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Tricyclo-DNA: A Phosphodiester-Backbone Based
DNA Analog Exhibiting Strong Complementary
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Due to their selective complementary base-association phe-
nomena and their enhanced resistance against enzymatic deg-
radation, DNA analogs attract considerable attention as tools

igure 1. Structures of the bicyclo- and tricyclodeoxynucleoside as
ell as tricyclo-DNA.

in molecular biology and potential drugs in medicinal chemistry. a® N b . b
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translation or transcriptiofr.3 Oligonucleotide-like pairing La, . b
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systems might also be useful in materials science and nano-
technology’ e.g., as molecular scaffolds for the precise spatial

. . . Sequence (M-HY calc. (M-H)" found
positioning of metal cluste?sand nanocrystafor as optical or T tcdlpAls el pAPAPAPAPADAPAPA) 2573 78301
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development of new oligonucleotide analogs displaying well 30 EERRREERID L S s
defined and predictable association patterns with high complex ] ] - ) )
stabilities are therefore of considerable interest. Figure 2. Synthesis of tricyclodeoxy-oligonucleotides. Reaction

conditions: (a) standard phosphoramidite oligonucleotide synthesis
(coupling time 6 min, * trityl-off mode,* trityl-on mode); (b)
concentrated Nk 55 °C, 15 h; (c) 40QuL of CH;COOH, 100uL of

In order to investigate the effect of structural preorganisation
of DNA single strands on their pairing properties we recently
developed the DNA analog bicyclo-DNA, which deviates from H,0., room temperature, 20 min- (d) concentratedsNidom temper-

natural DNA by an ethylene unit introduced between thargl ature, 2 h; (e) snake venom phosphodiesterase (3 mUA9, Blkaline

5' centers of the deoxynucleoside ukft¢Figure 1). We found h -
. ) . osphatase (100 mU/O3¥), 0.15 M NaCl 10 mM TrisHCI, pH 7,
that bicyclo-DNA, in contrast to natural DNA, constitutes a very 27 ocp 5h. ( ) P

stable pairing system with a strong preference for the Hoogsteen
and reversed Hoogsteen association Mibdeer the Watsor
Crick association qu@. The enhanced complex staplllty can  poces thymine and adenine.
at least in part be attributed to the restricted conformational space : ) ) )

of the bicyclonucleoside units, while the preference for Hoogs- _ ©ligonucleotide synthesis (Figure 2) was performed on a
teen- and reversed Hoogsteen association has its origin in anPNA synthesizer in a 1.3umol scale using the standard

alteration of the backbone torsion angje by ca. +100° cyanoethyl phosphoramidite building blocks of the correspond-
compared to natural DNA. ing tricyclodeoxynucleosideé. For synthetic ease natural

In order to explore the effect of further conformational thymidine bound to CPG solid support was used as the starter

restriction on association mode and affinity we developed the Unit. Chain elongation was performed with a standard synthesis
analog tricyclo-DNA (Figure 1). The building blocks of qycle to Wh!Ch no changes, except a prolon_gatlon of the coupll_ng
tricyclo-DNA deviate from the bicyclonucleosides by an ad- time to 6 min were necessary. In 10 coupling cycles proceeding
ditional cyclopropy! unit introduced into positiori &nd 6 of with 90—99% yield each (trityl assay) the solid-phase bound
the carbocyclic ring. This leads to an additional conformational Oligomers were obtained. Subsequent treatment with concen-
stabilization of the carbocyclic five-membered ring and to a trated NHled besides deprotection and cleavage from the solid
partial correction of the torsional angjetoward the anticlinal ~ Support to elimination of the'§erminal tricyclodeoxynucleoside

(ac) range. Here we present the synthesis and pairing propertiesinits (except for the case of tcd(#)dT that was prepared in
the trityl-on mode}3 Treatment of the purified oligonucleotides

of the four tricyclodeoxyoligonucleotides—4 containing the
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Figure 3. UV-melting curves (260 nm) of (a) dgJ-d(Ag), (b) 4-d-
(Ag), (c) d(Tg)+2, and (d)4:2 in 10 mM NaHPQO;, pH 7.0, 1 m NaCl,
duplex concentratior 4.6 uM (melting experiments with RNA: total
base-pair concentratios 41—43 uM).

Table 1. Tn, Data PC] from UV-Melting Curves (260 nm) in 10
mM NaH,POy, 1 M NaCl, pH 7.6

tcd(pAk(1) ted(pAk(2) d(A)s d(A)s poly(A)
tcd(pT) (3) 61 24 39
tcd(pT) (4) 72 31 44
d(Te 40 14.5 28
d(T)e 48 24 32
poly(U) 66 73 52 53 76

aTotal base-pair concentration 443 uM.

unit at the 5end yielding the sequencés-4, that were purified
by HPLC and identified by MALDI-ToF mass spectrometry
(Figure 2). The sequenceb—4 proved to be completely
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Figure 4. CD spectra of the duplexés2 (a), 4-d(Ao) (b), 2-d(Tg) (c),

and d(T)+d(Ag) (d) in 10 mM NahPO;, pH 7.0, 0.15 M NaCIT =
20 °C (a), 8°C (b—d). Concentrations as for Figure 3.

300 320

complexes ofl—4 with RNA (poly(A) and poly(U)) are again
dramatically more stable than those of the natural DNA-octa-
and nonamers. The stability of the comp2yoly(U) (T, =
73°C) almost equals that poly(Apoly(U) (T, = 76 °C) under
comparable buffer conditions.

The CD-spectrum of-4 shows distinct differences to that
of d(A)g"d(T)e (Figure 4) but is largely similar to that of the
corresponding bicyclo-DNA sequencesThis implies that
tricyclo-DNA purine sequences, in analogy to bicyclo-DNA,
prefer the Hoogsteen and/or reversed Hoogsteen and not the
Watson-Crick base-pairing mode.

The sequencek—4 described here are inert against the action
of the 3-exonuclease SVP. Under the conditions used for the

chemically stable under the conditions used for UV-melting removal of the natural'derminal thymidine unit (Figure 2),
curve analysis as determined by HPLC and mass spectometryno products arising from cleavage of other phosphodiester

The complementary pairing properties of the tricyclo-DNA

sequencesl—4 with itself and with the natural (non-5
phosphorylated) DNA sequences dfTJ(T)s, d(A)s, d(A)s and

linkages could be observed according to HPLC and mass
spectrometric analysis. These properties, together with the
higher hydrophobicity of tricyclo-DNA compared to DNA are

the RNA polymers poly(A) and poly(U) were investigated by of interest in connection with potential biological applications.

UV-melting curve analysis. Representative melting curves are

In conclusion we have shown here that (i) tricyclo-DNA,

depicted in Figure 3, and the corresponding melting temperaturesyespite the sterically strained, double-tertiary phosphodiester

(Try) are listed in Table 1.

All sequenced—4 showed no cooperative melting behavior

in the temperature interval-®0 °C without complement.

functions, can efficiently be synthesized using the classical
phosphoramidite chemistry; (iiy#nd phosphorylated tricyclo-
DNA sequences are chemically stable in neutral aqueous

tricyclo-DNA series, however, strong complementary duplex pletely stable against the nucleolytic enzyme SVP. Within

formation was observed. Under high salt conditions (1 M NaC
pH 7.0) theT,, of the nonamer duple-4 is higher by 48°C

and that ofl1-3 by 46 °C compared to the natural duplexes of

the same lengtk® The T, of the nonamer duple-4 of 72°C
thus equals that of the strong triplex formed between gdfA)
and the peptide nucleic acid complement PNA:§F The

adenine- 1, 2) and thymine-containing tricyclo-DNA sequences
(3, 4) also form remarkably stable duplexes with the corre-

l, homobasic sequences, tricyclo-DNA so far constitutes the most

stable A-T base pairing system entirely based on a charged
phosphodiester backbohe. A more detailed analysis of the
pairing properties as well as the question whether tricyclo-DNA
can undergo strand invasion processes in a similar manner as
PNAI6 is currently under investigation.
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Supporting Information Available: A listing of UV-melting curves
of 1:1 and 1:2 mixtures o2 and4 at 260 and 284 nm (Figure 5) as

(15) UV-melting curves (260 nm) of stoichiometric 1:1 mixtures in the ~well as a nondenaturing polyacrylamide gel shift assay of 1:1 and 1:2
case of2 and 4 display only one transition, whereas 1:2 mixtures show mixtures of2 and4 (Figure 6) (2 pages). See any masthead page for

two melting transitions with th@,'s of 38 and 72°C, respectively, the

one at lower temperature being invisible at 284 nm (Figure 5, Supporting

ordering and Internet access instructions.

Information). From this it can be concluded that 1:1 mixtures (in contrast jA972597X

to PNA) form duplexes that do not disproportionate into triplex structures

and free single strands.-A—T triplexes are formed given the correct

stoichiometric ratio of single strands. Further proof for nondisproportionation

(17) Other DNA-like pairing systems on phosphodiester-backbone basis

comes from a gel retardation assay (Figure 6, Supporting Information) in displaying strong A-T(U)—duplexes are p-RNA (Pitsch, S.; Wendeborn,

which no excess purine strand was observable at 1:1 stoichiomeRy of

and4.
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254, 1497-1500.
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and the 1,5-anhydrohexitol-nucleic acids (Hendrix, C.; Rosemeyer, H.;
Verheggen, |.; Seela, F.; van Aerschot, A.; HerdewijnCRem. Eur. J.
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