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ABSTRACT

Modified oligodeoxyribonucleotides (ODNSs) that have
unique hybridization properties were designed and
synthesized for the first time. These ODNs, called
selective binding complementary ODNs (SBC ODNSs),
are unable to form stable hybrids with each other, yet
are able to form stable, sequence specific hybrids with
complementary unmodified strands of nucleic acid. To
make SBC ODNSs, deoxyguanosine (dG) and deoxy-
cytidine (dC) were substituted with deoxyinosine (dl)
and 3-(2'-deoxy- B-D-ribofuranosyl)pyrrolo-[2,3-  d]-pyri-
midine-2-(3 H)-one (dP), respectively. The hybridization
properties of several otherwise identical comple-
mentary ODNs containing one or both of these nucleo-
side analogs were studied by both UV monitored
thermal denaturation and non-denaturing PAGE. The
data showed that while dI and dP did form base pairs
with dC and dG, respectively, dI did not form a stable
base pair with dP. A self-complementary ODN uniformly
substituted with dl and dP acquired single-stranded
character and was able to strand invade the end of a
duplex DNA better than an unsubstituted ODN. This
observation implies that SBC ODNSs should effectively
hybridize to hairpins present in single-stranded DNA
or RNA.

INTRODUCTION

triple-stranded complexesl3), ODNs which hybridize to
hairpins or contiguous flanking sequenck$-{8), and the use
of ‘effector’ ODNs (L9) and ‘tethered’ ODNs2() to improve
binding affinity through cooperative interactions.

A pair of uniquely modified complementary ODNS (or a single
self-complementary ODN) that do not hybridize to each other, yet
do hybridize to unmodified complementary sequences might
offer a general solution to the challenge of targeting any site in
DNA or RNA. If such a pair of ODNs could be synapsed to a
homologous region in dsDNA by recombination, a complement-
stabilized or double D-loo2{—22) would be formed (Figla).

Unlike a simple D-loop, the double D-loop is relatively stable and
might inhibit gene expression. Alternatively, the same type of
paired ODNs could be hybridized to a unique sequence in long,
single-stranded nucleic acid. To the extent that sequence is
involved in secondary structure (such as a localized hairpidfiig.

the paired ODNs should have an advantage over a standard ODN.
Whether such ODNs are used as probes or antisense agents, the
hybridization to a target should generate more new base pairs than
an unmodified ODN. This is depicted in Figdre

We describe the synthesis of a cytosine (dC) analog. When
incorporated into an ODN it rearranged to a nucleoslé® (
which formed 2-3 hydrogen bonds when opposite a guanosine
(dG) and 1-2 hydrogen bonds when opposite an inodine (
When every dC and dG in a pair of complementary ODNs was
substituted withdP and dl, respectively, the ODNs did not
hybridize to each other yet did hybridize to unmodified,
complementary ODNSs. By this criterion, the ODNs demonstrated
selective binding complementarity and are designated SBC

Oligodeoxyribonucleotides (ODNS)_do not effectively hybridiz_eODNS_ Although the SBC—DNA hybrids were less stable than the
to complementary sequences vyh|ch are already base pairggja_pNA hybrid, a self-complementary SBC ODN was more
Without the assistance of recombinase enzymes such asyecA gffective than the corresponding unmodified ODN in strand
accessibility of ODNs to double-stranded DNA (dsDNA) isinyading a homologous duplex DNA. Further development of the
usually restricted to homopurine rur 6r to extruded single- gpc concept will depend upon the synthesis of base analogs

stranded sequences in supercoiled DBJAAIthough less of an  yhich form stronger pairs with the natural complement.
issue with single-stranded DNA (ssDNA) or RNA, hybridization

of ODNs to many sequences in these molecules can RerTER|ALS AND METHODS

compromised by intramolecular base pairing5) While

numerous hybridization strategies have been described to ovistaterials and their sources were as follows: DNA synthesis
come or exploit secondary structure, none provides a generaagents, Glen Research; phosphodiester@satdlus adamanteus
solution to the problem. Examples include modified ODNs whickienom), alkaline phosphatase (calf intestinal) and DNase |,
form unusually stable hybrids6412), ODNs which form Amersham Life Science; T4 polynucleotide kinase (14al)QJ/

* To whom correspondence should be addressed
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@) @ Preparation of 5-O-(4,4-dimethoxytrityl)-dF
ok o dF (2.17 g, 8.6 mmol) was driéd vacuoat 60° C overnight and
i then added to 4 4limethoxytrityl-chloride (3.51 g, 10.4 mmol)
+ and anhydrous triethylamine (2.4 ml) in pyridine (30 ml). After
o 2 h at room temperature under argon, the resulting mixture was
l diluted with an equal volume of water and extracted with two
, 150 ml portions of ether. The ether layer was dried over anhydrous
g fm| . .
——. AT sodium sulfate and evaporated to dryness. The residue was
LARANKAE ¥ dissolved in dichloromethane (20 ml) and the desired product

(4.6 g) was precipitated by adding the solution to 400 ml of rapidly
stirred hexanes. Filtration yielded 4.6 g (96%) of a white solid.

(=} ]
ol 5
Preparation of 5-O-(4,4-dimethoxytrityl)-dF-3 '-
— O-phosphoramidite
5 5 Chloro-[(3-cyanoethoxyN,N-diisopropylamino]-phosphine (2.9 g,
E_' + [
-

12.5 mmol) was added dropwise over 30 s to an anhydrous
mixture of 3-O-(4,4-dimethoxytrityl)dF (4.6 g, 8.3 mmol),

sasAanaanAn, diisopropylethyl amine (5.8 ml), and dichloromethane (27 ml)
¥ under argonZ5). After 30 min at room temperature the reaction
5 i was stopped by adding anhydrous methanol (0.3 ml)eahtan
i & et mixture was extracted with 5% aqueous Nag(@ 15 ml) and
Martrae Mucieic Acds saturated aqueous NaCk(25 ml). The organic layer was dried

over anhydrous sodium sulfate, filtered and then evaporated
Figure 1. The possible applications of SBC ODNg.The interaction of SBC undefr rer?uced F;.ressure ':O aﬁorld albrown k?"' This CrUdﬁ prquCt
ODNSs with dsDNA to form a complement stabilized D-loop in the presence ofvas urther puri ied by silica gel column chromatography using
arecombinase such as red). The strand invasion of a DNA or RNA hairpin ~ hexanes:ChCl,:EtOAc:EBN (4:3:2:1 by vol) as the solvent
by SBC ODNSs. In each example hybridization leads to an increase in the totaystem. Fractions containing the desired product were combined,
number of base pairs, thus providing a thermodynamic drive for the reactionevaporated to dryness, and redissolved in EtOAc (10 ml).
Precipitation from rapidly stirred hexanes (400 ml) yielded 5.9 g
(94%) of purified materiatH NMR (CDCk) 8.88 (d, J = 18.6
_ Hz, 1H), 7.5-7.2 (m, 10H), 6.81 (m, 4H), 6.32 (m, 1H), 5.62 (d
Promega; J-32P]ATP, NEN Research. Commercial reagentsfd, J =9.5, 3.9 Hz, 1H), 4.70 (m, 1H), 4.19 (m, 1H), 3.8-3.4 (m,
were used as receivebH-NMR spectra were determined on a12H), 2.77 (m, 1H), 2.59 (t, J = 9.4 Hz, 2H), 2.44 (m, 2H),
Varian Gemini-300. Elemental analysis was performed by Quanti-25-1.0 (m, 12H).
tative Technologies Inc. (Whitehouse, NJ). UV spectra were
measured on a Beckman DU-40 spectrophotometer or a Perldgversion of dF to dP

Elmer Lamda 2S UV/VIS spectrophotometer. ) ) .
dF (1 g, 3.96 mmol) was dissolved in 30% aqueous ammonium

. ] hydroxide (30 ml). After overnight at room temperature, the
Preparation of 3-(2-deoxy-D-ribofuranosyl)furano- resulting solution was concentratiedvacuoto dryness. The
[2,3-d]-pyrimidine-6(5H)-one (dF) residue was suspended in acetone (50 ml), stirred overnight, and
- the undissolved product filtered to afford 850 mg. The mother
5-Ethynyl-2-deoxyuridine (3 g, 11.9 mmoBg) and copper ()  jjquor was concentrated to dryness and the residue was suspende
iodide (500 mg, 2.6 mmol) in a 250 ml two-neckediy'scetone (10 mi) overnight with stirring to yield an additional
round-bottomed flask were dried in vacuo for 3 h, placed undegr, mg of insoluble product (total 950 mg, 95.4%). This

argon, and suspended in anhydrous DMF (35 ml) and triethylamipg, ,ound was analyzed by HPLC, UV and NMR and shown to
(15 ml). The solution was vigorously stirred at1@@inderargon  pe jgentical to authentic 3-deoxy-D-ribofuranosyl)pyrro-

and every 30 min fresh copper (1) iodide (250 mg, 1.3 mmol) w [2,3-d]-pyrimidine-2(3H)-one (IP)

added until most of the starting material had reacted. After 2 h, the" ™’ '

resulting mixture was filtered and the filtrate was concentirated ; e

vacuoto dryness. The residue was suspended in acetone (100 %ﬁ]thess and purification of ODNs

and stirred overnight. The desired product was filtered, wash@DNs containing modified bases were synthesized omd|

with acetone (20 ml), and dri@dvacuoto afford 2.2 g ofiF as  scale using standard procedures for an ABI-394 DNA synthesizer.
a slightly yellowish solid. The remaining product in mother liquoODNs with the dimethoxytrityl group were purified by HPLC
was further purified by silica gel column chromatographysing a Hamilton PRP-1 (7:0305 mm) reverse phase column
(elution solvent: 25% MeOH in EtOAc) to afford an additionalemploying a gradient of 5to 45% @EN in 0.1 M EsNH*OAC,

0.3 g ofdF (total yield: 2.5 g, 83%): mp 167-188, UV (0.05 M pH 7.5, over 20 min with a 2 ml/min flow rate. After detritylation
KHPO4/NaOH, pH 7A\max 322 nm € 12 500). Anal. calcd for with 80% acetic acid, the ODNs were precipitated by addition of
C11H12oN>Os: C, 52.38; H, 4.80; N, 11.11. Found: C, 52.11; H3 M sodium acetate and 1-butanol. The resulting ODNs were
4.81; N, 10.911H NMR (DMSO-d): the same as reported by dried and further purified by using 20% denaturing PAGE as
Kumaret al (24). described by Hopkinst al (26).
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Figure 3. Reverse phase HPLC analys#:gnzymatic hydrolysate of Watson

N=y { ; ; :
(€) Ny " N;\N strand inll (see Table 1)p(andc) enzymatic hydrolysate of Watson strand in
e M 0‘*7/’\( R H OW —dR VIl (see Table 1)dj authentiaP; (€) authentiadF. Detection was at 260 nm
N N 46 N N\d;,N (a and b) or 320 nm (c, d and e). Retention times increase to the right.
s L \rf’“
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§ N)% .‘H/N\H N)%
Pl NT o

3
R dr Gel migration assay
_ 3 ODNSs with an asterisk (*) in Figur&sandé were 532P-labeled
Figure 2. Base pairing schemes for dC and dG analogs. using T4 kinase anqi—FZP]ATP (30) and present at OpB unless
otherwise indicated. Hybrids were formed by incubating the
labeled ODN with a 2-fold molar excess of cold complementary
ODN for 60 min at room temperature in " NM buffer. These
samples were then mixed with 20 loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol, 2.5% Ficoll type 400)

Enzymatic hydrolysis of ODNs was carried out as described d then kept on ice prior to gel electrophoresis. Aliquat$) (5
Wooet al (27). The resulting hydrolysate was analyzed by HPLAVere analyzed in a 12% non-denaturing polyacrylamide gel [19:1
with dual detection at 260 nm and 320 nm (Waters 99@ctylamide: bisacrylamide, 0.35 mm thick, 2016 cm,
Programmable Photodiode Array Detector) using a C-18 rever@glymerized and run in TBE buffer (89 mM Tris-borate/2 mM

phase column (Rainin, MicrosdMShort-Oné)). The solvent EDTA) containing 3 mM MgGJ. Pre-electrophoresis in a
gradient was run at 1 ml/min as follows: solvent A, 0.1 MBioRad Protednil xi apparatus was performed for 1 h at 200 V

EtsNH*OAC, pH 7.5; solvent B, C4CN; a linear gradient O to and 10C. Samples were loaded, and the gel was run as before
13% B over 10 min, a linear gradient to 100% B over 2 min, the#til the bromophenol blue dye had travel&8 cm (5 h). The
isocratic 100% B for 3 min. Peaks were identified by comparisd#! was dried and visualized with a phosphorimager (BioRad
of retention times to those of authentic, commercial samples (d&S-250 Molecular Imager).

dG, dT and dC) and synthetic samptds &nddP) prepared by

known procedure<g). RESULTS AND DISCUSSION

Design and synthesis of SBC ODNs

Enzymatic digestion of ODNs

Thermal denaturation data
(Tm) The design paradigm for SBC ODNs is modification of

Tm values were recorded on a Perkin Elmer Lamda 2S UV/VI€omplementary dA-dT or dG-dC bases such that the modified
spectrophotometer equipped with a temperature programmgases form only one hydrogen bond when paired to each other, yet
(PTP-6) and interfaced to an IBM personal computer (PECS&n form two or even three hydrogen bonds when paired to the
software, Perkin Elmer). Scan rates weré@ O/min. Data were natural partner. We report the synthesis of a complementary pair
collected at 260 nm in the temperature range from 5°6.9the  of G/C-rich SBC 28mers substituted with deoxyinosdi¢ i

Tm is defined as the temperature at half the maximal hypeplace of dG and 3-(2leoxyf-D-ribofuranosyl) furano-2,8}-
chromicity using baseline correction at high and low temperatupgrimidine-6(31)-one ¢IF) in place of dC. As shown in Figu?e
extremes 49). Samples were prepared by dissolving ODNs inthese modified bases should form two hydrogen bonds, respectively,
TNM buffer [10 mM Tris—HCI (pH 8.0), 0.1 mM EDTA, 50 mM with dC (2b) or dG (2c¢), yet only one hydrogen bond with each
NaCl, 10 mM MgCJ]. To ensure complete hybridization of other (2d). Although the stabilities of the SBC—DNA hybrids
complementary strands (1:1 molar ratio) before collecting dataight not be as good as DNA-DNA hybrids, the SBC-SBC
the samples were incubated at@dor 2 min and cooled t&®  hybrids would be much less stable, thus enabling the design goals.
over 1 h. The concentration of hybridized ODNs was approximatelyThe dG analog was simply prepared by removal of the N2
2 uM. exocyclic amino group of dG to give deoxyinosidé).( This
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0 Table 1. Ty, values for native and modified ODNs with dl and dP
N Wation: 5 XTY AKS AXY ATE YVA YVA KXY ALY YAY X ¥
2.70+ d:)\ Coigk ¥ VAKX TYT TYE TAY EXT XXT¥¥E TTEXTEY &
a0 0 Watson  Crick Tiu Dvorp per
il Hybria X ¥ X Tui®™Z)  Modied Base Fai
LX) I cC G © 4 TEE o
OH 1] c 1 & &6 52 204
0.4 - N c 8 © 1 2B 183
A W& 05 . L]
036
v PG & & TOB [y ]
¢.20 Wi E G P G T2 038
vl PG P G (L] a5
.10 Wil ® 1 & & a2 181
Ix co@ P 872 104
o i ' : — S R 2032 3.25
L. . 80 320 a0 A0 ’
L]

corresponding to 3-(Rleoxyf3-D-ribofuranosyl)-pyrrolo-[2,24-
pyrimidine-2(3H)-one (IP) was observed, suggesting thatdke
had been convertedd® during the treatment with 30% aqueous
ammonium hydroxide used in the final step in DNA synthesis.
The dP isolated from the modified ODN was identical to

1.00 authentiaP by both UV analysis (Figt) and HPLC coinjection

o] in two gradient solvent systems. Tenucleoside, when treated

o d overnight with 30% aqueous NEBH at room temperature,

.70 rearranged to a compound (95.4% recovered yield) which had a

a0 H1 NMR identical to that previously reported & (28). Based

on these results we conclude tbd& was the only dC analog

hogo detectable in the ODN hydrolysate and that >90% ofdthe

240 residues had been convertedRdby base treatment. Subsequent

030 attempts to incorporatelP directly into ODNs using the

030 phosphoramidite method were not successful due to instability

.19 during the iodine oxidation conditions employed in the standard

a ODN synthesis cycle.

AlthoughdP still could hydrogen bond at N1 with the carbonyl
group at C6 of dG atl, this interaction should be relatively weak
Figure 4. Ultraviolet spectra o (upper) andiP (lower). due to suboptimal orientation of the N1 hydrogen @gnd f).

Previous studies on the base pairing propertiéB bive shown
that it preferentially pairs with dG and that this base pair is slightly

nucleoside analog is known to preferentially pair with dQess stable than dC-dG§).
(31-32). The modified dC was designed to have no hydrogen
bonding ability at the position equivalent to the N4 exocycli i At ;
amino group of dC. We chose the bicyclic nuclecdid fulfill Hybridization properties of SBC ODNs
this role. It was expected to be better than monocyclic dC analofgble 1 shows the hybridization properties of 28mer ODNs
(33) because of its base stacking ability. The nuclealfideas containingdl for dG,dP for dC, or both. The sequence, taken
synthesized by copper (l)-catalyzed cyclization of the knowfrom pBR322 plasmid, had a G-C content of 60.7%. Introduction
antiviral nucleoside, 5-ethynyl-Bleoxyuridine 23). UnlikedF  of eitherdl ordP into one or both strands of the duplex decreased
analogs with a substituent at @3,(34-35), preparation of the its T, by 1.8-2.0 or 0.4-0°T, respectively, per modified base
desired compound was very sensitive to solvent and reactipair. When only one strand of the hybrid was substituted with both
conditions; for example, if pyridine was used as a solvent the majiir anddP, theT,,, dropped by 1.1-1% per modified base pair.
product was a dimer of the starting mated&lwas dimethoxy- These values reflect a slight destabilization attributable to the
tritylated and converted to its cyanoethoxy phosphoramidite lG-dP base pair and a larger destabilization due tdItiil base
conventional method%). pair. When both strands of the hybrid were substitutedivahd

SBC and unmodified ODNs were synthesized using standadéP, however, theT,,, drop per modified base pair increased
procedures on an ABI-394 DNA synthesizer. Based upon recoverg@gnificantly to 3.3C.
of purified products, the average coupling yield was 91% for SBC Some of the hybrids were analyzed by non-denaturing PAGE
ODNs and 94% for unmodified ODNSs. The nucleoside compositigffrig. 5). As shown in Tabld. and Figure5, the SBC ODNs
of a representative SBC ODN was determined by reverse phasataining bothl for dG anddP for dC (Watson iVIIl , Crick
HPLC analysis of an enzyme hydrolysate. As shown in F&jure in IX and both Watson and Crickx) did not form a stable hybrid
no peak corresponding to authenti€é was observed in the with each other at room temperature (hylidrig. 5, lane 8), yet
nucleoside hydrolysate from the modified ODN. Instead a peakd form stable hybrids with their unmodified complementary
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Figure 5. Gel mobility shift analysis of selected ODNs and hybrids listed in
Table 132P end-labeled ODNs are denoted by an asterisk (*) and Watson/Crick
strands by W/C (see experimental section for details). Single-stranded ODN
was analyzed in lanes 1 (*WIij 3 (*CinlV), 5 (*CinVIl ), and 7 (*C inX).
Complementary ODNs were analyzed in lanes 2 (*WIG, ih (W/*C inlV),

6 (W/*CinVIl), 8 (W/*C inX), 9 (*W/C inlil ), 10 (*W/C inVI), and 11
(*WIC in IX). For lane 12 (W/*C inX + C inl; molar ratio 2:1:3), the
preformed hybridlX was treated at room temperature for 60 min with
unmodified Crick. For lane 13 (W Int C inl + *C in IX; molar ratio 1:1:1),
unmodified Watson (uM) was mixed simultaneously with unmodified Crick
and SBC Crick and incubated at room temperature for 60 min. For lane 14 (W/C
in VIl plus W/*C inlX : molar ratio 2:1:2:1), the hybrilll was mixed with

the hybridIX and incubated at room temperature overnight.

Thee Wiy
S Sy Py

D

Sengle Sirsd

ODN strands (hybritX ; Fig.5, lane 11). As aresult, these ODNs
EXh'b,'ted selecF'Ve complementary binding. Despite the rEducqq(gure 6.Gel mobility shift analysis of the strand invasion properties of normal
stability of hybrids formed between SBC and normal ODNS, thend SBC self-complementary ODN&) Sequences of the dsDNA dupla )
normal Watson strand showed no preference for the normal Crigkd the strand invading normai() and SBC XIIl ) self-complementary
over the SBC Crick strand when equimolar of these three stran@f?NCS: Ekmp'gy\',r\‘/gtthe convention ‘g)T Eb'f 1, ttt‘.‘l?t;pph‘?frta”d '|°"‘(e’ Sf"atms d°f
- : . e Crick and Watson, respective el mobility shift analysis of stran

were mixed SImUItaneOUSIy at room tempergture, about equ asion. Reactions were incubated 4 h at room temperature in TNM buffer
amount of duplexes ar_‘d |X_ were formed_ (Fig5, lane 13).  prior to electrophoresis. Unless otherwise indicated, hybrids were formed by
Additionally, there was little, if any, strand displacement or stranthixing the labeled ODN (0.1uM) with a 2-fold molar excess of cold
exchange when the pre-formed DNA-SBC dupl¥x was complementary ODN. Single-strarid/\( in XI) and double-strand\//C in
incubated with the normal homolog of the SBC strand or Witff(l) standards were run in lanes 1 and 2. Hybridization reactions between free
SBC-DNA duplexVIIl - h sinal ded SBC W strand of dupleX| and self-complementary ODX# orXIll (molar ratio

. } uplex ; not much single-strande was 1:10) were analyzed in lanes 3 and 4. Strand invasion reactions between duplex
formed (Fig.5, lanes 12 and 14). These data clearly demonstratg (‘w/c) and self-complementary ODX# orXIll (molar ratio 1:10) were
that the SBC ODNs described above behaved like natural ODNsalyzed in lanes 5 and 6.
when hybridized to unmodified complements, yet did not form
stable hybrids with themselves.

6 and 5). Ongoing studies indicate that the self-complementary SBC
Strand invasion of a DNA duplex ODN has a significant kinetic advantage over the unmodified

ODN.
To determine whether an SBC ODN could strand invade dsDNA,
a 17 base pair segment of hylXidvas synthesized as a single conclusions
self-complementary ODNX(II ; Fig. 6A). Linking the comple-
mentary domains into one ODN was expected to improve tlgased on thermal denaturation and non-denaturing gel mobility
kinetics of strand invasion and the stability of the product. Thehift assays, we have designed and synthesized for the first time
chimeric SBC ODN had &y, of 31°C and hybridized to a partial modified ODNs which exhibit selective complementary hybridiza-
DNA complement (Watson il ) at room temperature (FigB,  tion. A self-complementary version of one of these paired ODNs
lane 4). The corresponding unmodified ODM {, derived from  strand invaded a homologous double-stranded DNA better than
hybrid I, had aT, of 80°C and hybridized poorly to the same the corresponding unmodified ODN. The possible diagnostic and
DNA complement (Fig6B, lane 3). A 48 bp dupleX() withone  therapeutic uses of these ODNs are being explored. Efforts to
end homologous to the self-complementary ODNs was used aisrgorove the hybridization properties of SBC ODNSs including the
substrate for strand invasion. Annealing was facilitated by theodification of dA and dT are also underway.
presence of two 5 base long single-stranded overhangs in
which could hybridize to complementary four base long ovelnckNOWLEDGEMENTS
hangs in the invading ODNs. The duplex can be likened to the
stem of a hairpin that might exist in a long ssDNA. After 4 h aVe thank Drs I. V. Kutyavin, A. Gall, V. Gorn and E. Lukhtanov
room temperature, a 10-fold exces¥XbF converted 73% ofl for helpful discussions. We thank Mr D. Adams and Ms A. Yang
to a three-way junction compared with 17%Xtr (Fig.6B, lanes  for technical contributions.
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