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In its most general form, the Watson-Crick base pair joins a
six-membered heterocyclic ring (in natural oligonucleotides, a
pyrimidine) with a five-six fused ring system (in natural
oligonucleotides, a purine) via three hydrogen bonds, one that
joins the two central ring nitrogens of the paired heterocycles,
and two that join flanking exocyclic functional groups (Figure
1). To hold the pair together, hydrogen bond donors in one
heterocycle must face hydrogen bond acceptors in the other. With
three hydrogen bonds, eight (Z3) hydrogen-bonding patterns and
16 independently replicatable bases are conceivable within the
Watson-Crick geometry. Six hydrogen-bonding patterns, or 12
independently replicatable bases, are readily accessible using
amino and carbonyl functionality (Figure l).lJ
Pyrimidine analogs presenting acceptor-donor-donor and
donordonor-acceptor hydrogen-bonding patterns have proven
to be the most difficult to obtain.1sJ First, to be aromatic and
therefore able to stack, the ring system must be joined to the
sugar by a carbon4arbon bond (a ’C-nucleoside”). Further, the
6-aminopyrid-2sne structure, which formally presents the correct
hydrogen bonding pattern, is evidently readily ~xidized.~
Adding
a ring nitrogen to yield the aminopyrimidone pseudocytidine
decreasessusceptibilityto oxidation, but creates an unacceptable
tautomeric ambiguity?
We report here that the 6-aminopyrazin-2-one ring system
(trivially designated V) as the aglycon in an oligoribonucleotide
forms a base pair as an acceptor-donor-donor pyrimidine analog
with the donor-acceptor-acceptor purine analog 2‘-deoxy-5-aza7-deazaisoguanosine (trivially designated J) in an RNA-DNA
duplex.
The 2’-deoxyriboside of the donor-acceptor-acceptor purine
analog6 was protected and converted into a phosphoramidite
suitable for incorporation into a DNA strand by automated
synthesis (Figure 2): The riboside 3’,5’-bis(phosphate) (pVp)
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Figure 1. Nucleotide base pairs joined by various combinations of
hydrogen bond donor and acceptor groups.

of the acceptor4onor-donor pyrimidine analog was prepared
from a known precursor3 (Figure 2). An oligoribonucleotide
containing V was built by sequential addition of pVp and pAp
to a starting oligoribonucleotides using T4 RNA ligaseand alkaline
phosphatase9following the procedure of Middleton et a1.10 (Figure
2). All oligonucleotides were purified by HPLC,ll and duplexes
containing central dGC, dAU, and dJV matches were reanalyzed
by HPLC after melting curves were obtained.12
A set of nucleosides that includesdJ and V maintainsa complete
Watson-Crick base pairing selectivity (Table 1). The reference
oligonucleotide containing dGC, dAU, and dJV matches have
melting temperatures of 36, 28, and 27 OC, respectively.
Incorporating dGU and dAV mismatches lowers the melting
temperatures to 17 OC. The first presumably exists as a less
favorable wobble base pair, while the second presumably has a
Watson-Crick geometry with unfavorable interactions between
the exocyclic amino group of V and H-6 of adenine. The dJU
pair, presumably joined by two hydrogen bonds but having
additional nonbonding repulsion between opposite carbonyl
groups, is still weaker (Tm= 13 “C). The dJC and dGV base
pairs were too unstable to measure. This specificity implies that,
in the expanded basis set, the dJV base pair is joined by three
hydrogen bonds.
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Table 1. Melting Temperatures for Duplexes Formed with
Ribo-GAACXAAA and D e o ~ y r i b o - T L m G T T C ~

Tm

bH

x=c

x=u

x=v

dG
dA
dJ

36
15
<5

17
28
13

<5
17
27

Values in OC. In aqueous buffer containing 10 mM NaHzP04 (pH
7.0), 1 M NaCl, 0.1 mM EDTA. Oligonucleotide concentrations ca. 1.3
aM. Heating rate 1 OC/min. Ultraviolet absorbance measured at 254
nm. Duplicate experiments (except for the dAV mismatch) yielded
identical Tm values to within A1 OC.
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Figure 2. Synthesis of a dJ phosphoramidite, pVp, and an 8-mer RNA
oligonucleotide containing V using T4 RNA ligase and alkaline phosphatase. (a) DMF-diethylacctal, DMF; (b) DMTCI, pyridine, DMF;
(c) CIP(N(iPr)Z)OCHzCH2CN,Hiinig's base, CHzC12; (d) TFA/HzO,
4/ 1; (e) TFAA/pyridine/dioxane; (f)TipsC1, imidazole, DMF; (g) BzCI,
pyridine; (h) Pd-C/HZ/MeOH; (i) EtOH, reflux; (j) PhCHzOH, DEAD,
Ph,P, THF; (k) pyridine-HF, pyridine, 0 OC; (1) (BnO)ZPN(iPr)z,
tetrazole, CHsCN, DMF; (m) N-methylmorpholine N-oxide, CHsCN,
DMF; (n) Pd-C/HZ, THF, Et3NHC0, aqueous; ( 0 ) HzNNHz X HzO,
(p) T4 RNA ligase; (4)alkaline phosphatase. Arrows in final structure
show proposed mechanism for epimerization.

These behaviors are the minimal that are required for a coding
system. A detailed analysis of the behavior of the expanded basis
set raises, however, general questions about the structural origin
of duplex stability in DNA-RNA hybrids. In particular, the
duplex containing the nonstandard dJV base pair is less stable
( Tm = 27 "C) than the GC base pair (Tm= 36 "C), even though
both are presumably joined by three hydrogen bonds. Together
with recent results with DNA duplexes containing l-methylpseudouridine,13 the enzymatic synthesis of DNA duplexes
containing this C-glycoside,ld and experimental melting tem(13) Romberg, I.; Soler, J. F.; Tocik, 2.;
Ren, W.-Y.; Ciszcwski, L. A.;
Kois, P.; Pankiewicz, K. W.; Spassova, M.;Watanabe, K.A. Nucleosides
Nucleotides 1993, 12, 381.

peratures with C-glycosides bearing 2,6-diaminopyrimidine as
aglycon,lc it is possible to suggest that C-nucleoside analogs of
pyrimidines will generally be found to form weaker base pairs
than the corresponding N-nucleosides. As context and other
effects also influence the contribution of a base pair to duplex
stability,more data must be collected with more analogs embedded
in more sequences to test this generalization.
Slowly at room temperature and more rapidly at high
temperature, the oligonucleotide containing V undergoes a clean
reaction to yield a second oligonucleotide product. This was
assigned as the oligonucleotide containing the a!-V-riboside, by
analogy with the epimerization observed with the free ribo~ide.1~
HPLC analysis provided an equilibrium constant (66 f 5% to 34
f 5%,p:a). At 50.5 f 0.5 OC, the pseudo-first-order rateconstant
for this epimerization (a! to ,8) was 0.070 min-l (flp(Rcud0) = 10
min; 0.1 M Et3NH+-OAc, pH 7.1, containing 10%MeCN). The
same equilibrium ratio of products was obtained starting from
oligonucleotides containing either anomer.
While epimerization does not preclude laboratory experiments
such as those described here, it is clearly undesirable in a DNA
molecule intended for the storage of genetic information. It
presumably occurs by the mechanism shown in Figure 2, analogous
to that for the slower epimerization of pseudouridine, which is
found in natural oligonucleotides in noncoding roles. Thus, such
epimerization might be expected with any nucleoside where
electrons from a ring N-H bond can flow via a u system to break
the C1-04 bond in the sugar. It is difficult to imagine an
acceptor-donor-donor pyrimidine analog where this electron flow
would not be possible. This may explain why this hydrogenbonding scheme is not found in oligonucleotidesfrom organisms
that reside on planet earth and is not expected in any DNA-like
molecules that might be found extraterrestrially. It is worth
noting, however, that analogs with the sugar ring oxygen replaced
by a methylene group would not suffer this epimerization.
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