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Abstract: Nucleic acid quadruplexes, based on the guanine quartet, can arise from one or several strands,
depending on the sequence. Those consisting of a single strand are usually folded in one of two principal
topologies: antiparallel, in which all or half of the guanine stretches are antiparallel to each other, or parallel,
in which all guanine stretches are parallel to each other. In the latter, all guanine nucleosides possess the
anti conformation about the glycosidic bond, while in the former, half possess the anti conformation, and
half possess the syn conformation. While antiparallel is the more common fold, examples of biologically
important, parallel quadruplexes are becoming increasingly common. Thus, it is of interest to understand
the forces that determine the quadruplex fold. Here, we examine the influence of individual nucleoside
conformation on the overall folding topology by selective substitution of rG for dG. We can reverse the
antiparallel fold of the thrombin binding aptamer (TBA) by this approach. Additionally, this substitution
converts a unimolecular quadruplex into a bimolecular one. Similar reverse substitutions in the all-RNA
analogue of TBA result in a parallel to antiparallel change in topology and alter the strand configuration
from bimolecular to unimolecular. On the basis of the specific substitutions made, we conclude that the
strong preference of guanine ribonucleosides for the anti conformation is the driving force for the change
in topology. These results demonstrate how conformational properties of guanine nucleosides govern not
only the quadruplex folding topology but also impact quadruplex molecularity and provide a means to control
these properties.

Introduction

Nucleic acid quadruplexes, based on the guanine quartet (see
Figure 1A), comprise a class of unusual DNA and RNA
structures, which have been shown to be relevant to a variety
of biological functions.1 For example, under certain conditions
the human telomere sequence is known to form quadruplex
structures, which are thought to be involved in the regulation
of telomerase activity.2 In the c-mycpromoter control region,
evidence has been reported for a role of an intramolecular
quadruplex in transcription regulation.3 These two activities
suggest that quadruplexes may be new chemotherapeutic targets,
and indeed this is being pursued by a variety of research groups.4

In addition to serving as potential drug targets, some quadru-
plexes have been observed to possess therapeutic activity.5,6

While most of these studies involve DNA quadruplexes, there

has also been interest in the biological roles played by RNA
quadruplexes.7
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Figure 1. (A) Guanine quartet; (B) antiparallel folding pattern for thrombin
binding aptamer quadruplex determined by NMR;8 (C) possible alternative
antiparallel strand conformation; (D) possible unimolecular parallel folding
topology; (E) possible bimolecular parallel folding topology. The 5′-end
of the strand is indicated by the symbolb, while the 3′ end is indicated by
9; quartets are represented by dashed boxes.
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In general, quadruplexes can be formed from one, two, or
four strands. In the case of one-stranded, or unimolecular,
quadruplexes, the strand must fold on itself several times to
create the quartet core, consisting of four guanine-rich segments.
In the vast majority of unimolecular quadruplexes investigated
by high-resolution NMR, their folding is mediated by simple
hairpin-like loops that result in half of the guanine segments
orientated antiparallel to the other half.9 The two principal folds
consistent with this overall antiparallel configuration, character-
ized by a lateral or diagonal central loop, are illustrated in Figure
1B,C. Both of these folds have in common the requirement that
half the guanine nucleosides adopt the syn conformation about
the glycoside bond, while the other half remain in the more
common anti conformation.

In addition to the antiparallel folding motif described above,
more recent structural studies have revealed an all-parallel motif.
One of the earliest such structures was described by Uesugi,
Katahira, and co-workers, using the sequence d(GGA)4.10 This
unusual structure involves a guanine quartet stacked on top of
a GAGAGAG heptad. This structure is reminiscent of that
described earlier for a two-stranded quadruplex formed by the
sequence d((GGA)2G), that is, a guanine quartet stacked on an
AGGGGA hexad, with the two strands oriented parallel to each
other.11 More recently, a parallel, unimolecular quadruplex
folding motif has been described in an X-ray crystal structure
of the human telomere sequence d(AG3(TTAG3)3) in the
presence of potassium ions,12 also shown in Figure 1D. This
result was of particular interest in light of a previously reported
solution structure for the same sequence in the presence of
sodium ions that showed a more traditional antiparallel folding
motif.13 While some efforts at detecting a parallel quadruplex
for this sequence in solution have been positive,14 others have
been negative.15 Other sequences have also revealed a parallel,
unimolecular quadruplex conformation in solution, for example,
that from thec-mycpromoter region.16-18

In light of these observations regarding the various folding
topologies for unimolecular quadruplexes, it is of interest to
assess the factors that determine whether a given sequence will
fold in an antiparallel or parallel fashion. We approach this
question here by examining the effect of syn/anti preferences
of individual guanine nucleosides on the overall fold, using site-
specific substitution of deoxyribonucleosides, dG’s, with ribo-

nucleosides, rG’s. It is well known that in oligo- and polynu-
cleotides, dG has a significantly greater propensity for the syn
conformation than does rG.19 In the case of polynucleotides,
for example, it is more difficult to induce the Z-form, left-handed
conformation in poly(rG-rC)‚poly(rG-rC) than in poly(dG-
dC)‚poly(dG-dC),20 which can be attributed, at least in part,
to the higher energy of the syn conformation in RNA as
compared to DNA in the context of double helical structures.

Experimental Procedures

Oligonucleotides.All oligonucleotides were purchased from IDT
(Coralville, IA) with ion-exchange HPLC purification and are based
on the 15-mer sequence of the thrombin binding aptamer,dTBA , as
listed in Table 1. Concentrations were determined spectrophotometri-
cally, using the extinction coefficients listed in Table 1.

The notation used in Table 1 is as follows: ribonucleosides appear
in lower case, while deoxyribonucleosides appear in upper case.
Positions that are underlined represent those nucleosides that possess
the syn conformation about the glycosidic bond in the unimolecular
quadruplex formed by the DNA thrombin binding aptamer, denoted
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Table 1. Oligonucleotide Sequences Used in This Study and Their Extinction Coefficients

a Ribonucleosides appear in lower case, and deoxyribonucleosides appear in upper case.b Calculated according to Gray et al.21

Engineering the Quadruplex Fold A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 17, 2006 5967



here asdTBA .8 Sequences whose names start with the letter “d” are
completely, or primarily, composed of deoxyribonucleosides, whereas
those starting with the letter “r” are all, or mainly, composed of
ribonucleosides. Thus,dTBA consists entirely of deoxyribonucleosides
while rTBA consists entirely of ribonucleosides; all remaining se-
quences are chimeric, containing both ribo- and deoxyribonucleosides.

Spectrophotometry. Oligonucleotides were annealed by heating
samples to 90°C for 5 min, then cooling slowly to 15°C in 10 mM
Li-cacodylate buffer, pH 6.8, and with the addition of 25 mM KCl as
indicated. CD experiments were carried out on an Aviv 215 circular
dichroism spectrophotometer equipped with a peltier temperature
controller. All CD spectral scans were accumulated over the wavelength
range 220-350 nm at 15°C, unless otherwise noted. The scan of buffer
alone was subtracted from each sample. Both CD and UV measurements
on concentrated samples were made in 0.1 cm path-length cells. UV
melting curves were measured in a Cary 100 spectrophotometer
equipped with a peltier heating device and run at a heating rate of 0.2
°C/min. Thermodynamic analysis was carried out with an all-or-none
model for quadruplex unfolding, assuming temperature-independent
enthalpy and entropy changes.

Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE).
Oligonucleotides, at a concentration of 80µM strand, were heated in
10 mM Tris acetate, pH 6.8, and 25 mM KCl for 1 min at 90°C, then
slowly cooled to room temperature. Samples were then run on a 10
cm× 10 cm, 20% polyacrylamide (19:1 acrylamide:bisacrylamide ratio)
nondenaturing gel, made up in 40 mM Tris-acetate buffer containing
25 mM KCl (also used for the running buffer) for 2.5 h at 240 V in a
cold room at 4°C. Gels were stained with stains-all and destained in
70% ethanol.

1D Imino Proton NMR. NMR spectra were obtained on a Varian
600 MHz NMR instrument with a watergate pulse22 for solvent
suppression. Samples (500µM strand) were prepared in 90% H2O/
10% 2H2O in the presence of 25 mM KCl and 10 mM perdeuterated
Tris-acetate, pH 6.8.

Results

Circular Dichroism. Circular dichroism (CD) spectra can
be used to assess the nature of the quadruplex fold, based on
observations that antiparallel quadruplexes present a long-
wavelength positive maximum near 293 nm in the presence of
sodium or potassium, while parallel quadruplexes exhibit a CD
maximum near 265 nm.23 This difference has been attributed
to the requirement for half of the deoxyguanosine nucleosides
to possess the syn conformation about the glycosidic bond to
fully realize the hydrogen-bonding pattern of the guanine quartet,
illustrated in Figure 1A.24 Although the use of CD to distinguish
parallel from antiparallel folding topologies has proved to be
reliable in general, some have suggested that it may not always
lead to the correct or expected result.25,26Nonetheless, the vast
majority of published reports are consistent with these observa-
tions; for example, we are aware of no instance of a known
parallel quadruplex with a single, positive peak near 293 nm.
Thus, we are confident that the very distinct spectra described
below can be used to discriminate between parallel and
antiparallel quadruplex structures.

In Figure 2A, we present CD spectra for the thrombin binding
aptamer,dTBA . The spectrum in the presence of buffer alone

shows several low-amplitude bands indicative of a relatively
unstructured state, and similar to what we have reported earlier
in the absence of added metal ions.27 Addition of 25 mM KCl
results in a dramatic overall change in the CD spectrum, with
a large positive maximum near 293 nm, characteristic of
antiparallel quadruplex structures, in this case an antiparallel,
unimolecular folded quadruplex. The high-resolution NMR
structure of this sequence stabilized by K+ reveals the overall
fold to be that shown in Figure 1B and also establishes that
half of the deoxyguanosines are in the syn conformation.8

Similar observations have been reported for all other quadru-
plexes involving antiparallel folds, including both unimolecular
and bimolecular constructs.9

When the same experiment is carried out with the all-RNA
analogue,rTBA , the CD spectrum in the absence of added metal
ion resembles that ofdTBA , consisting of very low amplitude
features characteristic of a minimally structured state (Figure
2B). The addition of KCl (25 mM) results again in a change in
the CD spectrum, but to a significantly different pattern. Most
importantly, the long-wavelength maximum is shifted to 265
nm, characteristic of parallel quadruplex structures. This
spectrum, consisting of a single positive peak, is clearly distinct
from that of dTBA and indicates a major change in overall
structure forrTBA . In particular, a parallel quadruplex con-
formation implies that all nucleosides are in the anti conforma-
tion, demonstrating that replacement of all deoxyribonucleosides
with their corresponding ribonucleosides results in a refolding
of the antiparallel structure to a parallel structure.

We next made more selective substitutions of ribo- for
deoxyribonucleosides. Our rationale was based on the well-
known observation that ribonucleosides strongly prefer the anti
conformation about the glycosidic bond to the syn conformation,
as mentioned above. Thus, selective substitution of the dG
nucleosides indTBA that possess the syn conformation about

(21) Gray, D. M.; Hung, S. H.; Johnson, K. H.Methods Enzymol.1995, 246,
19-34.

(22) Piotto, M.; Saudek, V.; Sklenar, V.J. Biomol. NMR1992, 2, 661-5.
(23) Hardin, C. C.; Perry, A. G.; White, K.Biopolymers2001, 56, 147-94.
(24) Lu, M.; Guo, Q.; Kallenbach, N. R.Biochemistry1993, 32, 598-601.
(25) Dapic, V.; Abdomerovic, V.; Marrington, R.; Peberdy, J.; Rodger, A.; Trent,

J. O.; Bates, P. J.Nucleic Acids Res.2003, 31, 2097-107.
(26) Hazel, P.; Huppert, J.; Balasubramanian, S.; Neidle, S.J. Am. Chem. Soc.

2004, 126, 16405-15. (27) Smirnov, I.; Shafer, R. H.J. Mol. Biol. 2000, 296, 1-5.

Figure 2. CD spectra for various sequences, measured at a concentration
of 7 µM in 10 mM Li-cacodylate at 15°C in 1 cm path cells, unless
otherwise specified. (A)dTBA in buffer alone (-) or with 25 mM KCl
(b); (B) rTBA in buffer alone (-) or with 25 mM KCl (b); (C) dTBAr1
in buffer with 25 mM KCl, 5°C, measured at 60µM in a 0.1 cm cell (O),
dTBAr2 in buffer with 25 mM KCl (b); (D) rTBAd1 in buffer with 25
mM KCl (b), rTBAd2 in buffer with 25 m M KCl (O).
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the glycosidic bond may significantly destabilize the antiparallel
fold, possibly leading to a parallel fold.

The NMR solution structures fordTBA reveal that dG
nucleosides in positions 1, 5, 10, and 14 all possess the syn
conformation.8 Thus, we substituted just those positions with
rG nucleosides, leading to the oligonucleotidedTBAr1 . For this
sequence, addition of KCl to buffer results in a positive CD
peak at 265 nm, similar to that of the all-RNA sequencerTBA ,
as illustrated in Figure 2C. This result is fully consistent with
our predictions, based on the observation that ribonucleosides
strongly prefer the anti over the syn conformation when
incorporated in oligo- or polynucleotides. This spectrum was
obtained at relatively high strand concentration (and low
temperature); CD spectra obtained under standard conditions
showed little difference from those observed in buffer alone.
This concentration dependence suggests the possibility that the
quadruplex formed by the chimericdTBAr1 sequence may
consist of more than one strand. This possibility is investigated
further below.

As an additional test of our hypothesis that the syn-anti
behavior of individual nucleosides plays a major role in affecting
the overall quadruplex fold, we examined a control sequence,
dTBAr2 , in which the other four dG residues (those that possess
the anti conformation in the antiparallel quadruplex formed by
dTBA ) have been replaced by rG. Here, we expected little or
no difference as compared todTBA , and indeed this turns out
to be the case, as illustrated in Figure 2C, where it can be seen
thatdTBAr2 exhibits a positive CD peak at 293 nm, consistent
with an antiparallel fold.

Having converted the antiparallel fold ofdTBA to a parallel
fold by selective substitution of rG for dG, we turned to the
converse, that is, converting the parallel fold ofrTBA to an
antiparallel fold. Thus, we investigated the properties of
rTBAd1 , in which the rG nucleosides at positions 1, 5, 10, and
14 are substituted by dG. Here, we have selectively replaced
syn-phobic nucleosides with syn-philic ones, and now this
chimeric sequence folds into an antiparallel quadruplex, as
demonstrated by its CD spectrum shown in Figure 2D. Again,
replacing the other rG nucleosides with dG, to yieldrTBAd2 ,
the relevant control sequence, leads to a parallel quadruplex
fold, similar to its parent sequencerTBA , also shown in Figure
2D.

We have repeated these CD spectra in the presence of 100
mM NaCl instead of 25 mM KCl. FordTBA , rTBA , dTBAr2 ,
andrTBAd1 , the spectra observed in NaCl are similar to those
observed in KCl, except with smaller amplitudes (data not
shown). In the case ofdTBAr1 andrTBAd2 , addition of NaCl
led to little or no change as compared to buffer alone, indicating
no quadruplex formation, most likely due to the extremely weak
strand association for these sequences under these conditions
(see below).

Polyacrylamide Gel Electrophoresis.To further examine
the possibility that some of the species considered here consist
of more than one strand, we carried out native polyacrylamide
gel electrophoresis. In Figure 3, it is apparent that the sequences
that exhibit positive CD peaks at 293 nm (dTBA , dTBAr2 ,
and rTBAd1 ) exhibit higher electrophoretic mobility in com-
parison to those sequences possessing a CD peak at 265 nm
(rTBA , rTBAd2 , anddTBAr1 ). The position of the slower-
moving bands, near the gel position for the 20- and 27-mer

components of the ladder, suggests that these structures are
composed of more than one strand and are most likely two-
stranded rather than four-stranded species; the latter would be
expected to migrate even more slowly in the gel. There is
evidence for some minor species in some of the lanes, which
could represent small amounts of impurities or a small popula-
tion of unfolded or differently folded oligonucleotide. In this
regard, we note that these samples were run at relatively high
concentration to facilitate the formation of any two-stranded
structures. Nonetheless, the positions of the major species are
clear and indicate a unimolecular fold for the antiparallel
structures and a bimolecular fold for the parallel structures.

Thermal Denaturation Studies.The molecularity of these
quadruplex structures can be further investigated by examining
the concentration dependence of the melting temperature,
assessed by finding the temperature,Tmax, corresponding to the
maximum in the slope of the melting curve. This measure of
thermal stability does not require any modeling or assumption
of molecularity and thus is useful when the latter is in doubt.
UV melting curves were measured for each of these sequences.

The effect of strand concentration on the melting temperature
for dTBA , rTBA , and rTBAd1 is summarized in Figure 4,
where it can be seen that theTmax of the all-RNA sequence,
rTBA , exhibits significant concentration dependence while that
of the other two sequences appears independent of strand
concentration. Among these three sequences, onlyrTBA
exhibited a substantial hysteresis and a biphasic character in its
melting profile. In such cases, theTmax was determined for the
first transition in the heating direction. Similar behavior has been
reported for this sequence by others.28 While this suggests a
more complicated set of conformations for this sequence and
possible kinetic issues, rendering thermodynamic analysis

Figure 3. Nondenaturing polyacrylamide gel run at 4°C. Lanes 1-7:
dTBAr2 , dTBAr1 , dTBA , DNA ladder (dT10, dT15, dT20, dT27), rTBA ,
rTBAd1 , rTBAd2 , respectively.

Figure 4. Thermal denaturation temperature,Tmax, as a function of strand
concentration fordTBA (O), rTBAd1 (9), andrTBA (b). Melting curves
were determined in 10 mM Li-cacodylate buffer, pH 6.8, containing 25
mM KCl. Straight lines represent least-squares fit to the data points.
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difficult, the strand concentration dependence is nonetheless
apparent. The two antiparallel structures,dTBA andrTBAd1 ,
do not exhibit a concentration-dependentTmax and hence behave
as unimolecular species, consistent with their high gel mobilities.
In contrast, both gel behavior and concentration dependence of
melting temperature support a two-stranded species for the
parallel quadruplexes in this study.

Results forTmax values are presented in Table 2. The all-
DNA sequence,dTBA , melts at 46°C, in excellent agreement
with our earlier work on this sequence under similar condi-
tions.29 As this sequence folds into a unimolecular quadruplex,
its melting temperature is independent of strand concentration.
In the case of the parallel structures, however, specifying a
melting temperature is more ambiguous, as one must also
specify strand concentration. Nonetheless, at relatively high
strand concentration,dTBAr1 exhibits the lowestTmax, and
hence has the lowest thermal stability overall. For other parallel
quadruplex structures,rTBA , at high strand concentration,
exhibits a melting temperature similar to that ofdTBA but a
melting temperature about 5°C lower thandTBA measured at
low strand concentration, whilerTBAd2 melts at a fairly low
temperature, 29°C, at low strand concentration. These results
are consistent with the need to measure the CD spectrum of
dTBAr1 at low temperature and high strand concentration.
Similarly, they are consistent with the lack of quadruplex
formation bydTBAr1 andrTBAd2 in NaCl solution, as these
two sequences form the least stable quadruplexes in KCl.

In the case of the remaining, unimolecular antiparallel
quadruplexes,dTBAr2 andrTBAd1 , both exhibitTmax values
higher than that ofdTBA . This leads to the general observation
that all antiparallel quadruplexes have melting temperatures
higher than those of all of the parallel quadruplexes, indicating
that, at least for this base sequence, the parallel folding topology
is less thermally stable than the antiparallel topology. Further-
more, among the three antiparallel structures, the all-DNA
sequence is the least stable, while among the three parallel
structures, the all-RNA sequence is the most stable.

Results from thermodynamic analysis of the UV melting
curves for those sequences forming unimolecular antiparallel
quadruplexes are presented in Table 3. Similar analysis for
parallel-forming species was not carried out due to significant
hysteresis in their heating and cooling curves. In terms of
thermal stability, the all-DNA sequence is the least stable, while
the mainly DNA sequence,dTBAr2 , is the most stable. The
intermediate thermal stability of the mainly RNA sequence,
rTBAd1 , suggests that RNA can essentially fold in a manner

similar to that of its DNA analogue when the barrier to taking
on the syn conformation is removed. Both RNA-containing
sequences in Table 3 appear to have greater enthalpic contribu-
tions to the stability of their folded structures. This may be due
to stacking differences and or other specific effects. The slightly
lower thermal stability ofrTBAd1 as compared todTBAr2
derives from destabilizing entropic effects, which more than
compensate the slight enthalpic preference for the former.
Because differences in these terms are small, it is difficult to
assess their real significance. What does appear unambiguous
is that both RNA-containing sequences are more stable than
the all-DNA sequence and that this stability increase is enthalpic
in nature. This larger enthalpy change for folding may arise
from differences in direct structural features such as stacking
and/or sugar pucker, the presence/absence of a 5-methyl group
on T/U, or other features, such as hydration. Additional studies
will be necessary to determine the source of these enthalpy
differences.

Imino Proton NMR Spectra. One of the signature properties
of structures based on the guanine quartet involves imino proton
resonances in the∼10.5-12.5 ppm range.9 Thus, we measured
the imino proton spectrum for bothdTBA andrTBA to confirm
the presence of a quadruplex conformation in these sequences.
The imino proton spectrum ofdTBA has been well character-
ized,8 and we include it here simply for reference. Results for
bothdTBA andrTBA are presented in Figure 5. The spectrum
for dTBA resembles that already reported, again indicative of
guanine imino protons engaged in quartet hydrogen bonding.
Similarly, the spectrum forrTBA also contains resonances
characteristic of guanine quartets.

The spectrum of each structure covers a similar range of
frequencies, with that fordTBA slightly smaller than that for
rTBA . Additionally, the resolution is substantially better in the
spectrum fordTBA . The apparently broader lines in therTBA
spectrum may be due to the fact that this structure consists of

(28) Sacca, B.; Lacroix, L.; Mergny, J. L.Nucleic Acids Res.2005, 33, 1182-
92.

(29) Smirnov, I.; Shafer, R. H.Biochemistry2000, 39, 1462-1468.

Table 2. Melting Temperatures Determined by UV Thermal
Denaturationa

sequence Tmax, °C

dTBA 46
dTBAr1 (80 µM) 22
dTBAr2 52
rTBA 41
rTBAd1 49
rTBAd2 29

a Samples run in 10 mM Li-cacodylate buffer, pH 6.8, containing 25
mM KCl and at 7µM strand concentration unless otherwise specified.

Table 3. Thermodynamic Parameters from Van’t Hoff Analysis of
the Thermal Denaturation of Sequences Forming Unimolecular
Antiparallel Quadruplexes in 25 mM KCl

sequence
Tm

(°C, ±0.5)
∆H°

(kcal/mol, ±2)
∆S°

(cal/(mol deg), ±4)
∆G° (37 °C)

(kcal/mol, ±0.2)

dTBA 45.9 40.3 127 0.93
dTBAr2 51.8 45.3 139 2.21
rTBAd1 49.4 46.2 144 1.72

Figure 5. Quartet imino proton spectra forrTBA (top) anddTBA (bottom),
500 µM strand, in 10 mM perdeuterated Tris-acetate buffer, pH 6.8, and
25 mM KCl, 5 °C.
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more than one strand and its spectrum may possess more than
eight resonances. For our purposes, however, the significance
of these spectra is that they confirm the presence of a guanine
quartet-based structure forrTBA , the all-RNA version of this
sequence.

Discussion

Guanine quadruplex stability is affected by multiple forces.
Of primary significance is the ability to form complete guanine
quartets. In general, the more quartets in a structure, the more
stable it will be, all other things held constant. In the case of
folded quadruplexes, we can anticipate a role for the loop
sequences in modulating the stability of these structures. We
have previously shown the importance of loop length and
sequence in determining the thermal stability ofdTBA .29 More
recently, the effect of loop length on quadruplex stability has
been demonstrated in other sequence contexts.26 Evidence
suggesting the possibility of parallel, unimolecular quadruplexes
appeared over a decade ago. For example, in an early study on
the human telomere repeat sequence,30 CD spectra, in the
presence of K+ ions, showed peaks at both 265 and 293 nm,
suggesting the presence of both parallel and antiparallel qua-
druplex structures. Several years later, a report appeared
describing both DNA and RNA forms of theTetrahymenarepeat
sequence, d(T2G4)4, including data suggesting that the RNA
oligonucleotide was both unimolecular and parallel.31

More recently, several structural studies demonstrating a DNA
parallel quadruplex conformation have appeared. Patel and co-
workers described an unusual four-stranded DNA structure, in
the presence of 150 mM Na+, in which two strands of
d(GGAGGAG) formed a quartet and an AGGGA hexad, with
all GG segments parallel to each other; two such structures
complexed with each other via stacking of their respective
hexads.11 Thus, within each two-stranded hexad-quartet struc-
ture, all GG segments are parallel to each other, but those of
one such structure are antiparallel to those of the other.

Katahira and co-workers have reported the NMR solution
structure of the 12-mer d(GGA)4 in the presence of 10 mM
NaCl and 100 mM KCl.10 This structure involves a single strand
folding in a parallel fashion to form one guanine quartet stacked
over a GAGAGAG septet. As in the AGGGGA hexad structure
mentioned above, two such structures stack via their GAGAGAG
heptads, giving rise to a two-stranded structure. Shortly fol-
lowing that report, an X-ray crystal structure for the human
telomere sequence, d(AG3(T2AG3)3), appeared.12 This structure,
obtained in the presence of K+ ions (and a quadruplex-binding
ligand), exhibited a parallel folding topology, in striking contrast
to the antiparallel, folded structure reported about a decade
earlier for the same sequence by NMR in solution, in the
presence of Na+ ions.13 More recently, evidence for a two-
stranded, parallel quadruplex formed by a 2-fold repeat of the
human telomere has been described, in which the two strands
each contribute half of the guanines in each quartet.32 G-rich
sequences from the control region of thec-mycpromoter have
also been shown to form a unimolecular parallel quadruplex.16-18

RNA quadruplexes have been studied less extensively than
DNA quadruplexes. One example is a study demonstrating

different quadruplex structures formed by d(G2AG2T4G2AG2A)
and its RNA analogue, r(G2AG2U4G2AG2A); the DNA sequence
forms a typical bimolecular antiparallel, diagonal loop type
structure, while the RNA sequence forms a dimer of two parallel
unimolecular quadruplexes.33,34 This result echoes that men-
tioned earlier, in which CD and gel electrophoresis data
indicated, under certain conditions, an antiparallel, unimolecular
structure for d(T2G4)4 in contrast to a parallel, unimolecular
structure for r(U2G4)4.31 Some physical studies have been carried
out on an RNA quadruplex-containing aptamer targeted to the
Fragile-X mental retardation protein, although its folding
topology is not apparent.35

At this time, then, there is ample documentation of both
parallel and antiparallel folded quadruplexes, yet relatively little
is known regarding the forces that determine how a specific
sequence folds. One study has shown that the normally
antiparallel folded quadruplex formed by d(G4(T4G4)3) can be
induced to fold to a parallel quadruplex in the presence of K+

when certain single nucleosides are replaced with a locked
nucleic acid (LNA) analogue.36 No clear change from antipar-
allel to parallel was reported, however, in the presence of Na+.
This approach also sought to exploit the preference of the LNA
analogue for the anti conformation, yet in two of the three cases
where conversion from antiparallel to parallel was essentially
complete, the substitutions occurred at sites that normally
possess the anti conformation. Thus, the rationale for those
results is not clear. In the results presented here, the role of the
substituted nucleosides is unambiguously demonstrated via the
control sequences and the results are seen for both K+ and Na+.

A more recent report has appeared describing the effect of
replacing all quartet deoxyguanosines indTBA with the LNA
analogue, which led to a structure with a parallel-like CD
spectrum and substantially lower thermal stability thandTBA .37

No information concerning the molecularity of this structure
was provided, although the observed hysteresis in CD melting
profiles for this modified sequence indicated very slow kinetics,
consistent with the possibility of a multistranded species. In this
regard, it is of interest to note that some two-stranded quadru-
plexes have been shown to exhibit very slow kinetics of
formation/dissociation32 and thus the observation of hysteresis
in melting curves is consistent with either two- or four-stranded
structures. The specific role of they syn-anti properties of the
LNA analogue was not considered.

The potential role of loops in directing a parallel or antipar-
allel fold has been investigated by Neidle and co-workers.26 In
that study, it was concluded that loop length may play a major
role in determining the overall fold. Specifically, the study finds
that the parallel structure is the only stable form when all loops
consist of a single base; in most other cases, both parallel and
antiparallel folds are possible. This conclusion is supported by
previously published structures of parallel quadruplexes, both
DNA and RNA, which possess two or three single-base
loops.6,10,17,34
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The influence of loops on the CD spectrum of quadruplexes
has also been considered. For example, in a study on the CD
spectra of a series of telomere sequences from vertebrates,
Bolton and co-workers have suggested that in spectra possessing
positive peaks near 260 and 290 nm, the longer wavelength
peak may arise from the three-base (TTA) loops while the other
peak arises from the quartet core.38 Similarly, others have shown
that the CD spectrum of the 4-fold repeat ofTetrahymena,
d(T2G4)4, in the presence of NaCl possesses positive peaks at
both 260 and 290 nm,31,39and one explanation is that the unusual
fold of this sequence, involving two lateral loops and one
double-reversal, or propeller, loop,40 is both part parallel and
part antiparallel, and thus may have a CD spectrum with both
peaks. However, the alternative explanation attributing the two
positive peaks to two different species cannot be ruled out,
especially in light of gel results suggesting the presence of two
different species under these conditions.31

Our CD results provide some additional insight into this
question, as parallel and antiparallel species display CD spectra
possessing the positive peak either at 265 nm or at 293 nm, but
not both. The loops, likely composed of two or three bases,
must have different folds yet do not appear to make a separate
contribution to the CD signal. Of course, it is difficult to
generalize from a single example, and thus the general CD
properties of parallel and antiparallel quadruplexes remain to
be elaborated.

The main focus, however, of this work is to investigate the
effect of the guanine nucleoside on the nature of the quadruplex
fold. Specifically, we have demonstrated that dG residues at
certain positions can be replaced with rG residues (a difference
of a single oxygen atom on the sugar ring), resulting in a major
change in the overall folding topology. Starting with all-DNA
(antiparallel conformation), substitution of specific dG residues
can reverse the sense of the fold. Similarly, the parallel fold of
the all-RNA sequence can be reversed by specific substitution
of rG with dG. We rationalize these changes by noting that RNA
nucleosides exhibit a strong preference for the anti conformation
about the glycosidic bond, related to the fact that ribonucleosides
exhibit the C3′-endo (N) type of sugar pucker. This preference
for the anti conformation in RNA is not absolute, as there are
examples of RNA structures containing syn ribonucleosides,
such as Z RNA,20 hairpins,41 G-A mismatches in duplexes,42

and ribozymes.43 Nonetheless, within the context of the
sequences studied here, the inherent preference of ribonucleo-
sides for the anti conformation appears to be sufficiently strong
to force quadruplex refolding.

In addition to reversing the quadruplex fold from antiparallel
to parallel, specific replacement of dG with rG also changes
the molecularity of the structure from one to two strands. At
this time, we can only speculate in a limited manner on the
arrangement of the two strands in the parallel quadruplex formed
by dTBAr1 (and byrTBA andrTBAd2 as well). As illustrated

in Figure 1, several different arrangements are possible for
parallel quadruplexes: (i) a single unimolecular species- Figure
1D, (ii) a dimer of unimolecular quadruplexes, and (iii) a single
quadruplex composed of two strands- Figure 1E. Our results
indicate that the latter two forms are possible arrangements for
the parallel structures investigated here; additional studies will
be necessary to distinguish (ii) from (iii). Examples of type (ii)
structures in the literature involve a single quartet stacked on a
larger guanine quartet-containing platform composed of purines,
such as an AGGGGA hexad11,34 or an GAGAGAG heptad.10

Given the sequence ofTBA , this may be unlikely to form in
the parallel quadruplexes studied here, leaving type (iii) as the
more likely strand configuration.

Energetics of the parallel Fold. It is well appreciated
experimentally that in most DNA and RNA structures, the anti
conformation about the glycosidic bond is more frequently
observed than the syn conformation, implying that the former
is more stable than the latter. Relating these observations to
the conformation properties of the nucleic acid building blocks
is considerably more complicated, as the glycosidic torsion angle
is coupled to other degrees of freedom, such as sugar pucker.
For example, solution studies on purine nucleosides indicate
only relatively small differences between syn and anti confor-
mations,19 yet this similarity in energy is not observed at the
oligo- or polynucleotide level. A clearer correlation is seen,
however, regarding sugar pucker, with ribonucleosides preferring
the C3′ pucker and deoxyribonucleosides preferring the C2′
pucker. Furthermore, computations have led to quite different
energetics between the various conformational states of nucleo-
sides and nucleotides.44

The results described herein demonstrate that the observed
preference of ribonucleosides for the anti conformation about
the glycosidic bond in a large number of structures also holds
for the guanine quadruplex. The energetic difference between
the syn and anti conformations of rG, incorporated into
oligomeric structures, is sufficiently large to destabilize the
antiparallel fold relative to the parallel fold. Similarly, the
relative ease with which dG can exhibit the syn conformation
reverses the situation, resulting in an antiparallel fold for a
mainly RNA chimeric sequence. Thus, there does not appear
to be anything inherent to RNA chemistry or structure prevent-
ing antiparallel folding, other than the glycosidic bond confor-
mational properties. The switch in folding is not the only change
that occurs, however, as the parallel species examined here
consist of more than one strand, while the antiparallel species
are unimolecular. This observation raises the question of the
relationship between folding topology and molecularity. The
TBA sequence presents no obvious obstacle to simply forming
a unimolecular, parallel quadruplex. Unimolecular parallel
structures have been reported containing one-base, two-base,
and three-base loops.17,26Apparently there is some driving force
for a two-stranded, parallel structure in this case such that the
unimolecular species has a higher free energy than the corre-
sponding two-stranded structure, suggesting that the entropic
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cost of associating two strands is less than the enthalpic cost of
forming the unimolecular parallel conformation.

One possible factor influencing the molecularity of parallel
quadruplexes is the sequence in the loops. All of the known
structures of unimolecular parallel DNA quadruplexes, that is,
those in which a single strand folds into a complete parallel
quadruplex, contain adenine in one or more loops and also
contain at least one single-base loop.10,12,17,18In contrast, the
TBA sequence studied here contains no adenine at all and no
single-base loop sequence. This suggests a possible role for loop
sequence in determining the folding pattern for quadruplexes
and also is consistent with earlier studies indicating that single-
base loops are most readily accommodated in unimolecular
parallel quadruplexes.26

While it is somewhat premature to generalize, all RNA
quadruplexes investigated to date appear to exhibit a parallel
folding topology, while only DNA quadruplexes have been
found in both parallel and antiparallel folds. Such differences
could have important biological implications. For example, the
intramolecular guanine quadruplex in mRNA that binds the
fragile-X mental retardation protein7 is likely a parallel, rather
than an antiparallel, structure. Formation of 8-methylguanine
from exposure to certain carcinogens has been reported;45 this

could potentially occur in both DNA and RNA in vivo and
impact the nature of quadruplexes formed in G-rich regions of
the genome or of RNA, due to the influence of methylation at
the 8 position on the syn-anti conformational preferences of
the modified nucleoside. The inactivity of the RNA version of
a DNA quadruplex aptamer that binds ATP could be due to a
change from antiparallel to parallel folding.46 Finally, it is likely
that antiparallel quadruplex structures proposed for G-rich RNA
sequences, such as that identified by in vitro selection to bind
tightly to prions,47 will need revision.

In summary, we have demonstrated how to engineer the
overall folding pattern of guanine quadruplexes by making
specific substitutions of ribo- for deoxyriboguanosines, or vice
versa. These results clearly establish the role of individual
nucleoside conformational preferences on the overall quadruplex
fold and illustrate how a minor modification, addition, or
deletion of a single oxygen atom on several nucleosides can
have a profound impact on nucleic acid secondary, tertiary, and
quaternary structures.
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