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Abstract

For proteins and DNA secondary structures such as G-quadruplexes and i-motifs, 

nanoconfinement can facilitate their folding and increase structural stabilities. However, properties 

of physiologically prevalent B-DNA duplex have not been elucidated inside nanocavity. By using 

a 17-bp DNA duplex in the form of a hairpin stem, here, we probed folding and unfolding 

transitions of the hairpin DNA duplex inside a DNA origami nanocavity. Compared to the free 

solution, the DNA hairpin inside the nanocage with a 15×15 nm cross section showed a drastic 

decrease in mechanical (20→9 pN) and thermodynamic (25→6 kcal/mol) stabilities. Free energy 

profiles revealed that activation energy of unzipping the hairpin DNA duplex decreased 

dramatically (28→8 kcal/mol) whereas the transition state moved closer to the unfolded state 

inside nanocage. All these indicate that nanoconfinement weakens the stability of hairpin DNA 

duplex to an unexpected extent. In a DNA hairpin made of a stem that contains complementary 

telomeric G-quadruplex (GQ) and i-motif (iM) forming sequences, the formation of the Hoogsteen 

base pairs underlining the GQ or iM is preferred over the Watson-Crick base pairs in the DNA 

hairpin. These results shed light on the behavior of DNA in nanochannels, nanopores, or 

nanopockets of various natural or synthetic machineries. It also elucidates an alternative pathway 

to populate non-canonical DNA over B-DNA in cellular environment where nanocavity is 

abundant.
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INTRODUCTION

Elucidating the property of duplex DNA in nanoconfinement is of fundamental importance 

in many fields ranging from single-molecule biophysics to DNA sequencing. Recently, 

individual DNA molecules have been stretched inside nanochannels to investigate the 

interaction between proteins and DNA.1 Biochemical reactions such as enzymatic digestions 

and RNA transcriptions can also be investigated using confined DNA templates. In 

approaches leveraged for next generation sequencing, DNA strands are guided through 

nanopores or nanochannels for accurate reading of individual bases or specific DNA 

segments.2–3 Results from these experiments are often interpreted with the speculation that 

behavior of DNA inside nanoconfinement remains the same as that in free solutions. 

Changes in the stability of duplex DNA bring complexity to these processes. Inside cells, 

DNA strands are often constricted in nanocavities of DNA binding proteins or DNA 

processing machineries. In telomerase for example, semi-enclosed pocket exists to clasp 

telomere DNA template.4 In polymerases, nanometer sized reaction sites are abundant for 

DNA strands. Therefore, it is necessary to reveal the behavior of confined B-DNA duplex to 

fully understand these fundamental biochemical processes.

Nanoconfinement is known to increase the stability of proteins 5–7 and non-B DNA 

structures such as G-quadruplexes and i-motifs 8–11. These species share one common 

feature: water molecules are lost during the folding.12–13 Inside nanocavity with hydrophilic 

walls as those found in DNA origami nanoassemblies, water molecules become increasingly 

ordered when cavity gets smaller due to increased ion-dipole interactions.9 The resultant 

decreased water activity in the smaller cavity provides a driving force to accommodate 

released water molecules during folding of macromolecules, which increase stabilities of the 

macromolecules. In duplex DNA, although there is a net release of water molecules during 

DNA hybridization,14 the interaction of water molecules to the minor groove of dsDNA gets 

stronger whereas no significant change is observed elsewhere in the structure.15 Reduced 

water activity may also compromise the duplex DNA stability by weakening its base 

stacking.16 In addition, various reports on the stabilization or destabilization of duplex DNA 

in solutions of negatively charged nanoparticles or polymers suggest complex cosolute 
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effects on DNA properties.17–19 It is therefore difficult to predict the effect of the 

nanoconfinement on the property of the DNA duplex.

In this work, we quantify for the first time the stability of B-DNA in the stem of DNA 

hairpin in nanocavity. DNA hairpin is made of a duplex DNA stem with a single-stranded 

loop. Upon unfolding of the hairpin, the Watson-Crick base pairs in the stem de-hybridize 

whereas the loop remains single-stranded. Therefore, stability of the hairpin is governed by 

the stem. Since the hairpin stem is stabilized by the same Watson-Crick base pairs and base 

stacking in double stranded B-DNA,16 it has been well accepted that DNA hairpin stem is a 

good mimic of B form of DNA.20 Here, we placed a DNA hairpin inside a DNA origami 

nanocage with 15 × 15 nm cross section. Using mechanical unfolding in an optical tweezers 

instrument, we found that mechanical stability of the hairpin decreases from 20.2 pN outside 

nanocage to 9.4 pN inside nanocage, which demonstrated that duplex DNA became 

weakened to an unexpectedly low level inside nanocages. Using population analyses, we 

retrieved unfolding free energy trajectories of free and confined DNA hairpins. We found 

that the energy barrier to unfold DNA hairpins is much reduced in nanocages compared to 

free solutions. Next, we compared the formation of the B-DNA with non-B DNA using a 

hairpin that contains G-quadruplex and i-motif forming sequences in the two complementary 

stem strands. We revealed that inside nanocage only 2% population was hairpin duplex 

whereas 62% was tetraplex structures. These findings shed light on the property of 

physiologically prevalent B-DNA inside nanochannels, nanopores, or nanopockets of natural 

or synthetic machineries. Given the abundance of DNA sequences with a propensity to form 

non-canonical DNA structures in human genome,21 our finding reveals a new physiological 

situation in which non-B DNA structures are preferred over B form of DNA.

MATERIALS AND METHODS

Materials

All the chemicals, unless specified, were purchased either from VWR (www.vwr.com) or 

Nacalai Tesque (www.nacalai.com). Bovine serum albumin (BSA, biotechnology grade) was 

purchased from Amresco. p8064 plasmid and all DNA staples were purchased from Eurofins 

Genomics. All the oligos modified with biotin, digoxigenin, photocleavable linker and PEG 

linker were obtained from Japan Bio Services. The pET-26b (+) plasmid for handle 

preparation was obtained from Novagen. The Sephacryl S-300 and the gel-filtration column 

were purchased from GE Healthcare and Bio-Rad Laboratories respectively. The 

streptavidin or anti-digoxigenin coated polystyrene beads were purchased from Spherotech.

Synthesis of the DNA origami nanocages that contain hairpin hosting DNA fragment

The DNA nanocage structures were designed using the protocol described elsewhere.8 In 

short, for the preparation of each nanocage (Figure 1), p8064 plasmid was digested with 

specific restriction enzymes in presence of complementary primer strands shown in Table 

S1. The scaffold ssDNA was purified by agarose gel followed by quantification. For the 

synthesis of nanocage, 25 nM of DNA scaffold was isothermally assembled at 50 °C for 1 

hour with 0.2 μM of staple sequences (see Table S2) to form open nanocages. The hairpin 

forming sequences (see Figure S3, the stem region was taken from the sequence of bcl-2 
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promotor 22; and Figure S4, the stem contained human telomeric tetraplexes sequences) 

were placed inside the open nanocage with the help of two photocleavable guide and two 

capture strands (Figures S1&S2) followed by closing of the nanocage by using 4 equiv. 

closing staples (see Tables S2). The product was purified by hand-packed Sephacryl S-400 

gel-filtration column. The purified nanocages were annealed with two double-stranded DNA 

handles (each 2520-bp in length) by slowly cooling the mixture from 40 to 15 °C at a rate of 

−1 °C per min.

Characterization of the single molecular DNA nanocage constructs by AFM

AFM images (Figures 1c & S5) were obtained at scan rate of 0.2 frames per second (fps) in 

an AFM system (Nano Live Vision, RIBM, Tsukuba, Japan) with a silicon nitride cantilever 

(resonant frequency = 1.0 – 2.0 MHz, spring constant = 0.1 – 0.3 N/m, EBD Tip radius <15 

nm, Olympus BLAC10EGS-A2). The sample preparation for imaging was done by 

adsorption of 2 μL sample onto a freshly cleaved mica plate [Φ 1.5 mm, pretreated with 

0.1% 3-aminopropyl trimethoxysilane (APTES)] for 5 min at room temperature followed by 

several washing with 20 mM Tris buffer (pH 7.8) containing 10 mM MgCl2 and 1 mM 

EDTA.

Mechanical unfolding experiments in optical tweezers

First, 0.5 μL of sample was exposed to 365 nm UV for 10 min to break the photocleavable 

linker X in guide strands to avoid unwanted strain on the nanocage during mechanical 

unfolding’s. By incubation of the exposed sample with streptavidin coated polystyrene bead, 

the construct was immobilized on the surface of the bead via streptavidin/biotin linkage. The 

immobilized DNA on streptavidin coated beads and anti-digoxigenin beads were flowed into 

top and bottom channels of the three-channel microfluidic chamber, respectively. These 

beads were flowed to the middle channel via two micropipettes (id: 25 μm, King Precision 

Glass, Claremont, CA) connecting top and bottom channels respectively to the middle 

channel. Each bead was separately trapped by a 1,064 nm laser beam in a custom-made 

dual-trap laser tweezers. Two beads were brought closer to each other by a steerable mirror 

in the laser tweezers instrument to form a DNA tether by digoxigenin/anti-digoxigenin 

interaction between the free end of the DNA and the anti-digoxigenin coated bead. The 

tether was stretched and relaxed at the loading rate of ~5.5 pN/s by the same steerable 

mirror. The force versus extension (F-X) traces were recorded at 1,000 Hz using a Labview 

program. The experiments were carried out in a 20 mM Tris (pH 7.8) buffer or a 10 mM 

MES (pH 5.5) buffer supplemented with 10 mM MgCl2, 100 mM KCl, and 1 mM EDTA at 

25 °C.

RESULTS

Preparation of DNA hairpins inside DNA origami nanocage

Mechanical unfolding and refolding experiments were performed in an optical-tweezers 

instrument described previously.23 First, we placed a DNA hairpin sequence (5′-
CACCACAGCCCCGCTCC-TTTT-GGAGCGGGGCTGTGGTG, the stem sequence 

(underlined) is taken from the bcl-2 promoter) inside a DNA origami nanocage assembly8–9 

(Figure 1a&b). Two ends of the hairpin stem were tethered to two duplex DNA handles, 
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which were attached to the two optically trapped polystyrene beads by affinity linkages. Two 

sides of the nanocage were left open to allow the passage of each DNA handle. This design 

ensured that force is applied directly on the DNA hairpin for mechanical unfolding and 

refolding experiments. To ensure that DNA hairpin is contained inside nanocage, the 

nanocage is always anchored to one of the DNA pulling handles via two capture strands 

close to the hairpin (see Figure 1b and SI for details). Molecular simulation revealed that the 

DNA hairpin formed inside a 9×9 nm nanocage (which is smaller than the 15×15 nm 

nanocage used here) is not sterically hindered (Figure S15). AFM images have revealed 

successful preparation of the origami construct (Figure 1c).

Mechanical unfolding and refolding of DNA hairpins inside nanocage

To start mechanical unfolding and refolding of individual DNA hairpins tethered between 

two optically trapped polystyrene particles (Figure 2a), we moved one of the trapped beads 

away from another using a steerable mirror at a load force of 5.5 pN/s. This increased the 

tension in the DNA construct until the hairpin was unfolded (Figure 2b&S10b, inset). As a 

control, the same experiments were carried out on the DNA construct without nanocage 

(Figure 2c&S10a). Compared to the unfolding force of the hairpin without nanocage 

(Figures 2&3, 20.2 pN), it came to our attention that unfolding force was significantly 

smaller for the hairpin inside nanocage (9.4 pN). The same trend was observed for the 

refolding forces (18.5 vs 7.4 pN (without vs within nanocage) see Figure S6).

To explain the different transition forces between these two DNA samples, we analyzed 

structures formed within and without nanocage. Outside nanocage, rapid and reversible 

folding and unfolding transitions were observed at 20.2 pN (Figures 2c&3b), which were 

consistent with those observed for DNA hairpins.20 When we plotted the change-in-contour-

length (ΔL) histogram, we found that ΔL (13.5–14.2 nm, Figures 3a&S7) is consistent with 

that expected for a fully folded hairpin (expected ΔL 14.3 nm, see SI for calculation). Inside 

the nanocage with a 15 × 15 nm cross section, the hairpins were also fully folded as revealed 

by the ΔL histograms (Figures 3a&S7, ΔL ~ 13.2 nm). Therefore, the much-reduced 

unfolding/refolding force of the hairpin within nanocage with respect to that outside 

(Figures 3b & S6) must be due to different environment inside nanocage. This result 

demonstrated that hairpin duplex DNA in nanoconfinement has surprisingly large reduction 

in mechanical stability. The unexpected large reduction was also observed in the 

thermodynamic stability of the hairpin when the change in free energy of hairpin unfolding 

(ΔGunfold) was estimated from the unfolding work using the Jarzynski equality expression 24 

(25.1: 6.4 kcal/mol (outside : inside nanocage), see Figure 3c and SI Figure S12 for 

unfolding work histograms). It is noteworthy that ΔGunfold calculated by Jarzynski equality 

is identical to that calculated by the mfold® method 25 (Figure S13).

Unfolding free energy profiles of the bcl-2 DNA hairpin

Next, we retrieved free energy profile of the entire unfolding trajectory of the bcl-2 hairpin 

using reported methods. 26–27 To this end, we collected hundreds of unfolding/refolding 

events of the DNA hairpins within and without nanocage. To account for baseline drifts due 

to different molecules, we calculated the change-in-contour-length (ΔL) between the 

stretching and relaxing force-extension curves (Figure 4 a&b, left panel) during the force 
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range in which folding and unfolding transitions occur.28 Three force regions were shown in 

ΔL−F plots (Figure 4 a&b, middle panel). Right at the transition force, the positive and 

negative ΔL populations reflect the unfolding and refolding transitions, respectively, 

between the folded and unfolded hairpins. At the force smaller than the hairpin transition, 

ΔL reduces to zero, which indicates folded hairpins in both stretching and relaxing F-X 
curves. At the force larger than the hairpin transition, ΔL reduces to zero again, 

corresponding to the unfolded hairpin in both stretching and relaxing F-X curves. Change-

in-free-energy (ΔG(L, F)) along the unfolding coordinate (Lunfold) at a particular force (F) 

can be calculated by the Boltzmann equation, ΔG(L,F) = kBT ln[P(L)], where P(L) is the 

population probability density.26 By grouping all unfolding transitions of the hairpins around 

the transition force (Figure 4 a&b, right panel, only positive ΔL was considered), we were 

able to deconvolute the probability density P and obtain the unfolding free energy trajectory 

of the bcl-2 hairpin (Figure 4c) using a point spread function (PSF) 26, which was obtained 

from the same DNA handles without hairpin forming sequence at a specific transition force 

(Figure S14).

To retrieve the unfolding free energy profile at F=0 pN (Figure 4d), we further accounted the 

energies stored in the dsDNA, in the unfolded hairpin, as well as in the two optical traps 26 

(see SI). As these energies are either constant, which does not influence the shape of the free 

energy profile, or linearly proportional with respect to the reaction coordinate Lunfold, they 

contribute linearly to the final free energy profile. Therefore, this linear energy correction 

was determined by the change in the free energy between fully folded and fully unfolded 

hairpin, ΔGunfold (obtained by the Jarzynski equality, see above and SI). As shown in Figure 

4d, we found that the energy barrier to unfold DNA hairpin (ΔGunfold
†) is much reduced 

inside nanocage compared to that without. This observation is in contrast to the unfolding of 

the G-quadruplex and i-motif, which demonstrated much larger ΔG†
unfold in 

nanoconfinement.8–9 Significantly, we also found that the transition state of the hairpin in 

nanoconfinement at zero force is located closer to the unfolded state (the distance between 

the folded to the transition states, x†
unfold, is 8.9 nm, Figure 4d) than that observed in the 

free solution (x†
unfold = 7.4 nm), indicating that hairpin structure becomes softer in confined 

space.29 This trend falls into the Leffler−Hammond postulate that defines the correlation 

between the force and the position of the transition state.30–31

Competitive formation of the B-DNA versus non-B DNA in nanoconfinement

Compared to the much-increased stability of DNA G-quadruplex and i-motif structures in 

DNA nanocages, 8–9 the drastically decreased stability in duplex DNA suggests that in the 

confinement of many cellular machineries, formation of non-B DNA structures, such as G-

quadruplex and i-motif tetraplexes which employ Hoogsteen base pairs, can be preferred 

over duplex DNA. To test this hypothesis, we compared the formation probability of the 

hairpin duplex DNA and the tetraplex structures using a hairpin in which G-quadruplex and 

i-motif forming sequences are placed in the two complementary stem strands (Figure 5a). In 

this design, the formations of the fully folded hairpin and any of the two tetraplexes (G-

quadruplex or i-motif) are mutually exclusive. It is noteworthy that the nanocage with a 

15×15 nm cross section can readily accommodate the hairpin presented in any orientation 

(the 30-bp stem of the hairpin has 10.2 nm in length) (Figure S15e). After the DNA 
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construct was placed inside the 15×15 nm nanocage (Figure S5), mechanical unfolding 

experiments were performed in a 10 mM MES buffer (pH 5.5) supplemented with 100 mM 

KCl, 10 mM MgCl2, and 1 mM EDTA at 25 °C (Figures 5b–e, S8, S9, and S11). Previous 

studies have demonstrated that telomeric G-quadruplex and i-motif32, as well DNA 

hairpins33, can form under similar conditions (pH 5.5 and 100 mM KCl).

Each of the two tetraplexes is expected to have higher unfolding force and lower ΔL than 

fully folded hairpins (Figure S8). Therefore, from the magnitude of the ΔL and the rupture 

force associated with each unfolding feature in individual F-X traces, we were able to 

identify folded structures in the hairpin (Figures 5&S9). We revealed that only 2% 

population was fully folded hairpin, whereas 42% and 20% were single and double tetraplex 

structures, respectively, inside the 15×15 nm nanocage (Figures 5f&S9). In comparison, 

without nanocage (Figure S8a&b), the population was exclusively fully folded hairpin. 

These results confirmed that the B-DNA was weaker than the non-B DNA tetraplex 

structures in nanoconfinement.

DISSCUSSION

At the molecular level, it has been shown that increased unfolding energy barriers for G-

quadruplex and i-motif in nanoconfinement are due to the hydration of water molecules 

during the transition.9 In the nanocavity confined by charged walls such as those in the DNA 

origami nanoassembly, water molecules are well aligned with reduced activities due to 

increased ion-dipole interactions.8 Therefore, it is more difficult to interact with water in the 

nanocage during unfolding of the DNA tetraplexes, which increases the energy barrier. In 

duplex DNA, much-decreased stability of dsDNA was observed in molecularly crowded 

solution at a similar ionic strength, which was fully consistent with what we observed here.
34 The decreased stability was ascribed to the cosolute-mediated hydration during the 

hybridization of duplex DNA. 34 Without cosolute, investigations now indicated the release 

of water molecules during the folding of duplex DNA.14 However, it has been found that in 

the minor groove of duplex DNA, binding of the water molecule becomes much tighter 

compared to the ssDNA, whereas no significant difference is found for the phosphate group 

or the major groove.15 The much-compromised stability of duplex DNA in nanocage can be 

attributed to this predominating enthalpic factor. Inside DNA origami nanocage, water 

molecules with much-reduced activities 9 are sluggish to tightly interact with the minor 

groove of the dsDNA, which decreases the stability of the duplex DNA in the nanocage. In 

other studies, similar destabilization effect on the duplex DNA from reduced water activity 

has been attributed to the weakening of the base stacking in duplex DNA.16, 35 Molecular 

simulation revealed that the stem of the hairpin inside the nanocage is located towards the 

walls of the nanocage (Figure S15 A&B), which presented lower water activities compared 

to the center of the nanocage due to increased ion-dipole interactions close to the nanocage 

surface. After quantification of this geometrical effect, we found reduced water activity 

contributed at least 87% of reduced stability of the 17-bp bcl-2 hairpin inside the 15×15 nm 

nanocage (see SI, Figure S16). Other than the water activity effect, it is also possible that 

cations interacting with negatively charged origami surface may result in reduced cation 

activity in nanoconfinement, which compromises the stability of duplex DNA by the 

reduced charge screening effect. In addition, the repulsive force between the DNA hairpin 
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and the nanocage wall may destabilize the hairpin structure. This is because the unfolded 

form of the hairpin (ssDNA) is expected to maintain a longer distance to the nanocage wall 

due to its more flexible nature with respect to the duplex DNA in the hairpin stem. 

Molecular dynamics simulation can be used to better understand these different factors on 

the stability of DNA structures36,37 in nanoconfinement.

The surprisingly low stabilities of B-DNA in nanoconfinement give ramifications to 

correctly interpret results obtained from experiments where duplex DNA is imaged or 

analyzed in nanochannels or nanopores especially with negatively charged surfaces. This 

behavior is also of high physiological significance. Inside cells, DNA can be temporarily 

confined in many machineries employed for processes such as transcriptions and 

replications. Our results indicate that nanoconfinement weakens B-DNA, making it easier to 

unwind DNA duplex for biochemical processes such as the formation of the open complex 

during transcription initiation or propagation of the transcription bubble.38 At the same time, 

non-canonical DNA structures in the same DNA region become more stable in the 

confinement.8–9 As a result, population equilibrium shifts to favor the formation of non-B 

DNA structures. As these non-canonical structures have demonstrated regulatory roles,39 the 

nanoconfinement can offer a unique way to modulate cellular processes. From this 

perspective, the nanoconfinement bears similarity to other cellular environment such as 

molecular crowding 12 and torsional constrained template 40–41. Whereas the former 

condition often has a global effect applicable to the entire system at the steady state, the 

latter is quite dynamic in nature 40. The nanoconfinement, however, provides localized 

environment with its efficacy determined by the availability as well as the number of cellular 

machineries (or nanocavities) working on DNA templates.

CONCLUSIONS

By mechanical unfolding and refolding of DNA hairpins inside a DNA origami nanocage 

using optical tweezers, we quantified the property of B-DNA in nanoconfinement. We found 

both mechanical and thermodynamic stabilities of B-DNA hairpin decrease to unexpectedly 

low levels inside nanocavity. Direct comparison for the formation of hairpin duplex DNA 

versus tetraplex DNA revealed preferential formation of tetraplex structures. These 

surprising results shed light on many in vivo or in vitro processes in which DNA and 

associated components are confined inside nanochannels, nanopores, or nano reaction sites. 

They reveal a new pathway by which non-B DNA structures become preferred species in the 

context of double-stranded DNA, which justifies purported regulatory roles of non-canonical 

DNA structures for many biochemical processes inside cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and characterization of the hairpin@nanocage construct. (A) Schematic of the DNA 

construct containing hairpin forming sequence inside the DNA nanocage. Sequence of the 

DNA hairpin is shown to the left. (B) A hairpin (HP) forming sequence (taken from the 

bcl-2 promoter) inside nanocage with two dsDNA handles, which are labelled with biotin 

and digoxigenin at the two ends, respectively, for affinity attachments. (C) AFM image of a 

nanocage after annealing with dsDNA handles (arrowheads).
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Figure 2. 
Mechanical unfolding of the bcl-2 hairpin (HP) within DNA nanocage (NC). (A) The DNA 

construct in Figure 1 is tethered between two optically trapped beads via affinity 

interactions. Inset shows unfolding and refolding transitions of the hairpin inside nanocage 

(HP@NC). Strep, Dig and Anti-Dig represent streptavidin, digoxigenin and anti-digoxigenin 

respectively. Force versus extension curve of the DNA hairpin (B) within and (C) without 

15×15 nm nanocage. Red and black traces indicate stretching and relaxing curves, 

respectively. Zigzag features in insets depict rapid unfolding/refolding transitions. 

Experiments were performed in a 20 mM Tris buffer (pH 7.8) supplemented with 100 mM 

KCl, 10 mM MgCl2, and 1 mM EDTA at 25 °C.
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Figure 3. 
Mechanical properties of the bcl-2 hairpin within (purple) and without (red) the 15 × 15 nm 

nanocage. (A) Change-in-contour-length (ΔL) and (B) unfolding force histograms of the 

bcl-2 hairpin inside and outside nanocage. (C) Change in the free energy of unzipping the 

bcl-2 hairpin within (purple) and without (red) nanocage. Solid curves depict Gaussian 

fittings. N and n depict the numbers of unfolding features and molecules, respectively.
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Figure 4. 
Unfolding free energy profiles of the bcl-2 hairpin. Population density profiles of the bcl-2 

hairpin at the transition forces within (A) and without (B) the 15 × 15 nm nanocage. Left 

panels, extension vs force traces of the hairpin. Colored and black traces depict stretching 

and relaxing processes respectively. The change-in-contour-length (ΔL) versus force (F) 

plots (middle panels) are calculated based on the difference in the extension between the 

stretching and relaxing traces at the same force around the transition events. Colors in the 

middle panels depict the unfolding and refolding transitions of the hairpin. Right panels 

show population profiles of the corresponding ΔL-F plots in the middle panels. Only 

populations with positive ΔL are used to obtain the unfolding energy profiles of the hairpin. 

The n depicts the number of transition events used for analyses. Unfolding energy profile of 

the bcl-2 hairpin without (red) and within (purple) nanocage at specific unfolding forces (C) 

and zero force (D). See text for notations.
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Figure 5. 
Competitive formation of B-DNA versus non-B DNA in nanoconfinement. (A) Schematic of 

a 15×15 nm nanocage that contains a hairpin with i-motif (iM) and G-quadruplex (GQ) 

forming sequences in complementary strands in the hairpin stem. Typical force versus 

extension curves of the hairpin inside nanoconfinement showing (B) full hairpin, (C) no 

tetraplex, (D) single tetraplex, and (E) double tetraplex formations. (F) Percentage 

populations of folded species without (red) and within (blue) the nanocage. Assignment of 

folded structures in each hairpin is based on ΔL and unfolding force histograms (see text and 

Figure S8; see Figure S9 for all observed structures). Note the “No tetraplex” population 

contains 8% partially folded hairpins. These experiments were performed in a 10 mM MES 

buffer (pH 5.5) supplemented with 100 mM KCl, 10 mM MgCl2, and 1 mM EDTA at 25 °C.
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