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The mono and bis dipyrido[3,2-a:2’,3'-c]phenazine (dppz) adducts of iron(Ill) chloride, i.e. [Fe(dppz)]Cls
and [Fe(dppz),|Cls, have been synthesized and characterized. The interaction of the Fe'dppz hydrolyzed
aquo complex with native calf thymus DNA has been monitored as a function of the metal complex-DNA
molar ratio, by variable temperature UV absorption spectrophotometry, circular dichroism (CD) and fluo-
rescence spectroscopy. The results obtained in solution at various ionic strength values give support for a
tight intercalative binding of the Fe''dppz cation with DNA. In particular, the appearance of induced CD

g‘;\ﬁvordg bands, caused by the addition of Fe''dppz, indicate the existence of a rigid metal complex-DNA-binding
dppz leading to dominating chiral organization of Fe"dppz species within the DNA double helix. The trend of

Intercalation selected CD bands with the molar concentration of Fe''dppz emphasizes that the presence of high
Iron amounts of metal complex induces also the formation of DNA-Fe''dppz supramolecular aggregates in
Spectroscopy solution. The analysis of fluorescence measurements allowed us to calculate a value of the intercalative
binding constant comparable to that obtained by UV spectrophotometric titration. Finally, the tempera-
ture dependence of the absorbance at 258 nm shows that the metal complex strongly increases the DNA
melting temperature already at metal complex-DNA molar ratio equal to 0.25 suggesting that metal
complex intercalation effectively hinders DNA denaturation. Overall, the results of the present study
point out that the Fe"'dppz aquo complex has DNA-binding properties analogous to those previously

reported for the tris-chelate Fe'(phen),dppz complex (phen = 1,10-phenantroline).
© 2008 Elsevier Inc. All rights reserved.

1. Introduction lating ability, preferentially at the major groove side, because of its

extended aromatic moiety, while the phenanthroline ligands prefer

In the last decades the synthesis of transition metal complexes
that interact with DNA has attracted wide interest for their poten-
tial applications as diagnostic probes, anticancer or therapeutics
agents and in genomic research [1-3]. Transition metal complexes
present different advantages as DNA-binding agents. The metal
center offers in fact the possibility of a facile interchange of ligands
as well as unique photophysical and electrochemical properties
[2]. In this context, particular attention has been devoted to the
interaction of DNA with chiral octahedral M(diimine);" type com-
plexes [4], in particular with the heteroleptic [M(phen),dppz]**/>*
complexes (M = Ru?*, Co**, Cr3*, Fe?*, 0s?*, Ni?*, phen = 1,10-phe-
nantroline, dppz = dipyrido[3,2-a:2’,3'-c]phenazine) [3,5-8]. Bar-
ton and coworkers have shown that the dppz ligand (Scheme 1)
in such tris-chelates of metal ions displays significant DNA interca-
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to bind at the minor groove of DNA [2].

Indeed, all the metal-dppz complexes investigated, indepen-
dently of the nature of the ancillary ligands, are strong DNA-inter-
calators. The latter property has been in fact observed, for example,
in [Au(dppz);[Cl5 [9], [Cu(dppz)(NO3)](NOs) [10], [Cu(dppz),-
(NO5)](NOs) [10], [Ru(NHs)adppz]** [11], [Ru(L)sdppz]** (L = imid-
azole (Im) or 1-methylimidazole (Melm)) [12], [Cr(dppz),Cl,]" [13].
Nevertheless, due to the limited number of investigations and with
the possible sole exception of ruthenium-dppz complexes, de-
tailed information is lacking on the influence of non-chelating
ancillary ligands on the stability and optical properties of dppz
transition metal complexes and on their DNA-binding modes.

Ruthenium complexes of various ligands have attracted
great interest as alternative drugs to cisplatin in cancer chemother-
apy, in search of more effective and less toxic metal-based
antitumor agents. These complexes have in fact shown similar li-
gand exchange kinetics to those of platinum(Il) antitumor com-
plexes while displaying lower toxicity. However, octahedral
Ru(diimine)>™** DNA-intercalators experienced considerable drug
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Scheme 1. Structure of dipyrido[3,2-a:2’,3'-c]phenazine (dppz).

resistance and, as a consequence, could be used essentially as diag-
nostic agents for cancer [14].

Concerning the properties of mono-dppz ruthenium complexes
with non-chelating ancillary ligands, it has been reported that both
complexes [Ru(NHs)sdppz] [11] and [Ru(CN)sdppz] [15] show
different DNA-binding mode or optical properties compared to
the related complex [Ru(bpy).dppz] and to the widely studied
[Ru(phen),dppz]. On the other hand, (ImH)[trans-RuCl4(DMSO-
S)(Im)] (known as Ru-NAMI-A) has successfully completed Phase
I clinical trials as anticancer agent [16] and, interestingly, it has
been recently inferred that its hydrolysis is a crucial step for the
mechanism of its anticancer activity [17]. Finally, ruthenium com-
plexes have been extensively studied also because of their ability
of mimicking the binding of iron to molecules of biological signif-
icance, to exploit in such a way the mechanisms that the body has
evolved for the transport of iron [18].

Although the interaction of DNA with the intercalator Fe'-
(phen),dppz has been recently reported [7,8], to our knowledge
no other iron-dppz complexes have been up to now studied.
These considerations prompted us to focus our attention on the
study of the stability of mono and bis Fe**-dppz complexes in
water solution, being well known that Fe** is more stable than
Fe?*, as well as on their interaction with native calf thymus
DNA and on the role of hydrolysis of iron compounds in biological
environments.

2. Experimental
2.1. Materials and methods

Elemental analysis (C,H,N) was performed by Vario EL III Ele-
mentar gmbh Hanau Germania instrument, Cl was determined
by argentimetric titration, with standard silver nitrate after sample
combustion under pure oxygen atmosphere, following the proce-
dure by Schoéniger [19]. Fe was determined by flame atomic
absorption spectroscopy, using a Perkin-Elmer 372 instrument.
The Mdéssbauer spectrometer and the data reduction method have
been described earlier [20,21]. The isomer shift was reported with
respect to the centroid of a o-Fe absorber spectrum at room
temperature. Conductivity and pH measurements were performed
by a Crison 522 conductimeter and a Crison GLP 22 pH-meter,
respectively, the latter equipped with a Crison 5203 combined
electrode.

1,10-Phenantroline-5,6-quinone, o-phenylendiamine, FeCls,
absolute ethanol, calf thymus DNA and tris—hydroxymethyl-ami-
nomethane (Tris—-HCl) were purchased from Sigma. Bidistilled
water was used for preparing buffer solutions. The dppz ligand
was synthesized and characterized by closely following previously
reported methods [22].

2.2. Synthesis of Fe(dppz)Cls

A solution of FeCls (53.8 mg; 0.33 mmol) in absolute ethanol
(10 mL) was added under stirring to a solution of dppz (84.7 mg;

0.30 mmol) in absolute ethanol (20 mL). The formation of a deep
red precipitate was immediate and the mixture stirred at room
temperature for about 1 h. The supernatant was filtered off and
the solid washed with ethanol and dried under vacuum. Yield
78 mg (58%). The compound was characterized by elemental anal-
ysis, UV spectroscopy and Mdssbauer spectroscopy. (a)
(FeCl3CygH10Ny4), Calcd: C 48.64; N 12.60; H 2.27; Cl 23.93; Fe
12.56; found: C 48.52; N 12.53; H 2.33; ClI 23.63; Fe 12.25. (b)
5’Fe Méssbauer (77 K, relative to a-iron): IS=0.38 mms~!,
QS=030mms ', I'=0.54mms .

2.3. Synthesis of Fe(dppz),Cls

A solution of FeCl; (27.4 mg; 0.17 mmol) in absolute ethanol
(10 mL) was added under stirring to a solution of dppz (84.0 mg;
0.30 mmol) in absolute ethanol (20 mL). The formation of a dark
red precipitate was immediate and the mixture stirred at room
temperature for about 1 h. The supernatant was filtered off and
the solid washed with ethanol and dried under vacuum. Yield
79 mg (73%). The compound was characterized by elemental anal-
ysis, UV spectroscopy and Mossbauer spectroscopy. (a) (FeCls-
C3gH20Ng), Caled: C 59.49; N 15.42; H 2.78; Cl 14.63; found: C
58.29; N 15.22; H 2.63; Cl 14.06. (b) >’Fe Méssbauer (77 K, relative
to a-iron): IS=1.15mm s~ !, QS=3.28 mms~!, I'=0.34 mm s .

2.4. DNA interaction experiments

Lyophilized calf thymus DNA (Fluka, BioChemika) was resus-
pended in 1.0 x 103 M Tris-HCI pH 7.5 and dialyzed as described
in the literature [23]. DNA concentration, expressed in monomer
units ([DNAphosphate] = 1.0 x 10-3 M), was determined by UV spec-
trophotometry using the molar absorption coefficient 7000 M~}
cm~! at 258 nm [24].

All experiments were carried in Tris-HCl aqueous solution at
pH 6.5. Temperature dependent UV-visible (UV-vis) absorption
measurements were performed on a Varian UV-vis Cary 1E double
beam spectrophotometer, equipped with a Peltier temperature
controller, using 1 cm path-length quartz suprasil cuvettes, with
buffer compensation. Circular dichroism (CD) spectra were re-
corded at 25°C on a Jasco J-715 spectropolarimeter, using 1 cm
path-length quartz suprasil cuvettes, with buffer compensation.
Fluorescence spectral changes were registered, at room tempera-
ture, in the range 200-1100 nm on samples excited by a Deuterium
lamp (Avalight-DHS) in the frequency range 200-400 nm using an
Avaspec-2048 spectrometer.

3. Results and discussion
3.1. °’Fe Méssbauer spectroscopy

The isomer shift of the >’Fe Méssbauer spectrum of
[Fe(dppz)]Cls is typical of high spin Fe' compounds [25]. In com-

bination with the results of the elemental analysis a tbp coordina-
tion geometry can be hypothesized in the solid state for the

Fe——(l

Scheme 2. Possible structure of the [Fe''dppz]Cl; complex.
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[Fe(dppz)]Cl; complex, with the nitrogen atoms 3 and 4 of the li-
gand in equatorial position (see Scheme 2).

The isomer shift of the [Fe(dppz),]Cls complex is also typical of
high spin Fe'!! [25] while, on the other hand, the value of the quad-
rupole splitting parameter is indicative of a different coordination
geometry, possibly trans-Cl,-octahedral [Fe(dppz),Cl,]*, in analogy
to what found for [Cr(dppz),Cl;]* [13].

3.2. Characterization of [Fe(dppz)]Cls in solution

The dppz ligand is sparingly soluble in water. As a consequence,
it was not possible to perform potentiometric studies to determine
the basic strength of the nitrogen atoms 4 and 5 in water (see
Scheme 1). On the other hand, dppz is soluble in ethanol and its
UV-vis spectrum is shown in Fig. 1.

It is worth to note that the UV-vis spectrum of the ligand shows
characteristic peaks at 249 and 270 nm, a shoulder at 290 nm, and
a multiplet in the range 325-400 nm, the latter interpreted as a t—
7 transition [4,5].

On the other hand, [Fe(dppz)]Cls is soluble in water but its sta-
bility is limited by hydrolysis phenomena. In (1.0+0.1)-107* M
solutions the pH is 3.6 and the molar conductivity Ay is equal to
1550 @' cm? mol~, at 21.0 °C. This behavior is not unexpected,
because the free Fe>* aquo ion has a strong tendency to hydrolyze
to form Fe(HZO)H(OH);’y (y <4) species [26]. Dinuclear oxo
bridged species seem to be also present in acid solutions at iron
concentration higher than 1073 M (see e.g. [27,28]). The equilib-
rium Fe(Ill) hydrolysis constants at 25 °C have been extensively
studied. The hydrolysis constants in acid solutions and the hydro-
lysis products have been well characterized and it can be con-
cluded that the predominant species in the pH range 5-7 is the
monocationic Fe(H,0),(OH); [26].

A potentiometric titration of a 1.0 x 10~* M solution of the
complex in bidistilled water has been performed at 25°C, by a
standardized 0.01 M NaOH solution, to determine the nature of
the hydrolysis products of [Fe(dppz)]Cls as a function of pH. How-
ever, the titration was stopped at pH 7, due to the formation of a
deep red precipitate. The rate of hydrolysis of the complex is in fact
pH dependent and increases with the increase of pH. In any case, at
a pH value of 6.5, the solution was clear and stable. For this reason,
we have performed the study of the interaction of the Fe''dppz
complex with native DNA by fixing the pH at 6.5 (see below). At
this pH value, it is possible to speculate that the predominant

60000
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Fig. 1. UV-vis absorption spectra of dppz 10.0 uM in absolute ethanol (—), Fe'"dppz
10.0 uM in absolute ethanol (= = =) and 34.2 uM in aqueous solution (- - -).

species is [Fe(dppz)(OH),(H,0),]*. In fact, the stability of the [Fe
(H20)4(0OH),]"* species should be slightly enhanced by the chelating
N,N ligand, because the introduction of two m-acceptor pyridine
groups considerably slows down hydrolysis, and a larger pH stabil-
ity window can therefore be accessed [29]. Considerations on the
influence of N,N ligand type on hydrolysis rate of Osmium(II) com-
plexes have shown the crucial role of multi-ring conjugated sys-
tems such as phen or dppz [29].

The UV-vis spectra of [Fe(dppz)]Cls, see Fig. 1, both in aqueous
and in ethanol solutions, show peaks at about 375, 360, 320 and
275 nm. In aqueous solution these peaks are only slightly broad-
ened. A comparison with the spectrum of the dppz ligand shows
that the main features of the ligand spectrum are maintained
and, in particular, that the characteristic peaks of the ligand in
the range 325-400 nm are broadened and overlapped in the pres-
ence of the metal. As a consequence, the latter can be attributed to
a metal perturbed infra-ligand (IL) electronic transition. Moreover,
there is a weak and broad signal in the range 450-550 nm, absent
in ethanol solution, that can be assigned to d-d transitions.

The attempt to dissolve the [Fe(dppz),|Cls complex in aqueous
solution has provided further information on the nature and stabil-
ity of the Fe''dppz complexes. In fact, by dissolving the
[Fe(dppz),]Cls in water, a rapid formation of a yellowish solid oc-
curred, while the solution became deep red, a color very similar
to the [Fe(dppz)|Cls solutions. Moreover, the UV-vis spectrum of
the supernatant was identical to that of [Fe(dppz)]Cls. These evi-
dences allowed us to conclude that [Fe(dppz),|Cls is not stable in
water solution, and one leaving dppz ligand precipitates from the
aqueous solution, possibly replaced by two coordinating water
molecules. In conclusion, it can be stated that only one species is
present in aqueous solution at pH 6.5, presumably the above men-
tioned cationic octahedral complex [Fe(dppz)(OH)y(H,0),]".

Of course, this behavior is not observed while studying Fe(II)(-
phen),dppz [7,8] or the analogous Ru'' complexes [5]. In fact, the
concomitant coordination by phenantroline and dppz fills all the
metal coordination sites, preventing the occurrence of hydrolysis
and stabilizing the charged cationic complex and the 2+ (Fe') iron
oxidation state.

4. Interaction of Fe'"dppz with DNA
4.1. UV-vis absorption spectroscopy

The UV-vis absorption spectrum (Fig. 2) of the Fe'dppz com-
plex is significantly perturbed by the addition of increasing
amounts of DNA. In details, the absorption band of the complex
at 375 nm (solid line in Fig. 2) is red shifted by about 4 nm and
shows hypochromism of about 30% (see inset in Fig. 2). Moreover,
the intensity of the absorption band at 270 nm (solid line) is low-
ered by the addition of DNA in the range 0 < [DNAphosphatel/
[Fe'"dppz] < 0.65, while it increases at higher molar ratios.

In general, the absorption spectra of metal complexes bound to
DNA through intercalation exhibit significant hypochromism and
red shift due to the strong m-n stacking interaction between the
aromatic chromophore ligand of metal complex and the base pairs
of DNA [5,6,8,10,11]. It is well known that the hypochromic effect
following the DNA-intercalation of the dppz ligand of a metal com-
plex is due to the coupling of its T~ orbital with the 7 orbital of DNA
base pairs [7]. In fact, the transition probability decreases because
the coupled 7" orbital of the dppz ligand of the metal complex is
partially occupied due to overlapping with the m orbital of the
DNA base pairs [7]. Furthermore, this coupling leads to a decrease
of the m-n" transition energy hence to a red shift of the A, of the
IL transition. Moreover, the presence of an isosbestic point at
380 nm is indicative of the existence of equilibrium between two
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Fig. 2. Representative UV-vis absorption spectra of Fe'dppz in the presence of
increasing amount of CT-DNA in Tris-HCl 1.0 x 107> M. [Fe"'dppz] =34.2 uM,
[DNAphosphate)/[Fe"dppz] = 0.00 (=), 0.15 (= = =), 0.25 (- « ), 0.35 (= + -), 0.45
( ), 0.65 (===), 1.05 (+++) and 2.63 (~+-).

species in solutions, being possibly Fe'dppz free and bound to
DNA. Noteworthy, analogous spectral changes, registered for sev-
eral metal complexes with the dppz ligand, have been all inter-
preted in terms of DNA-intercalation of the polycyclic aromatic
ligand [5,6,8,10,11].

To determine the intrinsic binding constant (K},) and the stoichi-
ometry of the Fe''dppz-DNA system, the quantity (a" — &)/(&, — &)
at 375 nm has been plotted, in Fig. 3, as a function of the molar
concentration of DNA, in monomeric units (DNApposphate)- € €b
and a" are, respectively, the molar extinction coefficients of free
Fe"dppz, of Fe'''"dppz bound to DNA and of the solution containing
both free and bound Fe'dppz.

In particular, &, equal to 1.65 x 10* M~ cm™!, was determined
by a calibration curve of the isolated metal complexes in aqueous
solution, following the Beer-Lambert law. ¢, equal to 1.13 x
10*M~' cm~!, was determined from the plateau of the DNA titra-
tion, where addition of DNA did not result in further changes in the
absorption spectrum. Finally, a" was determined as the ratio be-
tween the measured absorbance and the Fe"dppz analytical molar
concentration.
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Fig. 3. Spectrophotometric titration of Fe'dppz, at 375 nm, with CT-DNA in
aqueous solution. [Fe"'dppz] = 34.2 uM, [DNAphosphate] = 0.0-350 uM. The solid line
is the fit of the experimental data by Eq. (1).
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Using Eq. (1) [30,31], we obtained the values of the intrinsic
binding constant (K;,) and of the binding size in base pairs (s) of
the Fe"dppz-DNA complex:

1/2
b (p? KON Ao
S

a* — & o
& — & B ZKth (13)
b _ .1 + Kth + Kb[DNAphosphate] (1b)

2s

where C; is the total concentration of the metal complex. The K, and s
values, obtained by nonlinear fitting of the experimental data by Eq.
(1), are Ky = (6.43 £ 0.05) x 10° M~ 'and s = 0.36 + 0.01 (see Table 2).
The comparison of the K, value with that of some dppz-based inter-
calating complexes (see Table 1), in particular that relative to
[Fe(phen),dppz]?* [7,8], suggests that the strength of the DNA-
intercalation is significantly influenced by the presence of the dppz
ligand in the metal complex while less marked effects are deter-
mined by the nature of the metal ion and of the ancillary ligands.

The value of s, indicating a stoichiometry of approximately
1 mol of DNA base pairs per 3 mol of metal complex, supports
the hypothesis of additional interaction mechanisms, besides the
DNA-intercalation.

It must be pointed out that values of s smaller than unity are not
uncommon, and similar values have been found for metal com-
plexes—-DNA systems with ascertained DNA intercalating interac-
tion [30,31,35], also possibly showing other interaction
mechanisms besides DNA-intercalation. However, the physical
interpretation of this parameter is still a matter of debate [35].

For example, Haq et al. [35] have found two different values of s
for the 4 and A enantiomers of the [Ru(phen),dppz]** complex
interacting with DNA. The first value corresponds to a 1:3 com-
plex-to-DNA base pair molar ratio, while the second one occurs
at a drug mole fraction of 0.58 for A-[Ru(phen),dppz]** and of
0.68 for A-[Ru(phen),dppz]?*. The authors conclude that there is
a second mode of binding corresponding to 1.4 and 2.1 mol,
respectively, of complex bound per mole of base pair. The exact
nature of the binding mode that produces this unusual stoichiom-
etry cannot be inferred from these studies alone, but it could result
from self-stacking of the metal complex molecules on the DNA sur-
face. In a similar way, Hiort et al. [5] hypothesized the existence of
a second binding mode with lower affinity, based on luminescence
titration experiments, consistent with a s value smaller than one.
Analogously, the s value found in the present study by the spectro-
photometric titration seems to be also representative of a weaker
interaction with DNA, while the stoichiometry that describes the
intercalation mechanism, obtained by fluorescence spectroscopic
titration (see below), approximately corresponds to a 2:3 metal
complex-DNA base pairs molar ratio.

Table 1

Ky, and s values of some dppz-based complexes interacting with CT-DNA
Complex Ky (M) s References
[Ru(NHs)4dppz]?* 124x10° 002 [11]
[Ru(phen),dppz]** 51x10° 06 [11]
cis-[Rha(1-0,CCH3),dppz(n'-0,CCH3)(CH;0H)] 4.4 x 10° 2.1 [32]
cis-[Rh,(p1-0,CCHs),(dppz),]? 7.0x 105 09 [32]
[Ru(Im)dppz]?* 25x10° 218 [12]
[Ru(Melm),dppz]** 1.1 x 106 144 [12]
[Au(dppz),]Cls 1.8 x 10° - [9]
[Cu(dppz),Cl]Cl 2.0 x 10* = [1]
[Fe(phen),dppz]** 152 x10° - [7.8]
[0s(bpy).dppz]** 42x10° 07 [33]
[Co(phen),dppz]** 76x10% - [6]
[Cr(dppz),Cl]* 1.8x107 - [13]
[Cr(phen),dppz]** 3.0x10° - [4]
[Ru(IP),dppz]?* 21x107 04 [34]




A. Terenzi et al. /Journal of Inorganic Biochemistry 103 (2009) 1-9

1.0 e o
—
P
T
/
/
’;ﬁ- 0.6 4 Q‘
o "
= ;
5 04d @
*®
[~} |
1
|
02 ¢
|
|
00 &
| L L S S B S R i S|
X 1.0 1.5 2.0 2.5 3.0 3.5

[DNA] x 10" (M)
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To verify the effect of ionic strength on the interaction, we have
recorded the UV-vis spectra of Fe''dppz-DNA systems in the pres-
ence of NaCl 2 mM (a), 10 mM (b) and 50 mM (c), respectively.
Interestingly, while at [NaCl] =2 and 10 mM there are no signifi-
cant variations of the shape and of the general trend with increas-
ing the DNA concentration (e.g. hypochromism and red shift are
unchanged) at [NaCl] = 50 mM all the peculiar variations attribut-
able to DNA-intercalation are lost. Moreover, in the latter case,
the formation of a gelatinous precipitate occurs after few hours
of the sample preparation. The spectrophotometric titration curves
of Fe''"dppz-DNA system in the presence of NaCl 2 mM (a) and
10 mM (b) are reported in Figs. 4 and 5, while the corresponding
values of K;, and s are reported in Table 2.

It must be noted that the binding affinity of Fe'dppz toward
DNA shows an initial rapid decrease in the range 0 < [NaCl] <
2 mM followed by a nearly constant value at higher NaCl concen-
tration. This trend, together with the decrease of s and the
occurrence of DNA precipitation at the higher ionic strength inves-
tigated, suggests that a strong electrostatic interaction between the
Fe"dppz cation and DNA is taking place in addition to the ascer-

1.0 P I— B
—
0.8 )Z{
/
/
!
= 06 |
'a 9
W /
= [
- |
Yo0ad |
*® |
= |
= 17
i |
024 |
11
\
0.0 &
T p T ¥ T K T v T x T T T ¥ 1
0.0 0.5 1.0 1.5 20 25 3.0 35

[DNA] x 10° (M)

Fig. 5. Spectrophotometric titration of Fe'dppz, at 375 nm, with CT-DNA in

aqueous  solution.

[NaCl] = 10 mM. The solid line is the fit of the experimental data by Eq. (1).

[Fe"'dppz] = 33.2 uM,

[DNAphosphate] =0.0-315 HM

and

Table 2
Values of K, and s at different ionic strength

Fe(Il)dppz-DNA

Fe(Ill)dppz-DNA Fe(Ill)dppz-DNA

([NaCl] = 0 mM) ([NaCl] =2 mM) ([NaCl] = 10 mM)
Ky (M) (6.43 £0.05) x 10° (1.31£0.01) x 10° (9.0£0.1) x 10*
s 0.36 +0.01 0.24 +0.01 0.16 + 0.01

tained intercalative binding. In fact, the latter interaction is re-
duced by the presence of sodium counterions in solution, that
shield the attraction between Fe"dppz and the negatively charged

phosphate groups of DNA [36].
4.2. DNA thermal denaturation analysis

Thermal denaturation profiles of calf thymus DNA solutions, in
the presence of increasing amounts of Fe''"dppz, were obtained by
plotting the absorbance at 258 nm as a function of temperature
(see Fig. 6).

It is known that when the temperature is increased, the double-
stranded DNA gradually dissociates into single strands. The DNA
melting temperature (Ty,) is therefore defined as the temperature
where half of the total base pairs are unpaired [37]. Ty, is strictly
related to the stability of the double helix, and the interaction of
chemicals with DNA may alter Ty,,, by various stabilizing or desta-
bilizing effects. Moreover, it is also possible to obtain information
on the nature and strength of the interaction. According to the lit-

erature [38-40], the intercalation of natural or synthesized com-
pounds results in the stabilization of the DNA double helix, due
to stacking interactions, emphasized by a considerable increase
in the melting temperature of DNA. The presence of a positive
charge on the intercalator further increases the attractive interac-
tion with the negatively charged phosphate groups and assists the
intercalative mechanism. The melting temperature of DNA 100 M
in Tris-HCl 1 mM (Fig. 6) increases of about 18 and 19 °C, at
[Fe"'dppz]/[DNApnosphate] molar ratios 0.25 and 0.50, respectively.
These results are indicative of a strong metal complex-DNA
interaction that stabilizes the native DNA conformation. Moreover,
the tiny difference in the Ty, values obtained at both molar ratios
considered reveals that most of the electrostatic stabilization of
DNA conformation occurs already at [Fe''dppz]/[DNAphosphate] =

0.25.
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Fig. 6. Thermal denaturation profiles of CT-DNA in the presence of increasing
amounts of Fe''dppz, in 1.0mM Tris-HCl. [DNAphosphate] = 100.0 uM; (a)
[Fe''dppz] = 0.0 (squares, Ty, = 42.6 °C), 25.0 uM (circles, Ty, = 60.5 °C) and 50.0 uM

(triangles, Tr, = 61.1 °C).
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4.3. Circular dichroism

CD spectra of calf thymus DNA (CT-DNA) 100.0 pM, in 1.0 mM
Tris-HCI (Fig. 7), were recorded in the presence of increasing
amounts of Fedppz up to [Fe"dppz]/[DNAphosphate] molar ratios
of approximately 0.9.

The CD of native DNA (solid line in Fig. 7) is drastically modified
by the addition of increasing amounts of Fe"'dppz. In particular, the
DNA dichroic band at ca. 275 nm (solid line in Fig. 7) is monoto-
nously decreased to negative values of the molar ellipticity up to
[Fe'dppz] = 60 uM, after which it slightly increases. Moreover,
the positive DNA band is blue shifted of about 5 nm. Finally, in-
duced CD bands appear in the range 290-400 nm. The latter result
supports the existence of a tight binding between the metal com-
plex and DNA. In fact, Fe'dppz provides a further chromophore ap-
pended to the chiral backbone of the DNA double helix [41].
Interestingly, the positive band at 305 nm monotonously increases
by following an analogous trend of the negative band at 275 nm.
The presence of five isodichroic points at about 242, 256, 294,
321 and 343 nm ensures that the CD signals are the result of equi-
librium between two species in solution, possibly the DNA and the
Fe''"dppz-DNA-intercalation complex. The drastic changes ob-
served in the CD spectra, especially those at 275 nm, could be
interpreted as due to (1) the occurrence of deep conformational
changes of the DNA double helix following its interaction with
the metal complex, and/or to (2) linear CD effect due to the inter-
calated Fe"dppz moiety, being both interpretations in agreement
with the hypothesis of DNA-intercalation.

To perform a detailed analysis of the spectral modifications, we
have plotted in Fig. 8 the values of the molar ellipticity at 305 and
273 nm (see Fig. 7) and the absorbance at 375 nm (see Fig. 2) vs.
the Fe"dppz concentration. Linear trends of the molar ellipticity
are clearly evident in the range 0.05 < [Fe"'dppz]/[DNApnosphate] <
0.60, followed by a change in the slope at higher molar ratios.
Noteworthy, the absorbance of the IL band at 375 nm follows the
Beer-Lambert law, with a molar extinction coefficient equal to ¢,
within the experimental error, suggesting that the added metal
complex is totally bound to the DNA macromolecule.

The initial linear trends of Fig. 8a and b as well as, apart the sign,
their similarity suggest that, in the range 0.05 < [Fe'dppz]/
[DNAphosphate] < 0.60, the observed behavior is mainly determined
by the rigid complex intercalation in the DNA double helix, while

810’ deg em’ dmol”

-100 —

T v T d T d T d T v 1
250 300 350 400 450 500
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Fig. 7. Circular dichroism spectra of CT-DNA in the presence of increasing amounts
of Fe'dppz in 1.0 mM Tris-HCl. [DNAphosphate] = 100 M, [Fe"dppz] = 0.00 (—), 4.98
(===),10.0 (+ « «), 15.0 ( ), 20.0 (- +), 25.0 (==), 30.0 (), 35.0 (=+-), 40.0 (),
45.0 ( ), 50.0 (+ = +),60.0 (= * =), 70.0 (= = +) and 80.0 (===) uM.
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Fig. 8. Molar ellipticity at 305 nm (a), at 273 nm (b) and UV-vis absorbance at
375nm (c) of Fe'"dppz-DNA aqueous solutions in the presence of increasing
amounts of Fe'''dppz.

at [Fe"dppz]/[DNApnosphate] higher than 0.6 that a different
Fe'"dppz-DNA-binding mode than intercalation starts. In particu-
lar, the second binding mode would be essentially electrostatic in
nature, in agreement with the considerations made in the UV-vis
absorption spectroscopy section, and would indicate that, through
the neutralization of DNA charges, the ionic form of Fe'"dppz in-
duces the formation of DNA supramolecular aggregates. Such
hypothesis is also supported by the evidence of incipient DNA pre-
cipitation observed at [Fe"dppz]/[DNApnosphate] molar ratios higher
than 0.9 and at higher ionic strength. Moreover, this result can be
considered a quantification of the Fe"'dppz-DNAjnosphate interac-
tion stoichiometry. In fact, the stoichiometry of approximately
1 mol of DNA base pairs per 3 mol of metal complex, determined
by spectrophotometric titration, could be considered the sum of
two contributions: DNA-intercalation and electrostatic binding. Fi-
nally, the CD spectrum recorded in the presence of [Fe'dppz] high-
er than 30 puM is similar to that observed for supramolecular chiral
DNA aggregates [42] although, on the basis of the considerations
above, in our opinion it is possible to assign such modifications
to effects induced by the appended Fe"'dppz moiety rather than
to DNA conformational changes.

4.4. Fluorescence

No fluorescence was observed for solutions of Fe''dppz and of
Fe'"dppz-DNA. On the other hand, the intensity of the fluorescence
spectrum of the EB-DNA complex is lowered by the addition of
increasing amounts of Fe'dppz (see Fig. 9).
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It is known that DNA solutions are not fluorescent, while a
strong fluorescence emission is observed in the presence of ethi-
dium bromide (EB) in the DNA solution. EB is also weakly fluores-
cent, but the EB-DNA complex is remarkably more fluorescent at
about 600 nm, as a consequence of the intercalation of EB between
adjacent DNA base pairs [43].

The spectra shown in Fig. 9 indicate that the metal complex is
able to displace EB from the DNA-intercalation sites and confirm
that Fe"dppz interacts with DNA by an intercalating mechanism,
competing with EB for the same binding sites. By plotting the fluo-
rescence intensity at 600 nm vs. the Fe"dppz molar concentration
(see Fig. 10) a steep decrease of the signal is noticed, followed by a
plateau in the presence of Fe'dppz concentrations higher than
15 uM. Noticeably, the latter value corresponds to a [Fe'dppz]/
[DNAphosphate] molar ratio equal to 0.60, corresponding to the value
at which the trend of the molar ellipticity vs. the Fe'"dppz concen-
tration changes slope (see Fig. 8).

These data have been interpreted by hypothesizing the exis-
tence of a competition reaction between EB and Fe'dppz towards
DNA-binding sites, and this treatment allowed us to estimate the
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Fig. 9. Fluorescence spectra of the EB-DNA complex in the presence of increasing
amounts of Fe''dppz. [EB] =4.0 pM, [DNA] =25.0 uM; [Fe''dppz] =0.00 (=), 1.25
(== =), 1.87 (+ - =), 2.50 (= + =), 5.00 (= * ¢}, 7.50 (=), 10.0 (), 15.0 (m*a), 17.5 (=)
and 20.0 (= = =) uM.
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Fig. 10. Fluorescence intensity at 600 nm vs. the Fe''"dppz molar concentration.

value of the intrinsic intercalation binding constant (called K;). If
we consider EB totally bound to DNA, as known from the literature
[40,41], a competition reaction between EB and Fe''dppz for inter-
calation into DNA is the following:

EB—DNA + Fe"'dppz = EB + Fe"dppz—DNA )

If we call E, and Ef the molar concentrations of EB bound to DNA
and free, respectively, and G, and Cf the analogous molar concentra-
tions of Fe'"dppz, we can express the equilibrium constant, K, of
reaction (2) as

K = (Cy - Er)/(Ey - Cr) = Ki{Fe"dppz}/K,{EB} (3)

i.e. K can be considered as the ratio between the equilibrium con-
stants for the intercalation of Fe'dppz (K;{Fe"'dppz}) and of EB (K;
{EB}). Moreover, we know that the fluorescence signal (¢) is
proportional to the molar concentration of EB bound to DNA (Ep):

¢ = const - Ey (4)

Furthermore, if we call sy the number of DNA base pairs avail-
able for the intercalator (we recall that two DNA monomer units
are equivalent to a base pair), we can write the following mass bal-
ance equations:

Eb + Cb = [DNAphosphate]/ZSf (5)
Ey +E = E (6)
G+ Cr = Ce (7)

where E; and C, are the analytical concentrations of EB and metal
complex. Inserting Eqs. (4)-(7) into Eq. (2) we finally obtain:

[DNAphosphate} - E; - const

Cie = K- 2s¢
N [DNAphosphate]  Er  [DNApnosphate] - 1 (1 2
2s¢ K K - 2s¢ const \K

(8)

By plotting C;- ¢ vs. ¢ we get a parabolic trend, as shown in
Fig. 11.

Then, by a second order polynomial fit of the data points one
can straightforwardly obtain the three parameters of the parabolic
curve Eq. (8) hence of the values of K and sg, equal to 6.7 £ 0.1 and
1.40 £ 0.02, respectively. By the value of Ki{EB} reported in the
literature [44,45] we obtain an estimate of the value of
Ki{Fe'dppz} = (1.14 £ 0.02) x 10 M~'. A comparison between K;
and Kj, (see above) shows that they are of the same order of mag-
nitude while the stoichiometry parameters s and s¢ are significantly
different. We recall that the value found for s; approximately cor-
responds to a 2:3 metal complex-DNA base pairs molar ratio.
The differences observed might be attributable to the differences
in the model systems used to obtain these values. In fact, the K,
and s values were obtained by using the Carter model [30,31] that
does not distinguish among different kinds of metal complex-DNA
interactions. On the other hand, the model chosen to analyze the
fluorescence measurements focuses on the competition between
EB and Fe'dppz for the same binding sites on DNA. In conclusion,
the latter model considers intercalation as the exclusive binding to
DNA.

As a matter of fact, also a fluorescence quenching according to
the Perrin sphere model [46] could be active, that would not imply
the displacement of the DNA-intercalated EB, but instead a simple
external binding of the iron complex. However, in view of the
marked effects induced by Fe''dppz on the CD spectra of DNA, we
are inclined to favor the former hypothesis of fluorescence
quenching.

Noteworthy, there is a good agreement between the spectral
changes observed in both CD and fluorescence as a function of
the amount of metal complex (see Figs. 8 and 10). As a conse-
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quence, we can deduce that both techniques furnish similar values
of the interaction stoichiometry relative exclusively to DNA-inter-
calation. It must also be pointed out that the intercalation model
considers a few more approximations than the Carter model. For
example, we are hypothesizing that Fe''dppz and EB compete for
exactly the same number of DNA-binding sites (i.e. that they show
the same interaction stoichiometry). Moreover, the value of K;{EB}
reported in the literature has been obtained in experimental condi-
tions slightly different than those used in the present work. Never-
theless, the agreement between the binding constants, K; and Kj,
obtained with two different analytic techniques, provides support
for the reliability of the proposed interaction models.

5. Conclusions
Two new Fe' complexes of the dppz ligand, i.e. [Fe(dppz)]Cl;
and [Fe(dppz),]Cl;, were synthesized and characterized with the
aim to find DNA intercalator iron-dppz complexes with non-che-
lating ancillary ligands. In aqueous solution the mono-dppz cat-
ionic complex, presumably [Fe(dppz)(OH),(H,0),]", is the only
stable species that can interact with DNA. The spectroscopic tech-
niques used for the study of the Fe''"dppz-DNA interaction allowed
us to conclude that the metal complex binds to DNA mainly
through intercalation, although other binding modes, in particular
the electrostatic interaction of the complex with the DNA surface,
seem to be also present and visible at [Fe"'dppz]/[DNApnosphate)
molar ratios higher than 0.6.

The intrinsic binding and intercalation constants, Ky =(6.43
0.05) x 10°M~! and K;=(1.14+0.02) x 10° M~', determined by
spectrophotometric and fluorescence titrations, respectively, are
of the same order of magnitude of those reported for transition me-
tal complexes of the dppz ligand, independently of the nature and
charge of the metal ion and of the ancillary ligands. Moreover, the
agreement between the values K, and K; confirms that DNA-inter-
calation is the major interaction contribution compared to other
possible DNA-binding modes, showing an interaction stoichiome-
try of approximately 2:3 metal complex-DNA base pair molar
ratio.

The strength of the Fe"'dppz-DNA-binding is further confirmed
by the noteworthy increase of the DNA melting temperature and
by the appearance of induced CD bands in the presence of increas-
ing amounts of Fe'dppz complex. Furthermore, the pronounced
modifications of the intensity of selected CD bands, at [Fe"'dppz]/
[DNAphosphate] molar ratios higher than 0.6, can be ascribed to the
formation of supramolecular aggregates.

In conclusion, the Fe"dppz complex prepared and characterized
appears to be a good candidate for the study of its potential biolog-
ical activity, though this aspect is outside the aim of the present re-
search. Indeed, the complex presents several favorable properties:
its hydrolysis product strongly interacts with DNA, mainly by
intercalation; iron is a biological ion and does not give rise to tox-
icity problems; the biological iron transport system could be used
for its targeting; finally, its redox potential should fall in the bio-
logically useful range thus enabling a potential activation by reduc-
tion mechanism.

6. Abbreviations

py 2,2'-bipyridine

CD circular dichroism

CT-DNA calf thymus DNA

DMSO-S S-bonded dimethyl sulfoxide

Dppz dipyrido[3,2-a:2’,3’-c]phenazine

EB ethidium bromide

Im imidazole

IP imidazole[4,5-f][1,10]phenanthroline
Melm  1-methylimidazol

Phen 1,10-phenantroline
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