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Abstract

Structural studies of repetitive DNA sequences may provide insights why and how certain repeat instabilities in their number and nucleotide
sequence are managed or even required for normal cell physiology, while genomic variability associated with repeat expansions may also be
disease-causing. The pentanucleotide ATTTC repeats occur in hundreds of genes important for various cellular processes, while their insertion
and expansion in noncoding regions are associated with neurodegeneration, particularly with subtypes of spinocerebellar ataxia and familial adult
myoclonic epilepsy. We describe a new striking domain-swapped DNA-DNA interaction triggered by the addition of divalent cations, including
Mg?* and Ca?*. The results of NMR characterization of d(ATTTC)3 in solution show that the oligonucleotide folds into a novel 3D architecture
with two central C:C* base pairs sandwiched between a couple of T:T base pairs. This structural element, referred to here as the TCCTzip,
is characterized by intercalative hydrogen-bonding, while the nucleobase moieties are poorly stacked. The 5'- and 3’-ends of TCCTzip motif
are connected by stem-loop segments characterized by A:T base pairs and stacking interactions. Insights embodied in the non-canonical DNA
structure are expected to advance our understanding of why only certain pyrimidine-rich DNA repeats appear to be pathogenic, while others can

occur in the human genome without any harmful consequences.

Graphical abstract

Introduction

Nucleic acids are characterized by their dynamic and polymor-
phic nature, which allows them to adopt a variety of 3D struc-
tures in addition to the well-known double-stranded helix
first described 70 years ago (1). The folding of DNA into the
energetically preferred structure is based on the primary se-
quence with its inherent ability to hybridize through comple-
mentary Watson-Crick and other base pairing geometries, as
well as various other interactions such as base-base stacking,
which may depend on environmental stimuli (2). For instance,
in the presence of monovalent cations guanine-rich frag-
ments tend to adopt G-quadruplexes formed by Hoogsteen-
type base pairing between four guanines connected into G-
quartets. The other well-studied structure adopted by C-rich
fragments is the i-motif, which is characterized by a four-

stranded intercalated structure stabilized by the formation of
hemiprotonated C:C* base pairs with pronounced pH sensi-
tivity. G-quadruplexes and i-motifs are not only exotic struc-
tures formed under special laboratory conditions, but can also
form in living cells (3-5). Increasing evidence of their forma-
tion i1 vivo and the growing number of nucleotide sequences
originating from regulatory genomic regions that can fold into
stable, non-canonical structures have led to a reconsideration
of fundamental questions, such as how nucleic acids enable,
direct, control, and propagate biological events in response to
intra- and intercellular conditions.

Findings over the last decades keep underlining large por-
tions of genomic DNA that used to be considered redundant
in terms of structure and function (6-8). In fact, the next-
generation and long-read sequencing have marked a mile-
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stone in the genome-wide discovery of repetitive sequences
far beyond G- and C-rich fragments, culminating in more
than a million annotated tandem repeats. While expansions
of certain tandem repeats have been associated with a range
of abnormalities (9-11), the inherent variability in num-
ber of repeats and their sequences is crucial for sustaining
normal cell physiological conditions. The origin and cellu-
lar roles of repeat motifs appear to be inextricably linked
to the formation of non-canonical structures (12), partic-
ularly triplexes (13,14), G-quadruplexes (15-18), i-motifs
(19), cruciforms and others containing hairpin-like motifs
(20-23).

Tandem repeats characterized by up to six nucleotide re-
peat units have been linked to biologically important reg-
ulatory functions (24-26) and their relationships to func-
tions such as DNA replication, repair, and recombination
processes are the subject of ongoing studies (6,7,27). Most
of the recently discovered pentanucleotide repeat expansions
consist of pathogenic motifs that differ from the motifs in
the reference and control genomes (28). In particular, inser-
tion and expansion of d(ATTTC), in the non-coding region
of the DAB1 gene are associated with spinocerebellar ataxia
type 37 (SCA37) (29) and several genes related to six sub-
types of familial adult myoclonic epilepsies (FAME 1-4, 6—
7) (30-33). Interestingly, at least three repeats of d(ATTTC)
are found in >100 coding regions of the human genome (34)
that play important roles in a number of cellular processes,
including transcriptional regulation, intracellular signalling,
protein and membrane trafficking, chromatin remodelling,
cell adhesion and neuronal migration, all of which go be-
yond the ‘original’ role in neurodegenerative diseases. Study-
ing how these potentially pathogenic repeat insertions have
arisen and how they are related to discoveries of new repeat
expansion disorders have been advanced by structural infor-
mation on minidumbbells, which were recently resolved at
high resolution for d(ATTCT),, (35-37), d(ATTTT),, (38) and
d(ATTTC),,. The partial topological similarities, like the ar-
rangements of DNA backbone in minidumbbells and in pseu-
docircular G-hairpins (39,40), which are yet another class of
recently discovered non-canonical structures, continues to in-
cite the quest for understanding DNA folding beyond the pri-
mary sequence alone. Although the above studies provided
structural insights into DNA repeat expansions, they mostly
neglected the influence of the environment, which is of great
importance and cannot be ignored. These and related achieve-
ments were pledged by studying folding of C- and G-rich se-
quences in response to the changes in solution’s pH and con-
centration of monovalent cations such as K* and Na*. How-
ever, the effects of divalent cations such as Mg?* and Ca?*,
which may be crucial for DNA structure and function, require
further in-depth studies.

At the outset of the current study, we hypothesized that
d(ATTTC),, may adopt non-canonical structures. This was
based on our preliminary NMR spectra showing the forma-
tion of C:C* base pairs that could not be predicted based
on nucleotide sequence alone (41). Moreover, the same NMR
spectra suggested that the structure is based on T:T base pairs.
These observations prompted us to investigate the folding of
d(ATTTC), in more detail, revealing previously unexplored
aspects of DNA structural diversity that arise from the pres-
ence of divalent cations. The general interest of the studied
DNA structural transitions is further extended by the iden-
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tification of the TCCTzip motif with its T:T and C:C* base
pairs that are being assembled into a unique dimeric struc-
ture via intriguing loop residues that are themselves capable
of forming base pairs and base triads. In particular, the re-
sults presented here show that the apparently similar binding
of Mg?* and Ca?* cations to DNA induces discrete structural
changes, demonstrating overall that homeostasis of divalent
cations may be interrelated to cell signalling by previously
overlooked feedback loops.

Materials and methods

Sample preparation

DNA oligonucleotides at natural isotope abundance as well
as partially (6-8%) residue-specifically '3C- and "*N-isotope
labelled ones were synthesized on K&A Laborgerite GbR
DNA/RNA synthesizer H-8 using standard phosphoramidite
chemistry in DMT-on mode. After the synthesis the oligonu-
cleotides were deprotected by 30 min incubation at 65°C in
AMA (1:1 mixture of aqueous ammonium hydroxide and
methylamine). Purification was achieved with the use of Glen-
Pak cartridges after which the product was dried on a vacuum
centrifuge, dissolved in 200 mM LiCl, desalted with the use
of FPLC and lyophilized. Subsequently DNA oligonucleotides
were dissolved in 0.5-2 ml Mili-Q water to prepare the stock
solutions, which were used for preparing samples for NMR,
CD and other measurements. The DNA concentrations were
determined by measuring absorbance at 260 nm with the use
of Varian CARY-100 UV-VIS instrument.

NMR experiments

NMR spectra were acquired on Bruker AVANCE NEO 600
and 800 MHz spectrometers equipped with QCI and TCI
cryogenic probes at 5°C, if not stated differently. NMR sam-
ples were prepared from DNA stock solutions at final 0.0125-
0.8 mM DNA oligonucleotide concentrations in 90%/10%
H,0/*H,0 or 100% 2H,0, 20 mM NaPi buffer (pH 6.0, 6.5
or 7.2). The volume of the 20 mM aqueous solutions of MgCl,
and CaCl, added to the NMR samples did not exceed 2% of
the sample total volume. Water suppression in 'H and 2D 'H-
"H NOESY (1, = 100 ms) experiments was achieved by using
excitation sculpting method. 2D "H-"H TOCSY (1, = 50 ms)
and DQF COSY spectra were acquired in 100% *H,O. "N-
and 13 C-edited HSQC experiments were recorded on partially
(6-8%) residue-specifically "*'N- and '3 C-isotopically labelled
DNA oligonucleotides. Sixteen different gradient strengths
(1-51 G x cm™!) were used in DOSY experiments. 'H NMR
chemical shift were referenced with respect to the signal at §
0.0 ppm for external standard DSS. NMR spectra were pro-
cessed and analysed by using TopSpin (Bruker) and Sparky
(UCSF) software.

CD experiments

CD experiments were carried out on an Applied Photophysics
Chirascan CD spectrometer at temperatures between 4 and
90°C, over the 200—320 nm wavelength range by using 0.1
cm pathlength quartz cells. Each of the CD spectra corre-
sponds to the average of three repeated measurements per-
formed on samples with a DNA concentration of 10 um, 20
mM MgCl, and 20 mM NaPi buffer, pH 6.0.
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Structural restraints and calculations

Starting structure was generated with the use of leap mod-
ule of AMBER 20 (42) and 3DNA (43) software packages.
The distance restraints were derived from the integral val-
ues of cross-peaks in 2D 'H-'H NOESY (1, = 100 ms)
by classifying them as strong (1.8—3.6 A), medium (2.6—5.0
A) and weak (3.5-6.5 A), whereby relying on the refer-
ence distance of 2.5 A corresponding to the average value
obtained for cytosines” H5-H6 correlations. The glycosidic
bond torsion angle (x) was restrained to anti conformation
(240 £ 70°) for all residues according to the analysis of NOE
interactions between intra-residual H6/H8 and H1’ protons.
Hydrogen-bond distance restraints were used corresponding
to N1-H3 and H61-O4 in each of the A6,,,:T12,,, and
Al11,,:T7, base pairs, H41-02, O2-H41 and H3-N3 in
each of C5,,:C15y,, base pairs, as well as to H3-O4 and
O4-H3 in each of T4,,,:T14;,, base pairs. Accounting for
the Watson—Crick A:T as well as the non-canonical C:C* and
T:T base pairing, 16 planarity restraints were used, i.e. two
per base pair. The dimeric d(ATTTC); high-resolution struc-
ture was calculated with the use of Amber 20 software by
relying on parmbscl force field, Born implicit solvent model
and random starting velocities. The partial charges for proto-
nated cytosine residues were derived with the use of RESP ESP
charge Derive (R.E.D.) server. The calculations included two
rounds of restrained 1000 ps long simulated annealing (SA)
protocol. In the first SA round the force constants were 1 kcal
mol~' A=2 for NOE-based distance, glycosidic torsion angles
(x), hydrogen-bond and planarity of base pair restraints, while
they were 100 kcal mol=! A=2 for chirality restraints. Re-
straints corresponding to the intermolecular interactions were
not used in the first SA round. In the second and final SA
round, the force constants were 20 kcal mol~! A=2 for NOE-
based distances and glycosidic torsion angles (x) restraints, 2
kcal mol=! A~2 for hydrogen-bond and planarity of base pair
restraints, while they were 100 kcal mol~' A~2 for chirality
restraints. In both rounds of calculations the force constants
for restraints were scaled from the initial value 0.1 to the final
value 1.0 in the first 50 ps and held constant until the end of
the calculation. The protocols included heating over the first
50 ps from 0 to 1000 K, followed by 150 ps equilibration
at 1000 K, cooling over 700 ps from 1000 to 0 K and addi-
tional 100 ps at 0 K. 100 structures were calculated of which
10 structures with the lowest energy were subjected to energy
minimization with a maximum of 10 000 steps to yield repre-
sentative ensemble.

Results and discussion

We first explored the effect of different d(ATTTC) repeat
lengths on folding into a defined structure. '"H NMR spec-
tra of oligonucleotides consisting of two to nine d(ATTTC)
repeats show a broad imino signal at § ~11.0 ppm and broad
and overlapping signals dispersed over a similar chemical shift
range in aromatic, sugar and methyl regions (Supplementary
Figures STA-C). The observed spectral features are consis-
tent with an equilibrium of different conformations pecu-
liar to the repeating pentanucleotide unit. Attempts to exam-
ine the effects of bulk solution pH (Supplementary Figures
S2 and S3), ionic strength (Supplementary Figure S4) and
phosphate buffer counterions, i.e. sodium and potassium
(Supplementary Figure S5) did not result in reduction in the
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Figure 1. "H NMR and CD spectral analysis of DNA oligonucleotides with
different number of d(ATTTC) repeats. Imino 'H NMR spectral region of
(A) d(ATTTC),-g in the presence of 20 mM MgCl, and (B) d(ATTTC)3 in
the presence of 20 mM CaCl,. (C) CD spectra of d(ATTTC);_g and (D)
temperature-dependent CD spectra of d(ATTTC)3. 'H NMR spectra were
recorded in 90%/10% H,0/2H,0 at 5°C, 0.3 mM DNA concentration, 20
mM NaPi buffer pH 6.0. CD spectra were recorded at 10 um DNA
concentration, 20 mM MgCl,, 20 mM NaPi buffer, pH 6.0 and (C) 5°C or
(D) between 4 and 90°C.

structural polymorphism and/or a better resolution of the
"H NMR spectra. On the other hand, addition of MgCl, to
each of d(ATTTC),_o resulted in remarkable 'H NMR spec-
tral changes, with the appearance of signals in the imino re-
gion, consistent with the formation of secondary structures via
hydrogen-bonding in Watson-Crick (§ ~13.9 and 14.0 ppm)
and non-canonical base pair (§ from 9.8 to 11.2 and ~14.9
ppm) geometries (Figure 1A and Supplementary Figure S1).
Assessment of the folding of d(ATTTC); as a function of in-
creasing the Mg?* ion concentration revealed the gradual ap-
pearance of a specific set of 'H NMR signals at 5°C. The
plateau of the folded structure was reached at MgCl, concen-
trations between 20 and 30 mM (Supplementary Figure S6).

Role of Mg?* and Ca?* ions

d(ATTTC); exhibits a very similar imino region of '"H NMR
spectrum in the presence of MgCl, and CaCl, (Figure 1B).
These results show that even though Mg?* and Ca?* ions ex-
hibit distinctly different ionic radii and other properties, their
binding to DNA is crucial for folding and likely involves anal-
ogous interactions. Hence, they may act via modulation of
interactions between different parts of the d(ATTTC); struc-
ture, e.g. by neutralizing the electrostatic repulsion between
negatively charged sugar-phosphate backbone(s) in a multi-
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stranded structure. When the DNA concentration is lowered
while the MgCl, concentration is maintained at 20 mM, the
gradual unfolding of an intermolecular structure is evident
from the broadening of the corresponding 'H NMR signals
(Supplementary Figure S7). In parallel, the relative intensity
of the second set of "H NMR signals, which matches the one
observed for d(ATTTC); in the absence of the divalent cations,
increases (Supplementary Figure S8). These results show that
the folding of d(ATTTC); depends on both the concentrations
of Mg?* ions and DNA. Analysis of the relative intensities of
the "H NMR signals corresponding to the two species at 20
mM MgCl, suggests that the dimeric structure predominates
above 0.3 mM DNA concentration.

Temperature-dependent changes in the 'H NMR spectra
of d(ATTTC); in the presence of Mg?* ions (Supplementary
Figure S9) revealed a gradual broadening of the imino, aro-
matic and methyl signals of the dimer until their complete
disappearance above 20°C. In parallel, another set of aromatic
and methyl 'H NMR signals corresponding to the monomeric
species gradually intensifies as the temperature is increased
from 5 to 20°C. These signals initially appear broad, consis-
tent with a slow exchange of partially folded DNA, while com-
plete unfolding at 55°C is indicated by the observed single set
of narrow signals.

Comparative CD spectral analysis in the presence of MgCl,
revealed similar profiles for d(ATTTC);_g, consistent with
their common structural features (Figure 1C). The spectral
maximum and minimum near 275 and 250 nm, respectively,
are consistent with hairpin secondary structures (44-46). The
temperature-dependent CD spectra of d(ATTTC); showed
two isosbestic points at 260 and 295 nm (Figure 1D), sug-
gesting temperature induced denaturation of two interme-
diate structures. Analysis of temperature induced unfolding
of d(ATTTC)3; monitored at the maximum and minimum
of the CD spectrum affords the apparent T, of ca. 28°C
(Supplementary Figure S10). However, the melting profile at
250 nm indicates that unfolding may involve multiple struc-
tural transitions and reaches a plateau at temperatures above
50°C. Since the spectral melting profiles correspond to the un-
folding of monomeric and dimeric structures, and consider-
ing that lower DNA concentrations were used in the CD ex-
periments compared to the NMR experiments, the apparently
higher Ty, values observed in the CD analysis suggest that the
monomeric structure may have higher thermodynamic stabil-
ity compared to the dimeric structure.

The amount of dimeric d(ATTTC); structure at equilibrium
decreases when the pH of the solution is changed from 6.0
to 6.5, and decreases to a minimum when the pH is further
increased to pH 7.0, favoring the formation of a monomeric
structure (Supplementary Figure S11).

NMR assignment

Deciphering the structures adopted by d(ATTTC); required
unambiguous assignment of the NMR resonances, which
relied on the use of partial residue-specific *C- and “N-
isotopically labelled oligonucleotides combined with '3C- and
SN-edited HSQC experiments. Indeed, the increased spec-
tral resolution of the heteronuclear NMR experiments en-
abled assignment of the 'H NMR signals corresponding to the
monomeric structure (Supplementary Figures S12 and S13)
and the dimeric structure formed in the presence of Mg?* ions
(Supplementary Table S1 and Supplementary Figures S14-
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S18). Of particular note, only fifteen sets of NMR signals
are observed for the dimeric d(ATTTC); structure, consistent
with a symmetrical arrangement of the two DNA strands in
which equivalent positions have identical chemical shielding
environments.

Assessment of hydrodynamic properties by diffusion or-
dered spectroscopy (DOSY) analysis afforded the translation
diffusion coefficients (D;) of 0.8 (£ 0.1) x 10710 m? 5!
for both, the monomeric and dimeric structures adopted by
d(ATTTC); in the absence and in the presence of Mg?* ions,
respectively (Supplementary Figure S19). The similar D, val-
ues suggest that the hairpin-like d(ATTTC); monomers upon
addition of Mg?* ions self-associate and form a compact
dimeric structure. Noteworthy, addition of the complemen-
tary d(GAAAT); to d(ATTTC); leads to the formation of
a duplex, which prevails over the non-canonical structures
regardless on the presence of MgCl, in the sample. At 20
mM MgCl,, the d(ATTTC);/d(GAAAT); duplex exhibits a
D; of 0.6 (£ 0.1) x 1071 m? s~!, consistent with a rod-
like topology, which is more elongated in comparison to the
monomeric and dimeric structures adopted by d(ATTTC);
itself in the absence and presence of MgCl,, respectively
(Supplementary Figure S20).

Remarkably, the signals observed in the >N HSQC spec-
tra of d(ATTTC);3 in the presence of Mg?* ions at 5°C in-
dicate that the imino protons of all thymine residues are
protected from exchange with the solvent (Figure 2A and
Supplementary Figure S$16). Specifically, the "N HSQC spec-
tra of d(ATTTC); with a single partially '*N-isotopically la-
belled thymine at positions 2, 8 or 9 exhibit a signal with a
very similar '"H and "N chemical shift, i.e. at § 11.17 and
156 ppm, respectively. These results suggest that the imino
protons of T2, T8 and T9 may not be hydrogen-bonded but
are in slow exchange with the bulk solvent due to the ex-
perimental conditions of relatively low temperature and pH
(6.0). The imino protons of T7 and T12 resonate in a range of
chemical shift characteristic of Watson—Crick A:T base pairs,
i.e. at '"H 8§ 13.87 and 13.99 ppm, respectively. On the other
hand, T3, T4, T13 and T14 exhibit 'H NMR imino signals at
8 9.80, 10.22, 10.55 and 11.22 ppm, respectively, consistent
with their hydrogen-bonding in a (de)shielded environment
due to pronounced ring current effects. Noteworthy, the 'H
NMR signal observed at § 14.90 ppm corresponds to C5 and
C135, suggesting that they form a hemi-protonated C:C* base
pair.

Analysis of the NOESY spectra of d(ATTTC); in the pres-
ence of Mg?* ions suggested that the dimeric structure in-
cludes a stem-loop segment in which the Watson-Crick base
paired A6:T12 and T7:A11 are bridged by T8-T9-C10 loop
(Supplementary Figure S21). The NOESY cross-peaks be-
tween imino and methyl protons of T4 and T14 (Figure 2 and
Supplementary Figure S22), as well as between amino pro-
tons of C5 and C15 suggested formation of non-canonical
T4:T14 and C5:C15* base pairs, respectively. Interestingly, the
observed imino-imino and imino-aromatic proton NOE cor-
relations show that the consecutive nature of the T7:A11 and
A6:T12 base pairs extends across the non-canonical T4:T14
and C5:C15* base pairs (Figures 2A-C). Furthermore, the mu-
tual orientations of T4 and C5 and of T14 and C15 give
rise to 9 and 6 inter-residual proton-proton NOE interac-
tions, respectively (Supplementary Table S2), that can be in-
terpreted consistently only in the context of a peculiar four-
stranded interface constituting the centre of a dimeric struc-
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Figure 2. Region from the 2D NOESY spectrum and schematic
representation of the dimeric structure of d(ATTTC)3 in the presence of
MgCl,. (A) NOESY spectrum of d(ATTTC)3 (T = 100 ms) and the
corresponding region of the 1D "H NMR spectrum (on top) with the
respective assignments. The key NOESY cross-peaks reflecting the
sequential arrangement of T7:A11, A6:T12, T4:T14 and C5:C15* base
pairs are color-coded to match the corresponding representation in panel
C. (B) Folding topology with the two strands of the dimer distinguished
by green and pink colours. The circles depict residues, with the thicker
outlines used for those in base pairs and base triads, while thinner lines
mark residues that are not base paired. Hydrogen-bonds within the
AB6:T12 and T7:A11 Watson-Crick base pairs and the C5:C15* and T4:T14
non-canonical base pairs are depicted by dotted black lines. The shaded
triangles highlight T7:A11:A1 and A6:T12:T3 base triads. Red and blue
squares highlight the proximity of T3 and T12, and of A1 and C10,
respectively. (C) Spatial orientation of the four base pairs with
interresidue distances corresponding to the coloured cross-peaks (cf.
panel A) in the NOESY spectrum. (D) Sections of the NOESY spectrum
showing the proximity of T3 and T12 and of A1 and C10. The spectra
were recorded at 5°C in 90%/10% H,0/%2H,0, 20 mM NaPi, pH 6.0, 0.8
mM DNA concentration and 20 mM MgCls.

ture (Figure 2). NOE interactions corresponding to the in-
tercalation of two neighbouring C5:C15* base pairs sand-
wiched between a couple of T4:T14 base pairs include T4, Me-
C5,H41, T4,Me-T14,H3, T14,Me-C15,H41 and T14,Me-
T4,H3 (Supplementary Table S2 and Supplementary Figure
§22), where ;> and ‘> can be interchanged because of the
symmetrical arrangement of the two DNA strands. Such in-
tertwinement of two DNA strands via two central C5:C15*
base pairs positioned between T4:T14 base pairs on each
side and further extending to stem—loop segments is cor-
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roborated by NOESY cross-peaks between imino protons of
inter- and intra-stranded T4:T14 and A6:T12 base pairs, re-
spectively. The intermolecular NOE interactions of A1 with
T7, T9, C10 and A11, as well as of T3 with A6, A11 and
T12 (Figure 2D and Supplementary Figures S21-522 and
Supplementary Table S2) demonstrate intermolecular interac-
tions between the 5'-end residues of one of the strands and
residues in the stem-loop segment of the other.

3D Structure insights

Structure calculations based on simulated annealing and ex-
perimentally derived restraints provided high-resolution in-
sights into the unique dimer formed by d(ATTTC); (Figure
3A and Supplementary Figure S23). Inspection of the details
of the stem-loop segment and the 5’-end shows that the ori-
entation of their corresponding residues is defined by electro-
static and stacking interactions. In detail, the sequentially re-
lated A6 and T7 as well as A11 and T12 are stacked tightly.
The T7:A11 and A6:T12 base pairs are further stabilized by
stacking of T9 on T7 (Figure 3B). The calculated structure
reveals stacking between the pyrimidine moieties of T8 and
T13 that together cap the groove formed by T7:A11 and
A6:T12 base pairs, whereby T13 is close to the sugar edge
of the A:T base pairs (Figure 3B). This disposition is related
to the interactions between T7 O2 and T13 H3. Electrostatic
interactions are indicated by the proximities of amino pro-
tons of C10, and T2, O4, and to a lesser extent of C10
N3 and T2, H3, where a classical hydrogen bond is refuted
by the corresponding nucleobase planes inclined at nearly
90°. The interactions between T2 and C10 are confirmed by
the observation of the destabilization of the dimeric struc-
ture when thymine is replaced by an abasic residue at posi-
tion 2 (Supplementary Figure 24). Orientation of C10y, is ad-
ditionally stabilized by stacking to the pyrimidine moiety of
A1,. The stacked C10y,, A1, and T3, nucleobases appear cru-
cial for inter-strand interactions between the stem-loop and
the 5'-end segments. This arrangement is coupled with a near
coplanar alignment of the T3, nucleobase with respect to the
A6,,:T12}, base pair, suggesting the formation of a hydrogen-
bonded base triad based on the juxtaposition of T3, H3 and
T12, O4 as well as of T3, O4 and A6, H62. An additional
base triad is suggested by nearly coplanar arrangement of
A1, nucleobase with respect to the T7,:A11,, base pair, with
hydrogen-bonding between A1, and A11, indicated by the
proximity of their H62 and N7 atoms, respectively. The for-
mation of T7,:A11,:A1, base triad is corroborated by the ob-
served downfield 'H NMR chemical shift of A11 amino (H61
and H62) protons (Supplementary Figure S18). Consideration
of the structural details indicates that the interactions between
the residues at the 5’-end and the stem-loop segment are cru-
cial for stability (Supplementary Figure S25), which is cor-
roborated also by the observation of lower ratios of dimeric
structure for the oligonucleotides with truncated 5'-end with
respect to d(ATTTC); (Supplementary Figure S26).

In the dimeric d(ATTTC)3 structure, T9 H4> and C10
H5’/HS’ are very close to each other and interestingly show
remarkably upfield-shifted 'H NMR signals (Supplementary
Figure S27). These observations suggest a peculiar chemical
shielding environment reflecting interactions between DNA
and divalent cations or alternatively specific arrangement of
the T8-T9-C10 loop and nearby T13, which is stacked on
T8. To address this question, we examined the structural fea-
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Figure 3. Solution-state dimeric d(ATTTC)3 structure in the presence of MgCl, (PDB ID: 8Q5Q). (A) Side view on the lowest energy structure. (B) Details
of the stem-loop segment and its interactions with the proximal 5’-end residues showing the following characteristic elements: (i) continuous stack of
C10y, A1, and T3,, (ii) intermolecular interactions in T7,:A11,:A1, and ABy:T12,:T3, base triads, and (iii) intramolecular stacking of T8y, and T13y, as well
as of T9, and T7,,. (C) Details of the core of the structure corresponding to block of four intercalated non-canonical base pairs, referred to here as
TCCTzip, that includes symmetrically arranged C5:C15* base pairs sandwiched between T4:T14 base pairs. Adenine, cytosine and thymine residues are
shown in red, yellow and blue, respectively, with the sugarphosphate backbones of the two strands delineated by green and pink colours. NMR

restrains and structural statistics are presented in Supplementary Table S3.

tures of oligonucleotides analogous to d(ATTTC)3, in which
thymine at position 13 is replaced by cytosine, or thymine at
position 8 is replaced by either cytosine or abasic residue cor-
responding to a sugar-phosphate linker without nucleobase.
"H NMR analysis showed that the dimeric structure is formed
when T8 is substituted with C8, whereas it does not form
when T8 is substituted with an abasic residue or T13 is modi-
fied to C13 (Supplementary Figure S27). These results suggest
that -7t stacking interactions between the pyrimidine nucle-
obases at positions 8 and 13 contribute but are not crucial
for the formation of the dimeric structure, which on the con-
trary may rely on the specific arrangement of T13 O4 and T8
(or C8) O2. The fact that in the dimeric d(ATTTC);3 struc-
ture T13 O4 and T8 O2 are spatially close to each other
and furthermore appear in the vicinity of T9 H4” and C10
HS5’/HS’ observed at notably low '"H NMR chemical shift
suggests that Mg?* ions potentially bind in the vicinity of T9
and C10 sugar-phosphate backbone. Yet, the unambiguous
identification of potential Mg?* ion binding sites in the dimeric
d(ATTTC)j3 structure requires further in-depth studies, which
could indeed be worthwhile and decipher new DNA-cation
interfaces.

TCCTzip motif with intercalated T:T and C:C+ base
pairs

In the solution-state structure of d(ATTTC)3, the block of four
consecutive intercalated base pairs comprising two central
C5:C15* base pairs sandwiched between the non-canonical
T4:T14 base pairs (Figure 3C) represents a peculiar structural
element that has not been reported previously. It constitutes a
distinctive interface as the DNA strands interact via hydrogen-

bonding, while the nucleobase moieties are poorly stacked.
Hereafter, we have named it TCCTzip to facilitate comparison
of its details with respect to previously reported structures in
which C:C* base pairs are capped by G:T:G:T quartet (47,48),
G:C:G:T quartet (49) and G:G base pairs (50). A stretch of in-
tercalated C:C* base pairs flanked on one side by T:T base pair
and by a G:T:G:T quartet on the other was recently reported
by the Gonzalez group(51). Notably, it has been well estab-
lished that a T:T base pair can increase the stability of i-motif
not only as a capping element(41,52-54), but also when in-
tercalated in the core of the structure between two C:C* base
pairs(55,56).

With the exception of C35, the sugar puckering of all
residues is well converged and consistent with the predom-
inance of South-type conformation for A1-T2, T4 and A6-
T14, and a North-type conformation for T3 and C15. In the
ensemble of the final structures, C5 exhibits sugar puckering
in the range between C1’-exo and the more unusual O4’-endo
conformations. This flexibility continues along the backbone
between C5 and A6, resulting in notable variations in the
corresponding epsilon (CS5ca.c3-.03-A6p) and zeta (CS5¢3.03-
A6p.os) torsion angles, ranging from 190° to 278° and from
186° to 260°, respectively. Despite the noted plasticity of the
backbone at the C5-A6 step, two clearly different groove ge-
ometries are defined at the inter- and intra-strand segments.
The phosphate-phosphate distances of ca. 15 A for T4,-A6),
and ca. 6.5 A for A6,-C15,, indicate that the dimensions of the
wide and the narrow grooves at this four-stranded part of the
dimeric d(ATTTC); structure are even more extreme than in
the previously reported i-motifs (57). The local over-winding
at the central part of the dimeric d(ATTTC); structure is also
reflected in the geometrical parameters, in particular rise of ca.
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Figure 4. "H NMR spectra of (A) d(ATTTC)3 and (B) of d(ATTTCTCATTTCATTTCTC), 2PyZip. The additional ‘TC' dinucleotide segments in 2PyZip with
respect to d(ATTTC); are underlined in the primary sequence shown above the corresponding "H NMR spectra. (C) Regions from the 2D NOESY
spectrum (T, = 100 ms) of 2PyZp showing the key dipole-dipole interactions consistent with eight intercalated base pairs: T4:T16, C7:C19*, C5:C17%,
T6:T18, T6:T18, C5:C17*, C7:C19* and T4:T16. (D) Folding topology of 2PyZip with the two DNA strands distinguished by green and pink colours. The
circles depict residues, with the thicker outlines used for those in base pairs and base triads, while thinner lines mark residues that are not base paired.
Hydrogen-bonding within the A:T Watson—Crick and the non-canonical C:C* and T.T base pairs are depicted with dotted black lines. The shaded triangles
indicate T9:A13:A1 and A8:T14:T3 base triads. Black rectangles highlight the two blocks of TCCTzip structural motif. The NMR spectra were recorded in
90%/10% H,0/2H,0, at 0.2 mM DNA, 20 mM NaPi, pH 6.0 and at 5°C and 20 mM MgCls, if not indicated differently.

6 A and twist between 41° and 44° (Supplementary Table $4).
This peculiar local arrangement of DNA strands is strongly
coupled to the relative orientation of C5:C15* and T4:T14
base pairs in the TCCTzip structural motif, while it may be,
at least in part, promoted by arrangement of residues in other
parts of the structure. Indeed, it has been previously noted that
the stacking intervals between intercalated base pairs in a core
of a DNA structure depend on the conformation of residues
in the neighbouring parts (50,58).

Robustness of TCCTzip motif

The mutual orientations of T4:T14 and A6:T12 base pairs
that constitute the interface between the central part, i.e. TC-
CTzip and the stem-loop segments of the dimeric d(ATTTC);
structure indicate that nucleobase moieties and the two motifs
are poorly stacked. We then reasoned that, if the TCCTzip is
an isolated module embedded in the core of a dimeric struc-
ture, it should be possible to design an oligonucleotide that
can form a dimeric structure with two central TCCTzip mo-
tifs. A DNA oligonucleotide with the corresponding primary
sequence 5'-d(ATTTC TC ATTTC ATTTC TC)-3/, designated
’2PyZip’, contains two additional “TC’ dinucleotide segments
with respect to d(ATTTC); (Figure 4). The '"H NMR spec-
trum of 2PyZip in the absence of divalent cations exhibits
broad signals, suggesting an equilibrium of secondary struc-

tures in which the imino protons are in fast exchange with
the bulk solvent (Figure 4B). More importantly, the spectra of
2PyZip change dramatically upon addition of MgCl,, with the
striking appearance of resolved imino "H NMR signals corre-
sponding to A:T, C:C* and T:T base pairs (Figure 4B). The as-
signment of the imino, aromatic, sugar and methyl 'H NMR
resonances of 2PyZip in the presence of Mg?* ions was based
on NOESY spectra (Figure 4C). Analysis revealed that 2PyZip
adopts a dimeric structure with a core containing two tan-
dem TCCTzip motifs, each comprising a block of intercalated
T4:T16, C7:C19*, C5:C17* and T6:T18 intermolecular base
pairs. The inter-residual NOESY cross-peaks between sugar
protons, including H1>-H1’ correlations for T4-C19, C5-C19,
C5-T18,T6-T18,T6-C17,C7-C17 and C7-T16 pairs demon-
strated that the central part of the structure exhibits narrow
grooves between the segments T4-C5-T6-C7 and T16-C17-
T18-C19 of the same strands. The analysis is furthermore con-
sistent with the formation of a stem-loop segment comprising
A8:T14 and T9:A13 base pairs that are bridged by T10-T11-
C12 loop. The NOE cross-peaks corresponding to the interac-
tions of ATH8 with C12Hé6 and T3H3 with T14Me are con-
sistent with intermolecular interactions, with the 5’-end of one
of the two strand proximal to the stem-loop segment of the
other. Altogether, the NMR results demonstrate that 2PyZip
forms a well-defined dimeric structure, that differs from the
analogue dimeric d(ATTTC); structure by its core, consist-
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Figure 5. Proposed mechanisms of DNA replication events that include (A) formation of dimeric d(ATTTC)3 structure that leads to (B) expansion or (C)
contraction of d(ATTTC) repeats. The parental d(ATTTC), and d(GAAAT), strands are depicted in dark grey and light blue, respectively. The nascent
leading strand is depicted in dark blue. The short nascent strands (Okazaki fragments) involved in formation of the dimeric d(ATTTC)3 structure are
shown in green and pink. The segments of the parental DNA strand depicted in red correspond to the parts that are synthesized or alternatively
removed during expansion or contraction. The expanded repeats in the short nascent strand are depicted in magenta.

ing of two tandem TCCTzip motifs (Figure 4D). The demon-
strated robustness of the TCCTzip structural motif incited the
hypothesis of whether it can also form intra-molecularly and
whether such a non-canonical structure can be embedded in
the DNA duplex (Supplementary Figure S28). In this regard,
it may be crucial to uncover yet unexplored aspects of suscep-
tibility of the d(ATTTC),, folding to the nature and concen-
tration of divalent cations in solution.

Functional implications in repeat instability

It is noteworthy that the two stem-loop segments that
are part of the dimeric d(ATTTC); structure resemble
the minidumbbells characterized earlier, such as that of
d(ATTCT);, (37) (Supplementary Figure S29). Li and Guo
et al. recently reported the detailed structural characterization
of DNA oligonucleotides with 3, 4 or 5 repeats of d(ATTTC)
and found that they all adopt intramolecular minidumbbell
(38). However, our results show that addition of Mg?* ions
in up to physiologically relevant concentrations completely
changes folding of d(ATTTC); and leads to the formation of
an unprecedented dimeric structure.

The susceptibility of the folding of d(ATTTC), oligonu-
cleotides to the presence of divalent cations shown here and in
particular the high-resolution details of the dimeric interface,
are a good complement to biological studies on the variabil-
ity of certain tandem repeats, including aspects of neurologi-
cal disorders in SCA37 and FAMEs. The molecular model for
the formation of repeat expansions is based on the slippage
of the DNA strand during replication.(9,12,59-61) The com-
bination of the strand-slippage model with the formation of
an intramolecular analogue of the dimeric d(ATTTC);3 struc-
ture may help to interpret repeat expansion or contraction

(Supplementary Figure S28). The putative structural models
could also potentially help to explain genomic variations that
include fork reversal and template switching.(62,63) If the
template strand or the elongated strand took this structure
during DNA replication, the length of the repeat sequence
would change. Additionally, the hypothetical mechanisms for
the expansion and contraction are grounded in the slippage
of one strand and the dissociation of the 3’-end segment of
the other strand with simultaneous formation of the dimeric
d(ATTTC); structure (Figure SA and Supplementary Figure
S30A). The distinctive events arise upon different joining of
the Okazaki fragments. According to the first scenario, a re-
peat expansion occurs when the Okazaki fragments that form
the dimeric structure join at the 5’-end of the slipped strand
and at the 3’-end of the strand that has partially detached
from the parental strand (Figure 5B). This interaction drives
the slippage of the second strand and leads to the synthesis of
a new short nascent strand, resulting in an expansion of re-
peats. The repeat contraction occurs when the strand whose
3’ end has separated from the parental strand is joined at its
5" and 3’ ends. This creates circular DNA that separates from
the parental strand, making it appear too long, and DNA re-
pair mechanisms remove the redundant segment (Figure 5C).
The key intermediates of the proposed expansion and con-
traction mechanisms are shown in Supplementary Figure S30.
Admittedly, additional studies are warranted to elucidate if
structures analogous to the ones examined in this study may
contribute to variability in the number of repeats.

As a general conceptual advance and broad appeal, our re-
sults show that either Mg?* or Ca?* ions promote discrete
changes in DNA folding of d(ATTTC),,, leading to the forma-
tion of previously unknown yet robust TCCTzip structural
motif. By scrutinizing the discrete non-canonical DNA struc-
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ture promoted by seemingly common DNA-cation interac-
tions we might have explored merely an example of previously
overlooked roles of divalent cations and biological events im-
portant for cellular homeostasis. Considering cation-induced
structural switches, we note that C-rich DNA oligonucleotides
originating from human telomeric repeat can adopt i-motif
and hairpin structures in the presence of Mg?* (64) or Cu?*
(65) cations. Interestingly, a variety of physiological functions
in humans and other eukaryotes are carried out by extra-
chromosomal circular DNA (66) that arises from excision of
chromosomal sequences in a process that requires residual
amounts of Mg?* ions, while ATP and sequence-specific en-
zymes are not needed (67). In addition, d(ATTTC), and sim-
ilar AT-rich repeats are considered as DNA unwinding ele-
ments (DUE) (35,36,68) at replication origins, wherein they
promote separation of the strands, i.e. unwinding of double-
stranded DNA helix. More particularly, the insights into the
3D structures of d(ATTTC),, repeats, although not represent-
ing the sequence of pathogenic repeats alone, may enable
molecular diagnosis of specific types of SCA and FAMEs and
development of new therapeutic strategies. Besides, d(ATTTC)
repeats are enriched in a range of different genes, including
MED12L that encodes a subunit of kinase module of mediator
complex, vital for transcriptional coactivation of numerous
RNA polymerase II-dependent genes. Clearly, further studies
are needed to evaluate the potential biological roles of the
herein identified TCCTzip and other details of the divalent-
promoted formation of dimeric d(ATTTC); structure. The
insights may potentially be applicable also in bionanotech-
nological contexts, e.g. as novel tools to control DNA
scaffolding.

In summary, we highlight here a striking domain-swapped
like interaction triggered by the presence of divalent cations
and elucidate the details of the dimeric structure that
d(ATTTC); adopts in the presence of Mg?* ions. Particularly
intriguing is the unique TCCTzip motif in its core, in which
two C:C* base pairs are flanked on each side by T:T base
pairs, whereby the base pair twists between the sequential
pairs of intercalated T:T and C:C* base pairs are close to 90°.
The peculiar details together with the investigated divalent
cations-promoted structural transitions reveal hitherto unex-
plored DNA folding.
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