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Ruthenation of Duplex and Single-Stranded d(CGGCCG) by Organometallic

Anticancer Complexes

Hong-Ke Liu,' ‘! Fuyi Wang,™! John A. Parkinson,”” Juraj Bella,"”! and Peter J. Sadler*!*!

Abstract: We have studied the interac-
tion of the organometallic anticancer
ruthenium(II) complexes [(°-p-
cymene)Ru(en)CI|[PFs] (1) and [(n’-
biphenyl)Ru(en)CI][PF,] (2) (en=eth-
ylenediamine) with the single-stranded
(ss) DNA hexamer d(CGGCCG) (I)

Ru(en)]**, but for duplex DNA there
is preferential ruthenation of G3 and
G6, and no binding to G2 was detect-
ed. For monoruthenated duplexes, N7
ruthenation of G is accompanied by
strong hydrogen bonding between G-
O6 and en-NH for the p-cymene ad-

ducts. Intercalation of the non-coordi-
nated phenyl ring between G3 and C4
or G6 and C5 was detected in the bi-
phenyl adducts of mono- and diruthen-
ated duplexes, together with weakening
of the G-O6-+-NH-en hydrogen bond-
ing. The arene ligand plays a major

and the duplex d(CGGCCG), (II) by
HPLC, ESI-MS, and one- and two-di-
mensional 'H and "N NMR spectro-
scopy. For ss-DNA, all three G’s are
readily ruthenated with [(n‘-arene)-

arenes

Introduction

Organometallic ruthenium(II)-arene complexes of the type
[(m®-arene)Ru(XY)CI]* (e.g., arene =biphenyl, XY =ethyl-
enediamine (en)) exhibit anticancer activity both in vitro
and in vivo.'* These complexes are monofunctional; that is,
they have one reactive chloride ligand that can undergo acti-
vation through aquation and bind strongly to N7 of G on
DNA.F7 The widely used anticancer drug cisplatin is also
activated through aquation, but is bifunctional and can bind
to two neighbouring guanines on DNA, causing the double
helix to bend.®! In work on adducts of [(n’-arene)Ru(X-
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role in distorting the duplex -either
through steric interactions (p-cymene)

agents . . .
or through intercalation (biphenyl).

intercalation

Y)CI]* with guanosine and guanosine 5-monophosphate,
we found that binding of Ru to G-N7 can be accompanied
by strong hydrogen bonding between G-O6 and en-NH, to-
gether with m—m stacking between the purine ring of G and
the arene when the arene is extended (e.g. arene =biphenyl
or tetrahydroanthracene).!

The aim of the present work was to investigate the inter-
action of these ruthenium-arene anticancer complexes with
single-strand and duplex DNA. We chose the short self-com-
plementary hexamer d(CGGCCG), because it is known to
crystallise readily and can accommodate organic intercala-
tors.”) We have compared reactions of two ruthenium-arene
complexes [(n’-arene)Ru(en)Cl]*, arene=p-cymene (com-
plex 1) and biphenyl (complex 2), with the DNA single
strand d(CGGCCG) and the DNA duplex d(CGGCCQG),.
The arenes were chosen as examples of potential intercala-
tors (biphenyl) and nonintercalators (p-cymene). Unfortu-
nately, crystals of the ruthenated duplex grown by vapour
diffusion from sitting drops diffracted X-rays too poorly to
allow a structure determination.'” Therefore in this work,
we have used NMR spectroscopy to obtain structural infor-
mation in solution. We have compared the ruthenation of
duplex DNA with that of the single strands. This has re-
vealed some interesting features of the specificity of ruthe-
nation. Solution studies on this DNA are complicated by the
presence of three potential ruthenation sites on each strand,
but HPLC has allowed us to separate and identify the sites
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of ruthenation, which has simplified interpretation of the
NMR spectra.

Results

We studied reactions of the p-cymene complex 1 and bi-
phenyl complex 2 with the self-complementary DNA hex-
amer d(CGGCCGQG) (Figure 1) at low ionic strength in which
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Figure 1. Structures and NMR numbering schemes for the cations of [(n°-
p-cymene)Ru(en)CI]|[PFy] (1) and [(n’-biphenyl)Ru(en)CI][PF,] (2), and
for the 5'-d(CpGp) fragment of the hexamer d(CGGCCG); en=-ethyl-
enediamine.

it is largely a single strand (I) and at high ionic strength
(100 mm NaClO,, I=0.05) in which it is largely a duplex
(IT), at molar Ru/l and RuwII ratios of 0.5-6.0:1.0 and
1.0:1.0, respectively. These reactions proceed through hy-
drolysis of the chloro complex to give the aqua adducts [(n°-
arene)Ru(en)(H,0)]**, which are more reactive towards
DNA bases.” We used reverse-phase HPLC to separate
equilibrium mixtures, mass spectrometry to identify the
products and NMR spectroscopy to determine the ruthena-
tion sites.

Scheme 1 indicates the reaction pathways that were fol-
lowed during the course of this study. HPLC led to the sepa-
ration of single strands, even for reactions of the duplex.
Four equilibrium mixtures resulting from reactions shown in
Scheme 1 (IT+1, I+2, I4+1 and I+2) and a diruthenated
duplex (II-Ru,~G3GY, formed by annealing HPLC-separat-
ed fractions I-Ru-G3 (Ru=[(n’biphenyl)Ru(en)]**,
Scheme 1) were studied by one-dimensional 'H, "N-decou-
pled two-dimensional ['H,'H] COSY, TOCSY, ROESY,
NOESY and “N-decoupled two-dimensional ['H,""N] HSQC
NMR experiments by using '"N-en labelled complexes. Al-
though the equilibrium reaction mixtures gave complicated
NMR spectra, it was possible to make complete assignments
of proton resonances for the ruthenated species present with
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Scheme 1. A) Reaction of single-stranded (ss) hexamer I (0.2 mm) with
3-6 mol equiv of 1 or 2 in 90% H,0/10% D,0, 310K for 48 h, gives tri-
ruthenated I (I-Ru;-G2G3G6). B) Reaction of double-stranded (ds)
hexamer II (0.3 mM, 0.1mM NaClO,) with 1 mol equiv of 1 or 2 in 90%
H,0/10% D,O gives rise to two monoruthenated duplexes II-Ru-G3
and II-Ru-G6 as products. C)Reaction of duplex II (0.3 mm, 0.1Mm
NaClO,) with 1 mol equiv of 2 gives two main products: II-Ru-G3 and
II-Ru-G6. After HPLC separation, the monoruthenated single-stranded
I-Ru-G3 was collected, and annealed to form the diruthenated product
II-Ru,~G3GY9. Ru=bound fragments [(n°-p-cymene)Ru(en)]*" (1) or
[(*-biphenyl)Ru(en)]** (2'); for structures of 1 and 2, see Figure 1.

the aid of the HPLC and MS data. This procedure allowed
us to investigate the sequence specificity of ruthenation of
guanine residues in the context of CpG, GpG and GpC base
steps and also to compare the structural perturbations in-
duced by p-cymene and biphenyl arenes.

HPLC and ESI-MS characterisation of products

ss-DNA I+p-cymene complex 1 or biphenyl complex 2:
Aqueous solutions of 1 or 2 were incubated with I at 310 K
at Ru/l molar ratios ranging from 0.5:1 to 6.0:1 for 48 h,
and were then analysed by HPLC. New peaks were ob-
served for each reaction (Figure 2), and the adducts associ-
ated with them were identified subsequently by ESI-MS.
The peaks for the observed negative ions are shown in Fig-
ure S1 and listed in Table S1 in the Supporting Information.
Reaction at a Ru/I molar ratio of 0.5:1 resulted in three
monoruthenated products, and at a 1:1 molar ratio the same
three monoruthenated products together with three di-
ruthenated products. Reaction at a Ru/I molar ratio of 6:1
(for 1) or 3:1 (for 2), gave only one main HPLC peak corre-
sponding to a triruthenated product.

Chem. Eur. J. 2006, 12, 6151-6165
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of 1. The binding of 1 resulted
in the formation of a number of
new peaks (especially near
8.5 ppm), and the broadening
of many DNA proton resonan-

is notable that after
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for the terminal base-pairs
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Figure 2. HPLC data for reaction of [(n°-p-cymene)RuCl(en)|PF, (1) (panel A) or [(n*-biphenyl)RuCl(en)]PF,
(2) (panel B) with ss-DNA d(CGGCCG) (I) (0.1 mm in H,0O) at Ru/I mol ratios of a) 1:2, b) 1:1, ¢) 6:1 (for 1)
or 3:1 (for 2), and d) for reaction of 1 or 2 with ds-DNA d(CGGCCG), (II) (0.3 mm, 0.1m NaClO,, 90 % H,O/
10% D,0) at a RwII mol ratio of 1:1. The monoruthenated duplex II-Ru, elutes as monoruthenated ss-DNA
I (I-Ru-G3 and I-Ru-G6, see d). It is notable that G2 is readily ruthenated for single strand I (see I-Ru-G2
in a) but not for duplex II (see d). Ru=[(n’-p-cymene)Ru(en)]** (1') or [(n>-biphenyl)Ru(en)]** (2), and is

bound to G3N7 or G6N7; for DNA sequence, see Scheme 1.

Duplex II+1 or 2: An aqueous solution of 1 or 2 was incu-
bated with duplex II in 0.1mM NaClO, at ambient tempera-
ture for three weeks (for 1) or two days (for 2) at a Ru/Il
molar ratio of 1:1. The equilibrium mixtures gave HPLC
peaks that were identified by ESI-MS as ss-DNA I and two
monoruthenated single-strand products (see Figure 2d, Fig-
ure S1, and Table S1 in the Supporting Information), with
relative peak area ratios of 1.2:1 (for II+1) and 3:1 (for
II+2). The HPLC peak for the major monoruthenated
single-strand adduct in the 1:1 equilibrium mixture of II+2
was collected, desalted and annealed by adding 100 mm
NaClO, to give the diruthenated duplex II-Ru,~G3G9 (see
Scheme 1C). The melting temperature (7},) of this diruthen-
ated duplex was 302.3+0.9 K (100 mm NaClO,), which is
14 K lower than that of the free duplex II (7,=316.8+
0.1 K).

NMR characterisation of products: The assignments of the
'H NMR resonances of free DNA duplex II have been re-
ported by Lam and Au-Yeung"! and the chemical shifts are
listed in Table S3 in the Supporting Information. Assign-
ments of the '"H NMR peaks for the ruthenated DNA du-
plexes were made on the basis of the established methods
developed for studying right-handed B-DNA duplexes by
NMR spectroscopy.'>" Terminal (3') base resonance as-
signments were identified from NOESY NMR data sets and
were based on ordering of the H2" and H2"” proton chemical
shifts (0H2'>0H2") compared with the other nucleotide
units (0H2' < 0H2").

IT+p-cymene complex 1: Figure 3 shows the imino and aro-
matic region of the 600 MHz 'H NMR spectrum of DNA

Chem. Eur. J. 2006, 12, 6151 -6165
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proton resonances were shifted
to high field by 0.19 (G3*) and
0.11 ppm (G6%*), respectively,
relative to duplex II (Figure 3,
Tables 1 and 2).

Two major new species were
detected by two-dimensional
['H,”N] HSQC NMR analysis
of the equilibrium mixture of
duplex II and N-1 (the N la-
belled p-cymene complex 1) at
283K in 90% H,0/10% D,O (Figure 4A) or D,O (Fig-
ure 4B) by analysis of peaks assignable to en-NHu resonan-
ces (the NH protons oriented towards the coordinated arene
ring, see Figure 1 and Table S2 in the Supporting Informa-

18 22

G2H8G3H8
A G6H8
G6
a3 G12
\ G2
9 iy M
__,,Jk_/“j\_ \,.,,JJ
1
135 13 8.0 7.0 6.0 5(1H )/ ppm

Figure 3. 600-MHz 'H NMR spectra of the imino and aromatic region for
A) duplex d(CGGCCG), (II) and B)the 1:1 equilibrium mixture of
duplex II and complex 1 in 90% H,0/10% D,0O at 283 K, 0.1m NaClO,
at pH 7.0. Assignments of DNA imino resonances (13-13.5 ppm) and G-
HS resonances (ca. 8.0 ppm) are indicated and resonances for ruthenated
guanines are marked with asterisks. Broadening of resonances and the
appearance of new peaks in B are due to the ruthenation of duplex II
The increase in the intensity of the imino peaks for the terminal bases
G6 and G12 when the duplex is ruthenated suggests an increase in imino
proton residence time within terminal base-pairs indicative of base-pair
stabilisation in what are normally regarded as “frayed ends”. The assign-
ments of peaks G3* and G6* to two monoruthenated duplexes are based
on two-dimensional correlation experiments (shown in Figure 5, see also
Tables 1-3); f=formate impurity.
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Table 1. 'H NMR chemical shifts for the product Ru-la in the 1:1 equilibrium mixture of duplex II and com-

plex 1 (283 K; Ru=[(n’p-cymene)Ru(en)]**).

showed the existence of two
monoruthenated duplexes Ru-

Residuel Proton!” o IIa and Ru-IIb, as well as un-
H8 Ho H> H1 H2 H2 H3 H4 Mo reacted duplex IL. This can be
C1 7.66 5.95 5.76 1.93 2.40 475 4.09 seen for example in the Cyto_
G2 7.96 5.56 2.77 2.77 504 434 13.15 . .
sine H5-H6 cross-peak region
G3 8.48 6.36 2.79 2.92 503  nald 13.16 b . Sp b &
(0.58)¢ (033) (0.09) (0.13) (—0.19) Shown in Figure 5. Three sets
c4 7.85 6.09 6.09 2.12 2.50 485  na of H5-H6 cross-peaks were de-
(0.40) (0.67) (0.06) tected for the cytosine C4, C5,
cs 7.51 ((5).3(1)) 5.62 2.04 2.36 490 414 C7 and C10 residues. The pro-
G6 8.00 622 267 240 475 424 1321  portions of Ru-Ila, Ru-IIb and
7 7.66 5.95 576 1.93 2.40 475 409 unreacted duplex II were estab-
G8 7.96 5.56 2.77 2.77 5.04 434 13.15  lished by integration of the
G9 7.90 6.02 2.70 2.77 507 446 1335 COSY cross-peaks for C4-HS
C10 (Z}-gg) ((5)?2) (g-}g) 214 (3-3‘5‘) 49 na and C4-H6 of Ru-Ila, C5-HS
ci 754 573 562 204 236 488 414 and C5-H6 of Ru-Ilb, and by
G12 8.00 6.22 2.67 2.40 4.75 424 1321  comparing the HPLC peak

[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of >0.05 ppm [Ad =o6(Ru-Tla)—o(II)].

[d] n.a.=not assigned. 1" is bound at N7 of G3.

Table 2. 'H NMR chemical shifts for product Ru-TIb in the 1:1 equilibrium mixture of duplex II and complex
1 (283 K; Ru=[(n’-p-cymene)Ru(en)]**).

areas I-Ru-G3:I-Ru-G6 from
the equilibrium mixture (see
Figure 2A, spectrum d). The
amounts of free 1 and its aqua
adduct H,O-1 in the mixture
were taken into account. The
ratios of Ru-Ila/Ru-IIb/duplex

Residuel® Proton’” o M were 0.4:0.4:02 (£10%).
H8 H6 HS HI1 H2 H2 H3 H4 imino_ The presence of other com-
812 706 7.66 5.95 2;2 ;23 ;-‘71(7) ;"3‘5‘ 3'(3)3 515 plexes was estimated to account
G3 7.89 6.01 2'70 2'77 5'07 n'a = 13'35 for less than 10% of the total
c4 7.48 551 6.02 2.09 248 490 424 duplex.
C5 7.94 6.11 6.11 2.12 2.50 n.a. n.a. Assignments for 'HNMR
(041 (039)  (046)  (005)  (0.11) peaks of monoruthenated du-
G6 8.51 6.36 2.98 2.54 4.75 n.a. 13.10 plexes Ru-Ila and Ru-IIb in
(0.49) (0.12)  (028)  (0.12) (=0.11) ) o
c7 772 5.84 5.95 1.93 243 na 410 the mixture (I[+1) are listed in
(0.06) (—0.12) 0.17) Tables 1 and 2, and intermolec-
G8 7.96 5.56 2.77 2.77 5.04 4.34 13.15 ular NOEs in Table 3. For Ru—
G9 7.90 6.02 2.70 2.77 5.07 4.46 13.35 Ila, a large low-field shift of the
C10 7.48 5.47 6.02 2.09 2.48 4.90 4.24 G3-HS resonance. relative to
C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14 ’
G12 8.00 6.22 2.67 2.40 475 424 1321  free duplex II, was observed

[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] n.a.=not assigned. [d] Values in
brackets are chemical shift changes from free II (see Table S3 in the Supporting Information) of >0.05 ppm

[A6=0(Ru-IIb)—o(I)]. 1" is bound at N7 of G6.

tion) of monoruthenated duplexes Ru-Ila and Ru-IIb
(Ru=[(n’-p-cymene)Ru(en)]** (1')). This result is consistent
with the HPLC and MS data. Strong cross-peaks for en-
NHu resonances of Ru-Ila and Ru-IIb (Figure 4B) were
still detected after the equilibrium mixture had been freeze-
dried, re-dissolved in D,O and left to stand for 72h at
283 K. The en-NHd resonances of both Ru-IIa and Ru-IIb
were not observed. In contrast, the en-NHu and en-NHd
resonances of unreacted 1 (and its aqua adducts) were de-
tected in 90 % H,O (Figure 4A), but not in D,O due to H-D
exchange (Figure 4B). The assignments are listed in
Table S2 in the Supporting Information.

The two-dimensional ['H,'H] COSY NMR spectrum of
the equilibrium mixture of duplex II and complex 1 clearly
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(A6=0.58 ppm), as was also the
case for HS and H6 of the
neighbouring C4 base (Ad=
0.40 and 0.67 ppm, respective-
ly), and H5 of Cl0 (Ad=
0.14 ppm) in the second strand, which is paired with G3
(Table S3 in the Supporting Information). The largest
changes in deoxyribose H1’ chemical shifts occur for the G3
residue (A0 =0.33 ppm), with smaller change for the neigh-
bouring C4 (A6=0.06 ppm) and C10 (A0=0.10 ppm) resi-
dues (Figure S2 in the Supporting Information and Table 1).
Weak NOE cross-peaks are found between G3-H8 and 1'-
en-NHu, G3-H8 and 1'-CH;a, G3-H2" and 1'-Hb/1'-Hb’ pro-
tons, and intermediate intensity cross-peaks between G3-H2'
and 1'-Hb/1'-Hb’, and between G3-H1’ and 1-CH protons
(Figure 6 and Table 3; for atom labelling see Figure 1).

For the adduct Ru-IIb large low-field shifts were ob-
served for the G6-H8 resonance (Ad=0.49 ppm) and for H5
and H6 resonances of the neighbouring C5 residue (Ad=

Chem. Eur. J. 2006, 12, 6151-6165
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Figure 4. Two-dimensional ['H,"”"N] HSQC NMR spectra of a 1:1 equili-
brium mixture of duplex II and N-1 (0.3 mm, 0.1m NaClO, at 283 K,
pH 7.0) in (A) 90% H,0/10% D,O and (B) 100% D,O after 72 h. As-
signments for both en-NH(d) and NH(u) resonances of the unreacted
5N-1 (aqua species H,O-1 and chloro complex 1) are shown in A); in
contrast in B) all NH groups are deuterated for H,O-1 and 1 (empty
boxes in B). Assignments: a, a’=en-NH(u) resonances of II-Ru-G3; b,
b’=en NH(u) resonances of II-Ru-G6; c, ¢’ and d are not assigned. The
en NH(d) resonances of both II-Ru-G3 and II-Ru-G6 were not ob-
served. Strong NH peaks for the DNA-bound complexes were still de-
tected at about 6 ppm for the D,O solution after 72 h (B), suggesting the
existence of strong G-O6--HN-en hydrogen bonding. Ru=[(n’-p-cym-
ene)Ru(en)]**. For atom labels and structures of II-Ru-G3 and II-Ru—
G6, see Figure 1 and Scheme 1.

c10

7.0 c5 cit /T\

S('H)/ppm \ \
7.5 7

S('H)/ppm

Figure 5. Two-dimensional ['H,'H] COSY NMR spectrum in the cytosine
HS5/H6 cross-peak region for a 1:1 equilibrium mixture of duplex II and 1
(0.3 mm, 0.1m NaClO,) in 90% H,0/10% D,O at 283 K. Note that three
sets of resonances are observed for the C4, C5, C7 and C10 residues, sug-
gesting the presence of two monoruthenated products as well as unreact-
ed duplex II. Assignments are based on the two-dimensional ['H,'H]
NOESY NMR spectrum (see Figure 6 and Tables 1-3); for DNA se-
quence, see Scheme 1.

0.41, 0.39 ppm, respectively). The H6 resonance of C7 in the
complementary strand, which is paired with G6, shifted
slightly to low field (Ad=0.06), but the H5 resonance shift-
ed to high field (Ad=-0.12 ppm) relative to free duplex II
(Table 2 and Table S3 in the Supporting Information). The
largest changes in H1' chemical shifts were found for C5
(A6=0.46 ppm), G6 (A6=0.12ppm) and C7 (Ad=
0.17 ppm) (Figure S2 in the Supporting Information and
Table 2). Weak NOE cross-peaks were found between G6-
HS8 and 1'-en-NHu, G6-HS8 and 1'-CH;a, and G6-H1’ and 1'-
CH protons (Figure 6 and Table 3).

Chem. Eur. J. 2006, 12, 6151 -6165
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Table 3. 'H NMR chemical shifts for [(n°-p-cymene)Ru(en)(Cl)][PF,] (1)
and bound fragment [(n°-p-cymene)Ru(en)]** (1'), and intermolecular
NOE:s in the 1:1 equilibrium mixture of duplex II and 1 (at 283 K).

Proton!®! 1 v AS™ NOEs (II-1')¢
Ru-IIa Ru-IIb
CH,a 2.26 1.99 —0.27 G3*H8(w) G6+¥H8(w)
CH;b 1.30 113 —-0.17
en-CH, 245 251 0.06
CH 286  2.54 —0.32  G3*HIl' (m) G6*H1' (m)
en-NHd 422 n.a.l4
Ha, Ha' 560  5.64
Hb, Hb' 5.81 5.77 G3*H2' (m)
G3*H2" (W)
en-NHu 6.15  6.08 —0.07  G3*HS (w) G6*HS (W)

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1.
[b] Ad=06(1")—06(1) (>0.05 ppm). [c]s=strong, m=medium, w=weak.
[d] n.a.=not assigned. [e] 1’ is bound at G3N7 (in Ru-Ila) or G6N7 (in
Ru-IIb) and ruthenated guanines are marked with asterisks.

Only one set of signals was observed for bound fragment
[(°-p-cymene)Ru(en)]** (1') in the two ruthenated duplex-
es Ru-Ila and Ru-IIb (Figure S3 and S4 in the Supporting
Information and Table 3). Relative to the signals observed
for unbound 1, peaks for 1'-CHja, 1-CH;b and 1'-CH of the
coordinated arene were shifted to high field by 0.27, 0.17
and 0.32 ppm, respectively.

II + biphenyl complex 2: Comparison of the imino and aro-
matic regions of the '"H NMR spectrum of duplex II in the
absence (Figure S5A in the Supporting Information) and in
the presence (Figure S5B) of one molar equivalent of com-
plex 2 showed that new peaks appeared, although the imino
proton resonances broadened after ruthenation.

Two major new species were detected in the two-dimen-
sional ['H,”’N] HSQC NMR spectrum of the 1:1 equilibrium
mixture of duplex II and "N-2 (*N-labelled complex 2) at
283 K in 90% H,0/10% D,O (Figure 7A) or in D,O (Fig-
ure 7B), with peaks assignable to en-NHu and en-NHd (see
Figure 1) of Ru-Tlc and Ru-IId (Ru=[(n‘-biphenyl)-
Ru(en)]** (2')) (for chemical shifts see Table S2 in the Sup-
porting Information). This result is consistent with the
HPLC and MS data (Figure 2 and Table S1 in the Support-
ing Information). Cross-peaks for en-NHu resonances of
Ru-IIc and Ru-IId were still detected after the mixture had
been freeze-dried and re-dissolved in D,O and left standing
at 283 K for 5h. The en-NHd resonances of both Ru-Ilc
and Ru-IId were not observed in D,O (Figure 7B).

The two-dimensional TOCSY NMR spectrum of the 1:1
equilibrium mixture (II+2) clearly shows the existence of
two monoruthenated duplexes, as seen for example in the
aromatic region in Figure 8. Two sets of H5-H6 cross-peaks
were detected for the C4, C5, C7 and C10 residues. The pro-
portions of Ru-IIc and Ru-IId at 283 K were determined by
integration of the TOCSY cross-peak volumes of C4-H5/C4-
H6 of Ru-Ilc, and C5-H5/C5-H6 of Ru-IId, and the HPLC
peak areas for I-Ru-G3 and I-Ru-G6 (see Figure 2B, spec-
trum d). This gave a Ru-IIc/Ru-IId ratio of 3:1 (+10%).
Other species account for less than 10% of the total DNA.

—— 6155

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

P. J. Sadler et al.

A EUROPEAN JOURNAL

W ' For the second monoruthen-
1-Hb/G3 H2" 1-Ho/T-CH ,1 -Hbrt 'C\Hab ated duplex Ru-IId a large low-
x[&: k) field shift of the H8 resonance
y ’ ‘(i | - was observed for G6 (Ad=
6.0 ‘ { [P\ % -Ha/t' CHsa 0.28 ppm), and also for HS5
1 [ AR 5 N\ (A6=0.14 ppm) and H1' (Ad=
S(H)/ppm 1Hb/Ga He / 1-enNHUW1'-CH;a 0.38 ppm) resonances of the
| ¢ 1-enNHu/t-enCH, neighbouring C5 base, but high-
70 , ' field shifts were observed for
) . the HS (Ad=-0.08 ppm) and
] () ) i)

0 ! o C) ' %@3 H2"” (A6=-0.14 ppm) resonan-
80 4 ' el 0 ! 4, : @] & o» ces of C7 in t.he comp%ementary
GS‘H8/1 -enNHu e G6*H8/1'-CH,a strand  (paired with  G6;
] / G e/t -enNHu GE*HE/H2! < Table 5). Weak NOE cross-
¥ 9 I ' ki found bet G6-

GS He/H1’ eaks were found between
GoHamr @ ! 'G3*He/H2" Gs*Hé/Hz' G3"H8/1-CHa I;IS and 2-Ho and 2-Ho' pro-
I 6‘.0 | | l 4l_0 I l I 2‘_0 | tons, between G6-H1' and 2'-
S('H)/ppm Ho', and between C5-H1’' and

Figure 6. Part of the two-dimensional ['H,'H] NOESY NMR spectrum of the 1:1 equilibrium mixture of
duplex II and complex 1 (0.3 mm, 0.1m NaClO,, 90% H,0/10% D,O at 283 K, pH 7.0, mixing time 400 ms).
The observed intermolecular [(n®-p-cymene)Ru(en)]**—II cross-peaks from monoruthenated product II-Ru—
G3 are: G3*H8/1-enNHu, G3*HS8/1'-CHsa, 1'-Hb/G3*H2' and 1-Hb/G3*H2";

2-Ho' protons (Figure 9 and
Table 6).
One set of signals was detect-

and from I-Ru-G6 are: o4 from the non-coordinated

G6*H8/1'-enNHu and G6*H8/1'-CH,a. Cross-peaks within the ruthenated guanine residues G3* or G6*, and

within the bound ruthenium complex 1" are also indicated. Labels: 1'=[(n’-p-cymene)Ru(en)]**; ruthenated

guanines are marked with asterisks. For NMR chemical shifts, see Tables
Figure 1.

1/ 1/
A 90% H,0 B D,0
_30,
8("5N)/ppm q 24
_ \ \\\ / \\\
27 [c b a d b a
I/ —// T
69 65 40 35 70 65 4.0 35
8 ("H)/ppm

Figure 7. Two-dimensional ['H,'”"N] HSQC NMR spectra of the 1:1 mix-
ture of duplex II and N-2 (0.3 mm, 0.1m NaClO, at 283 K, pH 7.0) in
(A) 90% H,0/10% D,O and (B) 100 % D,O after 5 h of reaction (equili-
brium). Assignments: a=en NH(u) of II-Ru-G3; b=en NH(u) of II-
Ru-G6; d=en NH(d) of II-Ru-G3 and II-Ru-G6; c is not assigned. NH
peaks were still detected at ca. 6 ppm for the D,O solution after 5 h (B),
suggesting existence of G-O6-+-HN-en hydrogen bonding; Ru= [(n’-bi-
phenyl)Ru(en)]** (2); for atom labels and structures of II-Ru-G3 and
II-Ru-G6, see Figure 1 and Scheme 1.

Assignments for '"H NMR peaks of Ru-Ilc and Ru-IId in
the mixture (II42) are shown in Tables 4 and 5, and inter-
molecular NOE contacts in Figure 9 and Table 6. For Ru-
Ilc, a large low-field shift of the G3-HS8 resonance was ob-
served (A0=0.40 ppm). The same was also true for H5
(A6=0.39 ppm) and H1' (A9 =0.08 ppm) resonances of the
neighbouring C4 base, but high-field shifts were observed
for the H1' resonances of C10 paired with G3 in the comple-
mentary strand (Ad=-0.08 ppm, Table 4). Weak NOE
cross-peaks were observed between G3-HS8 and the coordi-
nated arene 2’-Ho and non-coordinated phenyl 2'-Ho’ pro-
tons, between G3-H1’' and 2'-Ho', and between C4H1' and
2'-Ho' protons (Figure 9 and Table 6; for atom labelling, see
Figure 1).
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phenyl ring B of bound frag-

1-3, and for atom labels, see ~ment [(n6-biphenyl)Ru(en)]2+
S ("H)/ ppm
("H)/pp s Clo
7.4 ¥
cr .
. @ c1
o \
P ~_
76 ¢ ~_ |
T \
c1 lca
T T T T T T T T
6.0 55
5 (*H)/ ppm

Figure 8. Two-dimensional ['H,"H]-{""N} TOCSY NMR spectrum showing
the cytosine H5/H6 cross-peaks for the 1:1 equilibrium mixture of duplex
II and “N-2 (0.3 mm, 0.1 M NaClO,, D,O, pH 7.0) at 283 K. Note that two
sets of resonances are observed for the C4, C5, C7 and C10 residues, sug-
gesting the presence of two monoruthenated products. Assignments are
based on the two-dimensional ['H,'H]-{""N} NOESY NMR spectrum (see
Figure 9 and Tables 4-6); for DNA sequence, see Scheme 1.

(2') in the mixture II+2, but two sets of signals were ob-
served for the coordinated ring A (Table 6). Compared to
unbound 2, 2'-Ho', 2’-Hp’ and 2’-Hm' resonances of ring B
were shifted upfield by between 0.48 and 0.63 ppm, the larg-
est shift being for 2’-Hm’' (Ad=—0.63 ppm). For ring A, the
change in shift of 2’-Ho resonances was very small. Howev-
er, 2’-Hp resonances were shifted upfield by 0.37 (Ru-Ilc)
or 044 ppm (Ru-IId), and the 2-Hm resonances shifted
downfield by 0.55 (Ru-IIc) or 0.61 ppm (Ru-IId). One set
of unshifted signals for 2’-en CH, for both Ru-IIc and Ru-
IId was detected. No signals from unreacted ruthenium
complex 2 were observed in the equilibrium mixture.
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Table 4. '"HNMR chemical shifts for product Ru-IIc in the 1:1 equilibrium mixture of duplex II and 2 (at

283 K; Ru=[(n’-biphenyl)Ru(en)]**).

FULL PAPER

After lyophilisation and re-dis-
solution of this sample in D,0,

Residuel®! Proton'” no NH peaks were detected.

H8 H6 HS HI H2 H2 H3 H4 Figure 11 shows the two-di-
c1 7.66 5.95 5.76 1.93 2.40 475 409  mensional ['H,)H] TOCSY
G2 7.96 5.56 2.77 2.77 5.04d 4.34 NMR spectrum in the cytosine
G3 8.30 6.06 2.69 2.81 n.ald 4.21 R

(0.40)1 H5/H6 cross-peak region for II-
C4 7.52 5.81 6.11 2.08 2.40 4.85 422 Ru, (1.1mm, 0.1m NaClO,) in
(0.07) (0.39) (0.08) (-0.09) D,0 at 283 K. Two sets of reso-

856 2.00 751 5.69 EZ ;2‘7‘ ;ig 2'3(5) 3';3 nances were observed for the
c7 7.66 5.95 5.76 1.93 2.40 475 400 1, €4, C7 and CIO residues,
G8 7.96 5.56 2.77 2.77 5.04 434  suggesting the presence of a dir-
G9 7.90 6.02 2.70 2.77 5.07 446  uthenated product as well as a
Cl10 7.49 5.42 5.95 225 2.72 5.05 407 very small amount of duplex IL
(~0.08) (0.15) (0.23) (0.17) (~0.18) . , B

C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14 The sugar rl/ng H1 . (6'4
G12 8.00 6.22 2.67 2.40 475 424 S4ppm) to H2" and H2" (3.0~

[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of >0.05 ppm [Ad =d(Ru-Ilc)—o(II)].

[d] n.a.=not assigned. 2’ is bound at N7 of G3.

Table 5. '"HNMR chemical shifts for product Ru-IId in the 1:1 equilibrium mixture of duplex II and 2 (at

283 K; Ru=[(n*-biphenyl)Ru(en)]**).

1.7 ppm) TOCSY connectivities
of duplex II and II-Ru, are
shown in Figure 12. The H1'/
H2" cross-peaks for C4 and
C10 residues in II-Ru, were
shifted compared with free
duplex II to give new broad
peaks, but H1’/H2"” cross-peaks

Residuel” Proton!”! for G3 and G9 residues in II-
H8 Ho 15 HI i H2 i3 HY Ru, were too broad to assign.

812 o6 7.66 5.95 g;g ;33 3.‘71(7) ‘5‘~(7)Z igi Decreased intensities of the
G3 7.89 6.01 2.70 277 5.07 nal HI/HZ and HI/H2" cross-
c4 7.48 5.51 6.02 2.09 2.48 4.90 424  peaks were found for C5, Cl1,
C5 7.52 5.86 6.03 227 2.66 4.87 424 G2 and G8 residues, but not for

(014 (0.38) (020 (0.27) (0.10)  C1, C7, G6 and G12 residues.

G6 830 6.09 2.89 241 484 421 Assignments for 'H NMR
c7 (029 7.61 5.88 (22;451) (%g) 2.8 (gég) 400 cross-peaks —of diruthenated
(~0.05) (~0.08) (~0.14) (-0.09) duplex II-Ru, are shown in

G8 7.96 5.56 2.77 2.77 5.04 434  Table 7, and NOE contacts are
c1 MUl se 6w 209 oy 4o 4pq sted in TableS Large low-
cil 7.54 5.73 5.62 2.04 236 488 414 Tield shifts of the G3-H8 and
G12 8.00 6.22 267 2.40 475 424 G9-H8 resonances were ob-

[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] n.a.=not assigned. [d] Values in
brackets are chemical shift changes from free II (see Table S3 in the Supporting Information) of >0.05 ppm

[A6=06(Ru-1Id)—o6(II)]. 2" is bound at N7 of G6.

Diruthenated duplex II-Ru,: Figure S6 in the Supporting In-
formation shows the aromatic and imino proton resonance
regions of the '"H NMR spectra of DNA duplex II and the
diruthenated duplex II-Ru, (Ru=[(n’-biphenyl)Ru(en)]**
(2)). This diruthenated duplex was obtained by annealing
the monoruthenated single-strand I collected by HPLC (I-
Ru-G3; Scheme 1 and Figure 2). The broadening and inten-
sity decrease of the imino proton resonances was notable.
The two-dimensional ['H,"”"N] HSQC NMR spectrum of
II-Ru, at 283 K in 90% H,0/10% D,O (Figure 10) gave
rise to two cross-peaks at 0 =6.62/—27.17 ppm, assignable to
en-NHu, and 6=4.20/-27.17 ppm, assignable to en-NHd
resonance of 2’ (Table S2 in the Supporting Information).
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served (A6 =0.43 and 0.36 ppm,
respectively), as was also the
case for the HS resonances of
the neighbouring residues C4
(A6=0.68 ppm) and C10 (Ad=
0.68 ppm). The largest changes
in H1' chemical shifts occurred for the C4 and C10 residues
(both A6=-0.19 ppm). Weak cross-peaks were found be-
tween G3-H2”, G3-H2', G9-H2", G9-H2' and 2'-Ho arene
protons, between G3-H2"”, G3-H1', G9-H2", G9-H1', C4-
H1’, C10-H1" and 2'-Ho’ protons, and between C4-H1', C10-
H1’ and 2'-Hp’ protons (Figure 13 and Table 8).

Two sets of signals were observed for the coordinated
phenyl ring A, but only one set of signals for the non-coor-
dinated phenyl ring B for the two bound fragments 2’ in II-
Ru, (Table 8). Relative to unbound 2 (in aqua species H,O-
2), the 2’-Ho’, 2-Hp’ and 2’-Hm' resonances of ring B were
shifted upfield by 0.41 to 0.52 ppm, and the largest shift was
for 2’-Hm' (A6=0.52 ppm). For ring A, little change occur-
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2'-HoYG6*H1'(b)

707 2'-Ho'/C4H1'(a) / - 2"-Ho'/G3*H1'(a)
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b 2'-Ho'/C5H1'(b)
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5 ('H)/ ppm 2"-Ho'Ho(a) , Y
2'-Ho'/Ho(b)
@
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G6H8/H1'
8.0 7 G12Hg/H1! ¢ \
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Figure 9. Part of the two-dimensional ['H,'H]-{""N} NOESY NMR spec-
trum of the 1:1 equilibrium mixture of duplex IT and “N-2 (0.3 mm, 0.1 M
NaClO,, 283 K, pH 7.0, mixing time 400 ms) in D,O. The interresidue
[(m°*-biphenyl)Ru(en)]**~II cross-peaks observed for the monoruthenated
product II-Ru-G3 are: G3*HS8/2'-Ho'(a), G3*H1'/2'-Ho'(a) and 2'-Ho'/
C4H1'(a); and for II-Ru-G6 are: G6*HS8/2-Ho'(b), G6*H1'/2'-Ho'(b)
and 2'-Ho'/C5H1'(b). Cross-peaks observed within the ruthenated gua-
nine residues G3* or G6*, and within the bound ruthenium complex 2’
are also indicated. Labels: 2' = [(n’-biphenyl)Ru(en)]**; ruthenated gua-
nines are marked with asterisks; for NMR chemical shifts, see Tables 4-6,
and atom labels, see Figure 1.

red for the 2’'-Ho resonance. However, the resonances of 2'-
Hp were shifted upfield by 0.35 (for 2’ bound to G3) or
0.28 ppm (for 2" bound to G9), and those of 2’-Hm down-
field by 0.49 (for 2’ bound to G3) or 0.59 ppm (for 2’ bound
to G9). One set of unshifted signals for en CH, of 2’ was de-
tected.

Reaction of single strand I with complex 1 or 2: The reac-
tion mixtures of ss-DNA I with "N-1 (1:6) or “N-2 (1:4) in

Table 6. '"HNMR chemical shifts for [(n®-biphenyl)Ru(en)CI][PFs] (2) and bound fragment [(n°-biphenyl)-
Ru(en)]** (2), and intermolecular NOEs in the 1:1 equilibrium mixture of duplex IT and 2 (at 283 K).

-30 //
E 90% H,0
S ("H)/ ppm T b
Tl
70 65 40 35
& ("H)/ppm

Figure 10. Two-dimensional ['H,"N] HSQC NMR spectrum of the di-
ruthenated duplex II-Ru,-G3G9 (1.1 mMm, 0.1m NaClO,) in D,0O at
283 K; Ru=[(n’biphenyl)Ru(**N-en)]** (°N-2'). Assignments: a=en
NH(u) resonances of II-Ru,~G3G9; b=en NH(d) resonances of II-Ru,—
G3G9. No NH peaks were detected for D,0O solutions. It is notable that
in a similar duplex monoruthenated with [(n°-p-cymene)Ru(en)]** (1),
the NH peaks are still detectable in the D,O solution (Figure 4). This
suggests that the G-O6--HN-en hydrogen bonds in II-Ru,~G3G9 are
weakened due to intercalation of the biphenyl ligand. For the mono-
ruthenated II (II-Ru-G3 and II-Ru-G6), the en NH(u) resonances are
also detectable in D,O (Figure 7), though they are weakened compared
with those in 90% H,O. It is possible that double ruthenation mediates
hydrogen bonding further, see discussion section. For atom labels and
structure of II-Ru,—~G3GY, see Figure 1 and Scheme 1.

7.0 1

S ('H)/ ppm

7.5 7

55
8 ("H)/ppm

Figure 11. Two-dimensional ['H,'H]-{"*N} TOCSY NMR spectrum in the
cytosine H5/H6 cross-peak region for the diruthenated duplex II-Ru,—
G3G9 (1.1 mm, 0.Im NaClO,) in D,O at 283 K; Ru=[(n’biphenyl)-
Ru(en)** (2). Note that two sets of resonances are observed for the C1,
C4, C7 and C10 residues suggesting the presence of a diruthenated prod-
uct as well as a small amount of unreacted duplex II. Assignments are
based on the two-dimensional ['H,'H]-{"*N} NOESY NMR spectrum (see
Figure 13 and Tables 7 and 8); for DNA sequence, see Scheme 1.

90% H,0/10% D,O at 283K
were also studied by one- and

two-dimensional NMR spectros-

Proton®! Ru-Tlc Ru-TId
2 2 Aol NOEs 2 A NOEs copy. Spectra for the reaction
-2y (Im-2/)t mixture of I+1 are shown in
en-CH, 2.36 245 2.47 247 Figure S7 in the Supporting In-
en-NHd 4.14 nald u nall formation and assignments are
_ % e _ # . . .
Ho 6.20 6.15 0.05 G3 HS(W) 6.12 0.08 G6*HS8 (W) glVen in Tables 82, SS and S6 in
Hp 6.10 5.73 -0.37 5.66 —0.44 h . Inf .
Hm 5.93 6.48 0.55 6.54 0.61 the  Supporting In ormation.
Ho' 7.81 721 ~0.60 G3*H8(w) 721 ~0.60 G6*H8 (w)  The two-dimensional ['H,"N]
G3*H1'(w) G6*H1' (w/) HSQCNMR spectrum (data
C4HT'(w) CSHI'(W)  not shown) of the mixture con-
Hp' 761 7.13 —0.48 713 —0.48 tained three species: the chloro
Hm' 7.61 6.98 —0.63 6.98 —0.63 p '
en-NHu 6.19 6.61 0.42 6.55 0.36 complex 1, aqua complex H,O-

[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1. [b] A0 =06(2')—06(2) (>0.05 ppm). [c] 2" is
bound at G3N7 or G6N7, and the ruthenated guanines are marked with asterisks. [d] n.a.=not assigned.

[e] s=strong, m =medium, w=weak.
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1 and triruthenated single
strand adduct I-Ru; (Ru=[(n’
p-cymene)Ru(en)]** 1))
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Figure 12. Two-dimensional ['H,'H]-{"N} TOCSY NMR spectra of
A) duplex II and B) the diruthenated duplex II-Ru,~G3G9 (1.1 mm, 0.1M
NaClO, in D,0, at 283 K and pH 7.0, mixing time 80 ms), showing the
sugar ring H1' (6.4-5.4 ppm) to H2" and H2" (3.0-1.7 ppm) connectivities;
Ru=[(n"biphenyl)Ru(en)]*" (2'). The circles indicate C-H1’/H2' and C-
H1'/H2” or G-H1'/H2' and G-H1'/H2" cross-peaks: a, C4/C10-H1'/H2'; b,
C4/C10-H1'/H2"; ¢, G3/G9-H1'/H2'; d, G3/G9-H1'/H2"; e, C5/C11-H1'/
H2'; f, C5/C11-H1'/H2"; g, G2/G8-H1'/H2' and G2/G8-H1'/H2". Note the
downfield shift of cross-peaks a, b and c to give a*, b* and c*, respective-
ly and decrease in intensity of cross-peaks e, f and g after ruthenation of
G3N7 and GIN7. For DNA sequence, see Scheme 1.

(Table S2 in the Supporting Information). In the one-dimen-
sional spectra of I in the presence of six molar equivalents
of 1 (Figure S7 in the Supporting Information), the binding
of [(n%-p-cymene)Ru(en)]** was indicated by the large low-
field shift of all the guanine H8 resonances (0.51-0.66 ppm)
and the cytosine H6 and HS5 resonances (0.12-0.60 ppm)
(Table S5 in the Supporting Information). Compared to free
1, I-CH;b, 1-CH and 1-CH;a 'H resonances were shifted
to high field (by 0.14-0.31 ppm), and 1-Ha/Ha’ proton reso-
nances were shifted to low field (by 0.06 ppm); the 1-en
CH, proton resonances were unshifted. The largest shift was
for 1'-CH (Table S6 in the Supporting Information).

The 'H NMR spectra for the reaction mixture of I4+2 are
shown in Figure S8 in the Supporting Information and as-
signments are shown in Tables S2, S7 and S8 in the Support-
ing Information. The two-dimensional ['H,"N] HSQC NMR
spectrum (data not shown) of the mixture showed the pres-
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ence of three species: 2, H,O-2 and triruthenated single
strand adduct I-Ru; (Ru=[(n*biphenyl)Ru(en)]** (2'))
(Table S2 in the Supporting Information). The binding of
[(m®-biphenyl)Ru(en)]** is indicated by the large low-field
shift of all the G-HS8 resonances (0.49-0.61 ppm) and the C-
H6 and C-HS5 resonances (0.12-0.47 ppm) (Table S7 in the
Supporting Information). There was only one set of signals
from the non-coordinated phenyl ring B of the bound frag-
ment 2', and there were three sets of signals from the ring
A. Relative to free 2, 2-Ho’, 2’-Hp’ and 2’-Hm’ resonances
of non-coordinated ring B were shifted to high field (0.34—
0.41 ppm), the largest shift was for 2'-Ho'’; but for ring A, 2'-
Hp was shifted to high field (0.29 ppm), and the 2'-Ho
(0.07-0.18 ppm), and 2-Hm (0.48-0.55 ppm) resonances to
low field.

Discussion

Reverse-phase HPLC together with ESI-MS allowed separa-
tion and identification of mono-, di- and triruthenated DNA
hexamers formed during reactions of the single-strand d-
(CGGCCQG) or duplex d(CGGCCG), with Ru"-arene anti-
cancer complexes [(n’-arene)Ru(en)Cl]* (arene =p-cymene
(1) or biphenyl (2)).:'*! Even isomeric ruthenated DNA ad-
ducts were readily separated by HPLC. Since the ruthenat-
ing fragment [(n’-arene)Ru(en)]™ is relatively hydrophobic,
the greater the extent of ruthenation of the DNA, the
longer was the retention time, which also depended on the
position of the ruthenation in the sequence.

Adducts of duplex II eluted as single strands from the re-
verse-phase HPLC column (Figure 2d). This has often been
observed for reactions of duplex DNA with platinum anti-
cancer complexes.'”! For example, 3'-G and 5'-G platinated
single-strand monoadducts and the GG-chelate adducts
have been separated on a C18 reverse-phase column from
the 1:1 reaction mixture of the duplex d(TTGGCCAA),
with cis-[Pt(NH;),(H,O),]** and [Pt(NH,);(H,0)]**. [Pt-
(dien)Cl]* adducts of 10- and 12-mer duplexes have been
separated by anion exchange chromatography.'? The in-
crease in hydrophobicity, together with partial charge neu-
tralisation of the ruthenated DNA probably accounts for the
observed precipitation of triruthenated single-strand adducts
at concentrations higher than 0.20 mM, and when more than
one molar equivalent of 1 or 2 was added to duplex II
(0.2 mm). Three monoruthenated products were detected for
reactions of single strand I with 1 or 2 at a Ru/I mol ratio of
0.5:1, but only two monoruthenated products for reactions
of duplex II with 1 or 2 at a Ruw/II mol ratio of 1:1, indicat-
ing that the ruthenation of duplex II is base- and sequence-
selective.

The pattern of ruthenation of single strand DNA I by 1
and 2 was similar (Figure 2a—c). However, the biphenyl com-
plex 2 is much more reactive towards the duplex II than is
the p-cymene complex 1, as has been observed previously
with calf thymus DNA.P
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Table 7. 'H NMR chemical shifts for the nucleotides in diruthenated duplex II-Ru, (at 283 K; Ru=[(n’-biphe-

and allow assignment of the

ny)Ru(en)"*). binding sites as G3 in Ru-Ila
Residuel” Proton'” and G6 in Ru-IIb formed from
H8 H6 H5 H1 H2 H2 H3 H4 the reaction of II+1, G3 in
C1 7.62 5.92 5.74 1.92 2.40 47 407  Ru-Ilc and G6 in Ru-IId
gi ;gg 2(5)3 ;;; ;Z i'g(gd] j’fg formed from the reaction of
(0.43)¢1 (~0.32) (=0.12) (~032) m+2 (Ta.bles 1, 2, 4 and S)f.’ If
c4 748 6.10 5.84 2.03 239 482 419 the binding fragment [(n’-p-
(0.68) (=0.19) (=0.07) (=0.10) (=0.06) (-0.06) cymeme)Ru(en)]** is labelled
cs 7.53 5.69 5.60 2.03 2.39 4.82 411 45 1 and  [(n'-biphenyl)-
G6 7.99 6.21 2.66 2.39 470 421 Ru(en)[** as 2', then the mono-
c7 7.62 5.92 5.74 1.92 2.40 47 4.07 ’ '
G8 798 5.56 277 277 5.00 433 ruthenated duplex Ru-Ila is as-
G9 8.26 6.04 2.38 2.67 na. 416  signed as II-Ru-G3(1'), Ru-IIb
(0.36) (-0.32) (-0.12) (=034)  as II-Ru-G6(1'), Ru-IIc as II-
C10 7.48 6.10 5.84 2.03 2.39 4.82 4.19 ,
(068)  (=0.19)  (=007)  (-0.10)  (-006)  (—0.06) Ru_G3(2,)’ and Ru-IId as Tl
ci 7.53 5.69 5.60 2.03 2.39 482 411 Ru-G6(2) (for DNA sequence,
G12 7.99 6.21 2.66 2.39 4.70 421  see Scheme 1).

[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of >0.05 ppm [Ad =0(II-Ru,) - 6(II)].

[d] n.a.=not assigned. 2’ is bound at N7 of G3 and G9.

Table 8. '"HNMR chemical shifts for [(n*-biphenyl)Ru(en)(H,0)]**
(H,0-2) and G3 or G9 bound fragment [(n’-biphenyl)Ru(en)]** (2'-G3
or 2'-G9), and NOEs between arene and DNA protons in the diruthenat-
ed duplex II-Ru, (at 283 K, Ru=[(n’-biphenyl)Ru(en)]**)

Proton®®! H,0-2 2-G3/2-G9 A" G3/G9 NOEs (II-2')

en-CH, 2.44 2.46

en-NHd 4.02 nald

Ho 614  6.17/6.17 G3*H2' (w)\Y/G9*H2' (w)
G3*H2" (w)/G9*H2" (w)

Hp 597  5.62/5.69 —0.35/-0.28

Hm 588 637647 0.49/0.59

Ho' 777 1271127 —0.50/—0.50 G3*H1' (w)/G9*H1’ (w)
C4H1' (w)/C10H1' (w)
G3* H2" (w)/G9*H2"

Hp' 757 7.16/7.16 —0.41/—0.41 C4HI' (w)/C10H1' (w)
C4H2' (w)/C10H2' (w)
C4H2" (w)/C10 H2" (w)

Hm' 757 7.05/7.05 —0.52/-0.52

en-NHu 6.04  6.50/6.50 —0.46/—0.46

[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1.
[b] A6=0(2")-0(H,0-2) (>0.05ppm). [c]n.a.=not assigned. [d]s=
strong, m =medium, w=weak. [e¢] 2’ is bound at G3N7 and GIN7 and
the ruthenated guanines are marked with asterisks.

Determination of the binding sites by NMR spectroscopy:
Previous studies of reactions of [(n’-arene)Ru(en)Cl]* com-
plexes with nucleobases!® have shown that the reactivity de-
creases in the order G(N7)>T(N3)>C(N3)>A(N7),
A(NT1), and in competitive reactions of nucleotides binding
only to G is observed. For the single-strand 14-mer d(ATA-
CATGGTACATA), complex 1 binds strongly and selectively
to the central G bases forming monofunctional adducts.!"
Selective binding to N7 of the G residues of the 6-mer
DNA used here was evident from the 'H NMR chemical
shift changes. Binding of Ru-arene complexes 1 or 2 to 5'-
GMP™? through N7 caused a low-field shift of the H8
"H NMR resonance by up to 0.7 ppm. Similar shifts were ob-
served for the H8 resonances of G bases in the hexamer,
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The low-field shifts of the HS
resonances of G3 and G9 by up
to 0.40 ppm in the diruthenated

°  2-Hp/C4H1'
2'-Ho'/C4H1'  2'-Hp/C10H1' 2'-HoY/G3*H1'
7.0 | 2-Ho/C10H1' // T
> _2-Ho/GY'H1'
v C4HB/H1"
5 ("H)/ ppm
2'-Ho'/Ho
] ° C10H6/H1"
GHB/H1' ® @
80 - Giz2HgH1T @ ’ e{\
© A
| G2H8/H1'
. G8H8/H1"
] G3HBH! @ - GomHamt
T T T T
6.0 5.4
S ("H)/ ppm

Figure 13. Part of the two-dimensional ['H,'H]-{"*N} NOESY NMR spec-
trum of the diruthenated duplex II-Ru,-~G3G9 (1.1 mm, 0.1M NaClO, in
D,O, at 283K and pH 7.0, mixing time 400 ms); Ru=[(n-biphenyl)-
Ru(en)]** (2). Intra-residue and [(n°’-biphenyl)Ru(en)]**II cross-peaks
arising from NOEs between ruthenated guanine residues G3* or G9*
and the bound ruthenium complex 2’ are indicated. Labels; resonances
for ruthenated guanine are marked with asterisks; for NMR chemical
shifts, see Table 7 and Table 8, and for atom labels, see Figure 1.

duplex II-Ru, (Ru=[(n’-biphenyl)Ru(en)], (2), Table 7),
indicate that the binding sites for 2 in the duplex are G3N7
and GI9N7, and thus the duplex II-Ru, is assigned as II-
Ru,~G3G9(2).

The low-field shifts of all G-H8 resonances (by up to
0.66 ppm) in the 1:6 mixture of I+1 and in 1:4 mixture of
I+2 (Tables S5 and S7 in the Supporting Information), indi-
cate that under these conditions all G N7s are ruthenated
by 1’ or 2’ to form triruthenated single strand DNA adducts
I-Ru;-G2G3G6(1') and I-Ru;-G2G3G6(2').
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Duplex ruthenation was also accompanied by selective
changes in imino proton resonances: those of G3 in II-Ru—
G3(1'), and G6 in II-Ru-G6(1') shifted to high field by 0.19
and 0.11 ppm, respectively. Platination of the 14-mer duplex
d(TATGTACCATGTAT)/d(ATACATGGTACATA)  also
causes high field shifts of G imino proton resonances." As
with platination," ruthenation also affects the resonances
of neighbouring bases: large low-field shifts of the HS and
H6 resonances are observed for C4 in II-Ru-G3(1") and C5
in II-Ru-G6(1'), of H5 for C4 in II-Ru-G3(2') and CS in
II-Ru-G6(2'), and also for the C4 and C10 bases in II-Ru,—
G3G9(2') (Tables 1,2, 4, 5 and 7).

Intercalation: We sought to determine whether the biphenyl
ligand in 2 could intercalate into the hexamer duplex in con-
trast to the p-cymene ligand in 1, which cannot intercalate.
Literature reports show that intercalation into DNA base-
pairs often results in upfield 'H NMR shifts of resonances of
the intercalator,"*! and the interruption or weakening of
NOE connectivities between sequential DNA nucleo-
tides."1*2! NOE cross-peaks between protons of the inter-
calator and those of DNA have been observed at sites of in-
tercalation,”*) and peaks for H1' and H2/H2" sugar pro-
tons at the intercalated base steps are shifted upfield.!'s!*>!
The DNA melting temperature (7,,) usually increases after
intercalation.!"s>!

For the p-cymene complex, the CHsa, CH;b and CH
"H NMR resonances of bound 1’ in both II-Ru-G3(1’) or
II-Ru-G6(1') were shifted to high field by —0.16 to
—0.32 ppm. However, the en-CH, 'H resonances were shift-
ed to low field and the arene ring Ha/Ha' and Hb/Hb’
proton resonances changed little (Table 3). Interruptions of
the sequential NOE connectivities between the G3 and C4
in II-Ru-G3(1'), and between the C5 and G6 in II-Ru-
G6(1') were observed. Interresidue NOE cross-peaks were
observed only between protons of bound fragment 1’ and
residues G3 or G6. Also the H1' and H2'/H2" sugar protons
of G3 and G6 were shifted to low field (Tables 1 and 2).
These data are consistent with the lack of intercalation of p-
cymene, which has bulky methyl and isopropyl substituents,
in adducts II-Ru-G3(1') and II-Ru-G6(1’), as expected.”

Experiments carried out in D,O revealed the retention of
en-NH for a monitored period of 72h, slow NH/ND ex-
change being attributable to the presence of hydrogen bond-
ing between G306 and en-NH. This can occur only if the en
ligand is oriented such that en-NH comes into close contact
with G3-06.

Large upfield shifts of 0.41-0.63 ppm for all proton reso-
nances of the non-coordinated phenyl ring B of 2" were
found for monoruthenated duplexes II-Ru-G3(2') and II-
Ru-G6(2') (Table 6), and also for diruthenated II-Ru,-
G3G9(2') (Table 8). These shifts are attributable to shielding
effects from the ring currents of nucleobases that form a
sandwich with the intercalated phenyl ring B of bound 2'.
Such shielding is commonly considered as evidence for an
intercalative binding mode.'®?”) For example, upfield shifts
of a similar magnitude (0.4-1.0 ppm) have been reported for
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intercalated acridine.""! NOE cross-peaks were found not
only between ring B of bound 2’ and H1’ and H8 protons of
G3 in II-Ru-G3(2'), but also between ring B and H1’ of C4
(Table 6). This can occur only if the intercalation occurs at
the G3pC4 base step. Analogous NOE cross-peaks between
ring B of bound 2’ and H1" and H8 of G6 and H1" of C5
were found for II-Ru-G6(2'), indicating that intercalation
occurs between G6 and C5 (Table 6). For the diruthenated
duplex II-Ru,~G3G9(2'), NOE cross-peaks were detected
not only between ring B of bound 2’ and H1’" and H2'/H2"”
of G3 and H1' of C4, but also between ring B and H1' of
C10 and H1" and H2'/H2" of G9, indicating the presence of
intercalation sites between G3 and C4, and between C10
and G9 (Table 8). The interruption of NOE connectivities
between the corresponding base-pairs is consistent with
these intercalation sites. Intercalation of acridin-9-ylthiourea
into d(GGACGTCC), or d(GGAGCTCC), gives rise to up-
field shifts of some of the H1” and H2'/H2" sugar protons at
the intercalation base steps.™! Such upfield shifts (up to
A6 =-0.32 ppm) are also observed for the H1" and H2'/H2"
protons of G3/C4 and G9/C10 at the proposed intercalation
sites of the diruthenated duplex II-Ru,~G3G9 (Table 7)
caused by ring current effects of the intercalated phenyl
ring.

In II-Ru-G3(2'), 2’ is eventually oriented in such a way
that a G3-O6 to en-NH hydrogen bond is less likely to form
compared with II-Ru-G3(1’), consistent with the weak en-
NH resonances observed for II-Ru-G3(2') in D,O
(Figure 7). Resonances for Ho', Hp’ and Hm' of 2’ are con-
sistently shielded relative to free 2, consistent with the base
stacking of the non-coordinated phenyl ring. The data impli-
cate biphenyl as an aggressive ligand, the non-coordinated
ring B pushing through the major groove deep enough to
give rise to NOE contacts between protons of ring B and
H1" and H2'/H2" protons of G3 and in particular between
Hp’ of 2" and the H1" proton of residue C4, together with
changes in the H4' proton chemical shifts at the intercala-
tion sites (see Table 5). The driving force for the intercala-
tion is likely to arise from the hydrophobic nature of the
non-coordinated phenyl ring, which would tend to bury
itself within the DNA base stack rather than be exposed to
solvent in the major groove. This tendency is then likely to
be stabilised by n— interactions within the G3—phenyl ring—
C4 or the G9-phenyl ring-C10 “sandwich”. This intercala-
tion distorts the DNA and reduces the strength of hydrogen
bonding between en-NH and G3-O6. It was reported” "
that the GpC site is the preferred intercalation binding site
for actinomycin D (ActD) ligands and, moreover, the flank-
ing sequences at the GpC binding site play an important
role in the binding affinity of this intercalator. It is interest-
ing in the present work that all of the intercalation occurs
between GpC base steps, and there is no evidence for inter-
calation at the GpG base steps. This may be due to the less-
ening of steric crowding at the GpC step relative to the
GpG step, thereby allowing accommodation of the arene
ring. A further driving force for GpC rather than GpG inter-
calation is the weaker purine—pyrimidine n—m stacking inter-
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action for GpC compared to purine-purine GpG steps.”® It
is therefore likely that intercalation at GpC by 2’ has a
lower energy penalty when compared with intercalation at
GpG base steps.

In the diruthenated duplex II-Ru,~G3G9(2'), intercala-
tion is likely between G3/C4 when the biphenyl complex is
bound at G3, but this may preclude intercalation at G9/C10
for the Ru biphenyl bound at G9. This would make the
duplex unsymmetrical and account for the observation of
two sets of NMR peaks, one for each strand.

Dynamics: The intensities of the imino proton resonances
for the terminal base-pairs G6-C7 and G12-C1 of the duplex
increased after ruthenation at G3 or G6 by the p-cymene
complex 1’, whilst those for the inner base-pairs G2-Cl11,
G3-C10, G8-C5 and G9-C4 remained unchanged. This sug-
gests that ruthenation results in a decrease in the opening
rate of these base-pairs. In contrast the imino proton reso-
nances of the duplexes II-Ru-G3(2') or II-Ru-G6(2’) and
duplex II-Ru,~G3G9(2") became broad and weak, implying
that the base-pairs are disrupted in the duplex with an in-
crease in dynamic mobility of the bases. Such perturbations
of the structure of the DNA duplex may have implications
for protein binding and contribute to mechanism of action
of these anticancer complexes.

The effect of intercalation is often to increase the melting
temperature (7,) of DNA duplexes by >20K.1%2 In the
current case the melting temperature of the double-interca-
lated duplex II-Ru,~G3G9(2) (7,=302.3+0.9 K, 100 mm
NaClO,) is 14 K lower than that of the free duplex II (T,,=
316.8+0.1 K), clearly indicative of destablisation of the
double helix. Experimentally this would lead to lower inten-
sity imino and amino proton resonances, due to the weaken-
ing of interstrand hydrogen bonds, resulting in a duplex that
is largely destabilised in the vicinity of the ligand binding
site. Isothermal calorimetric studies® of monofunctional
(G) adducts of the potential intercalating complex [(n’-tetra-
hydroanthracene)Ru(en)]** and of the p-cymene complex 1
with the 15-mer duplex d(CTCTCTTGTCTTCTC)-d(GA-
GAAGACAAGAGAG) have shown that the duplex is de-
stabilised enthalpically by 4.4 and 7.4 kcalmol !, respective-

ly.

Ru-enNH--GO6 hydrogen bonding: Strong stereospecific
intramolecular hydrogen bonding between an en NH proton
oriented away from the arene (en NHd) and the C6 carbon-
yl of G is observed in the solid state and implied from NMR
data of solutions of [(arene)Ru(en)]** adducts of model
guanine complexes.”! Such hydrogen bonding partly ac-
counts for the high preference for binding to G versus A
(adenine) which lacks a hydrogen-bond acceptor at the 6-
position of the purine residue.

For model G adducts with 2, such as guanosine 5'-mono-
phosphate, Ru-enNH--GO6 hydrogen bonding greatly in-
hibits NH/ND exchange in D,0O; the hydrogen-bonded NH
proton is NH(d). However, this resonance appears close to
the water peak and is detectable only over the pH range 6 <
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pH <8, disappearing at pH values <6 and > 8.1 For the ad-
ducts of complex 1 with duplex II studied here (II-Ru-
G3(1') and II-Ru-G6(1'), Figure 4), the resonance for
NH(d) was too broad to observe even at 283 K. Surprisingly,
the exchange of the en-NHu protons was very slow and was
reasonably slow for the monointercalated biphenyl duplexes
II-Ru-G3(2') or II-Ru-G6(2') (Figure 7). However, NH ex-
change was rapid for the en-NH(u) protons in the double-in-
tercalated duplex II-Ru,~G3G9(2') (no 'H/"N cross-peaks
being detected for a D,O solution of I-Ru,~G3G9(2),
Figure 10). The slow exchange of NH(u) protons could pri-
marily be rationalised by additional hydrogen-bonding inter-
actions. In all cases the most likely rationale is for hydrogen
bonding to occur between en-NH(u) and either nearby
phosphodiester backbone residues or hydrogen-bonding ac-
ceptors on the complementary DNA strand. For instance hy-
drogen bonding between en-NH(u) and O2P at the C'pG®
step of II-Ru-G3(1") could occur through motion of the
phosphodiester backbone. For II-Ru-G3(2’) the arene inter-
calation forces the en-NH(u) protons into geometrical posi-
tions that are much less favourable for hydrogen bonding
with either the phosphodiester backbone or with compo-
nents of the complementary strand.

It is clear that exchange of NH(u) with solvent D is slow
on the NMR timescales in specific instances (Figures 3 and
6). Exchange of en-NH, protons could occur either by Ru—
N bond cleavage or through proton dissociation. It appears
therefore that NH(u) hydrogen bonding decreases the labili-
ty of NH protons and/or strengthens the Ru—N bond.

Sequence specificity of G metallation: Reactions of com-
plexes 1 and 2 with the duplex II d(CGGCCGQG), give rise to
little ruthenation of G2. Many studies have been carried out
on the specificity of platination of G residues in GG sequen-
ces, since attack on GG by cisplatin with subsequent forma-
tion of 1,2-intrastrand cross-links leads to DNA bending and
HMG protein recognition.”*! Exclusive attack on the 3'-G
(G3), as seen for these organometallic Ru-arene complexes,
is uncommon for platination. For example, only 5'-G plati-
nation is found when the monofunctional complex [Pt-
(dien)Cl]* (dien=diethylenetriamine) reacts with DNA
duplex d(TATGGCCATA),." The rates of binding of
monofunctional cis-[PtCI(H,O)(NH;),]* or bifunctional cis-
[Pt(H,0),(NH,),]** to the 5-G of the double-strand oligo-
nucleotides are much greater than those for the 3'-G.*? The
pseudo-octahedral coordination site on an [(arene)-
(Ru")(en)] complex is more sterically demanding than that
of a square-planar site on Pt", and this may contribute to
the difference in sequence specificities. For DNA bases in
proximity to the phosphodiester backbone, C (six-membered
ring attached through glycosidic bond with H5/H6 exposed
in the major groove) is expected to be more sterically de-
manding than G (five-membered ring attached at the glyco-
sidic bond). The combined steric demands of C plus the Ru"
complex are likely to account for a preference in binding to
G3-N7 compared to G2-N7. Although both of G2 and G6
follow a cytosine, G2 is also adjacent to a guanine, whereas
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G6 is terminal, which implies that there is less steric hin-
drance around G6 than G2. Therefore G6 is apparently
ruthenated while G2 is not.

Conclusion

We have studied the binding of two Ru"-arene complexes
to single- and double-stranded DNA. The p-cymene com-
plex 1 (ICs, 10 um) is less cytotoxic to A2780 ovarian cancer
cells than the biphenyl complex 2 (ICs, 5 um).”) We have
previously shown that the arene can exert a significant
effect on the chemical reactivity of these Ru" complexes
and on distortions induced in DNA.»**¥ For example the
rate of reaction of 1 with ¢cGMP is approximately three
times slower than that of 2, and the biphenyl complex 2 in-
duces an unwinding angle twice that of p-cymene complex
1.°! Arene intercalation may account for the larger unwind-
ing angle induced in DNA by 2! and influence the further
downstream effects of damaged DNA, for example, those
involved in repair processes. Indeed repair DNA synthesis
by repair-proficient HeLa cell-free extracts and nucleotide
excision repair by rodent excinuclease are much less effi-
cient when the complex contains a potentially intercalating
arene compared to p-cymene.”” Even though complex 1
cannot act as a DNA intercalator, it can still cause signifi-
cant distortions and thermal destablisation of DNA,” which
may explain why the ICy, values of complexes 1 and 2 are
similar. Model complexes with guanine derivatives suggest’®
that the non-coordinated phenyl ring of [(n’*-biphenyl)-
Ru(en)]** adducts of DNA can undergo m—m stacking inter-
actions with the purine ring of G, which should allow favour-
able intercalation into duplex DNA. In the present study we
sought evidence for this in our studies of the ruthenation of
the self-complementary 6-mer d(CGGCCG). HPLC and
ESI-MS studies allowed us to separate and characterise
mono-, di- and triruthenated adducts and the specific bind-
ing sites were identified by two-dimensional NMR spectro-
scopic studies. Although all three G’s were readily ruthenat-
ed at N7 in the single-stranded 6-mer, only G3 and G6, and
not G2, in the duplex were ruthenated, attributable to un-
favourable steric interactions between the duplex and arene
for binding at G2. The NMR shift changes were indicative
of the intercalation of the biphenyl ring of 2, selectively be-
tween G3 and C4 and between G6 and C5 with weakening
of the GO6-+-NH(en) hydrogen bonding compared to ad-
ducts of 1. Further work is in progress in our laboratory™
on a non-self-complementary 14-mer DNA duplex with the
aim of defining more fully the structural changes induced by
intercalating arenes so that models of the complexes can be
proposed.

Experimental Section

Materials: [(n’-p-cymene)RuCl(en)]PF, (1), [(n*-biphenyl)RuCl(en)]PF,
(2) and “N-labelled 1 ("®N-1) and 2 ('’N-2) were synthesised as described
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previously.l"”) The sodium salt of FPLC-purified d(CGGCCG) I was pur-
chased from Oswel (Southampton, UK) and further purified by HPLC.
Sodium perchlorate and acetonitrile (HPLC grade) were obtained from
Fisher, and triethylammonium acetate buffer (TEAA) from Fluka.

High-performance liquid chromatography (HPLC): A Hewlett-Packard
Series 1100 quaternary pump and a Rheodyne sample injector with
100 pL and 500 pL loops, a HP 1100 series UV/Vis detector and HP 1100
series Chemstation with a HP enhanced integrator were used. Analytical
separations for reaction mixtures of ruthenium complexes with DNA
were carried out on an ACE300-5C8 reversed-phase column (250 x
4.6 mm, 300 A, 5 um, Hichrom Ltd), and semipreparative work on an
ACE300-5C8 reversed-phase column (250x 10 mm, 5 pm, Hichrom Ltd)
with detection at 260 nm. Mobile phases were A: 20mm TEAA (in
water, purified using a Millipore Elix 5 system) and B: 20 mm TEAA in
acetonitrile. For analytical assays, the flow rate was 1.0 mLmin"', for
semipreparative work, 5mLmin . A 35min linear gradient from 2.0-
16.8% B was applied for all reaction mixtures of complex 1. A 28 min
linear gradient from 2.0-24.3 % B was applied for all reaction mixtures of
complex 2.

HPLC-electrospray ionisation mass spectrometry (HPLC-ESI-MS): Neg-
ative-ion ESI mass spectra were obtained with a Platform II mass spec-
trometer (Micromass, Manchester, UK.) interfaced with a Waters 2690
HPLC system. The gradient described above was applied to an analytical
ACE-5 column with a flow rate of 1.0 mLmin~' and a splitting ratio of 1/
6. The spray voltage and the cone voltages were 3.50 kV and 40 V, respec-
tively. The capillary temperature was 413 K with a 450 Lh™" flow of ni-
trogen drying gas. The quadrupole analyser, operated at a background
pressure of 2x107° Torr, was scanned at 950 Das™'. Data were collected
and analysed on a Mass Lynx (ver. 2.3) Windows NT PC data system
using the Max Ent Electrospray software algorithm and calibrated versus
an Nal calibration file.

NMR spectroscopy: NMR data were acquired on 800 MHz or 600 MHz
Bruker Avance NMR spectrometers equipped with a triple resonance
TXI ('H,°C,°N) xyz-gradient probe and a triple resonance TXI
("H,"C,N) z-gradient cryoprobe, respectively. Experiments were carried
out at 283 K by using dioxane as the internal reference (6('H)=3.767,
298 K). NMR spectra for samples of "N-1, "N-2, I, IT and the reaction
mixtures of “N-1 or '’N-2 with I or II were recorded as follows. One-di-
mensional "H NMR spectra were acquired typically with 256 or 1k tran-
sients into 16 k data points over a spectral width of 20 ppm by using the
double-pulsed-field-gradient-spin-echo (DPFGSE) pulse sequence.”
Two-dimensional "N-decoupled ['H,”"N] HSQC NMR data sets were ac-
quired and processed according to previously reported methods.” Two-
dimensional “N-decoupled ['H,'H] NOESY NMR data sets were ac-
quired typically with 64 to 544 transients over a 'H spectral width of
20 ppm into 4096 data points for each of 512 7, increments (States-TPPI)
using mixing times of 100, 150, 250 or 400 ms. Two-dimensional 5N-de-
coupled ['H,'H] COSY NMR data sets were acquired with 128 transients
for each of 512 ¢, (QF) increments over a spectral width of 10 ppm. Two-
dimensional “N-decoupled ['H,'H] TOCSY NMR data sets were ac-
quired typically with 64 to 320 transients over a 'H spectral width of
10 ppm into 4096 data points for each of 512 ¢, increments (States-TPPI)
using a mixing time of 80 ms. Two-dimensional '"N-decoupled ['H,'H]
ROESY NMR data sets were acquired with 72 transients over a 'H spec-
tral width of 20 ppm into 4096 data points for each of 512 ¢, increments
(States-TPPI) using a mixing time of 150 ms or 200 ms. Two-dimensional
5N-edited TOCSY NMR data sets were acquired with 128 transients
over a 'H spectral width of 10 ppm in F2 domain and 5ppm in F1
domain into 2048 data points for each of 128 ¢, increments (States-TPPI)
using a mixing time of 80 ms. Two-dimensional *N-edited NOESY NMR
data sets were acquired with 256 transients over a 'H spectrum width of
20 ppm in F2 domain and 5 ppm in F1 domain into 4096 data points for
each of 128 ¢, increments (States-TPPI) using a mixing time of 400 ms.
The water peak in NOESY, TOCSY and ROESY experiments was sup-
pressed by using a DPFGSE routine.*! Water suppression for COSY ex-
periments was achieved using a water presaturation. In all cases the °N
transmitter was centred at —30 ppm and "N chemical shifts were refer-
enced relative to “NH,CI (0 ppm). All NMR data were processed using
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Xwin-nmr (Version 3.5, Bruker BioSpin Ltd). Data were processed using
standard apodizing functions prior to Fourier transformation.

pH measurements: All pH measurements were made using a Corning
240 pH meter equipped with an Aldrich micro combination electrode
calibrated with Aldrich standard buffer solutions of pH 4, 7 and 10. For
NMR samples in 90 % H,0/10% D,O, no correction was applied for the
effect of deuterium on the glass electrode.

HPLC purification of d(CGGCCG) I: The self-complementary 6-mer
DNA oligonucleotide I was purified on an ACE-5 reverse phase column
(250 x 10 mm) with a gradient (B %) of 4.2-6.2% over 15 min and a flow
rate of SmLmin'. The single-strand DNA had a retention time of
4.1 min, and the fraction was identified by LC-MS (MW =1792 Da). The
solvents and TEAA were removed by freeze-drying twice, once at pH 12
and once at pH 3. The purity of I was checked by both HPLC and one-
dimensional "H NMR spectroscopy; the concentration was determined
on a Perkin Elmer Lambda 16 UV spectrometer (,,=>51.30 mm ' cm™;
stock solution 0.80 mm).

Preparation of duplex DNA II: D,O (50 uL) and NaClO, (25 pL, 2m)
were added to I (425 pL, 0.80 mm) and the pH of the solution was adjust-
ed to 7.0 by adding HCIO, and NaOH. The final concentration of II was
0.34 mM (in 0.1mM NaClO,). The sample was annealed by heating from
288 K to 353 K over 2 min and then cooling slowly down to 288 K over
3.5 h. The formation of II was monitored and confirmed by one-dimen-
sional '"H NMR spectroscopy.

Reactions of IT with N-1 and N-2: An equimolar quantity of “N-1
(42 uL, 4.0 mm) or “N-2 (17 uL, 10.0 mm) was added to an NMR sample
containing II (500 pL, 0.34 mMm, 90% H,0/10% D,0); the final concen-
trations of II were 0.31 mm and 0.33 mm, respectively, and the pH of the
solutions was adjusted to 7.00. Dioxane was added as an internal
"HNMR reference. The mixtures were shaken for several minutes and
kept at 298 K for three weeks (’N-1+1II) or 2 days (""N-2+1II) in the
dark. The ruthenation reactions were studied by both one-dimensional
'"H and two-dimensional ['H,'H] NMR spectroscopy, and by HPLC.
These mixtures were then freeze-dried and re-dissolved in 99.99% D,O
for studies of non-exchangeable protons only. Reaction mixtures (10 mL)
of "N-2 (0.34 mm) and II (0.34 mm) were separated on a semipreparative
ACE-5 column. The fraction eluting at 14.4 min and containing I-Ru-G3
(Ru=[(n’biphenyl)Ru(en)]** (2)) was collected, freeze-dried, and then
re-dissolved in deionised water. The resultant solution was desalted by
using a Tube-O-Dialyzer (MW cut-off=1000, Geno Technology Inc.
USA). After checking the purity using an HPLC assay and measuring
the concentration of DNA by UV, the aqueous solution was freeze-dried
and re-dissolved in 10 % D,0/90 % H,O. Then NaClO, (25 pL, 2.0M) was
added to 500 uL of the solution, together with dioxane as internal
"H NMR reference standard. The resulting ruthenated DNA solution was
annealed by heating briefly from 288 K to 353 K over 2 min, followed by
cooling slowly to 288 K over 3.5h (to give duplex II-Ru,~G3G9). The
extent of duplex formation was verified by one-dimensional 'H NMR
spectroscopy, and '“N-decoupled two-dimensional ['H,'H] TOCSY,
COSY and NOESY, and two-dimensional ['H,"”"N] HSQC NMR spectra
were recorded subsequently. The solution was also freeze-dried from
90% H,O and re-dissolved in 99.99 % D,O for studies of non-exchangea-
ble protons only.

Reactions of I with *N-1 or *N-2: Solutions of "N-1 (150 pL, 4.0 mm) or
N-2 (40 uL, 10.0 mm) were added into NMR tubes [containing I
(125 pL, 0.80 mm), D,O (50 uL) and H,O( 175 pL)], respectively; the
final concentration of I was 0.20 mm and the ratios of Ru/I were 6:1 (’N-
1:I) or 4:1 ("'N-2:I); the pH of the solution was adjusted to 7.00. Dioxane
was added as internal 'H NMR reference. The mixtures were shaken for
several minutes and kept at 310 K for two days in the dark. The reactions
were investigated by HPLC and both one-dimensional 'H and two-di-
mensional ['H,'H] and ['H,""N] NMR spectroscopy.
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