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The DNA binding properties of substitution-inert transition-metal 4+

complexes have lately captured an extensive interest. A number of C?) é}q %
applications are discussed, several involving the design of com- ’M% —Ru—H,
plexes of recognizing ability to be used as conformational probes C}‘O W

or in selective chemotherapgyDue to the strong, distinct binding - -

and bright luminescence upon intercalation of double helical DNA, -Q—QN DK
ruthenium(ll) complexes containing a dipyridophenazine (dppz) gﬁ%ﬂ -§ %
ligand are interesting in this contekfThrough development of VAN WA
binuclear complexes, such as the semirifyjd-[x-(11,12-bidppz)- ,
(phen)Rw]** (A,A-P4, Figure 1), improved chiral discrimination . L st _t - i binucl ;h ) | .
H H H : H H lgure 1. ructures o e semirgi Inuclear ruthenium compiexes o

" e L Bl 2205 e €17

: and X = 1,10-phenanthroline R, bottom), 11,1%bidppz = 11,11-bis-
ruthenium centers through the base stack, it requires large transientdipyrido[3,2a:2',3-cJphenazinyl). The octahedral coordination of the Ru
conformational changes of the DNA helix. The high level of centers gives rise to two stereoisomeric forms: the right-handdugd
structural discrimination, accordingly attained from linking two the left-handed4) propeller.

monointercalators, makes binuclear ruthenium complexes interesting

candidates as selective DNA targeting agents. o Lumineeconcs ouesy 1 porm) s
Initially, the semirigid complexes bind with high affinity on the : 0

outside of the DNA in a nonluminescent binding mode, indicated 2 . 0.7

by linear dichroism to be semi-intercalation for theA-enantio- \\ 05 *

-4

In(t,,, - 1)

mers3 The complexes become luminescent when threading through
the DNA, where upon one dppz moiety is fully intercalated. To 026
widen the mechanistic understanding of the threading process, we % _
have investigated the kinetic effects of complex structure and S e zgug-mu' pron pre pei
DNA sequence. Since the rearrangement kinetics, in general, is Time /s Time /s

found to be multiphasié; it was quite a surprise Whgn we found Figure 2. Luminescence intensity | (black) after mixing afA-By (left)

a system that obeyed a very simple rate lafA-B,4 binding to andA,A-Pq (right) with poly(dA-dT) at 25°C, [basepair)/[complexi 8,
poly(dA-dT),, as measured by luminescence, is well described by normalized to 1 at 25 000 s. The logarithmic and inverse scale give rise to
a single exponential at a [basepair]/[complex] ratio df lgore linear plots (fed),fhf)lWing that,A-Bs4 and A, A-Py bindings f0||0v\:113 fiisit-
intriguing was the finding that, under the same conditions, the 92{’;‘ IzwiAr:s;g;ti\?el))/ and second-ordekecondL]o = 7.0 x 107 s7)
closely related complex,A-P, follows a second-order rate law, ' '

rate=k x [nonthreaded complek]Figure 2). These observations To account for the different states of the DNA lattice, the kinetics

suggest that multiple pathways indeed exist for threading through of A A-P, threading was modeled by employing the conditional

the DNA, and that the choice of pathway is sensitive to small probabilities of a noncooperative McGhee and von Hippel ap-

structural changes of the complex. proach? Emission traces were simulated by calculation of the time
The study was extended by measurements at larger [basepair]levolution of the binding density of the threaded (luminescent)

[complex] ratios (16, 32, and 64), which showed that the kinetics complex, fp, by numerical integration of a rate law comprising

of threading ofA,A-B, is practically independent of binding density  two pathways | and Il (see Supporting Information).

(Figure S1, Supporting Information), agreeing with the reaction

being of first-order nature. In sharp contrast to Biecomplex, dép B o q

binding of theP, analogue was found to go to completion faster at dt == dar = ki0g(ff)" + k, 0g(ff)"(fb)

larger [basepair]/[complex] ratios, and furthermore showing gradual

transition to a clean pseudo-first-order kinetics at a ratio of 64 where@g is the binding density of the nonthreaded complé®, (

(Figure 3). Thus, while the threading &f A-B4 can be described  and (b) are the conditional probabilities that a free binding site is

as a unimolecular rearrangement of an initially bound state, the immediately followed by another free binding site and a binding

behavior of A,A-P, rather suggests a bimolecular rate law of the site covered by a nonthreaded complex, respectively. The exponents

form, rate = k x [nonthreaded binding sitesk [nonthreaded p andq are related to the spatial requirements of the transition states

complex]. However, such a simple model did not produce a of the two pathways | and Il (see below). At large [basepair]/

satisfactory fit to the experimental data, which is not surprising [complex] ratios, ff) is close to 1 andf) is small, yielding pseudo-

since it does not differentiate between free binding sites and binding first-order kinetics through path I. At small ratio$) (s small and

sites occupied by the initially bound nonthreaded complexes. (fb), which is roughly proportional t@g, is relatively large, and
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Figure 3. Luminescence intensity (symbols) after mixing/®fA-P4 with
poly(dA-dT), at different [basepair]/[complex] ratios (normalized to 1 at
25000 s). Binding density of intercalated state D (line) obtained from
numerical integration of the globally fitted rate law presented in text.
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Figure 4. Suggested mechanisms for threading intercalation @£-Ba

(top) andA,A-P4 (bottom). From left to right: free complex A in rapid

equilibrium with nonthreaded states B (semi-intercalated) and C (groove

aligned) The subsequent rearrangement processes give the final threade

state D.

approximate second-order kinetics results via path Il. Global fitting

to the experimental data at the four mixing ratios glve 12 x

1038s Lk =50x 103s1, p=11, andg = 2, with an excellent

agreement between simulated and measured traces (Figure 3).
Numerous mechanisms might be envisaged that could give rise

to the rate expression above. However, an interpretation that also

accounts for the kinetics of th&,A-B, analogue is schematically
presented in Figure 4. Rapid equilibrium exists between free ligand
A and two nonthreaded states B and C. The dominating state B is

semi-intercalated, while the much less abundant state C is assumed

to be aligned along the groove. FQrA-B,, the model supposes B
to be able to rearrange directly within its basepair pocket to the

final threaded state D, whereas the steric hindrance of the larger

phenanthroline ligands makes this path unfavorableAfok-P,.

By contrast, the groove-aligned state C allows the middle ring
of a phenanthroline ligand of,A-P, to wedge an opening in the
base stack. This facilitates the threading through the DNA helix,
although it requires a long stretch of free DNA. In the presence of

an adjacent semi-intercalated B state that has partially unstacked
the bases, the state C complex is provided an alternative, spatially
more efficient mechanism for threading. As a consequence, the
threading ofA,A-B,4 can be described by a first-order rearrangement
independent of binding density, while the requirement a neighboring
section of nonthreaded DNA fok,A-P, gives rise to a second-
order rate law at high binding densities. Assuming the binding site
size of the nonthreaded state &) to be 4 basepairs, the results
suggest that the binding site size of state G s ng = 6 basepairs

and that the transition states of paths | and Il invgivé ng = 15

and g + 2ng 10 basepairs, respectively (see Supporting
Information). Finally, by assumption, the transition stateAoA\-

B, threading involvesiz = 4 basepairs.

In conclusion, the small structural differencesAfA-B, and

A,A-P, result in large changes in mechanisms for threading
intercalation. TheA,A-B, intercalates into poly(dA-dT)via a
simple first-order rearrangement mechanism, as shown by the
[basepair])/[complex] independent kinetics. Threading intercalation
of the closely related analogueA-P, to the same polynucleotide
is more complex, but can nevertheless be excellently described by
numerical integration of a McGhee and von Hippel rate law
comprising two separate pathways (see Supporting Information).
In contrast toA,A-B,, the first-order threading mechanism/AfA-
P, involves a transition state requiring a long stretch of free DNA.
The mechanistic sensitivity to ancillary ligand structures proves
the potential of semirigid binuclear ruthenium complexes for
selective DNA reactions.

Supporting Information Available: Emission traces of\,A-B,4
binding to poly(dA-dT) at the four mixing ratios (Figure S1) and
extended explanation of the kinetic analysis. This material is available
free of charge via the Internet at http://pubs.acs.org.
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