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Abstract The repeat expansion diseases are a group of genetic
disorders resulting from an increase in size or expansion of a
specific array of tandem repeats. It has been suggested that DNA
secondary structures are responsible for this expansion. If this is
so, we would expect that all unstable repeats should form such
structures. We show here that the unstable repeat that causes
progressive myoclonus epilepsy type-1 (EPM1), like the repeats
associated with other diseases in this category, forms a variety of
secondary structures. However, EPM1 is unique in that
tetraplexes are the only structures likely to form in long unpaired
repeat tracts under physiological conditions. © 2001 Federa-
tion of European Biochemical Societies. Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

Progressive myoclonus epilepsy of Unverricht-Lundborg
type (EPM1) is an autosomal recessive disorder characterized
by myoclonus, seizures and cerebellar ataxia. This disorder
results from mutations in the cystatin B (CSTB) gene which
encodes a non-caspase cysteine protease inhibitor [1]. The
most common mutation associated with EPMI1 is an ex-
pansion of a tandem array of the dodecamer d(CsGCsG-
CG)-d(CGCG4CGy) in the cystatin B promoter [1-5].

Pathogenesis caused by expansion of a specific tandem ar-
ray is a characteristic feature of the repeat expansion diseases,
a group of neurological and neuromuscular disorders. The
repeats associated with all other diseases in this group form
various secondary structures [6-25], as do a number of other
hypervariable sequences [21,26,27]. Here we demonstrate that
the EPM1 dodecamer repeat also forms secondary structures.
These include hairpins comprised entirely of non-Watson—
Crick base pairs, tetraplexes, and i-motif structures, but tetra-
plexes are the most likely to prevail in long repeat tracts under
physiological conditions. The fact that all disease associated
repeats form secondary structures lends support to the idea
that these structures play a role in expansion.
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2. Materials and methods

2.1. Oligonucleotides

The oligodeoxyribonucleotides used in this study were EPMIT (5'-
GTACGAATT(C4GCsGCG)s TAGGGCTCGAGTCAACGTAACA-
CTTT-3') and EPM1B (5'-GTACGAATT(CGCG4CG4)sTAGGGCT
CGAGTCAACGTAACACTTT-3'). They were synthesized using
standard phosphoramidite chemistry (Life Technologies, Gaithers-
burg, MD, USA), and purified by denaturing gel electrophoresis on
20% polyacrylamide gels. Their concentrations were determined from
the UV absorbance measured at room temperature using the molar
extinction coefficients 9517 M~! cm™' for EPMIT and 10789 M~!
cm~! for EPMIB.

2.2. Circular dichroism

Circular dichroism measurements were made using a Jasco J-715 A
spectropolarimeter with a thermostatted cuvette holder and 1 cm
pathlength quartz cuvettes. The samples were dissolved in 10 mM
Na-cacodylate at the indicated pH. KCIl, NaCl, or LiCl were added
where indicated to a final concentration of 100 mM. CD spectra were
obtained for each oligonucleotide starting at 10°C and increasing in
5°C increments. After complete denaturation at the end of the experi-
ment, the samples were allowed to reanneal for 24 h and the CD
melting profiles remeasured. The data from three independent sets
of measurements were averaged after adjustment to correct for the
spectral contributions of the buffer and cuvette. Spectras are plotted
as Age(L—R)] in units of M~! cm™!.

2.3. Chemical modification

Chemical modification of the EPM 1B oligodeoxyribonucleotide was
carried out as previously described [26]. The resultant autoradiograph
was then scanned and analyzed using Image Gauge V3.0 (Fuji Photo
Film Co, Ltd, Japan). The peak height was normalized to the peak
height of bases flanking the repeat (indicated by the asterisks in Figs.
3 and 4).

3. Results and discussion

3.1. The C-rich top strand of the EPMI promoter forms an
unstable intermolecular protonated complex

The CD spectra obtained for EPMIT, an oligonucleotide
containing four repeats of the top strand of the EPM1 pro-
moter, are shown in Fig. 1. At 35°C and a pH of 7.0, the CD
spectrum has a positive peak at 282 nm and a negative peak at
249 nm. The positive peak shifts by about 3 nm to 285 nm
when the pH is dropped to 6.5, and shifts by an additional
2 nm to 287 nm at pH 6.0. This red shift is characteristic of the
formation of protonated complexes [28], most likely i-motif
structures. An i-motif is a four-stranded DNA structure con-
sisting of two pairs of parallel DNA strands held together by
C-C™ pairs. The four-stranded structure arises by intercalation
of the C-C* pairs on the two paired DNA strands [29-31].
Similar structures have been reported for the C-rich strands of
the Fragile X triplet repeat [15], and the hypervariable repeat
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Fig. 1. The CD spectra of an oligodeoxyribonucleotide containing
four repeats of the top strand of the EPMI1 promoter (EPMIT).
A: CD spectra measured at 35°C at the indicated pHs in the pres-
ence of 100 mM KCl. B: Melting profile of EPMIT measured at
287 nm in 100 mM KCI at the indicated pHs.

in the human insulin promoter [32]. The red shift character-
istic of i-motif structure is seen even in samples that have been
cooled for <15 min after denaturation (data not shown).
This suggests that the i-motif structure forms rapidly. How-
ever, since the Ty, of this structure is 32.5°C at pH 7.0 in 100
mM KCI (Fig. 1B), it is unlikely to be stable at physiologically
reasonable conditions.

3.2. The G-rich bottom strand of the EPMI1 promoter forms
acid stabilized intermolecular Gy-tetraplexes

The CD spectrum of EPM1B, which contains four repeats
from the bottom strand of the EPMI1 promoter, shows a
positive peak at 263 nm and a negative peak at 242 nm at
35°C (Fig. 2A, black solid line). This spectrum is character-
istic of parallel Gy-tetraplexes [33-35]. In such a structure all
the Gs are anti and interact with three other guanine bases via
Hoogsteen hydrogen bonds, creating a series of cyclic G-quar-
tets that comprise the four-stranded helix.

In contrast to the i-motif formed by the top strand, the Gy-
tetraplex is extremely stable: very little change is seen in the
spectra produced in the presence of either 20 mM or 100 mM
KCl between 10°C and 94°C (Fig. 2A, black dotted line, and
data not shown). However in 100 mM LiCl, the amplitude of
both the positive peak and the negative one are strongly re-
duced at both 35°C and 90°C (solid and dashed gray lines in
Fig. 2A respectively). This is consistent with the known prop-
erties of other Gu-tetraplexes and results at least in part from
the ability of Na* and K*, but not Li*, to stabilize tetra-
plexes via the formation of coordination complexes with the
eight carbonyl oxygens in two adjacent G-quartets [36]. At
low [Na*], the amplitude of the 263 nm peak is significantly
higher at pH 6.0 than it is at pH 7.0 (Fig. 2B), indicating that
this structure is stabilized by protonation. This is consistent
with a tetraplex containing a mixture of Gy-tetrads and hemi-
protonated C-C* pairs.

3.3. The G-rich but not the C-rich strand forms stable
intrastrand structures at 37°C

Electrophoresis of dilutions of each strand of the promoter
was carried out in 10% polyacrylamide gels at either pH 7.0 or
pH 8.0 at 37°C. Under these conditions EPM 1B migrated as a
single species with a more rapid mobility than expected from
its molecular weight (data not shown). This mobility shift
is characteristic of the formation of intrastrand structures.
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Fig. 2. The CD spectra of an oligodeoxyribonucleotide containing
four repeats of the bottom strand of the EPM1 promoter (EPM1B).
A: Effect of different cations on the CD spectra of EPM1B. The
CD spectra were measured at pH 7.0 at a EPM1B strand concentra-
tion of 900 nM in the presence of either 100 mM KCI or LiCl at
the indicated temperatures. B: CD spectra of EPM1B at 37°C in ei-
ther TE buffer (pH 7.0) or 10 mM sodium cacodylate at the indi-
cated pH.
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Fig. 3. Chemical modifications of the EPM1B oligodeoxyribonucleo-
tide in the presence and absence of KCl. A: The DEPC reactivity
of EPMIB. The gray line is the DEPC modification profile seen in
the absence of K, the black line is that seen in the presence of
that cation. Each repeat is demarcated by the square brackets above
the scan, with the repeats being numbered from the 5’ end of the
oligonucleotide. The peak outside the repeat region that was used
to normalize the two scans is indicated by an asterisk. B: The DMS
reactivity of EPM1B. The gray line is the DMS modification profile
seen in the absence of K*, the black line is that seen in the presence
of that cation. Each repeat is demarcated by the square brackets
above the scan, with the repeats being numbered from the 5" end of
the oligonucleotide. The peak outside the repeat region that was
used to normalize the two scans is indicated by an asterisk.
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EPMIT showed no such anomalous mobility at this temper-
ature. This suggests that the top strand does not form intra-
strand structures that are stable at physiological pHs and
temperatures. We therefore focused exclusively on the nature
of the intrastrand structures formed by the G-rich strand.

3.4. Individual strands of the G-rich repeat form hairpins in the
absence of KCI and a Gy-tetraplex when KCI is present

We treated the G-rich oligodeoxyribonucleotide with either
diethylpyrocarbonate (DEPC) or dimethylsulfate (DMS) in
the presence and absence of K. Both DMS and DEPC react
with the N7 of Gs. DMS reacts strongly with all Gs as long as
the N7 position is not involved in a hydrogen bond. In con-
trast, Gs that are well stacked within a helix are much less
reactive with DEPC than extrahelical or loop Gs even if they
are unpaired. DMS also modifies unpaired Cs albeit less ef-
fectively.

The modification profile for EPM1B in the absence of KCl
is shown as the gray traces in Fig. 3A and B, and the profile
for EPMIB in the presence of KCl is shown as black traces in
Fig. 3A and B. In the absence of KCI, the Gs in the repeat
region of the EPM1B oligonucleotide are not uniformly reac-
tive with DEPC suggesting that some Gs are base paired or
otherwise stacked within the DNA helix while others are not.
The first G in each of the four repeats is DEPC reactive (G,
Gi3, Gys, and Gsy), while the remaining Gs are much more
weakly reactive. In contrast, under these conditions, all the Gs
in the repeat are uniformly reactive with DMS (gray line in
Fig. 3B). The periodicity of the DEPC protection cannot be
explained by a tetraplex-like structure since all the Gs are
accessible to methylation by DMS. A single large hairpin
would not account for the DEPC reactivity either since this
would produce a pattern of reactivity where the Gs in the
central loop and the 5’ and 3’ flanks would be reactive.
Rather our data suggest that under these conditions the G-
rich strand of the EPM1 unstable repeat forms a pair of hair-
pins each containing two repeat units (Fig. 4). If these hair-
pins contained a mixture of G-C and G-G pairs we would
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Fig. 4. Model for the structure formed by the bottom strand of the
EPMI repeat in the absence of K*. The GG pairs are indicated by
dotted lines. The DEPC-reactive Gs within the structure are shown
in outline font.
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Fig. 5. Two different models for the structure formed by the bottom
strand of the EPMI repeat in the presence of K*. G-G-G'G tetrads
are shown as dark gray parallelograms, G-C-G-C tetrads as light
gray parallelograms and base pairs by dotted lines. The DEPC-reac-
tive Gs are shown in outline font.

expect to see differences between the Gs in their DMS reac-
tivity since Gs in G-C base pairs are completely reactive with
DMS while each G in a GG pair has a 50% chance of being
an N’ donor. Since the Gs all show similar levels of DMS
reactivity, our data suggest that all of the stem Gs are in-
volved in GG base pairs, and that the hairpins contain no
Watson—Crick base pairs.

The pattern of DEPC reactivity does not change in the
presence of KCI (black line in Fig. 3A). However, in the
presence of this cation all the Gs are strongly protected
from reaction with DMS (black line in Fig. 3B). This indicates
that in the presence of physiological concentrations of KCI,
these Gs are obligatory N7 donors. The Cs also are much less
reactive with DMS in the presence of K* than they are in its
absence, suggesting that some hydrogen bonding occurs in the
presence of this cation. The protection of all the Gs from
modification by DMS in the presence of KCl is consistent
with the formation of an intrastrand tetraplex in which all
the Gs in the stem of the tetraplex are obligatory N7 donors.
Two types of tetrads containing Gs have been demonstrated
to occur in different tetraplex-forming sequences: G-G-G-G
tetrads [37-40] and G-C-G-C tetrads [20,41,42]. In both of
these tetrads, the N7 of the constituent guanines are involved
in hydrogen bonds. Two different structures are thus possible
in the EPMI repeat, one in which the guanines are involved in
G-G-G'G tetrads with the Cs interacting with one another
(Fig. 5A), and one containing a mixture of G-G-G-G tetrads
and G-C-G-C tetrads (Fig. 5B). Our chemical modification
data are consistent with both of these structures. However,
the fact that in the absence of K this sequence forms a hair-
pin that contains no G-C pairs, together with the observation
that the intermolecular parallel-stranded version of the tetra-
plex is stabilized by protonation (Fig. 2B), lends some support
to the first structure (Fig. 5A). A similar role for protonation
is seen in the tetraplex formed by the G-rich strand of Fragile
X repeat [12,21,43].
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Whatever the molecular details, this structure is extremely
stable since EPM1B retains its anomalously rapid mobility
during electrophoresis through polyacrylamide gels even
when electrophoresis is carried out at 65°C (data not shown).
This is consistent with the stability we have observed for the
interstrand tetraplexes formed by the EPMI1 repeat, and with
the reported stability of other intermolecular and intramolec-
ular tetraplexes [12,35].

The CGG repeat associated with Fragile X syndrome and
FRAXE mental retardation forms both tetraplexes
[12,19,21,43] and hairpins containing a mixture of G-G and
C-G pairs that are also quite stable at physiological pHs
[6,7,12,14]. The EPMI1 promoter is thus unique among the
repeat expansion diseases thus far described in having tetra-
plexes as the predominant structures formed by long repeat
tracts at physiological temperatures, pHs, and ionic strengths.
The folded nature of intrastrand tetraplexes suggests that they
may be able to affect DNA replication and repair in similar
ways to those proposed for the hairpins formed by other dis-
ease associated repeats (see [44] for review). In addition, it is
possible that their extraordinary stability confers upon them
unique properties [12,21]. Our demonstration of the formation
of tetraplexes by the EPMI repeat shows that the ability to
form such structures is indeed a common property of all hy-
pervariable sequences, and lends credence to the hypothesis
that these structures are responsible, at least in part, for ex-
pansion.
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