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Abstract: Herein we describe the reversible changing of DNA duplex thermal stability by exploiting transition
metal complexation phenomena. A terpyridine ligand was conjugated to the N2'-atoms of 2'-amino-2'-
deoxyuridine and its locked counterpart 2'-amino-LNA, and these metal-complexing monomers were
incorporated into oligodeoxyribonucleotides. Upon addition of varying amounts of transition metal ions, the
thermal stability of DNA duplexes containing these terpyridine-functionalized units in different constitutions
was affected to different degrees (AT, values = —15.5 to +49.0 °C, relative to the unmodified duplex).
The most pronounced effects were observed when two complexing monomers were positioned in opposite
strands. Addition of 1 equiv of Ni?™ to such a system induced extraordinary duplex stabilization. Molecular
modeling studies suggest, as an explanation for this phenomenon, formation of nickel-mediated interstrand
linkages in the minor groove. Addition of an excess of metal ions resulted in largely decreased T, values.
Alternating addition of metal ions and EDTA demonstrated reversibility of metal ion-induced changes in
hybridization strength, proving that the described approach provides an efficient method for duplex stability
modulation.

Introduction nucleic acids with metal-chelating moieties. We believe that
DNA, with its ability to form well-defined, three-dimensional ~ these systems will create an orthogonal way to manipulate DNA
structures, is considered to be a suitable material for construction/ding and, as such, expand the potential of DNA-based
of self-assembling, nanoscale deviée®.Due to sequence- nanotechnology.
specific duplex formation, according to the Wats@@rick base- The ability to form complexes of defined structure is a well-
pairing rules, it is possible to create almost any desired known property of transition metal ions. It has been widely
supramolecular motff.However, once such a system has been €xploited to construct many self-assembling nanostructres.
assembled, it cannot, in the majority of cases, be further the past decade, several groups have furthermore reported
changed. Finding methods to control DNA folding in effective Preparation of modified DNA duplexes in which the natural
and reversible ways is a challenging task, but, successfully Watson-Crick hydrogen bonding has been replaced with metal-
accomplished, it would open completely new possibilities in Mediated base pairirt§.However, locating metal ions in the
nanotechnology. There have been only a few attempts to addres§ore of the helix, even though it changes the duplex stability,
this issue. These include application of aptamers, which is rather aimed at creating metal nanowires than at regulation
selectively “remove” given DNA strands from the systém, ©Of DNA folding.™ The only exception to this tendency was the
caged oligonucleotides (ONs), which become capable of duplex —
formation only after photoirradiatioh,and ONs containing (% '(':)'“,\Tg;éérssf gieﬂgﬁg’ng;;Psl;taT”O%F;f%’.“B.?%fngggble?g?f%?%%hultz’
linkers that may be cleaved with a selective readeint.the P.G.J. Am. Chem. S0200Q 122, 10714-10715. (b) Atwell, S.; Meggers,
course of our studies on modulation of the hybridization process 5'2’325_6‘%%02;&’“852%’2’NF_’;' ﬁéégme;s?ré?fnsciﬂfg 0% ;23 1230

using modified ONs, we turned our attention to conjugates of So0c.2002 124 13684-13685. (d) Zimmermann, N.; Meggers, E.; Schultz,
P. G.Bioorg. Chem2004 32, 13—25. (e) Zhang, L.; Meggers, B. Am.

Chem. Soc2005 127, 74-75. (f) Kentaro, T.; Tasaka, M.; Cao, H.;

Shionoya, M. Supramol. Chem2002 14, 255-261. (g) Tanaka, T.;

T Current affiliation: Department of Organic Chemistry, Arrhenius

Laboratory, Stockholm University, 106 91 Stockholm, Sweden. , Tengeili, A.; Shionoya, MJ. Am. Chem. So@002 124, 8802-8803. (h)
A re_search center funded by Fhe Damsh National Research Foundation Tanaka, T.; Tengeiji, A.; Kato, T.; Toyama, N.; Shiro, M.; Shionoya, M.
for studies on nucleic acid chemical biology. J. Am. Chem. So2002 124, 12494-12498. (i) Switzer, C.; Shin, BCChem.
(1) Simmel, F. C.; Yurke, BAppl. Phys. Lett2002 80, 883—-885. Commun.2005 1342-1344. (j) Switzer, C.; Shina, S.; Kim, P. H.;
(2) Liu, D.; Shankar, BAngew. Chem. Int. E®003 42, 5734-5736. Heuberger, B. D.Angew. Chem. Int. Ed2005 44, 1529-1532. (k)
(3) Gothelf, K. V.; LaBean, T. HOrg. Biomol. Chem2005 3, 4023-4037. Weizman, H.; Tor, Y.J. Am. Chem. So200], 123 3375-3376. (I)
(4) Liao, S.; Seeman, N. CScience2004 306, 2072-2074. Brotschi, C.; Leumann, C. Nucleosides NucleotiddNucleic Acid2003
(5) Sherman, W. B.; Seeman, Nano Lett.2004 4, 1203-1207. 22,1195-1197. (m) Clever, G. H.; Polborn, K.; Carell, Angew. Chem.
(6) Feldkamp, U.; Niemeyer, C. MAngew. Chem. Int. EQ006 45, 1856~ Int. Ed. 2005 44, 7204-7208. (n) Miyake, Y.; Togashi, H.; Tashiro, M.;
1876. Yamaguchi, H.; Oda, S.; Kudo, M.; Tanaka, Y.; Kondo, Y.; Sawa, R;
(7) Miduturu, C. V.; Silverman, S. KAngew. Chem. Int. EQ006 45, 1918~ Fujimoto, T.; Machinami, T.; Ono, Al. Am. Chem. So@006 128 2172—
1921. 2173.
(8) Hobartner, C.; Silvermann, S. Kingew. Chem. Int. EQ005 44, 7305 (11) Tanaka, K.; Tengeiji, A.; Kato, T.; Toyama, A.; Shionoya,3dience2003
7309. 299 1212-1213.
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preparation of a mercury(ll) sensor by Ono and co-workers,
who took advantage of the high stability of Hgmediated T

base paird? On the other hand, a large number of nucleotide
building blocks positioning metal chelators outside the DNA
duplex, in either the major or the minor groove, have been
synthesized314This group of compounds was employed mainly

to obtain so-called artificial ribonucleases, catalyzing sequence-

specific RNA cleavagé>'6
Pursuing a way of changing the stability of the duplex,

depending on the presence or absence of transition metal ions

metal ion
AT,

EDTA

we designed a system with metal chelators located outside the

helix core and positioned toward the minor grove of the duplex.
We believe, as far as duplex stability modulation is concerned,
that conjugates of DNA containing the metal-complexing moiety

outside the duplex core are advantageous over those with

internally placed metal-coordinating base pairs. First, the
complex should be easily accessible, so that both introduction
and extraction of the metal ion will not require full denaturation

of the duplex. Second, transition metal ions located in one of
the grooves have the possibility to interact with the phosphate

backbone, as well as with adjacent nucleobases, and may, in

this way, have additional influence on the stability of the
systemt’~2! Finally, by keeping the natural base pairing intact,
Watson-Crick mismatch discrimination is not compromised.

Recent results support the above-mentioned considerations ant

prove the usefulness of metal complex-based control of DNA
duplex stability and folding#22-24

The proposed mechanism of metal-induced duplex stability
change is illustrated in Figure 1. When the metal-coordinating
moiety is incorporated into only one of the DNA strands
(Figure 1, structure A), addition of metal ion and the resulting
complexation (Figure 1, structure B) may change the stability

of the system due to different interactions, such as the above-

mentioned stabilization of the negatively charged phosphate

backbone or co-complexation by the heteroatoms of the nucleo-

based’ More dramatic effects can be expected if the chelator
is incorporated into both strands, in adjacent positions, termed

(12) Ono, A.; Togashi, HAngew. Chem. Int. EQR004 43, 4300-4302.

(13) (a) Bashkin, J. K.; Frolova, E. I.; Sampath, J.Am. Chem. Sod.994
116 5981-5982. (b) Putnam, W. C.; Bashkin, J. €hem. Commur200Q
767-768. (c) Matsumura, K.; Endo, M.; Komiyama, M. Chem. Soc.,
Chem. Commun1994 2019-2020. (d) Vlassov, V.; Abramova, T,
Godovikova, T.; Giege, R.; Silnikov, \Antisense Nucleic Acid Drug De
1997 7, 39—-42. (e) Magda, D.; Miller, R. A.; Sessler, J. L.; lverson, B. L.
J. Am. Chem. S0d994 116, 7439-7440. (f) Endo, M.; Azuma, Y.; Saga,
Y.; Kuzuya, A.; Kawai, G.; Komiyama, MJ. Org. Chem1997, 62, 846—
852. (g) Wei, L.; Babich, J.; Eckelman, W. C.; Zubieta)ribrg. Chem.
2005 7, 2198-2209. (h) Astrom, H.; Stfanberg, R.Nucleosides Nucleo-
tides Nucleic Acid2001, 20, 1385-1388. (i) Astram, H.; Williams, N.
H.; Stramberg, R.Org. Biomol. Chem2003 1, 1461-1465. (j) Astrom,
H.; Stramberg, R.Org. Biomol. Chem2004 2, 1901-1907. (k) Hall, J.;
Husken, D.; Haer, R. Nucleic Acids Res1996 24, 3522-3526. (I)
Sakamoto, S.; Tamura, T.; Furukawa, T.; Komatu, Y.; Ohtsuka, E.;
Kitamura, M.; Inoue, HNucleic Acids Res2003 31, 1416-1425. (m)
Roelfes, G.; Feringa, B. LAngew. Chem. Int. EQ005 44, 3230-3232.

(14) Babu, R. B.; Hrdlicka, P. J.; McKenzie, C. J.; WengelCBem. Commun.
2005 1705-1707.

(15) Trawik, B. N.; Daniher, A. T.; Bashkin, J. kChem. Re. 1998 98, 939~
960.

(16) Niittym&ki, T.; Lonnberg, H.Org. Biomol. Chem2006 4, 15—25.

(17) Martin, R. B.Acc. Chem. Red.985 18, 32—38.

(18) Duguid, J.; Bloomfield, V. A.; Benevides, J.; Thomas, G. J.Bimphys.
J. 1993 65, 1916-1928.

(19) Vliet, P. M.; Toekimin, S. M. S.; Haasnoot, J. G.; Reedijk, J.; Novakova,
0O.; Vrana, O.; Brabec, VIinorg. Chim. Actal995 231, 57—64.

(20) Clarke, M. J.; Zhu, F.; Frasca, D. Rhem. Re. 1999 99, 2511-2533.

(21) shin, A.; Eiichi, K.Chem. Re. 2004 104, 769-787.

(22) Zapata, L.; Bathany, K.; Schmitter, J.; MoreauESr. J. Org. Chem2003
1022-1028.

(23) Gaitz, M.; Kramer, R.J. Am. Chem. So2005 127, 18016-18017.

(24) Ossipov, D. A.; Stimberg, RNucleosides Nucleotides Nucleic AcRB05
24, 901-905.
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Figure 1. Mechanism of metal-induced modulation of duplex stability in
an idealized system.

a “zipper” arrangement (Figure 1, structure €yyhich could
allow interstrand complexation (Figure 1, structure D) upon
addition of 1 equiv of metal ion. Such linking between two
complementary strands may provide additional stability to the
duplex. On the other hand, in the presence of an excess of metal
ion, the interstrand metal-ion-linked complex could disassemble,
leading to the formation of functionalized duplexes (Figure 1,
structure E), which may differ in stability from structures C
and D. In principle, all the above-mentioned transitions can be
reversed by removal of the added metal ion, e.g., by addition
of EDTA.

Recently, we reported synthesis of an'isRbstituted 2
amino-LNA2 (LNA = locked nucleic acid) derivative func-
tionalized with anN,N-bis(2-pyridylmethyl)g-alanyl moiety
located in the minor groove, which showed potential for
changing DNA duplex stability, depending on the presence or
absence of different divalent transition metal idhslowever,
the ability of that system to form an interstrand complex (like
Figure 1, structure D) was not extensively explored. Herein we

(25) In this article we use the “zipper” nomenclature for naming different
arrangements of complexing monomers in the duplexesigper” is a
descriptor of the arrangement of two nucleosides of interest, positioned in
oppositestrands of duplex. Numberindicates the distance, measured in
base pairs, between the two nucleosides, and it has a positive value if one
nucleoside is shifted relative to the other toward therid (of its own
strand), or a negative value if the nucleoside is shifted toward 'tead
Hence, the twX monomers in the dupleX®l(GTG AXA TGC):3-d(CAC
TAX ACG) are positioned in a1 zipper”.

(26) (a) Singh, S. K.; Kumar, R.; Wengel,J1.Org. Chem1998 63, 10035~
10039. 2-Amino-LNA is defined in this article as an oligonucleotide
containing at least one’-2mino-2-deoxy-2-N,4'-C-methylenes-p-ribo-
furanosyl nucleotide monomer. The EBMT mono-protected 2amino-

LNA nucleoside4 was synthesized from the corresponding’-68&nzyl
mono-protected nucleosi#fé using procedures similar to those described
for synthesis of the N2methylated derivative of nucleosidg?t26¢ (b)
Rosenbohm, C.; Christensen, S. M.; Sgrensen, M. D.; Pedersen, D. S.;
Larsen, L.-E.; Wengel, J.; Koch, Qrg. Biomol. Chem2003 1, 655. (c)
Manuscript in preparation.
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Scheme 12
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aReagents and conditions: (i) 6-(2&,2”-terpyr|d|n-4-y|oxy)hexan0|c acid, EDEHCI, CHyCl; (2, 72%;5, 72%); (ii) NC(CH,),OP(CI)N(-Pr), EtN(-

Pr), CHxCI; (3, 95%); 6, 61%); (iii) DNA synthesizer. DMT= 4,4-dimethoxytrityl. U= uracil-1-yl. T=

thymin-1-yl

present a series of studies on conjugates of ONs with anotherby RP-HPLC, and their compositions confirmed by MALDI-

high-affinity metal-chelating unit, namely 2;@,2"-terpyridine,

which is known to effectively form 2:1 ligand-to-metal ion
complexed:2223.2730 The synthesis of two novel terpyridine-
functionalized monomers,-amino-2-deoxyuridine monomer
X and 2-amino-LNA thymine monomeY, is reported, and the

MS analysis (Table S1, Supporting Informatida).

Thermal Denaturation Studies Involving 2-Amino-DNA
Monomer X. First, the effect of incorporation of monomxr
on duplex stability in the absence or presence ot'Can?*,
and N#™ at different concentrations was evaluated by UV

properties of ONs containing these monomers are described inthermal duplex denaturation studies using medium salt buffer

detail.

Results and Discussion

Synthesis.Phosphoramidite building block&sands6, suitable
for incorporation of monomers and Y into ONs, were
synthesized as shown in Scheme 1. EDC-promoted (EDC
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide) amide bond
formation between the appropriate '@V T-protected (DMT
= 4,4-dimethoxytrityl) nucleoside$®! or 426 and 6-(2,26',2"'-
terpyridin-4-yloxy)hexanoic acié? gave intermediate? and5,
respectively. Subsequent phosphitylation of thiey&iroxy group
afforded the desired phosphoramidiBand6 in 68% and 44%
overall yields, respectively.

Synthesis of ONs containing monom¢ior Y was performed
on an automated DNA synthesizer following standard protocols
(2 min coupling time, H-tetrazole as activator), except for slight
modifications during coupling of phosphoramidit@snd 6.33
To accomplish incorporation of monom¥r a double coupling
procedure with an extended coupling time 230 min, 4,5-
dicyanoimidazole as activator) was required, resulting in- 85
90% stepwise coupling yield. This low coupling efficiency of
phosphoramidite is in agreement with earlier reports on low
reactivity of 2-amino-2-deoxyuridine derivatives during ONs
synthesi$*3>MonomerY was incorporated irr 98% stepwise
coupling yield using an extended coupling time (30 mihH- 1
tetrazole as an activator). All synthesized ONs were purified

(27) Martin, R. B.; Lissfelt, J. AJ. Am. Chem. S0d.956 78, 938—-940.

(28) Holyer, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R. Gorg.
Chem.1966 5, 622-625.

(29) Cali, R.; Rizzarelli, E.; Sammartano, S.; Siracusal @nsition Met. Chem.
1979 4, 328-332.

(30) Priimov, G. U.; Moore, P.; Helm, L.; Merbach, A. Forg. React. Mech.
2001, 3, 1-23.

(31) McGee, D. P. C.; Vaughn-Settle, A.; Vargeese, C.; Zhal.Yorg. Chem.
1996 61, 781-785.

(32) Anders, P. R.; Lunkwitz, R.; Pabst, G. R.;'lBp K.; Wouters, D.;
Schmatloch, S.; Schubert, U. Bur. J. Org. Chem2003 3769-3776.

(33) See the Supporting Information.

(34) Hwang, J. T.; Greenberg, M. NDrg. Lett.1999 1, 2021-2024.
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(Table 1). WhenT,, measurements were carried out in the
presence of EDTA, incorporation of a single monoreinto
mixed-sequence 9-mer ONG1—ONS6) resulted in sequence-
specific changes of thermal duplex stability, dependent on the
type of nucleobase flanking monomxXrat the 3-side. When a
purine monomer was present in this positi@N1, ON2, ON5),

only slight duplex destabilization was observexdly, = —0.5

to —2.5°C, relative to unmodified DNA:DNA duplexes of the
same sequence), whereas the presence of a pyrimidine mo-
nomer ON3, ON4, ONB6) resulted in a considerable destabi-
lization (AT, = —8.5 to —11.0 °C). The latter effect is
consistent with earlier observations, showing a decrease in
duplex stability induced by '2amino-2-deoxyuridine and its
N2'-acylated derivative®3”

The relatively minor influence of monom#ron the thermal
stability when flanked on the'3ide by a purine monomer
probably indicates some interaction between the terpyridine
moiety and the adjacent nucleobase. Similar experiments were
conducted with addition of 1 equiv or an excess (5 equiv and
additionally 100 equiv for Ni) of divalent transition metal ions.
Increasing the transition metal ion concentration had no effect
on the stability of unmodified DNA:DNA duplexes and almost
no effect on the stability of duplexes formed between ONs
containing monomeX flanked on the 3side with a pyrimidine
nucleoside ON3, ON4, ON6) and their DNA complements.

In contrast, the presence of all tested divalent metal ions caused
substantial destabilizationAT, = —8.5 to —13.0 °C) of
duplexes containingdN1, ON2, and ON5, having a purine
monomer flanking monomef at the 3-side.T, values observed

in the presence of Cu, Zn?", and NF™ were very similar in

all tested sequence contexts and correspond to those reported

(35) Vargeese, C.; Carter, J.; Yegge, J.; Krivjansky, S.; Settle, A.; Kropp, E.;
Peterson, K.; Pieken, WNucleic Acids Res1998 26, 1046-1050.

(36) Kalra, N.; Babu, B. R.; Parmar, V. S.; Wengel,Qkrg. Biomol. Chem.
2004 2, 2885-2887.

(37) Kalra, N.; Parlato, M. C.; Parmar, V. S.; WengelBiloorg. Med. Chem.
Lett. 2006 16, 3166-3169.
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Table 1. Thermal Denaturation Temperatures (T, Values) of Duplexes Containing Monomer X Measured at Different Concentrations of
Divalent Metal lons?

+Cu2+ +an+ +Ni2+
code sequence +EDTA? 1 equiv® 5 equiv® 1 equiv® 5 equiv® 1 equiv® 5 equiv® 100 equiv®
ON1 5-d(GTG AXA TGC) 26.9 179 17.0 19.0¢ 19.8 17.0 16.9 18.8
DNA 3-d(CAC TAT ACG) (—1.5) (=10.5) +11.0) =9.0) (—8.5) (+11.0) +11.5) =9.5)
ON2 5-d(GTG AXG TGC) 33.0 28.0¢ 28.8 30.0¢ 29.8 259 29.8
DNA  3-d(CAC TAC ACG) (-2.5) (-7.5) (-7.0) (~5.5) (-6.5) (-10.0) -6.0)
ON3 5-d(GTG AXT TGC) 20.8! 19.00 20.0¢ 208 20.0¢ 19.0 19.0¢
DNA 3'-d(CAC TAA ACG) (—11.0) (+12.5) (11.5) (+10.5) (+11.5) +12.5) +12.5)
ON4 5-d(GTG AXC TGC) 2559 27.0¢ 27.5 26.5 27.5 25.01 26.5
DNA 3-d(CAC TAG ACG) (—8.5) (=7.0) (—6.5) (=7.5) (—6.5) (=9.0) (=7.5)
DNA 5-d(GTG ATATGC) 27.8 199 199 21.5 21.0 15.0 17.8 19.0¢
ON5 3-d(CAC TAX ACG) (—0.5) (—8.5) (—8.5) (—6.5) =7.0) (—13.0) (+10.5) =9.0)
DNA 5-d(GTG ATATGC) 22.0 21.0' 21.0 22.0 225 18.0¢ 18.9 18.0¢
ONG6 3-d(CACXAT ACG) (—6.0) (=7.0) (=7.0) (—6.0) (—5.5) (—10.0) 9.5) (—10.0)
ON7 5-d(GTG- AXA TLGC) 36.9 29.9 29.8 29.8 30.8 29.0¢ 30.0¢ 30.0¢
DNA 3-d(CAC TAT ACG) (+8.5) (+1.5) (+1.5) (+1.5) (+2.5) (+1.0) (+2.0) (+2.0)
DNA 5-d(GTG ATATGC) 36.9 30.0¢ 29.9 31.0 3.0 31.0 30.9 30.0¢
ON8 3-d(CAC T'-Aﬁ AMeCLG) (+8.5) (+2.0) (+1.5) (+3.0) #+3.0) (+3.0) (+2.5) (+2.0)
ON1 5-d(GTG AXATGC) 20.0' 20.0' 19.0¢ 32.5% 30.5%e 46.5 19.8 22.5
ON5 3-d(CAC TAX ACG) (—8.0) (—8.0) (—9.0) (+4.5) +2.5) (+18.5) -8.5) (—=5.5)
ON1 5-d(GTG AXA TGC) 31.0 34.5 32.0 53.5% 44,04 56.5 54.0Y 31.C39 54.0'/ 31.C09
ON8 3-d(CAC T'-_/-\é AMeCLG) (+3.0) (+6.5) (+4.0) (+25.5) (+16.0) (+28.5) #+3.0) (+3.0)
ON7 5-d(GTG- AXA TLGC) 32.5 36.0' 32.0 55.5te 44,54 53.0%e 53.0% 33.C¢9 51.57 33.329
ON5 3'-d(CAC TAX ACG) (+4.5) (+8.0) (+4.0) (+27.5) (+16.5) (+25.0) +5.0) (+5.5)
ON1 5-d(GTG AXA TGC) 22.0 34.01 <10.0¢ 21.5 18.58! 39.8f 40.5Y 15.09 12.58
ON6  3-d(CACXAT ACG) (—6.0) (+6.0) (~6.5) (-9.5) (+11.5) -13.0) (-15.5)
ON7 5-d(GTG- AXA TLGC) 29.0¢ 24.0 24.5 33.0% 32.5e 54.5 19.9 17.8
ONG6 3-d(CACXAT ACG) (+1.0) (—4.0) (—3.5) (+5.0) +4.5) (+26.5) -8.5) (—10.5)

aThermal denaturation temperatur@s/°C; in parentheses aeT./°C, i.e., change iy, value relative to unmodified DNA:DNA duplex of the same
sequence. Thé&n, values of the unmodified duplexes or LNA-modified DNA duplexes were independent of divalent metal concentration and displayed the
following values: 28.0C for ON1, ON5, andONG, 35.5°C for ON2, 31.5°C for ON3, 34.0°C for ON4, and 28.5°C for ON7 andON8. T, values were
measured as the maximum of the first derivatives of the melting cuAws (s temperature) recorded in medium salt buffer (100 mM NaCl, adjusted to
pH 7.0 with 10 mM NaHPQOy/5 mM NaHPQs), using 1uM concentrations of two complementary stranfigyvalues are averages of at least two measurements.
Gt = guanin-9-yl LNA monomerTt = thymin-1-yl LNA monomerMeCl = 5-methylcytosin-1-yl LNA monomer. See Scheme 1 for structure of monomer
X (symbol “X” was used in the table for clarity}.[EDTA] = 0.1 mM. ¢ M2* equivalents relative to duplef.Sample denaturized for 1 min at 8C before
measurement Sample denaturized for 15 min at 8¢ before measuremeritSample denaturized for 30 min at 8C before measuremertStrands
premixed separately with Rii solution, and sample then denaturized for 1 min af@efore measurement.

for other 2-amino-2-deoxyuridine-modified duplexéd further absence of transition metal ions, were stabilizadl{ = +8.5
supporting the hypothesis of some favorable interaction between°C) to an extent expected for two LNA monomers being
the terpyridine moiety and d-8Banking purine nucleobase. Upon  incorporated® Upon addition of divalent metal ions, thB,
metal complexation, this interaction is apparently broken, values decreased between 5.5 and °C5indicating that the
resulting in destabilization and a-8.0 °C decrease in th&n, metal-induced destabilizing effect is still present, however, to
value, relative to that of unmodified standard. Circular dichroism a smaller degree than observed @N1—-ON6.

(CD) spectroscopy was employed to determine if some differ-  Duplexes Having Monomer X in Both Strands. (a) The
ences in duplex structure could be observed upon metal“+1 Zipper” System. To establish if monomeX can be used
complexation with either a purin©N1:DNA) or a pyrimidine for duplex stability modulation in the way presented in Figure
(ON3:DNA) flanking monomer at the'Sside of monomeiX. 1, duplexes formed with two complementary 9-mers, each
There was no visible difference in the CD spectra, neither with containing a single incorporation of monom¥érwere studied.
nor without N?*, and in all cases a typical B-type duplex CD When the two monomer¥ were positioned in a+1 zipper”
pattern was observed (Figures S16 and S17, Supporting(ON1:0ON5) constitution, addition of 1 equiv of R resulted
Information)33 in a remarkable increase in duplex stabilityTe, = +26.5°C,

To test if the overall rigidity of the duplex and its conversion  relative toON1:ON5 measured with EDTAATy, = +18.5°C,
from B-type to a more A-type-like structure may influence the relative to unmodified DNA:DNA). Similarly, the presence of
effect of metal-induced stability change, ONs containing 1 equiv of Zr¥" led to a thermal stabilization of the duplex, but
monomerX (3-flanked with A) and two LNA monomers&ON7, to a lesser extentAT, = +12.5 °C, relative to the EDTA
ONS8) were used in thermal denaturation studfeRuplexes experiment), whereas €uhad no effect. On the other hand,
formed between these ONs and their DNA complements, in the an excess of Ni resulted in a thermal stability similar to that
obtained in the EDTA experiment. An excess offZmaused

(38) Petersen, M.; Nielsen, C. B.; Nielsen, K. E.; Jensen, G. A.; Bondensgaard,
K.; Singh, S. K.; Rajwanshi, V. K.; Koshkin, A. A.; Dahl, B. M.; Wengel, (39) Hrdlicka, P. J.; Babu, B. R.; Sgrensen, M. D.; Harris, N.; Wengel, J.
J.; Jacobsen, J. B. Mol. Recognit200Q 13, 44—53. Am. Chem. So005 127, 13293-13299.
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. ) e Figure 3. Distribution of the species in solution containing '2622"'-
Figure 2. Comparison of CD spectra of duplex containing t&anonomers terpyridine and N&*. L, terpyridine; ML, Ni(terpy$™; ML, Ni(terpy)?*.
in “+1 zipper” constitution in the absence or presence of different

equivalents of Nit. The spectra were recorded at A0, otherwise using - .
the same experimental conditions as used during thermal denaturation Although the thermal stability of the duplexes upon introduc-

experiments. tion of the two LNA units did not change very much, major
differences were observed in the kinetic behavior of thd *
only a small decrease in duplex stability relative to the case zipper” system in the presence of an excess &f NDuring
when 1 equiv of metal ion was used, but thg value still initial thermal denaturation experiments, carried out with both
remained 10.5C higher than that obtained when EDTA was 5 and 100 equiv of Nif, following the same experimental
present. As the stability of the WM:terpy complexes in general  protocol used up to this point, measurBglvalues were almost
is expected to follow the order Kii > Cuw?™ > Zn?*,282%these identical to those obtained when 1 equiv of?’Niwas used
results indicate that an appropriate geometry for interstrand (54.0 °C for ON1:ON8 and 53.0 or 51.5C for ON7:ON5).
terpy:N#*:terpy bridging (see molecular modeling below) can This suggested that the high-melting metal ion “cross-linked”
be adopted for 1 equiv of Ki, but not for C@*. The NE+- structure (Figure 1, structure D) was persistent even in the
bridging likely involves two terpyridine ligands and octahedral presence of a large Rii excess. To get some insight into this
coordination, which might not be the case for theCsystem phenomenon, we investigated available thermodynamic and
(less than six electron-donating ligand groups are generally kinetic data concerning Kii:terpy complexe$? From the graph
preferred). CD spectra of ther1 zipper” system, recorded in  of the theoretical Ni(terpy) and Ni(terpy}?* distribution versus
the absence and presence of different amounts%f, kévealed Ni2t amount (Figure 3), plotted using cumulative complex
in all cases curves very similar to the unmodified reference, stability constant$? it is clear that, at 2.5 equiv of Rif per
indicating a typical B-type duplex structure (Figure 2). In the ligand (5 equiv per duplex containing two terpyridines), and
experiments described above, the thermodynamically most stableespecially at 50 equiv (100 equiv per duplex), the dominating
complexes are analyzed, but it should be noted that the species would be expected to be the 1:1 complex (corresponding
opportunity exists that terpy:#M:terpy complex formation to Figure 1, structure E). Therefore, we consider the basis of
precedes duplex formation during all the zipper experiments in the observed results to be the kinetic stability of the tergy:Ni
the presence of Kt ions. terpy complex (Figure 1, structure D). Indeed, the activation
The same 41 zipper” arrangement of monome¢ was energy of this complex dissociation is relatively high (20.8 kcal/
studied with two additional LNA monomers incorporated in one mol), and its half-life can be calculated to be 104 h at°’€5
of the strands@N1:ON8 andON7:ON5). The trends observed  and 25 min at 80C.28 Even though these values are calculated
were essentially similar to those f@N1:0ON5, with almost for free, nonconjugated terpyridine, they indicate that the
identical differences iy, values between measurements with standard 1 min denaturation protocol, which is enough for
EDTA, 1 equiv of metal ion, and excess metal ion whed'Cu  normal DNA duplex denaturation, was not adequate to inves-
or Ni2* was used, but with a more pronounced effect fo#'Zn tigate the system with two 1:1 complexes (Figure 1, structure
Collectively, the observations described above suggest thatE) and that the sample in this case should be denatured for a
two X monomers located in opposite strands infél“zipper” longer period.
constitution are able to form a stabilizing, metal-linked bridge  Figure 4 depicts three thermal denaturation curves registered
outside the duplex core, as depicted in Figure 1 (structure D). from samples prepared by mixii@N1 andON8 in the buffer,
Furthermore, the addition of metal ions, even when putatively followed by addition of 100 equiv of Ri" and denaturation at
leading to the assembly of the interstrand linkage, does not 80 °C for 1, 6, and 15 min, respectively. Comparison of these
disturb the native B-type structure of the duplex. Finally, the curves clearly shows transformation from a high-melting form
results suggest that this linkage is not formed if metal ions are (1 min denaturation) to a low-melting form (15 min denatur-
present in excess, which can be explained by the formation of ation), with two transitions observed using 6 min denaturation.
a less stable structure (Figure 1, structure E). HoweVgr, Formation of the bridged structure (Figure 1, structure D) is
values observed under an excess of metal ions suggest that twandicated to be the kinetic product uporNaddition—probably
positively charged Mi":terpy complexes can probably occupy facilitated by the preorganization of the terpyridine ligands in
positions distant from each other, so that no destabilizing effect the duplex structure. This highy, transition should be elimi-
is observed. nated if the N§*:terpy (1:1) complexes (Figure 1, structure E)
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Figure 4. Thermal denaturation curves ©N1:0ON8 duplex in the presence
of excess MNi™ (100 equiv), measured after different denaturation times.

Oligonucleotides were mixed prior to addition of 2Ni solution and
denaturation.

are formed before duplex assembly. Indeed, when the DN
strands QN1 andON8, or ON7 andONb) were first separately
premixed with an excess of /i, denatured for only 1 min,

incorporation of two LNA monomers into one of the strands
(ON7:0NB6) led to complete disappearance of the?Ginduced
effects, but the specific influence of Nion duplex stability
was even more pronounced. Notably, the differenckjrmalues
between the experiment with 1 equiv of?Niand that with an
excess of Ni* rose to 35°C, and the kinetic persistence of this
particular interstrand complex (Figure 1, structure D) under
excess metal ion conditions decreased, giving the “low-melting”
form even with only 1 min denaturation time. That a similar
kinetic effect is not observed with €t(e.g.,ON1:ON6) might

be due to the ability of Cif complexes to undergo rapid
constitutional and conformational changes. A characteristic
feature of the “-1 zipper” system, not present in the-1 zipper”
arrangement, is a relatively strong destabilizing effect of an
excess of Nit and Cd* ions. Such an effect might result from
repulsion of two positively charged ¥M:terpy complexes. This
would mean that, contrary to the situation in thel* zipper”
constitution, the two complexes are placed in close proximity,
which forces them to interfere.

A The obtained results clearly show that there are strict spatial

requirements for formation of interstrand linkages for different
metal ions. N§* is able to produce such a complex in bothl*

and then hybridized, the thermal denaturation curves showedZPPer” or “~1 zipper” constitutions, and in the presence of

only a single transition at the lower denaturation temperature.

(b) The “1 Zipper” System. Having characterized thet1
zipper” constitution of monomek, we moved to the <1
zipper” constitution @N1:ON®6). In this case, when no transition

absence of additional LNA monomers. A terpyXCiierpy
complex seems to be formed only in thel zipper” arrange-
ment, but only when no LNA units are incorporated, whereas
Zn?* tolerates %-1 zipper” exclusively. The differences probably

metal ion was present, duplex stability was affected to more or arise from different stabilities of octahedral terpy:Merpy

less the same extenAT, = —6 °C, relative to unmodified
reference) as for thet*1 zipper”. With 1 equiv of C&" and
Ni2*, an increase in th&@, value was observedA\lT, = +6

complexes. Formation of a very thermodynamically stabfe Ni
complex apparently compensates any associated unfavorable
changes in the duplex structure, therefore still leading to duplex

and+11 °C, respectively), whereas an excess of these metal Stabilization. In case of Gt and Zr#, the energy gained during

ions caused significant duplex destabilizatiaxTf, = —24 to
—27°C when compared with having only 1 equiv of metal ion),
testified by T, values more than 10C below the “no-metal”
(EDTA experiment) level. Interestingly, when 5 equiv ofNi

complexation is more limited, therefore allowing interstrand
metal-linked complex formation only in certain cases.

Studies Involving 2-Amino-LNA Monomer Y. Table 2
summarizes thermal denaturation results obtained with ONs

was used, prolonged denaturation time or premixing the strandscontaining 2-amino-LNA-based monomef. For a number of

with Ni2* had to be applied to obtain a single melting curve
transition (appearing at the “low” temperature). Additional

applications, 2amino-LNA has proved to be advantageous due

to its specific properties, including (a) lockedeéhdo furanose

Table 2. Thermal Denaturation Temperatures (T Values) of Duplexes Containing Monomer Y Measured at Different Concentrations of

Divalent Metal lons?

+Cu?* +Zn? +Niz
code sequence +EDTA? 1 equiv® 5 equiv® 1 equiv® 5 equiv® 1 equiv® 5 equiv® 100 equiv®
ON9 5-d(GTG AYATGC) 35.0¢ 37.0¢ 36.0' 39.5 40.00 35.5 38.5 40.8
DNA 3-d(CAC TAT ACG) (+7.0) (+9.0) (+8.0) (+11.5) +12.0) #7.5) (+10.5) (+12.5)
DNA 5-d(GTG ATATGC) 36.0 38.0' 39.0 39.5 39.5 42.0¢0 41.5 41.0¢0
ON10 3-d(CAC TAY ACG) (+8.0) (+10.0) +11.0) +11.5) #+11.5) +14.0) +13.5) #+13.0)
DNA 5'-d(GTG ATATGC) 36.3 3158 3158 34.0° 32.5 315 32.0 33.5
ON11 3-d(CACYAT ACG) (+8.5) (+3.5) +3.5) (+6.0) +4.5) +3.5) +4.0) (+5.5)
ON9 5-d(GTG AYA TGC) 49.0' 420 43.0' 65.9 55.9 77.0/¢  76.0;44.09 43.3"  74.5;45.99 44.00
ON10 3-d(CAC TAY ACG) (+21.0) +14.0) (+15.0) +37.5) #+27.5) (+49.0) (+15.5) (+16.0)
ON9 5-d(GTG AYATGC) 41.0 419 4248 44,0 46.9 44,0 42,0 42,0
ON11 3-d(CACYATACG) (+13.0) (+13.5) (+14.5) +16.0) (+18.5) (+16.0) +14.0) #+14.0)

aThermal denaturation temperatur@gs/°C; in parentheses ar&T,/°C, i.e., change iy, values relative to unmodified DNA:DNA duplex of the same
sequencely value of unmodified duplex was independent of divalent metal concentration and displayed the value°@f. Z8.0alues were measured as
the maximum of the first derivatives of the melting curvegp vs temperature) recorded in medium salt buffer (100 mM NacCl, adjusted to pH 7.0 with 10
mM NaHPQy/5 mM NaHPQy), using 1uM concentrations of two complementary strandls; values are averages of at least two measurements. See
Scheme 1 for structure of monomer(symbol “Y” was used in the table for clarity?.[EDTA] = 0.1 mM. ¢ M2" equivalents relative to duplef.Sample
denaturized for 1 min at 86C before measuremerftTwo transitions observed Sample denaturized for 15 min at 8C before measuremertSample
denaturized for 30 min at 80C before measuremeritStrands premixed separately with2Nisolution, and sample then denaturized for 1 min af@0

before measurement.
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curves indicate an intermediate A/B-type duplex structure,
however, showing the closest resemblance to the B-type. In
8 contrast to the monomet “+1 zipper” system, the monomer

Y “+1 zipper” system displayed nonidentical CD spectra with
different equivalents of Ni. This indicates that the terpy:Ni:
terpy complex (Figure 1, structure D) and the form with two
Ni%*:terpy (1:1) complexes (Figure 1, structure E) in this case
display differences in overall duplex geometry.

€D (mdeg)
o r
/;/I/
(7
I,

\’{éﬁ’ / 2-:,0 25',0 31'0 Finally, two monomersy in “—1 zipper” constitution were
27 ~ ONADNA (o) studied. Surprisingly, virtually no metal-induced effects were
-4 - ONG-ON10 EDTA observed in this case. Pr.obably the rigidity of thc_a LNA backbone
54 ON9:ON10 Ni?*1 eq. makes assembly of the interstrand complex (Figure 1, structure
— ON9:ON10 Ni?*100 &q. D) impossible, at least with the linker length applied.
-8 ] Molecular Modeling. To rationalize the obtained results, in
 (nm) particular the differences observed between the two tested zipper
Figure 5. Comparison of CD spectra of dupléxN9:ON10 containing constitutions, we performed simplified molecular modeling of

two Y monomers in 41 zipper” constitution, in the absence or presence

of different equivalents of Ni selected duplexes containing theéNcomplex-bridged structure

(ON1:ON5, ON1:ON6, ON9:ON10, andON9:ON11). As CD
spectroscopy revealed an overall B-type duplex geometry for
ON1:0ON5 both without and in the presence of?N;j the four
duplexes were build as B-type duplexes. No attempt was made

Y was incorporated into the 9-mer duplé9—ON11 toward to modify the overall geometry of the LNA duplexes toward a

DNA), thermal denaturation studies, carried out in the presence MOre A-type geometry. Due to lack of AMBER force field
of EDTA, showed a thermal stabilization characteristic for singly Parameters for the divalent transition metal ions, the structure
modified LNA duplexes ATy = +7.0 to+8.5 °C, relative to of the octahedral Ni(terpy}"™ complex was constrained accord-

unmodified reference). Addition of divalent metal ions resulted N9 to available X-ray diffraction dat& Monte Carlo confor-
in only moderate changes in the melting temperatut,(= mational analysis was performed, and the lowest energy
—5.0 t0+6.0 °C, relative to “no-metal” level). structures were subjected to molecular dynamics followed by

Further extending our investigation of the LNAnetal energy m|n|m|zat|on using thf AMBER force figkhs imple-
; mented in MacroModel V.9.42
chelator conjugate, we found that, when two mononYevgere The lowest enerav structure of the 9-mer duplex containin
positioned in a “+1 zipper” constitution QN9:ON10), the € lowest energy S Equ.e 0 ; € =-mer dupiex containing
: . monomersX arranged in “+1 zipper” constitution QN1:ON5,
presence of 1 equiv of Ki resulted in unprecedented duplex Fi 6 ts that th | ) ll-adapted
stabilization AT, = +49.0°C, relative to unmodified reference 'ogSL.Jtr.gn )'nSLtjr?ger?fiora rooe ecor:grrixafgsug;e;.: mfe:trgg de
and ATn = +28 °C compared to the EDTA experiment). To :Ci)nk;;lI e o:oes not Idistu?b th\t/e ;ju lex s;ructure iln f:\n way. A
the best of our knowledge, this is the highest stabilizing effect ver gimil ' picture is observ dpin the structur fyther)‘/.
observed with DNA-metal complex conjugates, and probably ery S,, ar picture 1S observe € structure o
L e zipper” system formed with twd monomers QN9:ON10,
also the most efficient duplex stabilization effect ever reported.

Likewise, addition of 1 equiv of Z resulted in a remarkable Figure 6), with the bridging comple_x fitting per_fec_tly into the
increase in thermal stabilityAT,, = +37.5 °C, relative to minor groove. In contrast, in the-1 zipper” constitution QN 1:

unmodified reference andT, = +16.5°C compared to the ON6 andO_N9:ON11, Figure 6; 9-mer_s with monome¢ and

EDTA experiment), whereas €u had only a minor effect. Y, respectively), the attachment points of the chelators are
Under excess R c;)n ditions. theT.. value decreased to & positioned in very close proximity. This structural feature makes
below the “no-metal” level V\;hich T:orresponds tAZ, value formation of the interstrand complex inside the minor groove

o 33 °C when compare 10 te one-equvlent experment. “OTTCSTY MOfe AL A 5 conseuence, e e
Additionally, following the trends observed with mononéy piex, P

increased kinetic stability of the interstrand bridged structure grt?ftu?i?i?ifde?nﬁldii ;hoi Qsl:‘);v%yrl;ﬁeeréi/he;vf/zcl)lfgaﬂj[s d
was observed, and to obtain melting curves with a single 9 P

transition, prolonged denaturation time or premixing stands with pomplex in the %1 zipper” structure, thermal denaturation data

Ni2* had to be applied. Excess Znconditions resulted in a indicate that it can be realized when monorXes used ON1:

AT value of +6.5 °C when compared with the “no-metal” ON®6), as manifested by the significant duplex stabilization
coeritions In suhmary the monomer“+1 zipper’ shows observed. However, in the case of the far more rigid monomer
general properties very similar to those of the monokér-1 Y, even though.the lowest energy strugture obtglned from
Zipper” neighbored by two LNA nucleotides. This can be molecular modeling suggests that formation of this complex

explained by conformational tuning of the monoméi(from tsk?otuld alsohbe posls,lbk_a, ixpen;n)erg.zil)’ilelslult?:strontgrj]l_y s
C2-endo toward C3endo conformation), as observed earlier at no such complex is forme®No: ). From this we

for other 2-amino-LNA/DNA strands$® Furthermore, the 40y gaker, A. T.: Craig, D. C.; Rae, A. Diust. J. Chem1995 48, 1373

observed behavior is even more pronounced for the monomer a1 1373\./ er S 1 Koll b A C b A: Singh. U. G- Ghio. C..
Y than for monomek in the LNA-modified DNA strands. “1) ,&?;goﬁgjeé'_; F',ro‘f’eta? Qf‘c\}emer;’m. A Chen, Sg‘dg_gé4 106, 7and &

; e inei ; ; 784. (b) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, D.JA.
To obtain additional insight into the structure of this system, Comput. Chem1986 7, 230-252.

CD spectroscopy was employed (Figure 5). For all cases, CD (42) MacroMode| version 9.1, Schidinger, LLC, New York, NY, 2005.

conformation, (b) improved binding toward DNA and RNA,
(c) pronounced mismatch discrimination, and (d) precise
positioning of N2-substituentd#26-3%9When a single monomer
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ON1:0ONS5 ON1:0ON6 ON9:ON10 ON9:ON11

Figure 6. Lowest energy structure of the nucleic aciietal complexes. Hydrogen atoms, sodium ions, and bond orders have been omitted for clarity.
Color scheme: green, nucleobases; red, sughosphate backbone; blue, N2nctionalities; orange, nickel ion.

conclude that the structure observed from molecular modeling

. 2+
reflects a high-energy structure not accessible under the 2 equiv. M

over free EDTA

experimental conditions and, as such, being a consequence o /‘\

the restrictions under which the molecular modeling was carried AT
out. A
Duplex Stability Modulation. Having characterized the 2 equiv. EDTA
over free M**

different arrangements of monome¥s and Y with varied

amounts of the three divalent transition metal ions, we moved

to study the practical possibilities of using our systems to A B

modulate the duplex stability in the manner depicted in Figure

1. For the modulation mechanism shown in the upper part of R

Figure 1 (A~B transitions), monomeiX 3'-flanked with S equiv. M™" over free EDTA
1-30 min denaturation

adenosine seemed to be the most suitable choice, since additiol
of divalent metal ion was associated with the most pronounced //—\

change in thel,, value. Indeed, a series of sequential thermal 5 equiv. M%*

denaturation experiments using & 1:DNA duplex, starting 1 equiv. M2* 1-30 min

without any metal ionsT, = 26.5°C), followed by addition (once only) denaturation

of 2 equiv of N#" (T, = 17.0 °C), followed by alternating /A:_\ /A:_\
m m

additions of 4 equiv of EDTATn = 26.5°C) and 4 equiv of
Ni2* (T, = 17.0°C), proved the full reversibility of the process.
Both Ni#* and EDTA were added after finishing one denatur-

5 equiv. EDTA

5-30 min

ation process, and the sample was not denaturized before startin denaturation
the next experiment. Similar results were obtained witHQN: (4
DNA duplex.

Next, we examined the possibility of more efficiemf, \_/
modulation using the zipper systems. In all cases te€dL( 5 equiv. EDTA over free M?*
ON5, ON1:ON6, ON1:ON8, ON7:ON5, ON7:0ON6, andON9: 5-30 min denaturation
ON10with Ni2t; ON1:ON8, ON7:ON5, andON9:ON10 with Figure 7. Overview of possible ways to modulafg using ONs containing

Zn?*; ON1:ON6 with Ct?"), it was possible to induce an ~ monomers< andy.

increase in duplex stability by addition of 1 equiv of the metal ) . . " .
ions (Figure 1, €-D transition) without denaturation of the the high-melting bridged structure by addition of 5 equiv more

sample. To reverse this process (Figure @), 5 equiv of of metal ions (Figyre 1, €D, for th.e.second time), qu only
EDTA had to be added and the sample had to be denaturizegth€rmal denaturation curves containing double transitions were
for 5—30 min, depending on the sequence and metal ion used.oPserved.

The requirement for such long denaturation times is probably In the next series of experiments, the possibility of disas-
caused by the high kinetic stabilities of the terpyMerpy sembly of the interstrand bridging complex by addition of excess
complexes (Figure 1, structure D), combined with the unfavor- metal ion (Figure 1, B-E) was studied. The obtained results
able interactions between the negatively charged EDTA mol- are in perfect agreement with those reported in Tables 1 and 2,
ecule and the negatively charged duplex when approaching eacland all samples had to be denaturized fet3D min to achieve
other. After EDTA treatment, we were not able to fully restore this transition. Again, we found it practically impossible to return
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to the highly stabilized bridged structure (Figure 1B) by conjugates that allow unprecedented changes in duplex stability,
addition of an appropriate amount of EDTA. depending on the presence or absence of divalent transition metal
Finally, four examples showing significantly different thermal ions in various molar equivalents relative to nucleic acid duplex.
stability between “no-metal” and excess metal ion conditions Molecular modeling strongly suggests that the observed ex-
(ON1:0ON6 with Ni%" and Cd#™; ON1:ON8 andON7:ON5 with traordinary T, modulation is induced by interstrand metal
Zn?") were analyzed. To achieve the “no-metal” to excess metal complex formation in the minor groove of the duplex. Further-
transition (Figure 1, €-E, 5 equiv of M), sample denaturation =~ more, practical aspects of system operation and dynamics have
for 1—30 min (depending on the sequence and metal ion used)been studied.
had to be applied. To reverse the process (Figure 1, situation . )
E—C), at least 10 equiv of EDTA had to be added, and the Acknowledgment. We greatly appreciate funding from the
sample had to be denaturized for-30 min. Unless these Danish National Research Foundation and the Oticon Founda-
conditions were applied, multiple transitions, including high- tion. This work was supported by Sixth Framework Programme
temperature ones originating form the interstrand complex Marle Curie Host Fellowships for Early Stage Research Train-
formation, were observed. However, the described transitions g, under contract no. MEST-CT-2004-504018.
(C<E) could be repeated several times by cumulative addition
of 5 equiv of metal ions over free EDTA present in the sample
(C—E) and addition of 5 equiv of EDTA over free metal ions
(E—C) and combining these with denaturation. Figure 7
summarizes the possible ways of metal-mediated duplex stability
modulation in the developed system, including the conditions
required.

Supporting Information Available: Synthetic experimental
procedures; NMR spectra of compounds 3, 5, and 6;
experimental protocols for ON synthesis and purification,
thermal denaturation studies, CD measurements, and molecular
modeling; MALDI-TOF results for synthesized ONs; represen-
tative examples of thermal denaturation curves; details of
calculation of the distribution of Cu, Zn?", and NP —
Conclusion terpyridine complexes together with appropriate graphs fét Cu
and zZi#t (PDF); structural files (cf. Figure 6) (PDB). This
material is available free of charge via the Internet at
http://pubs.acs.org.

Development of methods that allow engineering of DNA
duplex stability is desirable for possible applications in nano-
technology. Herein we have demonstrated a new strategy to
achieve this aim by development of nucleic acidetal chelator JA071076Z
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