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DNA-binding small molecules have since long attracted interest
because of their interference with important mechanisms in the cell,

some inducing mutations and cancer, while others have found use
as cancer therapeutics. To learn more about the molecular mech-

anisms of DNA-binding, in general, and the prerequisites for
specificity, in particular, various bulky and sterically constrained
molecules have been studied, including chiral substitution-inert
transition metal compoundsuch as the complex [Ru(phetppzf+
(phen = 1,10-phenanthroline; dppz dipyrido-[3,2a:2',3-c]-
phenazine§,which binds to DNA by intercalating the dppz moiety
between the base pairs of the DN# To increase specificity,
including chiral discrimination, and to decrease the dissociation rate,
which is considered important for antitumor activitgne approach
has been to make dimeric compounds. For a bis-intercalating dimer
with a flexible linker (u-c4(cpdppz)(phen)Ruw,]*"), it was indeed

shown that the dissociation rate was reduced by several orders of

magnitude’, as an effect of the complex being threaded through
DNA in a way that requires a huge, transient conformational change
to occur in the DNA structur& One class of [Ru(phegppzF™
dimers reported on earlier, and to which the presanlfl,11-
bidppz)(phenRw,]*" (Figure 1) belongs, has been found to display
very high binding affinity for DNA and to show marked variations
in their binding geometry to DNA depending on the enantiomeric
form (A,A or A,A).8

We here report the observation of an extremely slow rearrange-
ment of the initial DNA-binding mode of the compleX,A-[u-
(11,11-bidppz)(phenRw,]*" (11,11-bidppz= 11,12-bi(dipyrido-
[3,2-a:2',3-c]phenazinyl)) (), earlier assigned as a groove-bound
mode on the evidence of the positive linear dichroism, lack of
fluorescence, and modest hypochromism upon DNA-binéliAg.
serendipitous observation of a sample of calf thymus (ct) DNA
and 1 that had been left for 2 weeks at room temperature
surprisingly showed a change of LD from positive to negative,
indicating a change of binding geometry. Further studies by CD
indicated that the integrity of the complex was intact. To be able
to examine the binding process more efficiently, it was accelerated
by adding salt and raising the temperatre.

Figure 2, showing the flow linear dichroigr{LD) spectra ofl
in the presence of ct-DNA recorded at different times after mifing,
unambiguously reveals that a major change in binding geometry
occurs. Despite elevated temperature (#5) and high salt
concentration (100 mM N3, equilibrium takes almost 1 day to
reach. For comparison, the DNA-binding of the bis-intercalating
A A-[Ru(phenydppzft-dimer ([u-c4(cpdppziphen)Rw]*") is
complete after one-half of an hour at room temperature in 100 mM
Na*.> We propose the complex is rearranged from a groove-binding
to an intercalative geometry, that is reached by threading one of
the Ru(phen)moieties through the DNA duplex, thereby intercalat-

*To whom correspondence should be addressed. Telephdart8-(0)31-
7723041. Fax:+46-(0)31-7723858. E-mail: norden@phc.chalmers.se.

12092 = J. AM. CHEM. SOC. 2002, 124, 12092—12093

nd, Per Lincoln, and Bengt Nordén*
ity of Technology, S-41296 Gothenburg, Sweden
11, 2002

4+

Figure 1. (1) A,A-[u-(11,12-bidppz)(phenRu]**; phe_n= 1,10-phenan-
throline, 11,1%-bidppz= 11,11-bi(dipyrido[3,2-a:2',3-c]phenazinyl).
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Figure 2. Flow linear dichroism spectra of 1M 1 and 160uM calf
thymus DNA (P/Ru rati® of 8) at different times after mixing (100 mM
Na", 1 mM sodium cacodylate, pH 7). The two distinct spectra are the
start and final ones, and the arrows specify spectral change with time (0, 1,
2, 4, and 16 h of storage at 4&). The arrow at 320 nm indicates the
change at the wavelength where the transition moment originating from
the bidppz-ligand is dominating, and the arrow at approximately 270 nm
illustrates the change where the transition of the phenanthroline-ligands
makes the largest contribution. Experiments were performed at room
temperature.
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ing one of the bridging dppz ligands between the DNA base pairs
and thus placing one metal center in each groove.

An absorption peak at 320 nm which originates from & 7*
transition polarized parallel to the long axis of the bidppz ligand
has been used to estimate the angle between this directioarid
the DNA helix axis to be about 73°an angle, although deviating
from 9C, is still consistent with intercalation when regarding the
fact that both dppz moieties do not have to be aligned parallel with
the bases. The isosbestic point at 287 nm (Figure 2) and the result
of a singular-value-decomposition analysis of the LD spectra (not
shown) indicate that two binding geometries are enough to
accurately describe the spectral variations: an initial groove-bound
and a final intercalated geometry. This hypothesis is consistent with
the observation that the complex dissociates almost instantaneously
from DNA from the initial binding mode upon addition of SDS,
while it needs several days at 4B to dissociate from its final
binding mode (see Supporting Information S1).

Both the rearrangement between the two DNA-binding modes
of 1 and the subsequent SDS-induced dissoci&tifsom its final
DNA-binding mode were followed by observing the change in
fluorescence of the complex. The processes are extremely slow even

10.1021/ja027252f CCC: $22.00 © 2002 American Chemical Society
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Figure 3. Rearrangement (emission build-up curve)lobound to calf
thymus DNA and also dissociation (emission decay curve) of the complex
from its final DNA-binding mode. A solution of 1@M 1 and 160uM
([bases]) calf thymus DNA was used. For the dissociation, SDS was added
to a final concentration of 0.6%. The experiments were performed €50
in a 1 mM sodium cacodylate buffer (100 mM NapH 7).
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Table 1. Arrhenius Parameters for Rearrangement of
DNA-Binding Geometry and DNA Dissociation from the Final
Binding Mode of 1

in Ay Ez; (kd/mol) inA; E.» (kd/mol)
rearrangement 28.3 94.0 22.3 83.0
dissociation 17.9 65.1 175 66.4

Table 2. Luminescence Properties of 1 in the Presence of
Various Types of DNA (P/Ru Ratio of 8) (Luminescence Properties
of A-[Ru(phen).dppz]?* in poly(dA-dT), are also included)

calf thymus poly(dA-dT), A-[Ru(phen),dppz]?*
P 0.02 0.09 0.07
T/ng 406 (0.19) 707 (0.79) 756 (0.58)
T2Ins 156 (0.44) 131 (0.21) 129 (0.42)
T3/ns 36 (0.37)

alLuminescence quantum yielBExcited-state lifetimesj and, in
parentheses, normalized preexponential factors reflecting mole fractions of
the different luminescing speciestat 0 (directly after illumination).
at elevated temperatures (Figure 3). The kinetic data for the two
processes obtained at four different temperatures had to be fitted
by a double exponential functiolC{ exp(—kit) + C, exp(—kat))
to get a good fit. It is not yet clear whether this biphasic intercalation
kinetics is due to sequence or ligand-distribution heterogeneity. The

rate constants (see Supporting Information S2) were used to estimate

the Arrhenius parameters for the processes (Table 1). The high
activation energies agree well with the proposed intercalative final
binding mode. To rearrange or dissocidt@bviously has to thread
one of the Ru(phen)moieties through the DNA duplex, which

requires the unstacking and base pair opening of at least one base

pair. Indeed, our activation energies (Table 1) are in reasonable
agreement with those experimentally determined for base pair
openings (AT, 7180 kJ/mol; GC, 69-88 kJ/mot?). However, it

should be noted that, according to these data, the SDS-induced

dissociation rate is faster than the rearrangement rate, which is
inconsistent with the final species being thermodynamically more
stable. A plausible explanation is that, contrary to what has been
found previously for small DNA-binding dyés but supported by
preliminary experiments in our laboratory, SDS monomers can
catalyze the DNA dissociation process of hydrophobic cations.
That the final binding mode in DNA is of intercalative nature is
further supported by luminescence measurements (TabfeThe
luminescence quantum yield @fin its final binding mode in ct-
DNA is approximately 1500 times higher than that found for the
complex free in water solution. This quantum yield increase is of

the same order of magnitude as that established for the intercalated

ruthenium monomer under the same conditions. A higher quantum
yield when the complex is bound to poly(dA-dT9uggests that
the aza-nitrogens of the bidppz ligand are more protected from water

quenching in this case than in the mixed sequence DNA. The similar
lifetimes observed forl in this case and those found for the
ruthenium monomer (Table 2) under the same conditfoase
striking, indeed supporting our conclusions thas intercalated in

its final binding state.

Remarkable properties dfare its extremely slow reorganization
from an initial to a final binding mode upon interaction with DNA
and the very slow dissociation of the complex whether with ct-
DNA or poly(dA-dT). That intercalation is being reached much
faster for the closely relategi{c4(cpdppz)phen)Ru]*" complex
as compared td is most likely due to the more flexible linker
between the ruthenium centra. The slowness of both processes is
probably due to that the final binding mode is intercalative and
that the threading of the complex through DNA, which is required
to reach intercalation, is sterically hindered. The unique slow
dissociation ofl in its final DNA-binding mode suggests that this
class of threading, partially intercalated, binuclear complexes may
be interesting in the context of cancer therapy. Also, their unique
optical and photophysical properties could make such complexes,
either alone or scaffolded by DNA structures, of interest for the
development of nanometer-sized molecular optoelectronic de¥ices.

Supporting Information Available: Dissociation from the two
different DNA-binding modes ofl studied by linear dichroism;
temperature dependence of rates of DNA-binding mode rearrangement
and DNA dissociation fod (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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