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Oligonucleotides are capable of binding to regions of double 
helical DNA through the formation of localized triple helical 
(triplex) structures.' Recently, this recognition process has 
attracted considerable interest because of its potential use in 
regulating gene expression," selectively cleaving DNA,* and 
affecting a range of other biological proce~ses.~ However, for 
these applications to be realized, triplex formation must occur 
selectively at any chosen sequence, and yet to date, the DNA 
target sites are mostly limited to homopurine tracts. This 
limitation arises from the mechanism of recognition which 
involves specific Hoogsteen-type hydrogen bonds between the 
bases of the third strand and purine bases in the major groove 
of the DNA duplex? In the best-studied case, the third strand 
contains pyrimidines which bind the duplex by forming the base 
triplets shown in Figure la,b. Within this pyr-pur-pyr motif, 
G will selectively recognize the TA base-pair with intermediate 
affinity, but none of the four naturally occurring bases shows 
selectivity for the CG ba~e-pair .~ Thus, there is a need for 
nonnatural bases that selectively bind the CG base-pair with 
high affinity in the pyr-pur-pyr motif. 

The difficulty in designing a base to selectively and tightly 
bind the CG base-pair is apparent from Figure IC, where a single 
hydrogen bond donor group is presented by the cytosine base. 
One logical way to achieve affinity and selectivity is to use an 
extended base that can simultaneously contact the cytosine 4-NH 
group and the Hoogsteen hydrogen bonding site on the guanine 
base (Figure l ~ ) . ~  The novel DNA nucleoside 3-(2-deoxy-P- 
~-ribofuranosyl)-2-methyl-8-(N'-n-butylureido)naphth[ 1,2-4imi- 
dazole (1) was designed to contain a complementary acceptor- 
donor-donor hydrogen bonding m a y  to the CG base-pair and 
to form the base-triplet shown in Figure Id. An important 
design criterion was that 1 contain a glycosidic bond compatible 
with the geometrical constraints imposed by the phosphodiester 
backbone within the pyr-pur-pyr motif. 

Herein we describe the synthesis of 1 and show that its alkyl 
analog 5 binds a CG base-pair in chloroform through the 
formation of simultaneous hydrogen bonds to both bases. To 
our knowledge, this is the first study to examine an isolated, 
nonnatural base-triplet in an organic solvent.' This type of 
model study allows the quality of the hydrogen bonding 
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Figure 1. (a) TAT base-triplet, (b) C'GC base-triplet, (c) major groove 
hydrogen bonding sites of CG base-pair, and (d) l(5)-CG base-triplet. 
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interactions to be evaluated without restrictions from base- 
stacking or spatial constraints from preferred backbone confor- 
mations. 

The synthesis of 1 is outlined in Scheme 1.* The starting 
material, 2, was made in multigram quantities by a Bucherer 
reaction of commercially available 2,7-dihydro~ynaphthalene.~ 
Acetylation, nitration, reductive cyclization, and hydrolysis 
provided base 4 in 50% overall yield. Glycosidation of 4, 
treatment with n-butyl isocyanate, and deprotection afforded 1, 
whose stereo- and regiochemistry were confirmed by 'H Nh4R 
coupling constants and NOE studies. The overall synthesis is 
efficient, although none of the yields have been optimized. To 
have a simpler analog for chloroform binding studies, 4 was 
alkylated with n-butyl iodide and converted to urea 5 as outlined 
in Scheme 1. 

Initially, a qualitative complexation study was performed in 
chloroform-d by titrating a 1: 1 mixture of tri-0-acetylguanosine 
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had spectral data in full accord with their structures. 
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Figure 2. Plot of chemical shift of selected protons in 5 (0) and 6 
(A) as a function of concentration of CG base-pair. Theoretical curves 
are nonlinear least-squares curve fitting to a 1: 1 (5 or 6 to CG) binding 
isotherm. 
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Figure 3. Numbering system and NOES observed for 5-CG and 
6-CG base-triplets. 

and tri-0-acetylcytidine (2 mM) with 5 (1 - 20 mM). This 
experiment and the reverse titration (vide infra) rely on the high 
stability of the CG base-pair in chloroform (K,,,, > 104-105 
M-'),l0 which under the conditions of the titration allows it to 
be treated as a single, associated species. That the base-pair 
remains intact is supported by the observation that the imino 
proton of the GC base-pair shifted minimally (Ad 5 0.15 ppm) 
during the titration. Furthermore, one of the amino groups 
shifted (Ad > 1 ppm), while the other remained fixed (Ad * 
0.0 ppm), consistent with hydrogen bonding at the cytosine 
4-amino group of an intact CG base-pair. 

The reverse titration was carried out by titrating 5 (2 mM) 
with a 1:l mixture of tri-0-acetylguanosine and tri-0-acetyl- 
cytidine (1 -+ 20 mM). During the titration of 5 by the CG 
base-pair, the aryl and aliphatic urea N-H protons of 5 shift 
downfield by 2.06 and 1.84 ppm, respectively. These shifts 
indicate that both urea N-H protons are engaged in hydrogen 
bonds, presumably to the Hoogsteen site of G within the CG 
base-pair. Most informative are the magnitude and direction 
of the aryl proton shifts (Figure 2) and the analogous shifts seen 
in an identical titration of naphthylurea 6 (see also, Figure 3). 
The small shifts seen in H-4 and H-6 of 5 indicated that, as 
expected, the primary mode of complexation does not involve 
x-stacking. The large downfield shift of H-7 and the moderate 
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upfield shift of H-9 can best be explained by a freezing of the 
rotation of the aryl to urea nitrogen bond with the urea carbonyl 
oriented toward H-7 in the complex. Loss of this free rotation 
would occur if an additional interaction locked the relative 
positions of the urea and aryl groups, as would be expected by 
simultaneous hydrogen bonding to the imidazole and urea 
groups (Figure 3). Support for these arguments can be seen in 
the titration of naphthylurea 6, where the H-1 and H-3 
protons-analogous, respectively, to H-9 and H-7 of 5-are both 
shifted downfield to a small extent (-0.1-0.2 ppm), Le., no 
loss of bond rotation. 

Further support for the base-triplet structure shown in Figure 
Id is the higher Kassoc for the 5-CG complex (Kassoc = 160 
M-I) than for the 6-CG complex (K,,,,, = 70 M-I), which is 
consistent with the additional intermolecular hydrogen bond. 
The increase in Kassoc from the additional hydrogen bond is 
balanced by (1) the loss of the aryl-urea bond rotation in the 
5-CG complex, (2 )  a lengthening and slight bending of the 
hydrogen bonds between 5 and G upon formation of the 
additional contact, as indicated by modeling, (3) the potentially 
weaker hydrogen bond donor ability of the urea in 5 versus 
6," and (4) the fact that the 6-CG complex can form in two 
ways. In any event, the Kass0, values represent lower limits 
because the CG base-pair dimerizes under the conditions of the 
titration experiments (K2 = 125 M-I). Compound 5 also 
aggregates in chloroform-d above a critical concentration of 18 
mM, but its dilution curve could not be fit to a simple dimer, 
trimer, or single n-mer model, suggesting a polymeric aggrega- 
tion process. Self-association was negligible at 2 mM, the 
concentration where the quantitative complexation studies were 
performed. 

Finally, difference NOE experiments were performed on a 
1:l:l mixture of 9-octylguanine, 1-propylcytosine, and 5 at 20 
mM in 5% DMSO-&-chloroform-d. The addition of DMSO 
was necessary to )educe the degree of overlap in the aliphatic 
portion of the 'H NMR. Under these conditions, weak 
intermolecular contacts are seen between the methyl group of 
5 and H-5 of cytosine and between H-8 of guanine and the 
,&methylene (but not a) protons of the urea butyl group (Figure 
3). These contacts were the only ones predicted from modeling 
and are fully consistent with the base-triplet structure in Figure 
3. No additional intermolecular contacts were seen in a ROESY 
experiment conducted on a 15 mM 1:l:l mixture of tri-0- 
acetylguanosine, tri-0-acetylcytidine, and 5 in chloroform-d. 

Described herein is the synthesis of novel DNA nucleoside 
1. Model studies on alkyl analog 5 document its ability to bind 
a CG base-pair in chloroform solution, forming a stable base- 
triplet with six hydrogen bonds. These types of simple studies 
provide important information about the quality of the hydrogen 
bonding contacts in isolation from base-stacking and backbone 
conformational considerations. As such, they may provide an 
important screen for candidates to be incorporated into oligo- 
nucleotides. Of course, the ability to recognize CG base-pairs 
within the triplex motif is the ultimate test. Novel base 1 has 
been incorporated into oligonucleotides, and its recognition 
properties within triplex DNA will be reported in due course. 
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