaturation studies. The ab-
sorption spectral results indicate that the Co(l11) and Ni(ll) complexes
intercal ate between the base pairs of the DNA tightly with intrinsic DNA
binding constant of 2.2x10° M1 and 2.0x10° M-t in 5mM Tris-HCI/50mM
NaCl buffer at pH 7.2, respectively. Thelarge enhancement in therelative
viscosity of DNA on binding to the napy supports the proposed DNA
binding modes. The oxidative cleavage and photocleavage activity of the
complexes (1) and (2) were studied at the concentration of 20-40uM. The
Co(111) and Ni(11) complexesinduced DNA photocleavage at the concen-
tration of 40uM after irradiation for UV light at 365nm.
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INTRODUCTION

Current burgeoning interestinsmall molecul esthat
arecapableof binding and cleaving DNA isrelated to
their utility in the design and devel opment synthetic re-
gtriction enzymes, new drugs, DNA foot printing agents
etc., and totheir ability to probethe structure of DNA
itsel fi-91, In thisregard, metal complexes have been
found to beparticularly useful becauseof their potentid

to bind DNA via amultitude of interactions and to
cleavetheduplex by virtueof their intrinsic chemical,
electrochemica and photochemicd reactivities!®3,
Recently, efforts have been directed towardsthe
design of various mixed ligand-metal complexescon-
taining planar, aromatic, fused heterocyclic compounds
which have proved to bevery useful asstructural and
functional probesfor nucleic acids dueto the exten-
sively t conjugated and planar structure. An added
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advantage of this class of DNA-binding speciesisthat
the metal ion can also be varied such that a series of
complexeshaving thesame st of ligandsbut with vary-
ing properties can be generated to facilitate an indi-
viduad application. Most of the studieshavefocused on
trangtion meta complexeswith heterocydicligandssuch
asphen (1,10, phenanthroline), bpy(2,2,bipyridine) and
dppz (dipyrido [ 3,2-a:2‘:3'-C] phenazing+4,

Onthe otherhand napy (pyrido-pyridine) isone of
thenovel biologicdly activeligand, which playsanim-
portant roleinmedicind fidd*9. Antibioticsof thisgroup
arebangwiddy usedin chemotherapy of infectiousdis-
eases. Some of new naphthyridine derivativesused as
plant growth regul ators, fungicides, bactericides, herbi-
cides, insecticidesand nematoci desof new generation,

Withthesestudiesinmind, werecently designed and
synthesized mixed ligand metal complexes containing
phenanthroline and naphthyridine. Thispaper discusses
thesynthess, spectra characterization, DNA bindingand
oxidativeaswdl| asphotocleavage propertiesof Co(lll)
and Ni(Il) complexesthat incorporate phenanthroline
and naphthyridineligandsmentioned before. Thestruc-
tureof themixed ligand complex isshowninfigure 1.

MATERIALSAND METHOD

All reagentsand solventswere of AR grade, pur-
chased commercidly. All thesolventswere purified be-
fore use. CoCl,.6H,O, NiCl,.6H,0O, 1,10-phenan
throline monohydrate and ammonium hexaflurophos
phate (NH,PF,), were purchased from QualigensFine
Chemicals(India). Tris-HCI buffer(5mM Tris-HCI,
50mM NaCl, pH-7.2, Tris=Trig(hydroxymethyl) amino
methane) sol ution wasprepared usng deionized double
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M=Co, n=3: [Co(phen),(napy)]*
M=Ni, n=2: [Ni(phen),(napy)]*

Figurel: Molecular structureof thecomplex
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distilled water. Agarose, ethidium bromide, and bro-
mophenol bluewere purchased from Himedia. Caf thy-
mus DNA (CT-DNA) and pUC19 DNA were pur-
chased from Bangd ore Genieg(India).

Melting pointsweredeterminedin open capillaries
and areuncorrected. Micro analyses(C, H and N) were
performed in Carlo-Erba 1106-model 240 Perkin-
Elmer andyzer. IR spectrawererecorded with Shimadzu
model FT-IR spectrophotometer by using KBr pellets.
H-NMR spectrawererecorded on aBruker AC-P500
spectrometer(300MHz) at 25°C in DMSO-d, with
tetramethylsilaneastheinternd reference.

Synthesisof ligand
Synthesisof 4-methyl-1,8-naphthyridin —2-ol (napy)

A mixture of 2-aminopyridine(1g, 0.01mol) and
ethylacetoacetate(1.3g, 0.013mol) wasirradiated ina
microwave oven for 8minand 2to 4 dropsof H,SO,
wasadded and againirradiated for 3min. Thesolid prod-
uct obtained wasfiltered off and recrystallized using
ethanol. Yied: 78%, m.p.=205-210°C. Anal. Cac. for
[CHN.Q]: C, 67.56; H, 5.00; N, 17.50. Found: C,
67.34: H,40.86; N, 17.37. IR KBr pellets(crm): 3455,
2957,1658, 1588 cm™. 'H NMR: 6.73(1H d, J-10.0
Hz) 7.1-7.4(1Hm). 7.75(1Hd, J-10.0Hz) 7.8-8.1
(1HmM), 8.7-8.9 (1H m).

Synthesisof Co(l11) and Ni(ll) complexes

The complexes [Co(phen),Cl,]Cl.3H,O and [Ni
(phen),Cl.] were prepared asreported previoudyi- 2,

Synthesisof [Co(phen),(napy)](PF,)..5H,0 (1)

To a 50ml ethanolic solution of[Co(phen).Cl.]
Cl.3H,0(0.57g, ImM) wasadded to aethanalic solution
of napy(4-methyl-1,8-naphthyridin-2-ol) (0.162g,
1mM). Themixturewasrefluxed for 4hr with constant
stirring under nitrogen. It was then filtered, and the
complex was precipitated upon addition of asaturated
ethanalic solution of ammonium hexafluorophosphate.
Thecomplex wasfiltered and further dried under vacuum
before being recrystallized (acetone-ether). Yield 74%,
Anal.Calc.for [CoC,, H,N.OJ(PF),: C, 39.09; H,
2.36; N, 8.28; Co, 5.81: Found: C, 39.00; H, 2.41,
N, 8.40, Co, 5.30. IR, KBr pellets(cm): 421, 839,
1321, 1431, 1581, 1658. *H-NMR, dppm DM SO-
d,, TMS]: 9.92(d, 2H), 9.18(m, 4H), 8.92(d, 2H),
8.60(d, 6H m), 8.29(d, 2H), 8.00(m, 8H), 7.70(d, 4H)
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Synthesisof [Ni(phen),(napy)](PF,),.2H,0 (2)

A solution containing[Ni(phen),Cl.] (0.49g, 1mM)
and napy(4-methyl-1,8-naphthyridin-2-ol) (0.162g,
1mM) in ethanol wasrefluxed for 5 hr under nitrogen,
then it wasfiltered and the crude complex was precipi-
tated upon addition of saturated ethanolic solution of
ammonium hexaflurophosphate. The complex wasfil-
tered, recrystallized (acetone-ether) and further dried
under vacuum. Yield 70%, Anal. Calc. for [NiC_H,,
N.O](PF),: C, 45.62; H, 2.76; N, 9.66; Ni, 6.75:
Found: C, 45.54; H, 2.13; N, 9.81; Ni, 6.10. IR, KBr
pellets(cm™): 425, 839, 1333, 1420, 1587, 1658. i,
=2.76+0.02 B.M.

DNA-binding experiments

UV Visible absorption spectraof the complexes
were recorded on a Shimadzu model UV spectropho-
tometer at room temperature. A solution of caf thymus
DNA inthebuffer gavearatio of UV absorbance at
260 and 280nm about 1.8-1.9:1, indicating that the
DNA was sufficiently free from protein?3. The con-
centration of CT-DNA was determined spectrophoto-
metrically using the molar extinction coefficient at
6000M *cmt a 260nmf24. Stock solutionswerestored
at 4°C and used within 48 hours of preparation. The
complex and DNA solutionswereadlowed toincubate
for 10min before the absorpti on spectrawererecorded.
The electronic absorption spectra of complexes in
buffer(5mM Tris-HCI, 50mM NaCl pH 7.2) were per-
formed by using afixed complex concentrationtowhich
increasing amountsof DNA stock solutionwere added.
To enablequantitative comparison of the DNA binding
afinitiestheintrinsic binding constant K, of the com-
plexesfor binding with Ct-DNA wereobtained by us-
ing eqg. (1)

[DNA]/(g - )=[DNA]/(g -&)+ 1k (e.-&) > @
where [DNA] is the concentration of DNA in base pairs, ¢,
corresponds to the apparent absorption coefficient A /[M],
g, corresponds to the extinction coefficient for the free metal
[M] complex and ¢, corresponds to the extinction coefficient
for the metal [M] complex in the fully bound form. In plots of
[DNA]/(e -¢)vsDNA]. K, isgiven by theratio of slopeto the
intercept.

Viscosity measurementswere carried out using a
semimicrodilution cgpillary viscometer (ViscomaicFHea
MgW) with athermostated bath D4A0Smaintained at a
constant temperature 25°C+0.1°C. Each samplewas
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measured three times and an average flow timewas
calculated. Datawere presented as(n/n ) vsbinding
ratio. Wheren istheviscosity of DNA inthe presence
of complex andn, istheviscosity of DNA aone.
Thermal denaturation studieswerecarried out with
aPerkin-Elmer Lambda35 spectrophotometer equipped
with a Peltier temperature-controlling programmer
(+0.1°C). The absorbance at 260nm was continuously
monitored for solutionsof Ct-DNA (0.1uM) intheab-
senceand presenceof the complexes (0.5uM). Thetem-
perature of the sol ution wasincreased by 1°Cmin™.

DNA photo cleavage studies

Theextent of cleavage of super coiled(SC) puC19
DNA(0.5uL, 0.5ug) toitsnicked circular(NC) form
was determined by agarose gdl e ectrophoresisin Tris-
HCI buffer(50mM, pH 7.2) containing NaCl(50mM).
Inthe cleavage reactions, the 30uM and 20uM com-
plexesin 18uL buffer werephoto-irradiated usngmono-
chromatic UV or visiblelight. Thesampleswerethen
incubated for 1h at 37°C followed by additionto the
|oading buffer containing 25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol (3uL) and finally loaded
on 0.8% agarosegd containing 1.0ug/ml ethidium bro-
mide. Electrophoresiswascarried out at 50V for 2hin
Tris-borate EDTA(TBE) buffer. Bandswerevisuaized
by UV light and photographed to determinethe extent
of DNA cleavagefromtheintenstiesof thebandsusing
UVITEC Ge Documentation System. Duecorrections
weremadefor thetrace of NC DNA presentinthe SC
DNA sampleandfor thelow affinity of EB bindingto
SC DNA in comparison to the NC form. Thewave-
length used for the photo-induced DNA cleavage ex-
perimentswere 365nm.

RESULTSAND DISCUSSION

Characterization of metal complexes

Thedementd andysesof thecomplexesshowsthat
themetal toligandratiois1:2:1 (metal: phen: napy).
The IR, *H-NMR and magnetic moment data of the
new complexes are summarized in the experimental
section. Becauseof comparable-bonding ability of phen
and napy, theR spectraof thecomplexesshowsbands
approximately in theregion, 1600 and 3300cm* for
phen and napy, respectively. TheR spectraof thecom-
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plexes showsthat the napy ligand act as bidentate by
coordination of both pyridineand nitrogenwiththemetd
ions. Thesharpligand band a 1658 cm for C=0 group
appeared dmost inthe sameregioninthemetal com-
plexes, suggesting that the oxygen atom of napy ligand
isnot involved inbonding. Inaddition, thelR spectrum
of the PF, salt of each complex showed astrong band
inthe 837-839 cm'! region ascribabl e to the counter
anion and thisband was absent for the corresponding
chloridesats?!. Inthe*H-NMR spectraof the Co(l11)
complex, thepeaksdueto various protonsof phenand
napy are seen to be shifted in comparison with the cor-
responding freeligands suggesting complexation. Un-
likethe Co(l11) complex wasdiamagnetic, Ni(Il) com-
plex wasfound to be paramagneticwithap vaue of
2.76+0.02BM as expected for typica d®systems?”.

Absor ption spectroscopic studies

The application of electronic absorption spectros-
copy in DNA binding studiesisone of the most useful
technique. Complex binding with DNA through inter-
action usually results in hypohromism and
bathochromism duetotheintercdativemodeinvolving
astrong stacking i nteraction between an arométic chro-
mophore and the base pairsof DNA. The absorption
spectraof complexes (1) and (2) in the absence and
presenceof CT-DNA aregiveninfigure2and 3. As
the concentration of DNA increased for complex (1)
the hypochromism in theinterligand band reaches as
high as 26% at 278nm with ared shift of 4nm. For
complex (2) uponaddition of DNA, theinterligand band
at 273nm exhibits hypochromism of about 21% witha
3nmred shift. These spectra characteristicsindicating
thebinding of thecomplexesto DNA in different modes
andtodifferent extents. Thebinding of anintercaative
moleculeto DNA hasbeenwell characterized by large
hypochromism and significant red-shift dueto strong
stacking interaction between thearomatic chromophore
of theligand and DNA base pairs with the extent of
hypochromism and red-shift commonly consstent with
thestrength of intercd ativeinteraction.

In order to comparequantitatively thestrength of the
two complexestheintrinsic binding congtants, K of the
two complexeswith DNA wasdetermined by monitor-
ingthechangein absorbance 278nmfor complex (1)and
273 nmfor complex(2)with increas ng concentration of
DNA usingtheequation(1). Inplotsof [DNA]/(e &) vs
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Figure2: Absor ption spectraof complex (1) in Tris-HCI
buffer upon addition of DNA.

[C0]=0.5uM,[DNA]=0.1uM. The absorbance changing upon
the increaseof DNA concentration, Inner plot of [DNA]/(e,-
g)VS[DNA] for the titration of DNA with Co(lIl) complex

nm
Figure3: Absor ption spectra of complex (2) intrisHCL

buffer upon addition of CT DNA

[Ni]=0.5mM, [DNA]=0.1mM. arrow shows the absorbance
changing upon theincrease of DNA concentration. Inner plot
of [DNA]/(e,-g)vs[DNA] for the titration of DNA with Ni(ll)
complex

[DNA], K, isgivenbytheratio of s opeto theintercept.
Theinterensichinding congtantsK, of complex (1)and(2)
were 2.2x10°M* and 2.0x10°M 1, respectively. These
vauesare comparableto that of those so-called DNA-
intercalaive complexes. The results of absorption spec-
troscopic studies indicate that complex(1)binds
grongly to DNA by intercalation.

Viscosity measurements

The DNA binding modes of complex isfurtherin-
vestigated by viscosity measurement, whichissenstive
totheincreaseinlength of DNA isregarded astheleast
ambiguousand themost critical testsof bindingmode
insolutioninthe absence of crystal ographic structure
data!® Theviscosity of aDNA solutionissensitiveto
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Figure 4 : Effect of increasing amounts of the complex
Co(l 1) [— e—] and Ni(IT) [— <« —] on the relative viscosi-
tiesof CT-DNA at 25 (£0.1)°C
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Figure5: Méelting curvesof CT-DNA in theabsenceand
presence of complexes

theaddition of organicdrugsand metad complexesbound
by intercalation. Intercalation isexpected to lengthen
the DNA helix asthe base pairs get gpart to accommo-
datetheboundligand, leadingto anincreaseintheDNA
viscosity. Incontrast, apartia and/or non-classica in-
tercalation of ligand could bend (or kink) the DNA he-
lix, reduceitseffectivelength, and concomitantly, its
viscosity®!, To understand the nature of DNA binding
of mixedligand Co(l11) and Ni(ll) complexes, viscos-
ity measurementswere carried out on Ct-DNA by vary-
ing the concentration of the added complex. Thevaues
of relativeviscosity(n/ ), wheren andn_arethe spe-
cificviscogtiesof DNA inthe presenceand absence of
the complexes, respectively are plotted against [Co]/
[DNA] and[Ni]/[DNA](Figure4). Asseeninfigure4,

BIOCHEMISTRY (mm—

theviscosity of the DNA increases uponincreasing the
concentration of the complexesto DNA. Thisexperi-
mental result suggested that, both the complexesinter-
calated between two adjacent base pairs of DNA
through aclassicd interca ation mode.

Thermal denaturation study

Thermd behaviorsof DNA inthepresenceof com-
plexescangiveingght intotheir conformationa changes
when temperatureisrai sed, and offer information about
theinteraction strength of complexeswithDNA. Itis
well known that when the temperaturein the solution
increases, thedouble-stranded DNA gradudly dissoci-
atesto single strands, and generatesahypochromic ef-
fect on the absorption spectra of DNA bases
(A.,=260nm). Inorder toidentify thistransition pro-
cess, themeltingtemperature T _, whichisdefined asthe
temperaturewherehaf of thetota basepairsisbounded,
isusudly introduced. According totheliterature™ the
intercalation of natura or synthesized organic and
metd lointercalatorsgenerally resultsin aconsiderable
increaseinmelting temperature(T ). The T_DNA was
found to be 60+1°C under experimental conditions.
Under thesame st of conditions, addition of complexes
(1) and(2)increased T (1°C) by 6°C and 4°C, respec-
tively whichindicatesthat these compoundsstabilizethe
doublehelix of DNA (Figure5). Theincreasein T _ of
thelatteriscomparabletothat of classcd intercaators®y.
So from above datawe conclude our metal complexes
asanew classof DNA intercaators.

Oxidative DNA cleavage studies

Thecharecterization of DNA recognition by transi-
tionmeta complexeshasbeen aded by the DNA cleav-
age chemistry that is associated with redox-active or
photoactivated metd acomplexes. The consequence of
DNA cleavageisrel axation of thesupercoiled circular
formof pUC19 DNA intoanicked circular form and
linear form. When circular plasmid DNA issubjected
todectrophoresis, thefastest migrationwill be observed
for the supercoiled(SC) form (Form ). If onestrandis
cleaved the supercoiled formwill relax to producea
slower mixing open circular form of Nicked
circular(NC)(Formil).

Fromthefigure®. Itisshownthat at the concentra-
tions of 20uM, 30uM and 40uM the complex (1) is
ableto convert 52%, 65% and 71% of theinitial super
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Lane 1 2 3 4 5 6 7

Form Il

Form |

Figure6: Cleavageof supercoiled pUC19 DNA (0.5ug) by
thecobalt(I11) and Nickel (1) complexesin a buffer con-
taining 50mM TrissHCl and 50mM NaCl at 37°C.

Lane 1, DNA alone; Lane 2, DNA+20UM of complex (1); Lane
3, DNA+30uM of complex (1); Lane 4, DNA+40UM of complex
(1); Lane 5, DNA+20uM of complex (2); Lane 6, DNA+30UM of

complex (2); Lane 7, DNA+40MM of complex (2). Forms I-Il are
supercoiled, nicked circular DNA, respectively
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Figure 7 : Quantification of gel electrophoresis bands
originating from scand oc DNA in our cleavage experi-
ments. Thesum of intensitiesof both bands is standard-
ized to 100% for each individual lane. M etal complexes
and concentrationsar eannotated (dd H,O: doubly distilled
water asbackground). See text and experimental section
for details

coiled(SC) form (Form 1) to Nicked circular(NC)
form(Form 1) respectively(Lane 2-4). Whereas com-
plex(2) at the same concentration is able to convert
only 34%, 49% and 62% of theinitia super coiled(SC)

form (Form1) to Nicked circular(NC) form(Form
) respectively. In conclusionitisshownthat, boththe
complexes(1)and(2) at the concentration of 40uM
shows more cleavage activity than at thelower con-
centrations. Hence we choose 40uM complex con-
centration for the photocl eavage experiments. From
theseresultsweinfer that cobat(l11) complex (1) shows
good cleavageactivity than thenickle(ll) complex (2).

These quditativefindings could be quantified by
densitometric anaysisof thebandsoriginating from SC
and NC plasmids. Bandsfrom thelinear form, athough
clearly visibleon the gel's, were difficult to quantify.

—= Regular Poper

Lane 1 2 3 &4 & &

Figure8(a) : Gel electr ophor esisdiagram of the control
experimentsusing SC DNA (0.5ug), (1) (30 uM), and other
additivesat 365 nm for an exposuretimeof 1 h. Lanel,
DNA Control; lane2, DNA+D,0(14pl)+(1); lane3, DNA
+DM SO (4uL)+(1); lane4, DNA+NaN3 (38 u M +(1);

o2 Bral F O

Fom I
Form 1T

Figure8(b) : Gel electrophoresisdiagram of the control
experimentsusing SC DNA (0.5ug), (2) (30 uM), and other
additivesat 365 nm for an exposuretimeof 1 h. Lanel,
DNA Control; lane2, DNA+D,O(14pl)+(2); lane3, DNA+
DM SO(4uL)+(2); lane4, DNA+NaN3(38 up M)+(2); lane
5, DNA+(2).

Percentage of cleanved bands [%o]

40ubi(l) MWally K DMsSO D:0

40uMI(2) WaM, KD

Complex (1) Complex (2)

Figure 9 : Quantification of gel electrophoresis bands
originatingfrom SC and NC DNA in our photo cleavage
experiments. Thesum of intengitiesof both bands is stan-
dardized to 100% for each individual lane. M etal com-
plexesand concentr ationsar eannotated (dd H,O: doubly
digtilled water as background). See text and experimental
section for details

Large errors arise on weaker bands because the defi-
nition of the background is somewhat arbitrary in those
cases. Therefore, parametersfor quantification were
chosen such that only the SC and NC bandswerein-
cluded inthe procedure. The sum of intensity of both
bandswas standardized to 100%in dl lanes. A plot of
relativeintengtiesispresentedinfigure?. (for oxidative
cleavage) andinfigure9. (for photocleavage).

DNA photo cleavage studies
pUC19 DNA photod eavageby thecobat(l11) com-
e, BIOCHEMISTRY
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plexeshasbeeninvestigated indetal inthis study. Con-
trol experimentshave suggested that untrested DNA does
not show any cleavageinthedark and evenuponirra:
diaion by light. Control experimentshavea o suggested
that phen and napy arenot detectably active under the
dark andlightirradiated conditions. Irradiation of pUC19
DNA samplescontaining both thecomplexes(1) and (2)
werecarried out inthe presence of various ‘inhibitors’
for 1h exposure at 365nm(Figure 8). The complex
(1)(40uM in 18 pl volume) convert 89% of SC
DNA(Form1) toNC DNA (Form 1) showing signifi-
cant cleavage activity (Figure8(a), lane 2). Ontheother
hand, DM SO which scavenges OH"radical seemsto
inhibit the photocleavage with 45% conversion (lane 5).
Further support for the generation of OH?upon photoly-
sisof the complex with NaN,, Kl and D,O with 40%,
36% and 35% conversion of SC-DNA to NC-DNA
respectively (Lane 3,4, and 6).

Thenicke (1) complex (2) dsoexhibit light induced
nucleaseactivity whenirradiated to UV light for 1hat
365nm. Thecomplex (2) (40umin 18 ul volume) con-
vert 57% of SCDNA (Form 1) to NC DNA (Form I)
showing lesscleavageactivity compared to that of com-
plex (1) (Figure8(b), lane2). Inthepresenceof inhibi-
torsa sothe complex showsvery lessnuclease activity
(with NaN, 46%, with K1 28%, withDM SO 34% and
with D, O solvent 26% respectively), probably because
of the paramagnetic nature of these complexes that, in
principle, would render theexcited states of these mol-
ecules|esseffective.
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