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A chromium(

 

Ⅲ

 

) complex of naphen, where naphen denotes 1,2-bis(naphthylideneamino)ethane having the basic
salen structure, with an extended aromatic system, has been synthesized and characterized using UV–visible, infrared
and ESI mass spectra.  Absorption titration and thermal denaturation studies revealed that [Cr(naphen)(H

 

2

 

O)

 

2

 

]

 

+

 

 binds to
DNA with moderate strength.  Relative viscosity measurements clearly indicate that it binds to DNA by an intercalative
mode.  This observation is in contrast to an observation with the parent complex, [Cr(salen)(H

 

2

 

O)

 

2

 

]

 

+

 

, which prefers
groove binding.  Intercalation of the complex results in a change in the helicity of CT DNA, which is reflected in the CD
spectrum of DNA in the presence of [Cr(naphen)(H

 

2

 

O)

 

2

 

]

 

+

 

.  The binding constant of the complex to CT DNA has been
estimated to be (0.51 

 

±

 

 0.07)

 

×

 

10

 

4

 

 M

 

−

 

1

 

 (1 M 

 

=

 

 mol dm

 

−

 

3

 

), which is lower than the values reported for classical interca-
lators.  Modeling studies with the dodecamer d(GCGCAATTGCGC)

 

2

 

 show that as a result of the intercalation of
[Cr(naphen)(H

 

2

 

O)

 

2

 

]

 

+

 

 the vertical separation of the bases increases by 2.67 Å in one strand and by 1.89 Å in the other.

 

Studies pertaining to the interaction of transition metal ions
with nucleic acid are an important area of research.  One of the
main reasons for sustained interest in this area is because the
unique spectroscopic signature of transition-metal ions can be
exploited for developing efficient probes for nucleic acid struc-
ture and conformation.

 

1

 

  A large number of octahedral com-
plexes of first-row transition-metal ions have been found to
bind to the minor or major groove of DNA.

 

2 

 

  A few metal
complexes have also been found to coordinate to heterocyclic
nitrogen of the DNA bases.

 

3

 

  On the other hand, there are only
a few reports on the intercalative mode of binding of the octa-
hedral metal ion complexes to DNA.

 

4

 

  The cationic metal ions
compensate the negative charges of the sugar phosphate back-
bone; the nature of these cations has been shown to play an im-
portant role in the folding of RNA

 

5

 

 and in the formation of un-
usual DNA structures, such as Z-DNA, G-quartets and cruci-
forms.
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  One of the main benefits of studies carried out to un-
derstand transition metal ion–DNA interaction has been the
development of DNA foot printing agents, which are extreme-
ly useful in molecular biology.
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  The redox properties and pho-
tophysical properties of the transition-metal ions like Ru(

 

Ⅱ

 

),
Ru(

 

Ⅲ

 

), Co(

 

Ⅲ

 

), and Cu(

 

Ⅱ

 

), have been exploited for developing
DNA cleaving agents.
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−

 

11

 

  Metal complexes that bind co-
valently to DNA have been known to function as anti-tumor
agents.

 

12

 

In recent times there has been a renewed interest in the bio-
logical role of Cr(

 

Ⅲ

 

), because of the use of Cr(

 

Ⅲ

 

) complexes
as dietary supplements, and because of their function as
biotransformation products of carcinogenic Cr(

 

Ⅵ

 

).

 

13–15

 

Hence, this study is important because chromium is an  signifi-
cant industrial element, and there has been much environmen-
tal concern regarding the discharge of Cr(

 

Ⅵ

 

) and Cr(

 

Ⅲ

 

)-bear-

ing effluents by the electroplating and tanning industries.  The
biotoxicity of Cr(

 

Ⅵ

 

) has been well established, and various
mechanisms have been put forward concerning the observed
toxicity of Cr(

 

Ⅵ

 

).  The involvement of intermediate oxidation
states of chromium viz., Cr(

 

Ⅴ

 

) and Cr(

 

Ⅳ

 

), as well as radical
species in the observed toxicity of chromium(

 

Ⅵ

 

) have been
postulated.
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  Chromium(

 

Ⅲ

 

) at trace levels has been believed
to be nontoxic, since it is an essential trace element for glucose
metabolism.  This perception, however, is changing with the
realization that for Cr(

 

Ⅲ

 

), being a d

 

3

 

 transition metal ion,
many of its properties are largely dictated by the coordinating
ligand.  One of the apt examples to demonstrate this is the aqua
ligand substitution behavior of Cr(

 

Ⅲ

 

).  Although chromi-
um(

 

Ⅲ

 

) is generally inert towards aqua ligand substitution, the
coordination of a ligand like salen or EDTA makes the aqua
ligand labile towards substitution when compared to
hexaaquachromium(

 

Ⅲ

 

).  Hence, such complexes can readily
bind to biomolecules, like DNA.  Substitutionally inert Cr(

 

Ⅲ

 

)
complexes have been known to bring about protein DNA
cross-linking.

 

17

 

As a result of the interaction of Cr(

 

Ⅲ

 

) with biomolecules,
transformations can be brought about in the biomolecules, de-
pending on the coordinating ligand. Yamini et al.

 

18

 

 have recent-
ly demonstrated the ability of certain Cr(

 

Ⅲ

 

) complexes to cata-
lyze the nonspecific cleavage of BSA in the presence of perox-
ide, which  demonstrates that the catalytic ability of the Cr(

 

Ⅲ

 

)
ion depends on the coordinated ligand.  The influence of the
ligand structure on the cell damage caused by Cr(

 

Ⅲ

 

) has also
been demonstrated.  The Cr(

 

Ⅲ

 

) Schiff-base complex,
[Cr(salen)(H

 

2

 

O)

 

2

 

]

 

+

 

, brings about apoptosis of the lympho-
cytes, whereas [Cr(edta)(H

 

2

 

O)]

 

−

 

 and Cr(ox)

 

3
3

 

−

 

 do not cause
any cell damage.
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  Vijayalakshmi et al.

 

20,21

 

 initiated a study on
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the interaction of Cr(

 

Ⅲ

 

) complexes with DNA to rationalise
the role of the ligand structure on the biotoxicity of Cr(

 

Ⅲ

 

).  It
has been demonstrated that the Cr(

 

Ⅲ

 

) complex of a Schiff-base
ligand with a donor–acceptor group exhibits nuclease activi-
ty.

 

20

 

  On the other hand, [Cr(salen)(H

 

2

 

O)

 

2

 

]

 

+

 

 cleaves DNA only
in the presence of peroxide.

 

21

 

  In this communication, we de-
scribe the synthesis of the Cr(

 

Ⅲ

 

) Schiff-base complex 

 

1

 

 (Chart
1) containing fused benzene rings and their effect on the DNA
binding properties of the complex.

 

Experimental

 

Chemicals.    

 

2-Hydroxy-1-naphthaldehyde was obtained from
Fluka chemical company and used as received.  Hepes and Tris
were obtained from SRL chemicals, Mumbai.  Calf thymus DNA
was obtained from Sigma Chemical Co. USA.  A stock solution of
DNA was prepared by stirring a sample dissolved in 10 mM ( 1 M

 

=

 

 mol dm

 

−

 

3

 

) Hepes buffer (pH 7.0) at 4 °C.  The solution was di-
alyzed exhaustively against a buffer for 48 h, and was filtered us-
ing a membrane filter obtained from Sartorius (0.45 µm).  The fil-
tered DNA solution in the buffer gave a UV absorbance ratio,
(

 

A

 

260

 

/

 

A

 

280

 

) of about 1.9, indicating that the DNA was sufficiently
free from protein.

 

22

 

  The concentration of DNA was determined
using an extinction coefficient of 6600 M

 

−

 

1

 

 cm

 

−

 

1

 

 at 260 nm.

 

23

 

  A
stock solution of Cr(

 

Ⅲ

 

) complex was prepared in methanol, and
the concentration was estimated by an earlier procedure.

 

24

 

  All of
the solvents used were of analytical grade received from Ranbaxy,
Mumbai, and were used without further purification.  All of the
experiments were carried out in Hepes buffer at pH 7.0 in Milli Q
triply deionized water.

 

Methods.    

 

UV–visible spectra of the complex and DNA bind-
ing studies were recorded on a Shimazdu-160A model double-
beam spectrophotometer at 25 °C.  Elemental analysis was per-
formed using a Heraeus-CHN-Rapid Analyzer at RSIC, 

 

Ⅱ

 

T, Ma-
dras.  The emission spectra were recorded on a Hitachi 650-40
spectrofluorimeter.  The electrospray ionization (ESI) mass spec-
trum of the complex was recorded with Hewlett Packard-1100
mass spectrometer equipped with an electron spray source.  The
infrared spectrum of the complex was recorded on a Perkin Elmer
FT-IR spectrometer.

 

Synthesis.    

 

A Schiff-base complex of chromium(

 

Ⅲ

 

),
[Cr(naphen)(H

 

2

 

O)

 

2

 

](ClO

 

4

 

) (naphen 

 

=

 

 1,2-bis(naphthylideneami-
no)ethane), was synthesised in situ.  A solution of 2-hydroxy-1-
naphthaldehyde (20 mmol, 3.44 g) in 15 mL methanol was added
to 1,2-diaminoethane (10 mmol, 0.66 mL) in 10 mL of methanol.
The reaction mixture was deaerated with oxygen-free N

 

2

 

 gas.  To
this deaerated solution, [Cr(H

 

2

 

O)

 

6

 

](ClO

 

4

 

)

 

2
25

 

 (10 mmol) was add-
ed.  The reaction mixture was stirred under N

 

2

 

 gas for 10 min.
Subsequently, it was exposed to atmospheric oxygen to convert

the Cr(

 

Ⅱ

 

) complex to Cr(

 

Ⅲ

 

) complex.  The resulting dark-brown
solution was concentrated in a hot-water bath to one-third of its
original volume.  Upon the addition of few drops of 1 M HClO

 

4

 

, a
brown precipitate was obtained, which was filtered and washed
with diethyl ether, and then vacuum dried.  The compound was re-
crystallized from methanol-water (80:20).  Found: C, 52.02; H,
4.00; N, 5.05; Cr, 9.39% Calcd for C

 

24

 

H

 

22

 

ClCrN

 

2O8: C, 51.93; H,
3.89; N, 5.12; Cr, 9.21%; IR (KBr pellet) 3425, 3014, 2919, 1615,
1414, 1103 cm−1.

Caution!    Although we did not face any difficulty during our
work, perchlorate salts are potentially explosive! Utmost care
should be exercised in handling them.

DNA Binding Studies.    The electronic spectra of the Cr(Ⅲ)
complex were monitored in both the presence and absence of
DNA.  The binding constant for the interaction of Cr(Ⅲ) complex
with DNA was obtained from absorption titration data.  A fixed
amount of the complex (10 µM) was titrated with increasing
amounts of DNA over a range of 200–1100 µM.  The binding con-
stant was determined using

[DNA]/(εA−εF) = [DNA]/(εB−εF) + 1/Kb (εA−εF), (1)

where εA, εF , and εB correspond to Aobsd/[Cr], the extinction coef-
ficient  for the free chromium complex, and the extinction coeffi-
cient for the chromium complex in the fully bound form, respec-
tively.  A plot of  [DNA]/(εA−εF) vs [DNA], gives KB as the ratio
of the slope to the intercept.

DNA melting experiments were carried out using a spectropho-
tometer connected with a thermostat.  The absorbance of DNA (75
µM) at 28–80 °C in both the absence and presence of 7.5 µM of
the complex was recorded at 260 nm.  The melting temperature
(Tm) was calculated by plotting the temperature vs the relative ab-
sorption intensity (A/A0).

Viscometric experiments were carried out using an Ostwald-
type viscometer of 2 mL capacity, thermostated in a water bath
maintained at (25 ± 1) °C.  The flow rates of the buffer (10 mM),
DNA (500 µM) and DNA in the presence of Cr(Ⅲ) complex at
various concentrations (5–75 µM) were measured with a manually
operated timer at least three times to agree within 1 s.  The relative
specific viscosity was calculated according to the relation η = (t−
t0)/t0, where t0 is the flow time for the buffer and t is the observed
flow time for DNA in the presence and absence of the complex.  A
plot of (η/η0)1/3 vs 1/R (R= [DNA]/[Complex]) was constructed
from viscosity measurements.

Fluorescence measurements utilized a Hitachi model 650-40
spectrofluorimeter.  The concentration of the complex was fixed
(20 µM), while the concentration of DNA was varied from 200–
1400 µM.  The Cr(Ⅲ) complex was excited at 370 nm and the
emission intensity was monitored at 465 nm.  The Stern–Volmer
quenching constant was determined from

F0/F = 1 + kqτ0[Q]= 1 + KD[Q], (2)

where F0 and F are the fluorescence intensities in the absence and
presence of DNA, respectively; kq is the bimolecular quenching
rate constant, τ0 the lifetime of the fluorophore in the absence of
quencher, [Q] the concentration of quencher and KD = kqτ0 the
Stern–Volmer quenching constant.  The quenching data are pre-
sented as a plot of F0/F vs [Q].

Time-resolved fluorescence of complex 1 was determined using
a picosecond laser-excited, TCSPC spectrometer.  The excitation

Chart 1.   
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source was a tunable Ti–Sapphire laser (Tsunami, Spectrophysics,
USA) with a pulse width of < 2 ps and a repetition rate of 82
MHz.  The sample was excited at 375 nm and the emission was
monitored at 465 nm using a MCP-PMT (Hamamatsu-C 4878)
detector.  Decay traces were deconvulated using a non- linear
least-squares analysis using IBH software.  The lifetimes of a 25
µM Cr(Ⅲ) complex were measured in the presence of different
amounts of DNA (200 µM to 1000 µM).

Circular dichroic spectra of DNA in the presence and absence
of Cr(Ⅲ) complex were obtained by using a J-715 Spectropola-
rimeter at 25 °C along with a 0.1 cm pathlength cuvette.  The
spectra were recorded for 100 µM DNA in the presence of a 0.87–
4.35 µM of Cr(Ⅲ) complex in the 220–320 nm region.

Molecular modeling was performed on a Silicon Graphics O2
workstation using the Biosym Modeling Package from Molecular
Simulation Inc. (San Diego, CA).  The dodecamer Dickerson B-
DNA, d(GCGCAATTGCGC)2 was  chosen to study the interac-
tion of the Cr(Ⅲ) complex.  Models of 12 mer oligonucleotide
were constructed using the Biopolymer program of the Insight Ⅱ
package.  The chromium(Ⅲ) complex was also modeled using co-
ordinates from the Insight Ⅱ library.  An energy refinement of the
starting structure was carried out using an ESFF force field with a
non-bonded cut off of 10 Å and a sigmoidal distant dependent di-
electric function (ε = 4rij).  For a molecular mechanics energy re-
finement, a diffuse charge distribution in which the +3 charge of
the metal atom is delocalized over the whole ligand was used.  In
all of the calculations, a steepest descent and conjugate gradient
energy minimization algorithm was applied for the helix and com-
plex–helix interaction geometry.  The minimization was consid-
ered to be convergent when a rms of 0.3 (kcal/mol Å) was
achieved.  The interaction energy of the Cr–DNA complex was es-
timated by calculating the differences between the total energy of
the DNA–Cr complex adduct structure (Eint) and the sum of the
lowest energies found for the optimized structures of free DNA
(EDNA) and free Cr(Ⅲ) complex (Ecomplex).  The binding energy was
calculated as the negative of the interaction energy.  Modeling
studies based on a molecular mechanics approach were performed
by interacting Cr(Ⅲ) complex 1 with the dodecamer.  Complex 1
was partially inserted centrally between A7T6 of one strand and
T6A7 of the complementary strand of the duplex.  This approach is
expected to lead to a complete understanding and interpretation of
the experimental observation of Cr(Ⅲ) complex binding to DNA.

Results and Discussion

Synthesis and Characterisation.    The UV–visible spec-
trum of complex 1 is dominated by the ligand centered and
charge-transfer transitions.  The ligand field transitions were
observed as shoulders at 515 and 556 nm (Fig. 1, inset) and the
MLCT band was observed at 421 nm.  The homologue com-
plex [Cr(salen)(H2O)2]+ shows ligand field bands at 485 and
584 nm and a MLCT band at 378 nm.  The ESI mass spectrum
of the complex shows the base peak at m/z 418 (Fig. 2) for the
cation [Cr(naphen)]+ formed by the loss of two coordinated
water molecules.  The Schiff-base complex,  [Cr(sal-
prn)(H2O)2]+, is also known to readily lose coordinated water
molecules under the conditions employed for obtaining the
ESI mass spectrum to produce the cation [Cr(salprn)]+.26  The
peak at m/z 853 can be attributed to the formation of a dimer,
[Cr(naphen)-OH-Cr(naphen)]+.  The mass spectral data con-
firm the molecular weight of the synthesized compound.  The

complex exhibits emission at 465 nm when excited at 370 nm.
It is of interest to note that the homologue complex
[Cr(salen)(H2O)2]+, does not show any emission.  On the other
hand, a higher homologue of [Cr(salen)(H2O)2]+ i.e. [Cr(sal-
prn)(H2O)2]+ shows emission at 417 nm.21

Absorption Titration.    The nature of the binding modes,
like electrostatic or intercalation, can induce changes in the
electronic spectrum of molecules binding to DNA.27  The elec-
tronic spectrum of [Cr(naphen)(H2O)2]+ in the presence and
absence of DNA was monitored at a wavelength of 420 nm,
which arises due to a metal-to-ligand charge transfer (MLCT)
transition in the Cr(Ⅲ) complex.  Upon the addition of DNA, a
considerable drop in the absorptivity of the MLCT band was
observed.  There was a bathochromic shift from 5 nm to 9 nm
of the MLCT band upon increasing the concentration of DNA.
The spectrum of the complex when recorded as a function of
the DNA concentration shows an isosbestic point at 463 nm

Fig. 1.   UV–visible spectrum of [Cr(naphen)(H2O)2]+ in
methanol.

Fig. 2.   ESI Mass spectrum of [Cr(naphen)(H2O)2]+ in meth-
anol.
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(Fig. 3a).  Such a single isosbestic is indicative of clean one-
step binding of the complex to DNA.  Even though the Cr(Ⅲ)
complex 1 contains two aqua ligands, binding of the complex
to the heterocyclic nitrogen of DNA base is very unlikely,
since such a binding is expected to give rise to a marked
change in the ligand field transition of the complex.  The ho-
mologue complex,  [Cr(salen)(H2O)2]+ also does not bind to
the nitrogen atom of the DNA base.21  The intercalative bind-
ing of small molecules to a DNA helix has been characterized
by large changes in the absorbance (hypochromism) and an ap-
preciable shift in the wavelength (red shift) due to the interac-
tion of a DNA π stack and a complex π system.28  The percent-
age hypochromic shift of the MLCT band of 1 upon binding to
DNA was found to be 20% (hypochromicity, H% = [((εf−εb)/
εf)×100], where εf and εb are the molar absorption coefficients
for the free and bound form of complex).  The observed hypo-
chromism in the visible absorption of the complex 1 bound to
DNA, however was lower in value when compared to that of
classical intercalators (such as ethidium bromide).  The intrin-
sic binding constant for the interaction of [Cr(naphen)-
(H2O)2]+ with DNA was found to be (0.51 ± 0.07)×104 M−1

from the absorption titration data (Fig. 3b).  The binding con-
stant was also estimated by monitoring the spectral changes at
400 nm, and was found to be (0.48 ± 0.05)×104 M−1.  The
binding constant value observed here for the Cr(Ⅲ) complex is
comparable to that reported for some intercalators, like AQS
(0.35×104 M−1) 29 and  [Ru(NH3)4(DPPZ)]2+ (1×105 M−1).30

The classical intercalator, however, shows a much higher bind-
ing constant of 1×107 M−1.31

Fluorescence Studies.    The excitation of 1 at 370 nm re-
sults in an emission spectrum with a maximum at 465 nm.  In
the presence of DNA, the fluorescence emission of complex 1
is quenched with no evident shift in the emission maximum.
Measurements of the fluorescence emission of a fixed amount
of the Cr(Ⅲ) complex in both the presence and absence of
DNA were taken until no further change in the luminescence
was observed.  The decrease in the emission intensity for com-
plex 1 upon binding to DNA is due to the change in the envi-
ronment around the metal complex.  Hydrophobic interactions
between the complex and DNA may also induce changes in the
excited-state properties.  Generally, there is an enhancement in
the fluorescence emission when the molecule binds to DNA
through the intercalative mode.4  However, this observation
does not hold for all systems.  Luminescence quenching has
been reported for an intercalator, like daunomycin, when
bound to DNA.32  A Stern–Volmer plot was constructed from
the emission intensity vs. concentrations of DNA.  The Stern–
Volmer plot for 1 was linear and the quenching constant for 1
in the presence of DNA was found to be 241 M−1.

Fluorescence lifetime measurements were monitored for
complex 1 by single-photon counting.  Complex 1 was excited
at 375 nm and the emission lifetime was measured at 465 nm.
The lifetime measured for complex 1 was found to be 5.75 ns
in aqueous methanol at pH 7.0, and the luminescence of the
complex was found to show single exponential decay.  In the
presence of DNA, the emission lifetime was found to decrease
with increasing concentrations of DNA.  Using the lifetime da-
ta, the bimolecular quenching rate constant was determined.
For the Cr(Ⅲ) complex 1, kq (KD/τ0) was found to be
4.19×1010 M−1 s−1 in the absence of DNA.  In the presence of
DNA, kq was found to increase with increasing concentrations
of DNA (4.25×1010, 4.35×1010, and 4.44×1010 M−1 s−1 at
0.25, 0.625, and 1.0 mM DNA, respectively).

Melting Studies.    The interaction of small molecules with
a double helix is known to increase the melting temperature
(Tm), the temperature at which the double helix denatures into
single-strand DNA.33  The melting temperature can be deter-
mined by monitoring the absorbance of the DNA at 260 nm as
a function of the temperature.  A Tm experiment carried out for
CT DNA in the absence of any added complex revealed a Tm of
65.5 ± 0.5 °C under our experimental condition.  The addition
of complex 1 to DNA showed a ∆Tm of 5 ± 0.5 °C when com-
pared to native calf thymus DNA.  The melting curve for com-
plex 1 is shown in Fig. 4.  An intercalative mode of binding
was reported to give rise to a small as well as a large change in
Tm.30,31  The melting temperature has been found to reflect the
binding affinity of the complex to DNA.  The binding of
[Ru(tpy)(bpy)H2O]2+ to CT DNA increases the Tm of DNA by
4.2 °C and its DNA binding constant has been reported to be
660 M−1.  On the other hand, [Ru(tpy)(DPPZ)H2O]2+ increas-

Fig. 3.   (a) UV–visible spectra of [Cr(naphen)(H2O)2]+ (10
µM)  in the absence (—) and presence of increasing addi-
tions of CT DNA (0.30 mM, - — - and 0.35 mM, ---) in
Hepes buffer Inset.  Portion of the graph showing isos-
bestic point at 467 nm.
(b) Plot of [DNA] vs [DNA]/(εA−εF).
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es the Tm of CT DNA by 14.1 °C and its DNA binding constant
has been reported to be 7×105 M−1.34  The small change in the
Tm of DNA observed here in the presence of complex 1 is in-
dicative of the fact that the interaction of the complex with
DNA is not very strong.  This is also reflected in the binding
constant.

Viscometric Measurement.    The classical method to de-
termine the mode of binding of DNA with small molecules has
been viscometric titration.  Generally, intercalating agents are
expected to destack the base pairs, thus causing an elongation
of the double helix, and resulting in an increase in the viscosity
of DNA, whereas non-intercalative binding is expected to pro-
duce no change or decrease in the viscosity of DNA.35  Figure
5 shows the results of a comparative viscosity study designed
to explore the mode of binding of the Cr(Ⅲ) complex to DNA.
The relative specific viscosity increases with increasing con-

centration of the complex.  The increase in the relative specific
viscosity shows a lengthening of the DNA helix resulting from
intercalation.  The relative viscosity of DNA in the presence of
the homologue complex [Cr(salen)(H2O)2]+, however, shows a
different trend, depending on the concentration of the com-
plex.21  [Cr(salen)(H2O)2]+ has been found to show predomi-
nantly a groove binding characterisitic.  The introduction of a
fused ring in the ligand changes the mode of the binding of the
complex from the groove mode to the intercalative mode.

Circular Dichroism.    The Cr(Ⅲ) complex 1 is achiral, and
hence does not exhibit any band in the CD spectra.  The calf
thymus DNA in the B form conformation shows two conserva-
tive CD bands, a positive band at 275 nm (due to stacking) and
a negative band at 245 nm (due to helicity) in the ultraviolet re-
gion.  In Fig. 6, the changes in the CD spectrum of CT DNA in
the presence of increasing concentrations of complex 1 are de-
picted.  The positive band in the CD spectrum was perturbed
with increasing concentrations of complex 1.  The enhance-
ment in the molar ellipticity was accompanied by a slight red
shift of the band maximum.  At higher concentrations of the
complex, the positive band was marginally shifted towards
longer wavelength.  The negative band (at 245 nm) in the CD
spectra of DNA was perturbed progressively with increasing
concentration of the complex.  The molar ellipticity of the neg-
ative band is shifted towards the positive region upon increas-
ing the concentration of the complex.  At a particular concen-
tration of the Cr(Ⅲ) complex (4.35 µM), the band was shifted
completely towards the positive region with no shift in the
band maximum.  These observations suggest that the binding
of the complex increases the stacking and decreases the helici-
ty of double helical DNA, which is consistent with the interca-
lative mode of interaction.  This would be because in the inter-
calative mode of binding the molecules stack in between the
base pairs of DNA, resulting in an unwinding of the helix.

Molecular Modeling.    The flexibility of DNA and the in-
tercalation of drugs with DNA have been well studied by both
experimental and theoretical methods.36  An advantage of the
molecular modeling approach is that it allows a detailed ener-
getic analysis of all the structural models, which are assumed
to be close to those which occur in real systems.  Using molec-

Fig. 4.   Melting curves of CT DNA (75 µM) in the absence
(�) and in the presence of [Cr(naphen)(H2O)2]+ (7.5 µM)
(�).

Fig. 5.   Plot of relative viscosities (η/η0)1/3 of CT DNA vs 
1/R ( R = [DNA]/[Complex]).

Fig. 6.   CD spectra of CT DNA in the presence (0.87–4.35
µM) and in the absence (100 µM) of [Cr(naphen)(H 2O)2]+.
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ular mechanics, a systematic search for lower energy structure
has been carried out for the free DNA structure with a speci-
fied sequence and its complex with compound 1.  The analysis
of initial models of DNA and Cr(Ⅲ) complex 1 has shown that
partial intercalation is the probable mode of interaction due to
its octahedral geometry and the presence of aqua ligands in the
complex.  The flanking of the DNA base pairs and change in
the C1′–C1′ distance due to the interaction of complex 1 were
determined using molecular modeling.  The starting Cr–DNA
complex was constructed by placing the Cr(Ⅲ) complex in be-
tween the AATT base pairs of the DNA helix.

The energy-minimized Dickerson model with complex 1 in
the intercalative mode is shown in Fig. 7.  The binding energy
was calculated for complex 1 bound to DNA, and found to be
24.93 kcal/mol (Table 1).  The vertical separate distance of the
base pairs (rise of base pairs) of DNA upon minimization leads
to an increase in the distance between the base pairs when
compared to the distance of the minimized structure of DNA
alone.  The vertical rise of the central base pairs (AATT) and
the distance between C1′–C1′ of both strands were measured
before and after interaction of the Cr(Ⅲ) complex with the
Dickerson sequence.  For the minimized structure of DNA be-
fore the interaction with complex 1, the distance between T6N3
: A7N1 of one strand is 4.23 Å, and for the complementary
strand the distance between A7BN1 : T6BN3 is 4.43 Å, whereas
the distance measured after the interaction of DNA with com-
plex 1 was found to be 6.90 Å for T6N3 : A7N1 bases of one
strand and 6.32 Å for A7BN1 : T6BN3 bases of the complemen-
tary strand.  Hence, it has been observed that the base pairs are
flanked due to a rise in the vertical separation of 2.67 Å of one

strand and 1.89 Å of the other strand after an interaction with
complex 1.  The distances between C1′–C1′ of the sugar moi-
ety of both strands of the central base pairs (A7B:T6:T6BA7)
was measured and compared with the optimized conformation
after an interaction with complex 1.  The distances measured
for the central base pairs were found to be 10.79 Å and 10.81
Å.  The observed changes in the C1′–C1′ distance after the in-
teraction were found to be 10.93 Å and 10.59 Å.  The elonga-
tion of the molecule is in keeping with the intercalative mode
of binding of complex 1 to the DNA model.

Octahedral metal ion complexes have generally been shown
to interact electrostatically with DNA. Classical intercalation
needs an extended π system.  The introduction of fused rings
on the basic Cr-salen structure not only creates an extended π
system, but also changes the mode of binding from the groove
mode to the intercalative mode.  The homologue complex
[Cr(salen)(H2O)2]+ and its higher homologue [Cr(salprn)-
(H2O)2]+ show groove binding, whereas [Cr(naphen)(H2O)2]+

shows an intercalative binding.  Intercalation of the complex
leads to an increase in the vertical separation of 2.67 Å in one
strand of model DNA and 1.89 Å in the other strand.  The re-
sults from measurements of the melting temperature, absorp-
tion titration, and viscosity measurements also suggest that the
complex binds to DNA with moderate strength through the in-
tercalative mode.  The results from a CD study also show a
change in the helicity of the DNA structure.
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cence work.  V.G.V. acknowledges CSIR for the research fel-
lowship. 
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