10858  Wiley Online Library

Angewandte

Zuschriften

DNA Structures

DOI: 10.1002/ange.201405637

Structural Basis for the Identification of an i-Motif Tetraplex Core with
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Repeats

Yi-Wen Chen, Cyong-Ru Jhan, Stephen Neidle, and Ming-Hon Hou*

Abstract: CCG triplet repeats can fold into tetraplex structures,
which are associated with the expansion of (CCG),, trinucleo-
tide sequences in certain neurological diseases. These structures
are stabilized by intertwining i-motifs. However, the structural
basis for tetraplex i-motif formation in CCG triplet repeats
remains largely unknown. We report the first crystal structure
of a CCG-repeat sequence, which shows that two dT(CCG);A
strands can associate to form a tetraplex structure with an
i-motif core containing four C:C" pairs flanked by two G:G
homopurine base pairs as a structural motif. The tetraplex core
is attached to a short parallel-stranded duplex. Each hairpin
itself contains a central CCG loop in which the nucleotides are
flipped out and stabilized by stacking interactions. The helical
twists between adjacent cytosine residues of this structure in the
i-motif core have an average value of 30°, which is greater than
those previously reported for i-motif structures.

N umerous neurological diseases are associated with the
expansion of trinucleotide repeats (TNRs).! A notable
example is the (CGG),/(CCG), repeat in the X chromosome;
this repeat has been associated with fragile X syndrome.” The
CGG TNRs in the coding sequence of the FMRI (fragile
mental retardation 1) gene result in the production of an
aberrant protein that plays a critical role in the pathogenesis
of the disease.’! The massive TNR expansion found in
neurodegenerative disorders may be caused by the slipped
register of the DNA complementary strands in addition to the
transient formation of noncanonical DNA structures during
DNA replication.[! The unusual structural characteristics of
expandable repeats have been found to determine the
threshold length and the large-scale character of the expan-
sions. Single-stranded (CNG), repeats are able to form
hairpin DNA structures that consist of both Watson-Crick
and mismatched base pairs.”! Besides hairpins, single-
stranded (CGG), and (CCG), repeats can fold into four-
stranded helical structures stabilized by intertwining G-
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quartets and i-motifs.! Nucleic-acid sequences capable of
folding into an i-motif tetraplex are found in the telomeric
DNA sequences of various species.!”! Studies on CCG triplet
repeats have led to proposals that these repeats can form four-
stranded structures in which two CCG repeats form hairpin-
like structures that combine to form an i-motif arrangement.”!
These models were based on an analysis of gel electrophoretic
patterns, CD spectra, and UV-light-induced cross-links.
However, to date, no single-crystal X-ray analysis of i-motif
formation in CCG triplet repeats has been reported.

We report herein the first crystal structure of the
oligonucleotide dT(CCG);A, which is a structure-forming
portion of a (CCG), triplet-repeat sequence. All atoms of the
hairpin molecule exhibit well-defined electron density (see
Figure S1 in the Supporting Information) and have been
included in the final model. The asymmetric unit contains one
DNA strand, which folds back to form a hairpin structure at
the central CCG region. The structural unit comprises two
dT(CCG);A strands related by a crystallographic twofold axis
along the pseudohelix axis to form an arrangement resem-
bling two tango dancers (Figure 1 A). The CCG-repeat hair-
pins in each strand are hydrogen-bonded to one another to
form a tetraplex core. The central region of the tetraplex
comprises a four-stranded intercalated motif in which the
hairpin monomers intersect and are held together by hydro-
gen bonds from one G:G homopurine base pair and three
intercalated C:C" base pairs. Additionally, the three nucleo-
tide residues CGA at the 3’ end of the two oligomers form
a short stalk of a right-handed parallel-duplex helix with
homopyrimidine and homopurine base pairs, C:C*, G:G, and
A:A (Figure 1B,C). Two nucleotides in the central CCG loop
of the hairpin moiety are flipped out, as is the 5" base, T1.
Rather than pairing with 3'-terminal Al1, 5'-terminal T1 is
symmetrically tilted in the wide groove and leaves the stem
region to stack with the looped-out C6' residue from
a twofold-related hairpin DNA molecule. These three bases
(T1-C6-G7) are perpendicular to the central i-motif core and
stack together, with an average interplanar distance of 3.5 A.
The 3’ cytosine residue (CS5) of this CCG loop protrudes into
the center of the i-motif core. The second cytosine residue
(C6) and the 5" guanosine residue (G7) of the CCG loop
repeat are oriented in the opposite direction to CS5. The tightly
held overall arrangement suggests that this CCG loop in the
hairpin structure is inflexible and maintained in the observed
conformation: C5 of one strand forms a stacking interaction
with G4 of the other strand. This interaction crosses the
narrow grooves of the structure, and C6 is stacked on the
adjacent G7 base.
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across the lower narrow groove.
The helical twist between adja-
cent cytosine residues has an
average value of 30°, which is
larger than that previously
reported for several i-motif
structures (see Table S1).1"
Interestingly, the twist angles
of the G4-C3 and C9-G10
steps are 56 and 53°, respec-
tively, and generate an over-
wound DNA conformation.
Thus, the four strands in the
intercalated stem tightly twist
in a clockwise direction and
form a right-handed tetrahelix.
Figure 2 shows the
observed homobase pairs in
the structure, with the hydro-
gen bonds indicated. The two
flanking G:G base pairs form
pairs of N2—H:-N3 hydrogen
bonds between the narrow-
groove sites with high propel-
ler-twist and buckle angles
Figure 1. A) Simplified representation of the crystal structure of the dT(CCG);A DNA strands that fold into (Figure 2A,B; see also
an intercalated motif by forming a double hairpin. Guanine bases are green, adenine bases are red, Table S2). Hydrogen bonding
thymi.ne bases are cyan, and cytosi.ne !)ases are pink. B) View o.f‘the‘st‘rucfture from the wide-groove? also occurs between the phos-
direction. C) Topology and base pairs in the structure. Base pairing is indicated by arrows. D) Detailed
side view of the i-motif core flanked by G:G homopurine base pairs. E) Solvent-accessible-surface views of phate groups of G7 and C3/G4

the i-motif flanked by the G:G homopurine base pairs from the wide-groove (left) and narrow-groove of the opposite strand. This
directions (right). interaction is an important con-

tributor to the stability of the
structure and the formation of

Figure 1D presents a detailed view of the two symmetrical
hairpins in the i-motif core. The core is formed by two
symmetrical dT(CCG);A hairpins, one from each strand, and
comprises four C:C" pairs flanked by two G:G base pairs. The
two trinucleotide halves of the i-motif core are related by
a local twofold symmetry. They exhibit global similarities and
local differences with a root-mean-square deviation of
0.967 A between the two halves (see Figure S2). The average
stacking interval between the C:C pairs is 3.3 A, which is
larger than the distance observed between the C:C pairs in
the d(CCCT) structure.®™ The stacking interval between the
C:C pair and the G:G pair is also 3.3 A (see Table S1). The i-
motif core of the structure contains two wide and two narrow
grooves (Figure 1E). From the wide-groove direction, the
lathlike central segment is seen to be formed by the cytosine
residues from the first and third CCG triplet of dT(CCG),A
in an intercalative manner that is similar to that observed in
the crystal structures of d(CCCAAT).”) The phosphate—
phosphate distances across the wide grooves of the i-motif
core are similar from top to bottom, and the average
phosphate—phosphate distance across the wide grooves of
the core is 16.4 A. The narrow grooves are formed by the
prOXI.mlty of the two individual DNA hairpins. Because of the Figure 2. The base pairs in the structure, showing the stacking
rotation of the upper phosphate group, the average phos- jyeractions in the dimeric complex of dT(CCG),A at A) the C3pG4
phate-phosphate distarlce across the upper narrow groove Oof step, B) the G10pA11 step, and C-F) the steps in the i-motif core of
the i-motif core is 9.1 A, in contrast to the distance of 7.5 A the refined structure.
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highly twisted G4:G4 pairs. The four C:C* pairs in the i-motif
each have three hydrogen bonds between N4 and O2F (*
indicates the parallel strand), between N3 and N3, and
between O2 and N4° (Figure 2 C-F). In each case, the C:C"
pair must be protonated at N3 of one or the other C residue,
with the proton shared between N3 and N3”. The 5'-terminal
A:A pair is formed by two N6—H--N7 hydrogen bonds,
between the wide-groove sites (Figure 2B). This pairing is
known to occur between both protonated adenine residues
and between their neutral forms."!! The former case was
detected in d(TCGA) at pH4.0 by NMR spectroscopic
analysis."”? Because the present crystal was obtained at
pH 6, we assume that the adenine moiety of the A1l residue
is not protonated. Additionally, consistent with the results
obtained for the G:G homobase pairs, the A:A homobase
pairs are nonplanar with high propeller-twist and buckle
angles (see Table S2).

The highest peak in the initial (F,—F,) difference maps
was identified as a Co" ion and was included in the refine-
ment. Two cobalt(II) ions coordinate to the hairpin structure
of dT(CCG);A in the asymmetric unit (Figure 3 A,B). One of
the Co" ions is clearly coordinated to the N7 nitrogen atom of
G4 and is octahedrally coordinated to five water molecules.
An additional Co" ion is coordinated to the N7 atom of G7
and the phosphate oxygen atom of C6 with an incomplete
hydration shell. Similar coordination to guanine has also been
observed in the interaction of Co" in a Z-DNA crystal.!'¥!
Previous studies indicated that the bridging water molecules
play an important mediating role in the interactions between
the DNA strands, and in turn stabilize the i-motif structures of
DNA.' Five pairs of symmetry-ordered water molecules
mediate the interaction between the DNA hairpins of the
independent asymmetric units (see Table S3). Figure 3C
shows the association of two hairpin structures of CCG
repeats and the associated waters of hydration. At the top of
the structure, the flipped-out C5 base is linked by one
bridging water molecule (w67) to the C5 phosphate group of
the opposite chain. The N4 amino group of C2 and C8 of the i-
motif core also hydrogen bonds to two water molecules (w35
and w107), which in turn directly bridge to the oxygen atom of
a neighboring phosphate. Besides the cytosine residues, G10
and A1l are linked by one bridging water molecule (w41) to
the oxygen atom of the phosphate and ribose group of the
opposite chain, respectively. G7 and G4 are linked by one
bridging water molecule (w36) to the oxygen atom of the
phosphate and the guanine N2 atom of the opposite chain,
respectively. Interesting, w36 also plays a key role in stabiliz-
ing the hairpin structure of dT(CCG);A by bridging the G7
phosphate group and G4 (or C3; Figure 3D).

Fragile X syndrome, which is one of the most common
forms of inherited mental retardation, originates from the
expansion of the trinucleotide motif d(CGG)-d(CCG).™!
Previous studies showed that under physiological conditions,
both the G-rich and the C-rich single strands of d(CGG)-
d(CCG) repeats are able to form secondary structures, which
may cause these expansions."® This propensity for secondary-
structure formation is more pronounced for d(CCG), repeats
than for d(CGG), strands, and this observation suggests that
the d(CCG), strand is most likely to form a hairpin or

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. A,B) Coordination of the N7 atoms of guanine residues by
two cobalt ions with and without hydration in the dimeric hairpin
complex of dT(CCG);A, as viewed from the narrow-groove direction
(A) and the top (B). The cobalt(ll) ions are shown as orange spheres,
and the coordinated water molecules are colored green. The electron
density is contoured at 1.5 6. C) View of the water cluster formed
between the hairpins of dT(CCG),A from the narrow-groove (left) and
wide-groove directions (right). D) Detailed stereoview of the interac-
tions at the w36 binding site. The difference electron density is
contoured at 1.0 0. Dashed lines show direct hydrogen bonds and
coordination bonds.

slippage structure and exhibit asymmetric strand expansion
during DNA replication. Besides the hairpin structure, the
strands of CCG repeats have been reported to adopt
a tetraplex structure based on two parallel-oriented hairpins
that are held together by hemiprotonated intermolecular
C:C* pairs under physiological conditions." In this study, we
obtained the first crystal structure of a CCG repeat sequence
correlated with neurological disease. The crystal structure
shows that two dT(CCG),A strands can associate to form
a tetraplex structure with an i-motif core flanked by two G:G
homobase pairs and a parallel duplex stem as a structural
motif. The structure of a DNA G-quadruplex—duplex junction
was reported previously."”! Furthermore, previous studies
have shown that the self-associative properties of cytidine-
rich oligonucleotides that favor the formation of symmetrical
i-motif tetramers enable these oligonucleotides to form
supramolecular structures.'® The base-pairing interactions
in the proton-bound dimer of cytosine is the major force
responsible for the stabilization of DNA i-motif conforma-
tions.” A model of longer CCG repeats generated from the
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present crystal structure of three CCG repeats is shown in
Figure S3. According to the analysis of (CCG), by circular
dichroism (see Figure S4), the hairpin homodimerization of
the CCG repeats is promoted by increasing molecular length.
This result supports a model of longer CCG repeats with
hairpins that associate and intertwine to form a structure
which resembles a supercoil, and which is formed by repeats
of four intercalated C:C" pairs flanked by two G:G homobase
pairs as a structural motif. This organization is generally
consistent with models that have been proposed for the CCG-
repeat tetraplex structure.’"! However, in contrast to the
classical G:C pairs of these models, G:G homobase pairs are
involved in the present three-repeat crystal structure.

Nucleic acids that contain four stretches of cytidine
residues or hairpins with two cytidine stretches can form
parallel duplexes stabilized by hemiprotonated (C:C*) base
pairs.®! Several crystal structures of variants of C-rich
telomeric DNA sequences, such as d(AACCCC), d(CCCT),
and d(TAACCC), have been reported.[®**!] These mole-
cules form a more or less symmetrical tetraplex arrangement
with cytosine-containing parallel duplexes held together by
hemiprotonated (C:C") base pairs and two duplexes interca-
lated with each other in the opposite polarity (i-motif). The i-
motif cores of these reported structures are similar (see
Figure S5) and are in striking contrast to the tetraplex
structure of the CCG repeats described herein. It is notable
that the twist angle between adjacent C:C* base pairs is
approximately 30° in the present structure, and thus greater
than the twist angles of about 16-20° observed in previously
determined i-motif structures. We also observed a large twist
angle between adjacent C:C' and G:G pairs (ca. 55°), as
previously found in the parallel-stranded duplex structure of
d(GCCAAAGCT).” These differences result in the right-
handed and overwound conformation of the CCG repeats in
the present structure. Additionally, for dT(CCG),A,
d(AACCCC), and d(TAACCC), the 5'- and 3"-end sequences
may affect the structures of the boundary regions in the i-
motif tetraplex.'**!l For example, in the metazoan telomeric
sequence d(TAACCC), a stabilized loop is formed by the
TAA sequence at the 5’ termini of the molecule, with the i-
motif core of the C-rich strand stabilized by the non-Watson—
Crick base pairing of A:T, which occurs between the flanking
non-cytosine bases of the telomeric DNA sequences.'” In the
Tetrahymena telomeric sequence, d(AACCCC), the structure
has an adenine cluster at the 5 terminus of the DNA
strands."*! In the tetraplex structure of dT(CCG),A, the
CGA sequence near the 3’ terminus has been shown to
promote the formation of parallel d(CGA), homoduplexes
(II-DNA), with C:C, G:G, and A:A pairs stabilizing the i-
motif core. The previously described three base-pair forma-
tions are identical to those observed in NMR spectroscopic
analyses of d(CGA) and d(TCGA).”!

Herein, we have demonstrated the propensity of CCG
repeats to undergo base pairing between the hemiprotonated
cytosine residues of one C-rich hairpin duplex and the
cytosine residues of a second hairpin duplex to form
a stable i-motif tetraplex structure. From previous studies,
two possible pathways for the formation of the i-motif
tetramers of CCG repeats during DNA expansion may be
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considered® (see Figure S6). In the first model, hairpins and
slipped structures consisting of both normal and mismatched
base pairs occur at the CCG repeats during DNA replication.
Tetraplex i-motif formation subsequently proceeds by the
association of two hairpin duplexes. The second model
suggests that tetraplex formation proceeds by sequential
strand association into duplex and triplex intermediate
species. Our observation of this i-motif structure provides
a possible molecular-level pathological consequence of CCG-
triplet-repeat expansion. The existence of an i-motif tetraplex
structure for CCG repeats in vivo is worthy of further study
as, for example, a target for therapeutic intervention to inhibit
aberrant protein expression.
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