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Abstract: Investigation of i-motif is of high importance to fully understand the biological functions of G
quadruplexes in the context of double-stranded DNA. Whereas single-molecule approaches have profiled
G quadruplexes from a perspective unavailable by bulk techniques, there is a lack of similar literature on
the i-motif in the cytosine (C)-rich region complementary to G quadruplex-forming sequences. Here, we
have used laser tweezers to investigate the structures formed in 5′-(TGTCCCCACACCCC)2, a predominate
variant in the insulin-linked polymorphic region (ILPR). We have observed two species with the change in
contour length (∆L) of 10.4 ((0.1) and 5.1 ((0.5) nm, respectively. Since ∆L of 10.4 nm is located within
the expected range for an i-motif structure, we assign this species to the i-motif. The formation of the
i-motif in the same sequence has been corroborated by bulk experiments such as Br2 footprinting, circular
dichroism, and thermal denaturation. The assignment of the i-motif is further confirmed by decreased
formation of this structure (23% to 1.3%) with pH 5.5f 7.0, which is a well-established behavior for i-motifs.
In contrast to that of the i-motif, the formation of the second species with ∆L of 5.1 nm remains unchanged
(6.1 ( 1.6%) in the same pH range, implying that pH-sensitive C:CH+ pairs may not contribute to the
structure as significantly as those to the i-motif. Compared to the ∆Gunfold of an i-motif (16.0 ( 0.8 kcal/
mol), the decreased free energy in the partially folded structure (∆Gunfold 10.4 ( 0.7 kcal/mol) may reflect
a weakened structure with reduced C:CH+ pairs. Both ∆L and ∆Gunfold argue for the intermediate nature of
the partially folded structure in comparison to the i-motif. In line with this argument, we have directly observed
the unfolding of an i-motif through the partially folded structure. The i-motif and the partially folded structure
share similar rupture forces of 22-26 pN, which are higher than those that can stall transcription catalyzed
by RNA polymerases. This suggests, from a mechanical perspective alone, that either of the structures
can stop RNA transcription.

Introduction

In recent years, non-B DNA structures have attracted intensive
research attention due to the likelihood that these structures may
be responsible for a variety of human diseases such as Fredrick’s
ataxia and Huntington disease.1,2 Non-B DNA structures3

include G quadruplex, Z DNA, H DNA, cruciform DNA, and
i-motif, to name just a few. Experiments in Vitro have suggested
that these structures can regulate important biological processes
including replication and transcription. Evidence from recent
research has also indicated that these non-B DNA structures
can cause DNA double-strand breakage (DSB),3 which increases
mutations for diseases. Computer-based programs have revealed
that non-B DNA-forming sequences are widely dispersed
throughout the human genome. For example, a total of 188,836
G-rich sequences have been found to be capable of forming G
quadruplexes,4 whereas a frequency of 1/3050 bp5 and 1/49400
bp6 exist for potential Z and H DNA in the human genome,

respectively. Some of these noncanonical DNA structures have
been confirmed in ViVo.7-9

Among these non-B DNA structures, G quadruplex and
i-motif both contain four DNA strands. Each G-quadruplex-
forming sequence has a complementary C-rich sequence capable
of adopting an i-motif structure. Thus, the prevalence of G
quadruplex-forming sequences in the human genome also
suggests the widespread occurrence of i-motifs in the genome.
In contrast to the G quadruplex, which is independent of pH
and readily forms at physiological pH, the formation of an
i-motif requires hemiprotonated cytosine-cytosine pairs10 (Figure
1A) and, therefore, is pH dependent. The optimal i-motif
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assembly occurs at pH 5.5, a value close to the pKa for free
cytosines.11 So far, only scattered evidence12,13 has indicated
the presence of i-motif structures at neutrality in Vitro. In ViVo,
however, negative superhelicity14 and molecular crowding15,16

may facilitate i-motif formation. In addition, formation of either
an i-motif or a G-quadruplex can leave its complementary DNA
as a free strand, thereby facilitating the assembly of the other.

Recent discovery of proteins interacting with potential i-motif
structures suggests that, similar to the G quadruplexes, i-motifs
may also have biological functions. Mergny and co-workers
observed two nuclear proteins, hnRNP-K, a transcription factor
of the c-myc gene, and ASF/SF2, a splicing factor, can bind
specifically to the C-rich strand of human telomeres.17 In an
ILPR sequence similar to what has been used here, Gupta and
co-workers13 demonstrated that Escherichia coli SSB protein
binds more efficiently to the C-rich strand compared to other
ssDNA regions at neutral pH. In human telomeres, Manzini and
colleagues18 have shown that Hela nuclear extract contains a
protein that specifically binds to single-stranded CCCTAA
repeats. The specific binding of i-motif-forming sequences to

various proteins implies the potential biological function of the
i-motifs that may form in these sequences. Another aspect of
biological relevance of the i-motif comes from the potential
interaction between this structure and the G quadruplex, the latter
of which has shown critical involvement in many biological
processes.14 In accordance with the prospect of biological
functions by i-motifs, several laboratories have started to
investigate DNA i-motif analogues based on phosphorothioate
or peptide backbones for potential pharmaceutical applications.19

Since a significant portion of the i-motif hosting sequences
is located within or downstream of promoter regions,20,21 there
are ample opportunities for the tetraplex to interact with RNA
polymerase (RNAP). As a motor protein, RNAP exerts a
maximal load force, beyond which transcription stalls.22,23 From
mechanical perspective alone, a non-B DNA structure with a
mechanical stability higher than this maximal load force can
stall RNAP. The mechanical stability of such a structure can
be determined by single molecular methods such as laser
tweezers.24

In this study, we use laser-tweezers to investigate the
structures formed in C-rich regions. To the best of our
knowledge, i-motifs have never been investigated at the single-
molecule level. Compared to the bulk methods for i-motif
investigation, such as circular dichroism (CD),25,26 gel electro-
phoresis,27 ultraviolet (UV) absorbance,27 X-ray,28 and NMR,29-31

single-molecule methods can reveal biomolecular structures in
a highly dynamic fashion. The method is very sensitive in
identifying small populations, such as intermediates during a
folding process.32 Compared to other single-molecule techniques
such as fluorescence,33 the force-based approaches do not require
bulky fluorophores that may alter native structures. In addition,
they can provide mechanical information of structures,24,34

which is important not only for transcription but also for other
processes catalyzed by motor proteins such as DNA polymerases.

We chose to investigate non-B DNA structures formed in
the most prevalent variant, 5′-(TGTCCCCACACCCC)2, in the
insulin-linked polymorphic region (ILPR). The region is known
to affect the production of human insulin protein.35 The C-rich
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Figure 1. (A) Schematic of (i) i-motif, (ii) chemical structure of a
hemiprotonated cytosine-cytosine pair, and (iii) experimental set up. (B)
Typical force extension curves from the same ILPR sequence, 5′-
(TGTCCCCACACCCC)2TGT, at 23 °C and pH 5.5. Green (the right curve)
and red (the left curve) curves represent unfolding of two populations with
changes in contour length (∆L) of 10.4 and 5.1 nm, respectively. The sudden
drop in force (around 27.5 and 26.0 pN, indicated by dashed circles) in the
extending curves indicates unfolding events. The black line is the WLC
fitting. Curves are shifted in the x-axis for clarity. Inset is the ∆L histogram
fitted by a two-peak Gaussian.
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DNA sequence used in our experiment is terminated by two
dsDNA spacers. Similar to the internal loops in a DNA
tetraplex,36 terminal spacers have also demonstrated their critical
role in the tetraplex conformation.37 Thus, our approach
complements very well bulk methods that have limited sensitiv-
ity to long terminal spacers. Since the DNA regions in which
tetraplexes are susceptible to form are almost always flanked
by double-stranded spacers,4 our method is uniquely equipped
to interrogate non-B DNA structures in a situation closer to in
ViVo conditions.

Our mechanical unfolding experiments have revealed two
populations, an i-motif and a partially folded structure, in the
DNA construct. The population ratio of these two species
changes with pH, with partially folded structure predominating
at pH 7. Both structures have similar unfolding forces (24.0 (
0.9 pN and 26.1 ( 3.0 pN for i-motif and partially folded
structures, respectively). These values are higher than the stall
forces for known RNAPs, suggesting that the presence of either
structure may interfere with the transcription process from the
mechanical argument alone.

Materials and Methods

Materials. Oligonucleotides were purchased from Integrated
DNA Technologies (www.idtdna.com) and purified by denaturing
PAGE. Unless specified differently, all of the chemicals were
purchased from VWR (West Chester, PA).

Laser Tweezers Instrument. Detailed description of the laser
tweezers instrument has been reported elsewhere.38,39 Briefly, a
diode pumped solid state (DPSS) laser (1064 nm, 4 W, CW mode,
BL-106C, Spectra-physics) was used as a trapping laser. P and S
polarized laser light from the same laser source constituted two
traps. The S polarized light was controlled by a steerable mirror
(Nano-MTA, Mad City Laboratories) at a conjugate plane of the
back focal plane of a focusing objective (Nikon CFI-Plan-
Apochromat 60×, NA 1.2, water immersion, working distance
∼320 µm). The exiting P and S polarized beams were collected by
an identical objective and detected by two position-sensitive
photodetectors (PSD, DL100, Pacific Silicon Sensor) separately.40

The force of the laser trap was calibrated by the Stokes force and
thermal motion measurement. Both methods yielded a similar trap
stiffness of ∼307 pN/(µm × 100mW) (for 0.97 µm diameter
polystyrene beads, Bangs Laboratory, Fishers, IN).

DNA Construct. The DNA construct comprised three fragments
(Figure 1A, iii): two dsDNA spacers at two termini and one DNA
fragment containing an i-motif-forming oligonucleotide (bold and
underscored in the sequence shown below) in the middle. The 651
bp dsDNA spacer was labeled with biotin, which was introduced
through a biotinylated primer (Integrated DNA Technologies, IDT,
Coralville, IA) during PCR amplification of pEIB plasmid template
(966bp).40 This spacer was digested with XbaI restriction enzyme
(New England Biolab, NEB). The 2690 bp DNA handle was gel
purified using a kit (Midsci, St. Louis, MO) after SacI and EagI
digestions of a pEGFP plasmid (Clontech, Mountain View, CA).
This spacer was subsequently labeled by digoxigenin (Dig) at the
3′ end using 18 µM Dig-dUTP (Roche, Indianapolis, IN) and
terminal transferase (Fermentas, Glen Burnie, MD). The middle
i-motif-forming fragment was constructed by annealing an oligo-

nucleotide, 5′-CTAG AC GGTTGAAATACCGCACAGATGCG-
TGTCCCCACACCCCTGTCCCCACACCCCTGTGCCAG-
CAA GACGTA GCCCA G CGCGTC, with two other oligonucle-
otides, 5′-CGCATCTGTGCGGTATTTCACACCGT and 5′-GGC-
CGACGCGCTGGGCTACGT CTTGCTGGC at 97 °C for 5 min
and slowly cooled to room temperature for 6 h. This i-motif-forming
fragment was ligated with the 651 bp DNA handle at one end,
followed by a second ligation with the 2690 bp DNA handle using
T4 DNA ligase (NEB). The final construct was purified by ethanol
precipitation. The DNA pellet was dissolved in water and stored
at -80 °C. The mutant DNA construct containing TGTCCCCA-
CACCCCTGTCCCCACA in place of the i-motif-forming se-
quence was prepared using the same procedure.

Single Molecular Experiment. Anti-Dig antibody-coated
polystyrene beads (diameter: 2.17 µm, Spherotech, Lake Forest,
IL) were incubated with diluted DNA constructs obtained above
(∼0.43 ng/µL) in 100 mM KCl, 10 mM sodium phosphate buffer
(pH 5.5, 6.0, 6.5, and 7.0) for 1 h at 23 °C to attach the DNA
construct via the Dig/anti-Dig complex. Beads coated with
streptavidin (diameter: 0.97 µm, Bangs Laboratory) were
dispersed into the same buffer before being injected into the
reaction chamber. These two types of beads were trapped
separately using two laser traps. To immobilize the DNA
construct between the two beads, the bead already attached with
DNA construct was brought close to the bead coated with
streptavidin by the steerable mirror. Once the DNA tether was
trapped between the two beads, the Nano-MTA steerable mirror
that controls the anti-Dig-coated bead was moved away from
the streptavidin-coated bead with a loading speed of ∼5.5 pN/
s. The secondary structure formed in the DNA molecule was
unfolded when tension inside the tether was gradually increased.
Rupture events with sudden change in the end-to-end distance
were observed during the process (Figure 1B). Single tether was
confirmed by a single breakage event when the DNA was
overstretched. Change in contour length (∆L) due to the rupture
events was calculated by the two data points flanking the rupture
events using an extensible worm-like chain (WLC) equation41

(eq 1):

Here x is the end-to-end distance, kB is the Boltzmann constant,
T is absolute temperature, P is the persistent length (51.95 nm39),
F is force, and S is the elastic stretch modulus (1226 pN39). ∆L
range of 2.2-14 nm was collected to construct the histogram
of ∆L.

Calculation of Percentage Formation. The percentage forma-
tion of the i-motif and the partially folded structure was
calculated on the basis of the number of pulling curves recorded
at a given pH. To assign individual pulling curves to a specific
folded species, we used two methods. In the first method, we fit
the overall ∆L distribution using a two-peak Gaussian function.
The cross point between the two Gaussian populations was then
used as a threshold to assign pulling curves to the two species.
To account for the stochastic behavior of individual pulling
curves, in the second method, we randomly assigned the pulling
curves in the intersection of the two Gaussian populations to a
specific species according to the ratio determined by the two-
peak Gaussian fitting. The percentage formation of an i-motif
or a partially folded structure was calculated as the ratio of the
pulling curves with the folded structure vs total pulling curves.
To avoid repetitive counting, the subsequent pulling curves of
the same DNA construct were discarded in this calculation.
Although both methods yielded similar results, in this paper we
adopted the second approach since it better represented the
stochastic nature of individual molecules.
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Calculation of ∆Gunfold. The free energy difference for unfolding
the i-motif (∆Gunfold) was calculated according to Jarzynski’s
equality equation (eq 2) for nonequilibrium systems.42,43

where N is the number of observations in the experiment and W is
the nonequilibrium work done during unfolding of the i-motif,
which is equivalent of the hysteresis area between stretching and
relaxing force-extension curves.44 A total of 450 and 220 curves
were used to calculate the ∆Gunfold of i-motif (pH range: 5.5 to
6.5) and partially folded structures (pH range: 5.5 to 7.0),
respectively.

CD Spectroscopy. Oligonucleotides samples purchased from
Integrated DNA Technologies were purified by denaturing PAGE
and prepared in a concentration of 5 µM in 10 mM sodium
phosphate buffer at a given pH with 100 mM KCl. The samples
were then heated at 97 °C for 10 min and immediately cooled using
an ice-water bath. The CD spectra were taken in a 1 mm quartz
cuvette at room temperature with a Jasco-810 spectropolarimeter
(Easton, MD). The reported spectra were the average of three scans
with a scan rate of 50 nm/min. The spectrum of each scan was
subtracted from a buffer and salt only baseline and smoothed using
a Savitzky-Golay function. For CD melting, the signal was
measured at 286 nm as the temperature was changed at a rate of
0.5 °C/minute using a Jasco (model PFD-425S) peltier temperature
controller. The same rate was used for UV-melting measurement
at 295 nm with a Varian Cary 300 spectrophotometer.

Br2 Footprinting. DNA samples were radiolabeled at the 5′ end
by incubating the DNA with T4 polynucleotide kinase (Promega)
and [γ-P32] ATP (Perkin-Elmer) and purified using denaturing
PAGE. To specifically probe cytosine residues in the footprinting
experiment, molecular bromine was used as previously described.45,46

Solutions containing the 5′-labeled C-rich strand were prepared in
10 mM sodium phosphate buffer (pH 5.5 and 7.0), with the addition
of 1 µM unlabeled oligonucleotides. The samples were then heated
at 97 °C for 10 min and quickly cooled by submersion in an
ice-water bath. Then to a 50 µL sample, 1 µL of 20 µM KBr was
added, which was immediately followed by the addition of 1 µL
of 10 µM KHSO5. The reaction mixture was then incubated for 3
min at room temperature. To stop the reaction, 25 µL of the reaction
mix was added to 100 µL of stop buffer (1 mg/mL sheared salmon
sperm DNA, 300 mM NaCl, and 4 mM HEPES). The DNA was
then precipitated using 100% ethanol, and the resultant pellet was
washed twice with 70% ethanol. The DNA was then cleaved with
piperidine, and the resulting fragments were separated on a 10%
denaturing polyacrylamide gel (19:1 bis/acrylamide). The gel was
dried on Whatman paper, exposed to a phosphorimager screen, and
scanned with a Typhoon 8600 instrument (Molecular Dynamics).
Footprinting gel images were quantified using ImageJ software
(http://rsbweb.nih.gov/ij/index.html). The intensity of each band was
normalized with that of the cytosine in the ACA loop after
background correction at pH 5.5 and 7.0 separately. The fold
protection of each nucleotide was then calculated as the ratio
between the normalized band intensity at pH 7.0 and that of
corresponding band at pH 5.5.

Results and Discussion

Histograms of Change in Contour Length (∆L) Show
Coexistence of an i-Motif and a Partially Folded Structure. To
reduce the steric hindrance between the possible folded structure

and dsDNA handles, we incorporated a wild type spacer, TGT,
at the 3′ end of the most predominant variant sequence in the
human ILPR, 5′-(TGTCCCCACACCCC)2. After tethering the
DNA construct between the two optically trapped beads Via
biotin/streptavidin and digoxigenin (Dig)/anti-Dig antibody
complexes, respectively (Figure 1A, iii), we moved away one
of the laser traps and recorded force-extension (F-X) curves
of the DNA construct at pH 5.5 (Figure 1B). A sudden drop in
force was clearly seen in the force-extension curve, which
indicated the unfolding of a structure formed in the DNA
construct. The folded structure was confirmed by CD-286 nm
(Figure 2A) and UV-295 nm (Supplementary Figure S1) melting
experiments, both of which showed a sigmoidal transition with
a Tm of ∼37 °C at pH 5.5 (see Table 1).

Using a worm-like-chain equation (eq 1), we could obtain
the change in contour length (∆L, see Materials and Methods)
from the force extension curves that contain rupture events of
folded structures. After correction of end-to-end distance of a
folded species, this ∆L reflects the contour length of the
structure.24 When we plotted the ∆L histogram, to our surprise,
two populations were observed (Figure 1B inset). The bigger
population has ∆L of 10.4 ((0.1) nm (see Figure 1B for a
representative F-X curve in green), whereas the smaller
population has ∆L of 5.1 ((0.5) nm (see Figure 1B for a
representative F-X curve in red). The value of 10.4 nm is within
theexpectedrangeforafoldedstructurewith25nucleotides.24,47-51

Therefore, we ascribe this population to an i-motif structure.
Previous NMR studies13 have shown that the i-motif forms in
a similar sequence at pH 5.5 in Vitro. CD spectra on the same
DNA fragment at pH 5.5 clearly revealed a peak at ∼286 nm
and a trough at ∼264 nm (Figure 2B), both of which are
characteristic of an i-motif structure.26,52-54 In addition, the
bromine footprinting data in Figure 2C demonstrated the
protection of four C tracts (C4-C7, C11-C14, C18-C21, and
C25-C28) from bromine-initiated cleavage at pH 5.5. This
result is consistent with the formation of an i-motif utilizing
the four C tracts in the sequence.14

Compared to the ∆L of the i-motif, we refer the species with
∆L of 5.1 nm to a partially folded structure. Previously, NMR
data13 have suggested the presence of a partially folded structure
in a similar C-rich sequence. However, the exact structure is
not determined. Free energy calculations using the mfold
program (see Supporting Information, Figure S2) ruled out the
hairpin-based conformation in this structure. Rather, our data
were more compliant with a triplex intermediate previously
proposed for the formation of the i-motif30 or G quadruplex.55,56

On the basis of the known i-motif structure,28,57 our calculation
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(see Supporting Information) showed that the partially folded
structure contains 18 ((1) nucleotides. This value was identical
to the number of nucleotides (18 nts) contained in the triplex
species (Supporting Information, Figure S3). Our observation
that a small fraction of molecules (3.9%, 26 out of 671 i-motif
molecules) showed two sequential rupture events was consistent
with the intermediate nature of the partially folded species (see
a representative curve in Supporting Information, Figure S4).
To provide further support that partially folded structure adopts
a triplex conformation of 18 nts, we designed a DNA mutant
that contains only three C4 tracts (see Materials and Methods
for sequence detail). When we mechanically unfolded this DNA
at pH 5.5, the histogram of change in contour length showed
only a single population with ∆L of 5.0 ((0.1) nm (Supporting
Information, Figure S5). Within experimental error this value
was identical to that of the partially folded species (5.1 ( 0.5
nm), strongly suggesting the triple-stranded nature of the
partially folded species. However, to unambiguously determine
the structure, other techniques such as NMR or X-ray will need
to be employed.

The fact that either an i-motif or a partially folded structure
was observed in the same DNA construct strongly suggests the
two populations were not due to the heterogeneity in sample
preparation. Instead, it indicates the coexistence of two structures
in the same C-rich DNA sequence.

Effect of pH on the Two Populations. i-Motif contains a stack
of C:CH+ pairs that are pH dependent (Figure 1A, i and ii). It
is expected that the higher the pH above the pKa of cytosine
(pKa ) 4.3 for free cytosines11), the more difficult will be the
formation of the i-motif. This trend was clearly demonstrated
in CD spectra at pH 5.5-7.0 (Figure 2B). While the CD spectra
showed the existence of the i-motif at pH 5.5, they also
suggested a mixture of unstructured DNA (peak at 277 nm)45

and i-motif structures (the 286 nm peak) at pH 6.0. At pH 6.5
and 7.0, however, the CD spectra were more indicative of
unstructured single-stranded DNA. In accordance with the CD
spectra, melting was clearly observed at pH 5.5, 6.0, and 6.5
(Figure 2A and Supporting Information, Figure S1), but not at
pH 7.0 (not shown). The same trend was also obvious in Br2

footprinting results, which strongly suggested the formation of
an i-motif at pH 5.5 but not at pH 7.0 (Figure 2C). However,
a caVeat should be given that, due to reduced sensitivity, the
absence of melting in CD/UV measurements or the absence of
protection of C tracts in Br2 footprinting cannot rule out the

(55) Ambrus, A.; Chen, D.; Dai, J.; Bialis, T.; Jones, R. A.; Yang, D.
Nucleic Acids Res. 2006, 34, 2723–2735.

(56) Mashimo, T.; Sannohe, Y.; Yagi, H.; Sugiyama, H. Nucleic Acids
Symp. Ser. 2008, 52, 409–410.

(57) Esmaili, N.; Leroy, J. L. Nucleic Acids Res. 2005, 33, 213–224.

Figure 2. CD experiments and Br2 footprinting of the ILPR C-rich sequence, 5′-(TGTCCCCACACCCC)2TGT. (A) CD (286 nm) melting curves of the
i-motif-forming sequence from pH 5.5 to 6.5. The spectra were baseline corrected and normalized as the fraction of folded form. At pH 7.0 no clear
transition was observed (not shown). (B) CD spectra acquired from pH 5.5 to 7.0 at 23 °C. CD experiments were performed with 5 µM oligonucleotides in
10 mM sodium phosphate buffer (pH 5.5, 6.0, 6.5, or 7.0) and 100 mM KCl. (C) Br2 footprinting at pH 5.5 and 7.0. The trace on the left side of the gel
depicts band quantitation. The direction of the arrow at the bottom of the gel indicates increased intensity of the bands. The plot on the right shows the fold
protection of individual bands at pH 5.5 compared to those at pH 7.0. The band intensities at the 3′ end (see *) are not reliable since they are close to those
of the uncut oligonucleotides.

Table 1. Summary of Change in Contour Length (∆L), Rupture Force (F), Free Energy Change of Unfolding (∆G), and 286 nm CD Melting
Temperature (Tm) at pH 5.5-7.0a

pH ∆LPart. Fold.(nm) FPart. Fold (pN) ∆Gpart. fold.(kcal/mol) ∆Li-motif (nm) Fi-motif(pN) ∆Gi-motif(kcal/mol) Tm(°C)

5.5 5.1 ((0.5) 26.5 ((0.5) 10.5 ((0.1) 10.4 ((0.1) 26.2 ((0.3) 16.6 ((0.7) 37.0 ((1.3)
6.0 4.9 ((0.3) 25.5 ((1.3) 10.7 ((0.1) 10.2 ((0.1) 23.9 ((0.7) 16.2 ((0.3) 33.7 ((0.5)
6.5 5.2 ((0.3) 26.5 ((0.9) 10.4 ((0.6) 9.9 ((0.2) 21.9 ((0.4) 15.1 ((0.1) 23.4 ((0.7)
7.0 4.7 ((0.3) 25.9 ((2.6) 9.9 ((0.3) not enough data not enough data not enough data no melting

a The values in parentheses are standard deviations.
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existence of a small fraction of i-motif or other folded structures
in the sample.

If our assignment of the fully folded structure as an i-motif
is correct, we should expect to see similar pH trends in single
molecular studies. To this purpose, we mechanically unfolded
the DNA construct at pH 5.5-7.0. When ∆L histograms at
different pHs were compared in Figure 3, it was obvious that
two populations coexisted at each pH. ∆L for each species
remained unchanged across the pH range (see Table 1),
suggesting the structures of i-motif or partially folded species
were intact when they formed within this pH range. We then
calculated the percentage formation of each species at different
pHs (see Materials and Methods). When the pH was increased
from 5.5 to 7.0, we observed decreased formation of the species
with the larger ∆L (23%-1.3%, Figure 4). Such clear pH
dependence confirms our assignment that this species is indeed
an i-motif. Interestingly, the formation of the partially folded
structure remained constant (6.1 ( 1.6%) in pH 5.5-7.0,
indicating the structure was not as pH sensitive as was the
i-motif.

The percentage formation of the i-motif was similar between
pH 6.5 and 7.0 (2.9%-1.3%, Figure 4). However, the formation
increased rather significantly below pH 6.5 (from 10.5% at pH
6.0 to 23% at pH 5.5). This trend corresponded strikingly well

with that of the CD measurements. Between pH 6.5 and 7.0,
the CD spectra indicated the majority of the sample was
unstructured. However, below pH 6.5, the CD measurements
showed significant increase in the i-motif structure (Figure 2B).

Our single molecular method can readily identify populations
as low as ∼2% (Figure 4). This fact strongly demonstrates the
superior sensitivity of our method over bulk approaches. As a
result of this sensitivity, we were able to identify the formation
of i-motif even at neutral pHs at room temperature. Although
the formation of an i-motif under neutral pH has been recently
reported at 4 °C,58 its formation at room temperature and
neutrality has not been observed without the introduction of
template superhelicity,14 the employment of molecular crowding
conditions,15 or the adoption of chemical modifications.59

Since the pH dependence of the i-motif originates from
hemiprotonated cytosine-cytosine pairs, the reduced pH depen-
dency observed here suggests that C:CH+ pairs may not
contribute to the partially folded structure as significantly as
those in i-motif. This observation is consistent with the triplex
model (see Supporting Information, Figure S3) which consists
of only half of the C:CH+ pairs.

i-Motif and Partially Folded Structures Show Similar
Unfolding Forces Higher Than the Stall Force of RNAP. The
single molecular nature of the laser tweezers method allows us
to simultaneously survey the mechanical and thermodynamic
stabilities of an i-motif and partially folded structures. To this
end, we separated the i-motif and the partially folded structures
(see Materials and Methods) and investigated their respective
stabilities.

When we plotted the histogram of the unfolding force for
the i-motif and the partially folded structure at different pHs
(Figure 5 A and B and Table 1), we observed similar range of
rupture force for these two species (Figure 5C: i-motif -
21.9-26.2 pN; partially folded structure - 25.5-26.5 pN). The
majority of the rupture events were abrupt, suggesting coopera-
tive unfolding for each species. The unfolding forces for partially
folded structures were rather constant over pH, whereas those
for i-motif decreased with pH. When we performed the 286
nm CD melting at different pHs, we found the melting
temperature decreased monotonically with pH (see Figure 2A
and Table 1). This observation was consistent with the trend of
the rupture force for i-motif (Figure 5C), suggesting it is the
i-motif structure that predominates the CD signal at 286 nm.

We then used Jarzynski’s theorem42,43 to calculate the
thermodynamic stability (∆Gunfold) of the i-motif and partially
folded structures (see Materials and Methods). The free energy
change of an i-motif (∆Gunfold 16.0 ((0.8) kcal/mol) was close
to that predicted from literature (14.5 kcal/mol, calculated
according to eight C:CH+ pairs60). This result further verified
our assignment of the i-motif structure. The calculation also
yielded a lowered free energy change for partially folded
structures (10.4 ((0.7) kcal/mol). Such a result is consistent
with our previous finding that C:CH+ pairs have less contribu-
tion to the partially folded species than to the i-motif (see Figure
4 and related text). We surmise the decreased contribution from
C:CH+ pairs can lead to reduced H-bonds and C:CH+/C:CH+

stacking, either of which can reduce ∆Gunfold in the partially
folded structure.

(58) Zhou, J.; Wei, C.; Jia, G.; Wang, X.; Feng, Z.; Li, C. Mol. Biosyst.
2010, 6, 580–586.

(59) Kumar, N.; Petersen, M.; Maiti, S. Chem. Commun. 2009, 1532–1534.
(60) Leroy, J. L.; Gehring, K.; Kettani, A.; Gueron, M. Biochemistry 1993,

32, 6019–6031.

Figure 3. ∆L histograms at different pHs (23 °C). Two populations shown
from pH 5.5 to 7.0 are fitted with two-peak Gaussian (solid lines). The
fitting for the second peak (see *) at pH 7.0 is not reliable due to insignificant
formation of the i-motif at this pH (see Figure 4). N depicts number of
experiments at each pH.

Figure 4. Percentage formation of the i-motif (dotted line) and the partially
folded structure (solid line) at different pHs under 23 °C.
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The unfolding forces are higher than the stall force of RNA
polymerases, which ranges from <20 pN for bacterial RNAP22

to <10 pN for Pol II.23 This suggests, solely from a mechanical
aspect, that either i-motif or partially folded structure can stall
RNAP. Due to the fact that the population of the partially folded
species is higher than that of the i-motif at neutral pH, the former
species may play a more important role in the regulation of
RNAP. Previously, we have observed the unfolding forces of
23 and 37 pN for parallel and antiparallel ILPR G quadruplexes,
respectively.24 Therefore, the mechanical stabilities of the ILPR
tetraplex DNA structures all seem to be higher than the stall
force of RNAP. It remains to be seen whether high mechanical
stability is a common theme for other G quadruplexes or
i-motifs. For those tetraplexes formed downstream of promoter
regions,21 such a mechanical property can present a novel
regulatory opportunity for transcription control through DNA
secondary structure itself.

Conclusions

Using laser tweezers, we have demonstrated that an i-motif and
a partially folded structure coexisted in the C-rich human ILPR
oligonucleotides. The formation of an i-motif is decreased with
increasing pH, while that of partially folded structure is pH
independent. Both the i-motif and the partially folded structure have

unfolding forces higher than the stall forces of RNA polymerases,
suggesting either of the structure can stop transcription from a
mechanical perspective alone. To the best of our knowledge, single
molecular investigation on i-motif structures has not been reported
before. The methodology described here offers a novel tool to
interrogate i-motif structures from a unique mechanical perspective
at the single-molecule level.
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5.5; stable structures revealed by mfold program; calculation
of nucleotides contained in DNA secondary structure; a
representative unfolding curve with sequential unfolding events;
and a ∆L histogram of a mutant DNA containing three C4 tracts
at pH 5.5. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure 5. Rupture force histograms of (A) partially folded structure and (B) i-motif at different pHs under 23 °C. The solid lines in (A) and the dotted lines
in (B) are Gaussian fits. The rupture force histogram of an i-motif at pH 7.0 is not shown due to insignificant formation of the structure at this pH. (C)
Rupture forces (obtained from Gaussian peaks in (A) and (B)) vs pH for the i-motif (green dotted line) and partially folded structure (red solid line).
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