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Mechano-chemical selections of two competitive unfolding pathways
of a single DNA i-motif*
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The DNA i-motif is a quadruplex structure formed in tandem cytosine-rich sequences in slightly acidic conditions.
Besides being considered as a building block of DNA nano-devices, it may also play potential roles in regulating chromo-
some stability and gene transcriptions. The stability of i-motif is crucial for these functions. In this work, we investigated
the mechanical stability of a single i-motif formed in the human telomeric sequence 5'-(CCCTAA)3CCC, which revealed
a novel pH and loading rate-dependent bimodal unfolding force distribution. Although the cause of the bimodal unfolding
force species is not clear, we proposed a phenomenological model involving a direct unfolding favored at lower loading rate
or higher pH value, which is subject to competition with another unfolding pathway through a mechanically stable inter-
mediate state whose nature is yet to be determined. Overall, the unique mechano—chemical responses of i-motif-provide a
new perspective to its stability, which may be useful to guide designing new i-motif-based DNA mechanical nano-devices.

Keywords: single-molecule techniques, i-motif, folding/structure of biomolecules, mechanical proper-

ties/biomolecules
PACS: 87.80.Nj, 87.14.gk, 87.15.Cc, 87.15.La

1. Introduction

DNA often exists as the well-known right-handed anti-
parallel double helix structure, so-called B-DNA, by Watson—
Crick base-pairing interaction. Other than this typical B-form,
under certain solution conditions, DNA can also adopt into
non-B structures, such as the cruciform, Z-DNA, A-DNA,
S-DNA, triplex, tetraplex, etc.[!# Of particular interest, the
tetraplex structures can be formed by G-rich and C-rich DNA
sequences. Repeating G-rich sequences were found to be able
to form the G-quadruplex by stacked G-quartets, which are
composed of four coplanar guanines linked through Hoog-
steen base pairing with a centrally located monovalent ion. [>-¢!
For C-rich repeating sequences, the tetraplex structures can
also form through intercalated C—C™ pairing interaction at
slightly acidic condition,!”) often referred to as i-motif. Dis-
tinct from the G-quadruplex consisting of stacking planes each
containing four guanine bases, i-motif structure is formed by
stacking of the C—C™ pairs. It consists of two intercalated par-
allel duplexes oriented in the opposite directions, each contain-
ing two parallel ssDNA strands associated by hemi-protonated

DOI: 10.1088/1674-1056/23/6/068702

C-C™ pairs (Fig. 1(a) Inset).[""]

These tetraplex structures have recently drawn extensive
attention, due to their biological or pharmaceutical relevance.
It has been reported that G-rich and C-rich sequences with
the potential to form G-quadruplex and i-motif are frequently
found in the human genome, throughout the telomere that caps
the end of the linear eukaryotic chromosomes,''”! and also
in the regulatory regions of human diseases related specific
genes.!l!112] The potential regulatory roles of G-quadruplex
and i-motif are proposed through inhibition of transcription
of the relevant genes.!'>1%1 A possible mechanism is that
these structures form physical blocks to the transcription elon-
gation of RNA polymerase that can exert large force up to
~ 30 pN.['7:18] For i-motif, its tunable mechanical stability
by pH also provides unique advantages for designing fast re-
sponsive DNA nano-devices!!°-* compared to traditional hy-
bridization principled DNA machines.>>! Therefore, the me-
chanical stability of these structures may be crucial to their
biological functions and applications.
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Fig. 1. (color online) (a) Schematic illustration of the experimental principle. The DNA construct is tethered between a paramag-
netic bead via biotin/streptavidin interaction and the glass surface through covalent bond via sulfo-SMCC as a cross linker. DNA
extension change due to unfolding of i-motif is recorded by the magnetic tweezers setup. The inset shows an enlarged schematic

illustration of a folded i-motif structure linked with two DNA handles. It consists of two intercalated parallel C-C* paired du-
plexes oriented with opposite directions. The intercalation topology is 5'E for our telomeric sequence.[” The arrow indicates the
5’ to 3 direction. (b) Schematic illustration of the DNA construct, in which the 27-nt ssDNA containing a 21-nt i-motif sequence:
5'-TTT(CCCTAA);CCCTTT was flanked between two dsDNA handles (1449 bp and 601 bp).

Very recently, Dhakal and his coworkers reported
the first single-molecule stretching study on the mechan-
ical stability of a specific i-motif structure formed in
the insulin-linked polymorphic region (ILPR) sequence:
5'-y(TGTCCCCACACCCC),.[?%?7l They observed two un-
folding species with distinct changes in contour length, which
were proposed to be unfolding of the fully folded ILPR i-motif
and a partially folded structure.>”] This finding is important,
as it reveals complex structural organizations of the ILPR se-
quence. An important question raised from this finding is
whether multiple i-motif conformers can be extended to other
C-rich sequences with potential to form i-motif structures. The
existence of partially folded telomeric i-motif detected by flu-
orescence resonance energy transfer (FRET) technique in bulk
during the pH-induced conformational changes has also been
reported.[?®2%1 The microscopic mechanism of formation and
dissociation on the C—C* base pair level has been revealed by
recent theoretical and simulation studies. 3! But the unfolding
mechanism of intramolecular DNA i-motif is still unclear.

In order to address this question, here we investigate the

unfolding of i-motif formed in the 21 nucleotides (nt) telom-

eric sequence: 5'-(CCCTAA)3;CCC. Our experiments were
based on measuring the unfolding steps and force as a function
of the loading rate using a high force magnetic tweezers setup
recently developed in our laboratory, 3!-32] which is capable of
constant loading rate control in a range from 0.01 pN/s up to
10 pN/s and a force range from 0.1 pN up to more than 100 pN.
From the loading rate-dependent studies of unfolding forces,
the unfolding kinetics of i-motif structure was obtained in four
different pH values 5.0, 5.5, 5.8, and 6.0.

2. Materials and methods
2.1. DNA constructs

The oligonucleotide containing telomeric i-motif se-
quence with flanking oligonucleotides incorporated to two ds-
DNA handles of 1429 bp (H1) and 581 bp (H2) resulting in a
27-nt ssDNA in the middle of the DNA construct (Fig. 1(b)).

The thiol-labeled dsDNA handle H1 and the biotin-
labeled H2 were amplified using labeled primers by PCR
on the template of A-DNA (48502 bp, New England Bio-
labs, NEB) from 4479 bp to 5895 bp and from 5331 bp to
5899 bp, respectively. Both dsDNA handles are GC-rich
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(GC content> 60%) to favor the B-to-S transition during
DNA overstretching. #3335 After PCR, two handles were
digested with BstXI restriction enzyme (NEB) and purified
with PCR purification kits (Qiagen), and then mixed with the
middle oligonucleotide containing i-motif sequence (under-
lined) spanned between two flanking sequences: 5’-phosphate-
CTTGTGCACAGACTCGTTTCCCTAACCCTAACCCTAAC
CCTTTGCAGCCAGGTCAGTAGCGAC, and two oligos that
are complementary to the flanking sequences: 5’-phosphate-
CTACTGACCTGGCTGC, 5'-CGAGTCTGTGCACAAGGT
GC. Following the ligation reaction using T4 DNA ligase
(NEB), the final DNA constructs (~ 2000 bp) were extracted
from agarose gel and purified with purification kits (Qiagen).

The GC-rich handles used in our experiments (total size is
2050 bp, ~ 676 nm) also served as specificity control to ensure
a single tether is attached between the bead and the coverslip
surface. A single DNA tether was identified by the character-
istic B-to-S transition at ~ 65 pN with the expected elongation
by around 70% (~ 474-nm extension jump at ~ 65 pN).

2.2. Magnetic tweezers experiments

To apply force to i-motif, the DNA construct was tethered
between a coverslip surface and a paramagnetic bead. A single
DNA tether was formed by attaching the thiol end of a DNA
to an APTES (Thermal scientific) coated coverslip via sulfo-
SMCC (Thermal scientific) as a cross linker, and the biotin end
to a streptavidin-coated paramagnetic bead with a diameter of
2.8 um (Dynal beads M270, Invitrogen) (Fig. 1(a)).

Force was applied to the bead by a pair of permanent
magnets placed above the sample, and its magnitude was con-
trolled by adjusting the distance between the magnets and
cover glass surface. The sampling rate was fixed at 100 Hz
in our experiments. The magnetic tweezers setup is able to
stretch short DNA or protein tethers with accurate force cali-
bration over a wide force range of more than 100 pN, and is
capable of conducting experiments at constant forces or under
constant loading rates up to 10 pN/s.[31:321

To eliminate non-specific interaction between the DNA
and the surface, 1 mg/ml BSA in PBS buffer was used to
passivate the surface. In neutral pH, these BSA blocked sur-
faces are negatively charged and do not nonspecifically inter-
act with DNA tethers. However, at low pH value, these sur-
faces may become locally positively charged and sticky to the
DNA tethers.?®) We introduced 1-uM poly-dA g or poly-dTs
ssDNA in solution. These short ssDNA are adhesive to the sur-
faces at low pH and provide an extra blocking. Therefore, the
non-specific interactions between DNA tethers and surfaces
were eliminated at low pH value.

2.3. Data analysis to identify unfolding steps
Figure 2(a) shows a typical time trace of the DNA exten-
sion as the force was increasing at a loading rate of 0.1 pN/s

at pH 5.5. A single stepwise unfolding signal marked in the
rectangle box indicates the unfolding of i-motif. Detection of
such unfolding signals was automated by detecting abrupt in-
creases in the extension change in a 0.02-s sliding time win-
dow (Fig. 2(b)). The unfolding step size can be calculated by
the subtraction of the linear fittings of the extension in 1-s time
window before and after the unfolding (shown in Fig. 2(a) in-

set).
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Fig. 2. (color online) (a) I-motif unfolding at a constant loading rate of
0.1 pN/s. Black dots show a typical time trace of the extension recorded
with a sampling rate of 100 Hz. The red dots show a smoothed time
trace by adjacent average method within 0.1-s time interval. The exten-
sion jump marked in a rectangle indicates an unfolding event of i-motif.
The inset shows the zoom in of the unfolding event. Yellow lines are
the linear fittings of the extension in 1-s window before and after the
jump. The unfolding step size was calculated by the subtraction of the
two fitting lines at the jump. The dashed blue line shows that force
changes linearly with time (right axis). (b) The red curve shows exten-
sion change in a 0.02-s sliding time window across the whole time trace
of the smoothed data (red) in the top panel. The local fluctuation of the
extension change was estimated by calculation of the standard deviation
in 1-s sliding time window. The black curve shows six times of the cal-
culated local standard deviation. The single unfolding event is detected
by the ratio of the grey (red) data to the black data, which is maximal at
the time when unfolding occurred.

3. Results and discussion
3.1. Unfolding force distributions

At each pH and each loading rate, > 100 unfolding events
obtained from > 10 independent DNA tethers were used to
generate the unfolding force histograms. Figure 3(a) shows
the results obtained at pH 5.0. A single unfolding force peak,
which could be well fitted by Gaussian distribution, was re-
vealed at each loading rate. The force peak shifted linearly to
larger values as loading rate increased (Fig. 4).

Figure 3(b) shows the results obtained at pH 5.5. Surpris-
ingly, a bimodal force distribution profile was revealed. Each
unfolding force species could be fitted with Gaussian distri-
bution. Both force peaks shifted to higher values linearly as
loading rate increased (Fig. 4). However, the relative proba-
bility of the two unfolding force species changed with loading
rate. The higher the loading rate, the smaller the probability of
the lower unfolding force species, which completely vanished
at the loading rate of 10 pN/s.
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Fig. 3. (color online) Unfolding force distributions at four different pH values, in 100-mM KCl, 10-mM sodium phosphate buffer. (a)
Results obtained at loading rates of 0.01 pN/s, 0.1 pN/s, 1 pN/s, and 10 pN/s, respectively, at pH 5.0. (b) Results obtained at pH 5.5 at
the same set of loading rates as applied in panel (a). (c) Results obtained at pH 5.8 at loading rate of 1 pN/s. (d) Results obtained at
pH 6.0 at loading rate of 1 pN/s. Loading-rate-dependent bimodal unfolding force distributions were observed at pH 5.5, 5.8, 6.0, but
not at pH 5.0. At the fix loading rate of 1 pN/s, the unfolding force distributions also revealed pH dependence. The black curves in
panel (a) are single Gaussian fittings to the unfolding force distributions; the blue dotted curves in panels (b), (c), and (d) are individual
Gaussian fittings to each unfolding force species, while the black curves are the sum of the two. The red dashed curves are the best
fittings of our kinetics model with the best fitting kinetics parameters in Table 1.

In order to investigate the pH dependence of i-motif me-
chanical stability under higher pH conditions, we explore the
i-motif stability to a wider pH range where i-motif is supposed
to be less stable. At pH 5.8 (Fig. 3(c)) and pH 6.0 (Fig. 3(d)),
with the fixed loading rate 1 pN/s, the binomial unfolding

force distributions were revealed similarly as at pH 5.5, except
more unfolding events occurred at the lower unfolding force
species than at pH 5.5.

These results suggest that the two unfolding force species

are competitive in nature and can be selected by changes in pH
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and loading rate. The lower unfolding force species favored
lower loading rate or higher pH value.

I m pH 5.5-higher peak
® pH 5.5-lower peak
30 A pH 5.0-single peak

F Tpus50=1.3 nm
k:gH 50=1.5xX10"4 g1

20

TpH 5.5-n = 1.4 nm
kpu 5.5-n=1.7X10"%s

Force/pN
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TpH 5.5-1= 2.7 nm
kdu 5.5-1=3.4X104 57!

ranal MRt | MRt | L0l

0.01 0.1 1 10
Loading rate/pN-s—!

Fig. 4. (color online) The dependence of the unfolding force on the
loading rate in the logarithm scale. Symbols indicate data obtained from
experiments, and lines are linear fittings for the experimental data, re-
spectively. The black squares are for the higher force peaks at pH 5.5,
while the red circles for the lower force peaks at pH 5.5; the blue uptri-
angles are for the single force peaks at pH 5.0. The kinetics parameters
shown inside the figure were determined by linear fittings of the respec-
tive unfolding force peaks using Eq. (4).

3.2. Unfolding step size distributions

In order to estimate the number of ssDNA nucleotides
released during unfolding of the i-motif, a theoretical model
of the ssDNA force-extension curve is needed. However, due
to complex stacking and hydrogen bond formation between
the bases, the force response of ssSDNA cannot be ideally de-
scribed by the commonly used worm-like-chain (WLC) or the
freely-joint-chain (FJC) polymer models. To date, the ssDNA
force-extension curves are much better described by a phe-
nomenological force-extension relation proposed by Cocco et

al.B7l

whose fitting parameters were determined to be & = 0.34 nm,
a; = 0.21, a» = 0.34, f; = 0.0037 pN, f> = 2.9 pN, and
f3 = 8000 pN. The salt dependence is described by a3 =
2.11n([Na*]/0.0025)/1n(0.15/0.0025) — 0.1, where [Na™] is
the salt concentration expressed in the unit of Molar.*”] With
these parameters, the model is able to fit the ssSDNA force-
extension curves over a wide force range (1 pN—100 pN) and a
wide salt concentration (> 50 mM NaCl).*”] The experimen-
tal data (results at each pH values grouped by different colors)
and the fitting are shown in Fig. 5(a). Extension released dur-
ing unfolding was fitted to be 17.8 0.1 nt by step size = nxs,
where 7 is the number of nucleotides released during i-motif
unfolding. As a contrast, n = 19 nt and 16 nt using the same
model are also shown as dashed curves in Fig. 5(a).

We also calculated the number of nucleotides released
from all unfolding events at four pH values. The statistic re-
sults shown in Fig. 5(b) gave us 17.1 2.8 nt by Gaussian
fitting. These two values are reasonably close to the number
of nucleotides (n = 21) in our i-motif sequence, on account of
the size of the folded i-motif.

Xss = h

pH50 - pHb55 -+ pHb58 « pH6.0
I best fitting by Eq. (1)
e - theoretical curves by Eq. (1) (a)
= L
S
~
8
‘w 10
jon
et
& L
5
0
Unfolding force/pN
300 k 100-mM KCIl, 10-mM phosphate buffer  (b)
N=2059
peak: 17.1+£2.8
200
©
g
3
5
O
100
ol
5 10 15 20 25 30

Number of nucleotides released

Fig. 5. (color online) (a) Data show the dependence of the extension
change versus unfolding force, which can be fitted by the phenomeno-
logical model of ssDNA force-extension curve proposed by Cocco et
al.37! (black curve). Data obtained at different pH values are grouped
using different colors: yellow squares for pH 5.0, red open circles for
pH 5.5, blue crosses for pH 5.8, and black uptriangles for pH 6.0. We
found 17.8 0.1 nt were released during unfolding by fitting the theo-
retical curve to the experimental data. Theoretical results of 19 nt and
16 nt using the same model are also shown as dashed curves. (b) The
histogram of the number of released nucleotides during i-motif unfold-
ing estimated by the theoretical model Eq. (1). The histogram is based
on all unfolding data obtained at all four pH values we tested. Fitting
by Gaussian distribution determined that 17.1 £ 2.8 nt of ssDNA were
released during i-motif unfolding.

3.3. Kinetics model

The two competitive unfolding force species revealed in
Fig. 3 indicate very complex kinetics of i-motif unfolding. The
so-called Bell model, a simple two-state transition model with
force-dependent transition rate of

k(f) = Kexp(xf/ksT), )

predicts an unfolding force distribution P(f):13#!

(i ()]} o
B

P(f) = TCXP kgT xr
where r is the loading rate, kg is Boltzmann constant, T is
absolute temperature, x is the transition distance to the unfold-
ing barrier along the force direction, and £° is the unfolding
rate at zero force, which can be conveniently approximated by
Gaussian distribution. 38 This model is inadequate to explain
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our results, as the distribution only predicts a single force peak

located at: .
BT xr
=—1In|——|. 4
I=" n(kBTk‘)) @

The cause of the two unfolding force species is un-
clear. Some insights may be obtained from a previous study
by Dhakal er al.l*] In that work, the mechanical stabil-
ity of an i-motif structure formed by the ILPR sequence:
5'-(TGTCCCCACACCCC), was studied at a fixed loading
rate of ~ 5.5 pN/s.[?®) Two unfolding species were also ob-
served. However, unlike our observations for the telomeric
i-motif sequence, two distinct unfolding force species with
similar unfolding step sizes, they reported two distinct unfold-
ing step species with similar unfolding forces. Therefore, the
causes of the two unfolding species observed in the ILPR i-
motif sequence and the telomeric i-motif sequence may be dif-
ferent.

We have considered two possibilities to understand the
two unfolding force species observed in our experiments. One
is that there may exist two co-existing folded i-motif species
whose populations depend on pH values. Assuming different
mechanical stability between them, two pH-dependent unfold-
ing force species can be expected in mechanical stretching ex-
periments. However, this picture has difficulty explaining the
loading rate dependence of the probability of the two species,
as the distribution of pre-existing folded i-motif species should
not be affected by the loading rate of the experiments. Thus,
we propose another possibility that likely two competitive un-
folding pathways from the same folded structure are involved.

In the hypothetical competitive two-pathway unfolding
model (Fig. 6), we reason that one pathway is a direct unfold-
ing from the folded structure C to the unfolded ssDNA state U.
The other includes two kinetics steps: the first step is transition
from the folded structure C to an intermediate state I with an
undetectable extension change, and the second step is transi-
tion from I to U with a step size similar to the direct unfolding
pathway from C to U.

Further, all transition rates were assumed to behave ac-
cording to Bell formula, Eq. (2). For experiments with a con-
stant loading rate r, one can solve the following set of master
equations and find the probabilities p;(t) for each state i at time

1
dpi(t)
dt

:ijkji(f(t))_pizkij(f(t))» )
J#i J#i

where kj; are the transition rates from state j to state i. Then

the rupture force probability density function, p(f), can be

simply calculated as:

p(f(1) =AY piki(f(1)), (6)

Jj<i

where A is a normalizing constant. Thus, by using Egs. (2),
0

(5), (6) and given the values of kinetics parameters k i

Xjis

it is possible to predict the theoretical force distribution his-
togram. Inversely, by knowing the unfolding force histogram
the values of parameters can be determined. From a set of
initial parameters, we applied simplex search method!*’! by
varying the parameters to minimize the objective function >
in Eq. (7), the difference between the observed frequency O;
and theoretical prediction E;
2

r=L OB E,.E’) : ™)

In this way, we can search for the best fitting parameters.

In our model, six kinetics parameters are required: {kgu,
0

Xeus K2, Xei, kiys Xiu} (Fig. 4). The magnitudes of initial pa-

ci’
rameters can be estimated referring to the linear fittings using
Eq. (4) as shown in Fig. 6, which are 107 s~! for k%, and
1 nm for x. The best fitting parameters corresponding to un-
folding force histograms at each pH value can be generated by
our search algorithm. All parameters were shown in Table 1,
and the unfolding rates at zero force of each transition were
plotted with the pH value in Fig. 7. The best fitting curves are

shown as red dashed curves in Fig. 3.

0
k(‘,ll) Lcu

intermediate
state I

Fig. 6. (color online) Schematics of two kinetically competitive i-motif
unfolding pathways: (i) direct unfolding from the folded state C to the
single-stranded state U, and (ii) unfolding through a hypothesized inter-
mediate state I, which involves a C— I transition with a small extension
change undetectable in our experiments, followed by a second I— U
transition with a larger step size detected in experiments. The kinetics
parameters of each transition pathway can be optimized by our fitting
algorithm.

k0/10_4 s 1

Fig. 7. The best fitted unfolding rates at zero force based on the ki-
netics model shown in Fig. 6. Solid symbols for pathway C— U, and
open symbols for pathway C— I— U. There is a remarkable increase
of k?u from pH 5.0 to 5.5, implying the pH sensitive dependence of
corresponding transition C — U. Using the best fitted kinetics parame-
ters, our predictions agreed with experimental distributions of unfolding
forces. All the fittings are shown as red dashed curves in Fig. 3.
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Table 1. The best fitting kinetics parameters of our model.

pH kguls’l kgi/s’1 k?uls’l Xeu/nm Xci/nm Xju/nm
5.0 3.1 x 1077 1.0 x 1074 1.7 x 1074 1.7 3.0 1.1
5.5 3.0 x 1074 1.0x 1074 1.9 x 1074 1.7 2.8 1.3
5.8 2.7 x 1074 1.0 x 1074 24 %1074 1.5 2.1 1.3
6.0 3.1x 1074 9.3 x 107 22x 1074 2.1 2.5 1.3

So far, the correspondence between transition pathways
and unfolding force species is unclear. We applied kinetic
Monte Carlo simulations to reproduce the observed unfold-
ing force distributions and to look into the competition of two
transition pathways. The rate of each transition under force f
is determined by Eq. (2). Force is increasing as f = rt, lin-
early with time under a given loading rate . At each load-
ing rate, we choose a time step of Ar = 0.01 s, the same
as the time resolution of magnetic tweezers experiment, in
which the probability of a particular transition i to happen is
AP; = ki(f)Ar. The simulation started from the initial confor-
mation C in Fig. 6, which has two transition pathways C —
U with APy, = keu(f)Af and C — 1 with APy = kei(f)Ar. A
random number R uniformly distributed between zero and one
was generated and compared with the two transition proba-
bilities. If R < AP, the C — U transition was selected; if
AP,y < R < AP, + AP, the C — 1 transition was selected;
otherwise, the state C remained. From the state I, the transi-
tion I — U happened if R < AP,,. The simulation ended in state
U. During the simulations, the unfolding forces were recorded
as long as in which transition pathway the unfolding events
happened.

We reproduced the experimental observations reasonably
by the simulation and it also gave us the details of pathway se-
lections. The observed lower unfolding force species related
to the direct unfolding pathway C — U and the higher species
related to pathway C — I — U. More specifically, the compet-
itive selections between two pathways relied on the competi-
tion between k¢, and k., while the I — U gave us the higher
unfolding force species, which indicated the counterintuitive
mechanical stability of intermediate state 1. Further, we rea-
soned that transition C — I involves a small extension change
undetectable in our experiments, and transition I — U with a
large step size detected in experiments.

As to the conformational nature of the intermediate state
I, a partially unfolded i-motif was considered as a candidate,
whose conformation is similar to the partially folded ILPR i-
motif suggested in Refs. [26] and [27]. However, since we did
not observe different unfolding step sizes between the two un-
folding species, we had to give up this possibility. We suspect
it is a conformer produced by mechanical stretching, which
does not exist in bulk experiments where force is absent. In
view of the lack of a structural basis to infer the possible struc-
ture of such intermediate state, we have refrained from further

speculations of its nature.

Among all three zero force transition rates in Fig. 7, one
remarkable increase by one magnitude of k2, from pH 5.0 to
pH 5.5 was noticed, whereas other parameters do not show
such pH sensitive behavior. The pH sensitivity of kgu implies
the pH dependence of C — U pathway in a certain pH range.
We further assumed that the C — U pathway is pH-induced,
while the other unfolding pathway is mainly caused by ten-
sion. Further, it allowed us to treat the C — U pathway as an
analogy to the pH-induced i-motif unfolding in bulk experi-
ments.

A recent study demonstrated a cooperative neutralization
of two-protons as the only rate-limiting step in the pH-induced
i-motif unfolding process,*”) where the two boundary C-C*
pairs (C1—C7 and C¢—C, pairs in Fig. 1(a) inset) are simulta-
neously disrupted, resulting in a complete unfolding of i-motif.
Relating their results to our model, the transition rate k%, de-
pends on the proton concentration via k2, o [H*]™", where n
is the cooperative factor. Here n = 2 accounts for cooperative
release of two protons. We calculated » in the jump range of
kgu in Fig. 7, resulting in n = 1.94, which is in agreement with
the bulk experiment. However, for the pH value above pH 5.5,
kY, is saturated. More factors may affect the i-motif unfolding,
which are beyond our simple two-pathways model.

Our results can still provide some insights into the pos-
sible pH-dependent unfolding processes: There are two path-
ways leading to i-motif unfolding, one is pH-induced coopera-
tive unfolding, the other can be force-induced non-cooperative
unfolding, via the intermediate state I. At pH 5.5 or above, two
pathways are comparably competitive and lead to the bimodal
unfolding force distribution; however, the pathway C — I —
U becomes predominant at pH 5.0 due to decreased rate k.

4. Conclusion and application

By using magnetic tweezers to apply force to a single i-
motif, the mechanical stability of a single i-motif formed in
the human telomeric sequence 5'-(CCCTAA);CCC was in-
vestigated. A novel pH and loading rate-dependent bimodal
unfolding force distribution was found, which indicates there
are two competing unfolding pathways: one direct coopera-
tive unfolding pathway and one pathway with an intermediate
state. Overall, our results revealed the mechanical stability
complexity of the i-motif structure formed on the telomeric
sequence. The findings also suggest a possible intermediate
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mechanically stable i-motif structure, whose nature requires
future studies.

The switchable folding and unfolding of i-motif by sim-
ply changing the solution pH over a narrow range has made
it an attractive building block for designing nanometer size
devices for various biosensing and molecular assembly ap-
plications, such as serving as a reporter of the intracellular
pH*! and promoting a pH-dependent self-assembly of gold

s.142] Tn addition to these pH-sensitive applica-

nano particle
tions, i-motif has a great potential to serve as a mechanical
nano-device for various purposes. Figure 8 shows an exam-
ple, which is an ongoing project in our lab, to use i-motif to
actively produce a sharply bent dsDNA in order to address sev-
eral open questions regarding the micromechanics of sharply
bent dsDNA.[**#5] The design includes hybridizing a short
oligonucleotide to the complementary region of a longer cir-
cular ssDNA at pH 7.5. The non-hybridized region contains
an i-motif sequence, which is designed to fold upon switching
to a low pH and hence bend the dsDNA region.

Sb anneallng@ lower pH %
_ _

Fig. 8. (color online) Illustration of a dsSDNA bent by an i-motif. An
oligonucleotide annealed with a circular ssDNA to form a hybridizing
dsDNA, which is bent by an i-motif in the ssDNA region when changing
to lower pH values which favor the i-motif formation.
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