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ABSTRACT

UV absorption and CD spectroscopy, along with
polyacrylamide gel electrophoresis, were used to
study conformational properties of DNA fragments
containing the trinucleotide repeat (GCC)n (n = 4, 8
or 16), whose expansion is correlated with the fragile
X chromosome syndrome. We have found that the
conformational spectrum of the (GCC)n strand is
wider than has been shown so far. (GCC)n strands
adopt the hairpin described in the literature under a
wide range of salt concentrations, but only at alkaline
(>7.5) pH values. However, at neutral and slightly acid
pH (GCC)4 and (GCC)8 strands homodimerize. Our
data suggest that the homodimer is a bimolecular
tetraplex formed by two parallel-oriented hairpins
held together by hemi-protonated intermolecular
C·C+ pairs. The (GCC)16 strand forms the same tetraplex
intramolecularly. We further show that below pH 5
(GCC)n strands generate intercalated cytosine
tetraplexes, whose molecularity depends on DNA
strand length. They are tetramolecular with (GCC)4,
bimolecular with (GCC)8 and monomolecular with
(GCC)16. i-Tetraplex formation is a complex and slow
process. The neutral tetraplex, on the other hand,
arises with fast kinetics under physiological condi-
tions. Thus it is a conformational alternative of the
(GCC)n strand duplex with a complementary (GGC)n
strand.

INTRODUCTION

Fragile X chromosome syndrome, the most common form of
inherited mental retardation in humans (reviewed in 1), is associ-
ated with expansion of DNA triplet microsatellites
(CCG)n·(CGG)n (reviewed in 2,3). Single strands of (CCG)n, as
well as (CGG)n, adopt non-canonical DNA structures
(reviewed in 4–6) that may be the cause of the expansions (7–9).
The unusual structures include various kinds of single-stranded
hairpins (10–16) that have been reported (11,13–15) to be
dominant structures of the C-rich strand. The main structural
feature shared by all reported hairpins is the presence of classical
Watson–Crick G·C pairs in the hairpin stem. The hairpins,
however, differ in the number of nucleotides in the hairpin
loop, the conformation (intrahelical or extrahelical) of

cytosines not involved in G·C pairs, the protonation of unpaired
cytosines and, especially, whether the first (GpC) or second
(CpG) cytosine of the CCG motif is involved in G·C pairs. The
first possibility is called frame 1, the latter frame 2 (5).

The strands of (GCC)5–11 have been reported (13,14) to adopt
hairpins exclusively in frame 1 (in 10–150 mM NaCl, pH 7.5–6)
(i.e. the G·C pairs are in GpC steps). It has been concluded
(11,13,14) that the mispaired cytosine residues (at the CpG
steps) are intrahelical, well stacked on the neighboring G·C
pairs and probably connected by a single hydrogen bond. On the
other hand, Yu et al. (15) have shown that (CCG)15 is a frame
2 hairpin under a wide range of solvent conditions (1–600 mM
NaCl, pH 8.5–6) in which the GpC step cytosines are proto-
nated at physiological pH values. The protonated cytosines are
stacked on each other in the minor groove of the distorted
hairpin helix, forming the so-called extended e-motif (15).
This motif was first observed (17) in the antiparallel homo-
duplex d(CCG)2·d(CCG)2. Long (CCG)18 and (CCG)20 strands
have also been reported (15) to form frame 2 hairpins. Their
unpaired cytosines have remarkably high (>8) pK values.

In this report we show that DNA strands containing (GCC)n
repeats (n = 4, 8 or 16) can adopt a broader spectrum of conforma-
tions than has so far been demonstrated. Apart from the above
mentioned hairpins, (GCC)4 and (GCC)8 adopt a bimolecular
structure under close to physiological conditions. We suggest
that the structure is a tetraplex formed by two parallel oriented
hairpins. The 48mer (GCC)16 adopts this tetraplex intra-
molecularly. We further show that the (GCC)n strands form
intercalated cytosine tetraplexes (i-tetraplexes) below pH 5.

MATERIALS AND METHODS

The oligonucleotides (GCC)4, (GCC)8, (GGC)4 and (GGC)8
were bought from the Laboratory of Plant Molecular Physi-
ology, Faculty of Science, Masaryk University (Brno, Czech
Republic). The oligonucleotides (GCC)16 and (GGC)16 were
synthesized and purified by VBC Genomics Bioscence
Research (Vienna, Austria). The lyophilized oligonucleotides
were dissolved in 1 mM sodium phosphate, 0.3 mM EDTA,
pH 7, to give a stock solution concentration of ∼100 OD/ml.
The sample concentrations were determined from their
absorption measured at room temperature in the same
buffer (the solution pH was 8.5 for the C-rich strands) on a
Unicam 5625 UV/Vis spectrometer. The following molar
extinction coefficients were used at the absorption maximum:
ε259 = 8490 M–1 cm–1 for (GCC)4, ε259 = 8180 M–1 cm–1 for
(GCC)8, ε258 = 7850 M–1 cm–1 for (GCC)16, ε254 = 9460 M–1 cm–1
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for (GGC)4, ε253 = 8790 M–1 cm–1 for (GGC)8 and ε253 = 8440
M–1 cm–1 for (GGC)16. The molar extinction coefficients were
assessed from their single-strand extinction coefficients calcu-
lated according to Gray et al. (18) and from their hypochromic
effects.

Required volumes of concentrated Robinson–Britton buffer
and concentrated NaCl were added to the oligonucleotide
samples to obtain the conditions shown in the figure captions.
The pH was adjusted by adding dilute HCl or NaOH directly to
the cells. The pH values were measured using a Sentron Titan
pH meter and Sentron Red-Line Probe electrode. The salt and
DNA concentrations were corrected for the sample volume
increase.

CD spectra were measured using the Jobin-Yvon Mark VI
dichrograph in 0.1 and 0.01 cm path length Hellma cells placed
in a thermostatted holder. The DNA concentration was chosen
to give an absorption of ∼0.8 at the absorption maximum,
which gives the optimum signal-to-noise ratio. ∆ε was
expressed as per M–1 cm–1, the molarity M being related to the
number of nucleoside residues in the DNA samples.

Non-denaturing PAGE was performed in a thermostatted
submersible apparatus (SE-600; Hoefer Scientific, San Fran-
cisco, CA). Gels (16%, 29:1 acrylamide:bisacrylamide), 14 ×
16 × 0.1 cm in size, were run for 20 h at 70 V (∼5 V/cm) and
0°C. The gels were stained with Stains-All (Sigma). Densitom-
etry was performed using a Personal Densitometer SI, Model
375-A (Molecular Dynamics, Sunnyvale, CA).

RESULTS

The (GCC)n strand hairpin

(GCC)4, (GCC)8 and (GCC)16 run as single strands in slightly
alkaline gels (Fig. 1A). Up to 0.35 M Na+ (the highest salt
concentration allowing electrophoretic migration) neither of
the (GCC)n fragments formed a bimolecular structure (not
shown). The spectroscopic measurements, however, reveal
(Fig. 2A and B) that the single strands are ordered. This fact,
along with the B-like shape (see for example 19–22) of the
circular dichroism (CD) spectra (Fig. 2A), agree with NMR

results demonstrating (13,14) that this motif folds back into
hairpins stabilized by classic G·C pairs. Similar to B-DNA
duplexes (see for example 23,24), the temperature-induced CD
spectral changes comprise two steps (Fig. 2B). Before denatur-
ation, an increase in temperature, similarly to a decrease in
ionic strength (not shown), leads to opposite changes in the CD
spectra to denaturation (Fig. 2B). The denaturation of (GCC)n
displays a low cooperativity characteristic (25,26) of hairpins.
Both regions of the temperature changes shift towards higher
temperatures with increasing (GCC)n length (not shown). Ionic
strengths >0.15 M Na+ induce no noticeable changes in the CD
spectra of (GCC)n (not shown), suggesting that the hairpins
remain stable even under high salt concentrations.

Homodimers of (GCC)4 and (GCC)8

The electrophoretic results (Fig. 1A–D) show that (GCC)4 and
(GCC)8 homodimerize at pH < 7. (GCC)n·(GGC)n hetero-
duplexes serve as markers in the gel to show retardation
resulting from the doubled sample molecular weight. Due to
fast exchange between the hairpin and homodimer, the electro-
phoretic trace of (GCC)4 gradually shifts towards the trace of
the (GCC)4·(GGC)4 duplex between pH 7 and 6 (compare lanes
1 and 4 in Fig. 1A–D). The trace of (GCC)8 has already started
to shift towards larger molecules and becomes hazy at pH 7
[when migration of (GCC)4 has not yet shown distinct
changes]. The homodimer becomes the dominant conformer of
(GCC)8 at pH 6.5 (compare lanes 2 and 5 in Fig. 1A–D).
Homodimers of (GCC)4, as well as of (GCC)8, migrate slightly
faster than the corresponding heteroduplexes with their
complementary strands (Fig. 1C and D). Similarly, the hairpins
migrate faster than their corresponding unstructured single
strands (27,28) or than half-length duplexes (Fig. 1A). The
48mer (GCC)16 remains monomolecular under conditions under
which (GCC)4 and (GCC)8 undergo a hairpin-to-homodimer
transition (Fig. 1A–D, compare lanes 3 and 6). At pH 6.5 a
slight trace in (GCC)16 dimers appears which disappears at more
acid pH values (Fig. 1C and D). A slight band corresponding to
the monomolecular fraction also becomes evident with
(GCC)8, the population of which increases when going from

Figure 1. The pH dependence of migration in polyacrylamide gels of (GCC)4, (GCC)8 and (GCC)16 and of heteroduplexes with their complementary strands (which
serve as markers). The gels were run at 0°C in 0.15 M Na+ (Robinson–Britton buffer + NaCl) at (A) pH 8.5, (B) pH 7, (C) pH 6.5 and (D) pH 6.



4686  Nucleic Acids Research, 2001, Vol. 29, No. 22

pH 6.5 to 6.0 (Fig. 1C and D). Decreasing pH is accompanied
by an increase in all amplitudes of the CD spectrum of (GCC)4,
especially by a deepening of the negative short wavelength
band at 210 nm (Fig. 2A). Simultaneously, its UV absorption
spectrum becomes markedly hypochromic at its maximum,
while a slight increase in absorption is observed in the vicinity
of 300 nm (Figs 2C and 3). Although the global shape of the
CD spectrum of (GCC)4 does not change substantially, it is
obvious that the hairpins transform into a more stable arrange-
ment on acidification. This transition is an all-or-none process
(isoelliptical point at 263 nm) lasting seconds, at most, and it is
immediately reversible. The CD and absorption changes (Fig.
3) are the same with all (GCC)n studied. The CD spectra have
only moderately lower amplitudes and the transition shifts
slightly towards more alkaline pH with increasing length of the
molecule (Fig. 3).

To unambiguously demonstrate dimerization of (GCC)n
molecules on going from pH 8.5 to 6, we have undertaken a
further electrophoretic characterization of the samples by studying
their mobility as a function of gel concentration. The results
are shown in Figure 4 in the form of a Ferguson plot (29). The
slope of the linear dependence enables estimation of the retard-
ation coefficient, which is related to the size and shape of the
molecule studied (29–31). In Figure 4 we show Ferguson plots
for (GCC)8 at pH 8.5 and 6 and also for a heteroduplex with

(GGC)8 at both pH values. It is evident that the slope of the
(GCC)8 single hairpin at pH 8.5 is different from that of the
remaining three dependences. In contrast, the dependence of
(GCC)8 at pH 6 is nearly the same as those of the heteroduplex
at both pH 6 and 8. The retardation coefficient of (GCC)8 at pH 6
represents homodimerization of the original module. The same
result was obtained for (GCC)4 (not shown).

In line with the electrophoretic migration, suggesting a
bimolecular structure (Figs 1C and D and 4), the CD spectrum
amplitudes of (GCC)4 [as well as of (GCC)8; not shown]
depend on DNA concentration at slightly acidic pH. The CD
spectrum of 7 mM nucleoside concentration (GCC)4 (Fig. 2A)
displays high amplitudes, but its global shape remains B-like.
It shares the isoelliptic point of the CD spectra reflecting the
two-state, pH-induced hairpin–homodimer transition of
(GCC)4 (measured at an order of magnitude lower DNA
concentration). Thus the DNA concentration-dependent CD
spectra reflect the same process, i.e. stabilization of the
homodimer. The homodimer melts cooperatively (Fig. 2B).
Melting is a two-state process up to ∼30°C (not shown) and it
has fast kinetics (not measurable by CD). At pH 6 and higher
temperatures the temperature dependence of (GCC)4 follows
the melting curve of the (GCC)4 hairpin, which is stable at pH 8.5
(Fig. 2B), indicating dissociation of the homodimer of (GCC)4
into hairpins. This conclusion is confirmed by electrophoresis
at pH 6 at ∼30°C (not shown). The dimer–hairpin dissociation
is fully reversible and fast.

The longer (GCC)n fragments behave like (GCC)4, according
to the CD results (Fig. 3). The electrophoretic results (Fig. 1),
however, show that (GCC)4 and (GCC)8 are predominantly
bimolecular at slightly acidic pH, but (GCC)16 remains

Figure 2. pH-induced changes in the (A) CD spectra and (C) UV absorption
spectra of (GCC)4 dissolved in 0.15 M Na+ (Robinson–Britton buffer + NaCl)
measured at 0°C. The pH values were: pH 8.5 (open circles), pH 7.2 (dashes),
pH 6.9 (dash-dot) and pH 6 (filled circles). These CD and absorption spectra
were measured in a 0.1 cm path length cell with a DNA concentration of
0.7 mM; thin line in (A), (GCC)4 in the same solvent at pH 6 measured in a
0.01 cm path length cell with a DNA concentration of 7 mM. (B) Temperature-
induced changes in CD spectra of (open circles) the (GCC)4 hairpin in 0.15 M
Na+, pH 8.5, and (full circles) of (GCC)4 homodimer in 0.15 M Na+, pH 6.

Figure 3. pH-induced changes in the CD and absorption spectra of (GCC)4
(circles), (GCC)8 (triangles) and (GCC)16 (squares) dissolved in 0.15 M Na+

(Robinson–Britton buffer + NaCl) measured at 0°C in a 0.1 cm path length cell
(conditions as for Fig. 2): (upper) the ratio of absorption at 295 and 258 nm;
(middle and bottom) CD changes monitored at 284 and 209 nm, respectively.
All points in the dependences correspond to equilibrium states.
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predominantly monomolecular. Thus the monomolecular
structure of (GCC)16 is similar to the bimolecular structures of
(GCC)4 and (GCC)8. The 24mer (GCC)8 also partly adopts the
monomolecular arrangement. Exchange between the bi- and
monomolecular arrangements is slow.

Acidic tetraplexes of (GCC)n strands

As shown in Figure 3, the bimolecular structures of (GCC)4
and (GCC)8 and the intramolecular structure of (GCC)16 are
destabilized below pH 5.5–5, when spectral changes indicate
another conformational transition (Fig. 5). The positive long
wavelength CD band increases, the negative CD band at 250 nm
(in contrast to the preceding process) diminishes, the short
wavelength negative band completely disappears and the
whole CD spectrum shifts towards the red (Fig. 5A). Thus a
distinct type of CD spectrum appears. The UV absorption
spectrum maximum at 258 nm decreases, while at longer
wavelengths it increases and finally dominates (Fig. 5B).
These spectral changes are characteristic of extensive protona-
tion of cytosines and formation of hemi-protonated C·C+ pairs
(32). The changes have very slow kinetics, which testify to an
awkward transition between two ordered structures. It takes
days to reach the equilibrium state near the transition midpoint.
The structure again melts cooperatively with temperature
(Fig. 5C). Melting is a slow, two-state process between 20 and
40°C. The CD spectra do not change with time at temperatures
>40°C and they become similar in this temperature region to
the spectra of (GCC)4 hairpins at pH 6 and 8.5 (Fig. 2B).

The shape of the CD spectrum of (GCC)4 is identical at
pH < 5 to the CD spectra of intercalated cytosine tetraplexes
(i-tetraplexes) (33–35). The band wavelengths precisely
correspond to the i-tetraplex CD spectra, only the amplitudes are
lower. However, the CD spectrum of (GCC)4 completely corre-
sponds to the i-tetraplex spectrum (including the large amplitude
of the positive band approaching a value of 20 M–1 cm–1)
(Fig. 5A) when measured at a DNA concentration an order of

magnitude higher than for the other samples. Besides the
noticeable increase in CD amplitude, higher DNA concentra-
tions shift formation of the i-tetraplex towards less acidic pH
values. The acid pH-induced transition is the same with all
(GCC)n studied. It becomes slower and requires a lower pH
(Fig. 3) with increasing length of the DNA molecule.

The electrophoretic results (Fig. 6) clearly show that (GCC)n
generate tetraplexes at very acidic pH. We prepared two sets of
(GCC)n samples. The first set (lanes 1, 3 and 5) was loaded
onto the gel immediately after dilution of the samples in electro-
phoretic buffer of pH 5. The second set (lanes 2, 4 and 6) was
loaded onto the gel after 2 days equilibration at pH 4.3 and
0°C. The oligonucleotides in the first set did not form (or did
not have sufficient time to form) tetraplexes, so that they
yielded marker bands corresponding to structures stable at
pH > 5. (GCC)4 that was equilibrated at pH 4.3 provided two

Figure 4. Ferguson plots of the (GCC)8 hairpin (full circles) at pH 8.5 and of
the hairpin dimer (open circles) at pH 6 compared with the heteroduplex
(GCC)8·(GGC)8 at pH 8.5 (full squares) and pH 6 (opens squares), respec-
tively. The logarithm of relative mobility [with respect to that of the (CAG)4
hairpin] is plotted against the concentration of acrylamide in the gel. The gels
were run at 0°C in 0.15 M Na+ (Robinson–Britton buffer + NaCl).

Figure 5. pH-induced changes in the (A) CD spectra and (B) UV absorption
spectra of (GCC)4. The sample was dissolved in 0.15 M Na+ (Robinson–
Britton buffer + NaCl), pH 6 (dots). The latter three spectra were measured
4 days after adjusting the pH to: pH 5.1 (dashes), pH 4.9 (dash-dot) and pH 4.4
(solid trace). The spectra were measured at 0°C in a 0.1 cm path length cell at
a DNA concentration of 0.7 mM; (thin line) (GCC)4 in the same solvent, pH 5,
measured in a 0.01 cm path length cell at a DNA concentration of 6 mM, after
4 days equilibration at pH 5 and 0°C. (C) Temperature-induced changes in the
CD spectra of (GCC)4 dissolved in 0.15 M Na+, pH 4.4 [conditions as for solid
trace in (A) and (B)]. The filled circle corresponds to the CD value obtained
immediately after cooling the sample from 85 to 0°C. No time-dependent
changes in CD spectra were observed in the temperature interval 0–20°C; the
spectra changed with time in the temperature interval 20–40°C, so the spectra
were taken after 70 min equilibration at the particular temperatures at which all
the samples reached equilibrium. No changes in CD spectra with time were
again observed at temperatures >40°C.



4688  Nucleic Acids Research, 2001, Vol. 29, No. 22

new bands (Fig. 6, compare lanes 1 and 2) migrating slower
than the (GCC)8·(GGC)8 heteroduplex. The bands thus reflect
two types of four-stranded (GCC)4 tetraplexes. (GCC)8 yielded
a new band (possibly again two) corresponding to a
bimolecular tetraplex (Fig. 6, compare lanes 3 and 4). (GCC)16
(Fig. 6, lane 6) yielded an additional slowly migrating mono-
molecular tetraplex. This population prevailed with a (GCC)16
sample that was equilibrated at still more acidic pH (Fig. 6,
lane 7). In addition, another slowly migrating bimolecular
tetraplex of (GCC)16 appeared at this very acid pH.
(GCC)n·(GGC)n heteroduplexes were not stable at acid pH
(Fig. 6, lanes 8–13) and their strands partially generated
ordered homostructures. Electrophoreses run at pH < 5 yielded
largely the same results as shown in Figure 6 (lanes 2, 4 and 6).
However, we never reached conditions that solely stabilized
tetraplexes.

DISCUSSION

Hairpins of (GCC)n

All the literature data, though differing in detail, are consistent
with the conclusion that trinucleotide repeats of one G and two
C residues form hairpins over a wide range of experimental
conditions. It was shown that (GCC)5–11 folded back in a frame
1 hairpin with an overhanging 3′-end C (13,14), which is in
line with the results we obtained independently with (GCC)2
and (GCC)4 (unpublished). The hairpin (GCC)n, n = 5–11, is
thus stabilized by couples of G·C pairs formed in the GpC
steps. The remaining cytosines have been reported to remain
intrahelical (13,14), i.e. stacked between the G·C pairs. Our
CD and UV absorption spectra, as well as the electrophoretic
results, are in line with the literature data at slightly alkaline
pH. The CD spectrum of (GCC)n corresponds to B-form DNA
(see for example 19–22) containing classical G·C pairs while the
intervening cytosines do not disturb the B-type arrangement of

the hairpin. Even molar salt concentrations do not transform
(GCC)n hairpins to a bimolecular duplex.

(GCC)n in neutral and slightly acidic solutions

Our observations are in line with the literature data only at
slightly alkaline pH. pH values <7.5 cause evident homo-
dimerization of (GCC)4 and (GCC)8 (Figs 1 and 4).

Homodimerization increases all amplitudes of the CD spectra,
but the global shapes of the spectra remain B-like (Fig. 2A).
Nevertheless, the dimer adopts a more stable arrangement
compared to hairpins (Fig. 2C). What is the homodimer? Why
had this homodimer escaped detection in previous studies?

We observed a strong hypochromism at the absorption
maximum and a slight increase in absorption at ∼300 nm when
the solution pH of (GCC)n was decreased from alkaline to
neutral and then to slightly acid (Fig. 2C). The ratio of absorp-
tion at 295 nm to that at the absorption maximum reflected a
partial protonation of cytosines (Fig. 3). Identical changes
accompanied formation of acid pH-induced parallel duplexes
of oligonucleotides containing (CGA)n (28,36,37) or (GAC)n
(38). In contrast, UV absorption spectra of (CAG)4 and
(CTG)4, which remained as hairpins up to acid denaturation
(16,28), exhibited a hyperchromic effect at acid pH. The pK of
cytosine is <5 if cytosine occurs in a hairpin, while it shifts
towards 8 in parallel homoduplexes of (CGA)n and (GAC)n,
where protonation stabilizes C·C+ pairs (28,38). C·C+ pairs are
also formed by the (GCC)n fragments in this study around
neutral pH, as judged by the completely analogous changes in
UV absorption spectra. We therefore conclude that (GCC)4 as
well as (GCC)8 hairpins homodimerize in a parallel-stranded
fashion and that homodimerization is induced and stabilized by
C·C+ pairs. The transition is fast, so that it can hardly involve
unpairing of G·C pairs in the hairpin stem. In contrast, hairpin–
duplex isomerization is a very slow process (25,26), lasting
days (28). Moreover, the hairpin–duplex (antiparallel as well
as parallel) transition becomes more complicated with
increasing DNA strand length (38), which is the opposite
behavior to that we observed for (GCC)n homodimerization
(Figs 1 and 3). Furthermore, the CD spectrum hardly changes
during this transition. Hence the bimolecular structure is obvi-
ously a homodimer of two hairpins that associate through
intermolecular C·C+ pairing of the cytosines which do not pair
to the complementary guanines in the hairpin stem.

The tetraplex of (GCC)n stabilized by intermolecular 
C·C+ pairs at neutral pH

The model of the structure formed by two parallel-oriented
hairpins is sketched in Figure 7. The CpG cytosines in the
hairpin stem that do not bind to the complementary guanines
can remain intrahelical, but they can also ‘flip out’ (14) to
generate C·C+ pairs connecting the hairpins. Hairpin
homodimerization is promoted by increasing molecule length,
which supports the model with hairpins associating side-by-
side (Fig. 7), rather than a kissing dimer held together by a
loop–loop interaction (39). We thus conclude that (GCC)4 and
(GCC)8 form a bimolecular tetraplex under physiological
conditions. The tetraplex is peculiar because it contains
classical G·C pairs as well as hemi-protonated C·C+ pairs
(Fig. 7B). That it is indeed a tetraplex is nicely demonstrated
by the observation that the 48mer (GCC)16 [and partly also
(GCC)8] adopts the same structure within a single molecule

Figure 6. Acid PAGE of (GCC)4, (GCC)8 and (GCC)16 and of heteroduplexes
with their complementary strands. The gel was run at 0°C in 0.15 M Na+

(Robinson–Britton buffer + NaCl), pH 5. The samples were loaded onto the gel
in two sets: at pH 5, immediately after dissolving the oligonucleotides in
electrophoresis buffer (lanes 1, 3 and 5); at pH 4.3, after 2 days equilibration at
0°C (lanes 2, 4 and 6); (GCC)16 loaded onto the gel after 5 days equilibration
at pH 4.2 and 0°C (lane 7). Duplexes (GCC)4·(GGC)4, (GCC)8·(GGC)8 and
(GCC)16·(GGC)16 were loaded immediately after mixing at pH 5 (lanes 8, 10
and 12) or pH 4.3 (lanes 9, 11 and 13) after 2 days equilibration of particular
strands at 0°C.
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(Fig. 7B, bottom). Interestingly, this intramolecular tetraplex is
stable at low ionic strength (1 mM sodium phosphate) even at
alkaline pH. Only pH > 9 (at 0°C) denatures this tetraplex, as
suggested by changes in the CD spectra corresponding to the
presence of single hairpins (not shown).

Qualitatively, the same pH-dependent changes in CD spectra
as those we observed with (GCC)n were reported for (CCG)15
(15). The authors ascribed the changes around neutral pH to
increased stacking and/or base pairing in single-stranded
(CCG)15

+. Our experiments indicate that too low a DNA
concentration, a high temperature and, especially, a long
molecule were the reasons why these authors did not detect the
neutral tetraplex. In fact, we noticed the monomolecular
neutral tetraplex of (GCC)16 only because of the parallel
analysis of (GCC)4, (GCC)8 and (GCC)16.

Intercalated tetraplexes of (GCC)n

In this paper we have, furthermore, demonstrated that (GCC)n
forms another tetraplex. Its CD spectrum (Fig. 5A) precisely
corresponds to cytosine i-tetraplexes (33–35,40–42). The tetra-
plex is tetramolecular with (GCC)4, bimolecular with (GCC)8
and monomolecular with (GCC)16. Surprisingly, the presence
of guanines does not noticeably influence the intercalated
tetraplex structure. The i-tetraplexes, formed at acidic pH,
migrate more slowly on electrophoresis than neutral tetra-
plexes formed by the same number of strands. Electrophoretic
migration reflects DNA structure differences, including orien-
tation of the interacting strands (28,43). The two electro-
phoretic bands observed with the i-tetraplexes of (GCC)n
(Fig. 6, lanes 2, 4 and 7) most probably indicate two kinds of
duplex intercalation in the i-tetraplex, where either the 3′- or
5′-end C·C+ pairs are located on the tetraplex edges. In the latter
case the 5′-guanines would completely extrude, which would
definitely influence the electrophoretic mobility of the molecule.
The two types of i-tetraplexes have already been described with
another molecule (44).

Conclusions

Trinucleotide repeats probably expand during replication due
to an unusual conformation of their DNA (7,8,45,46). In this
paper we demonstrate that the (GCC) trinucleotide repeat,
associated with fragile X chromosome syndrome, can adopt
not only the hairpins described in the literature (5,6,11,13,14),
but also various kinds of tetraplexes. These include i-tetra-
plexes at acid pH and, especially, another type of tetraplex at
neutral pH, which contains Watson–Crick G·C pairs as well as
hemi-protonated C·C+ pairs. The neutral tetraplex arises with
fast kinetics under physiological conditions. If the (GCC)n
repeat is sufficiently long, then the neutral tetraplex is intra-
molecular. The threshold length falls somewhere between
(GCC)8 and (GCC)16. The intramolecular tetraplex may arise
as a result of two subsequent coils of the (GCC)n strand resem-
bling a paperclip, or by crossing and folding back of a hairpin.
Stable hairpins of expanded (CNG)n repeats exist in vivo (47).
The intramolecular tetraplex of (GCC)16 described above is a
conformational alternative to the  Watson–Crick duplex with
the complementary (GGC)16 strand, as well as to the hairpin of
(GCC)16. The tetraplex is more compact and more thermostable
than the hairpin. Both of these properties are of interest not only
in studies of DNA conformation but also in considerations of
the pathological consequences of (GCC)n strand expansions.
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