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Repetitive DNA sequences are ubiquitous in life, and changes in the
number of repeats often have various physiological and patholog-
ical implications. DNA repeats are capable of interchanging between
different noncanonical and canonical conformations in a dynamic
fashion, causing configurational slippage that often leads to repeat
expansion associated with neurological diseases. In this report, we
used single-molecule spectroscopy together with biophysical anal-
yses to demonstrate the parity-dependent hairpin structural poly-
morphism of TGGAA repeat DNA. We found that the DNA adopted
two configurations depending on the repeat number parity (even or
odd). Transitions between these two configurations were also
observed for longer repeats. In addition, the ability to modulate
this transition was found to be enhanced by divalent ions. Based on
the atomic structure, we propose a local seeding model where the
kinked GGA motifs in the stem region of TGGAA repeat DNA act as
hot spots to facilitate the transition between the two configura-
tions, which may give rise to disease-associated repeat expansion.

DNA tandem repeats | DNA slippage | single-molecule spectroscopy |
X-ray crystallography

NA replication is a crucial process in all living organisms.

Mishaps in the replication process generally lead to deleteri-
ous consequences but also drive biological evolution (1). Changes in
the number of tandem copies of a specific DNA sequence within
the genome are associated with devastating neuropathies and var-
ious types of cancer (2, 3). On the other hand, these changes also
help shape normal genomic features such as microsatellite poly-
morphism, which are often used as markers for population biology
studies (4).

The unit sizes of repetitive DNA sequences involved in repeat
number changes range from a single base (e.g., microsatellites) to
dodecanucleotides (12 bases, e.g., in progressive myoclonic epilepsy
type 1) (5, 6). DNA slippage is believed to be a primary mechanism
driving the change in repeat number of various unit sizes. Repetitive
DNA sequences often form alternative structures such as bulges
and hairpin loops in addition to canonical DNA conformations (7,
8). A repeat unit may slip between being part of a hairpin loop, a
bulge, or a duplex in a dynamic fashion, which may alter the course
of normal cellular DNA chemistry and ultimately lead to repeat
expansion associated with neurological diseases (9). (TGGAA),
repeats, for example, may form noncanonical structures such as a
hairpin arm (10, 11) or an antiparallel duplex (12). Expansion of
this pentanucleotide sequence has been associated with spinocer-
ebellar ataxia 31 (SCA31), an adult-onset autosomal-dominant
neurodegenerative disorder (13).

In this article, we probed the conformational heterogeneity and
stability of hairpins composed of repetitive TGGAA sequences
using single-molecule fluorescence resonance energy transfer
[single-molecule FRET (smFRET)] spectroscopy and X-ray crys-
tallography as primary tools. Remarkably, we were able to detect
two distinct hairpin configurations, with each being dominant under
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different repeat number parity (even or odd). The ability to convert
between the two configurations is dependent on the number of
repeats and can be modulated by the presence of divalent ions. Only
sequences with large even number of repeats are able to in-
terconvert between the two forms. Based on our structural studies,
we propose a local seeding model where the central kinked GGA
motifs in the (TGGAA),, DNA repeat act as hot spots to facilitate
the transition between the two parity-dependent configurations.
Our findings suggest a mechanism by which a binary dynamic
property of DNA repeats may affect repeat expansion and may be
applicable to other repetitive DNA systems.

Results

d(TGGAA); and d(TGGAA), Adopt Distinct Structural Configurations.
A scheme of the configurations probed by our smFRET assay is
shown in Fig. 14. We found that d(TGGAA); folds into a hairpin
structure with the two ends of the single-stranded oligonucleotide
being brought into close proximity, corroborated by the high Errer
value (~0.8) compared with the value of 0.3 for the single-stranded
dT;5 control, which does not form secondary structures (Fig. 1B).
The end-to-end alignment was further confirmed by the very similar

Significance

We found that TGGAA DNA repeats, which are involved in the
neurological disease spinocerebellar ataxia 31, are capable of
assuming two different hairpin structures depending on repeat
number parity. We determined the interconversion kinetics by
single-molecule spectroscopy and probed the interconversion
mechanism through elucidation of the TGGAA repeat stem
structure. Our results suggest that the two hairpin structures
interconvert through motion slippage, and the process can be
explained by the overall stem stability and local destabilization
of the kinked GGA motif. Divalent cations and stem length
affected the equilibrium and kinetics of slippage. Our findings
suggest a mechanism by which a binary dynamic property of
DNA repeats may affect repeat expansion and may be appli-
cable to other repetitive DNA systems.
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Fig. 1. Structural characterization of d(TGGAA), using single-molecule FRET.
(A) lllustrations of the single-molecule assay used in this experiment. The green
and red stars represent the donor (Cy3) and acceptor (Cy5) labeling sites, re-
spectively. (B) Egrer histograms of d(TGGAA)sz ¢ (colored) and the assay used as a
caliper of the end-to-end alignment (cartoon in Bottom). The Egger histogram of
secondary structure-free dT,s is overlaid as a gray histogram for comparison.
(C) Representative Egger time traces for d(TGGAA); and d(TGGAA),. The green
and red curves are intensities of the Cy3 and Cy5 fluorescence signals, re-
spectively. The gray curves represent the Egger (unitless). The vast majority of the
traces, including those not shown here, are virtually stable at a single Egrer State.
|, intensity; A.U., arbitrary unit. (D) Egger histograms of d(TGGAA), and mutation
assays for simulating the hairpin with overhang structures. N denotes the
number of molecules used for building the histogram.

Egrer observed when a complementary strand labeled with Cy3 at
the 3’ end was annealed to our construct (Fig. 1B, Bottom). At room
temperature, the time-dependent Eprpr traces of d(TGGAA);
remained static over a 2-min observation window, suggesting that
the end-to-end hairpin conformation was very stable and without
distinguishable conformational isomers (Fig. 1C).

However, we observed a substantial drop in the Egggr value
(~0.8 to ~0.6; Fig. 1B) for the even-numbered repeat d(TGGAA),
compared with that of odd-numbered d(TGGAA);, indicating the
presence of an offset between the two termini of d(TGGAA),. The
Errer value was still significantly higher than that of dT,s (Fig. 1B),
suggesting that the stem region where base pairing occurs was
still present in d(TGGAA),. Similar to d(TGGAA);, the time-
dependent Erggr traces remained constant for d(TGGAA), (Fig.
1C), suggesting that this offset configuration was also stable at room
temperature. To control for the possibility of G-quadruplex for-
mation, we conducted the same experiments in buffer solutions
containing 150 mM potassium (which favors G-quadruplex forma-
tion), sodium, or lithium (which inhibits G-quadruplex formation)
cations and observed similar behavior (Fig. S1), suggesting that
G-quadruplex formation is not likely to happen under our experi-
mental conditions. We also generated two mutants, dTs(TGGAA);
and d(TGGAA);Ts, where the 5- and 3’-terminal dTGGAA were
changed to dTTTTT, respectively, and used these mutants as cali-
pers to measure the offset in d(TGGAA),. The good agreement
between the Errgr values of d(TGGAA), and those of the two
mutants suggests that the terminal d-TGGAA adopts the random
coil state of dTTTTT, indicating that the offset is caused by the
presence of a single dTGGAA overhang (Fig. 1D).

TGGAA Repeat Number Parity Determines the Preferred Configuration.
The observation of two distinct Eprgr values in the d(TGGAA);
and d(TGGAA), repeats led us to undertake a systematic study of
oligonucleotides containing different numbers of TGGAA repeats.
Remarkably, we found that the Erger oscillated between ~0.8 and
~0.6 depending on the repeat number parity (Fig. 1B). Lower
Eggrer values corresponding to the overhang configuration were
exclusively observed for oligonucleotides with even repeat numbers.
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We have compared the binding affinity of -TGGAA to another
dTGGAA versus to the fully complementary sequence dTTCCA by
surface plasmon resonance (SPR) (Fig. 2 A and B). The higher as-
sociation and lower dissociation rates of the fully complementary
duplex formation compared with those of -dTGGAA repeat duplex
formation, suggesting that the dTGGAA repeat duplex is less stable
than the fully complementary duplex. This allowed the determination
of the relative stabilities of the hairpin structures in relation to the
number of repeats with a kinetic competition assay using comple-
mentary oligonucleotides as competitors (Fig. 2C). We recorded the
time-dependent Ergpr histograms (Fig. 2D) of oligonucleotides
containing different number of repeats and converted these to pop-
ulation fractions (Fig. 2E), which were then used to extract the ki-
netic rates (Fig. 2F). Hairpins that consisted of even number of
repeats were more prone to melt and form a duplex in our assay (Fig.
2F, Inset), which suggests that the energy barrier between the ca-
nonical duplex and the overhang configuration is lower than that
between the duplex and the end-to-end configuration.

dTGGAA Repeats Form a Kinked Antiparallel Duplex. To provide
insight into the hairpin formation of TGGAA repeat at the stem
region, we solved the crystal structure of dG(TGGAA),C at a
resolution of 2.58 A by multiple-wavelength anomalous diffrac-
tion (MAD) using a brominated oligonucleotide (Table S1). The
rmsd between the crystal and NMR sructures is 1.98 A, in-
dicating that they are overall similar. The oligonucleotide self-
assembles into an antiparallel duplex corresponding to the stem
region of the hairpin conformations of - TGGAA repeats. Each
duplex contains two zipper cores formed by the two d(TGGAA),
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Fig. 2. Kinetic competition experiment using complementary strands.
(A) SPR sensorgram of DNA-DNA interaction between immobilized dG
(TGGAA),G and the ligand dC(TGGAA),C at various ligand concentrations.
(B) Same as A but with dC(TTCCA),C as the ligand instead. (C) Illustration of the
competition assay. Excess amount of d(TTCCA),, oligonucleotides was added to
the d(TGGAA), single molecule assay. Opening of the looped structure and
formation of duplex DNA in the product state increases the distance between
the two labeling sites (marked as red and green stars), resulting in low Egger.
(D) Time-dependent Eger histograms of d(TGGAA), + d(TTCCA),. (E) Represen-
tative time evolutions of the fraction of folded d(TGGAA), at various concen-
trations. The fraction was obtained using the population fraction with Egger
greater than 0.27. Single-exponential fits are overlaid as solid lines. (F) Concen-
tration dependence of the apparent kinetic rate constants obtained for different
number of repeats. Linear fits are overlaid as solid lines. The forward rate con-
stants, obtained from the slopes of the linear fits, are shown in the inset. Error
bars represent SDs of three individual experiments.
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Fig. 3.

Structure of the dG(TGGAA),C duplex. (A) Ribbon representation of the duplex structure (Left) and a schematic of important interactions between

the two strands (Right). The two strands are colored in gray (G1 to C12, from top to bottom) and yellow (G13 to C24, from bottom to top). Guanines are in
green, thymines are in purple, cytosines are in cyan, and adenines are in red. Close-up view of the molecular structure of the dG(TGGAA),C at the (B) G1 to
A6 and (C) G13 to A18 terminal base pair steps. Water molecules and Co(ll) ions are shown as light blue and pink balls, respectively. The dashed line represents
direct hydrogen bonds and coordinated bonds. (D) Structural detail of the Co(ll) (or water)-DNA interactions. (E) Structural detail of the interactions involving
hydrogen bonds of mismatched G:A pairs with and without water stabilization.

motifs from each strand. The central region of each zipper core
comprises a double-stranded intercalated motif in which the two
strands of the duplex intersect and are held together by hydrogen
bonds from G:A homopurine base pairs and two intercalated G
bases (Fig. 34). An unpaired guanosine base in each d-TGGAA
repeat from one strand intercalates with another unpaired gua-
nosine base from the opposite strand to form a guanine zipper,
which in turn stacks with the guanosine bases of the flanking
sheared G:A base pairs on both sides to form a stable continuous
G4 stack (Fig. 3 A-C). The exocyclic NH; at C2 of the unpaired
guanine and the cross-strand backbone phosphate oxygen atoms
form unique hydrogen bonds that may stabilize the cross-strand
stacking between the two unpaired guanines in the (GGA),
motif. Some water molecules not observed in the NMR structure
were also found to form hydrogen bonds with the guanine
06 and N1 atoms, which may further stabilize the overall structure
(Fig. 3 D and E) (14). These interactions at the stem may all assist in
stabilizing the hairpin structure. For duplexes with short repeats,
this stabilization would be more modest than that of a fully cDNA
duplex, although longer repeats would provide stronger stabilization
(Fig. S2 A and B). The 6 torsion angles of most residues are in the
trans (f) conformation, with the exception of the unpaired guanosine
residues, which are closer to the g~ domain. The two strands in the
intercalated stem of the DNA duplex (Fig. 34) twist in a clockwise
direction, with the major and minor grooves retaining a right-
handed B-helical structure with a narrow minor groove in the
GGA region (Fig. 3 B and C). The majority of sugar puckers pre-
serve the C2'-endo or closely related C3’-exo structures, except for
the two contiguous unpaired guanines, which adopt various con-
formations including O1’-endo, C1’-exo, and C4’-exo. In addition,
the p torsion angles of the adenine residues in the sheared G:A
pairs adopt the g~ conformation, which differs from the #rans con-
formation usually observed for A-DNA and B-DNA.

The roll angles between the sheared G3:A22 and G15:A10 base
pairs are negative in the crystal structure (Fig. 44). This results in
a sharp kinking of the DNA helix toward the major groove which
was not reported in the NMR structure. The sharp kink may act as
a hot spot to destabilize the duplex and enable formation of al-
ternative DNA structures (Fig. 4B). In addition, the helical twist
angles between the A:T and G:A base pair steps have an average
of 50.5° and result in a locally overwound DNA conformation
(Fig. S34). The average twist angle between the A:G base pair
steps is back to 35° which is similar to that of the B-form
DNA. The two sheared G:A pairs flanking each zipper core are
nonplanar with asymmetric propeller twist angles and form
N2-H...N3, and N2-H...N3 hydrogen bonds (Fig. S3B). These
two sheared G:A pairs exhibit_high buckle angles (~30°) and
stretch (~4 A) and shear (~6 A) distances (Fig. S3 C-E). The
average stacking gap between the A:G pairs separated by two
intercalated and unpalred G basesis 11 A (Flg S3F). The stacking
gap between the A:T pair and the G:A pair is 3 A.

Huang et al.

Conformational Slippage Occurs in Longer TGGAA DNA Repeats. The
kinked structure of the stem regions of dTGGAA repeat hairpins
suggest a means by which the hairpin may be able to slip between
different conformations. Indeed, transient spikes that change
the Eprgr from ~0.6 to ~0.8 were observed for the smFRET
traces of d(TGGAA)s and d(TGGAA)g (Fig. 54). In contrast,
d(TGGAA)s and d(TGGAA); did not exhibit such transitions at
all (Fig. S4). A closer look at the FRET histogram of d(TGGAA);
and d(TGGAA)s revealed a small shoulder at Epgrgr ~0.8, which
matches the end-to-end hairpin configuration (Fig. 5B). The for-
ward (overhang to end-to-end) and backward (vice versa) rate
constants of the slippage transitions of d(TGGAA)g were ~20%
(0.04 + 0.02 s™" versus 0.05 + 0.01 s™') and ~35% (0.9 + 0.1 s~
versus 1.4 + 0.2 s7") slower than those of d(TGGAA),, respectively,
resulting in a slight increase in the fraction of the end-to-end
configuration in the longer repeat. This trend continued for
d(TGGAA), (Fig. S5). Because increasing the number of
repeats also allowed the formation of longer and hence more
stable stem regions, we suggest that stabilization of the stem
region may play a key role in allowing the formation of the
end-to-end configuration.

We also performed the experlments in buffer containing dif-
ferent Mg®* concentrations to examine the effect of ions on the
two conflgurations in d(TGGAA)s and d(TGGAA)g. A signifi-
cant increase in the fraction of the end-to-end configuration was
observed with increasing Mg** concentration (Fig. 5C), although
the overhang configuration was still favored (Fig. 5D). A slight
shift toward high Errgr Was also observed and is likely due to an
apparent charge screening effect (15). In the crystal structure of
the dG(TGGAA),C duplex, a number of Co?" and water mol-
ecules were coordinated to the DNA duplex (Fig. 3 B-E and
Table SZ) and help stabilize the structure of the stem region.
One Co* ion was coordinated to the O6 atom of G13 (Fig. 3C),
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Fig. 4. Kinked structure of the dG(TGGAA),C duplex. (A) Roll angles be-
tween base pair steps of the duplex. Red and black lines represent values for
the crystal and NMR structures[Protein Data Bank (PDB) ID: 103D], re-
spectively. Typical values for A-DNA (gray line) and B-DNA (blue line) are also
shown. (B) Side view of the dG(TGGAA),C crystal structure in ribbon (Left)
and space-filled (Right) representations.
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Fig. 5. Structural dynamics of d(TGGAA)e. (A) Representative Erger time
traces (lower panel in each set of panels) in 50 mM Na* and the corre-
sponding donor (green) and acceptor (red) signal intensities (upper panel in
each set of panels) for d(TGGAA); ¢ s. Except for the virtually static trace of
d(TGGAA)3;, multiple sudden increases in Egger can be clearly observed. The
time traces were fit to a hidden Markov algorithm assuming a two-state
model and are overlaid in red. |, intensity; A.U., arbitrary unit. More than
85% (n = 6) and 55% (n = 8) of valid traces longer than 30 s showed similar
transitions, whereas the rest remained steady. (B) Dwell time histograms of
the low (Egrer = 0.6; Left) and the high (Egrer = 0.8; Right) Egger states. Forward
and backward kinetic rate constants of the slippage process were obtained by
fitting the histograms to a single-exponential decay model (red lines). Egger
population histograms of d(TGGAA)gg are shown in Bottom. Magnified views
(20x) of the high Egrer population are shown as red lines. The numbers (N) in-
dicate frame counts of each state, which are color coded. Data were obtained by
analyzing 208 and 257 molecules for n = 6 and n = 8, respectively. (C) Egrer
histogram of d(TGGAA)sg under various salt conditions. The fractions of high
Errer (>0.8) increase as Mg?* concentrations increase. The overlaid red line was
obtained in the presence of [K*] = 100 mM and [Mg**] = 2 mM to mimic
physiological conditions. No obvious differences were observed compared with
the data obtained in the presence of 2mM Mg2+ alone. (D) Schematic of d-
(TGGAA)g s hairpin slippage. The transient slippage from the overhang to the
end-to-end configuration may originate from the formation of an octanucleo-
tide loop which shortens the distance between the dye pair (marked as green
and red stars) and leads to a transient increase in Egger. (E) Effect of loop for-
mation on hairpin stability. (Top) Trinucleotide mutation (GGA—Ts) in the loop
region of d(TGGAA); does not alter hairpin formation. (Middle) Octa-nucleotide
mutation (GGAATGGA—Tg) in the loop region of d(TGGAA), prevents hairpin
formation as evidenced by the broad and downshifted Egrer distribution. (Bot-
tom) Octanucleotide mutation (GGAATGGA-Tg) in the loop region of d
(TGGAA)¢ retains stable hairpin formation.

whereas two additional Co** ions were bis-coordinated to the
06 oxygen atoms of two consecutive unpaired guanines with an
incomplete hydration shell (Fig. 3 B-D). These interactions were
not observed in the previous NMR structure. Our results indicate
divalent ions are an integral part of the stem and may increase
the population of the end-to-end configuration by enhancing
stem region stability.

Long TGGAA DNA with Even Number of Repeats Form Transient Octaloop
Structures During Slippage. Unlike in the longer d(TGGAA), with
even number of repeats, the end-to-end configuration was not ob-
served in the shorter d(TGGAA),, indicating that the end-to-end
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configuration that is potentially formed by an antiparallel
dTGGAA/dTGGAA stem, a T:A base pair, and a dGGAATGGA
octanucleotide loop is inherently unstable. To examine this hy-
pothesis, we conducted a series of experiments using d(TGGAA),
oligonucleotides containing poly-dT mutations in the loop region
(Fig. 5 D and E). We first tested the effect of the size of the loop on
the stability of the end-to-end configuration using dTGGAAT-
T;ATGGAA and dTGGAATTSATGGAA, which have the same
length as d(TGGAA); and d(TGGAA),, respectively. Both have
the potential to form end-to-end hairpin configurations held to-
gether by an identical antiparallel d-TGGAA/dTGGAA stem and a
T:A base pair but with different loop sizes: 3 nt for _ITGGAAT-
T3ATGGAA and 8 nt for d-TGGAATTsATGGAA. Our results
show that - TGGAATT;ATGGAA did form a stable hairpin con-
figuration, evident by the sharp Erggr distribution at ~0.8, whereas
dTGGAATTSATGGAA gave a broad and downshifted Egrgr
distribution indicative of conformational heterogeneity containing
folded and unfolded species. This finding suggests that the octanu-
cleotide loop is less stable than the trinucleotide loop and cannot
form a stable state when the stem region contains a single
dTGGAA/dTGGAA pair. However, an extended version of the
octanucleotide loop oligonucleotide, d(TGGAA),TTsA(TGGAA),,
which has the same length as d(TGGAA)s and contains a total of
four repeat units in the duplex stem region, was able to reform a
stable end-to-end hairpin configuration, suggesting that the ex-
tended stem composed of antiparallel d(TGGAA),/d(TGGAA),
stabilizes the octaloop hairpin and allows a stationary state to be
formed. Long stem regions may be required for stabilization of the
octaloop in the end-to-end configurations of the even-numbered
repeat sequences, which may explain why slippage motions
are only observed for d(TGGAA)s and longer even-numbered
repeat sequences.

Discussion

Many repetitive DNA sequences including trinucleotide, tetra-
nucleotide, and pentanucleotide repeat adopt a variety of non-
canonical structures such as hairpin loops and quadruplexes in
either the single-stranded or double-stranded state in the cell, which
may predispose these repeats to expand (5). For example, single-
stranded (CNG),, repeats are able to form hairpin DNA structures
that consist of both Watson—Crick base pairs and mismatched base
pairs (16, 17). Individual strands of (CCTG),/(CAGG), repeats
have also been shown to fold into hairpin-like structures with
zipper-like composition (18). Transient intrastrand hairpins con-
taining noncanonical structures have also been proposed to pro-
mote DNA slippage and are causative factors for DNA expansion
(19). We have chosen the pentanucleotide TGGAA repeat, which
carries guanine mismatches and zipper-like interactions, as an ideal
model system to study the structural and conformational dynamics
of repetitive DNA sequences. Owing to its variety of structural in-
teractions, the information garnered from TGGAA DNA repeats
may be potentially applied to other DNA repeats containing dif-
ferent sequences. Because dTGGAA repeat expansion is associated
with the neurodegenerative disease SCA31 (13), understanding its
structural and chemical bases of configuration slippage may also be
important in a physiological context.

It has been shown by NMR that dTGGAA tends to form a
hairpin with a single G residue in the loop closed by a sheared G:A
mismatch (11, 20). Nucleic acids that contain 5'-GGA/AGG-5’
or 5'-GAAA/AAAG-5" motifs can form antiparallel duplexes
stabilized by unpaired purine bases that extend their stacking in-
teractions until reaching the sheared G:A base pair. The continuous
stacking interactions in the purine sequences are the major forces
responsible for the stabilization of these DNA conformations. By
combining this information with our high-resolution structure of the
dTGGAA repeat duplex, the structural basis of the molecular be-
havior observed in the snFRET experiments becomes clear. For
sequences containing an odd number of dTGGAA repeats, the
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end-to-end configuration is optimal because it forms the highest
number of duplex interactions while maintaining the 1-nt loop
structure proposed by Zhu et al. (11). In contrast, sequences
containing an even number of dTGGAA repeats can either
maintain the 1-nt loop structure and leave a dangling overhang or
maintain the end-to-end configuration and form octaloop struc-
tures (Fig. 5D). For longer even-numbered repeats, the destabi-
lizing effect of the octaloop would be compensated by the
stabilizing effect of the long flanking duplexes. The loss of entropic
energy from the overhang region may be compensated by the in-
crease in enthalpic energy of the end-to-end configuration duplex
interactions. One would thus expect that longer repeats would
facilitate the transition to the end-to-end configuration because of
the higher number of duplex interactions available. Indeed, we did
observe an increase in the fraction of the high Errgr population
with increasing even-numbered repeat lengths (Fig. S5). The effect
of divalent cations on the population fraction of the end-to-end
configuration in d(TGGAA)s and d(TGGAA)g further highlights
the importance of stem stability in the slippage process. Presence
of divalent cations enhances the overall stability of the hairpin by
forming a network of interactions with the dTGGAA stem duplex,
including an unusual bis coordination to the O6 of two consecutive
unpaired guanosines (Fig. 3D). Similar binding modes between
metal ions and bases have been observed for Pt and cytosine cross-
linked interaction in cisplatin-DNA complex structure (21). This
implies that it could be possible to control the slippage process of
dTGGAA repeats by metal ions in a manner similar to that pro-
posed for controlling ribozyme activity (22).

Given that both the end-to-end and overhang configurations
are accessible by the DNA, the question of how they interconvert
remains. One potential model for the conversion is through the
complete opening and closing of the hairpin loop. This is unlikely
because the stability of the hairpin formed by d-TGGAA repeats
is very high (Fig. S2B), and the fully open conformation would be
inaccessible in a closed system at room temperature. A more
viable conversion model is one where the antiparallel d-TGGAA
repeat duplex sites in the stem region of the hairpin serve as hot
spots for duplex melting due to the lower stability of the (GGA),
motifs and sharp bent conformation of the TGGAA repeats. It has
been reported that DNA bending may promote DNA melting and
further enable formation of alternative DNA structures (23). This
would allow the dissociation of the different strands in the stem
region to be initiated at multiple sites by thermal fluctuation and
thus lower the energy requirement for duplex melting. We envision
that multiple rounds of local unwinding at the hot spot regions
followed by rearrangement of the repeat registers, e.g., rearrange-
ment of the duplex between repeats 1 and 5 to a duplex between
repeats 2 and 5 with repeat 1 bulging out, to eventually lead to
conversion to the alternative conformation. The bulges may prop-
agate during the next few rounds of local unwinding toward the final
location of the loop. This local unwinding would defy observation by
bulk experiments such as spectrophotometry because most repeats
in the sample would remain in the duplex conformation, thus
resulting in almost no change to the observable spectrum at a given
temperature. Of course, the larger the number of repeats forming
the stem duplex, the higher the energy cost to slip the two strands of
the stem against each other, and the longer one would have to wait
for a slippage event to occur. The retarded forward and backward
kinetics of configuration slippage in d(TGGAA)g compared with
d(TGGAA)s (Fig. 54) may reflect this fact.

Finally, we propose a consecutive expansion model for dTGGAA
tandem repeats involving DNA slippage, illustrated in Fig. 6. Odd-
numbered () repeats of dTGGAA form end-to-end aligned hair-
pin structures that have the potential to induce repeat expansion
during DNA replication, recombination, or repair (24). The ex-
panded even-numbered n + 1 repeat product forms an overhang-
containing hairpin, which can be converted back to a normal DNA
duplex in the presence of its complementary strand (Fig. 2). This
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Fig. 6. Proposed model for consecutive expansion of DNA repeats. From
top and clockwise, initially odd-numbered d(TGGAA),, DNA folds into a
hairpin structure, which has a high repeat expansion propensity. Expansion
of one pentanucleotide unit dTGGAA results in a hairpin with an overhang
product d(TGGAA),,,1. This product can undergo slippage motion and con-
vert to an end-to-end aligned hairpin with an octanucleotide loop only
if the repeat number n + 1 is greater than or equal to 6. Further expansion
of the end-to-end aligned d(TGGAA),,; results in an odd-numbered
d(TGGAA),;> product which has forms a hairpin structure again. The cycle
can be perpetuated to yield long repeat expansions. A bioinformatics survey
of the prevalence of each repeat number (n) in human chromosome
16 is shown in the center. The number of occurrences is shown at the top of
the bars.

would temporarily stall the expansion process. However, for n +
1 > 4, configurational slippage would allow the n + 1 product to
transiently form end-to-end hairpins capable of initiating a second
round of repeat expansion. The odd-numbered n + 2 repeat
product would revert back to the energy-favorable hairpin con-
figuration and perpetuate the cycle. The only exception is d
(TGGAA),, or n + 1 = 4, which cannot adopt an end-to-end
configuration and may completely halt the expansion. Our bio-
informatics analysis of the human chromosome 16, as shown in
the center circle of Fig. 6, not only shows the expected high
abundance of n = 3 repeats but also shows a sharp inflection in
abundance between repeat numbers # = 4 and n = 5. We surmise
that sequences with » = 3 and n = 4 are considered safe since they
do not undergo slippage and have a large enough margin for error
even if other mechanisms result in abnormal expansion. In con-
trast, while n = 5 also prevents slippage, it provides a narrow error
margin because other expansion mechanisms may result in n =
6 repeats which would increase the probability of slippage-induced
expansion. This finding implies that nature has devised a way
to use the conformational dynamics properties of d(TGGAA),
to act as a checkpoint against DNA slippage-induced repeat
expansion.

In conclusion, we have demonstrated that the repetitive
DNA sequence dTGGAA is capable of assuming two in-
terconvertible parity-dependent hairpin configurations. We pro-
pose a consecutive expansion model as a possible molecular
mechanism for TGGAA repeat expansion in diseases such as
SCA31. In addition to the biological implications, the divalent
cation dependency of the transition suggests a way to control the
phenomenon, which may have potential applications in the field of
DNA-based sensor development and nanotechnology (25).
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Materials and Methods

General materials and methods used in this work are described in Supporting
Information. Oligonucleotide sequences are listed in Table S3.

Single-Molecule FRET Experiments. Detailed descriptions of the experimental
setup are available in Supporting Information. The single-molecule FRET appa-
ratus was built following the guidelines in Roy et al. (26). An oligonucleotide
labeled with Cy5 dye was tethered on the fluidic chamber surface. The oligo-
nucleotide contained a handle region which was used to anneal a second oli-
gonucleotide containing the complementary handle sequence, followed by the
sequence of interest and a Cy3 dye label at the 5’ end. The end-to-end distance
of the structure of a DNA sequence of interest can be measured as a function of
FRET efficiency, Errer, given in the following equation (27) and shown in Fig. 1A:

Erper=7——=———
- Ip+1a - 6
1+ (R%)
where Ip and I, represent the fluorescence intensities of Cy3 and Cy5, re-
spectively. R represents the distance between the two fluorophores, and Rq
is the Forster distance of the donor-acceptor pair.
Competition assays using complementary strand hybridization (Fig. 2C) were
carried out with static SmFRET experiments. Assuming a pseudo-first-order reaction,
Kon
o
d(TGGAA), +d(TTCCA), _ dsDNA,

Kott

the decrease in the hairpin fraction as a function of time (Fig. 2 D and E) can
be fit to a single-exponential decay with an apparent decay rate k.p, de-
scribed by the following formula:

Kapp = kon [d(TTCCA),,] - ko [dSDNA.

The association rate constant k,, can then be extracted from the slope of the
linear fit to the plot of k,p, against complementary oligonucleotide con-
centrations (Fig. 2F).
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Single-molecule time traces extracted from dynamic smFRET experiments
were analyzed using HaMMy software package, which employs a hidden
Markov algorithm for state identification and dwell time analysis (26). The
traces were manually screened to remove the interference of unwanted
effects such as early photobleaching or dye molecule instability before
the analysis.

Crystallography. Crystals of dG(TGGAA),C were obtained from a solution of
1.5 mM single-stranded DNA, 4 mM CoCl,, 50 mM sodium cacodylate buffer
(pH 7.0), 1 mM spermine, and 3% 2-methyl-2,4-pentanediol (MPD) at 4 °C
using the sitting-drop vapor diffusion method. The 5’ guanine and 3’ cytosine
were included to push the equilibrium toward the self-assembly of the anti-
parallel duplex through the complementary base pairs on the two termini,
which favors crystallization. Cylinder-shaped crystals of d[G(TGGAA),C]
appeared after 2 wk. Diffraction data were collected at 100 K using an Ad-
vanced Detector Systems Corp. (ADSC) Q315r detector at beamline 13B1 of the
National Synchrotron Radiation Research Center (Taiwan). The software
package HKL2000 was used to index, integrate, and scale the X-ray diffraction
data (28). Multiple-wavelength anomalous diffraction (MAD) data were col-
lected from three wavelengths using a brominated oligonucleotide. The phase
was solved with SHELX C/D/E program in the Collaborative Crystallography
Project Number 4 Graphical User Interface (CCP4i). The resulting well-defined
MAD electron density maps at 2.58-A resolution were used to build the initial
models using MIFit (github.com/mifit/) and structure refinement carried out in
Refmac5 (29) using the DNA force field parameters reported by Parkinson
et al. (30). Each asymmetric unit contained three similar duplexes with twofold
symmetry (Fig. S6). Two different types of contacts are present between the
three DNA duplexes in each asymmetric unit: end-to-end and side-to-side in-
teractions, mediated by n—r stacking and hydrogen contacts, respectively (Fig.
S6A). Torsion angles were calculated using Curves v5.3 software (31, 32) and
W3DNA (33) web server. Crystallographic data are summarized in Table S1.
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