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Abstract

The interaction of calf thymus DNA with [pyridine diamingCo(phenanthroline dicarboxylaté) [pyda].[Co(phendc)], complex has
been studied at 10 mM phosphate buffer at@7pH 7.0 using various techniques including isothermal titration calorimetry (ITC), UV—vis
spectrophotometry and potentiometric titration. Sigmoidal absorption profile implies the existence of cooperative interactions between DNA
and [pyda}[Co(phendc)] that induces a conformational change in DNA structure. Scatchard plots confirm this cooperative interaction. The
calorimetric enthalpy curve of [pydd{Co(phendc)] upon interaction with DNA is measured by ITC. The enthalpy of binding gAHf
[pydak[Co(phendc)] with DNA is also obtained spectrophotometrically by determining of equilibrium binding constants at 27 a@d 37
based on Wyman binding potential and van't Hoff relation. The enthalpy of ionizatiéty() is also obtained by acid—base titration at 27
and 37°C in 100 mM KClI solution using modified differential van’'t Hoff relation for estimation of (¢&\H The binding data was analyzed
in a two-set binding sites model based on the Hill equation. The first phase of the calorimetric enthalpy curve is consistent with a first set of
binding sites and further phases are consistent with a second set of binding sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction has been useful in targeting specific sites in a left-handed
conformation in super coiled plasmids and viral DN@j.
There has been considerable interest in exploring local Tris-trimethyl phenanthroline ruthenium (I)([Ru(TM&¥*
variations in the structure of DNA along the strand and in de- is seen to bind cooperatively to the A-form polymer under
veloping small molecular probes which, like DNA-binding conditions where little binding to B-form DNA is detected.
proteins, may be targeted to particular sites or sequdfifes Besides electrostatic interactions, binding of the complex to
Chiral metal complexes have been used in designing spectrothe polynucleotide may involve hydrophobic interactions of
scopic probes and photoactivated DNA cleaving agents for ligands bound against the shallow groove of the helix. The
DNA [2]. Achiral tris (diphenyl phenanthroline) cobalt (Ill)  [Ru(TMP)]?* binds to B-form DNA via two modes, one
intercalative, one surface bourd]. Intercalative binding
* Corresponding author. Tel.: +98 21 6403957; fax: +98 21 6404680,  through the major groove was characterized by an increase
E-mail addressmoosavi@ibb.ut.ac.ir (A.A. Moosavi-Movahedi). in luminescence lifetime of the complex and preferential
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binding to the right-handed helix af-isomer. Phenanthro- 2. Materials and methods

line complexes might provide the basis for the A-form probe,

since a notable feature of the A-helix is the topology of 2.1. Materials

its shallow minor groove, with the major groove deepened,

narrowed, and largely inaccessilj§. The well-knownN- High molecular weight calf thymus DNA (cat no. 240-
heterocyclic chelating properties of One to 10 phenanthro- 13) was obtained from Merck. The compound, [pyda]
line have been widely used in all aspects of coordination [Co(phendc)], was synthesized and purified as reported
chemistry[6] as well as in recent applications to develop previously [30]. All other materials used were of ana-
biomimetic models of metalloenzym¢g] and to prepare lytical grade. Calorimetric and spectrophotometric experi-
supramoleculaf8], self-assembling systeni8], or metal ments were carried out in 10.0 MM phosphate buffer, pH
complexes with interesting anti-cancer properfi3]. One 7.0 at 27°C. Potentiometric measurements were performed
to 10 phenanthroline-2,9 dicarboxylic acid(phendc) has beenin 100 mM KCI solution. DNA concentrations were deter-
widely employed as an appropriate intermediate in the syn- mined with an extinction coefficient of 13200.0Mcm1 at
thesis of multidentate chelating agents with phenanthroline 260 nm and expressed in terms of base pair molarity (mM bp)
moietieg[11-13]. Spectroscopic studies of the complexation [31]. All solutions were prepared with deionized water (Barn-
of phendc.H with EL3* have been reportdd4] phendcisa  stead Nanopure E.R.=18.3 MQ).

powerful sensitizing ligand for EXi ion [15,16]in the mea-

surement of molecules of biological interest, i.e., fibronectin,

by time resolved fluorescence spectrophotom§i6y17]. 3. Methods

The covalent copper—phenanthroline complex of oligonu-

cleotiedes or nucleic acid-binding molecules in combination 3.1. Isothermal titration calorimetry (ITC)

with hydrogen peroxide acts as a chemical nuclease to se-

lectively cleave DNA or RNA[18-23]. Hydroxyl radicals Enthalpy measurements were made at’Q7with a

or other reactive oxygen species appear to be involved in 2277 thermal activity monitor, (Thermometric, Sweden). The
this cleavagd24]. One to 10 phenanthroline cleaves DNA calorimeter was interfaced with a Pentium Il computer, using
in the presence of copper and a reducing agent, and withThermometric Digitam 3 software. The enthalpy of interac-
photochemically active para-nitrobenzamide groups on the tion between [pyda]Co(phendc)] and DNA was measured

4 position, generates clustered lesions or multiply damagedin a ligand concentration range of 0.0-0.2 mM by transfer-
sites (MDS) in lengths of a few base pa[5-27]. The ring of 40l injections of 0.72mM [pyda]Co(phendc)]
photochemical and electrochemical properties of copper (1) into 1.8 ml of DNA solution (0.028 mM bp). The enthalpy of
phenanthroline compounds have also been used to study theidilution of [pydap[Co(phendc)] was corrected by measur-
interaction with biological systems, in particular DNA inter- ing the enthalpy change of each injection into buffer solution.
calation and scissioj28]. It could also be an interesting case The heat released by DNA dilution was negligible.

of the supramolecular and foldamer chemid29,30] be-

cause of the presence of two bifunctional building blocks, 3.2. Binding measurements

pyda and phendc4®. One to 10 phenanthroline contain-

ing anionic Co(ll) complexes which have efficient proton- Titration difference spectrophotometry was done with
transfer ability[30] are expected to interact strongly with a Camspec double beam spectrophotometer Model M-
DNA. Structure of the ligand, [py@&Co(phendc)], is shown 350. The interaction of DNA with various concentrations
in Scheme 1. The present study investigates the interaction ofof [pydab[Co(phendc)] (0.0-0.15mM) was studied spec-
a new synthetic complex, [pydd{Co(phendc)], with DNA trophotometrically at 260 nm (Fig. 1).

through enthalpy and binding analysis. Binding data were obtained from the following relations
(32]
A = efreelDNA] + epound L-DNA]
= &freel DNA] o + (ebound — &free)[L-DNA] 1)
2
NN Ao = eboundb[DNA] o e
H 2 whereA is the absorbance of the ligand—DNA complex at

260 nm,gfree andepoungare the molar extinction coefficients

of the free DNA and ligand—DNA complex, and [DNA&nd
[L-DNA] are concentrations of initial and bound (complexed)
DNA. AA, isthe observed absorbance change obtained from
Scheme 1. the titration curve where the absorbance remained unchanged
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Fig. 1. Typical difference absorbance profile for titration of DNA solution
vs. total concentration of [pydgCo(phendc)] in phosphate buffer 10 mM,
pH 7.0 at 27 C. Absorbances are corrected due to dilution of DNA solution
with ligand solution. [DNA] =2.9x 10~2mM bp. Inset: Spectrum changes
of DNA solution upon interaction with [pyda]Co(phendc)].

when excess ligand was addédhe path-length of the cell
(2 cm). epoung is calculable from Eq(2), the value which
is obtained equal to 2642.9 cthM~—1 at pH 7.0 and 27C,
while a value of 13200.0 Mt cm1 is used forefree [31].
Binding data can be obtained by estimating the con-
centration of bound ligand with Eql). Substitution of
[pydab[Co(phendc)]pounginto Eg. (3) leads to determina-
tion of free ligand concentratioi@3]:

[Ligand]total = [Ligand]free + [Ligand]bound (3)

Finally v (average number of moles of ligand bound per DNA
base pair mole) is obtained from Hdg):

_ [Ligand]bound

[DNAJ, )

where K and n are the equilibrium binding constant and
the number of binding sites, respectively. Binding parame-
ters (y andK) for interactions at higher concentrations of
[pydak[Co(phendc)] (>0.15 mM) are obtained in a similar
manner at 260 nm with the Hill equation. Analysis of bind-
ing data according to the Hill equation represents two sets of
binding site§35-37]as:

- SuKalLa)™ - ga(Ko[La])"™2
1+ (Ka[La])"™ 14 (K2[L2])™

whereg, K, ny and [L] denote the maximum number of
binding sites, binding constant, Hill coefficient, and free con-
centration of [pydg][Co(phendc)] at corresponding sets, re-
spectively. The binding parameters (g;) are obtained by
fitting the experimental data to the Hill equation with Sigma-
Plot software.

(6)

3.3. Potentiometric titration

Standard buffers with pH values of 4.0, 7.0 and 9.0 were
used for initial scale adjustment of the pH-meter. An auto-
matic and thermostat-controlled microtitrator, Titroline al-
pha, was used for performing the experiment. It is necessary
to carry out a blank experiment on a solution without dis-
solved DNA for blanking the acid—base equilibria of the sol-
vent. For this purpose, the standardization was achieved as
follows: a 4 ml sample of 100 mM KCl solution was added to
the titration vessel and equilibrated at°Z7. To remove car-
bon dioxide from the mixture, during the experiment nitrogen
gas is passed through the stirred solution. Then pH was ad-
justed to 7.0 with a standard sodium hydroxide solution, and
the resultant solution was titrated from pH 7.0 to 2.0 and from
pH 7.0to 12.5 separate]$8]. Such standardization was also

Also binding data could be analyzed based on the Scatchardused after each reversible titration of the DNA sample solu-

plot (Fig. 2, inset) according to E¢B) [34]:
Vv

[Ligand]ee =K =) ®)

1.2

0.8

Y}

V ML}iroe mM™!
S @

04 r

=3
o
=4
2
0

-14 -1.2 -1 -0.8 -0.6

log[Ligand]iree

Fig. 2. Binding isotherm for DNA—-[pyda]Co(phendc)] complex at pH
7.0. Average number of bound ligand) @nd free concentration of ligand
([Ligandliee) are obtained from Eqgl) and(3) as described in the text. (@),
27°C; (M) 37°C. Inset: Scatchard plot of binding [pyd&Fo(phendc)] to
DNA at 27°C.

tion. Thus to 4 ml of an unbuffered solution of 0.50% (w/v)
DNA in the absence or presence of [pyg&lo(phendc)] at
isoionic pH, known amounts of acid or alkali were added
followed by potentiometric measurement of the pH of the
solution at 27C. Addition of acid or alkali is continued un-

til the solution reached pH 2.0 or 12.5, respectively. DNA
concentrations were measured spectrophotometrically at pH
7.0 on samples withdrawn from the titration vessel with
an extinction coefficient of 13200.0 cthM~1 in terms of
base pair molarity of DNA. To estimate the heat of ioniza-
tion, the same experiments were done at a higher temper-
ature, 37C. The heat of ionization of the buffer is negli-
gible and the free and bound ligands are assumed to have
the same pKvalue[39]. Potentiometric pH titration data of
[pydak[Co(phendc)] ligand indicated that the predominant
species (~99%) at pH 5-7.5 is the protonated form of lig-
and (i.e. [pyda.Hj[Co(phendc)]) with a pKy=7.2 for the
pyridine nitrogen. Also protonation p¥alues for the —Nkl
nitrogens of pyda are 2.16 and 2.90 meaning that at neutral pH
(our working pH) the pyridinium nitrogen is titratable while
the protonated amine groups remain protonated until about
pH 10. Hence, the titrated protons of pyda were considered
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and correction was made on potentiometric measurements 50 ¢
of [pydapb[Co(phendc)]-DNA system. Details of the syn- 40 g
thesis, characterization, crystal structure and solution studies —_
of the complex are discussed previougd@]. After obtain- 5 30 3
ing the potentiometric titration curves profilesrofaverage E 20 ¢
number of proton bound by, or removed from the macro- < 10tk
molecule) are obtained as the difference between the moles 2’5 :
of strong acid or base added to a solution containing one mole 2 0 3
of macromolecule to bring it from its initial pH to the final -10
value, and the number of moles of strong acid or base added o0 B
to the solvent to give the same pH change with other con- 0 1.5

ditions (ionic strength, temperature, volume) being the same
[40,41]. Details of the method and calculations are described
previously[38]. Titration curves involved the meanS.E. of

. . . Fig. 3. Variation ofAG°, (AG°/v) as a function of» at pH 7.0 and tem-
the mean (S.E.M) for three titration experiments. 9 (aG°/) P

perature of 27C.

isothermal titration calorimetry. The interaction includes: (a)

4. Results and discussion binding of [pyda}[Co(phendc)] to DNA; (b) protonation
o and/or deprotonation of titratable groups in the interaction;
4.1. Binding data and (c) induced conformational changes of DNA structure by

. ) binding of the ligand. Thus for the interaction of DNA with
The difference absorption spectra of the DNA—[pyda] [pyda.Hp[Co(phendc)], the calorimetric enthalpy (Ak)

[Co(phendc)] complex are shown ifrig. Linset.Fig. 1de-  ¢onsists of contributions from enthalpy of binding (&),
picts the titration difference absorbance curve at 260 nm for enthalpy of conformational change (Add) and enthalpy of
DNA upon interaction with [pyda]Co(phendc)]. ionization (AHon). Hence, we can write the equation as fol-

Fig. 2 shows the binding isotherm curve as a plotwof  |5ws[38 43]:
(the average number of [pyd@To(phendc)] moles bound
to 1 mol of DNA base pairs) against the logarithm of free A Hcal = A Hpin + AHcon+ A Hion (7)
ligand concentration. The insetBig. 2shows the Scatchard
plot, which shows the cooperative manner of binding and
existence of two sets of binding sites.

The binding parameters @ndK) according to the Hill
equation are obtained as:

Fig. 4 shows the enthalpy of binding (Add) obtained
fromthe temperature dependence of equilibrium binding con-
stants with the van't Hoff relatiom4,45]versus ligand con-
centration.

—R x d(In Kapp)

d(1/T) ®

g1 =060, g>=1.0 logK;=15.238, A Hpin =
log K2 = 6.386 . . -
Fig. 4 shows decreasing endothermicity of DNA-
which show a strong binding in the first set of sites. [pydak[Co(phendc)] interaction up to saturation of DNA
AG° values for the interaction can be calculated using with ligand.
the Wyman binding potential as described previoydB].
The binding potential and subsequently the apparent equilib- 1600
rium binding constant (kpp), AG° and AG®, were calcu-

lated from the area under the binding isotherm curve (Fig. 2). oot = :zzz i

Fig. 3depictsthe variation AG°, (AG°/v) (standard Gibbs = Ll E 2000 [

free energy changes corresponding to the average number of 2 10E Z 1000 |

bound ligand) as a function of Fig. 4shows the binding of 2 800 f

ligand is a spontaneous process accompanied by an endother- £ 600 | ' '
<

mic binding enthalpy. The figure confirms the electrostatic 400

interaction up ta~ 0.6.
200 f

0
0.05 0.1 0.15 02

4.2. Enthalpy curves
. . Ligand] i, mM

An enthalpy analysis is essential to resolve the proba- itz
ble conformational Change of DNA upon interaction with Fig. 4. Variation of enthalpy of bindingAHpin) against concentration of

[pydak[Co(phendc)]. The total enthalpy change associated [pydap[Co(phendc)] at pH 7.0. INSEt:A Hpinyy (A Hpin/v) as a function
with interaction of DNA and the ligand can be measured by of v.
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Fig. 5. lonization enthalpy (Afg,) for titratable groups of DNA as a func-

tion of pH in 100 mM KCI solution. Enthalpy values are calculated from Fig. 6. Variation of calorimetric enthalpy\Hca)) as a function of at pH 7.0

titration curves at 27 and 3T using Eq(9). Inset: Variation ofAHjo, vs. and 27°C. Inset:AH¢g as a function of [pyda[Co(phendc)] concentration

the average number of dissociated protanghrough titration experiment at pH 7.0 and 27C.

in the presence of 0.15 mM of [pyddTo(phendc)].

in binding[46]. The Hill analysis suggests that electrostatic

: e g as interactions in the first set of binding sites involve highly

function ofv. An electrostatic interaction up te~ 0.6 is in cooperative interactions of phosphate groups of DNA with

agreement with the consequence-a. 3. [pydak[Co(phendc)], while responsible groups for the in-
Due to strong electrostatic effects in the binding of such teraction in the second set could be mostly base and/or hy-

ligands to DNA, the Ka may shift and a change of titratable  groxyl groups of DNA.

groups becomes significant. Therefore we can use a modi-  Fig, 6(inset) shows the variation of calorimetric enthalpy
fied van’t Hoff relation for estimation of ionization enthalpy (AHca) as a function of ligand concentrationHcy is a

(AHion) as follows[46]: measure of overall interaction enthalpy between DNA and
SpH [pydak[Co(phendc)] (at pH 7.0 of phosphate buffer 10 mM
5L/ T)] 9) and 27°C).Fig. 6represents the variation ofH, as a func-
tion of v. As the figure shows, an endothermic stage is ob-
Fig. 5shows the dependence of apparent enthalpy of vari- served up ta ~ 0.6 (corresponding to an enthalpy value of
ous titratable groups of DNA on pH in the absence and pres- about 85 kJ matl) which is in good agreement with the re-
ence of 0.15mM of [pyda]Co(phendc)] (a concentration  sult of binding data analysis at the first set of binding sites
of ligand corresponding to maximum binding and saturation (g; =0.6). At such condition, the binding process is predom-
of DNA according toFig. 1). This enthalpy is obtained from inantly endothermic.
the temperature dependence of pH for each solution atafixed Endothermic binding probably occurs on phosphate
amount of acid or alkali. The figure indicates a less exother- groups, corresponding to the first set of binding sites and
mic trend up to pH 10 which corresponds to an enthalpy involves occupation of 60% (0.6/1.0) of total binding sites.
change of about 421 kJ mdl. This may be attributed to binding of the cation of the com-
Fig. 5inset represents the dependence of ionization en- plex (i.e. protonated pyridine diamine of the pyda cation),
thalpy (AHon) againstr value (average number of protons which has a high affinity for phosphate groups. Its proto-
attached or dissociated corresponding to the pH changes)nated amine groups have a p¥alue about 10 and hence
The figure shows that in the presence of 0.15mM ligand, will be positive up to pH 10. The pyridinium nitrogen has a
a constant heat trend is observable up to pH 6, so that thepK; value about 7 and can also play a role in the electrostatic
exothermic process is accompanied with titration of 8 titrat- interaction. The ionization enthalpy may be the predominant
able groups and the second set of binding sites involves titra-enthalpy change corresponding to the deprotonation of 45%
tion of 12 titratable groups of DNA up to pH 10 which evolves  of total titratable groups (mostly phosphate groups). In the
263 kJmot! of heat. Therefore, DNA-ligand binding and second set, binding continues (up ite 0.95) through an
unfolding of DNA exposes or changes thepidlues of some  exothermic trend which may arise from ionization of newly

Fig. 4inset represents the changes/of, (AH/v) as a

A[{ion = 2.303R[

titratable groups in pH range of 6.0-10.0 (about 12 titrat-
able groups). Regarding th&p values of phosphates (1.5
and 6.5), purine and pyrimidine nitrogens (9.0) and hydroxyl

exposed titratable groups (N1 adenine and N3 cytosine). Fi-
nally, the process proceeds and completes with a more en-
dothermic phase (up to=1.0), involving the binding of the

groups of sugars (9.5-10.0), we suggest that in the presencdarge anion, [Cobalt(ll)(phenanthroline dicarboxylatepn

of ligand in the range of pH 3.0-6.0 £8.0) binding took
place on phosphates. In the range of 6.5-1001@2), nitro-

nitrogen bases and/or sugar hydroxyl groups of DNA. Subse-
quently, unfolding of DNA structure can occur probably via

gen of bases and the hydroxyl groups of sugar may participatehydrophobic interactions between the hydrophobic part of the
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ligand and the hydrophobic pocket of guanine and hydrogen 9.5-10) and binding occurs through an endothermic process
bonding and electrostatic interaction between —C@®bthe involving interaction with the base groups.

ligand and —NH and —Npigroups of DNA bases. A pref-

erential binding between —NH groups of DNA (N7 guanine

and adenine, N3 cytosine and thymine) and the Co(ll) ion of Acknowledgements
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