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Guanine Tetraplex Formation by Short DNA Fragments Containing Runs
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ABSTRACT Using CD spectroscopy, guanine tetraplex formation was studied with short DNA fragments in which cytosine
residues were systematically added to runs of guanine either at the 5' or 3' ends. Potassium cations induced the G-tetraplex
more easily with fragments having the guanine run at the 5' end, which is just an opposite tendency to what was reported for
(G+T) oligonucleotides. However, the present (G+C) fragments simultaneously adopted other conformers that complicated
the analysis. We demonstrate that repeated freezing/thawing, performed at low ionic strength, is a suitable method to

exclusively stabilize the tetraplex in the (G+C) DNA fragments. In contrast to KCI, the repeated freeze/thaw cycles better
stabilized the tetraplex with fragments having the guanine run on the 3' end. The tendency of guanine blocks to generate the
tetraplex destabilized the d(G5).d(C5) duplex whose strands dissociated, giving rise to a stable tetraplex of (dG5) and
single-stranded (dC5). In contrast to d(G3C3) and d(G5C5), repeated freezing/thawing induced the tetraplex even with the
self-complementary d(C3G3) or d(C5G5); hence the latter oligonucleotides preferred the tetraplex to the apparently very stable
duplex. The tetraplexes only included guanine blocks while the 5' end cytosines interfered neither with the tetraplex formation
nor the tetraplex structure.

INTRODUCTION

DNA can adopt many conformations that significantly dif-
fer from the Watson-Crick double helix. One of them is
stabilized by stacked guanine tetrads and physiological con-
centrations of potassium or other cations (review, Guschl-
bauer et al., 1990). Its molecular structure has been deter-
mined by x-ray diffraction (Kang et al., 1992; Laughlan et
al., 1994) and NMR spectroscopy (Smith and Feigon, 1992;
Aboul-ela et al., 1992; Wang and Patel, 1993; Gupta et al.,
1993). Although the first reports about the aggregation
tendencies of deoxyguanosine DNA fragments (Ralph et al.,
1962) and the guanine tetraplex structure (Gellert et al.,
1962) were published several decades ago, the tetraplex has
become of wider interest only recently when it was demon-
strated to be formed by telomeric DNA (Henderson et al.,
1987; Sen and Gilbert, 1988; Williamson et al., 1989;
Sundquist and Klug, 1989). However, its actual formation
and role in vivo have not yet been established. In the past
several years, the G-tetraplex has also been studied in con-
nection with topoisomerase inhibition (Chung and Muller,
1991), DNA structure alteration in a polymorphic region
linked to the human insulin gene (Hammond-Kosack et al.,
1992), generation of a K+-dependent DNA synthesis arrest
site (Woodford et al., 1994), formation in a region of an
rRNA gene associated with hydrogen peroxide-mediated
mutations (Akman et al., 1991), and a high propensity of
appearance in the 5' end sequences of the retinoblastoma
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susceptibility gene (Murchie and Lilley, 1992). In addition,
the G-tetraplex framework has been found to stand behind
potent antithrombotic activities of some DNA fragments
(Macaya et al., 1993, 1995; Padmanabhan et al., 1993;
Wang et al., 1993), an adenosine and ATP binding by a
DNA aptamer (Huizenga and Szostak, 1995), inhibition of
HIV cell fusion (Wyatt et al., 1994), and the antiprolifera-
tive and other effects caused by a non-antisense mechanism
(Burgess et al., 1995). The aggregation tendencies of the
G-rich DNA fragments can also be advantageously em-
ployed to develop new nanostructures and biomaterials such
as G-wires (Marsh et al., 1995) or synapsable DNAs (Venc-
zel and Sen, 1996). Hence there are good reasons to study
the tetraplex in rigorous details, which is not easy owing to
its very slow kinetics of formation and aggregation that is
difficult to control (Sen and Gilbert, 1992).
We have recently started a systematic investigation of the

conformations adopted by (G+C)-rich DNA fragments in
solution (Vorlickova' et al., 1996). These studies are com-
plicated by a tendency of some of the (G+C)-rich fragments
to form conformers or their mixtures, depending on the
sample history, fragment concentration, etc. One of the
conformers participating in these complex conformational
equilibria is the G-tetraplex whose properties are studied
here in detail. We are especially interested in how cytosines
and their possible pairing with guanines interfere or com-

pete with the G-tetraplex. This is an interesting question
because >1% of the human genome consists of tracts
at least 28 bp in length with a (G+C) content >85%
(MacLeod et al., 1996).
We use CD spectroscopy here because it sensitively

reflects the G-tetraplex formation (Gray and Bollum, 1974;
Balagurumoorthy et al., 1992; Chen, 1992; Guo et al.,
1993). This method provides valuable information about the
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conformational equilibria of DNA if a series of properly
selected DNA fragments is studied in parallel. We have
chosen d(G)3 and d(G)5 as the common guanine tetraplex-
forming strands to study destabilization of the tetraplex in
the variants of d(G)3 to which cytosines were added at either
its 3' end or 5' end, giving d(G3C), d(G3C2), d(G3C3),
d(CG3), d(C2G3), and d(C3G3). As the self-complementary
sequences are the most interesting here, we have extended
this group to d(G5C5) and d(C5G5). The present paper shows
that repeated freezing/thawing is an effective way of induction
of the G-tetraplex, avoiding other interfering conformers or
associations of more than four strands. The tetraplex of
d(GGGGG) is shown to be much more stable than its duplex
with the complementary strand ofd(CCCCC) and, remarkably,
the self-complementary sequences d(C3G3) and d(C5G5) even
prefer the tetraplex to the apparently very stable duplex.

MATERIALS AND METHODS

Determination of DNA fragment concentrations
The DNA fragments used in this study are listed in Table 1. They were
synthesized and purified as described earlier (Kypr et al., 1996). Their
stock solutions (-0.02 M in bases) were prepared in 1 mM NaCl and the
concentrations were determined in the following way. An appropriate
amount of the stock solution was diluted 400-fold by water, the diluted
sample was heated for 60 min at 96°C, and its UV absorption was
measured at 96°C. The sample concentration was determined from this
absorbance value (at 260 nm), taking use of the calculated molar extinction
coefficient (Borer, 1975; Table 1). The UV absorption spectra were mea-
sured using a Philips PU 8730 spectrophotometer (Philips Analytical,
Cambridge, UK).

CD spectra measurements
CD spectra were measured on the Mark IV and VI Jobin-Yvon dichro-
graphs (I.S.A. Jobin Yvon, Longjumeau, France) in quartz cells from
Hellma (GmbH & Co., D-7840 MuillheimlBaden, Germany) placed in a
thermostated holder. The cell pathlengths varied from 0.001 cm (sandwich
cells) to 5 cm. The sample absorption was always within 0.5-0.8 at
260 nm.

CD spectra dependences on the DNA
fragment concentration
The measurements were done in 1 mM NaCl. The samples were gradually
diluted, kept after each dilution 3 h at room temperature, then 18 h at 4°C,

TABLE 1 DNA fragments studied in this work and their
extinction coefficients per one fragment base

DNA Fragment E2E (M-1cm-')

d(GGGGG) 10 380
d(GGG) 10 570
d(GGGC) 9 450
d(CGGG) 9 550
d(GGGCC) 9 000
d(CCGGG) 9 080
d(CCCCC) 7 240
d(G3C3) 8 700
d(C3G3) 8 770
d(G5C5) 8 720
d(C.G5) 8 680

and 3 h at room temperature again. After this treatment, the CD spectra
were measured at room temperature.

Elimination of higher aggregates
DNA fragment solutions (0.1 mM in bases) in 2 mM potassium phosphate
buffer, pH 7.0, were heated for 60 min at 90°C and then cooled in an ice
bath. Because of the thermal stability of their molecular aggregates,
d(GGGGG), d(C5G5), and d(G5C5) were heated in 0.01 mM potassium
phosphate and the buffer concentration was only then increased to 2 mM.
Hereafter, this procedure will be called "temperature treatment."

Dependences on the KCI concentration
After the temperature treatment, 3 M KCl stock solution and then solid KCl
were gradually added to 0.1 mM DNA fragment samples dissolved in 2
mM K-phosphate, pH 7. The sample CD spectra were measured at 20°C.

Freezing/thawing
After the temperature treatment, the DNA fragment solutions (0.1 mM in
bases) dissolved in 2 mM potassium buffer, pH 7.0, were kept for 15 min
at -35°C and then thawed for 5 min in a water bath, temperature 20°C. CD
spectra of the samples were then measured at 200C.

Annealing d(G5) with d(C5)
The samples containing different molar ratios of d(G5) and d(C5) were
prepared in 0.1 M NaCl and 1 mM Tris-HCl buffer, pH 8.0. The total DNA
base concentration was kept constant, 5 X 10-5 M, in the mixed samples.
By adding 1 M NaOH, the samples were alkalized to pH 12.5, then neutralized
by 1 M HCl, kept at 80°C for 60 min, and very slowly (5 h) cooled to room
temperature. Their CD spectra were then measured at room temperature.

RESULTS

Treatment of the DNA fragment samples
After a hundredfold dilution of the stock solutions giving
the DNA fragment concentrations of -0.2 mM (in bases),
the CD spectra of all the present DNA fragments changed
with time. With the exception of d(GGGCC), the fragments
yielded CD spectra with a strong positive band in the
vicinity of 260 nm, which slowly diminished with time (Fig.
1). Such a CD spectrum shape was provided by intermolec-
ular parallel-stranded guanine tetraplexes (Chen, 1991; Guo
et al., 1993; Lu et al., 1993). However, even short G-rich
DNA fragments were shown to aggregate and form both
liquid crystalline phases (Mariani et al., 1989; Garbesi et al.,
1993; Gottarelli and Spada, 1994) and G-wires (Marsh and
Henderson, 1994; Marsh et al., 1995) that contributed to the
CD spectrum as well. Thus the CD spectra have to be
interpreted with caution.
A careful analysis of the CD spectra reveals two pro-

cesses during the time-dependent dissociation of d(GGG)
(Fig. 1). The latter process (Fig. 1, right) has a very slow
kinetics. The time-dependent CD spectra have isoelliptic
points reflecting a two-state nature of the process that in-
cludes only the single strand and tetraplex. On the other
hand, the preceding spectra do not pass through these isoel-
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FIGURE 1 Time-dependent changes in the CD spectra of d(GGG). The
CD spectra were measured (left): ( ) 1 min, (--- -) 14 min, (-) 25 min;
and (right): ( . ) 3.25 h, (--- -) 13 h, and (- * - * -) 79.5 h after a hundredfold
dilution of the stock solution into 1 X 10-5 M NaCl. The final DNA
concentration was 1.9 x 10-4 M. Temperature 3°C. Right (-): 1.5 x 10-4
M d(GGG), room temperature, the equilibrium spectrum; the sample was
treated as in Fig. 2.

liptic points (Fig. 1, left) to suggest participation of chiral
species different from the two conformers. Most probably,
the chiral species are aggregates of more than four d(GGG)
strands.
The behavior is still more complex with d(GGGGG),

whose molecules associate much more extensively. This
follows from the equilibrium CD spectra dependence on the
DNA fragment concentration (Fig. 2, left). The large ellip-
ticity at 260 nm depends, in a nonmonotonic way, on the
d(GGGGG) concentration, indicating the presence of nu-
merous species in the solution, whose chirality is different
from that of the tetraplex. The d(GGGGG) strand associa-
tion is so strong that the high CD amplitudes persist in the
whole range of DNA concentrations measurable by CD (up
to 2 X 10-6 M DNA base concentration; measured in a
5-cm pathlength cell). The high CD amplitudes only disap-
peared upon thermal denaturation of the diluted sample (see
below, Fig. 3).

It follows from Fig. 2 that the DNA concentration depen-
dence of the CD spectra is a general property of all the
present DNA fragments. DNA concentration regions can be
found with d(GGG), d(GGGC), and d(CCGGG) (Fig. 2, b,
c, and f), where the equilibrium CD spectra exhibit two-
state changes upon dilution. Nevertheless, before starting
rigorous experiments, the samples had to be devoid of the
aggregates and transferred into standard reproducible initial
states. The relevant procedure, as described in Materials and
Methods, included the DNA fragment incubation for one
hour at high temperature in a low ionic strength aqueous
buffer. The DNA concentration should also be low. After
this treatment, the oligonucleotides provided CD spectra
(Fig. 3) at room temperature that were very similar to those
calculated for their single strands (Cantor et al., 1970). All

- 10g c
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FIGURE 2 Concentration-dependent equilibrium CD spectra of the in-
dicated DNA fragments. All of the spectra were measured in 1 mM NaCl
at room temperature. The samples were treated as described in Materials
and Methods. Left: Ellipticity changes at 260 nm as a function of -log c
(c is the molar concentration of the indicated DNA fragment bases): 0
d(GGGGG), 0 d(GGG), A d(GGGC), A d(CGGG), V d(GGGCC), V
d(CCGGG). Right: DNA fragment concentrations: (a) d(GGGGG): ( )
4.4 X 10-4M, (---) 3.0 x10-4M, (-.-.-) 1.3 X 10-4M, and (-) 1.1 X
10-5 M; (b) d(GGG): (...) 8.6 x 10-4 M, (--- -) 3.9 X 10-4 M, and (-)
1.1 X 10-5M; (c) d(GGGC): (.. ) 9.3 x 10-4 M, (--- -) 6.1 X 10-4 M,
(- . -) 2.7 x 10-4 M, and (-) 2.3 X 10-5M; (d) d(CGGG):(*) 1.0 X
10-2 M, (-- -) 1.3 X 10-3 M, (- . - .-) 3.9 X 10-4 M, and (-) 1.2 x
10-5M; (e) d(GGGCC): ( ) 9.5 x 10-4 M, and (-) 6.8 X 10-6M; (f)
d(CCGGG): (---)7.0 X 10-4 M, (-.-.-)4.6 X 10-4 M, and (-) 2.0X
10-4M.

of the following experiments were carried out with samples
pretreated in this way.

Tetraplex stabilization by KCI

We studied the oligonucleotides in the presence of KC1,
which is the most effective monovalent salt in inducing the
G-tetraplex (Guschlbauer et al., 1990). Both d(GGGGG)
and d(GGG) underwent (Fig. 4) slow, two-state transitions
upon the addition of KCl. The isoelliptic points at 221 and
248 (Fig. 4 a), or 233 and 247 nm (Fig. 4 b), suggested that
the single strand and the tetraplex were the only conformers
of d(GGG) and d(GGGGG) participating in the isomeriza-
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FIGURE 3 Comparison of the (-) measured (room temperature, 2 mM
potassium phosphate buffer, pH 7.0, 1 X 10-4 M base concentration, after
the "temperature treatment" (see Materials and Methods), and (- - -)
calculated (Cantor et al., 1970) CD spectra of the indicated DNA frag-
ments.

tions. The limiting ellipticities (at 260 nm) were 14 M-l
cm-l and 12 M-1 cm-' with the tetraplex of d(GGGGG)
and d(GGG), respectively. These values corresponded to the
respective plateaus in the concentration dependences of
d(GGGGG) and d(GGG) (Fig. 2) as well as to the CD
spectrum of the tetraplex of d(GGG) (Fig. 1) obtained
during time-dependent dissociation of its aggregates present
in the stock solution.

Interpretation of the KCl-induced CD changes was more

difficult with DNA fragments containing cytosine (Fig. 4,
c-f). The changes consisted of two steps. At relatively low
KCl concentrations, the changes were fast (Fig. 4, cl-fl) but
overlapped by slow changes at higher KCI concentrations.
This especially concerned the DNA fragments containing
the guanine run at the 5' end (Fig. 4 c2, e2), whereas the CD
spectrum of d(CCGGG) changed only slightly (Fig. 4 f2)
and d(CGGG) aggregated with time (Fig. 4 d2). The time-
dependent changes were more extensive with DNA frag-
ments containing 5' end guanines for various KCl concen-

trations. They were only less pronounced and slower at salt
concentrations lower than 3 M KCl. The presence of more
than two chiral states made interpretation of the KCl-in-
duced changes difficult. That is why we looked for another
way to induce the guanine tetraplex.

Tetraplex stabilization by repeated
freezing/thawing

If the present samples were deposited in a freezer, they
provided CD spectra after thawing that indicated an in-
creased content of the guanine tetraplex. This phenomenon
had earlier been noticed by Gray and Bollum (1974) with

240 280 220 260 300 240 280 220 260 300

wavelength (nm) wavelength (nm)

FIGURE 4 KCl-dependent and time-dependent changes in the CD spec-
tra of (a) d(GGGGG) in 17 mM KCl after ( * ) 0, (--- -) 1, (- * - . -) 18, and
(-) 130 h; (b) d(GGG) in 0.66 M KCl after (... ) 0, (--- -) 55 min, (- - -)
5 h, and (-) 75.5 h; (c,) d(GGGC) in(... ) 0 M, (--- ) 0.36 M, and(---.-)
1.56 M KCI; (c2) d(GGGC) in 3 M KCI after ( * ) 0, --- -) 22 h, and (-)
91 h; (d,) d(CGGG) in ( * ) 0 M, --- -) 0.33 M, and (- * - * -) 1.50 M KCI;
(d2) d(CGGG) in 3 M KCl after () 0 and (-) 22 h; (e,) d(GGGCC) in
(.* ) 0 M, --- -) 0.76 M, and (- * - * -) 1.20 M KC1; (e2) d(GGGCC) in 3 M
KCl after ( 0)0, (- - -) 14 h, (- - -) 139 h, and (-) 313 h; (f1)
d(CCGGG) in ( ) 0 M, (- - ) 0.35 M, and (- -- -) 0.79 M KCl; (f2)
d(CCGGG) in 3 M KCl after ( ) 0 and (-) 139 h.

d(G)5 and interpreted as a self-complexation of its strands.
At very low ionic strength, repeated freezing/thawing
proved to be an efficient way to induce exclusively tetra-
plexes with the present oligonucleotides (see below). That is
why we studied this phenomenon in more detail.
We found that freezing, rather than low temperature,

promoted the tetraplex. This follows from an experiment
when two identical samples of d(GGG) were exposed to
-9°C and only one was frozen by an abrupt shaking. After
transferring the samples to room temperature, only that
undergoing freezing exhibited the characteristic CD signs of
an increased guanine tetraplex content.

Repeated freezing/thawing induced incomparably more
tetraplexes than keeping the sample frozen for a long period
of time. The sample of d(GGG) undergoing 22 freezing (15
min each)/thawing cycles provided the ellipticity of 12.8
M-1 cm- l at 260 nm, while the same sample frozen for 6 h
had the ellipticity of 4.8 M-1 cm- 1, which corresponded to
only two freezing/thawing cycles. Hence it was the process
of freezing and not the frozen state that induced the tetra-
plex formation.
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Freezing dehydrates the oligonucleotides because most of
the water molecules participate in the ice lattice. Alcohols
dehydrate DNA like freezing but we found that even 80%
trifluoroethanol did not induce the tetraplex with
d(GGGGG). Even freezing the sample of d(GGGGG) con-
taining 60% TFE had no effect. Hence trifluoroethanol
hindered rather than promoted the tetraplex. Thus dehydra-
tion hardly was the factor standing behind the tetraplex
stabilization by freezing.

Repeated freezing/thawing induced a two-state transition
of d(G5) (Fig. 5 a) and d(G3) (Fig. 5 b) into the tetraplex.
The CD spectra observed during this process, including the
limiting spectra, were the same as those measured in the
course of the time-dependent tetraplex stabilization by KCl
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FIGURE 5 CD spectra of the indicated DNA fragments as dependent on

the number of the freeze/thaw cycles. DNA fragments were dissolved in 2

mM potassium phosphate buffer, pH 7.0, temperature 20°C. Numbers of

the freeze/thaw cycles were the following (from dotted to bold spectra): (a)
d(GGGGG): 0, 1, 2, 15; (b) d(GGG): 0, 1, 4, 22; (c) d(GGGC): 0, 2, 7, 19;
(d) d(CGGG): 0, 1, 3, 19; (e) d(GGGCC): 0, 1, 4, 13; (f) d(CCGGG): 0,
2, 4, 13.

(Fig. 4, a and b). The samples of d(GGGGG) and d(GGG)
reached the limiting spectra after -7 and 15 freeze/thaw
cycles, respectively. Repeated freezing/thawing induced the
tetraplex in the present cytosine-containing oligonucleotides
as well. In contrast to the tetraplex induction by KCl, the
freeze/thaw cycles operated in a two-state manner because
the CD spectra (Fig. 5) intersected in isoelliptic points.
Dependences of the ellipticity at 260 nm on the number of
the freeze/thaw cycles indicated (not shown) that the tetra-
plex was generated more easily with d(CGGG) than with
d(GGGC), although the limiting ellipticity values were sim-
ilar (Fig. 5, c and d). The tetraplex forming propensity was
much larger with d(CCGGG) as compared to d(GGGCC)
that unwillingly associated into the tetraplex (Fig. 5, e and
f). Thus the DNA fragments starting with dC on the 5' end
formed the tetraplex more easily than the DNA fragments
having dC on the 3' end.

The unstable d(GGGGG).d(CCCCC) duplex

One might expect that the complementary d(GGGGG) and
d(CCCCC) pentamers would associate to form a stable
Watson-Crick duplex. Trying to prepare the duplex, we
used the procedure of Marck and Thiele (1978) as described
in Materials and Methods. Fig. 6 (left) shows CD spectra of
mixtures of single-stranded d(G5) with various amounts of
single-stranded d(C5) measured immediately after mixing.
The spectra can be reproduced by a linear combination of
three reference CD spectra corresponding to single-stranded
d(CO), single-stranded d(GO), and the d(G5).d(CO) duplex.
The duplex naturally dominates at the 1:1 d(G5):d(C5) ratio.
Its spectrum has the same shape (Fig. 6, insert a) as that
determined for poly(dG).poly(dC) (Marck and Thiele,
1978). The amplitudes are, however, about three times
smaller.
The CD spectra of the d(G5) + d(C5) mixtures underwent

extensive changes with time (Fig. 6, insert b). The equilib-
rium spectra, taken after 14 days (Fig. 6, right), were very
different from those taken immediately after mixing (Fig. 6,
left). They could be reproduced by linear combinations of
the spectra corresponding to the duplex of d(G5).d(C5),
tetraplex of d(GO), and single-stranded d(C5) (Fig. 6, insert
c). However, the duplex only contributed significantly in the
excess of d(C5). At the d(G5)-to-[d(G5) + d(CA)] molar
ratios higher than 0.2 (and d(GO) nucleotide residue concen-
trations higher than 1 X 10-5 M), the duplex population no

longer increased because the added d(GO) strands preferred
to associate into the tetraplex. At ratios higher than 0.4, the
population of the duplex of d(G5).d(C5) even started de-
creasing because the added d(G5) dissociated the duplex to

allow for its d(GO) strands' association into the tetraplex
(Fig. 6, insert c).

Tetraplex formation by d(CnGj)
The shapes and magnitudes of the CD spectra strongly
depended on the DNA fragment concentration even with the
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FIGURE 6 Interactions of d(GGGGG) with d(CCCCC). The mixtures of d(GGGGG) and d(CCCCC) were prepared as described in Materials and
Methods. In mixed samples, the molar fraction XG (the ratio of the d(GGGGG) concentration to the [d(GGGGG) + d(CCCCC)] concentration) was the
following: (-) 0, (- -- -) 0.2, (--- -) 0.4, (-- -) 0.6, ( ) 0.8, and (- - - - -) 1. The CD spectra were measured (left): immediately after mixing d(GO)
with d(CO); (right) 14 days after mixing d(GO) with d(C5). Insert (a) calculated CD spectrum of the d(G5).d(C5) duplex (see text). Insert (b) time dependence
of the ellipticity at 260 nm of the d(GO) mixtures with d(C5). Molar fractions of d(GGGGG): 0, 0 0.2, A 0.4, A 0.6, V 0.8, and V 1. Insert (c) percentage
of 0 single-stranded d(CCCCC), X duplex of d(G5).d(CO), and 0 tetraplex of d(GGGGG) in mixed d(G5)+d(C5) samples measured 14 days after their
mixing.

self-complementary DNA fragments d(G3C3), d(C3G3),
d(G5C5), and d(C5G5) (not shown) that apparently should
associate to form stable WC duplexes. The concentration
dependences forced us to apply the procedure eliminating
the associations (see Materials and Methods) to get repro-
ducible CD spectra with these oligonucleotides as well. All
of the following experiments were carried out with these
pretreated samples.

Repeated freezing/thawing almost did not change the CD
spectra of d(G3C3) and d(G5C5) (Fig. 7). On the other hand,
the amplitudes of the CD spectra of d(C3G3) and d(C5G5)
increased with the number of the freeze/thaw cycles. The
spectra had a two-state origin. These experiments suggested
that the strands of d(C3G3) and d(C5G5) were tetraplexed.
The tetraplex formation was comparable with d(G3),
d(CG3), d(C2G3), and d(C3G3). The diagnostic CD band at

260 nm reached a plateau after -12-15 freeze/thaw cycles
with all four oligonucleotides. Thus, the presence of 5' end
dC did not significantly influence the guanine tetraplex
formation. Eight cycles sufficed with d(C5G5) and d(GO)
(not shown).

Fig. 8 compares the CD spectra of the tetraplexes of
d(GGG) and d(GGGC) (Fig. 8 a), and of the tetraplexes of
d(GGG) and d(CGGG) (Fig. 8 b) after 15 freeze/thaw
cycles. Here the DNA fragment ellipticities are given in
their strand molarities to demonstrate the CD effects of the
3' end and the 5' end cytosine residues. The [d(GGGC)-
d(GGG)] and [d(CGGG)-d(GGG)] difference CD spectra
(Fig. 8, a and b) differ and, not surprisingly, both are

different from the CD spectrum of the dC monomer (Cantor
et al., 1970). However, the difference CD spectra of
[d(CGGG)-d(GGG)] and [d(CCGGG)-d(CGGG)] (all three
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FIGURE 7 CD spectra of the indicated DNA fragments in 2 mM potas-
sium buffer, pH 7.0, after repeated freezing/thawing (temperature 20°C).
The numbers of freeze/thaw cycles (from the dotted to the bold spectrum)
were the following: (a) d(G3C3): 0, 15; (b) d(C3G3): 0, 2, 4, 14; (c)
d(G5C5): 0, 15; (d) d(C5G5): 0, 1, 3, 14.

samples were exposed to 15 freeze/thaw cycles) are fairly
similar (not shown) so that the CD spectrum of the tetraplex
of d(G3) plus twice the difference spectrum of the 5' end dC
gives the CD spectrum of the tetraplex of d(CCGGG) (Fig.
8 d). In other words, all of the dC residues in d(CGGG) and
d(CCGGG) equally contribute to the CD spectrum of the
tetraplex formed by the three consecutive guanines at the 3'
end of the DNA fragment. Even the CD spectra of d(C3G3)
and d(C5G5) (Fig. 8, f and h) can reasonably be reproduced
by a sum of the CD spectrum of the G-tetraplex plus three
or five times the CD spectrum of the 5' end cytosine. Hence
all of the cytosines of d(CnGn) have the same, presumably
unstacked, geometry and do not influence the guanine tet-
raplex conformation. On the other hand, there are signifi-
cant dissimilarities between the calculated and experimental
CD spectra of d(G3C2), d(G3C3), and d(G5C5) (Fig. 8, c, e,

and g).

DISCUSSION

The guanine tetraplex has been extensively studied in the
last decade. However, the analyzed DNA fragments mostly
contained guanine, thymine, and adenine. In contrast, stud-
ies of the guanine tetraplex formed by (G+C)-rich DNA
fragments have been much less abundant (Hardin et al.,
1992, 1993; Goodlett et al., 1993; Fry and Loeb, 1994;
Deng and Braunlin, 1995; Usdin and Woodford, 1995;
Kettani et al., 1995; Chen, 1995), although (G+C)-rich

sequences exist inside genomic DNAs, have adopted un-
usual conformations, and may play important biological
functions (e.g., Nickol and Felsenfeld, 1983; Akman et al.,
1991; Chung and Muller, 1991; Murchie and Lilley, 1992;
Wang et al., 1992; Hammond-Kosack et al., 1992; Traub et
al., 1992; Fry and Loeb, 1994; Woodford et al., 1994;
Kettani et al., 1995; Usdin and Woodford, 1995; MacLeod
et al., 1996).

Recently we have started systematic studies of (G+C)-
rich DNA fragments (Vorlickova' et al., 1996) to understand
their conformational polymorphism in which the G-tetra-
plex plays a significant role. First of all, we had to find a
reproducible procedure of the G-tetraplex stabilization as an
exclusive conformer as well as a procedure for its total
dissociation. Both procedures are described here. Secondly,
we had to analyze the suitability of methods to study con-
formational polymorphism of the (G+C)-rich DNA frag-
ments. Polyacrylamide gel electrophoresis has been used in
many published papers describing tetraplex formation by
(G+T)-rich sequences, but it is unsuitable for (G+C) DNA
fragments as short as we used in this study. Fortunately, CD
spectroscopy proved to be self-sufficient here because of the
parallel use of several oligonucleotides whose sequences
were systematically varied. Nevertheless, we had to be
careful to search for isoelliptic points to discriminate be-
tween separate processes and, at the same time, patient
enough to wait even weeks until some of the present sam-
ples attained the thermodynamic equilibrium.

This paper demonstrates that repeated freezing/thawing is
a suitable approach for an exclusive tetraplex induction with
the (G+C)-rich DNA fragments. KCI is the most frequently
used inducer of the tetraplex in the literature, but it stabilizes
other structures as well with the present (G+C) oligonucle-
otides. KCI presumably stabilizes WC pairing between G
and C, which then interferes with tetraplex formation and
contributes to the complex association behavior of the
(G+C) oligonucleotides. In contrast, tetraplex stabilization
by freezing is a two-state process because single strands do
not interact at low ionic strength and directly associate to
form tetraplexes upon freezing (Fig. 5) that concentrates
DNA in cavities generated in the ice (Mizoguchi, 1993).

Repeated freezing/thawing induces tetraplexes even with
the self-complementary d(C3G3) and d(CAG5). In contrast,
no tetraplexes were formed by d(G3C3) and d(G5C5), while
Deng and Braunlin (1995) observed a tetraplex with
d(G4C4) at physiological concentrations of KCI and at 2
mM strand concentration. At this high DNA concentration,
d(G3C3) and d(G5C5) also generated high-molecular asso-
ciations in our experiments. On the other hand, it is not
excluded that d(G4C4) adopts the tetraplex more easily than
d(G3C3) and d(G5C5) because the tetraplex stability is not a
monotonic function of the d(CnGn) length (Vorlickova' et
al., unpublished results). This aspect is being investigated in
our laboratory.
The DNA fragment d(C3G3) has unusual NMR properties

(Wolk et al., 1989). Perhaps the participation of a fraction of
d(C3G3) strands in the G-tetraplex at the high DNA con-
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cytosine conformation in the tetrads of the d(C3G3) mole-
cules. Fig. 8 provides an answer. The CD spectra of d(C3G3)
and d(CAG5) (measured after the limiting number of the
freeze/thaw cycles) were reproduced by a sum of the CD
spectrum of the tetraplex of d(G3) or d(GO) plus the CD
spectrum of the 5' end cytosine residues multiplied by the
number of the cytosine residues at the 5' end parts of the
oligonucleotides. This indicates that the tetraplex is the only
conformer formed by these self-complementary DNA frag-
ments after the limiting number of the freeze/thaw cycles.
The tetraplex only involves the guanines while the 5' end
cytosine residues' influence neither the G-tetraplex forma-
tion nor its structure.

This work benefited from the interest and advice of Professor Wilhelm
Guschlbauer and Dr. Jaroslav Kypr. It is part of the postgraduate work of
H.P. done in the laboratory of M.V.

This work was supported by Grants 204/95/1270 from the Grant Agency of
the Czech Republic and A504405 from the Grant Agency of the Academy
of Sciences of the Czech Republic (to M.V.).

REFERENCES

Aboul-ela, F., A. I. H. Murchie, and D. M. J. Lilley. 1992. NMR study of
parallel-stranded tetraplex formation by the hexadeoxynucleotide
d(TG4T). Nature. 360:280-282.

Akman, S. A., R. G. Lingeman, J. H. Doroshow, and S. S. Smith. 1991.
Quadruplex DNA formation in a region of the tRNA gene supF associ-
ated with hydrogen peroxide mediated mutations. Biochemistry. 30:
8648-8653.

Balagurumoorthy, P., S. K. Brahmachari, D. Mohanty, M. Bansal, and V.
Sasisekharan. 1992. Hairpin and parallel quartet structures for telomeric
sequences. Nucleic Acids Res. 20:4061-4067.

Borer, P. N. 1975. Optical properties of nucleic acids, absorption, and
circular dichroism spectra. In Handbook of Biochemistry and Molecular
Biology, Vol. 1. G. D. Fasman, editor. CRC Press, Boca Raton, FL. 589.

Burgess, T. L., E. F. Fisher, S. L. Ross, J. V. Bready, Y.-X. Qian, L. A.
Bayewitch, A. M. Cohen, C. J. Herrera, S. S.-F. Hu, T. B. Kramer, F. D.
Lott, F. H. Martin, G. F. Pierce, L. Simonet, and C. L. Farrell. 1995. The
antiproliferative activity of c-myb and c-myc antisense oligonucleotides
in smooth muscle cells is caused by a nonantisense mechanism. Proc.
Natl. Acad. Sci. USA. 92:4051-4055.

Cantor, Ch. R., M. M. Warshaw, and H. Shapiro. 1970. Oligonucleotide
interactions. III. Circular dichroism studies of the conformation of
deoxyoligonucleotides. Biopolymers. 9:1059-1077.

Chen, F.-M. 1991. Intramolecular triplex formation of the purine.pu-
rine.pyrimidine type. Biochemistry. 30:4472-4479.

Chen, F.-M. 1992. Sr2' facilitates intermolecular G-quadruplex formation
of telomeric sequences. Biochemistry. 31:3769-3776.

Chen, F.-M. 1995. Acid-facilitated supramolecular assembly of G-
quadruplexes in d(CGG)4. J. Biol. Chem. 270:23090-23096.

Chung, I. K., and M. T. Muller. 1991. Aggregates of oligo(dG) bind and
inhibit topoisomerase II activity and induce formation of large networks.
J. Biol. Chem. 266:9508-9514.

Deng, H., and W. H. Braunlin. 1995. Duplex-to-quadruplex equilibrium of
the self-complementary oligonucleotide d(GGGGCCCC). Biopolymers.
35:677-681.

Fry, M., and L. A. Loeb. 1994. The fragile X syndrome d(CGG)n nucle-
otide repeats form a stable tetrahelical structure. Proc. Natl. Acad. Sci.
U.S.A. 91:4950-4954.

Garbesi, A., G. Gottarelli, P. Mariani, and G. P. Spada. 1993.
Oligodeoxyguanylates: a case of self-assembly leading to lyotropic
liquid crystals. Pure Appl. Chem. 65:641-646.

Gellert, M., M. N. Lipsett, and D. R. Davies. 1962. Helix formation by
guanylic acid. Proc. Nati. Acad. Sci. USA. 48:2013-2018.

Goodlett, D. R., D. G. Camp II, C. C. Hardin, M. Corregan, and R. D.
Smith. 1993. Direct observation of a DNA quadruplex by electrospray
ionization mass spectrometry. Biol. Mass Spectrom. 22:181-183.

Gottarelli, G., and G. P. Spada. 1994. Application of CD to the study of
some cholesteric mesophases. In Circular Dichroism: Principles and
Applications. K. Nakanishi, N. Berova, and R. W. Woody, editors. VCH
Publishers, Inc., New York. 105-118.

Gray, D. M., and F. J. Bollum. 1974. A circular dichroism study of poly
dG, poly dC, and poly dG:dC. Biopolymers. 13:2087-2102.

Guo, Q., M. Lu, and N. R. Kallenbach. 1993. Effect of thymine tract length
on the structure and stability of model telomeric sequence. Biochemistry.
32:3596-3603.

Gupta, G., A. E. Garcia, Q. Guo, M. Lu, and N. R. Kallenbach. 1993.
Structure of a parallel-stranded tetramer of the Oxytricha telomeric DNA
sequence dT4G4. Biochemistry. 32:7098-7103.

Guschlbauer, W., J. F. Chantot, and D. Thiele. 1990. Four-stranded nucleic
acid structures 25 years later: from guanosine gels to telomer DNA.
J. Biomol. Struct. Dyn. 8:491-511.

Hammond-Kosack, M. C. U., B. Dobrinski, R. Lurz, K. Docherty, and
M. W. Kilpatrick. 1992. The human insulin gene linked polymorphic
region exhibits an altered DNA structure. Nucleic Acids Res. 20:
231-236.

Hardin, C. C., M. Corregan, B. A. Brown II, and L. N. Frederick. 1993.
Cytosine-cytosine+ base pairing stabilizes DNA quadruplexes and cy-
tosine methylation greatly enhances the effect. Biochemistry. 32:
5870-5880.

Hardin, C. C., T. Watson, M. Corregan, and C. Bailey. 1992. Cation-
dependent transition between the quadruplex and Watson-Crick hairpin
forms of d(CGCG3GCG). Biochemistry. 31:833-841.

Henderson, E., C. C. Hardin, S. K. Walk, I. Tinoco, Jr., and E. H.
Blackburn. 1987. Telomeric DNA oligonucleotides form novel intramo-
lecular structures containing guanine.guanine base pairs. Cell. 51:
899-908.

Huizenga, D. E., and J. W. Szostak. 1995. A DNA aptamer that binds
adenosine and ATP. Biochemistry. 34:656-665.

Kang, Ch., X. Zhang, R. Ratliff, R. Moyzis, and A. Rich. 1992. Crystal
structure of four-stranded Oxytricha telomeric DNA. Nature. 356:
126-131.

Kettani, A., R. A. Kumar, and D. J. Patel. 1995. Solution structure of a
DNA quadruplex containing the fragile X syndrome triplet repeat.
J. Mol. Biol. 254:638-656.

Kypr, J., J. Chladkova, L. Arnold, J. Sagi, A. Szemzo, and M. Vorlfikova.
1996. The unusual X-form DNA in oligonucleotides: dependence of
stability on the base sequence and length. J. Biomol. Struct. Dym 13:
999-1006.

Laughlan, G., A. I. H. Murchie, D. G. Norman, M. H. Moore, P. C. E.
Moody, D. M. J. Lilley, and B. Luisi. 1994. The high-resolution crystal
structure of a parallel-stranded guanine tetraplex. Science. 265:520-524.

Lu, M., Q. Guo, and N. R. Kallenbach. 1993. Thermodynamics of G-
tetraplex formation by telomeric DNAs. Biochemistry. 32:598-601.

Macaya, R. F., P. Schultze, F. W. Smith, J. A. Roe, and J. Feigon. 1993.
Thrombin-binding DNA aptamer forms a unimolecular quadruplex
structure in solution. Proc. Natl. Acad. Sci. USA. 90:3745-3749.

Macaya, R. F., J. A. Waldron, B. A. Beutel, H. Gao, M. E. Joesten, M.
Yang, R. Patel, A. H. Bertelsen, and A. F. Cook. 1995. Structural and
functional characterization of potent antithrombotic oligonucleotides
possessing both quadruplex and duplex motifs. Biochemistry. 34:
4478-4492.

MacLeod, M. C., D. A. Johnston, M. LaBate, and R. A. White. 1996. The
probability of occurrence of oligomer motifs in the human genome and
genomic microheterogeneity. J. Theor. Biol. 181:311-318.

Marck, C., and D. Thiele. 1978. Poly(dG).poly(dC) at neutral and alkaline
pH: the formation of triple stranded poly (dG).poly(dG).poly(dC). Nu-
cleic Acids Res. 5:1017-1028.

Mariani, P., C. Mazabard, A. Garbesi, and G. P. Spada. 1989. A study of
the structure of the lyomesophases formed by the dinucleoside phos-
phate d(GpG). An approach by X-ray diffraction and optical micros-
copy. J. Am. Chem. Soc. 111:6369-6373.

Marsh, T. C., and E. Henderson. 1994. G-Wires: self-assembly of a
telomeric oligonucleotide, d(GGGGTTGGGG), into large superstruc-
tures. Biochemistry. 33:10718-10724.



Penzova and Vorlickova Guanine Tetraplex of (G+C)-DNA Fragments 2063

Marsh, T. C., J. Vesenka, and E. Henderson. 1995. A new DNA nano-
structure, the G-wire, imaged by scanning probe microscopy. Nucleic
Acids Res. 23:696-700.

Mizoguchi, M. 1993. Observation of freezing phenomena in saturated
mixture. Bull. Fac. Bioresources. 2:55-62.

Murchie, A. I. H., and D. M. J. Lilley. 1992. Retinoblastoma susceptibility
genes contain 5' sequence with a high propensity to form guanine-tetrad
structures. Nucleic Acids Res. 20:49-53.

Nickol, J. M., and G. Felsenfeld. 1983. DNA conformation at the 5' end of
the chicken adult f3-globin gene. Cell 35:467-477.

Padmanabhan, K., K. P. Padmanabhan, J. D. Ferrara, J. E. Sadler, and A.
Tulinsky. 1993. The structure of a-thrombin inhibited by a 15-mer
single-stranded DNA aptamer. J. Biol. Chem. 268:17651-17654.

Ralph, R. K., W. J. Connors, and H. G. Khorana. 1962. Secondary structure
and aggregation in deoxyguanosine oligonucleotides. J. Am. Chem. Soc.
84:2265-2266.

Sen, D., and W. Gilbert. 1988. Formation of parallel four-stranded com-
plexes by guanine-rich motifs in DNA and its implications for meiosis.
Nature. 334:364-366.

Sen, D., and W. Gilbert. 1992. Novel DNA superstructures formed by
telomere-like oligomers. Biochemistry. 31:65-70.

Smith, F. W., and F. Feigon. 1992. Quadruplex structure of Oxytricha
telomeric DNA oligonucleotides. Nature. 356:164-168.

Sundquist, W. I., and A. Klug. 1989. Telomeric DNA dimerizes by
formation of guanine tetrads between hairpin loops. Nature. 342:825-829.

Traub, P., E. Mothes, R. L. Shoeman, R. Schroder, and A. Scherbarth.
1992. Binding of nucleic acids to intermediate filaments of the vimentin
type and their effects on filament formation and stability. J. Biomol.
Struct. Dyn. 10:505-531.

Usdin, K., and K. J. Woodford. 1995. CGG repeats associated with DNA
instability and chromosome fragility form structures that block DNA
synthesis in vitro. Nucleic Acids Res. 23:4202-4209.

Venczel, E. A., and D. Sen. 1996. Synapsable DNA. J. Mol. Bio. 257:
219-224.

Vorlfikova, M., J. A. Subirana, J. Chlddkova, I. Tejralova, T. Huynh-Dinh,
L. Arnold, and J. Kypr. 1996. Comparison of the solution and crystal
conformations of (G+C)-rich fragments of DNA. Biophys. J. 71:
1530-1538.

Wang, K. Y., S. H. Krawczyk, N. Bischofberger, S. Swaminathan, and
P. H. Bolton. 1993. The tertiary structure of a DNA aptamer which binds
to and inhibits thrombin determines activity. Biochemistry. 32:
11285-11292.

Wang, Y., and D. J. Patel. 1993. Solution structure of a parallel-stranded
G-quadruplex DNA. J. Moi. Bio. 234:1171-1183.

Wang, Z., X.-H. Lin, Q.-Q. Qiu, and T. F. Deuel. 1992. Modulation of
transcription of the platelet-derived growth factor A-chain gene by a
promoter region sensitive to S 1 nuclease. J. Biol. Chem. 267:
17022-17031.

Williamson, J. R., M. K. Raghuraman, and T. R. Cech. 1989. Monovalent
cation-induced structure of telomeric DNA: the G-quartet model. Cell.
59:871-880.

Wolk, S., W. N. Thurmes, W. S. Ross, C. C. Hardin, and I. Tinoco, Jr.
1989. Conformational analysis of d(C3G3), a B-family duplex in solu-
tion. Biochemistry. 28:2452-2459.

Woodford, K. J., R. M. Howell, and K. Usdin. 1994. A novel K+-
dependent DNA synthesis arrest site in a commonly occurring sequence
motif in eukaryotes. J. Bio. Chem. 269:27029-27035.

Wyatt, J. R., T. A. Vickers, J. L. Roberson, R. W. Buckheit, Jr., T.
Klimkait, E. DeBaets, P. W. Davis, B. Rayner, J. L. Imbach, and D. J.
Ecker. 1994. Combinatorially selected guanosine-quartet structure is a
potent inhibitor of human immunodeficiency virus envelope-mediated
cell fusion. Proc. Natl. Acad. Sci. USA. 91:1356-1360.


