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ABSTRACT

CCG repeats are highly over-represented in exons
of the human genome. Usually they are located in
the 5 UTR but are also abundant in translated
sequences. The CCG repeats are associated with
three tri-nucleotide repeat disorders: Huntington’s
disease, myotonic dystrophy type 1 and chromo-
some X-linked mental retardation (FRAXE). In this
study, we present two crystal structures containing
double-stranded CCG repeats: one of an RNA in the
native form, and one containing LNA nucleotides.
Both duplexes form A-helices but with strands
slipped in the 5 (native structure) or the 3’ direction
(LNA-containing structure). As a result, one of two
expected C-C pairs is eliminated from the duplex.
Each of the three observed C-C pairs interacts
differently, forming either one weak H-bond or
none. LNA nucleotides have no apparent effect on
the helical parameters but the base stacking is
increased compared to the native duplex and the
distribution of electrostatic potential in the major
groove is changed. The CCG crystal structures
explain the thermodynamic fragility of CCG runs
and throw light on the observation that the MBNL1
protein recognises CCG runs, as well as CUG and
CAG, but not the relatively stable CGG repeats.

INTRODUCTION

The repeated CCG motifs are frequent in genomes of
many organisms. As shown for the human genome, the
CCQG repeats are highly over-represented in exons and this
positive selection in coding sequences implies a biological
function (1). However, the specific functions in genes and
transcripts remain poorly understood. Messenger RNAs
derived from as many as 139 human genes harbour CCG
repeats composed of six or more repeated units (1). About
half of them are located in the 5 untranslated regions
(UTR), which can be explained by their involvement in
the regulation of transcription and/or in the initiation step

of translation. The CCG repeats are abundant also in
translated sequences but are rare in the 3’ untranslated
region. The longest CCG tracts in mature mRNAs are
typically shorter than 15 repeats.

A well-known example of a transcript containing CCG
repeats is the mRNA from human huntingtin gene (H7T7).
In the normal HTT transcript, the polymorphic CCG
repeat, composed of 612 units, is separated by 12nt of
HTT-specific sequence from a more polymorphic CAG
repeat (6-35 CAG) (2). Expansion of the CAG repeat is
the underlying cause of Huntington’s disease but the
potential role of the CCG repeat as a disease modifying
factor has not yet been satisfactorily resolved (3). A recent
study showed that both the repeated sequences and their
spacer form a single hairpin structure in which the CCG
repeats interact with a portion of the CAG repeats (4).
CCG repeats occur also within expanded CUG repeats
of mutant dystrophia myotonica-protein kinase (DMPK)
gene transcript in some patients suffering from myotonic
dystrophy type 1 (5). It is likely that the CCG repeats have
an impact on the structure of the CUG repeats and on
their interactions with cellular proteins, and this contrib-
utes to unusual symptoms observed in some myotonic
dystrophy patients (5).

The expansion of a CCG repeat in exon 1 of human
FMR?2 gene plays a direct role in the FRAXE locus
associated with one of the forms of chromosome
X-linked mental retardation (6). The normal gene
contains 3—40 CCG repeats which undergo transcription,
genes with up to 200 CCG repeats, classified as
pre-mutations, are also transcribed, while expression of
genes with the full mutation (200-750 CCGs) is transcrip-
tionally inhibited (7). Although no phenotype has yet been
assigned to human FMR2 pre-mutation carriers, 90 CCG
repeats were shown to be as toxic as 90 CGG repeats in
the Drosophila model of the fragile-X associated tremor
ataxia syndrome (FXTAS) which is another triplet repeat
disease caused by pre-mutated CGG repeats (7).

The biomedical importance of CCG runs in transcripts
stimulated efforts to characterize these sequences structur-
ally. Short repeats (CCG),_4 were shown by UV melting to
form duplex structures (8). Longer repeats (CCG);7.20.25
formed hairpins, according to UV melting, gel mobility
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analysis as well as chemical and biochemical structure
probing (9,10). These hairpins contained either 4nt or
7 nt terminal loops and their stem portion was composed
of the reiterated G-C and C-G pairs and C-C
non-canonical base pairs. The methods used did not
allow, however, for a more detailed characterization of
these structures, especially the exact nature of the C-C
pairs, their impact on RNA helix geometry and conse-
quences for interactions of double-stranded CCG
regions with proteins.

This work is the final in our crystallographic studies of
CNG repeats, following CUG, CAG and CGG structures
(11-13). Here, we present two crystal structures containing
double-stranded CCG repeats: one of an RNA in the native
form, and one containing LNA (‘locked’) nucleotides.

MATERIALS AND METHODS

Synthesis, purification and crystallization of the CCG
oligomers

GCCGCCGC and GCCGMCCGC  oligomers were
synthesized on an Applied Biosystems DNA/RNA synthe-
siser, using cyanoethyl phosphoramidite chemistry.
Commercially available A, C and G phosphoramidites
with 2'-O-tertbutyldimethylsilyl were used for the syn-
thesis of RNA (Glen Research, Azco, Proligo). The
phosphoramidite G was synthesized according to
Pasternak et al. (14) and Koshkin et al. (15). The details
of deprotection and purification of oligoribonucleotides
were described previously (16). The RNA oligomers
were dissolved in 200 or 400 mM ammonium acetate to
the final concentration of 1 mM and annealed for 10 min
at 95°C, then cooled slowly to ambient temperature within
1 h. Before the crystallization, 25 mM spermine—HCI was
added to the native oligomer solution. Crystals were
grown by the hanging drop method at 30°C in 10 mM
magnesium acetate, S0mM MES (pH 5.6) and 2.5M
ammonium sulphate. The GCCG“"CCGC oligomer
crystals were obtained by the sitting drop method at
19°C. The crystallization medium contained 10mM
MgCl,, MES (pH 5.6) and 1.8M Li,SO4. RNA was
mixed with the screen solution 1:1.

X-ray data collection, structure solution and refinement

X-ray diffraction data were collected at the BESSY syn-
chrotron in Berlin: on the BL 14.2 beam line for native
GCCGCCGC crystal to the resolution of 1.54 A and on
the BL 14.1 beam line for the GCCG"CCGC crystal to the
resolution of 1.95 A. Both crystals were cryoprotected by
20% glycerol (v/v) in the mother liquor. The data were
integrated and scaled using the program suite DENZO/
SCALEPACK (17). The space group was assigned as R3
(native RNA) and P4322 (LNA-containing structure).
The structures were solved by molecular replacement,
using PHASER (18). In the case of the GCCG"CCGC
oligomer, it was crucial to cut the resolution to 3.2 A
during phasing. Early stages of the refinement were done
using the program Refmac5 (19) from the CCP4 program
suite (20), then refinement was carried out with PHENIX
(21). Approximately 500 reflections were set aside for the

Table 1. Summary of the models and refinement statistics

(GCCGCCGC), (GCCG-CCGC),

Overall mean B-factor (A2) 27.79 494
Number of reflections: work/test 4572/501 5155/562
R-value (%) 25.5 25.8
R-free (%) 30.4 30.1
RNA atoms 300 486
Water molecules 16 14

No. sulphate ions . - 2

RMSD in bonds/target (A) 0.01/0.022 0.01/0.022
RMSD in angles/target (°) 1.3/3.0 1.2/3.0
PDB code 4E59 4E58

Riee statistic. The program Coot (22) was used for
visualization of electron density maps calculated with
coefficients 2F, — F, and F, — F, and for manual rebuild-
ing of the atomic model. The Ilast few cycles
were performed using all data, including the Ry, set.
The models are summarized in Table 1 and in
Supplementary Table S1.

The helical parameters were calculated using 3DNA
(23). Sequence-independent measures were used, based
on vectors connecting the CI1’ atoms of the paired
residues, to avoid computational artefacts arising from
non-canonical base-pairing. Program PBEQ-Solver (24)
was used to calculate the electrostatic potential map. All
pictures were drawn using UCSF Chimera (25) and
PyMOL v0.99rc6 (26). The coordinates of both crystallo-
graphic models have been deposited with the Protein Data
Bank (PDB). The accession codes are 4E58 and 4E59.

RESULTS
RNA models

The GCCGCCGC oligomer forms a slippery duplex
(strands A+ B) with three 3’-overhanging nucleotides
(Figure 1A). The terminal residues, 8C, of both strands
are disordered and have not been modelled into the
electron density map. The remaining two overhanging
nucleotides, 6C and 7G, of each strand are paired with
two residues of the symmetry-related duplex, forming
C-G and G-C pairs. The overlapping oligomers form
semi-infinite  helices parallel to the ¢ cell edge
(Supplementary  Figure S1A). The fold of the
(GCCGMCCGQ), structure is different from the native
duplex. The asymmetric unit contains three RNA strands.
Two distinct double helices are formed: C + D and E with its
symmetry-related strand E’. These oligomers also form
slippery duplexes but have two dangling nucleotides, 1G
and 2C, at the 5 end of each strand (Figure 1B).
Moreover, the last nucleotide, 8C, is folded back. In the
C+ D duplex, both the cytosine residues are ordered and
interact with the minor groove of the duplex (see the
Supplementary Data). In the E+E’ helix the terminal
residue is disordered, similar to the native structure. The
1G and 2C residues form Watson—Crick pairs with over-
hanging nucleotides of neighbouring oligomers. In the tet-
ragonal crystal lattice, two distinct columns of semi-infinite
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Figure 1. Scheme of base pairing of the native (A) and the LNA-containing duplexes (B). Brackets indicate segments used in calculating the helical

parameters and the inner core regions around the C-C pairs.

helices are present. Both of them are parallel to the a—b plane
but perpendicular to each other (Supplementary
Figure S1B). The only crystal contacts between the
columns are between the flipped bases and the minor
grooves of neighbouring helices (see the Supplementary
Data). The native and the LNA-containing models also
include 14 and 16 water molecules, respectively. The
modified structure also contains two sulphate anions (see
the Supplementary Data).

The RNA duplex conformation

Although in the two crystal forms the strand slippage
occurs in different directions, each of the three distinct
duplexes consists of seven base pairs, including one
non-canonical C-C pair flanked on each side by three
C-G and G-C pairs. The core of each duplex is Snt
long, having unbroken backbone (Figure 1). The A+B
and E+E’ duplexes have the A-form with typical helical
parameters (Supplementary Tables S2 and 3). All the
residues show C3™-endo pucker and Z, values of 2.5A
(the displacement of the phosphorus atom from the
xy-plane of the ‘middle frame’ between neighbouring
base-pairs). In the C+ D duplex, the sugar conformation
of 11 residues is C3'-endo, one is C2-exo and two are
C2’-endo (typical for the B-form). Nevertheless, the Z,
values are still above 1.6 A, thus the overall form of the
C+D helix is assigned as A-RNA. Calculated helical
parameters of the C+D duplex differ from typical
values or show irregularities (Supplementary Tables S2
and 3). For instance, the average value of helical twist is
typical, 33.5° (28.4° for the duplex core), but the values are
scattered in the range 15.0-49.3° (the standard devi-
ation = 11.5° and 9.8° for the duplex core). The buckle
parameter also shows elevated variability (—3.7 + 14.7°)
compared with other duplexes (—0.5 = 2.9° for A+ B and
0.1 £ 4.3° for E+E’).

The non-canonical C-C pair

In each helix, there is only one C-C pair and each has
a different conformation (Figure 2 and Supplementary
Figure S2). In the A+B duplex, one of the cytidine
residues is inclined toward the minor groove, indicated
by the angle A = 38.9° (the angle between the glycosidic
bond and the line joining the base-paired C1’ atoms)
and opening = —11.5° (Supplementary Table S3). The
cytidines probably form one weak H-bond (3.6A)
between the exo-amino group of the inclined residue and
the N3 atom of the other C (Figure 2A). The exo-amino
groups of the two residues are in close proximity. The H42
atom of the non-inclined C is wedged between the
hydrogen atoms of the exo-amino group of the other
cytidine (Figure 2D). The C-C pair of the C+ D duplex
shows a similar interaction between the exo-amino group
and the N3 atom (3.1 A) but one of the cytidines is
inclined more toward the minor groove (A = 30.8° and
opening = —22.3°). This conformation 1is stabilized
by a H-bond between the O2 carbonyl atom and N4
of the folded back 8C residue of chain C (Figure 2B).
The exo-amino groups are close as in the A+ B duplex
but the pyrimidine bases are twisted relative to
each other (propeller twist =—20.5°; Supplementary
Table S3) thus avoiding a clash between the hydrogen
atoms (Figure 2E and H). The cytidines of the third C-C
pair, in the E+E’ duplex, are related by crystallographic
symmetry. Both residues are slightly inclined towards the
minor groove (A =46.5°, opening = —7.9°). Their
Watson—Crick edges are aligned with the same functional
groups vis-a-vis (Figure 2C). It is possible that the
exo-amino groups form a weak interaction. Their H42
atoms are very close (1.9 A; Figure 2F) but a clash is
avoided due to the relative twist of the bases (Figure 2I).
The propeller for the C-C pair is —20.4°. All the C-C pairs
fit well within the double-stranded helix. The distance
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Figure 2. The three C-C pairs: from the native duplex A+B (A, D, G) and the LNA-containing duplexes C+D (B, E, H) and E+E’ (C, F, I).
The first row shows the possible H-bonds. The second row shows the Van der Waals interactions, especially the close proximity of the exo-amine

groups. The third row shows the propeller twist of the bases.

between the C1’ atoms of the paired C is in the range
10.7-10.9 A, compared to average value of 10. 6 A for the
flanking G-C pairs in both structures.

G" residues in the modified structure

In the modified structure, 4G is an LNA residue. The
sugar ring contains a methylene bridge that enforces the
C3%-endo conformation and constrains the range of
ribose’s torsion angles. On the other hand, the flexibility
of the rest of the backbone, primarily the phosphodiester
bond, is retained. In chains C and E, values of the torsion
angles of the G" are in the typical range. For the modified
guanosine in chain D, the o (rotation about P-O5 bond),
B (O5-CY5) and 7y angles (C5-C4') take unusual values.
o = 113° (typical is —68°), B is —136.1° (typical value is
178°) and y has the value of —157.5° (typical is 54°).
Distortion of the backbone is due to flipping of the
0O5-C5 bond and shifting of the P and C5 atoms.
Typically, the P, OY, C5 and C4’ atoms form a 21gzag
and are approx1mately co-planar, whereas in G the
zigzag is inverted and the atoms deviate from the plane
to the extent that if three consecutive atoms are placed on
a plane, the forth will deviate by approximately 50°
(Supplementary Figure S4). Due to this conformation of
the backbone, the LNA is shifted toward the major
groove, which amounts to a low helical twist of 15°.
The local unwinding is compensated in other parts of
the duplex. One of the sulphate ions is associated
with the 4G LNA residue (see the Supplementary Data).
The only parameter clearly distinct in all the LNA residues
is roll (Supplementary Table S4). Its value, calculated for

the CG"/CG step is greater by 9.9° than the average value
(4.1°) of other steps.

Stacking interactions

Native and modified structures have different distribu-
tions of stacking interactions. In the unmodified duplex,
they are similar to those observed in previously reported
CNG structures (11-13): the steps involving only Watson—
Crick pairs show extensive overlaps (overlap area
>5. 6A2) while those involving non-canonical base pairs
show hmlted interactions  (the largest overlap
area = 0.9 A% Flgure 3A and B). In the modified struc-
ture, the base rings stack more evenly than in the native
RNA. In chain C and E, the stacking interactions between
G" and the adjacent 5C (from the C-C pair) are the most
extensive (7.3 and 5. 6 A ; Figure 3D). At the 5 site, the
LNA interacts cross- strand with 7G (Figure 3C). In chain
D, where the conformation around Gv is distorted,
the residue shows similar overlaps but less extensive. The
cytosines of non-canonical pairs interact with G" at the
5" side and to a lesser extent with C of the same strand.

Electrostatic surface potential

The distribution of electrostatic potential is similar in both
structures. In the minor groove, the alternating stripes of
negative and positive potential are observed—a character-
istic feature of all CNG repeats (Figure 4A and C).
The stripes are generated by functional groups of the
G-C and C-G pairs. In the middle of the helix, one
positive band is missing due to the presence of carbonyl
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Figure 3. Stacking interactions between the Watson—Crick pairs and those involving the C-C pairs, for the native duplex (A, B) and the

LNA-containing duplex (C, D).

groups of the C-C pair. There is an associated indentation
between the Watson—Crick edges of the paired cytidine
residues (Figure 4A). In the C+D duplex, flipping of
the two 8C residues results in a more complex surface
and distribution of the electrostatic potential.
Nevertheless, the indentation around the C-C pair and
the stripes of surface potential are retained. The main dif-
ference is the presence of a sulphate-occupied niche
between 4G" and 8C of the opposite strand. The shape
and the distribution of the electrostatic potential in the
cavity are complementary to the bound sulphate ion
(Figure 4C). In the major grooves of all the duplexes,
the positive and negative bands form a chequered
pattern (Figure 4B and D). This is associated with the
alternating arrangement of the two types of nucleotide.
In the native structure, the positive patches are more
pronounced, indicating a higher electropositive potential
compared to the modified structure.

DISCUSSION

What distinguishes CCG repeats from other CNG
structures?

Earlier biochemical results suggested that CCG repeats
are similar to other CNG runs in that they form
duplexes containing blocks of C-G and G-C pairs with
C-C pairs in between (9-10). This study shows that
short sequences containing CCG repeats do form
A-helices but with strands having a tendency to slip in
either direction, resulting in 5 or 3 overhangs. The
sticky ends associate in the crystal lattice so that the
RNA duplexes form semi-continuous columns which can
be divided into core segments and the overlapping parts.
In addition, the 3’ terminal C is expelled from the double
helix. The result of the strand slippage, regardless of
whether it takes place in the 3’ or the 5 direction, is the
elimination of one of two expected C-C pairs. The result-
ing helices have a single C-C pair surrounded by C-G and
G-C pairs. This is more than has been observed in the
NMR structure of (CCGCCG), DNA, in which all four

Figure 4. The eclectrostatic potential surface for the native duplex
(A: minor groove; B: major groove) and the two LNA-containing
duplexes stacking end-to-end (C, D). Red is negative, blue is positive.
The arrow points to an indentation in the minor groove between two
paired cytosines. Two sulphate ions (sticks) are shown, one in the
minor groove, another in the major groove, interacting with patches
of positive potential.
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cytidines, which could potentially form C-C pairs, have
been expelled from the duplex by means of strand
slippage and bulging, leaving only C-G pairs (27).

The C-C interaction is the weakest of the N-N pairs (8,
10) and the observed strand slippage could be the result of
their destabilizing effect on the double helix. It appears as
if the system acts to minimize unfavourable interactions.

One could ask why cytosines are poor partners
compared to other non-canonical pairs in the CNG
runs? One distinguishing feature of the C-C pairs is their
lack of common conformation. Each of the three observed
C-C pairs interacts differently. One of them forms no
hydrogen bonds, another has one weak H-bond and the
third shows a conformation similar to the U-U pairs in the
CUG structures (11). In this case, one cytosine is inclined
toward the minor groove and its exo-amino group inter-
acts with O4 of the opposite C. A search using FRABASE
(28) showed that C-C pairs are relatively rare. The ribo-
somal subunit of Deinococcus radiodurans contains a
1219C-1253C pair localized between the C-G and G-C
pairs. In the 30 models of this structure deposited in the
PDB, one of the cytosine residues is relatively constant
while the second is shifted to various extents toward the
minor groove while the C1'-C1’ distance is more than
11.1 A and the backbone is distorted relative to a typical
A-helix (Supplementary Table S5). In comparison to the
ribosomal motif, we see in the helical structures that
the C-C pair still shows conformational variability but
the inclination of C toward the minor groove is limited.
The minimum X angle (30.8°) in the C+ D duplex in the
LNA-containing structure could be the result of a
stabilizing interaction with the folded back 8C. The
Cl'-C1’ length for the C-C pairs is 10.8 A, which is
slightly longer than the average value for canonical
pairs. This indicates that in the double-helical context
the C-C pair conforms to the A-form rather than opti-
mises its pairwise interactions.

An explanation of why the C-C pairing potential is not
realized can be obtained from a comparison with U-U
pairs in a similar helical environment (11). The most
apparent difference is that the exo-amino group in C is
larger than the corresponding carbonyl oxygen atom in U.
Thus uracil residues easily form stable pairs, whereas cyto-
sines, even when H-bonded, have close contacts between
the hydrogen atoms on their Watson—Crick edges.

What effect has LNA on the CCG structure?

Locked nucleic acids have received much attention
because of their stabilizing effect on duplexes of RNA
or DNA, an increased affinity for complementary
sequences, compared with native oligomers and promising
properties as therapeutics, such as their relative resistance
to enzymatic degradation. We decided to use LNA for the
above reasons and also because we had problems with
crystallizing the unmodified sequences. One LNA guano-
sine residue was introduced in position 4 and this resulted
in the tetragonal crystal structure.

The distinguishing property of LNA to constrain the
ribose ring to the C3’-endo conformation corresponds
well with the A form expected for RNA. In the duplex

E+E’, the modified nucleotide has no apparent effect on
the helical parameters, compared with the unmodified
structure (Supplementary Tables S2 and 3). The
observed deviations from typical values in propeller and
buckle are probably due to the conformation of the C-C
pair. The C+ D duplex is more distorted and although the
average values of the helical parameters (twist, rise, angle
and displacement) are typical, the standard deviations are
elevated. This is probably related to the folding back of
the 8C residues and the associated ribose C2'-endo con-
formation of the 7C residues. The flipping of the O5-C5
bond of 4G" in chain D can be associated with the
presence of a sulphate ion in the minor groove.

It has been found that LNA generally increases the
thermodynamic stability of RNA duplexes (29), and
while it is easiest to assume that this is due to the fixed
conformation of the ribose ring, one has to allow that
other effects are at play. In the examined structures, the
conformation and ordering of the sugar rings in the LNA
residues are unambiguously C3’-endo, even when the
phosphodiester backbone shows unusual torsions. A
general ordering effect is also indicated by a greater pro-
portion of the modified molecule being ordered in the
crystal structure (the 8C residues) and also by a greater
ease with which the modified oligomer crystallized. The
stabilizing effect of LNA has been explained in earlier
studies in terms of stacking interactions (30,31). We also
observe that in both the modified helices the base stacking
is increased compared to the native duplex, but it is not
clear how this is connected to the LNA residue. The
change in stacking interactions can change the distribution
of electrostatic potential in the major groove (Figure 4B
and D). The correlation seems to be that when bases
associate extensively they exhibit less electrostatic
potential.

It is not clear why the native and modified duplexes
differ in the direction of the slippage. The dangling of
the 3’ ends in the native structure is consistent with
thermodynamic findings that an unpaired C at the 3’
end stabilized an RNA duplex by approximately
—0.8kcal/mol (32,33). It is harder to explain the
overhang of the 5 ends in the modified duplexes.
Perhaps the G" residues stabilize this form, or it is due
to crystal lattice effects, or both. One has to remember
that the overhanging nucleotides do not really dangle,
but form stable C-G and G-C pairs with adjacent
oligomers.

Biological implications

Biochemical probing of secondary structure shows that
CCG repeats form extended hairpins, like other CNG
tracks (9). Both the presented oligomers were designed
as representative fragments of a long stem of a CCG
hairpin. This time, however, the obtained structures
differ from our previous studies of CNG duplexes
(11-13). The mechanism of eliminating C-C pairs from
the duplex is likely to be a result of the short length of
the oligomer. Nevertheless, it is likely that the core of the
crystallized duplexes is relevant to CCG runs in vivo. This
implies that the hairpin stems have the form of A-RNA
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with canonical C-G and G-C pairs flanking unsteady C-C
pairs forming one weak H-bond or none. The apparent
weakness of the C-C pair explains the thermodynamic fra-
gility of CCG runs and throws light on the observation
that the MBNLI protein recognises CCG runs, as well
as CUG and CAG, but not the relatively stable CGG
repeats (34-36). MBNLI1 is thought to bind single-
stranded RNA or duplexes whose strands can be parted
easily (37). Perhaps other specific structural features
among those observed are also important for RNA/
protein interactions, but this remains to be seen.

Expanded CCG repeats have been detected in studies of
three neurological diseases, but their role in pathogenesis
has been difficult to determine. The proposed models of
pathogenesis of TREDs involve interactions of extended
RNA hairpins with proteins, and their precipitation as
nuclear foci. Is it possible that the relatively unstable
CCQG runs are relatively poor targets for such interactions,
hence their correspondingly mild and ill-defined
pathogenic properties?

The CCG structures complete the gallery of structural
profiles of the stems of RNA hairpins related to TREDs.
The crystal structures are consistent with biochemical and
biophysical data and the high-resolution atomic models
could stimulate and assist further research. The key struc-
tural features of the CCG motifs and the other CNG
repeats have been compiled in Supplementary Table S6.
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