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Abstract: We here report our studies on the conjugation of photoreactive Ru?* complex to oligonucleotides
(ODNSs), which give a stable duplex with the complementary target DNA strand. These functionalized DNA
duplexes bearing photoreactive Ru?" complex can be specifically photolyzed to give the reactive aqua
derivative, [Ru(tpy)(dppz)(H.0)]*" —ODN (tpy = 2,2":6',2"-terpyridine; dppz = dipyrido[3,2-a:2',3'-c]-
phenazine), in situ, which successfully cross-links to give photoproduct(s) in the duplex form with the target
complementary DNA strand. Thus, the stable precursor of the aquaruthenium complex, the monofunctional
polypyridyl ruthenium complex [Ru(tpy)(dppz)(CH3CN)]?*, has been site-specifically tethered to ODN, for
the first time, by both solid-phase synthesis and postsynthetic modifications. (i) In the first approach, pure
3'-[Ru(tpy)(dppz)(CH3CN)]>**—ODN conjugate has been obtained in 42% overall yield (from the monomer
blocks) by the automated solid-phase synthesis on a support labeled with [Ru(tpy)(dppz)CI]* complex with
subsequent liberation of the crude conjugate from the support under mild conditions and displacement of
the CI- ligand by acetonitrile in the coordination sphere of the Ru?" label. (ii) In the second approach, the
single-modified (3'- or 5'- or middle-modified) or 3',5'-bis-modified Ru?>*—ODN conjugates were prepared
in 28—50% yield by an amide bond formation between an active ester of the metal complex and the ODNs
conjugated with an amino linker. The pure conjugates were characterized unambiguously by ultraviolet—
visible (UV—vis) absorption spectroscopy, enzymatic digestion followed by HPLC quantitation, polyacrylamide
gel electrophoresis (PAGE), and mass spectrometry (MALDI-TOF as well as by ESI). [Ru(tpy)(dppz)-
(CH3CN)]?*"—ODNSs form highly stabilized ODN-DNA duplexes compared to the unlabeled counterpart (A Tr,
varies from 8.4 to 23.6 °C) as a result of intercalation of the dppz moiety; they undergo clean and selective
photodissociation of the CH3CN ligand to give the corresponding aqua complex, [Ru(tpy)(dppz)(H20)]?"—
ODNs (in the aqueous medium), which is evidenced from the change of their UV—vis absorption properties
and the detection of the naked Ru?*—ODN ions generated in the course of the matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrometric analysis. Thus, when [Ru(tpy)(dppz)-
(CH3CN)]?*—ODN conjugate was hybridized to the complementary guanine (G)-rich target strand (T), and
photolyzed in a buffer (pH 6.8), the corresponding aqua complex formed in situ immediately reacted with
the G residue of the opposite strand, giving the cross-linked product. The highest yield (34%) of the photo
cross-linked product obtained was with the ODN carrying two reactive Ru?* centers at both 3'- and 5'-
ends. For ODNSs carrying only one Ru?* complex, the yield of the cross-linked adduct in the corresponding
duplex is found to decrease in the following order: 3'-Ru?*—ODN (22%) > 5'-Ru?*—ODN (9%) > middle-
Ru2*—ODN (7%). It was also found that the photo cross-coupling efficiency of the tethered Ru?" complex
with the target T strand decreased as the stabilization of the resulting duplex increased: 3'-Ru?"—ODN
(VI'T) (ATiP = 7 °C) < 5'-Ru2"—ODN (V-T) (ATi? = 16 °C) < middle-Ru?*—ODN (VII-T) (AT,,* = 24.3 °C,
Table 2). This shows that, with the rigidly packed structure, as in the duplex with middle-Ru?*—ODN, the
metal center flexibility is considerably reduced, and consequently the accessibility of target G residue by
the aquaruthunium moiety becomes severely restricted, which results in a poor yield in the cross-coupling
reaction. The cross-linked product was characterized by PAGE, followed by MALDI-TOF MS.

Introduction labile ligand of the metal complex by a nucleophile in DNA
Metal complexes can bind to DNA both via covafeand leads to the metalDNA adduct formation. Electron-rich DNA
noncovalent interactiorfsin the first case, the substitution of a bases or phosphate groups are available for such direct covalent
— coordination to the metal center. In the case of substitution-
*To whom correspondence should be addressed. E-mail: jyoti@boc.uu.se.. .
* University of Uppsala. inert stable metal complexes, only noncovalent binding modes,
* Swedish University of Agricultural Sciences. such as electostatic binding, surface binding to grooved regions
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of the DNA, or intercalation of planar aromatic ligand into the
stacked base pairs, can be realiZdd.this category of inert
complexes, polypyridyl complexes of Ruand RE* have been
found to be valuable as luminescent repoftaersd DNA/RNA
cleaving or cross-linking agents and also for the study of the
long-range energy- and electron-transfer processes through the
DNA,” mainly due to their unique ground- and excited-state Figure 1.

properties On the other hand, because of their relative inertness

toward ligand-substitution reactions, such complexes were alsosuch as cisplatit and its ruthenium analoguésgis- andtrans
successfully conjugated to oligodeoxynucleotides (OBNs) RU'Cl(DMSO), Ru'(bpy)Clz, RU" (tpy)Cls, and [RY (NH3)s-

give the sequence specificity to complementary ODNs as well CI|CI (DMSO = dimethyl sulfoxide; bpy= 2,2 -bipyridine; tpy

as to employ the light-activated properties of metallocomplex = 2,2:6',2"-terpyridine), which showed antitumor activity and
appending groups. These properties are of considerable interespronounced antimetastatic properties. There has also been much
for employing new tethered chemical or photo reagents to targetcurrent interest in the chemistry of [Ru(tpy)(X)Cltype of

DNA or RNA in a sequence-specific manner to give comple- complexes (X= bpy, 1,10-phenanthroline (phen), and dgpz)
mentary addressed modification effect in a form of photocleav- primarily due to the reactivity resulting from the relatively facile

Ru'V=0

Ru'-CI Ru"-OH,

Ru'-y

age of the target nucleic acid, which are elegantly shown by
long-range oxidation of guanine in duplex DNA by tethered
[Ru(phen)(bp$)(Mexdppz)F" (artificial nucleases; bpy= 4-car-
boxy-4-methyl-2,2-bipyridine and dppz dipyrido[3,2a:2',3-
c]phenazine¥ or by photo cross-linking of two nucleic acid
strand¥ using tethered photoreactive [Ru(tg)p)]?". Both
effects, directed to viral sequences within double-stranded DNA
or single-stranded mRNA, allow regulation of gene expression
at the stage of transcription (antigene stratédg) translation
(antisense strategyy).

Clearly, highly reactive metal complexes containing reactive

dissociation of the Rir—CI~ bond (Figure 1).

The unique leading feature of aquaruthenium complexes,
RWT—OH,, is that they can bind to DNA presumably by
replacement of the aqua ligand by nitrogen of a DNA hetero-
cyclic base (this process is outlined by'RtOH, — Ru'-Y
in Figure 1; Y= DNA base). Particularly, it has been shown
thatintermolecularreaction between [Ru(tpy)(X)@#D)]?+ and
double-stranded DN® proceeds with a very poor yield
([Ru]bound[DNA —nucleotide]~ 0.02) because of high steric
constraints caused by the incoming bulky Y group toward other
polypyridyl ligands. Additionally, two-electron oxidation of

ligands should be able to give more desirable therapeutic effectaquaruthenium(ll) generates powerful oxidizing oxoruthe-

because of irreversible covalent binding to DNfAThis has
been proven for a wide range of functional metal complexes,

(1) Billadeau, M. A.; Morrison, H. Metal lons in Biological Systems. In
Photolytic Caalent Binding of Metal Complexes to DN8igel, A., Sigel,
H., Ed.; Marcel Dekker Inc.: New York, 1996; Vol. 33, p 269.
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nium(lV) complexes (this process is outlined by'RiOH, —
RuUV=0 in Figure 1), which have been used in a variety of
oxidation reactions of organic substrates, including DNA
cleavage through the C8-guanine/Gligar oxidatiort’

We here report our studies on the conjugation of photoreactive
Rw?" complex to ODN, which can form a stable duplex with
the complementary target DNA, and subsequently can be
photolyzed to produce the corresponding reactive aqua complex,
RWT—OH;, in situ, to cross-link with the complementary strand.
Our initial results with the [Ru(phep(dppz)f+-tethered ODN
showed that the tethering of the complex through the dppz group
enhances the stability of the duplex by 1228.4°C as a result
of threading of the dppz group through the duplex &rbgnce,
we chose the combination of tpy and dppz ligands to produce
monofunctional [Ru(tpy)(dppz)(X3T to tether with ODN. The
following requirements should be fulfiled for design and
synthesis of an ODN[Ru(tpy)(dppz)(X)F" conjugate (X is a
ligand, which upon activation gives the reactive agRar+
complex): (1) It should be accessible by one of the usually
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exploited synthetic approaches (solid-phase synthesis or postsynether transition metal complex based anticancer drug aétion.

thetic labeling) without any modification of the ligand X, (2)
X should be chemically stable and substitution-inert toward

nitrogenous bases (mostly guanine) of tethered ODN, and,

finally, (3) it can be readily converted to the reactive OBN
Rw*—OH, species without alteration of the ODN part at the

We found that [Ru(tpy)(dppz)CI](RJis kinetically stable in
an acetoneH,O mixture (1:1, v/v) at room temperature, but
as the temperature increases (from 37 t6G} the equilibrium
is shifted, giving more aqua species. SubsequetilyNMR
spectroscopy analysis of [Ru(tpy)(dppz)Cl]gPEreated with

final synthetic step. Recently, some efforts have been made toaqueous Nk(25%) at 55°C for 17 h indicated partial formation

use such a methodology for covalent attachment of [PtjNH

of two compounds assigned as products of Slibstitution by

(Y)CI]* species to ODN via solid-phase synthesis, where Y was H2O and NH. Thus, our preliminary studies clearly showed

5'-amino linket8 or N7 (N3) of guanine (thymine) bakeof an
ODN chain. In case of tethering through th'eabnino linker,
the dissociable Clligand was generated by acidic substitution
of cyclohexylmethylthyminate group at the penultimate step of
the ODN conjugate preparation, which limited the approach to
only homopyrimidine 50ODN conjugates. In the case of
tethering through the bases, chloroplatinated guanosihe-3
phosphonate (or thymidin€-8i-phosphonate) monomer block

that CI~ ligand cannot be considered as X of the precursor
ODN—-Ru*—X conjugate, because it is not adequately stable
in the aqueous media, which limits its manipulations in the
course of ammonia deprotection and purification by standard
procedures.

This has led us to find other ligands, which are thermally
stable such as in [Ru(tpy)(bpy)X], in which X is acetonitrile
or pyridine?2a-¢ The unique property of X in these [Ru(tpy)-

was introduced in the course of ODN assembly, but the (bpy)X]*" complexes is that they undergo photosubstitution
instability of CI- ligand against N-donor compounds such as reaction to give the corresponding aquaruthenium complex.
NHs, used in the final ODN deprotection step, led to the Particularly, [Ru(tpy)(bpy)(CBCN)]?* has been fourfd°to be

formation of intrastrand cross-linked or other inactivated species Useful because it is thermally inert, and acetonitrile is a good,

not capable of reacting with the target molecules.

Our monofunctional [Ru(tpy)(dppz)@®)]>*—ODN conju-
gates, which exhibit their reactivity toward guanine base of the
complementary DNA strand, have been obtained in situ by
photolytic activation of the thermally stable [Ru(tpy)(dppz)@EH
CN)]2"—ODN precursors, in whictsn-glycerol-tri(ethylene
glycol) fused linker connects the dppz moiety of the metallo-
complex to 3, or 5-, or both termini of the 10mer ODN strand.

The metallocomplex was also introduced at the internucleotide

position of the ODN chain. The [Ru(tpy)(dppz)(@EN)]?"

labeled ODNs have been prepared by postsynthetic modification

of ODNs carrying amino linker at the desired position. This

strategy has been proven to be valuable for incorporation of

metalating species containing sensitive functionality. Derivati-
zation at the 3end has also been performed by solid-phase
synthesis starting from [Ru(tpy)(dppz)Eimodified support.
The reactivity of the photolytically prepared [Ru(tpy)(dppz)-
(H20)]*"—ODN conjugates toward the complementary strand

in a duplex has been studied, and compared with the reactivity

of the untethered [Ru(tpy)(dppz)¢B)](PFs). derivative.

Results and Discussion

(I) Chemistry of [Ru(tpy)(dppz)X] " (X = CI~, CH3CN,
H,0). Ligand transformation and stability of subsequent

unidentate leaving group under light irradiation. For [Ru(tpy)-
(bpy)(CHCN)J?" the photosubstitution of C¥N by solvent
molecule has been examined in acetonitrile alone or in the
presence of another nucleophile such as pyridine. These
reactions have either shown ligand isomeriz&#ar substitu-
tion of CHCN by pyridine??® One could assume similar
photosubstitution of CECN by HO in aqueous medium in the
absence of any potential nucleophile. Indeed, we found that
photolysis of [Ru(tpy)(dppz)(CECN)](PFs)2 in an acetone
H>O mixture (1:1, v/v) quantitatively yields [Ru(tpy)(dppz)-
(H20)](PFs)2 (see below). We have also examined the stability
of [Ru(tpy)(dppz)(CHCN)](PF). in acetone-concentrated
aqueous ammonia mixture (1:1, v/v). Contrary to [Ru(tpy)-
(dppz)CI](PF), the ancillary acetonitrile ligand in [Ru(tpy)-
(dppz)(CHCN)](PRs). was completely base hydrolyZ&do the
corresponding amide ligand 2 h atroom temperature. This
suggests that the Rt—NCCH; species cannot be used in the
solid-phase ODN synthesis, because the basic removal condition
is required both in the release of ODN from the solid support
and in the deprotection of the amino or imide protecting groups.
Hence, R&"™—NCCH; species could be introduced only as a
postsynthetic modification to already synthesized and depro-
tected ODN in solution.

(1) Synthesis of R\#"—ODN Conjugates by Postsynthetic
Labeling of Amino-Functionalized ODNs.On the basis of the

complexes under the conditions of solid-phase synthesis, depro-above properties of [Ru(tpy)(dppz)X] complexes (X= CI-,

tection, and purification have been evaluated for a model
compound [Ru(tpy)(dppz)CI](Rfrprior to the ODN-conjugate
synthesis. The dissociation of Cligand in aqueous medium
to give R#—OH, species is well-documented for numerous
of the tetra-, tri-, di-, and monochlororuthenium(ll) complexes.
The substitution of the aqua ligand by DNA constituents is
believed to follow a reaction course similar to that found for

(18) Schmidt, K. S.; Filippov, D. V.; Meeuwenoord, N. J.; van der Marel, G.
A.; van Boom, J. H.; Lippert, B.; Reedijk, Angew. Chem., Int. EQ00Q
39,375-377.

(19) (a) Manchanda, R.; Dunham, S. U.; Lippard, S.. Am. Chem. So4996
118, 5144-5145. (b) Schliepe, J.; Berghoff, U.; Lippert, B.; Cech, D.
Angew. Chem., Int. Ed. Endl996 35, 646—648.

(20) Seddon, E. A.; Seddon, K. Rthe Chemistry of Rutheniynklsevier:
Amsterdam, 1984.
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H,0, CHCN), we have accomplished the synthesis of [Ru-
(tpy)(dppz)(CHCN)]>"—ODN conjugates by two alternative
means, which have been subsequently used for photolytic
activation to give finally reactive aquarutheniumpDN
conjugates. In the first approach (Scheme 1)2'RINCCH;
complex was introduced to the ODN by the amide bond
formation betweemN-hydroxysuccinimide ester (NHS ester) of

(21) Gelasco, G.; Lippard, S. J. Metallopharmaceuticals I: DNA Interactions.
In Anticancer Actiity of Cisplatin and Related Complexe&3larke, M. J.,
Sadler, P. J., Eds.; Springer-Verlag: Berlin, Heidelberg, 1999; p 117.

(22) (a) Suen, H.-F.; Wilson, S. W.; Pomerantz, M.; Walsh, Jnbrg. Chem.
1989 28, 786-791. (b) Hecker, C. R.; Fanwick, P. E.; McMillin, D. R.
Inorg. Chem.1991, 30, 659-666. (c) Laemmel, A.-C.; Collin, J.-P.;
Sauvage, J.-FC. R. Acad. Sci. Pari200Q 3, 43—49.

(23) Fagalde, F.; Lis de Katz, N. D.; Katz, N. Bolyhedron1997, 16, 1921—
1923.
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Scheme 1 @
DMTO.

J’\‘,\/O‘é/\ >/\/ NH,
O
HO 5

1

DMTO

(a)

—_—

j“v‘)(\/\ >/\/N”F"‘°°
RO ,

——
© (b)

o 1

2: R=H
3: R = (2-cyanoethyl)((isopropyl),N)P-
4: R = COCH,CH,COO-

2+

/
N
d e
Ru(tpy)Cl3 L» (©)
2+
o)
0
0—N —N
—0— BF, ()
0 —N
\ J
Oligos V* - VIII*

I*

*
I=:

(9) IvV*:

Ru?*(tpy)(dppz-CONHEt)(X) 2PF ¢
8: X=CHsCN
9: X =H,0

-

R,0 0

2
. Ry =H, Ry =pCTTACCAATC-3'
Rq = 5-CTTACCAATCp, Ry = H

lI*: Rq=5-CTTACp, Ry = pCAATC-3'
R1 = H, Ry = pCTTACCAATCp-3'-CH,CH(OH)((OCH,CHy)3NH,)

a(a) 9-Fluorenylmethyl chloroformate, (iBBtN, DMF, 1 h, 20°C; (b) (2-CeO)((iPRN)PCI, (iPrpEtN, ChCl,, 1 h, 20°C; (c) succinic anhydride,
DMAP, CHxCl,, 5 h, 20°C; (d) dipyrido[3,2a:2',3-c]phenazine-11-carboxylic acid, LiCl, £, 3:1 ethanot-water, 4 h, reflux; (e) 3:1 acetonitritevater,
3.5 h, reflux; (f)N,N,N',N'-tetramethylO-(N-succinimidyl)uronium tetrafluroborate, (iBBtN, DMF, 2 h, 20°C; (g) 33% GHsNHz/ethanol, DMF, 2 h, 20

°C; (h) hv, 7:4 acetonewater, 2 h, 20°C. (*) See Table 1 for abbreviations.

the complex [Ru(tpy)(dppzCOOH)(CHCN)]CI, (6) and the
amino-functionalized linker tetherd to an oligonucleotide at the
desired position. Compountf* has been used uniformly to
incorporate the amino function with a long linker to eithér 3
or 5-terminal or between two nucleotides in the ODN. The
amino group inl was first protected wittN-fluorenylmethoxy-
carbonyl, affording2 (67%). After conversion of2 to the

(24) Ossipov, D.; Zamaratski, E.; Chattopadhyayaidly. Chim. Actal999
82, 2186-2200.

phosphoramidite3 (77%), it was used in the solid-phase
synthesis, permitting the incorporation of amino linkefTable

1) either between the two phosphodiester residues of the ODN
or to the B-terminal of the ODN chain. Compouritiwas also
treated with succinic anhydride to give the corresponding
succinate block (65%), which was then immobilized onto an
aminopropyt-CPG support (4&mol/g) and was used for the
incorporation of the amino linket at the 3-terminal of the
ODN. The amino-modified ODNd—IV (Table 1), thus

J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002 13419
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Table 1. Synthetic Ru2™-Labeled ODN Conjugates and Their Target Oligo-DNA

!
L= jw(o NH
o o™
| 2
3
yield (%)
oligo solid-phase postsynthetic compd
synthesis labeling abbrevn
antisense ODNs natural "-BTTACCAATC-3 67 N
5'-modified 3-L-pCTTACCAATC-3 56 |
5'-Ru-pCTTACCAATC- 3 46 \Y
3'-modified 5-CTTACCAATCp-L-3 59 1l
5-CTTACCAATCp-Ru- 3 69 51 Vi
middle 3-CTTACp-L-pCAATC-3 87 1]
5-CTTACp-Ru-pCAATC-3 28 VI
5'-modified 5-L-pCTTACCAATCp-L-3 64 Y,
5-Ru-pCTTACCAATCp -Ru —3' 34 VI
target 11mer S5TGATTGGTAAG-3 87 T
prepared, were deprotected with concentrated ammoni&g55 (1) Synthesis of Ru2*—ODN Conjugates by the Auto-

for 17 h) and purified by reverse-phase HPLC with a gradient mated Synthesis Utilizing R#+-Labeled Solid Support. In
of 5-50% CH;CN containing 0.1 M triethylammonium acetate, our attempt to synthesize [Ru(tpy)(dppz)(§3iN)]2—ODN
pH 7.0. conjugates through the automated solid-phase synthesis, we have
The R¥"—NCCH; complex 6 was synthesized in two €laborated a different synthetic approach (Scheme 2). Recently,
stepst®22bcRu(tpy)Ck — 5 (62%) — 6 (100%) (Scheme 1),  Meyer et al. have reported on the incorporation of the [Ru-
and then it was coupled with the deprotected amino-modified (tpy)(bpy)CI]* into polymers and peptidé8.The CI- ligand
ODNSs in solution through the NHS est@r (93%) in the was unaltered under conditions used for their chemical conver-
following manner: NHS estéf was prepared by treatment with ~ Sions. It was however clear to us (see above) thatligand
N,N,N',N'-tetramethylO-(N-succinimidyl)uronium tetrafluorobo- ~ would not remain intact during the ODN assembly witHRu-
rate in dry DMF. The reactivity o7 as an activated ester was  (tpy)(dppz)CIf'-modified solid support; hence, we planned our
controlled by its reaction with ethylamine under anhydrous Strategy such that it would allow us to substitute' @) CHs-
conditions (in dry dimethylformamide (DMF)), which afforded CN ligand. Compound. was linked (Scheme 2) to the Cl
[Ru(tpy)(dppz-CONHEL)(CHCN)](PFs). (compound 8) in ligand containing complex, as iB, by either amide bond
79% yield. Subsequently, the preparation of [Ru(tpy)(dppz)- formation & — 10— 14 path) or by coordination reaction of
(CH3CN)]2*—ODN conjugates was undertaken. Thus, amino- Ru(tpy)Ck with the functionalized dppz ligantil or 12 (11—
modified ODNsI—IV at a concentration of 0.22 mmol/L with 13— 14 or 12 — 14 paths). In the first path, Clcontaining
a 25-fold molar excess af were vortexed in 33% CHCN/10 [Ru(tpy)(dppz-COOH)CI}" complex5 (analogue 06) was first
mmol/L sodium tetraborate (pH 8.5) at room temperature for activated and then coupled to the aminie 52% overall yield
24 h in the dark. The reaction mixtures were then directly Using a procedure used for the coupling of compfewith
applied to the column packed with the cation exchange Sephadexethylamine in dry DMF (Scheme 1). Alternatively, complex
SP C-25 resin and washed with 30% §HN/H,O to elute the ~ formation between Ru(tpy)€land dppz-linker conjugatél
crude ODN conjugated/—VIIl (Table 1) from 7. Eluted afforded13(91%), in which the primary hydroxyl was protected
material was evaporated with the temperature not exceeding 30with the 4,4-dimethoxytrityl (DMT) group, giving finally
°C and purified by reverse-phase HPLC under the same compoundl4(56%). The reaction condition used fbt — 13
conditions as those employed for the purification of amine- allowed us to apply it also for the reaction with DMT-protected
modified ODNSs. dppz-linker conjugate as ih2 — 14 (95%). Treatment oil4
Precautions should be taken in the pH adjustment of the With succinic anhydride produced the succindte (62%).
reaction mixture, because at high pH the hydrolysis of the Following attachment of succinalto the aminopropytCPG
coordinated acetonitrile gives Ru-acetamidé? while atlow ~ €nabled us to prepare the [Ru(tpy)(dppz)@ifodified solid
pH competing hydrolysis of the NHS ester bond océatsnder ~ Support.
our conditions, the yield of the coupling to give ODN conjugates ~ APPropriately tethered RU—CI™~ complex13 was found to

V—VIIl was 28-51%, which has not been optimized by using undergo CI ligand substitution by other ligands (X), such as
any other buffer system. pyridine, CHCN, or O, under the reaction conditions usually

(26) (a) Hartshorn, S. M.; Maxwell, K. A.; White, P. S.; DeSimone, J. M.; Meyer,
(25) Haugland, R. FHandbook of Flurescent Probes and Research Chemicals T. J.Inorg. Chem2001, 40, 601-606. (b) Serron, S. A.; Aldridge, W. S.,
6th ed., Molecular Probes: Eugene, OR, 1996. IIl; Danell, R. M.; Meyer, T. JTetrahedron Lett2001, 41, 4039-4042.
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Scheme 2 @

{12: R;=DMT; Ry = H (b)

(d)
13: X=Cl;R{=H;R,=H
1(e)
15: X = Cl; Ry = DMT; R, = COCH,CH,CO0"

-@>16: X = pyridine; Ry=H; R, =H
13-(‘%'17: X=CH3CN; Ry=H; R, =H .

), 48: X = H,0: R, =H; R, = H <:|(')

a(a) N,N,N',N'-Tetramethyl©-(N-succinimidyl)uronium tetrafluoroborate, (iREtN, DMF, 2 h, 20°C; (b) 1, DMF, 2 h, 20°C; (c) Ru(tpy)C4, LiCl,
EtN, 3:1 ethanotwater, 4 h, reflux; (d) 4,4dimethoxytrityl chloride, pyridine, 1.5 h, 28C; (e) succinic anhydride, DMAP Gigl,, 5 h, 20°C; (f) 1:5:5

pyridine—ethanot-water, 5 h, reflux; (g) 3:1 acetonitritewater, 3.5 h, reflux; (h) silver toluengsulfonate, 3:1 acetorevater, 1 h, reflux; (h) b, 7:4
acetone-water, 2 h, 20°C.

employed?>.c.27for the synthesis of [Ru(tpy)(NN)(X3} com- exclude thermal dissociation of the Ru-Cl~ bond and the
plexes, where NN denotes a bidentate ligand. Witis heated subsequent ligand displacement. After filtration from the solid
in an aqueous solution, in the absence of any other coordinatingsupport the ammonia solution was concentrated in vacuo below
species, the dissociation of Cligand takes place to afford 25 °C, and residual aqueous solution was finally lyophilized.
aquaruthenium(ll) compled8 (75%), while the reaction in  The lyophilized material was dissolved in a ¢EN—H,0
pyridine—H,0 or acetonitrile-H,O mixtures affordsl6 (70%) mixture (1:1, v/v) and heated at 5% for 17 h to substitute

or 17 (70%), respectively (Scheme 2). ClI~ with CH3CN at the metal center to give the crude[Ru-

For the automated assembly of the[Ru(tpy)(dppz)Clf— (tpy)(dppz)(NCCH)]>*—ODN conjugateV| (Table 1), which
ODN conjugate, the fast deprotecting@-(4,4 -dimethoxytri- was then purified by reverse-phase HPLC under the conditions
tyl)-N*-isobutyryl-2-deoxycytidine-3-O-(3-cyanoethyIN,N- employed for the purification of amine-modified ODNSs.
diisopropyl)- and 50-(4,4-dimethoxytrityl)Né-phenoxyacetyl- (IV) HPLC Purification, PAGE, UV —Vis Spectroscopy,

2'-deoxyadenosine-3D-(3-cyanoethylN,N-diisopropyl)phos- and Enzymatic Digestion of R#™—ODN Conjugates. A
phoramidite®® were used, and the resulting ODNs were depro-
tected by ammonia treatment at room temperature (17 h) to (28)

(a) Sinha, N. D.; Biernat, J.; McManus, J.; Koster,Ndicleic Acids Res.

1984 12, 4539. (b) Sinha, N. D.; Biernat, J.; Koster, Fetrahedron Lett.

1983 24, 5843.

(27) Ho, C.; Che, C.-M.; Lau, T.-Cl. Chem. Soc., Dalton. Tran$990Q 967— (29) Onfelt, B.; Lincoln, P.; Norden, BJ. Am. Chem. S0d.999 121,10846-
970. 10847.
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typical chromatogram of crude amino-linker modified ODN

(Ry = 38.4 min) is shown, as an example in Supporting
Information (S), Figure S1(A). Coupling Gfto the amino group

of ODN Il is indicated by consumption of the starting ODN
(R: = 38.2 min, Figure S1(B)) and appearance of two well-
resolved product peakf{(= 52.7 and 54.4 min, Figure S1-
(B)). These peaks were assigned to diastereomeric [Ru(tpy)-
(dppz)(CHCN)]2"-modified ODNVI (designated a¥la and

VIb for the fractions eluted at 52.7 and 54.4 min, respectively),
which was confirmed by comparison of their U¥is spectral
bands with the nontethered [Ru(tpy)(dppXCHsCN)](PFs)2

17 (Figure S2). Thé\xsd/Ass3absorption ratio for these fractions
(9.1) was also found to be higher than the corresponding ratio
for the parent R& complex 17 (3.5), thereby reflecting the
contribution of the DNA bases at 260 nm (see below for mass
spectral evidence). Producda andVIb showed the metal-
to-ligand charge transfer (MLCT) band at 453 nm, which is
characteristic for the [Ru(tpy)(bpy)(GBN)]2" type of com-
plexes??bc23The MLCT transition is very dependent on the
nature of unidentate ligand X in the complexes of general
formula [Ru(tpy)(dppz:=)X]?*, as is clearly seen in Figure S3.

It implies that the CHCN ligand has indeed remained intact in
the course of the coupling reaction and purification under
subdued light. Analysis ofla andVIb by gel electrophoresis
revealed (Figure 2B) that they migrate in a similar manner as
retarded bands compared to the starting amino-modified ODN
Il, which, in turn, migrates slower than the native 10rher
Clearly, the lower electrophoretic mobility of the metalated
ODNss than the amino-linker-conjugated ODNis due to the
higher molecular weight (685 for [Ru(tpy)(dppZO)(N-
CCHg)]?" residue) and a decrease of the overall negative charge
by 2 in the former.

Composition ofVla andVIb and the presence of the tethered
R complex was also confirmed by its degradation to
nucleosides upon treatment with a mixture of snake venom
phosphodiesterase (SVDP) and alkaline phosphatase (AP).
Digestion of conjugates, followed by HPLC analysis, resulted
in a chromatogram indicating the presence of three nucleosides
expected for the sequence and strongly retarded species corre-
sponding to the R complex. The identity of peaks eluted at
9.5, 13.9, and 16.6 min to dC, T, and dA, respectively, was
proven by comparison with retention times for an authentic
mixture of nucleosides. Areas under these peaks were divided
onto corresponding molar extinction coefficients for dC, T, and
dA, and the ratio of normalized areas was found to be 4.1:3:
2.9, which is close to the nucleoside composition in OBN
(4:3:3).

The ODNsV, VII, andVIIl , prepared postsynthetically from
amino-modified ODN4, Ill , andIV, respectively, were purified
and characterized in a manner similar to that described for ODNs
Vla andVIb. It should be noted that all couplings between
amino-linked ODNI—IV and complex7 resulted in the  Figyre 2. Uv—shadowing PAGEX = 254 nm) of ODNsI—VIIl (see
appearance of two product peaks in HPLC chromatograms (theTable 1 for abbreviations) and their native counterpijt(showing their
resolution of these peaks in HPLC varied from 0.5 to 0.6 min Purities: (A) native ODN and amino-modified ODNB , I, and IV ; (B)

| o i ; native ODNN, amino-modified ODNI, and R@*-labeled ODN$/Ia and
for &',3-bis-ruthenated ODN and middle-ruthentated ODN up VIb (obtained by postsynthetic reaction of OON + 7) and reversed-

to 2.4 min for 8-conjugated ODN), as shown in Figure S4. The phase HPLC purification (see Figure S1); (CRiabeled ODN/la and
PAGE showed (Figure 2C) they have similar mass-to-charge VIb obtained by automated solid-phase synthesis starting with [Ru(tpy)-

; e ; dppz)CIit-modified support and purified by reversed-phase HPLC (see
ratios, and IF is concluded that thgse pgaks represent the par’ﬂa"}{:igure S4). ODN¥/I1, Va, Vb, andVIIl have been synthesized postsyn-
resolved mixtures of four possible diastereomers (for mono- thetically through the amide bond formation between complard ODNs

metalated species), which result from (i) two possible orienta- Il , I, andIV, respectively (see Experimental Part for detail).
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Table 2. Thermal Stability (Tm, °C) of (Ru2*—ODN)-DNA Duplexes? (1:1 Mixture)

entries duplex type® Tn AT,2 entries duplex type® Tn AT,? AT,?
1 N-T 33.0 -
2 I-T 34.5 15 6 V-T 50.5 175 16.0
3 T 34.4 14 7 VI-T 41.4 8.4 7.0
4 -7 24.0 —9.0 8 VIl -T 48.3 5.3 24.3
5 IvV-T 355 25 9 VIl -T 56.6 23.6 211

AATH2 = Tm - Tm(N:T), AT = T — Ty (@analogue containing only linker). P See Table 1 for abbreviations.
g g only

tions’ of the linker attached to the dppz ligand in the complex molecular ions corresponding to the Rua-ODN conjugates
(as shown in Schemes 1 and 2) and from (ii) Reand S with CHsCN ligand were detectable by MALDI-TOF MS.
stereoisomers of the racenso-glycerol moiety of the linker. The addition of imidazole to the ODN sample analyzed by
Consequently, bis-metalation gives rise to eight possible isomerseSI-MS led to the decrease of intensity of the [Ru(tpy)(dppz)-
of ODN VIII . Thus, it is not surprising that we could not achieve (CH3CN)]2"—ODN peak and an increase in the intensity of the
complete separation of all isomers for synthesized ODNs naked R&"—ODN species (data not shown). This observation
V=VIII . Further study on the DN/®NA duplex stability and support&? that coordinated acetonitrile undergoes base hydroly-
photoreactivity showed no difference between separated frac-sis to acetamide, which is released very rapidly from thé"Ru
tions (consisting of partially resolved diasteomers) of ODNs coordination center, since amides are peeacceptor ligand¥
V—=VIII , which will be entirely characterized below as mixtures The above observations thus clearly fingerpoint that our [Ru-
of all possible isomers. (tpy)(dppz)(CHCN)]>*—ODN conjugates/—VIIl are indeed

(V) Characterization of Ru2*—ODN Conjugates by Elec- thermally stableand can beactivated by lightthrough the
trospray lonization Mass Spectrometry. The ODN conjugates  dissociation of the CECN ligand, which suggests that GEN
V=VIIl' have been characterized by ESI mass spectrometry.ligand can be expected to be replaced by other potential
The ESI in the negative mode of mono-metalated ODN/I coordinating species if they exist in the reaction mixture.
(MW 3916) and bis-metalated ODMIIl (MW 4886) showed (V1) Thermal Stability of (Ru *—~ODN)—DNA Duplexes.
a number of multiply charged ions, which, after deconvolution, The ODNDNA duplexes were generated by hybridization of
revealed the expected ODN anions ratz 3913 and 4881 ~ ODNsI—VIIl with the 11mer ODN targefT() (Table 1) in a
corresponding to [M— 3H*]~ and [M — 5H]", respectively, 1:1 ratio (1uM of each strand in 20 mM pho;phate puffer, pH
as shown in Figure S5(A) for ODNI . Electrospray ionization /-0, and 0.1 M NaCl). Thermal denaturation profiles of all
mass spectrometry (ESI-MS) analysis of the separated fractionsduPlexes exhibited a single, cooperative melting transition. The
for the 8- and 3-[Ru(tpy)(dppz)(CHCN)]2*-modified ODNs melting temperatures derived from these experiments are
V andVI revealed the sama/zratio: Va, 3912.8:Vb, 3913.4: collected in Table 2, which leads to the following conclusions:
Vla, 3912.5:VIb, 3913.8. Diasteromers of the middle-modified () A 10w Tm increase for the duplexesT, Il T, andIV-T
ODN VIl could not be separated by HPLC (Figure S4(E)) (entries 2, 3, and 5 in Table 2) sugg_ests that the amino-linker
because they eluted as two ill-resolved major peaks; they werel €thered at 3 or 5- or at both terminals of 10mer stramtl
therefore pooled together, examined by ESI, and showed thed0€S not have a great influence on the thermodynamic behavior
m/z of 3913.3, which is consistent with their proposed structure. ©f & double helix. (ii) Conversely, internucleotide insertion of
Thus, these ESI-MS data lead us to conclude that all metalated!"ker L (Table 1) between two centraCdesidues, as in ODN

DNA conjugates have the GBN ligand intact in the coordina- I, makes the IinkeL' bulge out in' the duplex! -T in order
tion sphere of their RU label. The separated pure fractions © Provide Watsor Crick base paring for the central2 (C-

Vla and VIb of the 3-[Ru(tpy)(dppz)(CHCN)]2*—ODN G). This strongly disrupts the helix, as is clearly seen from the
conjugate, obtained by the automated solid-phase synthesis (aQ_TPF’ n Tm_for T (ATy? = —9.0°C, entry 4 |n2J;I'abI_e 2).

in Scheme 2), hadn/z 3913.7 and 3913.2, respectively, i.e (i) Tetherllng O_f the [Ru(tpy)(dppoO)(N.CCH;)] moiety
identical to those obtained by postsynthetic labeling (SchemetO g']f aT'EO linker of (?DNSI_IV CEUC'T”y charr:ges the
1). This implies that the [Ru(tpy)(dppz)Cllcomplex attached fSta rl1lty| oft ?CO”GSF"?_';‘ mg??l&bN_A ?p exgs;l. T ggeeacson
to the solid support is relatively stable during the solid-phase 'I?rtfl ezarfge |n|(|:rease|| m; (d ”I‘ varies from gs tc_)r bi 2
ODN assembly and can be converted to the thermally stable able 2) for all metalated duplexes (entries®in Table 2)

RU*—CH4CN conjugate after ammonia deprotection at room 2" be presumably due to the intercalative interaétiéh
temperature through the dppz moiety in addition to electrostatic stabilization

L provided by dipositive Ri complex. We, however, do not have
The negative ion MALDI-TOF of the mono-metalated ODNs

i any evidence to support either of them. (iv) The strength of
showed the % ions (expectedn/z 3872 for M[(CuaHeeNaz- duplex stabilization for various site-specific Runcorporations
Os6P10t%?RU¥*] — M[CH3CN + 3H™]) corresponding to the

) . ; into ODN compared to the native counterp®itT are as
loss of CHCN moiety from the molecular ion (see Experimental  ¢1ows: 5 3-bis-Ri#+ > 5-RZ+ > middle R+ > 3-RU2*-

Part and Figure S5(B) as an examplejz 3872.6 for ODN modified duplex (Table 2). This trend was also found for [Ru-
Va, m/z 3871.9 forVb, m/z 3872.5 forVia, m/z 38_71_.8 for (phen)(dppz)R+ conjugatiort™ (v) Interestingly, a comparison
Vib, r.n/z.387.2.1 forVil , andnvz 3872.5 forVIII . Similarly, of Tn® of (RIZ—ODN)-DNA duplexes withT of structurally
laser ionization of the bis-Ru-modified ODNVIII led to the related amino-linker modified duplexes allows us to estimate

Io_ss of two acetonitrile molecules affording the tharged ions the stabilization effectATy?) inherent in the [Ru(tpy)(dppz)-
with m/z of 4798.4: M[(G_sd"zoé\l5lo74P11102RUz)4+] - M[ZCHg'

CN + 5H*]. It is noteworthy that some minor amount of (30) Naal, Z.; Tfouni, E.; Benedetti, A. Wolyhedron1994 13, 133.
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L—dppz Ru™(tpy)(CH,CN) [Apygy = 453 nm] X-S-CTTACATTC3"X Ay, = 453 nm]

lhv ihv

L—dppz Ru>*(tpy)(H,0) [Apyqy = 477.2 nm] Y-5-CTTACATTC-3"-Y  [Agay = 483 nm]
X = dppz Ru?*(tpy)(CH;CN)
Y = dppz Ru**(tpy)(H,0)
Figure 3. UV —vis absorption spectra of starting acetonitrile complex and their conversion to the aqua complex (note the difference in the maxima of their
MLCT bands). (A) Agueous solutions of [Ru(tpy)(dpplz)(CHsCN)](PFs)2 (17, straight line) and [Ru(tpy)(dppz.)(H20)](PFs)2 (18, broken line), where
L is a linker, —CONH(CH,CH;0),CH,CH(OH)CH,OH. Aquaruthenium compleg8 was obtained by irradiation (1 h) of corresponding?RuNCCH;s

analoguel 7 as well as chemically from its Rti—CI~ precursorl3 (see Experimental Part for details). (B) Aqueous solutions of GIIN (5.5 x 10-¢ mol
L1 before (straight line) and after (broken line) irradiation for 1 h.

(CH3CN)J?* complex itself (Table 2). Such an effect is most 1 2 3
pronounced in the case miternucleotideconjugation (compare
I -T with VIl -T: ATP = 24.3°C, entries 4 and 8 in Table 2)
than for B-metalated ODNDNA (1.5 times) or 3metalated
duplexes (3.5 times).

(VII) Photodissociation of the CH3CN Ligand from the
Ru?" Coordination Sphere of [Ru(tpy)(dppz)(CHsCN)]?F— . - -
ODNs. UV—Vis and Mass-Spectroscopic EvidenceThe
photochemical behavior of the ODN&—-VIII has been first -
examined in aqueous solution in the absence of any potential
nucleophiles by UV-vis spectroscopy. Under light irradiation
(2 h,4 > 300 nm) the MLCT absorption bands initially centered
at 454 nm shifted to longer wavelength (482 nm), exhibiting .
three isobestic points in the 36800 nm region (309, 387, and
465 nm, respectively) as demonstrated in Figure 3B and Figure rigure 4. UV —shadowing PAGEA = 254 nm) of amino-modified ODN

S6 for ODNsV—VIII . A comparative study witll7 (Figure Il (lane 1) and R#-labeled ODNVII before (lane 2) and after (lane 3)
3A) has been undertaken as a reference in order to establisHight irradiation for 1 h. Irradiation was performed in water at concentration

. . . . . of 107° mol L~ under the same conditions applied for duplex photolysis
photodissociation of the GJEN ligand in ODNsV—VIIIl in (see Experimental Part).

the course of light irradiation. Thus, compl&Xwas photolyzed,

and the product (Figure 3A), resulting from photosubstitution pyplex. Thorp et al. first showeld that mono- and bis-aqua
of CH:CN ligand by water molecule, was identical (GVis polypyridyl complexes of ruthenium(ll) covalently bind to DNA,
and NMR) to authentic®’[Ru(tpy)(dppz-L )(H-0)](PFs)2 (18 presumably at N7 of the G residue, with different efficiencies,
Scheme 2, Experimental Part), which was synthesized 8m  gepending upon the steric effects caused by polypyridy! ligands
by treatment with silvep-toluenesulfonate in acetongvater in octahedral geometry. Although an X-ray st&yf the
(3:1, v/v)?" Comparison of U¥-vis in ODNsV—VIII with complex of bis-aqua Rd with 9-ethylguanine has recently
the monomeric R complex17 (Figures 3 and S6), as well confirmed N7 as the binding site of the G residug

as Wi_th their photolyze_d products, leads us to_conclude that an straightforward or any kind of spectroscopic evidence is however
identical ghotosubsntutlon process takes place in [Ru(tpy)(dppz)- available supporting the structure of the complex of the mono-
+__ — i i _

(SH3CN)] o g?gSDVN VI”. to gt|ve t_kllﬁ corretspl)o?déngéR'\llJ (tby) aqua complex with the G-base. We have therefore reinvestigated
(dppz)(HO)] cohjugates. 1he metalate S WET€ ihe reaction of mono-aqua ruthenium(ll) complex generated in
analyzed by PAGE before and after photolysis to confirm that situ with a native DNA duplex to understand the molecular
no other degradation of the molecule occurs with the irradiation nature of this reaction in the Rirtethered ODNDNA dublex
condition applied (Figure 4). piex.

(V) Intermolecular Photochemical Cross-Linking of (31) van Viiet, P. M.; Haasnoot, J. G.; Reedijkorg. Chem1994 33, 1934~
Monoaqua Ru*" Complexes to the G-Rich Native DNADNA 1939.
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Figure 5. (A) Negative ion MALDI-TOF MS spectra of the native duplékT (10> mol L™%; reaction volume, 160@L) photolyzed with 5 equiv of
[Ru(tpy)(dppz)(CHCN)]J2* for 2 h in 20 mMphosphate, pH 6.6, buffer and 0.1 M NaGlénd passed after photolysis through the Sephadex G-25 column
to remove salts. The peaks corresponding to the target Dbbdlund with RE*(tpy)(dppz) residues are depictedfas- nRw* (n= 1, 2, 3). (B) Autoradiogram

of a 20% denaturing polyacrylamide gel of the photolyzed (2 h) complex [Ru(tpy)(dppzE@}F+ and the duplexiN-T (formed with 3-32P-labeled 11mer

T and 10meN) in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaglQane 1: [Ru(tpy)(dppz)(CECN)]2+ and duplexN-T in 1:1 ratio after photolysis.
Lane 2: [Ru(tpy)(dppz)(CECN)]2" and duplexN-T in 5:1 ratio after photolysis. Lane 3: Puré®pP-labeled 11meT for comparison.

Thus, the photolysis of [Ru(tpy)(dppz)(GEN)]?" in the
presence of the native duplékT (N is the natural antisense
ODN containing only dA, dC, and T, anfl is the target dG

also cross-link, upon photoactivation, with the complementary
target strandT) containing G residue(s) in the direct proximity
of the appended R center. This was indeed observed for our

rich sequence, Table 1) was conducted to establish the ability ((Ru(tpy)(dppz)(CHCN)]?*—ODN)-DNA duplexes when sub-

of the photoactivated monofunctional Rucomplexes to bind
to the double-stranded DNA. The MALDI-TOF MS spectra of
the photolyzed mixture (Figure 5A) revealed that the 10Mer

jected to light irradiation, thereby confirming the in situ
generation of the reactive aquaruthentt®DN conjugates. The
target strandT, was constructed in such a way that, in alPRu

(calculated monoisotopic mass is 2945.5; the observed mass isnodified duplexes, the Rt complex is in close steric proximity
2944.9) remained completely unaltered (with the partial addition to the target G residue (Table 1). Figure 6A shows the

of Na" indicated by the appearance efZ3n) satellite peaks,

n is a number of Na cations), while the targeT strand
containing dG nucleotides showed two new peaksnét of
4024.0 and 4642.6 (Figure 5A) in addition to the nafiveat
m/z 3409.2. The peaks at/z of 4024.0 and 4642.6 correspond
to the molecular weight of the mono cross-linked product
[T + R (tpy)(dppz)] and bis cross-linked produdt - (2 -
(RU(tpy)(dppz))]. It is of interest to note that only two Ru
complex molecules at most bind to the targestrand of the
duplexN-T (a negligible amount of the tris-ruthenated target
T was detected withm/z of 5263.4), most probably to two

autoradiogram from the photolysis experiments of the duplexes
immediately analyzed after irradiation (2 h) by PAGE in
denaturing conditions. All of the ODN¥—VIII produced a
higher molecular weight band) under light exposure, indicat-
ing the formation of a cross-linked product. As expected, the
highest yield (34%) was obtained with the ODMNII carrying
two reactive R&" centers at both’3 and 3-ends (lane 2 in
Figure 6A). For ODNs carrying only one Rucomplex, as in
V—=VII, the reactivity is found to decrease in the following
order: 3-Rw?" ODN (VI-T) (22%)> 5-Ru?" ODN (V-T) (9%)

> middle-R#+ ODN (VII *T) (7%). Thus, the cross-coupling

terminal guanine residues. The terminal G residues are more

reactive than the central G residues because of the fact that the pfficiency of the tethered Rt complex and the stabilization

yeffect (seeAT? in Table 2) follow a reverse order. This means

are easily accessible for the Rucomplex for cross-linking

compared to the internal ones which are firmly paired with the

complementary dC nucleotides in the core of a double helix. .
g RUT ODN (V-T) (ATy? = 16 °C) < middle-R#" ODN (VII -

Consistent with the MS data, the autoradiography of the PAG
of the photolyzed reaction mixture of [Ru(tpy)(dppz)(€H
CN)]?* and native duplexN-T, formed with 32P-labeledT

that as the structural rigidity of a metallointercalation site in a
duplex increases [Ru?* ODN (VI-T) (AT> =7 °C) < 5-

T) (ATw? = 24.3°C) (see Table 2)], the photochemical cross-
linking yield decreases. Clearly, the intercalation of thé"Ru

strand, showed the appearance of a series of bands migrate§omplex through the helix in the middle-Rumodified duplex

more slowly compared to the paréfe-labeled target (Figure

(VII -T) gives a more rigidly packed structure, reducing the

5B). Thus, the present study clearly establish that [Ru(tpy)- Metal center flexibility, and consequently the accessibility of
(dppz)(CHCN)J?* and its derivatives, upon light activation, can the target G residue by the aquaruthenium moiety becomes
bind to the N7 of the guanine moiety of the dG nucleotides of Severely restricted, which results in a poor yield in the cross-
the double-stranded DNA. coupling reaction. MALDI-TOF MS analysis of the irradiated
(IX) Intramolecular Photochemical Cross-Linking of 3-Ru?*-modified duplexVI-T (Figure 6B, for an example)
Ru?t(CH3CN)—ODNSs to the Complementary Strand in the confirmed the formation of the cross-linked product generating
Duplex. From the above intermolecular cross-linking experi- 1— charged ions at/z 7282.1 (calculatedvz 7281.6), which
ment, it is clear that when a monofunctional?Ricomplex is corresponds to the sum of the/z values observed for the
tethered to an ODN strand in a OBDNA duplex, it should nonreacted target straffd(3410.3) and singly Rtr-modified

J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002 13425



ARTICLES Ossipov et al.
A B
1 2 3 4 5 6 7 8 9 Intensity
38728
18000 1 120 | 72821
34103 *‘
P — 15000 1 J\ ||
- - - 800 1
. T - - 2000 | 1"
P-labeled a M
ODN T - | _ “0- W
‘..-“O" a0 b Wi,
0-
6000 1 7200 7240 7280 730
3000 ?23|2-1
Y
3000 4000 5000 6000 7000 8000 MZ

Figure 6. (A) Autoradiogram of a 20% denaturing polyacrylamide gel showing the interstrand photo cross-linked pR)dooinéd upon irradiation of

duplexes formed with '52P-labeled 11meT and R@*-labeled ODNsV—VIlI

in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaGlQane 1: VIII -T

without irradiation for reference. Lanes-Z: The product®) formed from the cross-linking of the Rttlabeled duplexes upon irradiation for 2\l -T
(lane 2) VII -T (lane 3),Va-T (lane 4),Vb-T (lane 5),Vla-T (lane 6),VIb-T (lane 7), nativeN-T duplex for reference showing no product formation in
the absence of tethered Ruabel (lane 8). Lane 9: '52P-labeled 11meT. Va andVb stand for two fractions for diastereomers obtained in the course of
HPLC purification of ODNV. Corresponding two fractions of ODMI are designated agla andVlb (see text for details). Duplex concentratienl0->

mol L% (B) Negative ion MALDI-TOF MS spectra of the Ritlabeled duplex/I - T (10-°> mol L) irradiated f@ 2 h in 20 mMphosphate, pH 6.6, buffer
and 0.1 M NaClIQ and passed after photolysis through the Sephadex G-25 column to remove salts.

ODN VI with decoordinated CkCN ligand (3872.7, see Figure
S5(B) for comparison).

(X) Kinetics of the Reaction of Tethered Monofunctional
Ru2" Complexes in the Duplex.The kinetics of photo cross-
linking reaction for the 53-bis-Ri?"-modified ODN with the
target VIl -T) was examined. It was photolyzed for 5 h, and
aliquots were withdrawn at definite time intervals, immediately
frozen, and lyophilized before PAGE analysis. The PAGE
results are presented in Figure 7A (lanes6). A plot of the
percent yield as a function of time (Figure 7B) shows the yield
of the adduct with ODNVIII is almost steady aftel h of
irradiation, achieving thenaximalvalue of ~33% at the plateau.

the present reaction conditiagives an yield of ca. 25% of the
photoadduct for the bis-Ri-modified duplex (lane 9 in Figure
7A).

We have subsequently performed the photo cross-linking
reaction in a large scale (with 17 nmol of duplex compared to
the analytical photolysis experiments (0.2 nmol) wi-labeled
target ODNT) for the 3-Ru?"-modified duplexVI - T and 5,3 -
bis-RiF"-modified duplexVIll -T in order to examine if any
other product is formed during the reversible reaction: The
reaction mixtures were desalted and then separated by PAGE
and were examined both under 254 and 366 nm lamps (Figure
8A). Optimal separation of the photoproduct (frafh-T) was

The reason for such a low saturation level of the cross-coupling achieved in the case of the mono®Ruabeled duplex (lane 1

reaction (as shown in Figure 7B) can be 2-fold: (i) the cross-
coupling reaction is reversible because of low product stability,

in Figure 8A). UV—shadowing PAGE at 366 nm for the photo
cross-linking experiment witlv/1-T clearly exhibits that the

or (i) the target reaction is accompanied by side reactions photoproducflow-migrated banjicontains R&"™ complex. The

deactivating the intermediate aquarutheniumr{@DN conju-
gate. To examine the stability of the cross-coupling product,
the reaction mixture obtained after irradiatiom oh was kept

low-migrated band in PAGE (lane 1 in Figure 8A) was excised
and examined by MALDI-TOF MS (Figure 8B). The fragmen-
tation pattern in MALDI-TOF MS showed the presence of both

at room temperature and analyzed by PAGE (Figure 7A, lanes product and starting material¥/I( and T). This showed that

7-9). It can be seen that the yield of the high molecular weight
cross-linked productR in Figure 7A) relative to the starting
32p-labeled target ODN very slowly decreases from 33% to
25% over a period of standing at room temperature for 15 h.
When the32P-labeled high molecular weight band (i.e. low-
migratingP band on PAGE in Figure 7A, lane 5) was excised,
and extracted from the gel with sodium acetate (0.3 M), the

the adduct is partially unstable to give starting materigls (
andT) without any secondary modifications. On the other hand,
the fluorescent photoproduct band (visbile at 366 nm) in the
reaction of bis-R&"-modified duplex YIll -T) has electro-
phoretic mobility very similar to that of the parent ODNII ,

but free of targefl (lane 2 in Figure 8A), and they could not
be separated. The low-migrated product band with OZINI

analytical PAGE of the isolated cross-coupled product revealedin PAGE (lane 2 in Figure 8A) was excised and examined by

ca. 50% regeneration of the nonmodifiéR-labeled target ODN

MALDI-TOF MS (Figure 8C), which showed peaks for both

T (Figure 7C, lane 2). This shows that the photo cross-coupling starting materials\(Ill andT) as well as the photoproductyz

of the double strands is a slow reversible reaction, whinther
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Figure 7. (A) Autoradiogram of a 20% denaturing polyacrylamide gel showing the photo cross-linked dBpliexraed with 3-32P-labeled 11mef and
5',3-bis-Ri#*-labeled ODNVIII in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaGlQanes +6: duplexVIll -T irradiated at room temperature for
5 min, 10 min, 30 min, 1 h, 2 h, or 5 h, and immediately analyzed by PAGE after photolysis. Larf®esduplexVIIl -T irradiated fo 5 h atroom
temperature, which is then kept standing at room temperature (without photoirradiation) for 1, 2, or 15 h, respectively, showing the yield sfithedros
photoadduct is ca. 25% (after 15 h). (B) Plot of cross-coupling prodR)cti€ld versus irradiation time for duplexlill -T immediately analyzed by PAGE
after photolysis experiments, showing a maximum yield of 33% for cross-linked prd?juattthe plateau. The duplex concentration in each experiment was
1075 mol L2 (C) Autoradiogram of a 20% denaturing polyacrylamide gel showing the high molecular weightR)aafte¢ photolysis (2 h) of the duplex
formed with 3-32P-labeled 11meT and 3,3-bis-RiZ*-labeled ODNVIII in 20 mM phosphate, pH 6.6, buffer and 0.1 M Nagl@ne 1), followed by
excision of the high molecular weight band (B, extraction from the gel with sodium acetate (0.3 M) overnight at room temperature, and passing through
the Sephadex G-25 column (lane 2), showihgnd 3-32P-labeled 11meT in ca. 1:1 ratio. Lane 3: '52P-labeled 11meT.

coprresponds to a mixture of two mond-@w*—G and % (Figure 9A) showed that the reaction never goes to completion
R —G) adducts as well as the bis-adduct. Clearly, it is not and, in fact, reaches an equilibrium depending upon the reaction
possible to distinguish the composition of this mixture from condition. Data points (concentration as a function of time) have

mass spectrometry (Figure 8C) since both mono- or/and bis- been approximated with functions derived from the rate law

cross-linked products have the same mass. equation for a reversible reaction of the typetAB == X + Y,

To confirm the reversibility of binding of the monofunctional and equilibrium constants (1.87 x 10* to 1.07 x 1P for the
polypyridyl Ri#t complexes, [Ru(tpy)(dppz-CONHE®)(B)]>* temperature range of 5&0 °C) were obtained from the
was reacted to'sdGMP in equimolar ratio in an acetomig- extrapolation of such functions to infinite time (see Experimental
D,O mixture at various temperatures; the time dependence of Part for details). As seen from experimental data, the equilibrium
the reaction was monitored B4 NMR. The composition of is only slightly shifted to the product side with the decrease of
this reaction mixture was identified by positive ion mode temperature, which indicates that the reaction is poorly exo-
MALDI-TOF MS as a mixture of the starting compl&which thermic. Fitting of observed equilibrium constaKiso the Van-
is ionized with the loss of a 0 molecule [R&"(tpy)(dppz- Hoff equation (Figure 9B) gave-39.3+ 1.7 kJ/mol forAH®
CONHEt}—H*, the calculated monoisotopic mass is 687 and and—0.038=+ 0.006 kJ/(mol K) forAS’ (-TAS’ = 11.0+ 1.7
the observed mass is 687.1], and the product, (dppz-CONHEt)-kJ/mol). Our experimental results show that the product
(tpy)RUET—dGMP (z = 1034). The overall composition of  complex, [Ru(tpy)(dppz-CONHEt)(dGMP)], thus formed suffers
the product peak (1034) fits the expected adduct of the formula a slow reverse aquation and exists in equilibrium with [Ru-
[CaeH39N130sPRUTT, indicating that comple® covalently binds (tpy)(dppz-CONHE)(HO)J?*, in 8:2 ratio in favor of the
to dGMP in the course of incubation. The observed kinetics adduct, at room temperature (Figure 9A). Next, we added an
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Figure 8. (A) UV —shadowing 20% denaturing polyacrylamide gelat 254 (left) and 366 nm (right) of the reaction mixtures obtained after photolysis

of 3'-Ru?*-labeled duplexT-VI (lane 1) and 53-bis-Ri#-labeled duplexT-VIII (lane 2) in 20 mM phosphate, pH 6.6, buffer and 0.1 M NagQi@uplex
concentration in each experiment was 1@nol L~%; reaction volume, 160@L) after the reaction mixtures are passed through the Sephadex G-25 column

to remove salts. Comparison of the bands visualized at 254 and 366 nm show that the low-migrated bands (i.e. high molecular photoproduct) indeed show
fluorescence at 366 nm, which indicates that the photoproduct consists?bfcRass-linking. The low-migrated photoproduct bands in each lane were

excised and then extracted from the gel with sodium acetate (0.3 M), The extracts were passed through the Sephadex G-25 column and analyzed by negative
ion MALDI-TOF MS, shown in B and C. The peaksratz 7281.4 and 8206.7 correspond to the molecular weight of the photo cross-coupfecoRtaining

duplexes.

excess of CHCN to the reaction mixture when it has already (2) The conjugates prepared by both synthetic strategies were
reached the equilibrium, and incubated in the dark at room characterized by ultravioletvisible absorption spectroscopy,

temperature. After 17 h of incubation with GEN, 'H NMR enzymatic digestion, polyacrylamide gel electrophoresis, and
spectra indicated only (data not shown) the presence of startingmass spectrometry.
dGMP and [Ru(tpy)(dppz CONHE)(CHCN)](PFs)2 (8), which (3) The 5-, 3-, middle-, and 53 -bis-RiZ*-modified ODNs

finally confirms the reversibility of the reaction. Relatively poor ¢4 duplexes with 11mer DNA target, which are significantly
stability of the adduct could be a consequence of high distortions ¢4 ilized AT = 8.4-23.6 °C) compared with the natural
of octahedral geometry which arise to minimize steric constraints DNA-DNA duplex

between bulky guanine and polypyridyl ligands (tpy and dppz). (4) The [Ru(tpy)(dppz)(CECN)2*—ODN conjugates un-

Conclusions dergo CHCN ligand decoordination under light irradiation with
(1) The monofunctional [Ru(tpy)(dppz)(GEN)]Z* complex subsequent ph_otoaquatlon of the appendm_g”Ra:omplex

has been attached to oligodeoxynucleotide by postsyntheticProducing reactive [Ru(tpy)(dppz)¢B)J**—ODN intermediates

labeling of the appropriate amino-linker modified ODN precur- N pure aqueous solutions.

sors as well as by automated solid-phase synthesis on a support (5) When [Ru(tpy)(dppz)(CECN)]>"—ODNs are hybridized

labeled with the [Ru(tpy)(dppz)Cf]complex. with the DNA target, containing dG nucleotides in the close
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A minimizing the toxic side effects within healthy tissue. On the
other hand, real regulation of gene expression can however be
only achieved by precise directing the drug reactivity to the
desired DNA or RNA sequence through the attachment of the
reactive moiety to the oligonucleotide, which hybridizes to the
target nucleic acid in a sequence specific manner. This is the
first report of Ré#*-labeled ODNs which can be easily synthe-
sized and are thermally stable. They can be targeted to
complementary DNA to form a duplex, and subsequently
activated by light, owing to the photoaquation of their?Ru
label, and then cross-link two DNA strands of the duplex. Thus,
0.001 - these Ré"-labeled ODNs provide a “switch-like” mechanism
that permits the metal complex to be turned on after duplex
formation. By varying the number of coordination sites available
O T % 60 8 10 10 140 0 180 for photoaquation in octahedral polypyridyl Rucomplexes
time (h) or the type of entering ligands one can highly control both the
reactivity and specificity of the resulting aquarutheniumfll)
B ODN conjugates.

Concentration of 5-dGMP (mol/l)

100

Experimental Part

951 () Materials. The complexes Ru(tpy)&t* [Ru(tpy)(dppz)(X)](PRk)n

(X = CI7, H,0, or CHCN)'™*22cwere prepared according to literature

procedures. Compounds9, 10, and dipyrido[3,2a:2',3-c]phenazine-

11-carboxylic acid were synthesized according to ref 24. Dry pyridine

was obtained by distillation over 4-toluenesulfonyl chloride. Acetonitrile

and dichloromethane were distilled from@2 under argon. Dimeth-

i i i : ylformamide was distilled over Cal Acetone was dried with
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 anhydrous KCO; and then distilled. The silica gel Merck G60 was

1T (K" used for column chromatographic separations of all the protected

Figure 9. (A) Kinetic study of the 1:1 reaction between Rumetal intermediates. Thin layer chromatography (TLC) was performed on

complex9 and 3-dGMP in CDxCOCD;—D-0 (1:1, v/v) solution at 206), precoated silica gel plates with fluorescent indicator in the following

33 (0), 44 (v), and 56°C (v), which show that the yield of the photoadduct ~ mixtures: dichloromethaneethanol (90:10, v/v) (A) and (80:20, v/v)

varies from 80 to 60% in the temperature range ot-26 °C. (B) Plot of (B), cyclohexanesethyl acetate (50:50, v/v) (C), acetonitritevater—

RIn K vs 1T obtained from the corresponding kir_]etic studies, giving the aqueous saturated KN@100:10:1, v/viv) (D).H NMR spectra ¢

enlthilpZAA'_g, andAﬂltrf PYAS' from the slope and intercept, respectively: scale;J values are in Hz) were obtained at 270 MHz on a JINM-GX

Rin K= (m. 270 spectrometer with SiMa&s an internal standaréiP NMR spectra

were obtained at 36 MHz on the same spectrometer using 85%

I " . L
]PrOXIm.Ity 0]; the Rd i Iibsl’ the |I|l:1m|nat|o“ leadsl to thi phosphoric acid as external standaf: NMR spectra were obtained
ormation of a cross-iink between the metallocomplex tether at 22.5 and 69 MHz in the same solvent using the solvent resonance

and the G base. The complexation of the guanine derivative t0 45 the internal standard.

the polypyridyl Ré" (tpy)(dppz) moiety generating in the course 11 [(9-Fluorenyimethoxycarbonylyamino]-1{ [(4,4 -dimethoxytri-

of CHsCN ligand photoexclusion finally affords the adduct in  tyloxyjmethyl}-3,6,9-trioxaundecan-1-ol (2)9-Fluorenylmethyl chlo-
which most probably the guanine ring suffers strong steric roformate (168 mg, 0.65 mmol) was added to a stirring solution of
repulsions from the other polypyridyl rings. This makes the compoundL (284 mg, 0.54 mmol) antd,N-diisopropylethylamine (110
resulting octahedral Rt system very congested and relatively uL, 0.65 mmol) in dry DMF (1.5 mL). The mixture was stidrd. h at
unstable. Contrary, small entering ligands with less ability to room temperature and then poured into cold saturated NaHCD
induce steric repulsions (as in the [Ru(tpy)(dppz)(®yHna- mL) to precipitate the product. The solid was collected by filtration

logue, py= pyridine) can form stable adducts with _ and washed several times with water. The precipitate was taken up in
(d%pz) Z%ecii)gs ) Ripy) CH,Cl,_cyclohexane (1:1) and purified by silica gel column chroma-

L . . tography eluting first with 56:100% CHCI, in cyclohexane and then
Impllcat|0|j. In cont_rast to the agents_vx_/ljlch bind to DNA | ith 0—4% EtOH in CHCI, (270 mg, 67% yield)R: 0.56 (A).'H
on the basis of their chemical reactivities (for example, NMR (cDCL): 7.75 (2H, d, Fmoc) = 7.4), 7.58 (2H, d, Fmoc] =
bromoacetyF? nitrogen mustar® residuesgis-chloroplatin? 7.4), 7.41-7.14 (13H, m, Fmoc and DMT), 6.77 (4H, d, DMJ,=
aziridine®), photochemical counterpaftd® (psoralens; por-
phyrins$® p-azidophenacy#? 3-azidoflaviné®) have an advan-  (35) Reed, M. W.; Wald, A.; Meyer, R. B.. Am. Chem. Sod998 120,9729.
tage that such chemicals can be selectively activated both in®® ) Senereas. 1 O Moo o b) Kobara W R Eesiomann, o

time and space to interstrand cross-link or oxidize, thereby M. J. Am. Chem. S0d.997 119,5960-5961.

R In(K)

85

80

(37) Giovannangeli, C.; Thoung, N. T.;"léee, C.Nucleic Acids Res1992
20, 4275.

(32) Povsic, T. J.; Strobel, S. A.; Dervan, P.B.Am. Chem. S0d.992 114, (38) Sessler, J. L.; Sansom, P. I.; Kral, V.; O'Connor, D.; lverson, Bl.I1Am.
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8.9), 5.94 (1H, t, NHJ = 5.2), 4.32 (2H, d, Cklof Fmoc,J = 7.1),
4.14 (1H, t, CH of Fmoc) = 7.1), 4.08-3.93 (1H, m, DMTOCHCH),
3.74 (6H, s, 2 OCh), 3.69-3.50 (12H, overlapping m), 3.4€B.35
(2H, m, NHH,), 3.23-3.11 (2H, m, DMTOGH,).
{11-[(9-Fluorenylmethoxycarbonyl)amino]-1{[(4,4'-dimeth-
oxytrityl)oxy]methyl }-3,6,9-trioxaundecan-1-y}-2-cyanoethyHN,N-
diisopropylphosphoramidite (3). Compound? (142 mg, 0.19 mmol,
dried overnight at high vacuum) améN-diisopropylethylamine (0.17
mL, 0.95 mmol) were dissolved in dry GBI, under nitrogen.
2-Cyanoethyl diisopropylphosphoramidochloridite (90 mg, 0.38 mmol)
was added, and the solution was stirred Toh atroom temperature.
The reaction mixture was worked up with aqueous saturated NgHCO
and dried over MgSg) coevaporated with toluene, and then with£H
Cl, to afford the gummy residue. The crude product was isolated by
silica gel column chromatography, eluting with ethyl acetatyclo-
hexane-Et:N (50:50:2, v/v/v). Eluted fractions were evaporated,
redissolved in a minimum of Ci€l, and precipitated with cold hexane.

dark far 4 h under nitrogen. Reaction volume was then reducedt®

mL and filtered. The red solution was evaporated to dryness (278 mg,

100% yield) and kept protected from lighR: 0 (D). *H NMR (D,O—

CD;0D, 7:4, v/v): 10.16-10.10 (1H, m, H), 8.88 (2H, d, H and H;,

J=28.2),8.75 (2H, d, Hand H;, J = 8.2), 8.69-8.52 (3H, m, H, Hg,

He), 8.34-8.19 (3H, m, H, Hy, Hy), 8.07 (2H, d, Hand H3, J=5.2),

7.98, 7.87 (2H, 2d, K Hf), 7.68-7.50 (3H, m, H and Hy, Hy), 7.31—

7.28 (1H, m, H), 7.08-7.03 (1H, m, H), 2.42 (3H, s, CHCN).
Activated Ruthenium Complex 7 (CI Salt). N,N,N,N'-Tetra-

methyl(succinimido)uronium tetrafluoroborate (19.5 mg®%ol) and

N,N-diisopropylethylamine (14, 81 umol) were added to a solution

of 6 (42 mg, 54umol) in dry DMF (2.7 mL) under exclusion of

moisture. The mixture was stirred in the dark at room temperature for

2 h under nitrogen. The product was precipitated by the addition of

diethyl ether (10 mL). The solid was filtered onto a fine-porosity frit,

washed several times with diethyl ether, and vacuum-dried to give

(44 mg, 93%), which was directly used for the coupling with amino-

The precipitate was separated by ultracentrifugation and thoroughly modified ODNs.R:: 0.20 (D).*H NMR (CDsOD): 10.32, 10.27 (1H,

dried under vacuum to give a white foam (138 mg, 77%). 0.48

and 0.53 (C) for two spots corresponding to product diastereomers.

31p NMR (CDCE): 147.9, 148.2.
{11-[(9-Fluorenylmethoxycarbonyl)amino]-1{[(4,4'-dimeth-
oxytrityl)oxy]methyl }-3,6,9-trioxaundecan-1-y} succinate (4) and Its
Attachment to CPG. Compound?2 (85 mg, 0.114 mmol) and
4-(dimethylamino)pyridine (59 mg, 0.48 mmol) were dissolved in dry
CHCI; (1.8 mL). Then, succinic anhydride (46 mg, 0.46 mmol) was

2d, H, J=5.5), 10.10, 9.93 (1H, 2d, {J = 8.4), 9.59, 9.40 (1H, 2d,
He, J=7.7),8.89 (1H, m, |, 9.27, 8.93 (1H, 2s, §), 8.97 (2H, d, H
and H, J = 8.2), 8.8%-8.56 (6H, m, H, Hs, Hy, 2Hp, He), 8.22-8.14
(2H, m, H; and Hy), 8.04-7.95 (3H, m, H, Hs, Hi1), 8.22-8.14 (1H,
m, He), 7.54-7.44 (2H, m, H and Hy).
[Ru(tpy)(dppz—CONHEL)(CH sCN)](PF¢)2 (8). NHS estef7 (82.5
mg, 95u4mol) was dissolved in 1.2 mL of dry DMF. A 33% ethanolic
solution of ethylamine (2&L, 158.5umol of C;HsNHy) was added,

added, and the solution was stirred at room temperature for 5 h. Thethe mixture was stirred under nitrogerr  h and then concentrated.

reaction mixture was first extracted with 0.1 M citric acid followed by
aqueous saturated NaH@6blution. The organic phase was dried over
MgSO, and evaporated. The crude product was purified by silica gel
column chromatography eluting with-20% EtOH in CHCl.. Yield:

63 mg, 65%R;: 0.48 (A).*H NMR (CDCly): 7.75 (2H, d, Fmoc) =
7.4),7.60 (2H, d, Fmod = 7.4), 7.4%-7.16 (13H, m, Fmoc and DMT),
6.80 (4H, d, DMT,J = 8.7), 5.67 (1H, t, NHJ = 5.2), 5.24 (1H, m,
DMTOCH,CH), 4.38 (2H, d, CH of Fmoc,J = 7.2), 4.21 (1H, t, CH

of Fmoc,J =7.2), 3.77 (6H, s, ®CH;), 3.67-3.56 (12H, overlapping
m), 3.413.37 (2H, m, NH®,), 3.20 (2H, d, DMTOG,, J = 5.2),
2.64 (4H, m, CHCH, of succinyl).

To a solution of4 (62.5 mg, 74umol) in dry acetonitrile (5 mL)
was added 370 mg of aminopropyl CP8,N-diisopropylethylamine
(2.2 mL, 7.4 mmol), benzotriazol-1-yloxytris(dimethylamino)phos-
phonium hexaflourophosphate (65 mg, 148ol), andN-hydroxyben-
zotriazole (20 mg, 148mol). The mixture was gently agitated at room
temperature for 2 h; the CPG was filtered, washed AQl), and
assayed for loading ef (49 umol/g resin). The excess of amino groups
on the support was then acetylated with 3.3 mL of acetic anhydride
pyridine (9:91, v/v) containing 4-(dimethylamino)pyridine (59 mg) for
2 h. The support was then filtered and thoroughly washed with pyridine,
CH.CI, (4 times), and diethyl ether (4 times) and then vacuum-dried.

[Ru(tpy)(dppz—COOH)CI|CI (5). Ru(tpy)Ck (704 mg, 1.6 mmol)
and dipyrido[3,2a:2',3'-c]phenazin-11-carboxylic acid (522 mg, 1.6
mmol) were heated at reflux fet h in 140 mL of EtOH—H,0O (3:1,

v/v) containing LIiCl (374 mg, 8.8 mmol) and &t (0.4 mL) as a
reductant. The pot contents were filtered hot, and their volume was
reduced to~40 mL with a rotary evaporator. The chloride salt of
product was precipitated by the addition of acetone (280 mL) and
cooling (4°C) for 2 h. The solid was filtered onto a fine-porosity frit,
rinsed with acetone and diethyl ether, and air-dried (724 mg, 62% yield).
R: 0.05 (D).*H NMR (CD;OD): 10.60 (1H, d, H J = 5.4), 9.91
(1H, m, H), 9.32-9.30 (1H, m, H), 8.89 (1H, m, ), 8.81 (2H, d, H

and H, J=8.2), 8.66 (2H, d, Wand H;, J=7.9), 8.60-8.53 (2H, m,

Hp and H,), 8.44-8.35 (1H, m, H), 8.33 (1H, t, H, J = 8.2), 8.02
(2H, t, Hsand H, J = 7.7), 7.91-7.87 (3H, m, H, Hy, Hi1), 7.56 (1H,

t, He, J = 6.2), 7.36 (2H, t, Hand Ho, J = 6.9).

[Ru(tpy)(dppz—COOH)(CH3CN)]CI (6). Compound5 (265 mg,
0.36 mmol) was refluxed in 125 mL of GEN—H,O (1:1, v/v) in the
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The residue dissolved in a minimum amount of ethanol was added to
a solution of deionized water saturated with M. The resulting
suspension was partitioned between,CHand aqueous NaHGOThe
aqueous phase was extracted with ,CH (three times), and all
combined organic phases were then dried over Mg8®@ evaporated.
The crude material was silica gel chromatographee2@o EtOH in
CH.CI,) to give red crystals (76 mg, 79%R: 0.64 (B).*H NMR
(acetoneds): 10.48 (1H, d, H, J = 5.4), 10.13 (1H, d, § J = 8.4),
9.64 (1H, d, H, J=8.2), 9.09 (1H, d, | 3 = 1.5), 9.05 (2H, d, K
and H, J=8.2), 8.88 (2H, d, Hand H;, J= 8.2), 8.78-8.56 (4H, m,
Hp, He, 2H1), 8.35 (1H, t, NH,J = 5.2), 8.29-8.23 (3H, m, H, Ho,
Hs), 8.14 (2H, d, Hand H, J=5.4), 7.88 (1H, dd,  J = 8.4, =
5.4), 7.53 (2H, t, Hand Hy, J = 6.6), 3.74-3.64 (2H, m, CH)), 2.53
(3H, s, CHCN), 1.44 (3H, t, CH, J = 7.2). MALDI-TOF MS: 687.0
[M = 2PR~ — CHsCN — H*]*. UV—vis (nm; HO): 276.0 (117 225
L mol~t cmY), 362.1 (19 275), 373.8 (19 950), 452.8 (14 400).

[Ru(tpy)(dppz—CONHETL)(H 20)](PFs)2 (9). An 8.8 mg (8.6umol)
amount of8 was dissolved in 0.6 mL of C{&TOCD;-D,0 (2:1, v/v).
The resulting solution was irradiated in a NMR tube with a Kodak
slide projector (250 W halogen lamp)rft h and then transferred into
a 25 mL round bottom flask for evaporation with the temperature not
exceeding 30C. 'H NMR (D,O—CDsCOCD;, 1:1, v/v): 10.13 (1H,
d, Hy J = 5.2), 10.01, 9.99 (1H, 2d, $1J = 8.4), 9.37, 9.35 (1H, 2d,
Hq, J = 8.0), 8.99, 8.86 (1H, 2d, 1J = 1.6), 8.81 (2H, d, Hand H,
J=8.2), 8.7:8.46 (5H, m, H, Hg, Hp, 2Hy), 8.41 (1H, t, K, J =
8.2), 8.06 (2H, t, Hand H, J = 8.0), 7.99 (1H, d, I J = 5.5), 7.93
(2H, d, Hhand H4,J=5.2), 7.62 (1H,dd, §J=7.9,J=5.7), 7.35
(2H, t, H, and Ho, J = 6.7), 3.63-3.50 (2H, m, CH), 1.34 (3H, t,
CHs;, J = 7.4). MALDI-TOF MS: 687.0 [M— 2PK~ — H,O — H*]*.
UV—vis (nm; HO): 274.3 (120 225 L mol cm™?), 361.0 (18 975),
375.2 (20 250), 477.0 (14 100).

Activated Ruthenium Complex 10.Compoundl0 was obtained
in a fashion similar to that fo7 starting from compleXs (340 mg,
0.47 mmol) and was directly used for the coupling with compolind
R 0.41 (D). Yield: 254 mg, 68%.

[Ru(tpy)(11)CI)(PF6) (13). Ru(tpy)Ck (189 mg, 0.43 mmol) and
compoundl1 (228 mg, 0.43 mmol) were heated at reflux foh in 38
mL of EtOH—H,0 (3:1, v/v) containing LiCl (100 mg, 2.36 mmol)
and EtN (95uL) as a reductant. The mixture was evaporated to dryness
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with a rotary evaporator and redissolved in 12 mL of EtatO (5:

(1H, 2s, H), 8.56-8.38 (7H, m, H, H7, Ha, Hg, Hy, Hn, Hg), 8.21 (1H,

1, viv). The hexaflourophosphate salt of product was precipitated by t, He, J = 8.2), 7.87 (2H, t, Hand H, J=7.8), 7.77 (1H, d, HJ =

the addition of aqueous saturated M. An excess of ethanol was
evaporated, and the mixture was kept &4overnight. The solid was
filtered onto a fine-porosity frit, washed with cold water and diethyl
ether, and air-dried (408 mg, 91%3: 0.48 (B).*H NMR (CDsCN):
10.62 (1H, d, H, J=5.4), 9.84 (1H, m, i, 9.24 (1H, t, K, J = 8.2),
8.80 (1H, d, H, J=9.6), 8.62 (2H, d, Hand H, J=8.2), 8.55-8.41
(4H, m, H;, Hg, Hy, Hy), 8.38 (1H, s, K), 8.23 (1H, t, K, J = 8.2),
7.93 (2H,t,Hand H, J=7.9), 7.84 (1H, d, H J = 5.2), 7.78 (2H,
t, Hy and Hy, J = 4.7), 7.56-7.42 (1H, m, H), 7.24 (2H, t, H and
Hio, J = 6.2), 3.78-3.40 (17H, overlapping m). MALDI-TOF MS:
901.2 [M— PR~ — Hf]*, 865.3 [M— PR~ — CI- — Hf]*. UV—vis
(nm; CHCN): 237.6 (51 350 L moft cm™?), 276.5 (96 650 L mot*
cm1), 315.8 (49 350 L mol* cm™?), 357.8 (20 000 L mol* cm™?),
364.2 (20 000 L mot* cm™), 374.9 (20 850 L mol* cm™?), 507.0
(15000 L mott cm™).

[Ru(tpy)(12)CI|(PFe) (14). (a) Path A. Ru(tpy)Ck (88 mg, 0.4
mmol) and compound?2 (167 mg, 0.2 mmol) were heated at reflux
for 4 h in 18 mL ofEtOH—H,0O (3:1, v/v) containing LiCl (47 mg, 1.1
mmol) and EfN (110xl) as a reductant. The pot contents were filtered
hot, and aqueous saturated Nk was added to the solution. The

5.4), 7.64 (2H, d, Wand Hj, J = 5.0), 7.41-7.14 (12H, m, H H,,
Hio, DMT), 6.85-6.77 (4H, m, DMT), 5.245.14 (1H, m, DMTOCH-
CH), 3.81-3.61 (20H, overlapping m), 3.23, 3.20 (2H, 2d, DMTBL
J=5.2), 2.66-2.56 (4H, m, CHCH, of succinyl).

To a solution of15 (136 mg, 94umol) in dry acetonitrile (7.7 mL)
was added 429 mg of aminopropyl CP8,N-diisopropylethylamine
(1.64 mL, 9.4 mmol), benzotriazol-1-yloxytris(dimethylamino) phos-
phonium hexaflourophosphate (125 mg, 288o0l), andN-hydroxy-
benzotriazole (38 mg, 282mol). The mixture was gently agitated at
room temperature for 2 h; the CPG was filtered, washed (T
and assayed for loading @B (25 umol/g resin). The excess of amino
groups on the support was then acetylated with 3.3 mL of acetic
anhydride-pyridine (9:91, v/v) containing 4-(dimethylamino)pyridine
(64 mg) for 2 h. The support was then filtered and thoroughly washed
with pyridine, CHCI, (4 times), and diethyl ether (4 times) and then
vacuum-dried. MALDI-TOF MS: 1 mL of concentrated aqueouszNH
was added to 20 mg of the modified CPG and the mixture was shaken
for 2 h atroom temperature. The CPG was then removed by filtration
and the filtrate was evaporated and analyzed giwiriat 901.1, which
corresponds to the mass of the compoagdiberated from CPG and

mixture was evaporated to dryness with a rotary evaporator and ionized as [M— PR~ — H*]*.

partitioned between Ci€l, and agueous NaHGOThe aqueous phase
was extracted with CHCl, (three times), and all combined organic
phases were then dried over Mg&hd evaporated. The crude material
was silica gel chromatographed-8% EtOH in CHCI,) to give a
brown foam (256 mg, 95%).

(b) Path B. Pyridine coevaporated compourd® (284 mg, 0.27
mmol) was dissolved in dry pyridine (7 mL), and 4dimethoxytrityl

[Ru(tpy)(11)(py)]1(PFe¢)2 (16). Into a 50 mL round bottom flask were
placed 86 mg (92:mol) of 13 (CI~ salt), 0.26 mL of pyridine, 9 mL
of water, and 9 mL of ethanol. The mixture was refluxed with stirring
for 5 h. The volume was then reduced by half with rotary evaporation,
and a few milliliters of saturated aqueous Nffs solution was added.
The precipitate was collected by filtration, washed thoroughly with
water and ether, and air-dried. Yield: 79 mg, 70%4.NMR (acetone-

chloride (157 mg, 0.46 mmol) was added. The mixture was stirred for ds): 10.03, 10.00 (1H, 2d, §J = 5.7), 9.54-9.49 (2H, m, H, HJ),
1.5 h at room temperature and then concentrated. The concentrate wa8.96-8.89 (3H, m, H, Hs, H7), 8.79 (2H, d, H and H, J = 7.7),

poured into aqueous NaHG(extracted with CHCl,, and dried over

8.58-8.44 (4H, m, H, Hg, Hp, He), 8.23-8.14 (7H, m, H, He, Hy,

MgSQu. The residue obtained after evaporation of the organic phase His, Hr, pyridine), 7.98 (1H, t, pyridine] = 7.9), 7.8%-7.75 (1H, m,

was silica gel chromatographed<{8% EtOH in CHCI,). Yield: 203
mg, 56%.

(c) Path C. Solution of compound. (216 mg, 0.41 mmol) in dry
DMF (3.8 mL) was added to the activated compléx(254 mg, 0.32
mmol) under nitrogen. The mixture was stirredr f8 h at room

He), 7.49-7.42 (4H, m, H, Hyo, pyridine), 4.08-3.91 (1H, m), 3.7&
3.38 (16H, overlapping m). U¥vis (nm; CHCN): 231.3 (41950 L
mol~* cm™1), 278.8 (80 100 L mol* cm™?), 302.5 (54 850 L mot*
cm), 363.4 (18 400 L mol* cm™t), 373.4 (19 250 L mol* cm™),
475.9 (13 250 L mal* cm™3).

temperature and then concentrated. The residue was redissolved in 2 [Ru(tpy)(11)(CHsCN)](PF¢). (17). Compound13 (105 mg, 0.1
mL of EtOH, and the hexaflourophosphate salt of the product was mmol) was refluxed under nitrogen in a @EN—H,O mixture (30 mL,

precipitated by the addition of an ethanolic solution of /RF; (5 mL).
The resulting mixture was partitioned between CH and aqueous
NaHCGQ;. After extraction of the aqueous phase with £ all
combined organic phases were then dried over Mg8W evaporated.
Silica gel chromatography (8% EtOH in CHCI,). Yield: 332 mg,
77%.

R: 0.59 (A), 0.86 (B).!H NMR (CDCly): 10.70 (1H, t, H, J =
5.4),9.85,9.76 (1H, 2d, 13 = 8.2), 9.20, 9.09 (1H, 2d, HJ = 8.2),
8.97, 8.87 (1H, 2s, ), 8.56-8.25 (7H, m, H, Hy, Ha, Hg, Hp, Hn,
Hg), 8.06 (1H, t, B, J = 8.2), 7.85 (1H, d, H J = 5.5), 7.73 (2H, t,
Hz and H, J = 7.6), 7.61 (2H, d, Hand Hi, J = 6.2), 7.34-7.04
(12H, m, H Hz, Hio, DMT), 6.63-6.52 (4H, m, DMT), 4.26-4.05
(1H, m, DMTOCHCH), 3.82-3.61 (20H, overlapping m), 3.263.14
(2H, m, DMTOCH,).

[Ru(tpy)(12—succinate)CI](PFs) (15) and Its Attachment to CPG.
Compoundl14 (205 mg, 0.15 mmol) and 4-(dimethylamino)pyridine
(78 mg, 0.64 mmol) were dissolved in dry g, (2.5 mL). Then,

4:1, vIv) for 4 h. The reaction mixture was then filtered and concentrated

to the volume of~8 mL. A saturated solution of N{PFs was added,

and the acetonitrile was evaporated. The precipitate was filtered, washed

with water, and air-dried. The product was purified neutral alumina

column chromatography eluting with first with GEIN—toluene (1:2,

v/v), followed by pure CHCN. The last fraction was collected, and

the solvent was removed by evaporation. Yield: 84 mg, 704NMR

(acetoneds): 10.49 (1H, d, H, J = 5.4), 10.10, 10.08 (1H, 2d,J

=8.4),9.58 (1H, t, H, J = 8.1), 9.18 (1H, d, i J = 8.2), 9.06 (2H,

d, Hs and H, J = 8.2), 8.97-8.87 (3H, m, H, Ha4, Hsg), 8.78-8.63

(2H, m, H,, He), 8.58 (1H, s, i), 8.29-8.23 (3H, m, K, Hs, Hy), 8.19—

8.15 (2H, m, H and Hy), 7.89, 7.86 (1H, 2t, § J = 5.5), 7.54 (2H,

t, Hz and Hyo, J = 6.4), 3.84-3.58 (17H, overlapping m), 2.53 (3H, s,

CH3CN). UV—vis (nm; CHCN): 278.0 (82 450 L moft cm™1), 302.1

nm (60 500 L mot! cm™t), 363.6 nm (17 450 L mof cm™%), 372.0

nm (17 800 L mott cm™), 457.2 nm (14 850 L mot cm™).
[Ru(tpy)(11)(H20)](PFe)2 (18). (a) Path A.Compoundl3 (202 mg,

succinic anhydride (62 mg, 0.62 mmol) was added, and the solution 0.19 mmol) and silver tolueng-sulfonate (108 mg, 0.39 mmol) in
was stirred at room temperature for 6 h. The reaction mixture was first acetone-water (8 mL, 3:1, v/v) were heated at reflux for 1 h. Silver
extracted with 0.1M citric acid followed by aqueous saturated NafCO chloride was filtered off, the solution volume was reduced-®mL,

solution. The organic phase was dried over Mg$@d evaporated.

and a few millilitiers of saturated aqueous MM solution was added.

The crude product was purified by silica gel column chromatography The precipitate was filtered, washed with little ice-cold water, and dried

eluting with 0-40% EtOH in CHCl,. Yield: 136 mg, 62%R:: 0.70
(B). *H NMR (CDCl;-CD;0D, 5:1, v/v): 10.61 (1H, t, & J = 5.4),
9.92 (1H, d, H, 3= 8.2), 9.36, 9.34 (1H, 2d, HJ = 8.2), 9.01, 8.90

in vacuo. Yield: 171 mg, 75%.
(b) Path B. A 9.3 mg (7.8«mol) amount ofL7 was dissolved in 0.6
mL of D,O—CD;COCD; (2:1, v/v). The resulting solution was
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irradiated in a NMR tube positioned in 3 cm in front of the lens of a
Kodak slide projector (250 W halogen lampj fioh and then transferred
into a 25 mL round bottom flask to evaporate with the temperature not
exceeding 30C.

'H NMR (D,O—CDsCOCD;, 2:1, v/v): 10.09 (1H, d, H J=5.5),

9.86 (1H, d, H, J = 8.4), 9.15, 9.13 (1H, 2d, §lJ = 6.9), 8.78-8.73
(3H, m, K, Hy, Hy), 8.65-8.52 (4H, m, H, Ha, Hg, Hy), 8.45-8.34
(2H, m, H,, He), 8.03 (2H, t, Hand H, J = 7.9), 7.92-7.89 (3H, m,
Hi, Hiy, Hy), 7.46 (1H, dd, | J = 8.2,J = 5.5), 7.36-7.31 (2H, m,
Hz and Hyg), 3.83-3.40 (17H, overlapping m). U¥vis (nm; HO0):
274.7 (11 9250 L mot* cm™?), 360.0 (20 800 L mof* cm™1), 375.3
(20600 L mot* cm™), 477.2 (15 300 L mol* cm™).

Synthesis, Deprotection, and Purification of ODNs N, T, and
I—IV. ODNs N, T, andl—IV were synthesized on 1/0mol scale
with an eight-channel Applied Biosystems 392 DNA/RNA synthesizer
using conventional 2-cyanoethyl phosphoramidite chemistry. Amino-
modified ODNsll andlV were synthesized on amino-linker modified
support. Phosphoramidite blo8kwvas dissolved in dry acetonitrile with
a final concentration of 0.15 M and used after filtration for solid-phase
synthesis of ODN$, Il , andIV with a coupling time of 10 min (25

ODN VI was confirmed as described above. Two fractiovis (and
VIb) isolated in the course of HPLC purification were identified by
ESI-MS: Vla, 3913.7;VIb, 3913.2, corresponding to [M- 3H']~
ions of the mono-Rt-modified ODNs (the calculatevz is 3913).

All prepared ODNs were subsequently sodium exchanged through
a column of Dowex-50 Naform.

(1) MS Analysis of Ru?*—ODN Conjugates and R#" Com-
plexes. MALDI-TOF MS spectra were obtained using a Bruker
REFLEX Ill (Bruker Daltonics, Bremen, Germany) fitted with a delayed
extraction and a nitrogen laser (337 nm). A mixture (2:1) of
2,4,6-trihydroxyace-
tophenone (500mM in MeOH) and diammonium hydrogen citrate (100
mM in H-0O) was prepared and L deposited to dry on a target spot.
The sample solution (3 uL in H>O) containing ca. 106300 pmol
was mixed with 5L of the matrix/citrate mixture and AL was applied
on to the prepared sample spot. Most spectra were measured in the
linear negative mode except for the products of binding of th&"Ru
complexes with dGMP and its derivatives, which were obtained in the
reflectron positive mode. ESI-MS spectra were recorded using ESQUIRE-
LC (Bruker Daltonics, Bremen, Germany) ion trap mass spectrometer.

s for standard nucleoside amidites). After each synthesis of the protected’yPical samples containing ca. 16@00 pmol in HO (20 uL) were
ODNSs, the solid support was transferred directly out from the cassette Priefly (10 min) treated with Dowex(H beads. A 100 nmol amount

to a 50 mL round bottom flask containing 20 mL of concentrated
aqueous Nk and was shaken fa@2 h at 20°C. The CPG was then
removed by filtration, and the filtrate was evaporated, redissolved in
concentrated aqueous NHand stirred at 55C for 17 h. The crude
ODNs were purified by semipreparative RP-HPLC carried out on
Kromasil 100 C18 column (=xm) using a Bischoff equipment with

of diammonium hydrogen citrate in,® and 2-propanol was added to
obtain a 20% 2-propanol solution. The samples were introduced into
the ion source by direct infusion at a rate 6f2uL/min maintained
by a syringe pump. Negative ion spectra were collected at unit resolution
and deconvoluted using Bruker's DA2 software.

(1) Molar Extinction of ODNs. The molar extinction coefficients

pump Model 2250 and Spectrophotometer Lambda 1010 connected to(€) of unmodified ODNs were calculated by nearest-neighbor method.

CSW1.7 Chromatographic Station for gradient control. Gradient

systems: A (0.1 M (BNH)OAc, 5% MeCN, pH 7.0) and B (0.1 M

(EtsNH)OAC, 50% MeCN, pH 7.0). The ODNs purity was assayed by

denaturing 20% polyacrylamide/7 M urea gel electrophoresis.
Coupling Procedure and Purification of Obtained ODNs V—VIIl.

A 0.1 M concentration of NaB4O- buffer (182uL, pH 8.5) was added

to the activated complex (8.7 mg, 10 mmol) in a 1.5 mL Eppendorf

tube. To this mixture was added 4% of H,O followed by 597uL

of CHsCN. After the addition of the amino-modified ODN (Qu4nol)

solution in HO (627uL), the coupling was performed for 24 h in the

dark at room temperature with slow shaking. The reaction mixture was

then directly loaded onto a cation exchange Sephadex SP C-25 column

(200 x 10 mm) and eluted with 30% GEN/H,O to remove excess
of unconverted Rt complex. The eluted orange-peel colored fraction
was evaporated with the temperature not exceedirtf=3nd purified
by RP-HPLC, as described above. Two fractiomsuidb) isolated for
each coupling were analyzed by ESI-M¥a, 3912.8;Vb, 3913.4;
Vla, 3912.5VIb, 3913.8,VIl , 3913.3, corresponding to [M 3H']~
ions of the mono-Rt-modified ODNs (the calculatevz is 3913).
MALDI-TOF MS: Va, 3872.6;Vb, 3871.9,Vla, 3872.5Vib, 3871.8;
VIl , 3872.1, corresponding to [M CH;CN — 3H"]~ ions of the mono-
Rw?™-modified ODNs; and/IIl, 4798.4, corresponding to [M CHs-
CN — 5H] " ions of the bis-R&™-modified ODN. Purity of the Rt —

For ODNsl, Il, andIV the molar extinction coefficients were accepted
to be equal to the of ODN N. The value ofe for ODN Il was
calculated as a sum of corresponding values fe€ BTAC-3 and 8-
CAATC-3. Concentrations of RI—ODNs were determined by
accounting for the contribution to the absorbance at 260 nm from the
[Ru(tpy)(dppz-L)(CH3:CN)]?" moiety itself (Figure S2(C)). This was
done by taking the ratio of the absorption of [Ru(tpy)(dpja(CHs-
CN)J?" at 260 nm to that at 450 Nt 260/A* 450). The molar extinction
coefficient for the R&"—ODNs (ry) Was then calculated from the
extinction coefficient ) for the corresponding amino-modified ODN
using the formula

. —¢ Aze(/ A450
R (A26(/ A450) - (A* 26(/ A 450)

where Ay and Assp are optical densities of Rt—ODN at 260 and
450 nm (may), respectively.

(IV) Nucleoside Analysis of ODNs \~VIII by Their Enzymatic
Digestion. To a 15.4uL of aqueous solution of ODN (2 nmol) were
added 1QuL of 1 M MgCl,, 10 uL of AP buffer (500 mM TrisHCI,
pH 9.0), 1.5uL (0.003 UkL) of snake venom phosphodiesterase, 1
uL (20 U/uL) of alkaline phosphatase, and #b of H,O. The reaction
mixture was incubated at 37TC for 24 h, passed through a 0.4&

ODN conjugates was also assayed by denaturing 20% polyacrilamide/7Nylon syringe filter (Acrodisc), and analyzed by HPLC (Nucleosil £00

M urea gel electrophoresis. Because of photosensitivity of ODNs
V—=VIII , they were handled in subdued light and stored in vials covered
with black paper.

Automated Synthesis of ODNs VI.ODN VI was also prepared
with DNA/RNA synthesizer using [Ru(tpy)(dppz)CHmodified support

5C18 column, 4.6< 200 mm, 5um RP-silica) with detection at 260
nm. HPLC mobile phases: A (0.1 M (&H)OAc, pH 7.0) and B (0.1

M (EtsNH)OAc, 50% MeCN, pH 7.0). Peaks were identified by
comparison with an authentic mixture of dC, T, and dA nucleosides.
Nucleoside ratios were determined by integration of peak areas at 260

and fast deprotecting amidites. After synthesis the CPG was treatedM and normalization using the following molar extinction coef-

with concentrated aqueous Nkt room temperature for 17 h and
filtered off. The remaining filtrate was concentrated in vacuo with the
temperature not exceeding 2& to remove ammonia. Concentrated

ficients: 7300 (dC), 8800 (T), 15 400 (dA).
(V) UV —Vis Spectroscopic and Thermal Denaturation Studies.
UV—vis: PC-computer interfaced Perkin-Elmer BVis spectropho-

aqueous solution was lyophilized to dryness and redissolved in 10 mL tometer Lambda 40. Thermal denaturation experiments were performed

of CH;CN—H_0 (1:1, v/v). The solution was heated at 85 for 17 h,
in the course of which the color of the solution changed from purple-
red to orange. After evaporation and HPLC purification the purity of
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on the same UV vis spectrophotometer with PTP-6 peltier temperature
controller. UV melting profiles were obtained by scannifgeo
absorbance versus time at a heating rate oC/nin from 10 to 70
°C. The melting temperaturd;, (+£0.5 °C), was determined as the
maximum of the first derivative of melting curves. The duplex melting
experiments were performed in 1.3 mL of 20 mM N&QOy/NaH,-
PO, 0.1 M NaCl, pH 7.0 buffer at hybrid concentration ofL uM.

After preparation, the solutions consisting of two components (for

forming of duplexes) were heated to 85 for 5 min and then allowed
to cool to 20°C for 30 min under shaking. During the melting
measurements at temperatures belew®5 °C, nitrogen gas was

continuously passed through the sample compartment to prevent

moisture condensation.

(V1) Photolysis Experiments on DNADNA Duplexes.The duplex
photolysis experiments were performed ingd0of 20 mM NaHPO,/
NaHPQ,, 0.1 M NaClQ, pH 6.6 buffer at hybrid concentration of
~10uM. After mixing of two duplex forming components, containing
5'-32P-labeled target stranf as a tracer, the solutions were heated to
85°C for 5 min, allowed to cool to 20C for 30 min, and then irradiated
with a Kodak slide projector (250 W halogen lamp) in a heavy-walled
glass test tube (3% 6 mm 0.d.) positioned in 3 cm in front of lens.
After irradiation the reaction mixtures were lyophilized and analyzed

by electrophoresis through a 20% polyacrylamide/7 M urea denaturing

[dGMP] = [dGMP],, + a/(expbt) — c)
where parametera—c are defined as

a= ([dGMP], — [dGMP])/(1 + k z([dGMP], — [dGMPL,))
b=71
¢ = ky([dGMP], — [dAGMPL)/(z ' + k,([dGMP], — [dGMPL,.))

[dGMP], and [dGMP} correspond to the initial and equilibrium
concentrations of dGMP,

ki is the rate constant for the forward reaction, and

7 is the relaxation time, after which the reaction system approaches
the equilibrium ine time, i.e.

when [dGMP]= ([dGMP], — [dGMPl.,)/e + [dGMP]..

In accordance with that, the experimental concentration of dGMP,
obtained in the course of a time dependence study, was approximated
with a functiony = y, + a/(expbX) — c) and [dGMP}, was accepted
to be equal to calculated value fog. \Equilibrium constant was then
calculated as

 _ ([HGMP), — [dGMPL)[H;O]
B ([AGMP],)? '
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(VII) Determination of the Equilibrium Constants for the
Reaction between dGMP and [Ru(tpy)(dppz-CONHEt)(H ;0)]-
(PFe)2. The integrated form of the rate law equation for the reversible
reaction

[Ru(tpy)(dppz-CONHE®)(H,0)]*" + dGMP*~ =
[Ru(tpy)(dppz-CONHEt)(dGMP)]+ H,0

when the initial concentrations of the Rucomplex and dGMP are
equal, can be expressed in the following form:
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