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Herein, we report on the binding of optically pure ruthenium complexes A- or A-[Ru(bpy)z(L-L)][PFel. [L-L =
Hcmbpy = 4-carboxy-4'-methyl-2,2"-bipyridine (1), L-L = Hpdchpy = 4,4'-dicarboxy-2,2'-bipyridine (2)] to DNA.
The binding constants of the two enantiomeric A-1 and A-1 complexes to DNA were estimated from titration
monitored by 'H NMR spectroscopy. 2D transferred NOESY (TRNOESY) experiments support the conclusion that
A-1 and A-1 bind to DNA and that an intermediate-to-fast exchange occurs between bound and free Ru(ll) complex.
Further, evidence for enantioselective DNA cleavage by A-2 is provided by means of gel electrophoresis performed
in the presence and in the absence of light; in contrast, the A-2 enantiomer does not. The IR spectrum of enantiomer
A-2 (or A-2) compared to that of the racemate (rac-2) gives evidence that, in the latter form, the enantiomers are
strongly associated. Moreover the X-ray structure of rac-2 was also determined and exhibits as an outstanding
feature the formation of a one-dimensional supramolecular species in which the cohesion of the system is maintained
by strong hydrogen bonding between carboxylic acid groups of enantiomers A-2 and A-2 (cationic parts) with
d(0-++0) = 2.6 A in agreement with the infrared results. The conclusion that can be drawn from IR and X-ray
spectroscopies together is that the self-association in rac-2 is strong.

Introduction result of the different interactions that can arise when
enantiomeric forms/A or A) interact with a variety of chiral
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DNA Binding by Optically Pure Ruthenium

Chart 1. Atom Labelingt

R'=-COOH;RZ=-Me (1)

R'= R? = -COOH
a A-2 cationic part represented.

()

As an example, in a previous wotkye established that
each enantiomer of the paifs and A-[Ru(bpyk(Hcmbpy)]-
[PRg]2 (A-1 andA-1) or A- andA-[Ru(bpy(H2dcbpy)][PF]2
(A-2 and A-2) (Chart 1) shows strong, but quite different,
affinities for theA-Trisphat anion [Trisphat= tris(tetrachlo-
robenzenediolato)phosphate(V)]. lon pairing is controlled by
m-stacking interactions and favors the homochiral pairing
relative to the heterochiral one. In this paper, we highlight
the finding that the DNA recognition by the dicarboxylic
ruthenium salts strongly differs from that displayed by the
monocarboxylic ruthenium salts. Further, we address the
question of determining the stereospecificity of the binding
of these chiral ruthenium bipyridyl complexes to DNA,
which could be viewed as a chiral “supermolecule”. Binding
constants for the two enantiomeXsl andA-1 are estimated
from the'H NMR chemical shift variation of the resonances
attributed to the ruthenium system upon DNA addition. Also,
transferred NOESY (TRNOESY) experiments are used to
study the A-1-DNA and A-1-DNA interactions> Gel
electrophoresis experiments are utilized to investigate the
interactions ofA-2 and A-2 with linear DNA. Evidence for
a chiral recognition of linear DNA by the dicarboxylic
metallic species is found even in the absence of light. Further,
the X-ray structure ofac-2 was determined and exhibits as
an outstanding feature the formation of a one-dimensional

supramolecular species in which the cohesion of the system

is maintained by strong hydrogen bonding between carbox-
ylic acid groups of enantiomers-2 and A-2 with d(O-+-O)

= 2.6 A. To the best of our knowledge, no structural studies
have previously been reported on analogous systems. Inter
estingly, rac-2 in solution does not cleave linear DNA,
whereas the\-2 enantiomer does. A complete solution and
structural analysis of these ruthenium polypyridyl complexes
is included.

Results and Discussion

A- and A-Monocarboxylic Tris(bipyridyl) Ruthenium
Bind DNA. NMR Investigation. Recently, Metcalfe and

(3) (&) Wanmark, K.; Thomas, J. A.; Heyke, O.; Lehn, J.-i@hem.
Commun.1996 701. (b) Wanmark, K.; Heyke, O.; Thomas, J. A.;
Lehn, J.-M.Chem. Commurl996 2603.

(4) Caspar, R.; Amouri, H.; Gruselle, M.; Cordier, C.; NMzkux, B.;
Duval, R.; Levéque, H.Eur. J. Inorg. Chem2003 499.

(5) (a) Campbell, A. P.; Sykes, B. 0. Magn. Resonl991, 93, 77. (b)
Bertho, G.; Gharbi-Benarous, J.; Ladam, P.; Delaforge, M.; Girault,
J.-P.Bioorg. Med. Chem199§ 6, 209.
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Figure 1. Transferred NOESY subspectrum of the cati®jRu(bpy)-
(Hcmbpy)B™ (A-1) + purified linear DNA (JA-1]/[DNA] strand & 6500)
showing theA-1 intramolecular dipolar connectivities. Particularly, the
strong negative NOE cross-peaks mark the formation ofttie-A-DNA
binding. [500 MHz, DO + a few drops of CBCN (phosphate buffet,=

50 mM, pH= 7.2+ 1 mM EDTA), T = 303 K, mixing time= 200 ms.]
Thomas published a review in which they largely describe
the binding modes of the ruthenium polypyridyl cations (i.e.,
[Ru(phen)]**, [Ru(dpphery®*, and [Ru(bpy)(dppz)F*) to
B-DNA. In addition to the intercalation of a planar aromatic
ligand into the DNA base stack, other nonintercalative
binding modes such as groove binding and surface binding,
among others, are proposgdmong the polypyridyl ruthe-
nium salts, it was stated by Barton and colleagues that the
binding of [Ru(bpy)]>" to DNA is negligible either by
intercalation or by electrostatic interactibhlere, we assume
that the incorporation of a carboxylic group will favor the
DNA—Ru assembly, and we have investigated this issue
using NOESY experiments. All NMR measurements were
run in a mixture of phosphate-buffered@with a few drops

of CDsCN to ensure the complete solubility of our com-
pounds. Because of their molecular weightd 000 gmol ™),

the freeA-1 and A-1 enantiomers typically display weak
and positive NOE cross-peaks in solution (2D NOESY
experiments at 500 MHz with a short mixing tinfelNow,
when transferred NOESY (TRNOESY) spectra are recorded
for a Ru/DNA concentration ratio 0£6500/1 (Ru= A-1

or A-1), the cross-peaks are strong and negative (Figure 1).
The phase inversion of the intra-monocarboxylic system
NOEs indicates that the correlation time of the ruthenium

complex is modified by the presence of DNA, thus reaching
the macromolecular correlation time domain. The observation
of antiphase cross-peaks for the sodium propionate chosen
as the internal reference (5L of a solution of sodium
propionate 0.1 M was added to the NMR sample) precludes
an artifact due either to the NMR data processing or to the
high viscosity of the medium (see Figure S1 in Supporting
Information). This result confirms the association between
A-1 (or A-1) and DNA. This is also in agreement with a
fast (or intermediate) exchange process (fast or intermediate
on the time scale of spirlattice relaxation rate) between
the free and bound metallic species.

(6) Metcalfe, C.; Thomas, J. Chem. Soc. Re 2003 32, 215.
(7) Kumar, C. V.; Barton, J. K.; Turro, N. J. Am. Chem. S0d.985
107, 5518.

Inorganic Chemistry, Vol. 43, No. 25, 2004 7987



5.000 equiv. A ‘/\‘/\J\,J\J\_,./\A

3.600 equiv. ____J\_,,_/\’VL,.____/\_._J\-/\J\JL—/\.JM
2.500 equiv. __,/L__JA\/L‘___J\,_J\/\.J\.A‘_,_/\J\_
1.800 equiv. _Lp_j\ﬁv*___J\._ﬂ/\vM‘,—/\_/\\
1.250 equiv. __J\___,A_/K___J\_,JJ\,’U\VJ\_L
0.500 equiv. J ﬂ./\ /ALJ\-/\J\_)\«_/\_—/\‘

JJU__MML;

UAAN

0.250 equiv.
0.180 equiv. M\___MJ\V/\_J\_
0.125 equiv.
H12+12"  H11+11'
' H17+17/\ H16+16'
0.050 equiv. —\H92

H14+14' !
H3 H3' H10+10 , ,
A % H15+15]| H8 He H5
0.000 equiv. —
H5

'9.0 8.8 8.6 84 82 80 7.8 7.6ppm

Caspar et al.

5.000 equiv. __)\___J‘\J\_______J\___M.A_A_M__,/\_A

3.500 equiv. M A JLA_M__}L_J\_A
2,500 equiv. A4 JV\J\ LM_J\_/’L
1.800 equiv. _J(_._M_L__JA'\_JLM
1250 equiv. — J‘AJ\ Jn'\_JLAJ\_,L_,/\_A_
0.850 equiv.

0.500 equiv. —_ Jb Jﬂl AAJ_JL_J’\_/«_
0.350 equiv. JAJL J‘h\ )LA_A_J{__J\__/L
0.250 equiv. — MJ\ M_L)'L_/\_J\_
0.250 equiv. . JL!L JﬂL__»LAJ«_Jk‘fﬂL_A_

0.125 equiv. A\ J‘b\ L’L_/\/\__Hr,/\\_/\.
- HTZ+12  HTT+1
0.050 equiv._A:?Zf'wﬂU S H17+17'\ H16+16
H3 Hg H10+10Y o )
0.000 equiv. A\ o H15+15 H5

H5
9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 ppm

Figure 2. Section of theH NMR spectra of (A)A-1 and (B)A-1 upon sequential addition of sonicated herring DNA from 0 to 5 equiv (DNA base pairs).
(The slight shift of the signals observed at 0 equiv from the A spectrum to the B spectrum is due to a slight difference of the sample concentratch after d

filtration in the NMR tube.)

The gradual variation of the proton chemical shifts, upon the Ru(bpy) moiety whenA-1 is bound to the DNA helix.
titration by sonicated herring DNA, precludes slow exchange In contrast, forA-1, this signal pattern is left unchanged upon

kinetics for the two enantiomerAa-1 and A-1 (1D NMR

DNA addition. In previous workwhere theA-1 and A-1

experiments) even when the DNA/Ru ratio is equal to 5 (7.5 enantiomers were allowed to interact with theTrisphat

umol DNA base pairs for 1.amol A-1 or A-1), (Figure 2).

anion, known as a chiral shift reagent@f symmetry, we

Because a significant broadening of the signals is observedshowed that homochiral associations are favored relative to
for the highest DNA/Ru ratios and the sample solution is heterochiral pairing. For such assemblies involving two small
known to be homogeneous, we attribute this phenomenonions, because the electrostatic interactions are similar in the
to an intermediate exchange kinetics for the binding of the two pairs A—A and A—A), only the stacking strength
two enantiomers to DNA. The presence of a small amount differentiates the two pairings. Although there is no direct
of CDsCN (few drops) in the NMR sample precludes the link between the previous work on Trisphat anion and the
aggregation of the ruthenium species as well as their current studies on DNA, yet we would like to draw attention
precipitation, even for the highest DNA volume added. Itis to the fact that, in both studies, optically pure ruthenium
clear from the two series of data that both metallic enanti- complexes were analyzed in the presence of chiral anion
omers bind to DNA. Indeed, (i) the shielding of the systems A-Trisphat and right-handed DNA).

ruthenium species protons, compatible with a ring current

effect from the DNA WatsorCrick base pairs over the

When proton chemical shifts are plotted as a function of

DNA concentration, two groups of protons are easily

protons of the ruthenium salts, and (ii) the observed distinguishable (Figure 3). The group (H3, H5, and H6) is
intermediate exchange binding kinetics have been reportedthe most affected by DNA addition. These protons are all
by others as the spectral changes inherent to binding précesslocated on the pyridine bearing theCOOH function?
However, the invariance of the DNA melting temperature Therefore, we propose this region of the metallic species to
(Tm) in the presence and in the absence of the rutheniumbe the putative binding site to DNA. Large upfield shifts
compounds precludes the intercalation mode as the binding(0.5—1 ppm) of phen and dpfprotons upon DNA binding
process Tn measurements were performed by using the have been reported previouslyin contrast, in this work,
standard UV protocol). A detailed examination of the NMR the shielding of the H3, H5, and H6 protons is weaker, thus

spectra shows that many signals &fl depart from their
initial shape and gradually split upon DNA addition [for
example, signals (H9, M9H14, H14) or signals (H10, H1Q
H15, H18)]. This reflects the loss of th€, symmetry of

(8) (a) Callins, J. G.; Aldrich-Wright, J. R.; Greguric, I.; Pellegrini, P. P.
Inorg. Chem.1999 38, 5502. (b) Dupureur, C. M.; Barton, J. K.
Am. Chem. Sot994,116, 10286.
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(9) We note that, at pH= 7.2 (DO, phosphate buffer), the acidic proton
cannot be observed.

(10) phen= phenanthroline ligand, dpg dipyrido[3,24:2',3-h]quinoxaline

ligand.

(11) (a) Rehmann, J. P.; Barton, J. Biochemistry199Q 29, 1701. (b)

Eriksson, M.; Leijon, M.; Hiort, C.; Norden, B.; Graeslund, A.
Biochemistry1994 33, 5031. (c) Collins, J. G.; Sleeman, A. D
Aldrich-Wright, J. R.; Greguric, |.; Hambley, T. ihorg. Chem1998
37, 3133.



DNA Binding by Optically Pure Ruthenium

0 o A Ad s = (Orub ~ Orup) X
10 ?E‘* ~ — (IRu], + [DNA] + K,) = /(IRu], + [DNA], + K)? — 4[Ru}{DNA],
5 — 2[R},

L

(€

where Rub and Ruf represent the bound and free forms of
the ruthenium complex, respectivelfkdons = Oobs — ORruf
for selected protons ok-1 (or A-1) in the presence of the
DNA; Ky = 1/Kp, whereKj is the dissociation constant and
60 Ky is the binding constant; and [Rudnd [DNA}; are the
0 2 4 6 8 10 12 14 total concentrations of Ru and DNA, respectively. [Rg]
DNA (bp mM) assumed to be constantd mM) throughout the course of
—o—H3  HE——HE—o—HY —+—HF ——HI0——H12 > HE' — HI1—o—HF the titration (see Experimental Section). The chosen signals
for the calculations were those corresponding to protons close
to the putative binding site of the complex in question, i.e.,
H3, H5, and H6. The unknown, andKy, were determined
by fitting the experimental values\dqps Of the above-
mentioned protons to the given equation (eq 1) using the
nonlinear curve fitting routine of the program Origin (version
6.1, OriginLab Corporation, Northampton, MA), which uses
the LevenbergMarquardt algorithm (see Figure S2 in
Supporting Information). The relative error @, cal-
culated from the half-width at half-maximum of the line
(singlet signal such as H3 was selected) reaches 5% owing
L " y " y to the broadening of the peaks (see Figure S3 in Supporting
0 2 4 6 &8 10 12 14 ) h o
DNA (bp mM) Information). It is satisfying to note that the postulated
—o H3  HE—>—H5 —o—HY —4—HI —H10 ——H12 —oHE' —+—H11 —o—HE' mathematical model (vide supra) fits accurately the experi-
Figure 3. Chemical shift variation £0ops = Oobs — Oruf) Versus DNA mental data. The good agreement between the binding
concentration (millimoles of base pairs per liter) line plots forl and constants<,, calculated from H3, H5 and H6 data confirmed
A-1 protons. the assumed 1:1 stoichiometry (see Table S1 in Supporting
Information). The average values &g = 0.91 &0.08) x
supporting the idea of a weak associationfefl and A-1 10° Mt and 2.21 £0.10) x 10° M~ for A-1 and A-1,
with the helix. Elsewhere, it has been reported that methyl respectively. Some studies report affinity constants with the
groups on such bipyridyl ruthenium complexes are critical Same magnitude but for metallic complexes containing
in eliciting different steric interactions with the walls of the ligands with a more extendedsystem* For example, the
DNA grooves!? For A-1 andA-1, the methyl and-COOH Ky value is around 10V~ for [Rh(phen)]** **and for some
share the same bipyridine unit, each group being located on[RUR RpicchxnMe)(bidentate)f” derivatives.® Each time,
one ring of the pair. Consequently, two effects can be usedthe authors proposed intercalation as the binding mode. For

to monitor the RU/DNA affinity: (i) the binding effect due this work, (i) the observation of an intermediate-to-fast

o th boxvlate funcii 4 (ii) theMe steric hind exchange process between the free and bound metallic
0 the carboxylate function and (i) € steric hindrance. species and (ii) the determination of a lély value support

Binding Constant Determination. To quantify the Ru/ a weak association of the monocarboxylic species where the
DNA affinity, the binding constantk, were calculated from  carboxylated pyridine is involved in the binding site. Indeed,
the changes in the chemical shifts of the metallic compound this carboxylic group would be predominant for RDNA
signals recorded as a function of the DNA base pair association given tha_t the unsubstituted homologue,
concentration. The observed chemical shifis,d are the  [RU(DPYXI*", does not bind DNA, as shown by Barton and

. . . co-workers’
we(;gtr)]ted ;veragAei of t/h\elchemui.al shifts fodr the fﬁiﬁﬁtjfx Surprisingly, theA-1 enantiomer binds to DNA 2.4 times
and boun i Gru) I (or A-1) enan |omer§ under conarions - e strongly than thé\-1 enantiomer. According to the
of fast-to-intermediate exchange. In this study, the chosen

DNA concentration unit is the base pair molarity. (12) Pellegrini, P. P.; Aldrich-Wright, J. R.. Chem Soc., Dalton Trans.
2003 176.
Assuming a one-to-one binding stoichiometry such as  (13) Connors, K. ABinding Constants: The Measurement of Molecular
Complex StabilityWiley: New York, 1987; Chapter 5.
(14) Sorasaenee, K.; Fu, P. K.-L.; Angeles-Boza, A. M.; Dunbar, K. R,;
— o Turro, C.Inorg. Chem.2003 42, 1267.
Ru+ DNA = Ru—DNA (15) Fu, P. K.-L.: Turro, CChem. Commur2001, 279.
(16) (a) picchxnMe = N,N'-dimethylN,N'-di(2-picolyl)-1,2-diaminocy-
. clohexane. (b) Proudfoot, E. M.; Mackay, J. P.; KarusdBi®chem-
(where Ru= A-1 or A-1), it has been demonstrated tRat istry 2001, 40, 4867.
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standard relatioAGy,d313 K) = —RTIn(Ky), the observed

binding free energies are favorable for both isomers, with a

preference for thé\ compound. This specificity is unusual
but has already been reported for a similar compétifie.,
[Ru(bpyMe)2(phen)ft) for which the A isomer binds to
DNA more tightly. At first sight, this result contrasts with
the proposal, which is that th&-Ru—A-DNA assembly
would be more intimate than thA—Ru—A-DNA one??
Nevertheless, the DNA binding thermodynamic results from
a set of properties including hydrogen bonding, van der
Waals interactions, electrostatic interactions, and “hydro-
phobic” interactiong® All of these terms are included in the
relationshipAG = AH — TAS, where the binding free energy
results from enthalpic and entropic terms. Haq éf alave
established a DNA binding thermodynamic profile for the
[Ru(phen)dppzft compound?® In their hypothesis, the
entropy associated with the heterochirat-Ru—A-DNA

(A-Ru—A-DNA), and this supports a highé€, value for

Caspar et al.
12 345 1230123
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6587 eme— __ - . '
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Figure 4.
linear DNA. Lanes 2 and 5: linear DNA rac-2 at 1 mM. Lane 3: linear
DNA+ A-2 at 0.5 mM. Lane 4: linear DNA A-2 at 0.5 mM. (B)
Experiment performed in the presence of light. Lane 1: linear DNA (6587
base pairs), Lane 2: linear DNA rac-2 at 1 mM. Lane 3: linear DNA-

A-2 at 0.5 mM. Lane 4: linear DNA+ A-2 at 0.5 mM. Lane 5: linear
assembly is higher than that of the homochiral assembly DNA markers with various strand lengths. (C) Experiments with identical

(A) Experiment performed in the presence of light. Lane 1:

sampling conditions performed in the presence and in the absence of light.
For both, DNA and ruthenium solutions were allowed to incubate 4 h. For

the heterochiral association than for the homochiral associa-the experiment in the absence of light, solutions were mixed under red light
tion. We believe that this thermodynamic model might and incubated in the dark. Lane O: linear DNA alone (6587 base pairs).
explain our results such as the apparent favorability of the Lane 1: linear DNA+ rac-2at 1 mM. Lane 2 linear DNA- A-2at 0.5

L . mM. Lane 3: linear DNA+ A-2 at 0.5 mM.
A-1 binding over theA-1 one as shown by the respective

Ky values.
Enantioselective Cleavage of Linear DNA byA-Dicar-
boxylic Tris(bipyridyl) Ruthenium. Gel Electrophoresis.

selective cleavage with regard to the primary structure of
the DNA sequence is suspected. Surprisinghg;2, which
corresponds to a stoichiometric mixture of the two enanti-

Preliminary electrophoresis experiments (agarose gel) wereomers, leaves the DNA intact. Both-2 andrac-2 lead to

run with dicarboxylic ruthenium compounds¢-2, A-2, and

identical DNA migration patterns. Ruthenium(ll) polypyridyl

A-2) mixed with intact plasmid DNA, present under its main  complexes are known for their potential oxidative damage
forms: supercoiled, opened circular, and linear. Here, to point to DNA when they are photoexcited. To check the hypothesis
out the most interesting results, we restrict our electrophoresisthat the DNA cleavage observed in this electrophoresis study
study to double-stranded linear DNA in the presenceaof could result from a photocleavage process in which aay
2, A-2, and A-2. For this purpose, the linear form was was photosensitive, a series of experiments run imtisence
obtained from pUST-1 plasmid DNAby cleavage withthe  of light was performed. Interestingly, the results in the
restriction enzyme Notl. The linear DNA (6587 base pairs) absence of light reproduce those obtained in the presence of
was purified by electroelution from agarose gel. A sample Jight (Figure 4C); namely, th&-2 enantiomer has intrinsic
of 1 uL containing 0.5ug of the prepared linear DNA was  reactivity as it cleaves the linear DNA form, where&s?
mixed at room temperature with the dicarboxylic ruthenium andrac-2 do not. For the latter species, we suspect that strong
species at a final concentration of 1 mk&¢-2) or 0.5 mM A-2—A-2 pairing takes place, and thumc-2 has to be
(enantiomers) (see Experimental Section for additional regarded as an entity (vide infra IR and X-ray analysis on
details). As shown in Figure 4A, only tha-2 species  rac-2). To our knowledge, DNA cleavage by a ruthenium
strongly affects the DNA migration, whereas the second polypyridyl complex in the absence of light is a rare event.
isomer does not change it. This result suggests enantiose- |R Spectroscopy. The observation of (i) differences in
lective recognition of DNA by these dicarboxylic ruthenium  the fingerprint region and (i) a shift of theC=0 stretching
compounds. A DNA scission is suspected upoi2 treat-  frequency (7 cm?) in the IR spectra recorded foac-2 and
ment, in agreement with an increase in the migration rate. A-2 (or A-2) in the solid state (KBr pellet) indicates that
When the migration pattern of the linear DNA (6587 base the crystalline form ofrac-2 is a racemate and not a
pairs) in the presence of the ruthenium species is comparecconglomeraté® In the racemate, the two enantiomers are
to that of a linear DNA marker with various strand lengths, associated by hydrogen-bonding interactions (vide infra). In
a smearing effect with limited size of cleaved DNA frag- contrast, the conglomerate would produce an IR spectrum
ments is noticed (Figure 4B). This confirms the enantio- that would be fully superposable on that &f2 (or A-2).
selective cleavage of the linear DNA [y-2. Moreover, a This result supports a strong ion pairing between the

(17) Haq, I.; Lincoln, P.; Suh, D.; Norden, B.; Chowdhry, B. Z.; Chaires,
J. B.J. Am. Chem. S0d.995 117, 4788.

(18) dppz= dipyrido[3,2-a:2'3'-c]phenazine.

(19) pUST-1 & 6587 bp) corresponds to the intact vector pUST7352
bp) without the GFP gene. This vector is mentioned in: Gurova, K.
V.; Hill, J. E.; Razorenova, O. V.; Chumakov, P. M.; Gudkov, A. V.
Cancer Res2004 64, 1951

(20) There are two types of crystalline racematésnglomerate&are [just]
simple juxtapositions of crystals of the two enantiomers, which are
relatively rare.Racemic compoundsyy far the most frequently
observed type, are cases whose crystals contain the two enantiomers
in equal number”. Jacques, J.; Collet, A.; Wilen, S. HEmantiomers,
Racemates, and Resolutiong/iley-Interscience: New York, 1981;
Chapter 1.
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Table 1. Crystal Data and Structure Refinement fac-2

formula C34|'|27F12N704P2RU
crystal class monoclinic
space group C2lc
a(A) 18.354(3)
b (R) 21.771(4)
c(A) 20.752(5)

° 110.837(9)
volume (£9) 7750(3)
z 8
A (Mo Ka) (A) 0.710730
eatca (9-cmM ) 1.70
M (g-mol~?) 988.63
temperature (K) 173
size (mm) 0.16x 0.22x 0.50
R=||Fo—Fcl|/>Fo 0.0804
R = [SW(/IFo — Fel ) (WFo?)] 2 0.0879
GOF 1.06

Table 2. Selected Interatomic Distances (A) and Angles (deg) for the
Cationic Part ofrac-2

Ru(1)-N(1) 2.060(6)
Ru(1)-N(1) 2.047(6)
Ru(1)-N(7) 2.054(6)
Ru(1)-N(7") 2.052(6)
Ru(1)-N(13) 2.053(7)
Ru(1)-N(13) 2.056(7)
C(19-0(1) 1.27(1)
C(19)-0(2) 1.24(1)
Cc(19)-0(2) 1.19(1)
C(19)-0(2) 1.31(2)
O(1)-0(1) 2.43(1)
0(2)-0(2) 2.60(1)
0O(1)—-C(19)-0(2) 125.8(7)
0O(1)—-C(19)—0(2) 123.8(8)
(HOOC—pyridyl)—(pyridyl-COOHy 17

aDenotes dihedral angles.
enantiomers in the racemate. Further, the IR spectrac?
recorded in solution (CECl,/CDsCN = 95/5) relative to the
blank sample (solvent mixture) exhibit a broad peak around
3100 cn1l. This band characterizes the H-bonded—H
stretching mode for the acidic functional group. Moreover,
the frequency of theC=0 stretching mode is slightly shifted
from the value in the solid state, in agreement with
intermolecular associations even in the solution phase.
Finally, to confirm the above results, we decided to grow
crystals ofrac-2. After several attempts, suitable crystals of
rac-2 were obtained from the slow diffusion of toluene into
a concentrated solution of GDN/CH,Cl,, 5/95 (vide infra).

X-ray Molecular Structure of rac-2. Compoundrac-2
crystallizes in the monoclinic unit cell space groGg/c.
Crystallographic data forac-2 are reported in Table 1.
Selected bond distances and angles are given in Table 2 (se
Figure 5a for the atom labeling scheme). A view of a
dicationic species is shown in Figure 5a (enantiome?).
The ruthenium center has an octahedral geometry well-
known for such compounds: the arrangement of thé- 4,4
dicarboxy-2,2-bipyridine ligand in the dicationic species is
nearly planar, and the angle between the two pyridyl planes
is 17. Further there is &, symmetry axis that passes
through the ruthenium center and acts as a bisector to th

C2---C2 bond. The structure shows as an outstanding feature

the formation of a double-chained 1D polymer, in which a
simple A-2 cationic subunit is connected to/&2 cationic
subunit by two hydrogen bonds of equal distanc§€)2--

€

-02) = 2.60 A, thus forming a building block (Figure 5b).
Eventually, these building blocks are enchained through
strong intermolecular hydrogen bonding in an alternate
fashion whether through th&—A or A—A end with O(1)
-«O(1) distance of 2.43 A (Figure 5c). This bond length is
remarkably short and can be compared to the@distance

of 2.66 A reported for a ruthenium polypyridyl complex
incorporating a dicarboxybipyridine ligad. The latter
crystallizes with one molecule of water. One notes that,
within the unit cell, subunits are chained in a homochiral
mode A—A or A—A).

Only few ruthenium(ll) 2,2bipyridine-4,4-dicarboxylic
acid complexes have been characterized by single-crystal
X-ray diffraction measurements. To the best of our knowl-
edge, none of the previous examples displayed a one-
dimensional double-chained supramolecular structure. This
is the first [Ru(bpy)(H2dcbpy)F" structure reported in the
literature that shows clearly that, irac-2, the A and A
individual moieties are connected face-to-face by two
hydrogen bonds and illustrate a striking example of chiral
recognition (Figure 5c).

In short, our spectroscopic results (infrared and X-ray) in
the solid state and in solution establish the existence of
hydrogen bonds between [Ru(bgjdcbpy)][PF]. moieties
in the racemate. Interestingly, these results are parallel to
those obtained in electrophoresis where DNA recognition
by rac-2 is nonexistent. Our ruthenium complexes with
carboxylic functionalities, not investigated before, offer a
convenient model and shed light on the behavior of such
ruthenium complexes toward DNA recognition, an area of
high complexity where several parameters intervene during
the recognition process.

Conclusion

In summary, we have studied the binding of DNA with
optically pure ruthenium bipyridyl complexes incorporating
carboxylic functions, which had never before been examined.
Our preliminary results suggest that the carboxylic functions
play an important role in the binding process, for instance,
whereas the parent [Ru(bp}d" complex shows negligible
binding to DNA, the Ru(ll) monocarboxylic compoundsl
and A-1 exhibit enhanced binding wit, = 0.91 0.08)

x 10° and 2.21 £0.10) x 1 M1, respectively. Interest-
ingly, the optically pure dicarboxylic Ru(ll) complex-2
cleaves linear DNA in the presence and in the absence of
ﬁght, thus precluding any photocleavage process. In contrast,
A-2 does not cleave DNA, as shown by electrophoresis
experiments. Surprisingly, thac-2 is also inactive toward
linear DNA binding in solution. X-ray analysis obtained on
rac-2 shows that self-assembly among individual [Ru(bpy)
(Hzdcbpy)][PF]. moieties occurs. Infrared techniques also
carried out on a sample odic-2 in a CD,Cl,/CD3CN solution

and in the solid state support the existence of hydrogen bonds
between the carboxylic functionalities of the bipyridyl
ligands. We are currently studying the potential binding sites

(21) Eskelinen, E.; Luukkanen, S.; Haukka, M.; ARigréV.; Pakkanen,
T. A. J. Chem. Soc., Dalton Trang00Q 2745.
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Figure 5. (a) X-ray molecular structure @hc-2 with the atom numbering system; hydrogen atoms have been omitted for clarity. (b) Viev2 ahdA-2
subunits (cationic part) showing the hydrogen-bonding connectivity. (c) Auto-assembly2fX-2) building blocks (cationic parts) through strong hydrogen
bonding. Note that these bricks are enchained in an alternating manner, providing a double-chained 1D polymer.

for our model complexes using synthetic oligonucleotide, Yield: 85% Spectroscopic data are similar to those reported for
in the hopes of identifying both them and the cleavage sites the racemic complexés.

of our chosen DNA. A- or A-[Ru(bpy)2(H.dcbpy)][PFel. (A-2 or A-2). These
complexes were prepared in a similar way to that described for the
Experimental Section mono-acidA- or A-[Ru(bpyy(Hcmbpy)](PR)2 (A-1) or (A-1) but

using the following reactantsA- or A-[Ru'(bpy)(py).][O,0'-

All solvents used were reagent grade or better. Deuterated .
. . . dibenzoyl-tartarate] (200 mg, 2%8nol), ,
solvents and commercially available reagents were used as recelved.I zoy I 9 ol), H2dcbpy (110 mg, 426

IH NMR spectra were recorded on a Bruker AC-300 spectrometer fumol, 1.98 equilv), sodium acetate (110 mg, 1.34 mmol, 6.23 equiv),

and on a Bruker DRX-500 spectrometer equipped with a Silicon Watgr (3 mL), and ethylene g!ycol .(13 mL). This Compound. was
. - S . . - obtained as a purple powder, in a yield of 67%. Spectroscopic data
Graphics workstation (vide infra). Chemical shifts are reported in . .
- ) . are similar to those reported for the racemic compaotind.
parts per million downfield from tetramethylsilane and are refer- ) )
enced to the residual hydrogen signal of deuterated solvents C€l Electrophoresis. Preparation of the Gel.Agarose was

(CHD.CN at 1.94 ppm for the titration and HOD at 4.8 ppm for heated until it had completely melted and was dissolved in TAE
the TRNOESY). IR spectra were recorded on a Bio-RAD FT-IR buffer [tris(hydroxymethyl)aminomethane (40 mM), acetic acid (20

spectrophotometer as KBr pellets in the 46@%0 cnr! region mM), ethylenediaminetetraacetic acid (1 mM); pH 8.0] to give a
and on a Perkin-Elmer (Spectrum BX) FT-IR spectrometer for final concentration of 1% wiv.

spectra performed in dried GDI,/CD3;CN solution (using a 50- Preparation of Linear DNA Sample. The plasmid pUST-#

um path-length cell with NaCl windows) in the 406@000 cnt? was a generous gift of Dr. P. Chumakov. The linear form was
region. obtained as result of intact DNA cleavage by the restriction enzyme

All NMR experiments concerning DNA were performed in  Notl and then separated in agarose gel and purified by electroelu-
buffered DO (deuterated phosphate buffer, pH7.2,1 = 50 mM tion. Total pUST-1 plasmid DNA was used as the starting material.

+ 1 mM EDTA). The length of this DNA is 6587 base pairs. Linear DNA in solution
Purification and Resolution of the Enantiomers of the (0.5ug-uL ™1, nuclease-free deionized water) was mixed with the

Ruthenium Complexes A-1) or (A-1) and (A-2) or (A-2). A- metal complex in solution (nuclease-free deionized wat&MSO)

or A-[Ru(bpy)2(Hcmbpy)][PFel2 (A-1 or A-1). A- or A-[Ru'- and allowed to react at room temperature. Typically, toL1of

(bpy)(py).l[O,0'-dibenzoyl-tartarate] (390 mg, 418nol), Hcmbpy the linear DNA solution was first added 4L of nuclease-free
(220 mg, 1 mmol, 2.38 equiv), sodium acetate (220 mg, 2.7 mmol, deionized water; then, 2 of A-2, A-2, orrac-2 dissolved in HO/

5.65 equiv), water (3 mL), and ethylene glycol (13 mL) were heated DMSO (50/50) was added to the mixture. In this 40-final

at 120°C for 1 night; the pH was then adjusted to 1 by addition of volume, the metallic enantiomer (or racemic) concentration was
concentrated sulfuric acid. Water was added (30 mL). The mixture 0.5 mM (or 1 mM), and the DMSO concentration was 10%. Two
was filtered to remove the excess of free ligand. Then the product series of experiments with identical sampling conditions were
was precipitated by addition of saturated aqueous solution of carried out in the presence and in the absence of light. Practically,
NH4PF;, filtered on a fine porous glass (porosity 5) to give a red for these latter experiments, DNA and ruthenium solutions were
powder that was washed with water and dried under vacuum. mixed under red light and incubatedrfel h in the dark.
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Electrophoresis was carried out at room temperature at 60 V. The200 ms over a single period. FIDs were acquired (32 scans) over
gels were removed from the horizontal electrophoresis apparatus5.0 kHz into a 2K data block for 448 incremental values of the
and immersed for 10 min in ethidium bromide solution«mL™1). evolution time and a relaxation delay of 2 s. Water signal
The DNA in the gel was visualized with UV light. suppression was achieved by a low-power presaturation pulse (56
NMR Spectroscopy.For the spectra recorded with a Bruker dB) during the relaxation delay and mixing time. Before 2D Fourier
DRX-500 spectrometer, equipped with a Silicon Graphics worksta- transformation, zero fillings were addedfa and a squared sine-
tion, a 5-mm broadband probe with a shieldegtadient was used. bell window function was applied to both dimensions.
The tt_emperature was monitored_ with a BCU 05 tempera_ture_ unit X-ray Structure of rac-2. Suitable crystals ofrac-2 were
and fixed at 303 K (2D experiments) or 313 K (1D titration  opiaineqd from the slow diffusion of toluene into a concentrated
experlments). Da_ta were processed with Silicon Graphics stations | tion of CHCNICH,Cl, (5/95). The selected crystal was
using G,”:A (ver5|or] 4'$? ) . protected by paratone oil and Araldite and then mounted on the
Tltrgtlon._ Each titration EXpe”mem was perfc_)rmed using an top of a glass rod. The data were collected at 173 K on a Nonius
enan_tlomerlca_lly pure monocarboxylic trls(blpyr_ldyl) ruthenium KappaCCD diffractometer with graphite-monochromated Mo K
22':12(;2r:oe\;]vg:ﬁ:l)lggige:rtsl\oi)s'[g% Dli\l'gfsglgt'r?::w\’gﬁt%dnded' radiation. The Nonius Supergui program package was used for cell
were prepared in . For fuII‘ solugility of the ruthenium refinement and data collecti_on. The structl_Jre was solved by dir_ect
complexes in aqueous ﬁwedium a few drops ofCB were added methods and subsequent difference Fourier treatment and refined
' : by full-matrix least-squares oR using the programs of the PC

The stock DNA solution was made by dissolving herring sperm .
DNA fibers (purchased from Roche) in an aqueous phosphate bufferVr>'oN of CRYS_TALS?'4A ! non- PF; molecules and non-hydrogen
(bH = 7.2,1 = 50 mM + 1 mM EDTA). This mixture was atoms were refined anlsgtroplc.ally. Hydroger? atoms were intro-
sonicated four times for 30 s each &t@. The DNA concentration duced in calculated p_osmong n th_e last refinements and were
was measured by UV spectroscopyiat 260 nm (an OD of 1 aIIocate_d an overall reflnqble isotropic thermal pa_rame?er. Crystal-
corresponds to approximately 5@-mL-! for double-stranded Iographlp data and collection parameFererm—Z are listed in Table

1. Fractional parameters, anisotropic thermal parameters, and all

DNA, and the molar weight is 330 g per base méfeJhen, the o -
stock DNA solution was lyophilized first from the aqueous buffer Pond lengths and angles can be found (CIF file) in the Supporting

and then twice from 99.90% £ and finally dissolved in 10@L Information.

of 99.95% DBO. The latter DO volume was forced by the dual . .
experimental requirements (i) to allow a good solubility of the Acknowledgment. This research was made possible by

herring DNA and (ii) to limit the variation of the total volume (Ru the award. of tr'avel grants under the auspices of a NATO
+ DNA) throughout the course of the titration. 1D spectra were Collaborative Linkage Grant (PST.CLG.977659; A.T., H.A.,

obtained in 48 scans of 16K data points over a 5.0 kHz spectral M.G., and C.C.). We thank Dr P. Chumakov (Department
width. Presaturation (56 dB) of the HOD residual signal was of Molecular Biology, Lerner Research Institute, The Cleve-
performed. The free induction decays were processed using standardand Clinic Foundation, Cleveland, OH) for the gift of the

Fourier transformation. _ pUST plasmid. This paper is dedicated in memoriam to
TRNOESY. The NMR sample (67@L in D,O + few drops of Professor A. Tatosyan.
CDsCN) was prepared by mixing 1.8 mg 6f1 (or A-1) with 0.6
mg of purified DNA (pUST-1 DNA,~7000 base pair length) Supporting Information Available: 2D-TRNOESY spectral
previously dissolved in the appropriate phosphate buffer (vide supra) gata forA-1 (Figure S1); curve fits for the H3, H5, and H6 protons
and deuterium exchanged via two freeze-drying cycles. This RU/ of poth A-1 and A-1 enantiomers (Figure S2) and thel
DNA concentration ratio is large~6500/1) with the DNA calculation (Table S1); a plot indicating the error barsA\ah,s for
concentration expressed in terms of double-stranded DNA. Finally, the H3 proton of A-1 as well as the curve fit (Figure S3);
10uL of a sodium propionate solution (0.1 M20) was added to ¢y stallographic data in CIF format. This material is available free
the NMR sample as an internal reference for the NOE cross-peak ¢ charge via the Internet at http://pubs.acs.org.
phasing.
A set of 2D phase-sensitive TRNOESY spectra using the TPP| 1C0494657
method were recorded with mixing times of 50, 80, 120, 150, and

(24) (a) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla,

(22) (a) Delsuc, M. A. InMaximum Entropy and Bayesian Method: M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr.1994 27, 435.
Cambridge, England, 1988Skilling, J., Ed.; Kluwer Academic: (b) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158. (c) Watkin
Dordrecht, The Netherlands, 1989; pp 2890. (b) Pons, J. L.; D. J. Acta Crystallogr.1994 A50, 411. (d) Watkin, D. J.; Prout, C.
Malliavin, T. E.; Delsuc, M. AJ. Biomol. NMR1996 8, 445. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper RCRYSTALS

(23) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning- Chemical Crystallography Laboratory: Oxford, U.K., 2001; Issue 11.
Laboratory Manuals 2nd ed.; Nolan, C., Ed.; Cold Spring Harbor (e) Watkin, D. J.; Prout, C. K.; Pearce, L.GAMERON Chemical
Laboratory Press: New York, 1989; Book 3, Appendix E5. Crystallography Laboratory: Oxford, U.K., 1996.
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