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ABSTRACT

Recent X-ray crystallographic studies on the human
telomere sequence d[AGGG(TTAGGG)s] revealed a
unimolecular, parallel quadruplex structure in the
presence of potassium ions, while earlier NMR res-
ults in the presence of sodium ions indicated a unim-
olecular, antiparallel quadruplex. In an effort to
identify and isolate the parallel form in solution, we
have successfully ligated into circular products
the single-stranded human telomere and several
modified human telomere sequences in potassium-
containing solutions. Using these sequences with
one or two terminal phosphates, we have made chem-
ically ligated products via creation of an additional
loop. Circular products have been identified by poly-
acrylamide gel electrophoresis, enzymatic digestion
with exonuclease VIl and electrospray mass spectro-
metry in negative ion mode. Optimum pH for the liga-
tion reaction of the human telomere sequence ranges
from 4.5 to 6.0. Several buffers were also examined,
with MES yielding the greatest ligation efficiency.
Human telomere sequences with two phosphate
groups, one each at the 3’ and 5 ends, were more
efficient at ligation, via pyrophosphate bond forma-
tion, than the corresponding sequences with only one
phosphate group, at the 5 end. Circular dichroism
spectra showed that the ligation product was derived
from an antiparallel, single-stranded guanine quad-
ruplex rather than a parallel single-stranded guanine
quadruplex structure.

INTRODUCTION

The structural elaboration and complexity of telomeric DNA
sequences, as well as their potential importance for the design
of anticancer drugs, have received much attention in the past

decade (1-9). Wang and Patel reported that a human telomeric
sequence, d(AG3(T>AG3;);), formed a unimolecular antiparal-
lel basket-type guanine quadruplex in Na*-containing solution
(10). Parkinson and colleagues (11) described a strikingly
different crystal structure of the same sequence in the presence
of K* ions, a parallel quadruplex which could readily be incor-
porated into a higher-order DNA architecture and whose three
loops splayed out like a propeller from the main body of
the quadruplex. This remarkable structural feature could
also facilitate the necessary folding and unfolding of stacked
quadruplexes during chromosome replication since there is no
formation of knots in the structure (12). Interest in the type of
unimolecular conformations formed by human telomere
sequences in solution, as a function of ionic conditions,
continues to grow and some new results have been recently
proposed.

In a study using platinum cross-linking, only the antiparallel
basket-type conformation was detected in both Na* and K*
solutions (13). Ying and co-workers also published a paper
concerning parallel and antiparallel conformations using
single-molecule fluorescence energy transfer and proposed
that the two distinct conformations could coexist and inter-
convert under near-physiological conditions (14). More
recently, He et al. suggested for the first time that there
was a third unimolecular antiparallel chair-type quadruplex
for this sequence in solution in the presence of either Na*
or K* jons with '*I-radioprobing (15). Although some of
the methods above cannot distinguish fine structural details
among the three different types of unimolecular quadruplex,
parallel propeller-type, antiparallel chair-type or basket-type
of conformation, these informative papers suggest that addi-
tional studies on the flexibility and polymorphism of telomeric
oligodeoxynucleotides in solution are warranted.

In this paper, we apply chemical ligation of linear human
telomere sequences into circular oligodeoxynucleotides, based
on unimolecular guanine quadruplex formation of the unlig-
ated species, to explore the various solution conformations
exhibited by these sequences. This approach to circularization
of short oligonucleotides has been recently applied to a variety
of sequences (16-19). Circular oligodeoxynucleotides are
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promising as molecular tools for hybridization, diagnostics
and inhibition of gene expression since they possess higher
DNA-binding affinity, greater sequence selectivity, stronger
exonuclease resistance and higher stability than the corres-
ponding linear sequences (17,20-24). Furthermore, many
other non-telomeric guanine-rich DNA sequences have also
been found in a number of important regions, such as the
promoter region of the c-myc gene (25,26), the switch regions
of immunoglobulin genes (27) and the region upstream of the
insulin gene (28). Quadruplex structures are also important
as potential therapeutic agents, e.g. the thrombin binding
aptamer (29) and an inhibitor of HIV integrase (30). At pre-
sent, some circular products of oligodeoxynucleotides based
on unimolecular quadruplex or hairpin quadruplex structures
have been successfully synthesized, all having their ligation
position within the quartet stack (18). Here, we report, for
the first time, that chemical ligation can occur at loop
positions of unimolecular quadruplexes by pyrophosphate
bond formation between two phosphate groups located at
the 3’ and 5 ends.

Our strategy for constructing a circular quadruplex through
covalent ligation of the human telomere sequence a at a
loop position is shown in Figure 1. The parallel, b and two
antiparallel, ¢ and d, conformations may coexist at equilib-
rium, in varying amounts in either K-, Na*-, Pb**- or Ba*'-
containing solution. Once one conformation among them is
ligated into the corresponding circular quadruplex, the
dynamic equilibrium may adjust by repopulating the species
thus depleted. Continued ligation should result in conversion
of a substantial amount of DNA to the ligated form.
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The likelihood of ligation occurring depends strongly on the
geometry of the quadruplex conformation. The linear distance
between the 3’ and 5’ ends of the parallel human telomere
quadruplex, determined by X-ray crystallography (11),is 6.9 A
(Figure 1, b and e), while that of the antiparallel basket-type
quadruplex, determined by NMR (10), is 19.75 A (Figure 1, d
and g). The distance of covalent ligation formed through one
phosphodiester bond between adjacent bases in an oligodeoxy-
nucleotide is usually ~3.5 A. Therefore, we speculated that
the ligation distance of a pyrophosphate bond formed by two
phosphate groups located at the 3’ and 5 ends, ~7.0 A,
would closely approximate the distance separating the two
ends in the parallel quadruplex, and thus would be favorable
for ligation of b to form the circular parallel quadruplex e.
Pyrophosphate bond formation involves ligation of two free
phosphate groups and has been shown to have little effect on
DNA duplex conformation (31). Since the two ends in the
antiparallel conformation ¢ are located on the same side of
the top quartet, we may expect that ligation would occur
readily here as well. Obviously, the much longer separation
of the two ends in the basket-type quadruplex d would be
unlikely to lead to the formation of circular product g.

In consideration of the fact that ends at loop positions are
more flexible than those within the quartet stack, extension by
one base at the 5" end or one base each at both 3’ and 5" ends
was designed to increase the collision and ligation efficiency.
Even so, it can be imagined that the diagonal loop in con-
formation d probably prevents ligation by steric hindrance.
Additionally, in order to confirm the possibility of ligation of
the chair-type quadruplex, we investigate covalent ligation
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Figure 1. Schematic diagram of possible unimolecular guanine quadruplex conformations of human telomere and our strategy for constructing circular quadruplexes
through covalent ligation at the loop position. Hashed lines represent pyrophosphate bond formation; arrows indicate 5’ — 3’ direction.



of the extended thrombin binding aptamer (TBA),
d(pTG,T,G,TATG,T,G,p), which we assume possesses a
chair-type conformation similar to ¢ (32). On the other
hand, a basket-type quadruplex, d(pTG4(T4G4)sp), as determ-
ined by NMR (33), resembling d, is utilized to examine further
the possibility of forming a circular basket-type quadruplex, g.
Our results suggest that the unimolecular chair-type quad-
ruplex c is the main conformation giving rise to the formation
of circular product under our experimental ligation conditions.

MATERIALS AND METHODS
Oligodeoxyribonucleotides and reagents

All oligodeoxyribonucleotides in the study (Table 1) were
purchased from Integrated DNA Technologies, Inc
(Coralville, Towa, USA). Concentrations of oligodeoxyribo-
nucleotides were determined by UV spectrophotometry (Cary
100, Varian, Palo Alto, CA) using calculated extinction coef-
ficients (34), also included in this table. N-cyanoimidazole was
synthesized from imidazole and cyanogen bromide (35), puri-
fied by sublimation and stored under argon at —20°C prior
to use. Covalent ligation products were analyzed via 20%
denaturing polyacrylamide gel electrophoresis (PAGE) and
visualized by stains-all. CD spectra were obtained on an Aviv
model 215 spectrophotometer (Aviv Biomedical, Inc, NJ).

Covalent ligation reaction

The selected sequence (40 pmol) was dissolved in 10 pul of
200 mM MES (2-(N-morpholino) ethanesulfonic acid mono-
hydrate) buffer containing 20 mM KCI. Incubation at 4°C for 2
h allowed for the formation of unimolecular guanine quad-
ruplexes (Figure 1, b—d). The 5'- and 3’-terminal phosphates
were activated by adding 1 pl of 1 M N-cyanoimidazole and 1
pl of 1 M MnCl, for a total volume of 20 ul (36-38). The
reaction mixture was kept at 4°C for 12 h to form a circular
product generated by pyrophosphate bond formation between
two phosphates. In the case of sequences with one phosphate
at the 5’ end, ligation was carried out via formation of a
phosphodiester bond between the 5'-phosphate and adjacent
3’-hydroxyl group. Reactions were terminated by addition of
loading buffer and ligation products were subsequently ana-
lyzed by PAGE under denaturing conditions.

Table 1. Oligodeoxyribonucleotides used in this study

Designation Sequence €60
HT d(AGGGTTAGGGTTAGGGTTAGGG) 236 880
HT1 d(pAGGGTTAGGGTTAGGGTTAGGG) 236 880
HT2 d(pAGGGTTAGGGTTAGGGTTAGGGp) 236 880
HT3 d(pAGGGTTAGGGTTAGGGTTAGGGT) 245 160
HT4 d(pAGGGTTAGGGTTAGGGTTAGGGT)) 245 160
HTS d(pTAGGGTTAGGGTTAGGGTTAGGGT) 253380
HT6 d(pTAGGGTTAGGGTTAGGGTTAGGGT)) 253830
HT7 d(pGTTAGGGTTAGGGTTAGGGTTAGG) 254660
HT8 d(pGTTAGGGTTAGGGTTAGGGTTAGGp) 254660
TBAI1 d(pTGGTTGGTGTGGTTGG) 155160
TBA2 d(pTGGTTGGTGTGGTTGGp) 155160
Oxyl d(pTGGGGTTTTGGGGTTTTGGGGTTTTGGGGp) 281420
T20 d(TTTTTTTTTTTTTTTTTTTT)

“Extinction coefficients, 1/(mol cm), at 260 nm.
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Structural identification of circular products

Exonuclease VII hydrolysis. Reaction mixtures containing
10 ul exonuclease VII buffer (200 mM Tris—HCI, 200 mM
potassium phosphate, 33.2 mM EDTA and 40 mM 2-
mercaptoethanol, pH 7.9), 4 ul of 10 U/ul exonuclease VII
(Amersham Phamercia Biotech, USA) (39) and 6 pl of purified
ligation reaction solution in a total volume of 20 pl was incub-
ated at 37°C for 2 h. Reaction products were then analyzed by
PAGE under denaturing conditions.

Mass spectrometry. Sequences were analyzed by nano-
electrospray ionization mass spectrometry (ESI) on an LTQ
(Thermo Finnigan Corporation, USA) spectrometer operating
in negative ion mode at the School of Pharmacy Mass Spec-
trometry Facility, UCSF.

RESULTS AND DISCUSSION
Formation of covalent ligation circular products

As shown in Figure 2, circular dichroism reveals that solutions
of the human telomere sequence (HT) or its modification with
one phosphate (HT1) or two phosphates (HT2) consist of a
mixture of parallel and antiparallel quadruplexes because
each spectrum exhibits a major peak near 290 nm, consistent
with antiparallel quadruplexes, along with a minor peak near
265 nm, consistent with parallel quadruplexes. Relying solely
on CD to assign strand alignment is not foolproof (40), but in
most cases has proved to be a useful guide. Recent studies of
vertebrate telomere repeats indicate that parallel quadruplex
structures have at least the 265 nm peak, and possibly a sec-
ondary peak near 290 nm (41). Several NMR reports have
appeared demonstrating that 2-fold repeats of the human
telomere, or related, sequences can take on both parallel
and antiparallel conformations (42). Thus, it appears reason-
able to infer the presence of a parallel structure (possibly along
with antiparallel structures) when a significant CD peak near
265 nm is present and an antiparallel structure when only
the 290 nm peak appears. Furthermore, CD spectra cannot
distinguish between unimolecular and four-stranded parallel
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Figure 2. CD spectroscopy of HT (triangles, 5 uM), HT1 (circles, 6 uM) and
HT2 (squares, 4 uM) in 10 mM of Li-cacodylate buffer and 10 mM of KCI.
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Figure 3. (a) (Top) Effect of pH on circularization of linear oligodeoxyribonucleotide HT2. Covalent ligation reactions were performed as described in Materials and
Methods. The circularization reaction proceeded at pH 4.5 (lane 2), 5.0 (lane 3), 5.5 (lane 4), 6.0 (lane 5), 6.5 (lane 6) and 7.0 (lane 7), respectively. Lane 1: same
reaction as the one loaded in lane 4, except for the absence of N-cyanoimidazole. Lane 10: the 20mer d(T,¢) as a molecular weight marker. (Bottom) Hydrolysis of
HT?2 ligation product by exonuclease VII. Lane 1: linear HT2 alone. Lane 2: linear HT?2 after treatment with 20 U of exonuclease VII at 37°C for 2 h. Lane 3: ligation
reaction mixture alone. Lane 4: ligation reaction mixture after treatment with 20 U of exonuclease VII at 37°C for 2 h. (b) (Top) Loop size and phosphate group
number dependency of the covalent ligation of human telomere sequences. Same reaction as the one loaded in lane 4 in Figure 3a, except for replacing sequence
HT2 with HT1, d(pAG3T,AG3T,AG;3T,AG;), HT3, d(pAG;T,AG; T, AG; TLAG3T), HT4, d(pAG; TAG3 ToAG3TLAG;3Tp), HTS, d(pTAG3T,AG3T,AG;T,AG;T)
or HT6, d(pTAG;T,AG3T,AG3T,AG;Tp), respectively. Lane 1: HT1 alone. Lanes 2—7 contain reaction mixtures of HT1 (lane 2), HT2 (lane 3), HT3 (lane 4), HT4
(lane 5), HTS (lane 6) and HT6 (lane 7), respectively. (Bottom) Hydrolysis of ligation product of HT4 and HT6 by exonuclease VII. Lane 1: HT4 alone. Lane 2:
ligation reaction mixture of HT4. Lane 3: ligation reaction mixture of HT4 after treatment with 20 U of exonuclease VII at 37°C for 2 h. Lane 4: HT6 alone. Lane 5:
ligation reaction mixture of HT6. Lane 6: ligation reaction mixture of HT6 after treatment with 20 U of exonuclease VII at 37°C for 2 h. (¢) (Top) End position
dependency of the covalent ligation of human telomeres. Same reaction as the one loaded in lane 4 in Figure 3a, top, except for replacing sequence HT2 with HTS,
d(pTAG;T,AG;T>,AG;T,AG3T), HT6, d(pTAG;TAG3TrAG3TLAG;3Tp), HT7, d(pGTL,AG;T,AG;T,AG;T,AG,) and HTS, d(pGT,AG;T,AG3ToAG;T,AG,p),
respectively. Lanes 1, 3, 5 and 7: same reaction as the one loaded in 1ane 4, except for the absence of N-cyanoimidazole. Lanes 2,4, 6 and 8 contain reaction mixtures of
HT5, HT6, HT7 and HTS, respectively. Lane 9: the 20mer of 5'-d(T5()-3' as a molecular weight marker. (Bottom) Hydrolysis of ligation product of HT6 and HT8
by exonuclease VII. Lane 1: HT6 alone. Lane 2: ligation reaction mixture of HT6. Lane 3: ligation reaction mixture of HT6 after treatment with 20 U of exonuclease
VII at 37°C for 2 h. Lane 4: HT8 alone. Lane 5: ligation reaction mixture of HT8. Lane 6: ligation reaction mixture of HTS after treatment with 20 U of exonuclease

VII at 37°C for 2 h.

quadruplexes, nor between basket and chair antiparallel
quadruplexes. However, native gels show no evidence for
four-stranded quadruplexes (data not shown), and thus we
infer that the peak near 265 nm most likely arises from a
unimolecular parallel conformation. Sequence HT2 was
accordingly chosen for most of our studies, as it resulted in
higher yields of circular products than HT1 (see below).

HT2 was first incubated in a pH 5.5 buffer to allow the
desired quadruplex structure to form. Both 3'- and 5'-terminal
phosphates within the unimolecular complex were next activ-
ated by addition of N-cyanoimidazole to facilitate the forma-
tion of a pyrophosphate bond between 3’- and 5’-phosphates
(Figure 1, b — e and ¢ — f). Analysis of the reaction products
was subsequently carried out through denaturing polyacryl-
amide gel electrophoresis. As shown in Figure 3a, top, lane 4,
a new product was generated from this ligation reaction
with greater mobility than that of its corresponding linear
precursor HT2 (lane 1). Based on this information, the
newly formed product was identified tentatively as the circular
oligodeoxyribonucleotide generated from its corresponding
linear precursor, HT2. The efficiency of these ligation reac-
tions was found to be strongly dependent on pH. Circulariza-
tion increased with the increase of pH from 4.5 to 5.5 (Figure
3a, top, lanes 2—4), with an optimum at pH 5.5 (lane 4). The
amount of circular product decreased with higher pH, and at
pH 7.0 (lane 7) only a small amount of product was observed.
A linear 20mer, d(T,p) (lane 8), was used as a molecular
weight marker.

In order to verify the circular nature of HT2 with a pyro-
phosphate bond, the ligation reaction mixture, containing
circular product and linear precursor, was digested with
exonuclease VII, an enzyme that hydrolyzes nucleotides
from both 3" and 5’ ends of single-stranded deoxyribonucleic

acids. Circular oligodeoxyribonucleotides are known to
resist degradation by this enzyme (21,39) due to the absence
of open termini within their structures. As shown in Figure 3a,
bottom, only the linear precursor was susceptible to exonuc-
lease digestion (lane 4). As a control, the hydrolysis reaction
of unreacted HT2 with exonuclease VII was also carried out,
which consequently led to lower molecular-weight products in
quantitative yield (lane 2). The complete resistance of
our ligation product to hydrolysis by this exonuclease
demonstrates the absence of open termini within its unim-
olecular structure.

With the aim of further confirming the nature of the unim-
olecular ligation product, we purified it by PAGE and then
analyzed it by electrospray mass spectrometry in negative ion
mode. The expected mass for the ligated product is 7108 Da,
and we observed a peak at a mass of 709.55 Da, which cor-
responds to an ion with 10 negative charges and a molecular
mass of 709.55 x 10 + 10 = 7105.5 Da, in good agreement
with the expected mass. Similarly, for the linear precursor, we
observed a peak at 711.45 Da, corresponding to an ion
with 10 negative ions and a molecular mass of 711.45 x
10 + 10 = 7124.5 Da. This is consistent with the expected
molecular mass of 7126.5 Da. It should be noted that we
observed a peak at 695.45 Da for HT (same sequence as
HT?2 but without any phosphate group at its ends) processed
by the same circularization and purification procedures as
HT?2. This corresponds to an ion with 10 negative charges
and a mass of 695.45 x 10 + 10 = 6964.5 Da, in close agree-
ment with its expected molecular weight of 6966.5. This
result demonstrates that the presence of terminal phosphate
groups is a prerequisite for circularization of the sequence.
Taken together, these results provide additional evidence for
the formation of circular, ligated product.



Influence of loop size and number of phosphate groups
on covalent ligation

The results presented above demonstrate that circular product
was indeed formed by our ligation procedure. However, what
is not clear is which kind or kinds of quadruplex conformation
generated the circular product. From our previous structural
considerations, conformations b and ¢ in Figure 1 should
allow for circular product formation, while conformation d
is unlikely to form the corresponding circular product g
because of the large distance (19.75 A) separating the ends.
Assuming that conformation d exists in solution, we examined
the effect of one or two extra terminal bases, decreasing the
end-to-end distance, on covalent ligation. Figure 3b, top,
presents the results from these experiments.

The increase of loop size did not improve the ligation reac-
tion, even for the sequences with two phosphates such as HT4
and HT6. There are probably two geometric factors controlling
linkage efficiency: the end-to-end distance and the end flex-
ibility, the latter becoming important once the former is sat-
isfied. We can imagine that the longer the loop size, the greater
the flexibility, resulting in a lower frequency of effective col-
lisions. For conformations b and ¢ in Figure 1, elongation of
the loop would increase the end flexibility, while for con-
formation d, although a longer loop may better satisfy the
end-to-end distance requirement, the existing diagonal loop
would still sterically hinder one end from coming into close
proximity of the other end, as required for chemical ligation.

One of the interesting phenomena observed with sequences
containing only one phosphate, such as HT1, HT3 and HTS, is
a far smaller amount of ligation product than with two phos-
phates, such as HT2, HT4 and HT6. This may be due to the
fact that sequences containing two phosphates possess higher
reactant collision frequencies leading to circular products than
those sequences with one phosphate and one hydroxyl group,
because there are several available oxygen atoms in each
phosphate, while there is only one oxygen atom available
in the terminal hydroxyl group. In addition, nucleophilic attack
by a hydroxyl group is weaker than by an oxygen anion.

Finally, ligation products from HT4 and HT6 were con-
firmed by exonuclease VII digestion in the same way as
HT2. As shown in Figure 3b, bottom, the linear precursors
in the ligation reaction mixture of HT4 or HT6 were digested,
and their corresponding gel bands have disappeared (lanes 3
and 6) while circular products remained unaffected. These
results reveal again that covalent ligation at loop sites is highly
efficient under our reaction conditions.

Influence of end positions on covalent ligation

In order to compare the feasibility of the ligation reaction at
different positions within the guanine quadruplex, HTS and
HT6 with loop ends, as well as HT7 and HT8 with columnar
ends (i.e. ends within the quartet core), were subject to the
circularization reaction. As shown in Figure 3c, top, sequences
HTS5 (lane 2) and HT7 (lane 6) with only one phosphate at the
5’ end led to undetectable amounts of circular products, while
sequences HT6 and HT8 with two phosphate groups, one each
at the 3’ and 5’ ends, possess better ligation yields whether
the end position was within a loop (lane 4) or quartet stack
(lane 8). Moreover, the yield of circular product for HT8 with
columnar ends appears higher than that of HT6 with loop ends.
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This result indicates again that human telomere sequences
with two phosphates lead to higher yields for covalent ligation
than those with one phosphate. As in the case of DNA
duplexes (31), pyrophosphate formation does not appear to
significantly distort the quadruplex conformation. The circular
products from HT6 and HT8 were also confirmed by exonuc-
lease VII digestion in the same way as HT2. The results are
shown in Figure 3c, bottom.

Influence of metal ions and buffers on covalent ligation

Nucleic acid quadruplexes based on the guanine quartet are
stabilized not only by monovalent cations such as K*, Na™ and
NHj (43), but also by certain divalent cations such as Pb>"
(44), Sr?* (45,46) and Ba?* (43). With the purpose of exploring
the effect of different metals on the unimolecular quadruplex
conformations of the human telomere sequence, we determ-
ined CD spectra of HT2 in K*, Na*, Pb*" or Ba®* ions
(Figure 4a). The peaks at 295 nm in Na*, 302 nm in Ba** and
312 nm in Pb** clearly indicate that HT2 forms antiparallel
quadruplex structures although, again, we cannot distinguish
chair-type from basket-type conformations. In contrast, the
presence of K' leads to a significant contribution near
265 nm, arising from a parallel quadruplex conformation,
as seen in Figure 2. The effect of different cations was invest-
igated further by carrying out covalent ligation reactions, as
described above. The results of these studies are presented in
Figure 5.
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Figure 4. CD spectroscopy of HT2 (4 uM) in KCI (triangles, 20 mM), NaCl
(circles, 20 mM), Pb(NOs), (squares, 4 uM), BaCl, (inverted triangles, 4 uM)
and 10 mM of Li-cacodylate buffer (pH 5.5) (a) or 200 mM of MES buffer
(pH 5.5) (b).
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Figure 5. Metal ion and buffer dependency of the covalent ligation of human
telomere HT2. Lane 1: Same as lane 1 in Figure 3a, top. Lane 2: Same as lane 4
in Figure 3a, top. Lanes 3-5: reactions were carried out in the same way as the
one loaded in lane 4 in Figure 3a, top, except for replacing KCI with 20 mM
NaCl (lane 3), 20 uM Pb*" (lane 4), 20 uM Ba*" (lane 5). Lanes 6-7: Same as
lane 4 in Figure 3a, top, except for replacing MES with 10 mM Li-cacodylate
(lane 6) or 10 mM Tris—HCI (lane 7).

As illustrated in Figure 5, conversion of HT2 to covalently
ligated product is seen for all cations examined (lanes 1-5)
when MES is used as buffer. The result for HT2 in Li-
cacodylate buffer indicates that only small amounts of circular
product were formed whether in K* (lane 6) or in Na*, Pb*" or
Ba?* solution (data not shown). The same experiments were
also carried in tris—HCI buffer and K*-, Na™-, Pb>*- or Ba>*-
containing solutions. The circular products obtained in all
metals in tris—HCI buffer were almost the same as illustrated
in lane 7, Figure 5. It is not clear whether the different amounts
of circular products obtained in MES compared to the other
buffers reflect differences in DNA conformation in these buf-
fers or differences in ligation efficiency or a combination of
both. Nonetheless, Figure 4b reveals some degree of buffer
impact on the quadruplex conformation prior to covalent liga-
tion. Specifically, in MES buffer, there is relatively little evid-
ence of a peak at 265 nm in the CD spectra, indicating a
relatively small amount of parallel quadruplex is formed.
The fairly high yields of circular products for HT2 in MES
buffer suggest that the chair-type antiparallel conformation is
present in significant amounts under these conditions.

Quadruplex conformation of the circular product

The HT?2 circular product was purified by column chromato-
graphy and its CD spectrum was determined under native
conditions. As shown in Figure 6, the spectrum is character-
istic of antiparallel quadruplexes and thus reflects the major
component observed in K*-MES buffer prior to covalent liga-
tion (Figure 4b). Based on geometric factors discussed above,
the circular product most likely derives from the antiparallel
chair conformation (Figure 1, ¢ and f). There are several
possible explanations for the lack of covalently ligated, par-
allel quadruplex products. First, based on the CD spectrum in
Figure 4b, there is only a small amount, at best, of parallel
structure present prior to ligation, which may result in
undetectable amounts of covalent product. A second explana-
tion may be that the structural details of the unimolecular,
parallel quadruplex in solution differ from those observed
in the crystal structure (11), such that the terminal phosphate
groups are too far apart for efficient ligation.

In order to gain further insight into the possible solution
conformations susceptible to covalent ligation, we examined
the cyclization behavior of several other quadruplex-forming
sequences. The conformation of the TBA has been shown to
be the antiparallel chair-type quadruplex in the presence of
K" ions by NMR (29,47). We selected TBA to confirm the
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Figure 6. CD spectroscopy of purified circular product of HT2 (1.2 uM) in
200 mM MES buffer (pH 5.5) containing 20 mM KCI.

feasibility of covalent ligation for the chair-type quadruplex
conformation of the human telomere sequence (Figure 7, ¢), to
further support our interpretation that the circular product
of HT?2 results from this particular antiparallel conformation.
Thus, we subjected several TBA-like sequences to covalent
ligation, both containing an extra T at the 5’ end, TBA1, with
one terminal phosphate and TBA2, with two terminal phos-
phates (Figure 7). As shown in Figure 8a, both TBA1 (lane 4)
and TBA2 (lane 2) can be ligated into circular products, with a
higher yield for TBA2 than TBA1. The ligation product from
TBA2 was also confirmed by enzymatic digestion with exo-
nuclease VII. As shown in Figure 8b, the linear precursor in
the ligation reaction mixture of TBA2 was digested (lane 2)
while the circular product remained unaffected.

These results demonstrate that covalent ligation can occur
from the antiparallel, chair conformation. Furthermore, they
indicate again that sequences with two phosphate groups, one
each at the 3’ and 5’ ends, form a pyrophosphate bond more
readily than the corresponding sequences with only one phos-
phate group at the 5’ end formed a phosphodiester bond.

On the other hand, the sequence d(G4(T4G,4);), based on
the Oxytricha telomere repeat, has been shown to possess a
basket-type guanine quadruplex conformation (33). Its modi-
fied sequence d(pTG4(T4G4)sp), Oxyl (Figure 7) was utilized
to examine the feasibility of covalent ligation for a sequence
with the structural feature similar to Figure 1, d. Our experi-
mental result revealed that no ligation product was obtained
(data not shown). This observation further supports our
conclusion that the circular product obtained from covalent
ligation of human telomere sequences originated from an anti-
parallel chair-type guanine quadruplex conformation.

If covalent ligation cannot proceed directly from a given
quadruplex conformation, such as the basket-type antiparallel
conformation, then prior to ligation, molecules in such a con-
formation would have to undergo a conformational change to
one that allows ligation to proceed. For example, using the
structures in Figure 1, the only way molecules existing in a



TBA2

Nucleic Acids Research, 2005, Vol. 33, No. 10 3191

Figure 7. Schematic illustration of certain structural features of guanine quadruplexes comparing thrombin binding aptamer, oxytricha telomeric and human

telomeric sequences.

(@)  Sequence TBA1 TBA2
Lane 1 2 3 4

linear TBA—— 4l 0 x

circular TBA ——

(b)

Exonuclease VII - - +
Lane 1 2 K)

linear TBA2 —
-

circular TBA2 —=

Figure 8. (a) Circularization of thrombin binding aptamer (TBA). Lane 1:
TBAI alone. Lane 2: TBAI ligated in the same reaction as the one loaded
in lane 4 in Figure 3a, top. Lane 3: TBA2 alone. Lane 4: TBAZ2 ligated in the
same reaction as the one loaded in lane 4 in Figure 3a, top, except for ligation
reaction at 25°C. (b) Hydrolysis of ligation product of TBA2 by exonuclease.
Lane 1: TBA2 alone. Lane 2: mixture of ligation reaction of TBA2. Lane 3:
mixture of ligation reaction of TBAZ2 after treatment with 20 U of exonuclease
VII at 37°C for 2 h.

basket-type conformation (d) could lead to covalent product
(f) would be via a mechanism such as d = ¢ — f. The obligate
change in conformation would then have significant con-
sequences for the kinetics of product formation.

CONCLUSIONS

Our studies indicate that single-stranded circular guanine
quadruplexes based on the human telomere repeat can be
synthesized by covalent ligation reaction at loop positions,
and that the resulting product possesses an antiparallel fold-
ing topology. Human telomere sequences with two phosphate
groups, one each at the 3’ and 5’ ends, cyclize more readily
than the corresponding sequences with only one phosphate
group at the 5’ end. The covalent ligation reactions can be
successfully carried out in MES buffer containing any one of
the ions K*, Nat, Pb>" or Ba>". MES buffer is more efficient
for the chemical ligation than Li-cacodylate or tris—HCI buf-
fers. In addition, the pH and the number of loop oligonuc-
leotides at the sequence termini can affect ligation efficiency.
These circularization reactions are highly efficient under our

standard reaction conditions not only for human telomere but
also for the TBA.
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