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A H NMR Study of the DNA Binding of Ruthenium(ll) Polypyridyl Complexes
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IH NMR spectroscopy was used to study the oligonucleotide binding oAAteaantiomers of [Ru(phesl)] 2"

where the bidentate ligand L is 1,10-phenanthroline (phen), dipyrida[2, 2 -flquinoxaline (dpq) or dipyrido-
[3,2-a:2',3-](6,7,8,9-tetrahydro)phenazine (dpqC). The data from one- and two-dimensional NMR experiments
of the oligonucleotide-metal complex binding suggest that all three ruthenium(ll) polypyridyl complexes bind in
the DNA minor groove. While a minimally intercalated oligonucleotide binding mode may be proposed for
A-[Ru(phen}]?*, the NMR data clearly indicate that[Ru(phen)dpgP* binds the hexanucleotide d(GTCGAC)

by intercalation, of the dpq ligand, from the minor groove. This demonstrates that metallointercalators can
intercalate from the DNA minor groove. Molecular modeling of the metal complex in the intercalation site
suggests thaa-[Ru(phen)dpgF' binds in a “head-on” fashion with the phenanthroline rings in the minor groove
and the dpq ligand inserted into the nucleotide base stack. NOESY experiments of the bindiFliRwf
(phen}dpgP* with d(GTCGAC) and d(TCGGGATCCCGA)suggest that intercalation from the minor groove

is favored at purinepurine/pyrimidine-pyrimidine sequences for this complex. The synthesea\-¢Ru-
(phen}dpgP™ and A-[Ru(phen)dpqCF™ are reported along with crystal structure of [Ru(phdpd](PF)2
(monoclinic crystal system, space groRpy/c, Z = 4, a = 9.483(2) A,b = 33.374(6) A,c = 12.900(3) A5 =
110.05(23, V = 3835(2) A).

Introduction phen= 1,10 phenanthroline, and dppz dipyridophenazine)
The DNA binding ability of inert chiral transition metal may g(:fs as “molecular light swnches' for doub!e-hellcal
DNA.1213 These complexes show no luminescence in agueous

complexes has attracted considerable current interest. While . - .

recent studies have shown that metal complexes of noninter-gu.ﬁﬁzl’ but'\\/llvhen boung to ENA ﬁy mterc]?latlon the¥ '”“?'“fsce
calating ligands have significant potential as probes for sequence nghtly. Vore recently, [Ru(phemlppzF™ was ex ensively
and structure specific DNA binding? most attention has utilized to study long-range fast electron transfer that is mediated

—18 i
centered upon metal complexes that are capable of binding DNAby th? stacked bases of D'\Fﬂ.\' As the ruthgnlqm(ll)
by intercalatior’~** Due to their luminescent characteristics polpyridyl complexes have a wide range of applications that

P o - : dependent upon their ability to bind DNA by intercalation,
and strong DNA binding affinity the ruthenium(ll) polypyridyl are ¢ . L . S
class of metallointercalators has received particular attention. itis important that a detailed description of their DNA binding

Barton and co-workers have shown that complexes such as [Ru-SpG(?'.fICIty an_d intercalation geometry be establlsh(_ed.
Initial studies of the parent ruthenium(ll) polypyridyl, [Ru-

+ + = -bi idi
(bpy)dppzf* and [Ru(phenyippzF™ (bpy = 2,2-bipyridine, (phen}]2™, suggested the existence of two binding modes, a
t University of New South Wales. minor groove surface bound interaction, and a major groove

* University of Western Sydney. intercalated fornt?2° More recently, Eriksson et al. proposed
§ University of Sydney. that bothA- and A-[Ru(phen}]?* bound only in a noninterca-
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A-[Ru(phen) 2dpq] 2+ dppz 12 O

Figure 1. Structure and numbering of tte[Ru(phenydpgP+ complex
and the dpgC and dppz ligands.

[Ru(phen)dppzF, have unambiguously been shown to strongly
bind (K4 > 10° M~1) DNA by intercalation; however, their DNA
binding geometry is still not firmly established. On the basis
of similarities of the DNA binding geometry of [Ru(phedppzf*
with that of actinomycin D, and the retention of binding to T4
DNA in which all 5-hydroxymethylcytosine residues are gly-

cosylated in the major groove, Lincoln et al. have proposed that

the metal complex intercalates from the minor grodvAlter-
natively, on the basis of NMR evidence Dupureur and Barton
have proposed that [Ru(phedppzF" intercalates from the
major groove %11

Recently, we reported evidence that suggestsAHau(phen)-
dpgFt (see Figure 1), a complex similar to [Ru(phgippzF+,
binds DNA by intercalation from the minor groo¥e.In this

paper we extend our previous preliminary study and present a

IH NMR study of the binding ofA-[Ru(phen)dpgF+ with the
self-complementary oligonucleotides d(TCGGGATCCCGA)
and d(GTCGAC). In addition, the results of an NMR study of
the binding of A-[Ru(phen}]?" with d(TCGGGATCCCGA)
and A-[Ru(phen)dpqCF' (see Figure 1) with d(GTCGAG)
are also presented and compared toARgRU(phen)dpgPt—

Collins et al.

Table 1. Crystallographic Data and Details of Data Collection of

[Ru(phen)dpq](PF)2
crystal system monoclinic
space group P2,/c
a, 9.483(2)
b, A 33.374(6)
c, A 12.900(3)
B, deg 110.05(2)
vV, A3 3835(2)
fw 983.8
Deaica g N3 1.414
empirical formula GsH24F12NgPRu
z 4
absorp coeff, cmt 5.93
transm coeffs 0. 9450.930
temp,°C 21
A 0.710 69
R (Fo)? 0.051
R.? 0.047

AR = 3 (IIFol — IFcll)/ZIFol. * Ry = (ZW(IFo| — IFcl)?>WFo)Y2

[Ru(phen)dpgPt was prepared by refluxing 1.0 g of [Ru(phgdly]
and 0.5 g (1.1 equiv) of dpqg in 450 mL of 75% ethanol for 5 h. The
volume was then reduced (50 mL), the solution was cooled, and excess
KPFs was added. The resultant orange precipitate was filtered and
washed with water (100 mL) and then ether (50 mL). The solid was
dissolved in acetonitrile (20 mL) and applied to the head of a column
(5 x 30 cm) of activated aluminum oxide (neutral Brockmann 1). The
orange band was eluted with acetonitrile, and to this fraction was added
water (20 mL) to yield fine orange needles (1.5 g, 80%H NMR
(ds-acetone, 400 MHz)o (ppm) 9.6 (dJ = 8.4 Hz, 2H), 9.3 (s, 2H),

8.8 (d,J = 8.1 Hz, 4H), 8.5 (dJ = 5.4 Hz, 4H), 8.4 (s, 4H), 8.4 (d,
J=5.1Hz, 2H), 7.9 (ddJ = 5.1, 8.1 Hz, 2H), 7.8 (dd] = 5.4, 8.4
Hz, 4H). MS (ESMS, CKCN, MW = 983.8);m/z838.9 (M— PFK"),
693.9 [M — 2(PR)].

[Ru(phen).dpgC]?". The dpgC ligand (dipyrido[3,2:2',3-c]-
(6,7,8,9-tetrahydro)phenazine) was prepared by refluxing a mixture of
1,10-phenanthroline-5,6-dione (1.0 g, 4.8 mmol) and 1,2-diaminocy-
clohexane (cis and trans, 0.7 g, 6.3 mmol) in ethanol (120 mL) for 2

oligonucleotide binding results. The results described here areh. The resulting yellow solution was reduced in volume by rotary

discussed in terms of general DNAuthenium(ll) polypyridyl
binding.

Experimental Section

Materials. The oligonucleotides d(GTCGA&and d(TCGGGATC-
CCGA), were obtained from Bresatec Ltd. (South Australia),OD
(99.96%), RuQ, and 1,10-phenanthroline monohydrate were obtained
from Aldrich Chemical Co., while CM-Sephadex was obtained from
Pharmacia.

Synthesis and Resolution of Metal ComplexesA-[Ru(phen)]?*
was synthesized and resolved by the method of Dwyer and Gy#érfas.

[Ru(phen),dpq]?". The dpq ligand (dipyrido[3,2:2',3 -flquinoxa-
line) was prepared by stirring a mixture of 1,10-phenanthroline-5,6-
dione (1.0 g, 4.8 mmol) and ethylenediamine (0.4 g, 6.7 mmol) in
ethanol (350 mL) fo 2 h at 40°C and then at room-temperature
overnight. The resulting solution was reduced in volume by rotary
evaporation at 50C to yield a cream product. The crude product was

evaporation at 50C until a pale yellow solid was observed. The
product was filtered and recrystallized from methanol to give pale
yellow needles. Yield: 1.3 g, 95% (mp 36810°C). *H NMR (400
MHz, ds-DMSO): ¢ (ppm) 9.35 (d,J = 8.0 Hz, 2H), 9.17 (ddJ =

8.0, 2.0 Hz, 2H), 7.87 (dd] = 8.0, 8.0 Hz, 2H), 3.20 (m, H8a,b, 4H),
2.10, (m, H9a,b, 4H).

[Ru(phen)dpqCFt was prepared by refluxing 1.0 g of [Ru-
(phen)Cl;] and 0.6 g (1.1 equiv) of dpqC in 450 mL of 90% ethanol
for 6 h. The reaction mixture was reduced in volume (50 mL) and
cooled, and excess KRRvas added. The resultant precipitate was
filtered and washed with water (100 mL) and ether (50 mL). The solid
was dissolved in acetone (20 mL) and applied to the head of a column
(5 x 30 cm) of activated aluminum oxide (neutral Brockmann 1). The
orange band was eluted with acetone, and to this fraction was added
water (20 mL) to yield fine orange needles (1.4 g, 70%H NMR
(ds-acetone, 400 MHz)o (ppm) 9.4 (d,J = 8.1 Hz, 2H), 8.8 (dJ =
8.1 Hz, 4H), 8.5 (dJ = 5.1 Hz, 2H), 8.4 (dJ = 5.1 Hz, 2H), 8.4 (s,
4H), 8.4 (d,J = 5.1 Hz, 2H), 7.9 (ddJ = 5.1, 8.1 Hz, 2H), 7.8 (dd,
J=5.1, 8.1 Hz, 4H), 3.3 (m, 4H), 2.1 (m, 4H). MS (ESMS, 3\,

left to stand for 8 h, methanol/water (10/90) was then added, and the \,\y — 1037.8): m/z 893.4 (M — PFs).

product was filtered and recrystallized from methanol to give a cream
solid. Yield: 1.0 g, 91% (mp 33T°C). 'H NMR (400 MHz,
ds-DMSO): d (ppm) 9.43 (d,J = 8.2 Hz, 2H), 9.22 (dJ = 4.4 Hz,
2H), 9.13 (s, 2H), 7.92 (dd] = 8.2, 4.4 Hz, 2H).
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Enantiomer Resolution. The enantiomers of both [Ru(pheapqF"
and [Ru(phenypqCF* (typically 50 mg) were resolved on a Sephadex
CM C-25 column (40x 2.5 cm) using 0.1 M potassium antimonyl
tartrate as the eluent. The enantiomeric purity of the chloride salt was
assayed by CD spectroscopy, with tieenantiomers displaying
negative circular dichroism at 310 and 464 nm.

Crystallography. Cell constants were determined by a least-squares
fit to the setting parameters of 25 independent reflections, measured
and refined on an Enraf-Nonius CAD4-F diffractometer. The crystal-
lographic data are summarized in Table 1. Data reduction and
application of Lorentz, polarization, and analytical absorption correc-
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tions were carried out using teXs&h.The structure was solved by
direct methods using SHELXS-8&nd refined using full-matrix least-
squares methods with teXs&n.Hydrogen atoms were included at

calculated sites with thermal parameters derived from the parent atoms.

Non-hydrogen atoms were refined anisotropically. Scattering factors
and anomalous dispersion terms for Ru (neutral Ru) were taken from
International Table$” Anomalous dispersion effects were included
in F;?® the values forDf ' and Df'"" were those of Creagh and
McAuley.?® The values for the mass attenuation coefficients are those
of Creagh and Hubbell. All other calculations were performed using
the teXsafP crystallographic software package of Molecular Structure
Corporation.

Sample Preparation for NMR Analysis. Oligonucleotides were
converted into the Naform using a small CM-Sephadex column. The
oligonucleotide was dissolved in 0.7 mL of phosphate buffer (10 mM,
pH 7) containing 20 mM NaCl and 0.1 mM EDTA, and a trace of

Inorganic Chemistry, Vol. 37, No. 13, 1998135
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DSS was added as an internal chemical shift reference. For experiments

carried out in DO the sample was repeatedly freeze-dried fros®D
and finally made up in 99.96% K. Oligonucleotide concentration
was determined from the,fy absorbance using an extinction coefficient
of 6600 M cm™! per nucleotidé?!

Instrumental Methods. 400 MHz'H NMR spectra were recorded
on a Varian Unitplus-400 spectrometer. Spectra recorded in 9090H
10% D,O were collected using the WATERGATE solvent suppression
technique of Piotto et & Two-dimensional phase sensitive NOESY
spectra were recorded by the method of States étasing 2048 data
points int, for 256 t; values with a pulse repetition delay of 1.7 s.
DQFCOSY experiments were accumulated using 2048 data points in
t, for 256—310t; values with a pulse repetition delay of 1.7 s. Circular

T
ppm

Figure 2. 'H NMR spectra of the aromatic proton region of (A)J[Ru-
(phen)?™; (B) the dodecanucleotide with addad[Ru(phen)]?", at a
metal complex-to-dodecanucleotide ratio of 1, in 10 mM phosphate
buffer (pH 7) containing 20 mM NaCl at 2%C; and (C) the free
dodecanucleotide d(TCGGGATCCCGA)

T T T T T T T
8.6 8.4 8.2 8.0 7.8 7.6 7.4

sugar protons as well as to the 'HH2', and H2' protons on
the flanking 5-sugar (the sugar of the nucleotide in the
5'-direction)®>36 For a B-type DNA conformation the distance
between the base H8/H6 and its own’ i#2approximately 2 A

dichroism spectra (CD) were recorded at ambient temperature on a Jascgy approximatgl 4 A to the H2 proton on the flanking '

500C spectropolarimeter. The electrospray mass spectra were obtaine

with a Fisons/VG Biotech Quattro (Altrincham, UK) mass spectrometer.
Molecular Modeling. The coordinates for thA-[Ru(phen)dpgp+
complex were taken from the crystal structure while the hexanucleotide
intercalation site was constructed using Biosym molecular modeling
software (Biosym Technologies, Inc). The intercalative docking of the
metal complex was done manually using the molecular modeling
program 3Dmol (R. S. Vagg, Macquarie University, Australia).

Results

Assignment of the Proton Resonances of d(GTCGAG)
and d(TCGGGATCCCGA),. ThelH NMR resonances of the
free oligonucleotides were assigned from a combination of
NOESY and DQFCOSY experiments, according to well-
established method4-3¢ The solution conformation of the
oligonucleotides were determined by analysis of the NOESY

@ugar?:6 whereas for an A-type duplex the relative distances are

reversed, with the shorter distance being to thé pifaton on
the B-sugars® In the NOESY spectra of both oligonucleotides
an NOE is observed from each base H8/H6 to its owr¥ H1
H2'/H2" protons as well as to the HH2'/H2" protons of the
flanking 3-sugar. Additionally, as the NOE cross-peak from
each H8/H6 proton to its own Hproton is significantly larger
than to the H2proton on the flanking ssugatr, it is concluded
that both oligonucleotides adopt a B-type conformation.

The imino resonances in the NMR spectra of the oligonu-
cleotides dissolved in 90% 48/10% DO were examined to
determine the extent of the nucleotide base pairing. The spectra
indicated that for each oligonucleotide only the terminal residue
did not form a stable base-pair, with five imino resonances being
observed in the spectrum of the dodecanucleotide and two imino

spectra. For a right-handed duplex each aromatic H8 and He€sonances in the spectrum of the hexanucleotide 4€25

proton should exhibit an NOE to its own HIH2', and H2
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A-[Ru(phen)s]?"—d(TCGGGATCCCGA) , Binding Stud-
ies. The NMR spectrum of d(TCGGGATCCCGAYith added
A-[Ru(phen}]?* is shown in Figure 2 together with the spectra
of the free metal complex and dodecanucleotide. In agreement
with other [Ru(phen)?t—oligonucleotide binding studié§;??
only one set of dodecanucleotide and metal complex resonances
are observed, with the H2, H3, H4, and H5 phenanthroline
protons equivalent to the H9, H8, H7, and H6 protons. The
dodecanucleotide resonances do not significantly broaden upon
addition of A-[Ru(phen)]2". In contrast to previous studiék 2
however, the resonances from the metal complex do exhibit
some line broadening upon dodecanucleotide binding, particu-
larly the H5 resonance. This indicates tef{Ru(phen)]?t
exhibits intermediate-to-fast exchange kinetics (on the NMR
time scale) in its binding to the dodecanucleotide. The addition
of the metal complex also induces selective chemical shift
changes of the resonances from the dodecanucleotide (see Table
2). The largest chemical shift changes are observed for the
resonances from the 5Gs, As, T7, Cs, and G residues. In
particular, large shifts are observed for the'Hdind H2'
resonances of 7] Cg, and G. These selective chemical shift
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Table 2. *H NMR Chemical Shifts (in ppm) of d(TCGGGATCCCGAand the Chemical Shift Differences Induced by the Addition of
A-Ru(pheny** (Numbers in Parentheses), at a Metal Complex-to-Dodecanucleotide Ratio of 0.9, in 10 mM Phosphate Buffer (pH 7)
Containing 20 mM NaCl at 28C; Positive Numbers Indicate a Downfield Shift

oligonucleotide proton

H8/H6 AH2 H1 H2 H2"
T 7.51 (-0.02) 6.08 £0.08) 2.12 ¢0.09) 2.47 €0.11)
C 7.56 (0.02) 5.58 £0.02) 2.11 €0.07) 2.37 £0.05)
Gs 7.85 (0.05) 5.48 (0.00) 2.62 (0.00) 2.67Q.05)
Gs 7.69 (0.12) 5.70€0.10) 2.58(0.07) 2.74<0.09)
Gs 7.68 (0.11) 5.6540.09) 2.59 ¢0.01) 2.73 ¢0.08)
As 8.10 (0.10) 7.8240.16) 6.22 (0.06) 2.56 (0.02) 2.9240.07)
T, 7.14 (-0.02) 5.92 (-0.18) 2.04 -0.10) 2.49 ¢0.27)
Cs 7.54 (—0.08) 5.97 £0.19) 2.18 £0.17) 2.45 (0.23)
Co 7.52 (—0.06) 5.91 €0.24) 2.08 £0.10) 2.40 £0.29)
Cuo 7.41 (0.02) 5.48+0.02) 1.81(0.01) 2.19<0.03)
Gu 7.84 (0.05) 5.690.04) 2.55 (0.05) 2.64<0.04)
A1z 8.18 (0.02) 7.9440.04) 6.33 £0.07) 2.63 £0.02) 2.46 (0.07)
2 - ] NOESY spectrum, after thegbl2'/H2" resonances had been
(ppm)_| assigned from the base H8/H6 to sugar/H2'" region of the
7.1 = _ —1s spectrum. Consistent with the assignment of tgel T is the
. H3-GsH1* observation of NOE cross-peaks from thgH® (7.67 ppm) to
7-3- both the GH1' (5.78 ppm) and TH1' (5.74 ppm) resonances
1 —{Gaco. in both the free and-[Ru(phen)]?* bound dodecanucleotide.
7-%7 ff;‘z An NOE between an AH2 resonance and the closest cross-strand
”: H1' resonance (and the Hiesonance of the same strand 3
:gi nucleotide) is generally observed in NOESY spectra of oligo-
7.0 =g nucleotides, and has been used as an indicator of minor groove
i ¢ width 3738 In agreement with the assignment of th¢fT' (5.74
8.1- ppm), is the observation of three NOE cross-peaks from the
——26132 T,H6 in Figure 3. For a B-type DNA duplex, NOEs from the
831 ! T-H6 to the AH1' (6.16 ppm), to the IH1' (5.74 ppm) and to
5.3 the GH5 (5.67 ppm) protons are expected and observed.

As the H1 protons are located in the dodecanucleotide minor
Figure 3. Expansion of the NOESY spectrum (300 ms mixing time)  groove, the NOE cross-peaks observed betweenAtiRu-

of d(TCGGGATCCCGA] (1.3 mM) with addedA-[Ru(phen)]**, at (phen)]2* and the H1protons of G, Cs, and G suggest that

a metal complex-to-dodecanucleotide ratio of 0.9, in 10 mM phosphate the metal complex binds in the minor groove at th&€§(and

buffer (pH 7) containing 20 mM NaCl at 3TC. The expansion shows ival . hi lusion i d by th
the NOE connectivities between the metal complex and dodecanucleo-€9uivalent @Gs) region. This conclusion is supported by the

tide aromatic protons (7-18.3 ppm) and the sugar Hfirotons (5.3 observation of NOE cross-peaks between protons from the metal
6.3 ppm). The intermolecular NOE cross-peaks betweefRu- complex to the minor groove H#5'/H5" protons of G and
(pheny]?* and the dodecanucleotide are indicated. The sequential NOE Cq4 (data not shown).

connectivities, starting from AH8—G,;H1' (double arrowheads) and The metal complex binding does not induce any significant

going through to GH8—GsHZ', are also shown. structural changes to the conformation of the dodecanucleotide.

changes suggest that the[Ru(phen}]?* binds the dodeca- As the observed intermolecular NOE cross-peaks represent an
nucleotide at the #Cy region. However, changes in chemical average for the H2, H3, H4, and H5 protons from all three
shifts alone are insufficient evidence to establish the binding Phenanthroline rings it is not possible to determine an accurate
position of the metal complex on the dodecanucleotide. The picture of the metal complexdodecanucleotide binding.
resonances from the metal complex also exhibit significant ~ A-[Ru(phen).dpq]?" Binding Studies. [Ru(phen}dpq]?*
upfield shifts upon binding to the dodecanucleotide. The H5 Crystal Structure. The structure consists of the dipositive Ru
displays the largest shift (0.56 ppm) with the H4 (0.33 ppm), complex and two P§ anions. One of the anions is rotationally
H3 (0.16 ppm), and H2 (0.20 ppm) displaying smaller chemical disordered over two sites. An ORTERliagram of the structure
shift changes. of [Ru(phen)dpgP" with the atomic numbering scheme is
NOESY spectra of d(TCGGGATCCCGA)with added shown in Figure 4. The geometry about the Ru atom is distorted
A-[Ru(phen)]?* were recorded at metal complex-to-dodeca- from octahedral as a consequence of the small bite angles of
nucleotide ratiosK) of 0.9 and 1.8 over a range of temperatures. the bidentate ligands (78-80.0°). The phen ligands each make
Relatively long mixing time experiments were required to an angle of close to 90with the dpq ligand but make an angle
observe metal complexdodecanucleotide NOE cross-peaks, in  of 79° with each other, revealing a further but unexpected
agreement with Eriksson et #22 Figure 3 shows the base deviation from octahedral geometry. This deviation may be a
H8/H6 to sugar H1region of a NOESY spectrum of the consequence of the crystal packing. The dpq ligands are stacked
dodecanucleotide with addesH[Ru(phen)]?" (R = 0.9). In with respect to each other and make T-shaped contacts with
addition to the expected dodecanucleotide sequential NOEs,the face of one of the phen ligands. The dpq ligand and one of
NOE cross-peaks between the metal complex and the H1
protons of G, Cg, and G are observed. ThegH1' resonance (37) Hud, N. V.; Feigon, JJ. Am. Chem. S0d.997 119 5756.

; ; (38) Chuprina, V. P.; Lipanov, A. A.; Fedoroff, O. Y.; Kim, S.-G.; Kintanar,
cannot be directly assigned from the base H8/H6 to sugar H1 A Reid. B. R.Proc. Nail. Acad. Sci. U.S./1991 86, 9087,

region Sh_OWI’_] in Figure 3. Thes81' resonance was assigned  (39) Johnson, C. KORTEP, A Thermal Ellipsoid Plotting Prograr®ak
by examination of the Hlto H2/H2" region in the same Ridge National Laboratories, Oak Ridge, TN, 1965.
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Figure 4. ORTEP plot of the [Ru(phendpgf+ cation giving the
crystallographic atom numbering. The 30% probability ellipsoids are
shown.

Table 3. Selected Distances (A) and Angles (deg) in
[Ru(phen)dpgP*

Distances

Ru(1)-N(1) 2.043(5) Ru(1)yN(2) 2.063(5)

Ru(1)-N(5) 2.071(6) Ru(1)yN(6) 2.073(6)

Ru(1)-N(7) 2.068(5) Ru(1)yN(8) 2.065(6)

Bond Angles

N(1)—Ru(1)-N(2) 79.6(2) N(1)>Ru(1)-N(5) 88.2(2)
N(1)-Ru(1}-N(6)  96.9(2) N(1}Ru(1)}-N(7) 174.0(2)
N(1)—Ru(1)-N(8) 94.7(2)  N(2»-Ru(1)-N(5) 95.4(2)
N(2)—Ru(1)-N(6) 173.0(2) N(2yRu(1)-N(7) 97.4(2)
N(2)—Ru(1)-N(8) 89.1(2) N(5-Ru(1)-N(6) 78.4(2)
N(5)—Ru(1)-N(7) 97.2(2) N(5-Ru(1)-N(8) 175.0(2)
N(6)—Ru(1)-N(7) 86.7(2) N(6%-Ru(1)-N(8) 97.3(2)
N(7)—Ru(1)-N(8) 80.0(2)

the phen ligands are planar to within 0.08 A, but the other is
slightly folded about its central axis, resulting in deviation of
up to 0.12 A. Ru-N bond lengths cover a narrow range [2.043-
(5)—2.073(6) A], and the geometries of the phen and dpq ligands

are similar. Selected bond lengths and angles are listed in Table

3. Listings of atom coordinates, complete tables of bond lengths
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Figure 5. 'H NMR spectra of d(GTCGAG)(1 mM) with added
A-[Ru(phenydpgP*, at a metal complex-to-hexanucleotide rati) (

of 0.8, as function of temperature. The spectrum of the free metal
complex (1 mM), in 10 mM phosphate buffer (pH 7) containing 20
mM NaCl at 25°C is also shown (FreA-Ru). The assignments of the
resonances from the free metal complex and the hexanucleotide with
added metal compleXX(= 1) are given in Tables 4 and 5.

Table 4. *H NMR Chemical Shifts of the FreA-[Ru(phen)dpgf+
and the Hexanucleotide-BoumstH[Ru(phen)dpgP*, in 10 mM
Phosphate Buffer (pH 7) Containing 20 mM NaCl at Z5

d(GTCGAC) changein
ligand free bound shift upon
proton [Ru(phen)dpgf™  [Ru(phenydpgf*t binding
dpq
H13 9.22 8.69 —0.53
H12 9.45 8.58 —-0.87
H11 7.74 7.30 —0.44
H10 8.22 8.08 -0.14
phen
H9 8.08 8.00 —0.08
H8 7.60 7.57 —0.03
H7 8.59 8.57 —0.02
H5/H6 8.23 8.23 0.00
H4 8.59 8.59 0.00
H3 7.60 7.73 0.13
H2 8.19 8.19 0.00

and angles, anisotropic thermal parameters, and details of leastat 8.19 ppm and the H11 (dpq) proton, as the#A1 distance
squares planes calculations are included in the Supportingis 1 A shorter than the H9H11 distance.

Information.

A-[Ru(phen),dpq]?"—d(GTCGAC), Binding. The reso-
nances of the free and d(GTCGA@)oundA-[Ru(phen)dpgf"
were assigned by a combination of NMR experiments. For the

free metal complex, the NMR resonances from the phenanthro-

line protons are easily distinguished from the dpq protons by
integration of the resonances. Then, within each ring system

Addition of A-[Ru(phen)dpgP+ to d(GTCGAC) induced
large upfield chemical shift changes for the dpq resonances (see
Table 4). These large upfield shifts of the dpg resonances are
consistent with the metal complex binding the hexanucleotide
by intercalatiort®1! By contrast, resonances from the phenan-
throline rings exhibited only small chemical shift changes upon
addition of A-[Ru(phen)dpgf"™ to d(GTCGAC), suggesting

the resonances were assigned to particular protons from a COSYhat the dpq ring system selectively intercalates. Addition of
spectrum and by comparison to previously reported assignmentshe metal complex to the hexanucleotide also induced significant

for A-[Ru(phen)]?" and A-[Ru(phen)dppzf*.1122 The reso-
nances of the boundl-[Ru(phen)dpgf+ were assigned through

a combination of COSY and NOESY experiments, and by
recording the one-dimensional spectrum as a function of
temperature. The H13 and H12 were assigned by following
their resonances over the temperature range685°C, with

broadening of the resonances (due to intermediate exchange on
the NMR time scale) from both thA-[Ru(phen)dpgf™ and
d(GTCGAC) (see Figure 5), again consistent with intercala-
tion.10.11.21 At temperatures below 25C the metal complex

and hexanucleotide resonances were even broader, indicating
that the intermediate exchange kinetics could not be changed

the H11 and H10 resonances then being assigned from COSYto a slow exchange regime.
experiments. For the phenanthroline resonances, two separate Significant chemical shift changes were also observed for

spin systems are observed: the (H2, H3, and H4) and the (H9,

various hexanucleotide resonances upon additiod\-gRu-

H8, and H7). The H2 resonance (8.19 ppm) was assigned (phen}dpgF" (see Table 5). In particular, the resonances from
through the observation of a weak NOE between the resonancethe H1 protons, which are located in the DNA minor groove,
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Figure 6. Expansion of the NOESY spectrum (350 ms mixing time)
of A-[Ru(phen}dpgf* and d(GTCGAG), at a metal complex-to-duplex
ratio of 1, showing the NOE connectivities from the hexanucleotide
base and metal complex protons (#&8 ppm) to the hexanucleotide
sugar H1, H3, and H4 protons (3.8-6.2 ppm). NOEs between the
metal protons and hexanucleotide sugaft &id H4 protons are shown.
The H4-AsH1' and H4,7AsH4'/H5'/H5" cross-peaks were also
observed in 150 and 250 ms mixing time NOESY experiments, while
the H9 and H10 to §44' NOE cross-peaks were also observed in 250
ms mixing time experiments. No NOEs from the metal complex to the
major groove GH3 and AH3' protons are observed, consistent with
minor groove binding.

Table 5. 'H NMR Chemical Shifts (in ppm) of d(GTCGAgRand

the Chemical Shift Differences Induced by the Addition of
A-[Ru(phen)dpgP" at a Metal Complex-to-Duplex Ratio of 1
(Numbers in Parentheses), in 10 mM Phosphate (pH 7) Containing
20 mM NacCl at 25°C

oligonucleotide proton
H8/H6 HY H2 H2" H3

8.01 (-0.05) 6.07 0.14) 2.73 ¢0.12) 2.81 (0.09) 4.85 (-0.02)
7.52(-0.10) 6.21 £0.15) 2.25{0.05) 2.59 {-0.14) 4.93 {-0.03)
7.51 (-0.05) 5.72 {-0.20) 2.05{-0.14) 2.42 {-0.14) 4.87 (-0.07)
7.96 (-0.02) 5.64 {-0.11) 2.74 {0.02) 2.79 £0.07) 5.03 (0.00)
As 8.19 (0.04) 6.2940.25) 2.65(0.01) 2.89+0.06) 5.02 (0.01)
Cs 7.35(-0.04) 6.07 £0.02) 2.09 (0.00) 2.09(0.00) 4.480.01)

of T,, Cs, and A exhibited large upfield shifts. Alternatively,

Gy
T2
Cs
Gs

the resonances from protons located in the major groove (H8/

H6, HZ2, and H3) showed significantly smaller shifts upon

Collins et al.
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Figure 7. Expansion of the NOESY spectrum (250 ms mixing time)
of A-[Ru(phen)dpgF™ and d(GTCGAQC), at a metal complex to duplex

(2 mM) ratio of 1, in 10 mM phosphate (pH 7) containing 20 mM
NaCl at 35°C, showing the hexanucleotide base and metal complex
aromatic (7.4-8.8 ppm) to hexanucleotide HRI2" and T methyl (1.4

to 2.8 ppm) region. NOEs between the metal complex H13 and H11
and the hexanucleotide major grooveMe and LH2' protons are
shown.

by intercalation at the ¢As/T,C3; sequence. Consistent with
this intercalation model is the observation of an NOE between
the H13 (dpq ring) and the major groove fethyl protons
(see Figure 7). This indicates that the dpq ring system spans
the stacked base pairs (intercalation) and extends into the major
groove. As the metal complex binds by intercalation, a selective
loss of intensity of the sequential H8/H&1'/H2'/H2" NOEs
might be expected because the distance between the stacked
bases at the intercalation site will significantly increase. No
clear selective loss in the intensity of the intrastrand sequential
NOE cross-peaks was detected. However, as the metal complex
can intercalate between eithes and G or the symmetrically
related G and A, only a partial loss of intensity of the
sequential NOEs would be expected. Additionally, the different
degrees of broadening of the various hexanucleotide resonances,
induced by the addition ofA-[Ru(phen)dpgF", hinder the
observation of a selective partial loss of the sequential NOEs.
The basic B-type conformation of the hexanucleotide is
maintained upon thé-[Ru(phen)dpgP", binding. The NOE

addition of the metal complex. In spectra of the hexanucleotide cross-peak intensity from each base H8/H6 to its own sugar

recorded in 90% KLD/10% DO at a range of temperatures, the
addition of A-[Ru(phen)dpgF" induced upfield shifts and

extensive broadening of the imino resonances (which precluded

the observation of metal compleimino cross-peaks in NOESY
experiments).

NOESY spectra of d(GTCGAG)with added A-[Ru-
(phen}dpgP™ (R = 1) were recorded at 25, 35, and 4G for
mixing times ranging from 150 to 400 ms. In addition to the

protons was found to decrease in the ordet H2H1' > H3
consistent with B-type DNA.

In the one-dimensional NMR spectrum of d(GTCGA@jth
addedA-[Ru(phen)dpgFt a second set of resonances from a
bound metal complex was observed. The NMR spectrum of
the freeA-[Ru(phen)dpgP" indicates that the second binding
form is not due to a metal complex impurity. CD measurements
and analysis of théeH NMR spectrum of the metal complex

expected intraduplex sequential NOE cross-peaks, a number ofwith added potassium antimonyl tartrate (compared to spectra

intermolecular NOE cross-peaks betweenAH&Ru(phen)dpgf*

and d(GTCGAC) were observed. Of note are the NOE cross-
peaks from the metal complex H2, H3, and H4 to the minor
groove GH1' and AsH1' protons (see Figure 6). These data
strongly suggest that thé-[Ru(phen)dpgF+ binds in the
hexanucleotide minor groove. Consistent with this proposal is

of various enantiomeric mixtures with added potassium anti-
monyl tartrate) indicate that th&-[Ru(phen)dpgF+ is >95%
enantiomerically pure. The second set of resonances was
therefore assigned to a minor (approximately 15% of the metal
complex)A-[Ru(phen)dpgP" binding form. As a separate set

of broad resonances are observed for this minor hexanucleotide

the observation of NOEs between the metal complex and binding form, it is concluded that the minor form exhibits

hexanucleotide H4located in the minor groove) and HB5"

intermediate exchange in its hexanucleotide binding but is in

(most accessible from the minor groove) protons (see Figure slow exchange with the major hexanucleotide binding form. This
6). The combined one- and two-dimensional NMR results is further evidenced by the observation of two distinct sets of
indicate that theA-[Ru(phen)dpgF™ binds the hexanucleotide  metal complex cross-peaks in COSY experiments, even at 45
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Figure 9. Expansion of the NOESY spectrum (250 ms mixing time)

." AN N of A-[Ru(phen)dpgf™ and d(TCGGGATCCCGA) at a metal complex-
L > | \ to-duplex (1.3 mM) ratio of 1, in 10 mM phosphate (pH 7) containing

q q . A\ 20 mM NaCl at 35°C, showing the dodecanucleotide base and metal
= complex aromatic (7:48.6 ppm) to hexanucleotide Ha8nd H4 (3.6—
° ! ‘ 5.1 ppm) region. NOEs between the metal complex and dodecanu-
‘ cleotide H4 protons are shown.
" . ' phenanthroline rings are located in the minor groove with the

[ Q/“ g dpq ring inserted into the nucleotide base stack. The terminal

ring of the dpq ligand projects out into the major groove, with
the H13-T,Me and H1+T,H2' distances being less than 4 A
’ in each case. In this model the metal complex is slightly rotated
Figure 8. Model showing the intercalative binding of th&-[Ru- toward the pyrimidine rings. This °5Srotation places the
(phenydpgF" complex between the /s residues of one strand and gy change-averaged dpg H12 protons more directly into the

the T,C; residues of the other strand of the hexanucleotide d(GTC- - . : .
GAC),. The phenanthroline rings are located in the minor groove with strong shielding region of the two purine rings on one strand,

the dpq ring (gray shaded) inserted into the nucleotide base stack. Theconsistent with the large upfield shift observed for the H12
metal complex is shown binding in a “head-on fashion® (&tation resonance upon hexanucleotide binding. This model is also

toward the FCs strand). In this model there are several metal complex- consistent with the smaller chemical shift changes observed for
to-hexanucleotide HH distances that are not consistent with van der the dpg H10, H11, and H13 protons, as these protons are not
Waals requirements. These van der Waals clashes could be removeqgcated in the strong shielding regions of the aromatic bases.
by inserting the metal complex less deeply into the intercalation site. The 5 rotation also slightly reduces the distances between the

However, as canonical form B-type DNA was used to model the h throli dh leotid t that b bl
intercalation site, the van der Waals clashes could also be removed by,p enanthroline and hexanucleotide protons that gave observable

slight conformational changes of the hexanucleotide at the intercalation intermolecular NOEs. Larger rotation of the metal complex

site. within the intercalation site did not produce a better overall
model.

°C (data not shown). It was not possible to establish the binding  A-[Ru(phen),dpq]?*—d(TCGGGATCCCGA) , Binding.

position of this minor hexanucleotide binding form. The binding of the metal complex to the dodecanucleotide

A-[Ru(phen),dpq]?*—d(GTCGAC), Binding Model. Due d(TCGGGATCCCGA) was studied in order to further examine
to the significant selective broadening of the exchange-averagedhe possible GA sequence selectivity observed inAH&Ru-
resonances in the spectra of thgRu(phen)dpgf™—d(GTC- (phen}dpgP—d(GTCGACY) binding experiments. Addition
GAC),, it is not possible to determine a quantitative binding of the metal complex to the dodecanucleotide at@5nduced
model on the basis of the NOE data. In addition, no one extreme broadening of the resonances from thdRu-
qualitative model was found to satisfy all the distance constraints (phen}dpgf*. The larger degree of line broadening of the
imposed by the observation of intermolecular NOE connectivi- resonances from the metal complex (compared toAHRu-
ties. This suggests that tiie[Ru(phen)dpgE' intercalates at (phen)dpgF™—d(GTCGAC) experiments) precluded a detailed
the GA/TC site with several different orientations or that the two-dimensional NMR study being carried out. However, at
metal complex intercalates at both the GA/TC and the central 35 °C the exchange-averaged phenanthroline protons could be
CG sites. However, a simple model can be proposed which is, assigned and some intermolecular NOE contacts with dodeca-
in general, consistent with the observed NOEs between thenucleotide protons were observed in NOESY spectra. Although
phenanthroline protons and hexanucleotide minor groove protonsonly a few intermolecular contacts were observed, relatively
as well as the NOEs between the dpq ligand and hexanucleotidestrong NOEs between the phenanthroline protons and the H4
major (T,Me and ©,H2) and minor groove protons. The model protons of G, Cy, and G were detected (see Figure 9).
is also consistent with the observed upfield chemical shift Alternatively, no intermolecular NOEs between the metal
changes of the dpg resonances upon binding. Figure 8 showsomplex and the hexanucleotide major groove protons were
the A-[Ru(phen)dpgP" intercalated between they&s residues observed. These data suggest that fRu(phen)dpgp™
of one strand and the,T;s residues of the other strand. The complex again binds in the minor groove but at the GGG/CCC
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central AT region of the decanucleotide d(CGCGATCGEAEF?
Although the dodecanucleotide used in this study, d(TCGG-
R=1.0 GATCCCGA), contained the same central sequencé (5
GATC), the A-[Ru(phen)]?" did not bind at the AT sequence
but at the adjacent CC/GG bases. This indicates that sequence-
dependent structural features do influence the minor groove
binding of this metal complex.

Although it may not be strictly valid, it is interesting to
compare the chemical shift changes of the phenanthroline
R=0.4 resonances upon addition #f[Ru(phen}]?" to the dodeca-
nucleotide to previously reported ones. Rehmann and Barton
reported upfield shifts of 0.42, 0.31, and 0.16 ppm for the
phenanthroline H5, H4, and H2 protons, respectively NgRu-
(phen})2"—d(GTGCACY) binding and 0.31, 0.28, 0.16, and 0.17
— ppm for the H5, H4, H3, and H2 protons, respectively, for

8.7 8.5 8.3 8.1 7.9 7.7 7.5  ppm d(CGCGCG) binding®® In this study the phenanthroline H4,
Figure 10. H NMR spectra of d(GTCGAG)(1.3 mM) as a function H3, and H2 resonances exhibited similar upfield shifts upon
of addedA-[Ru(phen)dpqCF* in 10 mM phosphate (pH 7) containing  addition of the metal complex to the dodecanucleotide; however,
20 mM NaCl at 25°C. The metal complex-to-hexanucleotide raf®) ( the H5 shifted 0.56 ppm upfield. This increased upfield shift
is indicated for each spectrum. of the H5 resonance could be induced if the H5 proton was

) ~ positioned between the stacked DNA bases. Additionally, in
sequence rather than the GA/TC site. The extent of the line contrast to previoua-[Ru(phen)] 2+ —oligonucleotide binding
broadening of the resonances from the metal complex may gyygies, the resonances from the metal complex also exhibited
indicate that the metal complex can bind at one of two (or more) sjgnificant broadening upon addition to the dodecanucleotide.
possible sites at the GGG/CCC sequence. . The increased upfield shift of the H5 resonance coupled with

A-[Ru(phen),dpqC]**~d(GTCGAC). Binding Studies. the broadening of the resonances from the metal complex upon
The NMR spectra of d(GTCGAG)at various ratios of added  §godecanucleotide binding may suggest thafRu(phen)]2*
A-[Ru(phen)dpqCPF* are shown in Figure 10. The resonances pinds by partial intercalation.
of the A-[Ru(phen)dpqCF* are significantly broader than the While the results from theA-[Ru(phen)]2* binding may

resonances in the equivaIem-[Ru(phen)dpq]ZJr—d(GTC- tentatively allow a minimally intercalated model to be proposed,
GAC), spectra. Ttle increased e_xchange _broadenlng of thethe binding data ofA-[Ru(phen)dpgP* with d(GTCGAC)
A-[Ru(phen)dpqc]i resonances Is most likely due to the strongly suggest that this metal complex can fully intercalate,
A-{Ru(phen)dpqCF" complex having a slower rate of exchange 54 4 5o from the minor groove. Lincoln et al. have proposed
between the free and hexanucleotide-bound form than they .. he related metal compleA-[Ru(phenydppzp* could
A-[Ru(phenydpqP* Complex' No intermolecular NOE cross- intercalate from the minor groove.The results of the\-[Ru-
peaks were observed in the NOESY spectra of d(GTCGAC) (phen)dpgPt—d(GTCGAC) binding studies provide strong

with ad'de.dA-[Ru(phen)dqu]Z* (R.: 1) at eitlher 2.5 or 40 NMR evidence that metal complexes can intercalate from the
°C. This is most likely due to the increased line width of the minor groove.

hexanucleotide and metal complex resonances. However, itwas o, " wo ¢ the\-[Ru(phenydpgP* —hexanucleotide bind-

possible to determine the chemical §h|ﬁs of the resonances froming study presented here can be directly compared to the NMR
metal complex-bound hexanucleotide. In a fashion similar to

o o study previously reported fak-[Ru(phen)dppzE™ by Dupureur
the A-[Ru(phen)dpgft binding, the addition ofA-[Ru- 1 ) .
(phenydpqCE™ to the hexanucleotide induced significant upfield gtr:J ?jigsrtqrrﬁeaosnglzi;aer:;o?\z)l(inue(ﬂterg“g? dvzgﬁ'géjg\ﬂ;;] both
shifts for the minor groove HXesonances but only small shifts ' h - <how f pect it h
for the major groove H8/H6, H2and H3 resonances. This addedA-[Ru(phen)dpgP* show few similarities to the corre-

s LS . sponding spectra of the hexanucleotide with addefRu-
suggests that the two complexes bind in a similar fashion. (phenydppzE*. In particular, the spectra of d(GTCGAG)ith

Discussion addedA-[Ru(phen)dppzf" are characterized by large chemical

) ) ) shift changes for the major groove H8/H6 resonances and small

In agreement with the recent studies of Eriksson et al., the ghjfis for the minor groove HIresonances. Alternatively, the

!results p(esented here |nd|c_ate tha[lRu(phen)i]2+ binds DNA hexanucleotide spectra with added[Ru(phenydpgR+ are
in the minor groové!?* With some exception®*2 nonin- characterized by small shifts for the major groove H8/H6
tercalating minor groove binding inert transition metal com- | asonances and large chemical shift changes for the minor
plexes and organic molecules show a distinct preference for 5qove H1 resonances. These observations indicate that the
AT sequence$3~48 Consistent with this preference, Eriksson binding of the two complexes is significantly different.
et al. reported thah-[Ru(phen)]?>" bound preferentially to the The dppz ligand differs from the dpq ligand only by the

addition of another aromatic ring on the intercalating quinoxaline

R=0.8

R=0

(40) Wade, W. S.; Mrksich, M.; Dervan, P. B. Am. Chem. S0d.992

114 8783. section of the dpq ligand. This suggests that the length of the
(41) Mrksich, M.; Wade, W. S.; Dwyer, T. J.; Geierstanger, B. H.; Wemmer, intercalating segment may be an important parameter in the
D. E.; Dervan, P. BProc. Natl. Acad. Sci. U.S.A.992 89, 7586. determination of the binding geometry. Dupureur and Barton
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have suggested that the[Ru(phenydppzf+ complex may bind the hexanucleotide d(GTCGA&he metal complex bound at
DNA with several intercalative geometries, including an asym- the GA/TC site, whereas with the dodecanucleotide d(TCGG-
metric binding mode where the complex is canted toward one GATCCCGA), the metal complex bound at a GG/CC site.
strand!®!? This canted structure may increase the amount of Although conclusions on sequence selectivity drawn from
direct overlap between the intercalating ligand and the DNA NOESY spectra of an exchange-averaged system can only be
bases. It is possible that the extra length of the dppz ligand tentative, it appears that intercalation of the metal complex from
allows significant aromatiearomatic overlap to be obtained the minor groove is favored at puria@urine/pyrimidine-
in a canted structure, whereas the shorter dpq ligand is forcedpyrimidine sequences. Interestingly, the NOE data indicated
to bind in a more “head-on” fashion. If this were the case, that the parent ruthenium(ll) polypyridyh-[Ru(phen}]?*, also
then the more canted structure may be favored in the major bound at a purinepurine/pyrimidine-pyrimidine sequence. As
groove where there is more room for the complex to rotate A-[Ru(phen)]2* could, at most, only minimally intercalate, the
toward one strand. Alternatively, the shorter dpq ligand is results suggest that the possible putiperine/pyrimidine-
forced to bind in a “head-on” orientation which is favored from pyrimidine sequence selectivity may be due to favorable minor
the minor groove. groove dimensions at these sequences.
Due to the extent of the exchange broadening of the
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addition of the metal complex suggest thafRu(phen}dpqCFE*"
binds in a manner similar td-[Ru(phen)dpgF+ in the minor Supporting Information Available: For the [Ru(phenyipgP"
groove. This observation is consistent with the proposal that crystal structure the following data tables are available: positional
the length of the intercalating segment may govern the DNA coordinates for non-hydrogen atoms; bond lengths with estimated
binding geometry. The dpqC ligand is similar in length to the standard deviations; bond angles with estimate_d_ standard qleviations;
dppz ligand but contains a nonaromatic terminal ring, which thermal parameters of non-hydrogen atoms; positional coordinates and
would result in its aromatic ringDNA base overlap potential ~ thermal parameters for the hydrogen atoms; and least-squares planes
being equivalent to that of the dpq ligand. (10 pages). Ordering information is available on any current masthead
The NMR data indicated that-[Ru(phen)dpgPt may have ~ P29¢
some sequence selectivity in its oligonucleotide binding. With 1C971194v



