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SUMMARY

Nucleic acid duplexes associating through
purine-purine base pairing have been con-
structed and characterized in a remarkable
demonstration of nucleic acids with mixed se-
quence and a natural backbone in an alternative
duplex structure. The antiparallel deoxyribose
all-purine duplexes associate specifically
through Watson-Crick pairing, violating the
nucleobase size-complementarity pairing con-
vention found in Nature. Sequence-specific rec-
ognition displayed by these structures makes
the duplexes suitable, in principle, for informa-
tion storage and replication fundamental to
molecular evolution in all living organisms. All-
purine duplexes can be formed through associ-
ation of purines found in natural ribonucleo-
sides. Key to the formation of these duplexes
is the N3-H tautomer of isoguanine, preferred
in the duplex, but not in aqueous solution. The
duplexes have relevance to evolution of the
modern genetic code and can be used for
molecular recognition of natural nucleic acids.

INTRODUCTION

All-purine systems capable of specific recognition of non-
repeating nucleic acid sequences through Watson-Crick
pairing have been proposed as predecessors of the
modern genetic system [1, 2]. However, established asso-
ciation of all-purine nucleic acids has been limited to
homopolynucleotides in triplex [3], tetraplex [4, 5], and
non-Watson-Crick duplex [6, 7] structures, as well as re-
peating sequences forming unusual duplexes without se-
quential base pairing [8]. An early report of a Watson-Crick
duplex between homopolynucleotides polyadenosine and
polyinosine appeared [9], but it was subsequently shown
that only a 1:2 complex is formed [10]. Duplexes with non-
repeating sequence and duplexes associating through
Watson-Crick interaction remain unknown among all-
purine nucleic acids.

Using the stability of purine-purine mismatches within
a canonical duplex as a guide [11], we have constructed
all-purine duplexes associating through Watson-Crick
pairing. The antiparallel deoxyribose duplexes lack pyrim-
idines and violate the size-complementarity principle of
natural nucleobase pairing. We demonstrate that all-
purine duplexes can be formed through association of pu-
rines found in natural ribonucleosides with nucleic acids
bearing only guanine, adenine, hypoxanthine (H), and iso-
guanine (J) [12, 13] nucleobases.

RESULTS AND DISCUSSION

Specific pairing of all-purine duplexes was demonstrated
with a series of oligodeoxyribonucleotides (ODNs) (Table
1). Initially, association of these ODNs was followed by
monitoring the emission of excited 6-fluorescein (FAM)
labels with changing temperature. Transitions between
single strands and the complex were observed because
quenching [14] of excited 5'-FAM by an intramolecular
3'-Black Hole Quencher (BHQ) is greater when a dual-
labeled ODN is single stranded. Fluorescence monitoring
of association was chosen for initial experiments instead
of conventional UV spectroscopy for two reasons. First,
detection of hyperchromicity related to novel duplex
dissociation may not be straightforward; hyperchromicity
displayed by single-stranded, purine-rich ODNs with in-
creasing temperature is significant and could obscure hy-
perchromicity resulting from transitions between duplexes
and single strands. Second, UV monitoring of association
may be confounded by differences in tautomeric represen-
tation of isoguanine when in single-stranded or complexed
states. Unlike conventional oligonucleotide duplexes,
a regular increase in absorbance across wavelengths
may not occur because shifts in the tautomeric ratio of
constituent nucleobases cause changes in ODN absor-
bance profiles.

ODNSs 1 and 2 were designed to form antiparallel duplex
1-2,in which A is opposite H and G is opposite J (Figure 1).
An all-purine ODN (3) not expected to form a stable duplex
with 1 was also prepared. ODNs 1 and 2 demonstrated
a clear temperature-dependent cooperative association,
while no interaction was observed between 1 and 3
(Figure 2A). The possibility of duplex formation of 1 with
a parallel-oriented ODN was excluded in a similar
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Table 1. ODNs Used

1 5'-(FAM)JGGAGAAAGHJGHG(BHQ)-3'
2 3'-GJJHIJHHHJIAGJIAJ-5

3 3'-GAAGAGGGAAGAAA-5

4 5'-JGGAGAAAGHJGHG-3'
5
6

5'-(FAM)JGGZGZAZGHJGHG(BHQ)-3'
5'-(FAM)JGHAHAAAHHJGHG(BHQ)-3'

7 3'-TFCCTCTTTCCFCCC-5'

8 5'-FAM)CGGAGAAAGTCGTG(BHQ)-3'
9 3'-GCCTCTTTCAGCAC-5'

10° 3'-TFCCTCTTTJAGJAJ-5'

1 5'-CGGAGAAAGTCGTG-3'

12 3'-GJIXIXXXJAGIAJ-5'

3A 3 dangling T was added to allow for the use of a standard
solid-phase in synthesis.

experiment (Figure S1; see the Supplemental Data avail-
able with this article online).

ODNs 1 and 2 associated in a 1:1 complex. Nondenatur-
ing gel electrophoresis of a mixture of 1 and 2 yielded a
single band migrating as expected for duplex formation
(Figure 2B). Mixing curves [15] of 4 (ODN 1 lacking fluoro-
phore and quencher) and 2 indicated a 1:1 complex
(Figure 2C), as did an experiment monitoring fluorescence
in which 0-1.75 equivalents of 2 were mixed with 1
(Figure 2D). Replacing all Na* in solution with Li* had a
negligible effect on the association of 1-2 (data not shown).
CD spectroscopy [15] also indicated association of 4 and
2 (Figure S2).

Interaction of additional all-purine ODNs with fluores-
cent labels supported Watson-Crick interaction in
purine-purine association. Although 1-2 appears likely to
arise through anti-anti Watson-Crick interaction of the
constituent purines, syn-anti Hoogsteen interaction is
possible for A-H and G-J pairs. In ODN 5, three adenines
of 1 were changed to 7-deazaadenine (Z). In ODN 6, three
guanines of 1 were changed to H. Obtaining significantly
lower melting temperatures (T,,s, temperatures at which
50% strand dissociation occurs) for 5-2 than for 1-2 under
identical conditions would imply anti-syn H-A association
in 1-2 (Figures S3A and S3B). Alternatively, obtaining sig-
nificantly lower Tp,s for 6-2 than for 1-2 would imply anti-
anti G-J association in 1-2 (Figures S3C-S3E). T.s
observed for 5-2 were quite similar to those of 1-2, while
6-2 was clearly destabilized relative to 1-2, suggesting
Watson-Crick interaction (Figure 3).

Changes in absorbance spectra of 4-2 with temperature
reveal a shift in the tautomeric composition of constituent
J nucleobases that further supports Watson-Crick associ-
ation. The N4-H tautomer of J has a characteristic UV max-
imum near 295 nm, while the N3-H tautomer of J required
for Watson-Crick association with G absorbs somewhat
less in this region [16, 17]. Absorbance profiles of 4-2 at
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280-310 nm indicate that J shifts substantially to the N4-
H tautomer with increasing temperature (Figure 4). Absor-
bance profiles of individual ODNs 4 or 2 display lesser
tautomeric shifts under identical conditions (Figure S4).
Conversely, absorbance profiles of duplexes associating
through purine-pyrimidine interaction with J opposite 5-
methylisocytosine (F) [18, 19], a pyrimidine Watson-Crick
complement of the N4-H tautomer of J, show a decrease
in N1-H tautomer as the duplexes dissociate with increas-
ing temperature (Figure S5).

In contrast to the established N¢-H tautomer of J ob-
served opposite F within conventional nucleic acid du-
plexes, formation of 4-2 and changes in the associated
absorbance spectra are consistent with J opposite G in
this duplex adopting the N3-H tautomer. Although not de-
scribed in studies of the tautomerism of isoguanine [16,
17], existence of the Ns-H tautomer is in accordance
with the conclusions of both Eschenmoser and coworkers
in extensive experiments changing backbone sugars in
nucleic acids [20, 21] and a computational study by Swit-
zer and coworkers [22]. While additional sequence con-
texts must be examined, our work suggests that a mixture
of Ny-H and N3-H tautomers of J exists in single-stranded
ODNs in solution, and that tautomeric composition de-
pends on sequence and temperature. The existence of
some N3-H tautomer of J in single-stranded ODNs ex-
plains recent work [23] in polymerase replication of
ODNs containing F and J. During replication near room
temperature, a fraction of template J positions did not di-
rect incorporation of F or any natural nucleotides, consis-
tent with template N3-H tautomer.

The association of 1-2 was weaker than that of compa-
rable duplexes formed through canonical purine-pyrimi-
dine interaction. Additional ODNs 7-9 were used to create
two control duplexes associating through Watson-Crick
purine-pyrimidine interaction. All-pyrimidine ODNs 7 and
1 can form polypurine-polypyrimidine duplex 1-7. In 8-9,
A-H and G-J pairs of 1-2 were changed to A-T and G-C
pairs, respectively, giving a canonical duplex with identi-
cal interstrand hydrogen-bonding patterns. T,,s were sub-
stantially lower for 1-2 than for the two control duplexes
(Figure 3). Chimeric duplex 1:10, associating through
eight consecutive purine-pyrimidine pairs and six
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Figure 1. Watson-Crick Purine-Purine Pairs Used

Adenine and hypoxanthine, the nucleobase portion of inosine, can
straightforwardly form a Watson-Crick pair, defined here as an anti-
anti pair in which the hexagons of the six-membered purine rings align
with N4 directly opposite N4/, creating a pseudo two-fold axis in the
plane of the ring systems. Guanine and isoguanine can form a Wat-
son-Crick pair only with J as the N3-H tautomer. The N;-H tautomer
of isoguanosine, however, predominates in aqueous solution.
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(A) ODNs 1 and 2, each at 1 uM, demonstrated a cooperative temperature-dependent association detected by monitoring the change in fluorescence

of 1. In contrast, 1 at 1 uM, or 1 and 3 each at 8 uM did not interact.

(B) The four lanes of the agarose gel with visible fluorescent bands contain, from left toright 8, 8 and 9, 1, 1 and 2. The shift in mobility of 1 when mixed
with equimolar 2 resembles the shift in mobility of 8 when mixed with equimolar 9 to form canonical duplex 8-9.
(C) In mixing curves of 4 and 2, in which absorbance was monitored from 265 to 315 nm (5 nm intervals shown), a clear discontinuity at equimolar 4 and

2 is present, demonstrating a 1:1 complex.

(D) In a series of wells, 0-1.75 equivalents of 2 were mixed with 1, and the resulting fluorescence of 1 was measured. Although 1 was at 125 nM in each
well, fluorescence increased with increasing 2, until 1 equivalent of 2 was added. Fluorescence then leveled off as the amount of 2 exceeded 1 equiv-

alent, consistent with a 1:1 complex of 1 and 2.

consecutive purine-purine pairs, had intermediate stability
(Figure 3). Accommodation of the purine-purine structure
in this chimeric duplex without destabilization suggests
that the backbone of the duplex is not forced into an unfa-
vorable conformation at the junction of the purine-pyrimi-
dine and purine-purine regions.

Thermodynamic parameters were estimated with UV
absorbance measurements for association of all-purine
duplex 4-2 and for association of control canonical duplex
11-9, an unlabeled analog of 8-9. A AG°3; of —16.9 kcal/
mol for association of 11-9 was determined from a van’t
Hoff plot of T,s at 260 nm (Figure S6A). Although changes
in absorbance of 4-2 upon dissociation arise at least par-
tially from a shift in the tautomeric distribution of J, the
changes are triggered by duplex dissociation, which
mimics the hyperchromicity observed with canonical du-
plexes. Therefore, AG°37 of 4-2 association was roughly
estimated as —10 kcal/mol by measuring T,,s at 248 and
303 nm (Figures S6B-S6D).

In contrast to all-purine duplexes, the association of
“xDNA” duplexes of Kool and coworkers, with a C4-C4’
distance of ~13 A and a natural deoxyribose-phosphate
backbone, is usually more favorable than association of
corresponding DNA duplexes [24]. It is not immediately
evident why xDNA duplexes and the all-purine duplexes,
with presumed similar C4-C4' separation, have such a
large difference in association. A possible explanation is
that nucleobases opposite adenine in the all-purine du-
plexes do not position a carbonyl opposite C, of A. The
absence of a carbonyl in this position could destabilize
duplexes by disrupting hydration [25] or by removing a
favorable electrostatic interaction [26] between an elec-
tronegative carbonyl oxygen and a partial positive charge
at the edge of the opposing heterocycle. Some of the
“missing” carbonyls opposite adenines in 1-12 were in-
troduced by replacing four H nucleobases with 7-deazax-
anthosine to give 1-12. Duplex denaturation experiments
with 1-12 demonstrated a stabilizing effect of these
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Figure 3. T,,s of Various Duplexes

Tms determined by monitoring fluorescence of equimolar pairs of
ODNs were plotted against log concentration of each strand. Replac-
ing three H-A pairs in 1-2 with H-Z pairs (5-2) did not substantially
change Tns. Replacing three G-J pairs in 1-2 with H-J pairs (6-2) dra-
matically lowered T,s. The relative Tr,s of 5-2 and 6-2 are consistent
with Watson-Crick interaction. Duplexes 1-7 and 8-9 with purine-
pyrimidine interaction had higher T,s than all-purine duplex 1-2. Chime-
ric duplex 1-10, with six consecutive purine-purine and eight consec-
utive purine-pyrimidine interactions, had T,s between those of 1-2
and the duplexes associating through purine-pyrimidine interaction.

carbonyls (Figure S7), but the magnitude of the effect ap-
pears insufficient to account for the difference in associa-
tion between 1-2and 8-9. The difference in the relative ori-
entation of the bonds between nucleobase and C;' may
also destabilize all-purine duplexes relative to xDNA. In
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addition, individual electrostatic and hydrophobic interac-
tions between adjacent paired nucleobases differ be-
tween xDNA and all-purine deoxyribose duplexes and
are important in determining duplex stability.

It has been hypothesized that synthesis of complemen-
tary RNA from a template RNA molecule before the exis-
tence of modern biocatalysts was a stage in the origin of
an ancient RNA world [27]. The early self-replicating
system would have then evolved into the modern genetic
system. All-purine ribonucleic acids have held some ap-
peal as this self-replicating system for several reasons
[1-3, 7, 8, 28, 29]. Ribose itself is a plausible product of
prebiotic synthesis [30]. The origination of an all-purine
system requires a more limited synthetic repertoire than
a purine-pyrimidine system; the nucleobases in an all-
purine system are plausible sibling products of analogous
reaction pathways. Reactions to give pyrimidine ribonu-
cleosides under putative prebiotic conditions have proved
more elusive than the analogous reactions yielding purine
ribonucleosides [27]. Purines have a higher propensity for
self-organization than pyrimidines because of a larger
surface area for stacking; in the absence of a catalyst,
an all-purine system may, therefore, oligomerize more
readily than a purine-pyrimidine system [2].

Despite much conjecture about the formation of se-
quence-specific all-purine duplexes, our experiments
provide the first, to our knowledge, clear evidence of
such duplexes with a natural backbone. Considering the
relatively undistorted backbone of the Watson-Crick du-
plex contained within polyadenosine-polyinosine triplexes
[3], it will not be surprising to find that ribonucleic acids
also form analogous all-purine duplexes. Proposals of
a precursor all-purine system can thus be reconsidered
with the nucleobase components now demonstrated
to form sequence-specific duplexes. A two-component
system of H and A that originally inspired speculation
[1] about all-purine precursors cannot form stable

270 290 310 330

Wavelength (nm)

230 250

Figure 4. Overlaid Absorbance Spectra of All-Purine and Canonical Duplexes with Changing Temperature

(A) Absorbance spectra of 4-2 varied with temperature in a complex way (5°C increments shown). Spectra of 4-2 (4 uM of each ODN) displayed
a greater than 50% hyperchromicity with increasing temperature near 300 nm, consistent with a shift in the tautomeric composition of J to N4-H.
Two regions displaying hyperchromicity, and potentially suitable for T, determination, were observed near 250 and 300 nm.

(B) In contrast, spectra of 11-9 (4 uM of each ODN) displayed a sharper transition and a broad range of wavelengths suitable for T,,, measurement.
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Figure 5. Lack of SYBR Green | Dye Fluorescence in the
Presence of an All-Purine Duplex

Fluorescence increased as ODNs 11 and 9 annealed with decreasing
temperature to form a canonical duplex in the presence of SYBR Green
|. ODN 9 alone in the presence of SYBR Green | exhibited very little in-
crease in fluorescence with decreasing temperature. As ODNs 4 and 2
formed an all-purine duplex with decreasing temperature, no increase
in fluorescence was apparent in the presence of SYBR Green I.

Watson-Crick nucleic acid duplexes [7, 8, 10]. Nucleic
acids composed of G and J with a natural backbone
may form stable duplexes, although competing com-
plexes in the presence of common cations [4, 5] may be
a significant impediment. A four-purine system of A, H,
G, and J, while not as discriminating as the modern recog-
nition system, is still perhaps more accessible through
prebiotic synthesis. However, it is unclear if the tautomeric
ambiguity of J would allow the necessary template-
directed polymerization. Itis also not evident how a system
employing J would transition to the present genetic code.
Such a transition could possibly involve chimeric struc-
tures composed of purine-purine and purine-pyrimidine
nucleobase pairs. Introduction of T to establish A-T pairs
before the introduction of C into the structures could
help avoid ambiguity, as C is a Watson-Crick complement
to both G and H. Further work is required to ascertain if
apposite transitional duplex structures are feasible.

Finally, all-purine duplexes will have novel properties
and should have useful technological applications. Natu-
ral nucleic acid sequences can be targeted with probes
forming all-purine or chimeric purine-purine/purine-pyrim-
idine interactions. All-purine nucleic acids can form duplex
structures that will not act as substrates in many enzymat-
ically mediated processes, such as polymerase replica-
tion, ligation, restriction, and mismatch repair. Small mol-
ecules used to target duplex nucleic acids will also exhibit
changed interaction with all-purine duplexes. This allows
for, for example, the formation of all-purine duplexes in
the presence of SYBR Green | dye [31] without an increase
in fluorescence above the level observed for single-
stranded ODNs (Figure 5).

SIGNIFICANCE

Association of the all-purine duplexes is remarkable
among complexes of deoxyribo- or ribonucleic acids.
To our knowledge, this is the first demonstration of
mixed-sequence nucleic acids with a natural back-
bone associating in a duplex structure, other than
the canonical Watson-Crick structure. The all-purine
duplexes demonstrate that pyrimidine nucleobases
are not required for sequence-specific formation of
a deoxyribose duplex, a structure vital for the replica-
tion of nucleic acids. The sequence-specific recogni-
tion demonstrated by these structures makes the du-
plexes suitable, in principle, for information storage
and replication by a mechanism analogous to the ge-
netic system. The duplexes have unique properties
and interact with enzymes and small molecules quite
differently than duplexes associating through purine-
pyrimidine interaction. All-purine duplexes in which
one strand is derived wholly from the modern genetic
code are possible, as are chimeric duplexes contain-
ing regions of purine-pyrimidine and purine-purine in-
teraction.

Molecular recognition by all-purine duplexes has
relevance to the evolution of the genetic system.
Even if all-purine duplexes played no direct role in
the evolution of modern nucleic acids, consideration
of their existence is important for understanding
what constitutes biological fithess among nucleic
acids. All-purine duplexes, which can be constructed
entirely from purines found in natural ribonucleosides,
may have been functionally selected against, and not
merely absent as a result of synthetic contingency.
Compared to other hypothesized competitors to the
natural pairing system [32], there is less likelihood of
a synthetic barrier to generating these all-purine
duplexes.

EXPERIMENTAL PROCEDURES

All ODN association experiments were conducted in 0.045 M sodium
citrate, 0.45 M sodium chloride (pH 7.9) solutions unless otherwise in-
dicated. Data from denaturation experiments were fitted in S-Plus (In-
sightful) by using cubic smoothing splines [33]. T,,s were determined
as the maximum of the first derivative of the fitted curve.

Oligodeoxyribonucleotides

ODNs containing inosine, 7-deazaadenosine, 7-deazaxanthosine, 5-
methylisocytidine, or isoguanosine were prepared from phosphorami-
dites (Glen Research) as recommended by the manufacturer on a 394
DNA/RNA Synthesizer (Applied Biosystems). 3'-BHQ-1 solid support
(Biosearch Technologies) was used to introduce quenchers. ODNs
were purified by denaturing HPLC with a Wave System (Transge-
nomic). ODN identity was verified by MALDI-TOF on a Voyager-DE
mass spectrometer (Applied Biosystems). Observed masses were
within 0.2% of the expected value (BHQ-1 easily fragmented, losing
a mass of 297). Purity was >92% for all ODNs and was evaluated
with capillary electrophoresis by using a capillary at 40°C filled with
polyacrylamide and 7 M urea on a °CE instrument (Agilent). ODNs
without inosine, 7-deazaadenosine, 7-deazaxanthosine, 5-methyliso-
cytidine, isoguanosine, or dye labels were purchased with anion ex-
change HPLC purification from Operon Biotechnologies. ODN 8,
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purified by anion exchange and then reverse-phase HPLC, was pur-
chased from Biosearch Technologies. Extinction coefficients used to
determine ODN concentrations at pH 7.0 were estimated as 90% of
the sum of extinction coefficients at 260 nm for the component deox-
ynucleosides and dyes (M~'em~): 15,400, A; 11,700, G; 7,300, C;
8,800, T; 6,300, F; 4,600, J; 7,700, H; 9,400, Z; 8,440, X; 21,000,
FAM; and 8,000, BHQ-1. Absorbance at 260 nm of N;-H and N3-H tau-
tomers of J fortuitously appears to be nearly equivalent [16, 17].

Fluorescence Measurements

Experiments detecting fluorescence were performed by using either
Mx4000 or Mx3000P instruments (Stratagene) with FAM filter sets.
Cooling or heating ramps of samples in 96-well microplates were
0.5°C per 30 s over 10°C-90°C (Mx4000) or 25°C-90°C (Mx3000P);
75 ul sample volumes were used, and four data points were collected
at each 0.5°C increment. Samples were measured in duplicate over
one complete cooling and heating cycle. In stoichiometry experiments,
ODN 1 at 125 nM was mixed with 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.25, 1.5, or
1.75 equivalents of 2. Fluorescence of duplicate samples at each level
was measured after a cooling ramp and then holding for 3 min at 25°C.
SYBR Green | dye 10,000 stock solution (Molecular Probes) was di-
luted 1:99 with 0.045 M sodium citrate:0.45 M sodium chloride (pH
7.9). SYBR Green experiments were performed in 75 pl volumes con-
taining 1 pl of the diluted SYBR Green solution with ODNs at 0.25 uM.

Absorbance Measurements

Experiments detecting absorbance were performed by using an 8453
spectrophotometer (Agilent) equipped with a Peltier thermostatted cell
holder and an 89090A temperature controller. Thermal denaturation
experiments were performed with 0.65 ml samples in black-wall micro-
cells. Data were collected at 1 nm intervals and with a 0.5 s integration
time, and volume correction was utilized for temperature changes.
Cooling or heating ramps were 1°C per min over 20°C-80°C (for duplex
4-2) or 20°C-85°C (for duplex 11-9). Samples were measured over one
or two complete cooling and heating cycles. Mixing curve samples of
various mole fractions [15] of 4 and 2 were heated to 75°C for 3 min and
then allowed to stand at room temperature for 24 hr. Mixing curve data
were collected with the cell holder at 20°C.

CD Measurements

Samples contained 4 uM of each ODN strand in 0.65 ml in black-wall
microcells. CD spectra were measured at 20°C and 75°C with an Aviv
62DS CD Spectrometer at 1 nm intervals and a 5 s averaging time.

Gel Analysis

Samples of 1 (18 pmol), 1-2 (18 pmol), 8 (9 pmol), and 8-9 (9 pmol) were
made by adding the appropriate ODNs to 1 ul 0.45 M sodium citrate
(pH 7.9) and diluting to 20 pl with water. The samples were heated at
75°C for 3 min, allowed to stand at room temperature for 90 min,
and then kept at 4°C for 30 min. A 4% agarose E-gel (Invitrogen)
was stored at 4°C for 30 min before electrophoresis. The top and bot-
tom surfaces of the gel cassette were kept in contact with small, ice-
filled plastic bags, and a current of 40 mA was applied for 2 min. Sam-
ples were loaded onto the gel, and a current of 20 mA was applied for
1 hr, keeping the gel cassette in contact with ice-filled plastic bags. The
gel was imaged with a Gel Doc instrument (Bio-Rad) with Quantity One
software.

Supplemental Data
Supplemental Data include seven figures and are available at http://
www.chembiol.com/cgi/content/full/14/5/525/DC1/.
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