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ABSTRACT. An improved synthesis of a water-soluble derivative of dipyrido@2;3-clphenazine (dppz)

is reported. The structures of both dppz and the cation ethylene-bipyridyldiylium-phenazine dinitrate
{[1][(PFe)2]} have been obtained via X-ray crystallography. Metal complex derivatives of dppz are very
well studied. However, using the water solublgf(NO3),], the nature of the interaction of a simple dppz

unit with duplex DNA has been investigated for the first time. In both organic solvents and dater,
displays unstructured luminescence, assigned to an intramolecular charge transfer. The emission is quenched
on binding to natural and synthetic duplex DNA, including poly(g®ly(dT). A variety of techniques

reveal that the cation binds to DNA with an affinity comparable to those of many metal dppz complexes,
via an intercalative binding mode.

The interactions of small molecules with DNA have Scheme 1: Structures Relevant to This Report
attracted a great deal of attentidk).(The two most common e
noncovalent binding motifs for such systems are groove [ oc., ‘fo N D
binding @—4) or intercalation %, 6). Many therapeutic N Nj:j oc~ ?\N <~ N/\©
agents, particularly anticancer drugs, are known to bind DNA ”
via these motifs, and the possibility of gene modulation by @
sequence specific binding of small molecules to DNA has dppz [Re(CO)s(py)(dpp2)]*
also been pursued(8). In related work, metal complexes

have been used to probe the structural and physical propert|es \ _|2+ —|2+
of DNA (9—13). l

In this latter context, complexes containing the organic  JRu

ligand dipyrido[3,2a:2',3-c]Jphenazine (dpp2)have been g @CQ

much studied, particularly the Ricomplexes, [Ru(bpy) /\
(dpp2)F" and [Ru(phenydppz)F* (bpy = 2,2-bipyridine,

phen= 1,10-phenanthroline)1d) (Scheme 1).

These complexes exhibit distinctive photophysical proper-
ties: measurements have shown that in both the ground and Ny
excited states the charge transfer is directed from the metal [ O
center to the phenazine of the dppz ligand. The major
nonradiative deactivation pathway of the excited state is via
hydrogen bonding to the phenazine nitrogen atohss16).

This leads to the excited state being very dependent on its
microenvironment: while emission from a triplet 'Ru
dppz metal-to-ligand charge transfer (MLCT) manifold is
quenched in protic solvents, addition of DNA enhances the .
luminescence by several orders of magnitude. Although the comple?(es 23-29). . . —
precise details of the interaction with DNA are still a matter Despite the large amount .Of .|nterest n coord|nat|o_n
of some debatel(/—21), it is known that this “light-switch” compques of dppz, the DNA binding propertle§ of organic
effect is due to intercalation of the dppz unit into the DNA derivatives of this moiety have yet to be investigated. As a
planar aromatic molecule, dppz itself is virtually insoluble
in aqueous solutions. However, the previously reported
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duplex @2). This interaction results in high DNA binding
affinities: K, = 10f M~1. Consequent studies on a variety
of different metal centers have resulted in related dppz
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MATERIALS AND METHODS Table 1: Summary of Crystallographic Data for dpgpk;OH and

[1][(PFe)2]-CH3NO,

Materials Commercially available materials were used as

received. All reactions were carried out under an inert argon dppZ [1[(PFe)s]®

atmosphere. dppz was synthesized via a literature procedureempirical formula GoH1aN4O CaaH17F12Ns0-P,

(30). Calf thymus DNA (CT-DNA) was purchased from fw ol svet 314.34 i 6:3,1-5_”4,

Sigma and was purified unthosfAsgo > 1.9. Concentrations g;‘fcg s%sugm Pglzn(%‘;'g'% 0. 14) Pir(u(::?,";] 0.2)

of DNA solutions were determined spectroscopically Using crystal dimensions (mm) 0.50 0.12x 0.12 0.45x 0.43x 0.10

the extinction coefficient of CT-DNA4 = 6600 mot™* dm? a(h) 4.5905 (12) 13.4948 (19)

cm 1) at 260 nm. The buffer used for titrations consisted of P (é\\) 12.887 (4) 13.8511 (19)

25 mM NaCl and 5 mM Tris (pH 7.0) made with doubly 8((d)eg) 25.030 (7) gg’%gi’ ((g’))

distilled water (Millipore). 5 (deg) 95.149 (6) 100.455 (3)
Instrumentation Electronic spectra were recorded on a 7 (deg) 119.018 (2)

Carey Bio-3 UV-visible spectrophotometer. Emission spec- g A ‘11474-7 @ 63664-0 ©)

tra were recorded on a Hitachi fluorimeter. NMR spectra (mg/n?) 1416 1798

(400 MHz) were recorded on a Bruker instrument with off-  F(000) 656 1992

line data analysis performed on an IBM personal computer /fl_(MIORKloE) (ﬁ';r)ﬂ‘l) 8-8%2 8-38?9

running Bruker win-NMR software. FAB mass spectra were finalR1 (onF)7 - : -

obtained on a Kratos MS80 machine working in the positive final wR2 (onF) 0.2402 0.2958

ion mode, with an-nitrobenzyl alcohol matrix. ITC experi- *A weighting scheme whereby = 1/[0*(Fo?) + (0.1224)* +

. ) 0.00P), whereP = (F,?> + 2FA)/3, was used in the latter stages of
ments were conducted using a VP-ITGL( 32) from refinement® A weighting scheme whereby = 1/[03(Fo?) + (0.1730P)?

MicroCal LLC (Northampton, MA) interfaq(a_d with a Gate- 4 0.00P], whereP = (F,? + 2F2)/3, was used in the latter stages of
way Pl personal computer. Data acquisition and analysis refinement.
were performed using Origin 5.0 (MicroCal LLC), and all

titrations were performed at 2% in the 5 mM Tris, 25 hiromethane solution. In both cases, data that were collected
mM NaCl, pH 7.0 buffer. were recorded on a Bruker Smart CCD area detector with
The time-resolved anisotropy experiments were carried out 3, Oxford Cryosystems low-temperature system. Cell pa-
on an Edinburgh Instruments 199 time-correlated single- \gmeters were refined from the setting angles of 2021
photon counter spectrometer. It was set to accumulaterefiections ¢ range of 1.63-28.33) for dppz and 3833
quqres_cence data in planes para}lle! and perpendicular to thereflections 0 range of 0.93-23.27) for [1][(PFe)2]. Reflec-
excitation wavelength. The excitation source was a nano- tions were measured from a hemisphere of data collected of
LEDOS nanosecond diode with a maximum excitation frames each covering 0.1 w. All reflections were corrected
wavelength of 450 nm. A 500 nm interference filter was also for |orentz and polarization effects and for absorption by
used that transmits waves of 58010 nm. A 2.5x 10™* M semiempirical methods based on symmetry-equivalent and
solution of [lJ[(NO3);] added 6 a 3 mLcuvette of 5 MM repeated reflections. The structure was determined by direct
Tris and 25 mM NaCl was run first. Then DNA was added methods and refined by full matrix least-squares methods
to this cuvette, to result in an approximately 50% bound gpn F2, Hydrogen atoms were placed geometrically and
Situation. refined with a riding model (including torsional freedom for
Synthesis of ][(PF ¢)2] . An improved synthesis adapted methyl groups), and withJ;s, constrained to 1.2 (1.5 for
from the original method of Dickson and Summez$)(was methyl groups) times thEeq of the carrier atom. Complex
employed. dppz (0.8167 g, 2.89 mM) and 1,2-dibromoethane scattering factors were taken from SHELXTI33 as
(50 mL) were brought to gentle reflux. The solution changed implemented on the Viglen Pentium computer. Crystal-
from orange to red, and after 20 min, a yellow precipitate lographic data and refinement details are presented in Table
of the product began to form. After 2 h, the solution was 1,
cooled to room temperature and the yellow precipitate was UV—Visible Titrations A stock 2.5 mM solution of the
collected by filtration and washed with cold ethanol. The drug was made up in a 25 mM NaCl, 5 mM Tris, pH 7.0
solid that remained was dissolved into a small amount of puffer; 3000uL of buffer was loaded into an optical glass
water (5 mL) and then filtered. Excess ammonium hexa- cuvette with a path length of 1 cm, angu was removed
fluorophosphate was added to the filtrate, resulting in the with a Gilson pipette and replaced with 4 of the drug
precipitation of P][(PFe)2] as an off-white microcrystalline  solution. This cuvette was then loaded into the spectrometer
powder, which was filtered and dried overnightvacua sample block, controlled at 25C; 3000uL of the buffer
0.6191 g (69%) yieldiH NMR (acetoneds) 6 6.12 (t, 4H), was added to an identical cuvette and placed in the reference
8.30 (dd, 2H), 8.63 (dd, 2H), 9.12 (dd, 2H), 10.01 (dd, 2H), cell. Both the cuvettes were mixed 30 times with a Gilson
10.69 (dd, 2H); FAB-MSn/z (%) 309 (100) [M" — 2(PR)], 1000uL pipette, and all bubbles were removed.

283 (75) [M" — 2(PR) — Et], 155 (15) [ — 2(PFy)]. After the cuvettes had been allowed to reach equilibrium
Anal. Found: C, 39.73; H, 2.31; N, 9.06. Calcd for over the course of 30 min, a spectrum was recorded between
CaoH1aN4PF12: C, 40.02; H, 2.35; N, 9.33. 600 and 200 nm. Five to ten microliters of CT-DNA was

X-ray CrystallographyX-ray quality crystals of dppz were  added to both cuvettes and mixed 30 times. The spectrum
obtained by slow cooling from a saturated DMSO solution was recorded after checking for bubbles and showed a
of a sample of dppz that had previously been recrystallized drop in absorptivity showing interaction between the DNA
from methanol and water. Crystals of][(PFe),] were and the drug. The titration was continued until there was
obtained from the vapor diffusion of diethyl ether into a no change in the spectrum indicating saturated binding
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had occurred. Each titration was repeated at least three

times. A B NN
Fluorescence TitrationsThese titrations were carried out \/\/\)O

using a protocol similar to that used for the YVisible ] OO

titration, but since the fluorescence of the DNA and buffer =% N

is negligible, a reference cell was not used. Each titration S N _ @

was repeated at least three times.
Viscosity Measurementd/iscosity data were obtained C

using a Cannon-Fenske capillary viscometer submerged in
a water bath at 27C. CT-DNA samples were first sonicated
for 30 min. CT-DNA solutions were-1 mM in base pairs,
and flow times were recorded in triplicate using a digital
stopwatch. All solutions were in a Tris buffer (5 mM Tris
and 25 mM NaCl) at pH 7.

Isothermal Titration CalorimetryiTC was carried out with

approximately 29Q:L of a 2.5 mM solution of 1][(NO3)] Ficure 1: (a) Structural representation of the dppz molecule. (b)
loaded into the syringe, which was titrated into a 0.75 mM View of the same molecule after an90® rotation. (c) Crystal
(base pairs) solution of CT-DNA at 2 in a 5 mMTris, packing diagram of stacked dppz molecules. Hydrogen atoms and

25 mM NacCl, pH 7.0 buffer. After an initial injection of 3 solvent molecules have been removed for clarity.

uL, 18 injections of 15uL each were performed with a
separation of 300 s. The power required to return the system
to thermal equilibrium was measured via the computer.

A B

The experiment was repeated twice more, and heats of j) .

dilution experiments were also carried out, by diluting buffer '\Nj r _.
’\:/‘ -'

into DNA, and DNA into buffer.

Computational Method#\ll calculations were performed
using Gaussian9834) using the B3LYP hybrid density U
functional method%7). The 6-31G* basis set was used for FiGURE 2: (a) Structural representation of the cation found in the
most calculations. The calculations were checked againstcrystal structure ofJ][(PFe),]. (b) View of the same cation after
more extended calculations using the 6-3G(d,p) basis ~ an~90 rotation.
set. However, the results obtained in the larger basis set wer
not significantly different. Therefore, all results presented
here were obtained using the smaller basis set. The coordi
nates forl were based on the crystal structure Hf([PFe)2].

The molecular orbital plots were made using gOpenas).(

eIess, there is evidence of stacking interactions between some
_of the rings of adjacent cations, with distances approaching
35 A.

Photophysical Studies

RESULTS Although the absorption spectrum bhas been previously
reported B80), its luminescent properties have not been
explored. Photoexcitation of acetonitrile solutions &f-[

Using a method adapted from the original synthesis by [(PFs)2] at 325 or 415 nm results in unstructured lumines-

Dickson and Summers3Q), [1][(PFe);] was isolated in an ~ C€nce which is slightly blue-shiftedd, = 515 nm) relgtivg _
improved yield (68% instead of 25% of the bromide salt) to that of the free base dppz, where structured emission is

and fully characterized bH NMR, FAB-MS, and elemental ~ Observed at 533 nmi4y) (38). Water-soluble 1][(NOs)]

analysis. X-ray quality crystals of the hexafluorophosphate Was prepared by anion metathesis of the hexafluorophosphate

salt of 1 and dppz were obtained; somewhat surprisingly, Salt with n-butylammonium nitrate. It was found that

the latter has not been reported previously. This allowed us Photoexcitation of aqueous solutions f[NO3),] resulted

to carry out a structural comparison of the two systems. N unstructured emission centered at 510 nm ( Figure 3).
As might be expected, as an extended polyaromatic Given that the cation of1J[(NO3),] is luminescent, is

molecule, dppz is almost perfectly planar (Figure 1). The @most as planar as the free base dppz, and also displays

packing of the structure shows dppz molecules form offset 900d water solubility, the interaction df with DNA was

stacks with face-to-face aromatic interactions reminiscent of Investigated.

graphite (Figure 1c). Such aromatic interactions have been

observed in the crystal structures of other DNA intercalators

(28, 36), and the distance between ring planes is comparable Binding Titrations Initially, the interaction of {][(NO3)2]

to those seen in the base pair stacks of DISA)( with calf thymus DNA (CT-DNA) in aqueous buffer (25 mM
The crystal structure of shows that the accommodation NaCl, 5 mM Tris, pH 7.0) was investigated using absorption

of the ethylene group results in a slight twisting of the dppz and emission spectroscopy.

moiety, although the structure is still very close to planarity  Addition of CT-DNA to such solutions results in distinc-

(Figure 2). Packing is less ordered than in the dppz structuretive changes in the U¥visible spectrum ofJJ[(NO3),], with

as the charge at the quaternized nitrogens, counterions, ashe bands between 280 and 400 nm showing a high degree

well as solvent molecules must be accommodated. Neverthe-of hypochromicity. The higher-energy band also displays a

Structural Studies

DNA Binding Studies
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Ficure 3: Emission spectrum ofl][(NO3);] in water (ex = 325
nm).
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Ficure 4: Emission quenching observed upon addition of CT-DNA
to an aqueous buffer solution of][(NO3);] (dex = 415 nm).
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Table 2: Summary of Binding Data fdr with DNA, Determined
by Spectroscopic Methods

absorption titratiorfs emission titrations
polynucleotide  S(bp) Kp(mol~tdm?) S(bp) Kp(moltdn?)

CT-DNA 322 3.78x10F  3.10 1.8x 10°
poly(dA)-poly(dT) — - 5.32 1.6x 10°
poly(dGypoly(dC) — - 4.84 6.9x 10°

a Averaged values of several titrations. In each c&®e> 0.95.
Aex = 415 nm.

Phillips et al.
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FicUrRe 5: Decay of anisotropy with respect to time, for Z51.0*
M [1][(NO3);] in 5 mM Tris (A) in the absence of CT-DNA or (B)
with sufficient CT-DNA added to result in-50% binding. Both
curves were fitted using a single-exponential functigf(4) =
1.210;%3B) = 1.370].

200 250

served for CT-DNA. Attempts to reduce site sizes produced
poorer data fits.

Time-Resaled Anisotropy Measurements (TRAM®RAMS
have previously been used to probe molecular dynambs (
including DNA—intercalator interactiondl g, 42). To further
investigate the reduction of the luminescent intensity fr [
[(NO3);] during DNA binding, time-resolved fluorescence
anisotropy measurements on aqueous buffer solutiords of
in the absence and presence of CT-DNA were taken. The
raw data are shown in Figure 5.

A comparison of correlation lifetimegd) obtained from
both experiments reveals that, within one standard deviation,

bathochromic shift approaching binding saturation, while {hey are identicalf, = 0.9 ns). The absence of a component
several isosbestic points are observed. These phenomena aigith a longer correlation lifetime in the presence of DNA
characteristic of an interaction between the cation and the confirms that emission is exclusively from unbouhdnd

DNA helix, and the high percentage of hypochromicity is
indicative of an intercalative interactio89).

To avoid interference from the absorption bands of DNA,

emission titrations were carried out at 415 nin). It was
found that the emission spectrumbfvas quenched by the
addition of CT-DNA (Figure 4).

Luminescence Titrations with Other Polynucleotidés

that the bound cation is nonemissive. Furthermore, decon-
volution of the time-resolved fluorescence intensity data
reveals that the lifetime of the photoexcited state in water is
6.2 ns.

Viscosity Measurement$he observation of large hypo-
chromicity and luminescent quenching is suggestive of an
intercalative DNA binding mode for][(NO3).]. However,

further investigate the observed quenching effect, lumines-2 Simple method for authoritatively distinguishing  this

cence titrations of. with poly(dA)-poly(dT) and poly(dG)

binding mode involves viscosity experiments. Classical

poly(dC) were also carried out. In both cases, quenching intercalation results in a lengthening of DNA, thus producing

analogous to that observed for CT-DNA was found to occur. & concomitant increase in the relative specific viscosity of
The raw data obtained from the absorption and emission @queous DNA solutions4@). Therefore, the effect ofl]-
titrations were used to construct binding curves for the [(NO3)z] onthe viscosity of aqueous CT-DNA solutions was

interaction of L][(NO3),] with CT-DNA, which were in turn
fitted to the McGheevon Hippel (MVH) model 40),

investigated. It was found that the viscosity significantly
increased upon addition @f(Figure 6). This observation is

resulting in the binding parameters shown in Table 2. Fits @ Priori evidence for an intercalative binding mode for

of these data to the MVH model offered some suggestion of
a binding sequence preference for GC regions (Table 2).
Additionally, it was noted that binding site sizes obtained in

Calorimetry Studies

To obtain further insight into the thermodynamics of the

these experiments were consistently larger than those ob-DNA binding process, the interaction of][(NO3),] with
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Table 3: Summary of Thermodynamic Parameters Derived from ITC Studies for the BindingmafA and A [Ru(phen)(dppz)f*™ (data for
metal complexes from ref5)

ligand n S(bp) Ky (M~ bp) AHg (kcal/M) AGgps (kcal/M) TAS (kcal/M)
1 0.283 35 (5.4 0.6) x 10* —-2.6+0.2 —-7.4+053 4.8+ 0.6
A [Ru(phen)(dppz)F" 3.0 3.2x 1¢° 0.2 -8.9 9.1
A [Ru(phen)(dppz)B* 3.0 1.7x 10° 2.9 -85 11.4

aValues orAGgys for all three compounds were determined using binding constants determined from either UV, fluorescence, or luminescence
binding experiments. Thermodynamic data forand A isomers of [Ru(phenjdppz)f" were determinednia 5 mMTris, 50 mM NacCl, pH 7.0
buffer. ® Enthalpy values were measured directly using isothermal titration calorimetry, and the standard relafi@shigH — TASwas used
to compute changes in entropy. Error values for the thermodynamic parameters associated with the bihdnegbaised on three separate ITC
measurements.

1.15 corrected binding isotherm shown in the bottom panel of
Figure 7. These data were best fit using a single set of
identical binding sites model. It is self-evident that this model
is not the correct one for this system given the nature of the
DNA lattice used in these experiments, which has an array
of potentially nonidentical intercalation sites. However, the
sigmoidal nature of the binding curve gives no indication of
more complex binding, and therefore, the use of more
complex models to describe these data was not statistically
justified.

095, 004 0.08 012 016 02 024 The principal use of ITC in these experiments was to

1/R (R = [DNA] / [ligand]) directly measure, and model independently, the binding
FIGURE 6: Plot of relative viscosityf/no)“3 of CT-DNA vs 1R enthalpy, which was found to be-2.6 kcal/mol. The
for [1][(NO3),] in a Tris buffer (5 mM Tris and 25 mM NaCl) at  equilibrium binding constant evaluated from spectroscopic
pH 7. titrations was used to determine the free energy change
(AGab9, and hence, the change in entropy could be calculated
using standard relationships. These thermodynamic data are
summarized in Table 3. For comparison, calorimetrically and
spectroscopically determined thermodynamic data for the two
isomers of [Ru(phenfdppz)f" are also included4®).

The overall thermodynamic picture that emerges from
calorimetry experiments for the interaction bfwith CT-
DNA is that binding is both enthalpically and entropically
favored. In addition, the binding df is approximately 10-
fold weaker than the interaction of the dppz complexed to
the RU center. The binding of the metal complexes is almost
entirely entropic in nature with the enthalpy change in both
cases being unfavorable. Clearly, the presence of a metal
and coordinated phenanthroline rings has a major effect on
the binding thermodynamics.

The site size, obtained from ITC fot, is in good
agreement with values obtained from spectroscopic titrations
and is entirely consistent with the neighbor exclusion model
of intercalative binding. However, the value i§f derived

- -
o -
J -
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Ficure 7: Raw ITC data for the titration ofl]J[(NO3),] into CT-
DNA at 25°C.

CT-DNA was investigated using ITG{, 32, 44). A typical

from the ITC experiments is 6 times lower than that obtained
from spectroscopic titrations. The discrepancy between
spectroscopically and calorimetrically determined binding
constants is discussed further in the next section.

titration is shown in Figure 7, while thermodynamic param-
eters are summarized in Table 3. DISCUSSION AND THEORETICAL ASPECTS

The top panel in Figure 7 shows the power compensation Photophysical Properties df The photophysical proper-
peaks produced after each serial injection of ligand into the ties of 1 are striking. A comparison with [Re(Cgfpy)-
sample cell containing DNA. Integration of these peaks with (dppz)]" is particularly revealing. It has been established that
respect to time (and appropriate correction to a per mole luminescence of the metal complex is frorfra— p* state,
basis) gives the corresponding binding isotherm in the bottom and thus, as would be expected, the emission is structured
panel. The heats of ligand dilution were small and positive with a long lifetime ¢ > 100us) (18—20). In contrast, the
and did not vary as a function of ligand concentration, blue-shifted luminescence @fis unstructured with a short
indicating that at the concentrations used in these experimentdifetime. Furthermore, a closer examination of the previously
(typically, 2.0-2.5 mM) there is no significant ligand self-  reported absorption spectrum fbm water reveals that, apart
association. The heat of dilution was subtracted to give the from the characteristic double-humped— p*(dppz) transi-
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that the excited state df is sufficiently reactive to photo-
oxidize both guanine and adenine sites. More detailed studies
on this process are underway.

Resoling the Discrepancy between Spectroscopic and
Calorimetric Binding ConstantsExamination of Tables 2
and 3 shows that binding constants determined from absorp-
tion and luminescence titrations differ from calorimetrically
determined binding constants bys-fold at 25°C, despite
the use of identical buffer conditions. This discrepancy
almost certainly arises from the fact that two different models
have been used to fit the respective binding isotherms. In
the case of the spectroscopic data, a neighbor exclusion
model as described by McGhee and von Hippel was used.
Calorimetric data were fit to a single set of identical binding
sites model. In the neighbor exclusion model,khgarameter
is the binding constant for the interaction of a ligand (drug)
with an isolated binding site. In this context, “isolated site”
Ficure 8: DFT-calculated frontier molecular orbitals far refers to a stretch of DNA base pairs long, whereis the
] ) ) exclusion parameter. For the ITC data, where a normal single
tions at 364 and 380 nm, a relatively intense shoulder that g¢t of sites model is used, the DNA concentration is set in
extends past 410 nm is also observed. As discussed aboveyase pairs and the molar binding ratipié calculated, where
excitation into this band also results in emission at 510 nm. , — Cy/[Shot (Co is the concentration of bound drug andgS]

All these observations are indicative of intramolecular charge i the total concentration of binding site DNA in base pairs).
transfer (ICT). Thus, in comparison with other reported Here the resultank will not equal theK obtained from

systems46) containing analogous functional groups, the data pejghhor exclusion fitting. In fact, the two values should
are consistent with ICT from a HOMO centered on the jffer by the factom, the exclusion parameter or the number
electron-donating phenazine portion df to a LUMO of base pairs in the binding site. By making this correction,
centered on the electron acceptor diquat moiety. Furtherye fing that within error the binding constants obtained from
support for this hypothesis is provided by density functional spectroscopy (2.& 10° M~1) and calorimetry (1.9« 10°

theory (DFT) calculations. _ M~ are in reasonable agreement.
DFT Calculations In contrast with dppz-based metal DNA Binding Thermodynamics of. The affinity of
complexes, theoretical modeling of the entirely orgahis compoundl for CT-DNA is moderately high and in the

re_latively facile. The-se CaICUIationS reveal that the three normal range expected for simp|e intercalators. From Table
highest MOs ofl, which are close in energy, are centered 3 it s clear that the binding df is 10-fold weaker than the
on the phen_azine region of the _molecule_. In contrast, the binding of eitherA or A [Ru(phen)(dppz)P*. Isothermal
LUMO of 1 is centered on the diquat region of the cation titration calorimetry offers the most direct and model-
(Figure 8). independent method for measuring DNA binding enthalpies.
Further photophysical and theoretical studies will be |n this study, we have for the first time measured the binding
required to ascertain the extent that solvent interactions enthalpy of an “isolated” dppz moiety and found it to be
modulate the ordering of the three occupied MOs from Figure small and negative. The negative sign foH is typical for
8, and to determine the precise character of the photoexci-intercalation where stacking interactions with DNA base pairs
tation at 410 nm. However, it is clear that the calculations stabilize the drug DNA complex. For example, enthalpy
outlined above are consistent with photoexcitation into a ICT values of—8.8 and—10.4 kcal/mol have been determined

state. for ethidium and daunomycin, respectivef?2( 53). This is
Effect of DNA on LuminescendeNA-induced lumines-  in contrast to the small positive enthalpy values measured
cent quenching is a well-studied phenomend, (48). for both theA andA isomers of [Ru(phenjdppz)f*, despite
Indeed, several metal dppz-based complexes show emissionthe unambiguous demonstration of intercalation of these
that are quenched upon interaction with polynucleotid&k ( ligands (1—20, 45). In the latter case, the overall thermo-

Even emissive states with lifetimes of nanoseconds can bedynamic profile was interpreted by suggesting that the
quenched by this mechanis®0f. Usually, this phenomenon  favorable enthalpy that should arise from intercalative
is due to electron transfer from photo-oxidized guanine sites, stacking is overcome by the energetic cost of placing bulky
but depending on excited state redox potentials, it can alsophenanthroline wings into the DNA grooves. At the same
involve adenine sites. time, however, the positioning of the phenanthroline rings
From polarography, the ground state one-electron reduc-into the DNA grooves would give rise to a favorable entropy
tion of [1][Br] in water occurs at akeq 0f —0.40 V versus arising from the expulsion of site specifically bound water
SCE @1), that is—0.16 V versus NHE. From these data, molecules. The overall observed thermodynamic parameters
and theAEy_ value of 2.43 eV, obtained from the emission arise from a balance of opposing energetic factors.
maximum forl, the excited state reduction potential for The DNA binding thermodynamics df are somewhat
can be estimated from the relatiBRg¢* = Ereq + AEo—o (2.25 unusual since binding is both entropically and enthalpically
V vs NHE). From pulse radiolysis studies, the oxidation favorable; however, the enthalpy is small in magnitude
potentials of guanosine and adenosine are 1.58 and 2.03 \tompared to the enthalpies of other simple intercalators. The
versus NHE, respectivelpl). From these values, itis clear positive TAS term is consistent with hydrophobic interac-
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tions, where nonpolar groups are buried and made inacces-groove. Furthermore, the larger binding affinitylofor poly-
sible to polar solvent. Intercalation of the dppz ligand is (dG)-poly(dC) is also consistent with this model as it is
certainly consistent with this picture. If this were the case, established that actinomycin d binds preferentially to specific
then we would also expect a favorable (negative) enthalpy GC sequences{—56).

term to arise from van der Waals stacking interactions, and

this is, in fact, exactly what is observed from the calorimetry CONCLUSION

data. Compound is a dication at pH 7.0, and therefore, the
interaction of this ligand with DNA is thermodynamically
linked to the binding of sodium ions to DNA. This means
that upon binding ofl to DNA there is a stoichiometric _isolated dppz unit with duplex DNA. The DNA binding
release of condensed counterions from the DNA I_attlce.Thls affinity of 1, while comparable to that of many metal
polyelectrolyte effect is almost entirely entropic in nature, complexes of dppZ1Q, 14, 15, 18, 19), is lower than that of
and therefore, this process must be a major cont(ibutor t_othe [Ru(phenydppz)p* cation (L3, 36), and this can be
the observed favorable entropy change that drives this oyhiained by a consideration of the additional contribution

interaction. 2 .
of groove binding by the [Ru(phef)?" moiety for the metal
An additional source of favorable entropy consists of co?nplex. g by the [Ru(phes) y

changes in the hydration state of both the ligand and the More detailed bio . . :
; . _ physical and photophysical studies on
DNA. Disruption of bound water from the ligand or the DNA the nature of the interaction df with DNA, including an

binding site would re_sult in an unfavorable enthalpy but investigation of photoinduced redox processes, are ongoing.
favorable entropy. This may be one of the reasons why the Synthetic studies on molecules related odesigned to

net enthalpy change is smaller in magnitude than what might g oy targeted binding selectivities and higher affinities,
be otherwise expected for intercalators of this type. We are underway.

conclude therefore that the binding bfo DNA is primarily

entropically driven. The molecular events that lead to this ACKNOWLEDGMENT

thermodynamic signature are likely to be counterion release ) ) ) o

upon binding of the dication, release of bound water from _J.A.T._ is grateful to _Prof. A. _Harrlman for an illuminating

the ligand and/or the DNA binding site, and hydrophobic discussion. We dedicate this paper to the memory of

interactions arising from the removal of the ligand from Professor lan Soutar, whose untimely death has meant the

aqueous bulk solvent into the interior of the DNA helix. A 10ss of a valued friend and colleague.

small negative enthalpy term, arising from stacking interac-

tions with DNA base pairs, also makes a favorable contribu-

tion to the overall binding free energy. A diagram showing changes in the absorption spectrum
For the A and A isomers of [Ru(phenjdppz)f™, it is of an aqueous buffer solution df|[(NO3)-] upon progressive

likely that unfavorable changes in configurational entropy addition of CT-DNA and also luminescent quenching

[1][(NOs3),] shows relatively good water solubility; this
fact, and the distinctive photophysical propertiesphave
allowed us to probe the nature of the interaction of a virtually

SUPPORTING INFORMATION AVAILABLE

arising from placing phenanthroline rings in the DNA observed upon addition of poly(d4goly(dT) and poly(dG)
grooves offset the favorable enthalpy that should be derived poly(dC) to an aqueous buffer solution di[{NOs3),]. This
from stacking interactions. In addition, there is a small material is available free of charge via the Internet at
unfavorable enthalpy from removing hydration water mol- http://pubs.acs.org.

ecules from the ligand upon binding. The net effect is a small
unfavorable enthalpy. For compourd however, there is
no energetic cost of placing phenanthroline moieties into
grooves, and therefore, in this case, the enthalpy is found to
be negative. In both cases, binding is primarily entropic in
nature, and possible sources for this are outlined above.
However, the ruthenium compounds have a higher affinity,
and this may result from additional and favorable hydro-
phobic interactions that come from placing the phenanthro-
line rings into the grooves (notwithstanding the unfavorable
loss of configurational entropy) and the concomitant release
of water and cations from the DNA grooves. Compound
does not pay as large an energetic “cost” asshand A
isomers of [Ru(phenjdppz)f" in DNA binding, but neither
does it gain the large energetic “benefit” in binding that leads
to the overall higher affinities of the metal complexes.
Location of Intercalationlt has previously been pointed
out that the dppz ligand is structurally analogous to the
naturally occurring antibiotic actinomycin d, a minor groove
intercalator {9). Given this structural resemblance, the low
steric demand of an essentially two-dimensional cation, the
evidence of high solvent inaccessibility upon DNA binding,
and the intercalative nature of this process, it seems highly
likely that [1][(NO3).] also binds from the narrow minor
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