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ABSTRACT

Synthesis of unimolecularly circular G-quadruplex
has been accomplished for the first time during our
investigation on the template basis of G-quadruplex
through chemical ligations of guanine-rich linear
sequencesofoligodeoxyribonucleotides.Theunique-
ness of this newly designed circularization course
is its self-recognition and self-templating on the
scale of individual strand of oligodeoxyribonucleo-
tide in which the same linear sequence serves both
as a template and as a substrate simultaneously. The
results from our exonuclease and DNAse hydrolysis
studies confirm that there is indeed absence of open
termini within the structure of the identified circular
product. Our subsequent investigation on the loop-
size effect indicates that the unimolecularly circular
G-quadruplex possessing two or more thymine
nucleotides within their connecting loops is readily
attainable, while the linear sequence with a single
thymine nucleotide between guanine tracts is not a
proper precursor for our ligation reaction. In addition,
conformation dependency of the circularization
course as well as the effects of alkali ions, pH values
and concentration of potassium ions on the circular-
ization reaction are examined during our investiga-
tion. The implication of our current studies and
possible application of the obtained unimolecularly
circular G-quadruplex in certain biological processes
are also discussed in this report.

INTRODUCTION

The structural feature of G-quadruplex is a self-assembling
entity of DNA composed of two or more stacks of G-quartets,
in which four guanines are arranged in a square planar array
(1–8). The adjustable nature of strand stoichiometry (9–17)
allows this self-assembling entity of G-quadruplex to be

formed by the association of either one (unimolecular), two
(bimolecular) or four (tetramolecular) oligomeric molecules.
The well-investigated examples of the linear oligodeoxyribo-
nucleotides that constitute unimolecular, bimolecular and
tetramolecular structures of G-quadruplex (Figure 1)
include d(G3T2AG3T2AG3T2AG3) (3.5 human telomere),
[d(G4T4G4)]2, (Oxy-1.5) and [d(TGGGGT)]4 (12,18–22),
respectively. We reported previously (23) that certain bimo-
lecular structures of G-quadruplex were capable of acting
as templates for directing the formation of circular
oligodeoxyribonucleotides with high efficiency and sequence
specificity. One of the intriguing aspects of these bimolecular
G-quadruplex entities as templates was its mutual templating
fashion on the scale of individual oligodeoxyribonucleotides,
in which one linear strand serves as a template for another.
This mutual-templating pathway consequently led to a unique
G-quadruplex entity constituted of two identical circular
oligodeoxyribonucleotides (23).

The guanine-rich sequences that exhibit potential for the
formation of G-quadruplex are found in a number of import-
ant DNA regions, such as those present at the ends of telo-
meres (24), in the promoter region of c-myc and other
oncogenes (25) and the upstream of the insulin gene (26).
In addition, some aptamers, such as an inhibitor of HIV
integrase (27) and the thrombin-binding aptamer (28), are
formed through the utilization G-quadruplex as their struc-
tural cores. Moreover, several G-quadruplex-binding proteins
have been identified over the past 10 years, such as rat liver
proteins uqTBP25 (29). In most of these cases, however, the
structural feature of G-quadruplex formed was a unimole-
cular entity (24–29) rather than a bimolecular complex. It
consequently becomes apparent that the unimolecular struc-
ture of G-quadruplex plays certain significant roles in various
types of biological processes. On the basis of these earlier
discoveries (24–29), construction of unimolecularly circular
G-quadruplexes tagged with fluorescent molecules (‘j’ in
Figure 2) as molecular probes was accordingly set up as a
long-term research objective in our laboratories at an earlier
time. One of the advantages in our selection of circular
oligodeoxyribonucleotides as diagnostic probes is their
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complete resistance to exonuclease hydrolysis, a property
resulted from the absence of open terminus within their struc-
tures (30). In addition, the structured DNA composed of circular
sequence often possesses a higher melting point than those
constituted of linear components, while higher stability is
always preferred in the design of molecular probes (31).
We hence anticipate that the fluorescence-labeled circularly
unimolecular G-quadruplexes (‘j’ in Figure 2) could, once it
has been attained, act as useful probes for identifying new
types of enzymes and other functional proteins correlated
with G-quadruplex in vivo and for elucidating the binding
patterns between G-quadruplex and its corresponding binding
proteins. In addition, it can be expected that the fluorescent-
tagged G-quadruplex could be a useful molecular probe
for tracing possible subcellular location and distribution of
G-quadruplex-binding proteins inside living cells.

As the initial step, we explored the feasibility of construct-
ing the unimolecular G-quadruplex without a fluorescence
tag (‘h’ in Figure 1). Here, we report that certain unimolecu-
larly circular G-quadruplexes can indeed be attained from
linear precursors through chemical ligation reactions. It can
be envisaged that the circular structure of G-quadruplex in
the absence of fluorescent tag in its structure could be
useful for interfering the regular biological function of G-
quadruplex-binding proteins through physical interaction
between them. In consideration of the fact that several new
proteins discovered during the past few years facilitate either
the formation of linear unimolecular G-quadruplex or disin-
tegration of it (32–38), we anticipate that the unimolecularly
circular G-quadruplexes attained in our current studies (‘h’ in
Figure 1) could be a unique tool for unveiling the winding
and resolving mechanisms of G-quadruplex mediated by these
G-quadruplex-promoting and disintegrating proteins.

It should be pointed out that a unimolecular circular
sequence tagged with fluorescence (‘j’ in Figure 2) rather
than its bimolecular counterpart (k) was chosen as the

synthetic target of our molecular probe. It is known that the
concentrations of diagnostic molecules in many practical
applications are very low (39,40), while bimolecular com-
plexes (k), once dissociated into the corresponding unimole-
cular components (l), might not readily go back to its original
state at a very low concentration due to kinetic unfavor-
ableness. In addition, a fluorescence-tagged bimolecular G-
quadruplex can in theory possess two isomeric forms (k and
m), while one of them (m) may not be suitable as a molecular
probe because of the presence of fluorescence tags at both
ends of its columnar structure that prevent the approach of
G-quadruplex-interacting proteins. This co-existence of two
isomeric forms could decrease the efficiency of bimolecular
G-quadruplexes as molecular probes in practical application.
In contrast, unimolecular G-quadruplex (‘j’ in Figure 2) could,
even if it is denatured occasionally, readily return to its
original folding state as the result of kinetic favorableness.
It consequently appears that the selection of unimolecular
G-quadruplexes as molecular probes has certain advantages
over the choice of their bimolecular counterparts.

MATERIALS AND METHODS

Oligodeoxyribonucleotides and reagents

All oligodeoxyribonucleotides used in these studies (Table 1)
were purchased from Operon Technologies, Inc. Radioactive
strands of oligodeoxyribonucleotides were prepared by phos-
phorylation of the synthetic sequences at their 50 ends with T4

polynucleotide kinase and [g-32P]ATP and purified through
PAGE. The linear precursors in a typical ligation reaction
mixture (20 ml) were composed of mainly non-radiolabeled
50 phosphorylated sequence purchased commercially (1 mM)
and a small amount of the same sequence with a radiolabeled
phosphate at its 50 end (�10 nM). The latter was obtained from
a phosphate transfer reaction between [g-32P]ATP and the

Figure 1. Schematic illustrations of certain structural features of G-quadruplex and our strategy for constructing circular G-quadruplex through chemical ligation.
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corresponding 50 hydroxyl-ended oligodeoxyribonuleotides
catalyzed by T4 polynucleotide kinase. N-Cyanoimidazole
was synthesized from imidazole and cyanogens bromide
(41), purified by sublimation and stored under argon at
�20�C prior to use. Chemical ligation products were analyzed
via 20% denaturing PAGE and visualized by autoradiography.
Concentration of oligodeoxyribonucleotides was measured by
using a ultraviolet (UV) spectrophotometer (UV-2101PC, Shi-
madzu, Kyoto, Japan) at l = 260 nm. Radioactive bands were
quantified by PhosphoImager analysis (SI system, Molecular
Dynamics, Mountain View, CA) and yield of the circulariza-
tion reaction was calculated based on the ratio of the radio-
activity of product to those of both product and reactant.

Chemical ligation reactions

A stock solution of sequence 1 (2 mM) in 100 mM MES
(pH 6.0) and 100 mM KCl were kept at 100�C for 3 min
followed by cooling the mixture to 25�C over a period
of 120 min to allow the formation of unimolecular
G-quadruplexes. The reaction mixtures consisting of 1 mM
of sequence 1 taken from the stock solution, 100 mM MES
(pH 6.0), 100 mM KCl, 10 mM MnCl2 and 10 mM

N-cyanoimidazole in a total volume of 20 ml were then pre-
pared and incubated at 25�C for 6 h. The reaction was next
terminated by the addition of loading buffer and the resultant
ligation product was analyzed by PAGE.

Structural verification of the identified
circular product

Exonuclease VII hydrolysis. The identified circular product
with a slower rate of mobility shift (Figure 3, lane 9) was
purified through PAGE. A reaction mixture containing 10 exo-
nuclease VII buffer (100 mM Tris–HCl, 100 mM potassium
phosphate, 16.6 mM EDTA and 20 mM 2-mercaptoethanol,
pH 7.9), 20 U of exonuclease VII (42) and the identified
circular product or sequence 1 in a total volume of 20 ml
was subsequently prepared and incubated at 37�C for 2 h.
This reaction product was next analyzed through PAGE.

Partial hydrolysis of the identified circular product by DNAse
I. A reaction mixture containing 1· DNAse I buffer (100 mM
sodium acetate and 5 mM magnesium sulfate, pH 5.0), 10 U
DNAse I and the identified circular product in a total volume
of 20 ml was incubated at room temperature for 30 min. This
hydrolysis reaction was terminated by freezing the samples
in liquid nitrogen and the reaction product was analyzed
through PAGE.

fluorescence tag

fluorescence tag

fluorescence tag

fluorescence tag

fluorescence tagfluorescence tag

i

j k l
m
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Figure 2. Structural representation of fluorescence-labeled circular G-quadruplexes.

Figure 3. Construction of unimolecularly circular oligodeoxyribonucleotides
on the template basis of G-quadruplex and time course of the ligation reaction.
Chemical ligation reactions were performed as described in Materials and
Methods. The reaction times for these ligation reactions were 0 (lane 3),
5 (lane 4), 30 (lane 5), 60 (lane 6), 120 (lane 7), 240 (lane 8) and 360 min
(lane 9), respectively. Lane 1, sequence 1 alone; lane 2, same reaction as the one
loaded in lane 9, except for the absence of N-cyanoimidazole; and lane 10, the
45mer of 50-T3CGT2CGTGCT2GCT3GCTCT2G3T2AG5T2AG2T4-30 as a
molecular weight marker.

Table 1. Nucleotide sequences of oligodeoxyribonucleotides used in the

current investigation

Oligomer
name

Nucleotide sequences

Sequence 1 50-GGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGG-30

Mis-1 50-TGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGG-30

Mis-2 50-TGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGT-30

Mis-3 50-TTTTTTGGGGTTTTGGGGTTTTGGGGTTTTGT-30

Mis-4 50-TTTTTTGGGGTTTTGGGGTTTTGGGGTTTTTT-30

Rec-1 50-GTTTTGGGGTTTTGGGGTTTTGGGGTTTTGG-30

Rec-2 50-TTTTGGGGTTTTGGGGTTTTGGGGTTTTGG-30

Rec-3 50-TTTTGGGGTTTTGGGGTTTTGGGGTTTTG-30

Rec-4 50-TTTTGGGGTTTTGGGGTTTTGGGGTTTT-30

Lp-1 50-GGTGGGGTGGGGTGGGGTGG-30

Lp-2 50-GGTTGGGGTTGGGGTTGGGGTTGG-30

Lp-3 50-GGTTTGGGGTTTGGGGTTTGGGGTTTGG-30

Lp-5 50-GGTTTTTGGGGTTTTTGGGGTTTTTGGGGTTTTTGG-30

Sequence 2 50-GGTTTGGGTTTGGGTTTGGGTTTG-30

Sequence 3 50-GGTTAGGGGTTAGGGGTTAGGGGTTAGG-30

G-0 50-GGTTTTGGGGTTTTTTTTTTTTGGGGTTTTGG-30

G-1 50-GGTTTTGGGGTTTTGTTTTTTTGGGGTTTTGG-30

G-2 50GGTTTTGGGGTTTTGGTTTTTTGGGGTTTTGG-30

G-3 50-GGTTTTGGGGTTTTGGGTTTTTGGGGTTTTGG-30

45mer 50-T3CGT2CGTGCT2GCT3GCTCT2G3T2AG5T2AG2T4
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RESULTS AND DISCUSSION

Synthesis of circular oligodeoxyribonucleotides on the
template basis of unimolecular G-quadruplex and
time course of the ligation reaction

Figure 1 illustrates our strategy for manipulating the unimo-
lecular entity of G-quadruplex to facilitate the construction of
guanine-rich circular oligodeoxyribonucleotides. A linear
sequence, 50-GG(TTTTGGGG)3TTTTGG-30 (sequence 1),
was selected as the precursor of our circularization reaction.
It is anticipated that under certain conditions, this linear
oligodeoxyribonucleotide would self-assemble into a desired
unimolecular complex, within which its two termini are
forced to align in a proximal position guided through
Hoogsteen interaction (6). Once this self-assembling entity
(‘g’ in Figure 1) is generated, subsequent chemical ligation
reaction between the two open termini would lead to a
desired circular G-quadruplex constituted of a single strand
of oligodeoxyribonucleotide.

Sequence 1 was hence incubated in a pH 6.0 buffer to allow
the desired structure of G-quadruplex to generate (Figure 1).
The 50 terminal phosphate within the unimolecular complex
was next activated by the addition of N-cyanoimidazole to
facilitate the formation of a phosphodiester bond with its
adjacent 30 hydroxyl group (Figure 1, ‘g’ and ‘h’).
As shown in Figure 3, a new product (lane 9) was generated
from this ligation reaction with its rate of mobility shift slower
than that of sequence 1 (lane 1). It was demonstrated earlier by
Wang and Kool (43) that a 34mer circular oligonucleotide
moved slower than that of its corresponding linear precursor.
Based on this information, the newly formed product (Figure 3,
the higher band in lane 9) from our ligation reaction was
identified tentatively as the circular oligodeoxyribonucleotide
generated from its corresponding linear precursor, sequence 1.
The yields of these ligation reactions were found to be depend-
ent on reaction time: circularization of the linear precursor
proceeded in 13, 29, 42, 59, 67 and 71% yield when the
corresponding reactions continued for 5 (lane 4), 30 (lane 5),
60 (lane 6), 120 (lane 7), 240 (lane 8) and 360 min (lane 9),
respectively. In addition, the overall yield of the circulariza-
tion process was 39% after a period of 6 h reaction, which was
calculated based on the ratio of OD volume of sequence 1
initially used in the ligation reaction to that of circular product
purified from polyacrylamide gel.

It should be noticed that the circular oligodeoxyribonucleo-
tide possessing three guanines in a row in its sequence,
<TTAGGGTTAGGGTTAGGGTTAGGG>, have not yet
been obtained using the same methodology as discussed
above starting from a linear precursor of 50-GGTTAGGGT-
TAGGGTTAGGGTTAG-30 or 50-GTTAGGGTTAGGGT-
TAGGGTTAGG-30. Since these two linear oligodeoxy-
ribonucleotides are closely correlated with the sequences of
telomeres of higher organisms, effort in finding out a proper
condition for circularizing the above sequences will be con-
tinuing in our laboratory.

Confirmation of circular nature of our ligation
product

Exonuclease VII is an exonuclease that hydrolyzes nucleotides
from both 30 and 50 ends of single-stranded linear sequence of

deoxyribonucleic acids. Circular oligodeoxyribonucleotides
are known to resist the degradation by this enzyme (31,42)
due to the absence of open termini within their structures. In
order to confirm the circular nature of its phosphate–sugar
backbones, the newly formed product from our ligation reac-
tion (Figure 3, lane 9) was purified via denaturing PAGE and
then hydrolyzed by this exonuclease. As shown in Figure 4,
there was absence of degradation product observable from the
reaction of our identified circular product with exonuclease
VII (lane 4). As a positive control, the hydrolysis reaction of
sequence 1 with exonuclease VII was also carried out, which
consequently led to lower molecular-weight products in quan-
titative yield (lane 2). The complete resistance of our ligation
product to the hydrolysis by this exonuclease should be con-
sidered as the indication that there is absence of open terminus
within its macromolecular structure.

Earlier gel electrophoresis studies (42,43) revealed that par-
tially randomized hydrolysis of circular sequences of oligo-
nucleotides resulted in a new major band with its rate of
mobility shift correspondent to that of its linear precursor.
The reason leading to this observation is that cleavage of

Figure 4. Hydrolysis of the identified circular products by exonuclease. Lane 1,
sequence 1 alone; lane 2, sequence 1 after treatment with 20 U of exonuclease
VII at 37�C for 2 h; lane 3, the identified circular products alone; and lane 4, the
identified circular product after treatment with 20 U of exonuclease VII at 37�C
for 2 h.

Figure 5. Partial hydrolysis of the identified circular products by DNAse I.
Lane 1, sequence 1 alone; lane 2, the identified circular products alone; and lane
3, the identified circular product after treatment with 10 U of DNAse I at 25�C
for 30 min.
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any of the phosphodiester bonds within a circular structure will
give rise to the corresponding linear products possessing iden-
tical molecular weight (42). With the aim of further confirming
the circular nature of our ligation product, partial hydrolysis
tests were carried out during our investigation using DNAse I,
an enzyme that hydrolyzes both single and duplex forms of
DNA in a randomized pattern. As shown in Figure 5, a major
band was observed upon partial hydrolysis of our ligation
product that exhibited the same rate of mobility shift as
that of its linear precursor (lane 3). In addition, there was
absence of intermediate bands between our ligation
product (higher band in lane 3) and the major band produced
from it, which was the characteristic pattern of randomized
partial hydrolysis of circular oligonucleotides by enzyme or
chemicals (42,43).

Conformation dependency of the circularization
reactions

If the designed self-assembly of G-quadruplex (‘g’ in Figure 1)
is indeed an intermediate structure of our ligation reactions, any
alteration from this conformation should have an effect on our
circularization courses. In order to examine the effect of this
conformation dependency, four new sequences were designed
during our investigations, in which one, two, three or four non-
guanine nucleotides appeared at their 50 or 30 end. As shown in
Figure 6, none of the four mismatched sequences exhibited any
observableamountofcircularizationproduct (lanes3–10)under
the same reaction condition as the one designed for sequence 1
(lane 2). These experimental results indicated that a single-base
variation led to a distorted conformation of G-quadruplex that
was consequently incapable of sustaining correct proximity
between the 50 and 30 termini of the same sequence as required
for further chemical ligation reaction.

In order to further probe the effect of sequence variation
on our circularization reaction, four additional linear
oligodeoxyribonucleotides were selected that were shorter
than sequence 1 by one (rec-1), two (rec-2), three (rec-3) or
four (rec-4 in Figure 7) nucleotide units. Our expectation from
the design of these new sequences was that G-quadruplex,
once it was formed from rec-1, rec-2, rec-3 or rec-4, would
possess recessive ends in the middle of its columnar structure.
As shown in Figure 7, a small amount of circularization

product was generated when the ligation reaction began
with rec-1 (lane 4), while there was absence of circular product
observable in the reactions where the sequences of rec-2
(Figure 7, lane 6), rec-3 (lane 8) and rec-4 (lane 10) were
used as reactants. These observations could be the indication
that a proper structural feature of G-quadruplex can still be
generated from a linear oligodeoxyribonucleotide shorter than
sequence 1 by 1 nt unit, but not by the others that are two or
more nucleotide units shorter.

Loop-size dependency of our circularization reactions

One of the distinctive features of G-quadruplex in structure is
its possession of connecting loops that link the guanine tracts

Figure 7. Effect of recessive sequences on the circularization reaction.
Reactions were carried out in the same way as the one loaded in lane 9 in
Figure 3, except for replacing sequence 1 with the corresponding recessive
sequences. Lane 1, sequence 1 alone; lane 2, reaction mixture of sequence 1;
lane 3, Rec-1 (50-GT4G4T4G4T4G4T4G2-30, 31mer) alone; lane 4, reaction
mixture of Rec-1; lane 5, Rec-2 (50-T4G4T4G4T4G4T4G2-30, 30mer) alone;
lane 6, reaction mixture of Rec-2; lane 7, Rec-3 (50-T4G4T4G4T4G4T4G-30,
29mer) alone; lane 8, reaction mixture of Rec-3; lane 9, Rec-4 (50-
T4G4T4G4T4G4T4-30, 28mer) alone; and lane 10, reaction mixture of Rec-4.

Figure 6. Effect of mismatched sequences on the circularization reaction.
Ligation reactions were carried out in the same way as the one loaded in
lane 9 in Figure 3, except for replacing sequence 1 with the corresponding
mismatched sequences. Lane 1, sequence 1 alone; lane 2, reaction mixture of
sequence 1; lane 3, Mis-1 (50-TGT4G4T4G4T4G4T4G2-30) alone; lane 4,
reaction mixture of Mis-1; lane 5, Mis-2 (50-TGT4G4T4G4T4G4T4GT-30)
alone; lane 6, reaction mixture of Mis-2; lane 7, Mis-3 (50-
TTT4G4T4G4T4G4T4GT-30) alone; lane 8, reaction mixture of Mis-3;
lane 9, Mis-4 (50-TTT4G4T4G4T4G4T4TT-30) alone; and lane 10, reaction
mixture of Mis-4.

Figure 8. Effect of loop size on the circularization reaction. Reactions were
carried out in the same way as the one loaded in lane 9 in Figure 3, except
for replacing sequence 1 with Lp-1 (50-G2TG4TG4TG4TG2-30), Lp-2
(50-G2T2G4T2G4T2G4T2G2-30), Lp-3 (50-G2T3G4T3G4T3G4T3G2-30) and
Lp-5 (50-G2T5G4T5G4T5G4T5G2-30), respectively. Lane 1, Lp-1 alone; lane
2, reaction mixture of Lp-1; lane 3, Lp-2 alone; lane 4, reaction mixture of Lp-2;
lane 5, Lp-3 alone; lane 6, reaction mixture of Lp-3; lane 7, sequence 1 (=Lp-4)
alone; lane 8, reaction mixture of sequence 1; lane 9, Lp-5 alone; and lane 10,
reaction mixture of Lp-5.
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within the unimolecular and bimolecular complexes of
G-quadruplexes (44–52). For example, the guanine-rich
sequences of DNA are capable of forming looped quartet
structures whose stabilities increase with the increase in the
number of intervening thymine residues within their loops
(53–55). Five new sequences were accordingly designed in
our studies, in which the numbers of thymine nucleotide
between guanine tracts are one (Lp-1 in Figure 8), two
(Lp-2), three (Lp-3), four (Lp-4) and five (Lp-5), respectively.
As shown in Figure 8, our circularization reaction starting with
Lp-2 (lane 4), Lp-3 (lane 6), Lp-4 (lane 8) and Lp-5 (lane 10)
proceeded in 31, 20, 72 and 60% yield, respectively. Conver-
sely, there was absence of circularization product observable
when the ligation reaction began with Lp-1 (lane 2). These
results could be the indication that the guanine-rich sequence
possessing a single thymine in its intervening loop might not
be able to sustain the intermediate structure required for our
designed circularization reaction.

Alkali-ion dependency of our circularization course

Selective interaction with cations that fit well in the cavities
formed by the stacking of guanine tetrads is a distinguishable
characteristic of G-quadruplex from any other structural fea-
tures of nucleic acids. In the alkali series, the order of ions
preferred by G-quartet is K+�Na+>Rb+>Cs+>Li+ (1). With
the intention of knowing whether alkali ion affects our circu-
larization course, the efficiency of our circularization course in
the presence of these ions was examined during our investiga-
tion. As shown in Figure 9, there was absence of circular
product observable when lithium (lane 2), sodium (lane 3),
rubidium (lane 4) and cesium ions (lane 5) were used to facil-
itate the formation of G-quadruplex structures. This took place
most likely because these alkali ions might not be able to
sustain a stable structure of G-quadruplex as potassium
ion does under our standard condition for chemical ligation
reactions.

pH dependency of the designed ligation reactions

The effect of pH values on our circularization course was
examined during our investigation in the range from 5.5 to
7.5. As shown in Figure 10, the efficiency of our ligation
reactions decreased with the increase in pH values of the
corresponding buffer solutions. These ligation reactions pro-
ceeded in 75, 78, 71, 49, 9 and 1% yield at pH 5.5 (lane 2), 6.0
(lane 3), 6.5 (lane 4), 7.0 (lane 5) and 7.5 (lane 6), respectively.
Earlier CD spectroscopic analysis (54) revealed that the
variation of pH values of the corresponding buffer solutions

ranged from 5 to 8 alone exhibited little effect on the stability
of G-quadruplex. The relatively low efficiency of our ligation
reaction at higher pH values (lanes 5 and 6) should be attrib-
uted to the fast decomposition of N-cyanoimidazole, the
chemical agent required for the ligation reaction, under
basic conditions.

Potassium ion concentration dependency of our
ligation reaction

Possession of cations by the structural feature of G-quartet
as a part of its structure determines that the formation of
G-quadruplex from its precursor of unstructured sequences
is an ion-concentration dependent process. Earlier capillary
electrophoresis studies (56) revealed that G-quadruplex
was not observable in the absence of cations, while the
amount of this tetraplex structure increased with
the increase in the concentration of potassium ion. When
the concentration of potassium chloride reached up to
100 mM (56), single-stranded form of DNA was converted
to G-quadruplex structures completely. With the aim of
finding out whether our designed unimolecular structure
of G-quadruplex (‘g’ in Figure 1) is affected by the variation
of ion concentration, our ligation reaction in the presence of
different amount of potassium ion was accordingly
examined during our investigation. As shown in Figure 11,
the efficiency of the circularization reactions increased
with the increase in potassium ion concentration (lanes
2–8) and the ligation product in over 50% yield was
obtained when potassium ion concentration was kept at
100 mM (lane 2). These results were consistent with the
early suggestion that there is equilibrium between the
unstructured linear sequence and G-quadruplex structures,

Figure 9. Effect of alkali ions on the circularization reaction. Lane 1, same as
lane 9 in Figure 3; lanes 2–5, reactions were carried out in the same way as the
one loaded in lane 9 in Figure 4, except for replacing KCl with 100 mM of LiCl
(lane 2), NaCl (lane 3), RbCl (lane 4) and CsCl (lane 5), respectively.

Figure 10. pH dependency of the circularization reaction. Reactions were
carried out in the same way as the one loaded in lane 9 in Figure 3, except
for that pH of the buffer solutions were 5.5 (lane 2), 6.0 (lane 3), 6.5 (lane 4), 7.0
(lane 5), and 7.5 (lane 6), respectively; lane 1, sequence 1 alone.

Figure 11. Effect of potassium ion concentration on the circularization
reaction. Ligation reactions were carried out in the same way as the one
loaded in lane 9 in Figure 3, except for that the concentration of potassium
chloride was kept at 200 mM (lane 1), 100 mM (lane 2), 40 mM (lane 3), 20 mM
(lane 4), 10 mM (lane 5), 4 mM (lane 6), 2 mM (lane 7), 1 mM (lane 8), 0.2 mM
(lane 9), 0 mM (lane 10) instead.
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in which a higher ion concentration favors the formation of
structured DNA.

Verification of the formation of G-quadruplex by our
newly synthesized circular oligodeoxyribonucleotides

With the aim of verifying that the structural feature of
G-quadruplex could indeed be generated by the newly synthe-
sized circular oligodeoxyribonucleotides, certain CD spectro-
scopic examinations were carried out on the corresponding
ligation products. A parallel G-quadruplex usually exhibits
a maximum near 265 nm and a minimum near 240 nm,
while an anti-parallel G-quadruplex is characterized by a max-
imum near 290 nm and a minimum near 260 nm, respectively
(57,58). As shown in Figure 12a, our circular oligodeoxy-
ribonucleotide displayed spectra characterized by positive
maxima at 293 nm and a negative minimum at 265 nm
with the increase in potassium chloride concentration,
which are the typical features for the formation of anti-parallel
G-quadruplex from random conformations of oligodeoxyribo-
nucleotides. The result shown in Figure 12a could be
the indication that a guanine-rich circular oligodeoxyribonu-
cleotide, like its linear counterpart (Figure 12b), is capable
of forming anti-parallel G-quadruplex in the presence of
potassium chloride.

In addition, the stabilities of our circular oligodeoxyribo-
nucleotide and its linear precursor were investigated by mon-
itoring the positive band at 295 nm on a Spectropolarimeter
with variation in temperature. The observed melting points of
our circular product and its linear precursor were 79 and 52�C,
respectively (Figure 12c). The higher melting point of the
circular product could be attributed to the absence of free
end movement within the newly formed circular structure.

CONCLUSIONS

Our current studies demonstrate that certain unimolecularly
circular G-quadruplexes can indeed be attained on the tem-
plate basis of G-quadruplex through chemical ligation reac-
tions. These circularization courses are highly effective and
sequence-specific under our standard reaction condition. The
circular structure of G-quadruplex possessing two, three, four
or five thymine nucleotides in its intervening loops is readily
achievable, while the linear sequences possessing a single
thymine nucleotide between its guanine tracts is not a proper
precursor for our circularization reaction. Potassium ion is
the only one in the alkali series that promotes the formation
of circularly unimolecular G-quadruplex, which indicates that
this circularization process is susceptible to variation of
the nature of metal ion in the cavity of G-quartet. In addition,
this circularization course can be affected by other factors such
as pH values of the corresponding buffer solutions as well as
the concentration of potassium ions. We accordingly antici-
pate that the unimolecularly circular G-quadruplexes achieved
in our studies could be useful molecular probes for investigat-
ing the winding and resolving mechanisms of G-quadruplex
promoted by G-quadruplex-promoting and disintegrating
proteins. More importantly, the current studies do lay a
firm experimental foundation for further constructing fluores-
cence-tagged unimolecularly circular G-quadruplexes (‘j’ in
Figure 2) in the near future.

7
(a)

(b)

(c)

Figure 12. CD spectroscopic measurement of linear and circular
oligodeoxyribonucleotides. (a) Spectrum of circular <GGTT-
TTGGGGTTTTGGGGTTTTGGGGTTTTGG> (20 mM) in 10 mM Tris–
HCl buffer (pH 7.0) containing 0 mM (——), 0.1 mM (— — —), 0.2 mM
(– – – – – –), 2 mM (– — – —) and 20 mM (– – –—– – –) KCl; (b) spectrum of
linear GGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGG in 10 mM Tris–
HCl buffer (pH 7.0) containing 0 mM (——), 0.5 mM (— — —), 1.5 mM
(– – – – – –) 2 mM (– — – —) and 20 mM (– – –—– – –) KCl; and (c) melting
point measurement of linear (20 mM) (——) and circular (20 mM) (– – – – – –)
oligodeoxyribonucleotides in 10 mM Tris–HCl buffer (pH 7.0) containing
20 mM KCl.
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