
 

Single-Molecule Study of RNA Hairpin 

and Pseudoknot Folding 

 

by 

Huizhong Xu 

 

Submitted in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

at 

Department of Physics, 

Carnegie Mellon University, 

Pittsburgh, Pennsylvania 

 

Committee in charge: 

Dr. Maumita Mandal (advisor) 

Dr. Stephen Garoff 

Dr. Markus Deserno 

Dr. Daniel Zuckerman 

 

January, 2015 



1 

 

Abstract 

 

Understanding the folding mechanism of RNAs is critical for studying their structure-function 

relationship. The folding energy landscape of RNA is often rugged, involving multiple folding 

routes and intermediates. Optical tweezers is a powerful tool to study the folding of RNA, as it 

enables direct investigation of single RNA molecules and their folding pathways. In this 

dissertation, I used optical tweezers to investigate the folding of two RNA structural motifs, a 

hairpin and a pseudoknot. 

RNA hairpin, the A-form double helix capped with a terminal loop, is a basic RNA secondary 

structure. I examined a model RNA hairpin, P5ab, derived from the group I intron ribozyme. 

P5ab was only considered as a two-state folder in previous single-molecule experiments. Here, I 

have identified multiple intermediate states during the folding of P5ab. These intermediate states 

are located near the bulge, internal loop, and terminal loop-closing regions. The folding free 

energy of P5ab was computed from both equilibrium unfolding/folding kinetics and non-

equilibrium work done using fluctuation theorems. The features of the energy barrier were 

explored by model-dependent fit of the unfolding force and kinetics, as well as by equilibrium 

sampling of the hopping transitions near the equilibrium force. 

Pseudoknot is an RNA tertiary structure that contains base pairing between the hairpin loop and 

an unpaired region in the RNA. Here, I examined the class I preQ1 riboswitch aptamer, which 

folds into a pseudoknot upon binding to the ligand preQ1. Using mechanical unfolding and 

mutational studies, I elucidated the folding pathways of the aptamer. In the absence of ligand, 

only a hairpin state is observed, while in the presence of preQ1, the pseudoknot is formed 

through the hairpin intermediate, and shows a ligand concentration-dependent folding kinetics. 

This study also serves as the basis for future investigation of the riboswitch control mechanism 

involving both the aptamer and the expression platform. 
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Chapter 1    Introduction 

Ribonucleic acid (RNA) plays diverse roles in the cell. Apart from being the carrier of genetic 

information (1, 2), RNA has been found to perform catalysis including splicing (3), processing of 

transfer RNA (4), and protein synthesis (5). Moreover, RNA regulates gene expression in 

riboswitches (6-9), microRNAs (10, 11), and small interfering RNAs (12-14). These biological 

functions are highly dependent on the structure and folding of the RNA. Misfolded RNAs often 

inhibit their functions and lead to diseases (15, 16). Thus, investigating the folding of RNAs is 

critical for understanding their functions. 

 

1.1  RNA base pairs 

Folded RNA molecules are stabilized by stacking and hydrogen bonding between bases. In 

RNA, the four types of bases, adenine (A), uracil (U), guanine (G) and cytosine (C) can form 

canonical Watson-Crick base pairs as A-U and G-C, which contain two and three hydrogen 

bonds respectively. Non-canonical base pair can also occur. Figure 1.1B shows some examples 

of non-canonical base pairs. The G∙U wobble pair frequently occurs in ribosomal RNAs (17, 18) 

and ribozymes (19-21). The sheared G∙A base pair is formed in hairpins closed by GNRA 

tetraloops (N is any base; R is A or G) (22-25). The G∙U reverse wobble pair is formed between 

the first and the last bases in UUCG tetraloops (26-28). The protonated A
+
∙C base pair is often 

observed in hairpin stems and can contribute to RNA catalysis (29, 30). The G∙G Hoogsteen base 

pair is found in G-quadruplex structures, where two or more layers of G-tetrad (four guanine 

bonded planar structure) stack on top of each other. The G-quadruplex structures are found in 

human telomeric RNA (31, 32) and 5'-untranslated regions of mRNAs (33).  
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Figure 1.1  Canonical Watson-Crick and non-canonical base pairs between RNA bases. 

(A) Canonical Watson-Crick base pairs. 

(B) Examples of non-canonical base pairs. 
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Figure 1.2  Secondary and tertiary structures of the P4-P6 domain in Tetrahymena thermophila group I 

ribozyme. 

(A) The secondary structure of the P4-P6 domain in T. thermophila group I ribozyme (34). Within this 

structure, I have indicated different types of secondary structural motifs in red.  

(B) Crystal structure of the same RNA (35), where the tetraloop-receptor tertiary interaction is indicated. 

The figure is generated by PyMol software (PDB id: 1GID). 
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1.2  RNA secondary structure and tertiary structure 

The secondary structure of RNA refers to the base-pairing interactions in the molecule. There are 

five types of RNA secondary structures (36): 

 Duplex: an A-form double helix formed by Watson-Crick base pairs. 

 Hairpin: consists of double helix stem that ends with an unpaired loop 

 Bulge: unpaired nucleotides occur on one strand of duplex 

 Internal loop: unpaired nucleotides occur on both strands of duplex 

 Junction: loops where three or more helices intersect 

Examples of the above structures are indicated in Figure 1.2A, which shows the secondary 

structure of the P4-P6 domain in Tetrahymena thermophila group I intron RNA. 

The tertiary structure of RNA is its unique three-dimensional structure, with different secondary 

structural elements interacting with each other. Some of the tertiary structural motifs include 

(37): 

 Pseudoknot: long-range Watson-Crick base pairing between the loop nucleotides of a 

hairpin and an unpaired region of RNA. The pseudoknot structure performs important 

functions including translational repression (38-40), ribosomal frameshifting (41-44) and 

activity of telomerase (45). 

 Kissing loop: long-range base pairings between two hairpin loops. The kissing loop motif 

is found in purine sensing riboswitches (46, 47). It also plays an important role in 

molecular recognition, as in dimerization of the HIV genomic RNA for packaging (48-

51). 

 A-minor motif: interactions of unpaired adenines with the minor grove of a distal helix. It 

is often found in clusters of consecutive adenines. For example, in the P4-P6 domain of 

group I intron, the A-minor motif is responsible for the interaction between the GAAA 

tetraloop and P4-P6 helix (35) (Figure 1.2B). 
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1.3  The RNA folding problem 

It has been established that RNA folding is largely hierarchical, with secondary structures 

forming first, followed by tertiary structures (52). The RNA folding problem discusses how 

RNAs fold into their three-dimensional structures (52, 53). The following aspects are usually 

dealt with while discussing RNA folding. 

 The thermodynamics of folded RNA structure  

The three-dimensional structure of any RNA is determined by X-ray crystallography (54, 55), 

nuclear magnetic resonance (NMR) (56) and small-angle X-ray scattering (SAXS) (57) with 

spatial resolutions from a few Å to tens of nanometers. Similarly, the base pairing in the RNA is 

probed by various techniques including chemical probing (58-60), in-line probing (61), and  

nucleotide analog interference mapping (NAIM) (62). These studies together suggest the RNA 

conformation, as in the ribozyme and ribosomal RNA (58-60). The thermodynamics of RNA 

folding is mainly studied by thermal melting with ultraviolet spectroscopy (63), and by 

calorimetry (64), which is also used to study RNA-ligand binding energetics (65). The free 

energy and enthalpy parameters for secondary structural elements have been experimentally 

determined at a standard salt condition 1M NaCl, as explicitly used in Mfold prediction for RNA 

secondary structures (66-68). 

 The folding kinetics and pathways 

Traditionally, the RNA molecule to be studied is denatured or renatured through change of 

temperature or solvent. Recent development in single-molecule techniques allows RNA to be 

unfolded by force, which will be discussed in Section 1.4. In bulk ensemble experiments, the 

RNA structural dynamics are monitored by various techniques, as shown in Table 1.1. The 

folding kinetics of RNA has been studied at both the secondary and tertiary levels. The folding 

of secondary structural elements typically occurs in microseconds, as determined by temperature 

jump (T-jump) experiments with multiple probes (UV, Infrared, and fluorescence) (69-78). 

Recently, a series of T-jump experiments (72, 74, 75, 77, 78) show that RNA hairpins with only 

2-4 base pairs in the stem involve multiple intermediate states along the folding pathway, 

suggesting a rugged folding energy landscape (for details, see Section 3.1). At the tertiary level, 
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however, folding may take from milliseconds to as long as several hours, as extensively 

investigated in the group I intron ribozyme (79-88) and other large RNAs (89, 90). Moreover, 

tertiary folding has been found to depend on Mg
2+

 concentration. As shown in Figure 1.3 for the 

group I intron ribozyme, at low ionic strength, the RNA is in extended conformations (U), which 

contain only secondary structure helices. Low Mg
2+

 concentration (0.02 mM) stabilized part of 

the tertiary contacts (mostly P3/P7 pseudoknot and assembly of core helices) and created an 

ensemble of intermediates (IC). Higher Mg
2+

 concentration (1.7 mM) allowed formation of the 

native tertiary structure (N), which occurred in less than 50 ms (87). 

 

 

Table 1.1  Experimental methods to study RNA folding kinetics 

Denaturation method Methods to monitor folding 

Temperature UV (69-71, 73, 74), Infrared (75), 

fluorescence (72, 76-78) 

Solvent 
SAXS (91, 92), NMR (93, 94) , 

footprinting (82, 95), FRET (96, 97) 

Force 

atomic force microscope (98-100), 

magnetic tweezers (99, 101, 102), 

optical tweezers (103-105) 
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Figure 1.3  Mg
2+

 dependent folding of group I intron ribozyme from Azoarcus. 

Time-resolved hydroxyl radical footprinting experiment on the Azoarcus group I ribozyme revealed that 

the extended conformation (U) folds into compact but non-native intermediates (IC) at low Mg
2+

 

concentration, and the native conformation (N) in high Mg
2+

 concentration. This figure is adapted from 

reference (87). 

 

 

1.4  Single-molecule studies on RNA folding 

In bulk ensemble experiments, large numbers of molecules are measured and the observed signal 

represent the average of the entire population. Consider, for example, a thermal melting 

experiment on 1 mL volume of 10 M RNA, which contains 10
15

 RNA molecules. A UV 

spectroscopic measurement of the solution will depend on the properties of all the 10
15

 

molecules. Adding to that problem is that every molecule might take different paths to unfold. 

Single-molecule techniques, such as Fluorescence Resonance Energy Transfer (FRET), atomic 

force microscopy (AFM), magnetic tweezers and optical tweezers, are capable of providing 

detailed structural and kinetic information going beyond the ensemble averaged approaches. The 

latter three techniques allow one to investigate the effect of an external force upon structure and 

function. The RNA unfolding studies by mechanical loads are relevant in cellular context where 

molecular motors unwind RNA structures by localized forces. These single-molecule techniques 

are described below with examples of the studied RNA systems. 
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 Single-molecule FRET 

Single-molecule FRET (106, 107) is used to study inter- and intra- molecular motions separated 

by a few nanometers. In this approach, donor and acceptor fluorophores are attached to the 

molecules of interest. The energy transfer efficiency, E, between donor and acceptor is related to 

their separation, R, as E = 1/[1+(R/R0)
6
], where R0 is the Förster distance, typically 2–8 nm, at 

which E = 0.5. Figure 1.4 shows a single-molecule FRET experiment on the loop-loop 

interactions in the adenine riboswitch aptamer domain (96), where the loop L3 was labeled with 

a Cy3 donor and loop L2 with a Cy5 acceptor. In the absence of magnesium, the molecules 

primarily exhibit a low FRET state (E = 0.25), indicating that the loops are not interacting. At 

magnesium concentrations of 0.05-0.5 mM, the RNA interconverts between low and high FRET 

states with the latter state (E = 0.9) assigned as the L2–L3 kissing interaction. Higher 

concentrations of magnesium cause the aptamer to become mostly locked in the high FRET 

state. These data demonstrates the dynamic nature of the aptamer tertiary architecture as well as 

the effect of magnesium on the formation of the kissing loop structure. 

 

 Atomic force microscopy 

In a typical AFM pulling experiment (98, 99), a single molecule is attached between the surface 

of a glass slide and the tip of a flexible cantilever (Figure 1.5A). Both the force (detected by 

cantilever deflection) and the tip-surface separation are recorded, and plotted as force-separation 

curves. Figure 1.5 shows an AFM experiment on the effect of RNA helicase on the unfolding of 

RNA hairpins (100). In the absence of any helicase, the RNA hairpin unfolds at 180 pN. In the 

presence of the helicase Ded1, the unfolding force is significantly reduced to below 100 pN. 

Thus, Ded1 acts as an unwinding factor on RNA substrates. 
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Figure 1.4  Loop-loop interaction in adenine riboswitch studied by single-molecule FRET. 

(A) Secondary structure of the adenine aptamer with donor (Cy3) and acceptor (Cy5) fluorophores 

attached in the loops at the shaded positions by conjugation to 5'-aminoallyl uridine nucleotides.  

(B) Time records of FRET efficiency (Eapp) for single aptamer molecules at various magnesium ion 

concentrations. The unfolded state, U, shows Eapp = 0.25, and the folded state, F, shows Eapp = 0.9. 

(C) Histograms of FRET efficiency summed over multiple single molecules at different magnesium ion 

concentrations.  

This figure is adapted from reference (96). 
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Figure 1.5  AFM study of single RNA hairpin unwinding by RNA helicase.  

(A) Immobilization of the RNA molecule between the AFM tip and a gold-coated microscope slide. 

(B) The GCN4 RNA hairpin, which contains 25 GC base pairs in the stem. 

(C) Example of an AFM force-separation curve representing stretch (red) and relax (blue) of the GCN4 

RNA hairpin. The rupture event is indicated by an arrow.  

(D) Example of an AFM force-separation curve in the presence of 0.4 μM of the helicase Ded1. The 

rupture event is indicated by an arrow.  

This figure is adapted from reference (100). 
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 Magnetic tweezers 

In magnetic tweezers (99, 101), the molecule of interest is tethered between the coverslip and a 

magnetic bead that is trapped in a magnetic field. The magnetic field is generated by permanent 

magnets capable of applying force in excess of 200 pN. Figure 1.6 shows a magnetic tweezers 

experiment on the force-extension response of a 4.2 kbp dsRNA (102). Two types of dsRNA 

were studied, one torsionally relaxed (with nicks in RNA) and one torsionally constrained 

(without nicks). The stretching behavior of torsionally relaxed dsRNA in the presence of 100 

mM monovalent salt is well fit by the extensible worm-like chain (WLC) model, with contour 

length LC = 1.15 ± 0.02 μm, persistence length P = 57 ± 2 nm, and stretch modulus K = 350 ± 

100 pN. The overstretching transition occurs at around 50 pN. In contrast, the torsionally 

constrained dsRNA shows no overstretching transition up to 75 pN. 

 

 Optical tweezers 

In the optical tweezers assay (103, 104), used in this dissertation, the RNA molecule is tethered 

between two micron-sized beads, one held on a micro-pipette and the other in the optical trap 

(Figure 1.7A). The force is measured by change in light momentum and molecular extension is 

determined from bead positions. Figure 1.7 shows an optical tweezers experiment on the folding 

of 52-nucleotide TAR RNA hairpin (105). The unfolding and refolding are almost reversible at 

small loading rate, but shows hysteresis at higher loading rate (Figure 1.7C). In the constant 

force experiment at 12.4 pN (Figure 1.7B), the molecule shows a hopping distance of 18 nm, 

indicating opening and closing of the hairpin. The kinetics of unfolding and folding are then 

determined from the folded and unfolded lifetimes.   
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Figure 1.6  Single-molecule magnetic tweezers experiment on the stretching of double stranded RNA. 

(A) A magnetic tweezers experimental setup on dsRNA. A streptavidin-coated magnetic bead is tethered 

to an anti-digoxigenin-coated surface by a dsRNA molecule. A surface-attached reference bead is tracked 

for drift correction. Permanent magnets (N: north pole, S: south pole) above the flow cell are used to exert 

a stretching force.   

(B) Force-extension curve for stretching (red) and relaxing (grey) a torsionally relaxed dsRNA. The data 

below 40 pN is well fit by the extensible WLC model (black solid line). 

(C) Force-extension curve for stretching (red) and relaxing (grey) a torsionally constrained dsRNA. The 

data is well fit by the extensible WLC model (black solid line). No overstretching transition was observed 

up to 75 pN. 

This figure is adapted from reference (102). 
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Figure 1.7  Single-molecule optical tweezers study of TAR RNA hairpin unfolding. 

(A) The 52 nt TAR RNA hairpin is flanked by two 500 base pair DNA/RNA handles shown with the 

RNA in black and the DNA in gray. The 3' end of the DNA handle A and the 5' end of the DNA handle B 

are labeled with biotin and digoxigenin respectively. The entire molecule is attached to two microspheres 

coated with streptavidin and anti-digoxigenin respectively. One bead is held in the laser trap, and the 

other is fixed on a micro-pipette. 

(B) An extension versus time trace of TAR RNA hairpin at 12.4 pN. The two states show an extension 

difference of ~18 nm. 

(C) Typical force-extension curves of TAR RNA hairpin collected at loading rates of 0.4 pN/s and 1.7 

pN/s. Unfolding trajectories are shown in gray and refolding in black. 

This figure is adapted from reference (105). 
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1.5  Outline of the thesis 

In this thesis, I used single-molecule optical tweezers to investigate the folding of two RNA 

structural motifs, a hairpin and a pseudoknot, present in two different RNA molecules. In 

Chapter 2, the basic principle of optical trapping and the experimental setup are described. In 

Chapter 3, I investigate the folding of P5ab hairpin, where I identify multiple folding 

intermediates, which suggest a more complex folding pathway than initially thought. The folding 

free energy and energy barrier information are extracted from the force spectroscopy data. 

Chapter 4 describes my single-molecule study of pseudoknot folding in preQ1 riboswitch 

aptamer, where the folding pathway and ligand binding kinetics are elucidated. 
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Chapter 2  Experimental Setup 

2.1  Optical trapping 

Optical trapping of microscopic objects was first shown by Arthur Ashkin in 1970 (108). Since 

then, optical trapping has found many applications in physics, chemistry and biology (109-111). 

The mechanism of optical trapping of a dielectric microsphere involves two optical forces: the 

scattering force, Fscat and the gradient force, Fgrad, as show in Figure 2.1 (112). The scattering 

force on the microsphere acts in the direction of the light beam. The gradient force, Fgrad, is 

pointed in the direction of highest light intensity. In Figure 2.1A, the dielectric microsphere is 

situated off the center of a Gaussian laser beam. The optical paths of the two rays, a and b, are 

shown through the microsphere. Due to refraction at the microsphere interface, a force is exerted 

on the microsphere by the rays due to light momentum change. Since ray a represents a higher 

intensity than ray b, the corresponding force Fa is greater in magnitude than Fb. As a result, the 

vertical component of the total force, i.e. Fgrad, acts as a restoring force, towards the direction of 

highest intensity. When the microsphere is placed in a focused laser beam (Figure 2.1B), the 

scattering force Fscat becomes a restoring force as well, and thus the particle can be stably trapped 

in the laser focus.  

Using optical tweezers, forces of 0.1-100 pN and displacements from 1 nm to 100 m can be 

accurately measured. Optical tweezers have been an excellent tool to study the forces and 

distances inherent in a broad range of biological processes, such as molecular motor (113, 114), 

biomolecule folding (115-119), and DNA packaging (120).  
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Figure 2.1  Ray optics illustration of the gradient force and scattering force for optical trapping. 

(A) Ray optics illustration of the gradient force that is exerted on a dielectric microsphere by TEM00 

mode (Gaussian) laser beam. (B) Origin of a restoring scattering force for a microsphere located below a 

microscope lens focus f. This figure is adapted from reference (112). 

 

 

2.2  Optical tweezers setup 

The optical tweezers instrument I used was built by Dr. Mandal in 2010. It consists of two 

counter-propagating laser beams (, 845nm), focused through objective lenses, forming a stable 

optical trap (103). The force on the bead is measured as the change in the light momentum from 

position-sensitive photo detectors (PSD). The position of the trap (xtrap) is monitored by a light 

lever in the instrument. In order to study the unfolding of RNA molecules in this thesis, the ends 

of single pieces of RNA were attached by two micron-sized beads. The titrated RNA molecules 

were first incubated with polystyrene beads (4.0-4.9 m, Spherotech) coated with anti-

digoxigenin (Roche). These beads attached with the molecules were then diluted in a buffer 

containing 10 mM Tris-HCl, pH 7.5 and 250 mM NaCl, flowed into a microfluidics chamber, 

and trapped by the lasers one at a time. Meanwhile streptavidin-coated polystyrene beads (1.5-

1.9 m, Spherotech) were also flowed in and held stationary via suction on a micropipette built 

in the chamber. Attachment of the biotin end of the molecule to the streptavidin bead was made 

by moving the trapped bead towards the stationary one (Figure 2.2).  
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Figure 2.2  Experimental setup for single-molecule RNA pulling experiment. 

(A) Fluidic chamber setup with two opposite laser beams propagating perpendicular to the plane of the 

chamber. The chamber has three channels, of which the top and bottom ones are used for dispensing 

beads into the central channel where the pulling study is performed. (B) A single molecule of RNA 

hairpin flanked by two ~550 bp RNA/DNA hybrid handles is held between two polystyrene beads, one 

bead (2 m) fixed on a micropipette via suction and the other bead (4.5 m) in an optical trap. The ends 

of Handle A and Handle B are labelled with digoxigenin and biotin respectively to facilitate attachments 

to the anti-digoxigenin and streptavidin coated beads respectively. 

 

 

2.3  Calibration and accuracy 

2.3.1  Force calibration 

During my thesis, periodically I have calibrated the force experienced by the trapped bead by 

Stokes’ law,  

𝐹 = 6𝜋𝜂𝑟𝑣    (Eq. 2.1) 

in aqueous buffer, with known water viscosity 𝜂 = 1 × 10−3 Pa ∙ sec, bead radius r, and fluidic 

chamber velocity v. In order to ensure that the measured forces are similar to the published 
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literature, I measured the overstretching force of double stranded DNA molecules. The 

overstretching transition for a dsDNA is between 63-65 pN (118, 119), which is used as a 

standard for force accuracy in the instrument. In the lab, we used 
1

3
 -phage DNA molecules in 

10 mM Tris-HCl, pH 7.5 and 500 mM NaCl to measure the overstretching transition. The result 

is close to the reported value of ~65 pN (Figure 2.3). 

 

 

 

Figure 2.3  Pull-relax cycles of a 20 kB double stranded DNA molecule. 

The 20 kB  
1

3
 -phage DNA was pulled at a speed of 200 nm/s. The overstretching plateau was observed 

around force 65 pN.  
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2.3.2  Power spectrum analysis 

Measuring the Brownian fluctuations of a bead in the optical trap provides a powerful tool to 

measure the stiffness of the optical trap. I performed power spectrum analysis (121, 122) on the 

trapped bead to calibrate the force fluctuations given by, 

      𝑃(𝑓) =
2𝑘𝐵𝑇𝛾𝑓𝑐

2

𝜋(𝑓𝑐
2+𝑓2)

   (Eq. 2.2)  

where the viscous drag coefficient, 𝛾 = 6𝜋𝜂𝑟 = 3.8 × 10−8 N ∙ s/m, as obtained from Stokes’ 

law (Figure 2.4B) and the corner frequency, 𝑓𝑐 =
𝜅

2𝜋𝛾
, where 𝜅 is trap stiffness. By fitting Eq. 2.2 

to the power spectrum obtained by Fourier transform of the force fluctuation data (Figure 2.4A), 

the corner frequency 𝑓𝑐 and trap stiffness  were calculated. The variations of the trap stiffness as 

a function of laser powers (PSD SUM) were fit well with a linear relation. Moreover, the trap 

stiffness also varies with different bead sizes (Figure 2.4C). In my single-molecule RNA folding 

studies, I used polystyrene beads with 4.5 m in diameter and laser power around 150 mW (PSD 

SUM = 24000 for each laser), and the measured trap stiffness was 0.050 ± 0.002 pN/nm (mean ± 

standard deviation from 9 beads).  

The position of the trapped bead (xbead) was calculated as 

      𝑥𝑏𝑒𝑎𝑑 = 𝑥𝑡𝑟𝑎𝑝 −
𝐹

𝜅
   (Eq. 2.3)  

wherein F is the observed force. 
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Figure 2.4  Measurement of trap stiffness from power spectrum analysis. 

(A) Power spectrum analysis of a trapped bead with diameter ~ 4.5 m (Spherotech Inc.). The data were 

recorded at an acquisition rate of 44 kHz. The power spectral density is fitted to Eq. 2.2 to obtain the 

corner frequency (fc) and the trap stiffness (). (B) Stokes’ law fit to the force vs. velocity data of a 

trapped bead, yielding the viscous drag coefficient 𝛾. (C) Trap stiffness as a function of laser power (PSD 

SUM) for different bead sizes. Each dataset represents mean ± standard deviation measured from more 

than 3 beads. 
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2.3.3  Force feedback 

Constant force mode is useful for measuring the kinetics of folding. When operating in constant-

force-feedback mode, the feedback controls the position of the trap and hence the force on the 

bead and molecule. The feedback operation frequency is 4 kHz. An average force could be 

maintained at the preset value with a standard deviation of 0.1-0.15 pN (Figure 2.5). 

 

 

 

Figure 2.5  Force and trap position versus time for a constant-force-feedback experiment on a P5ab 

molecule. 

Data was collected at 4 kHz. The force was maintained at the preset value of 14.5 pN, with a standard 

deviation of 0.13 pN. The brief spikes in the force trace represent the feedback response to the force 

changes caused by molecular transitions. 
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2.4  Types of experiments 

The single-molecule RNA folding experiments were performed at room temperature (25 ± 0.5 

°C). Once a tether is established between the beads, it is subjected to three different force modes: 

force ramp, constant force (CF), and passive mode (104, 123-125). All experimental data were 

recorded at 400 Hz – 4 kHz. 

 Force ramp 

In force ramp experiments, the tether between the beads was continuously stretched and relaxed 

between 1 pN and 30 pN by moving the trap at a constant speed (typically 200 nm/sec, which 

corresponds to a loading rate around 7.6 pN/sec). Both the force (F) and the trap position (𝑥trap) 

were monitored on a graphical user interface (GUI). By fitting the F vs 𝑥trap pulling curves to the 

modified worm-like chain model (Eq. 2.5), I was able to determine the single molecule 

connectivity between a bead pair. The molecular extension x was calculated from Eq. 2.3 and 

plotted against force F as the force-extension curve (FEC), where structural transitions of the 

molecule are observed as sudden changes in force and extension.  

 Constant force 

In the constant force mode, the molecule was held at a pre-set force wherein the molecule 

hopped between different states.  

 Passive mode 

In the passive mode experiment, the trap was held stationary near the transition force without an 

active force feedback. Thus, as the molecule undergoes a folding transition, the force increases 

accordingly. State identification and kinetics can be obtained from both the constant force and 

passive mode settings. 
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2.5  Preparation of RNA constructs for single-molecule studies 

The RNA constructs for single-molecule studies were generated as described earlier (115). The 

protocol contains the following steps, as schematically shown in Figure 2.6. 

① The DNA coding for the RNA sequence of interest was synthesized as an EcoR1-HindIII 

fragment and digested by EcoR1 and HindIII restriction enzymes. 

② The digested product was inserted into pBR322 plasmid vector. 

③ The ligated vector was transformed into E. coli DH5 competent cells. The integrity of the 

cloned DNA was confirmed by sequencing (Genewiz Inc.). 

④ An 1100 bp DNA fragment encompassing the insert and the flanking sequences (533 bp and 

599 bp) was PCR amplified from the cloned vector using the following primers, where the T7 

RNA polymerase promoter sequence is underlined. 

5'-TAATACGACTCACTATAGGGACTGGTGAGTACTCAACCAAGTCATTCTG 

and 5'-TAGGAAGCAGCCCAGTAGTAGGTTGAGGCC 

⑤ The DNA product was purified and in vitro transcribed into the required 1.1 kB-long 

transcript using T7 Ribomax kit (Promega). 

⑥ The RNA was annealed with Handle A (533 bp, Digoxigenin labelled) and Handle B (599 bp, 

Biotin labelled). The final product is the RNA/DNA hybrid construct used for single-molecule 

experiments, as shown in the experimental setup in Figure 2.2B.  
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Figure 2.6  Schematic workflow for making RNA constructs for single-molecule study. 

 

① EcoRI and HindIII digestion 

+ = ② Ligation 

③ Transformation and sequencing 

④ T7 PCR 

⑤ Transcription 

⑥ Annealing RNA with handles 

dig biotin 
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2.6  Data analysis 

2.6.1  Modified WLC fit to force-extension curves (FECs) 

The FECs obtained from our force-ramp data were fitted to the worm-like chain (WLC) model 

(126-128), which describes the entropic elasticity of semi-flexible polymers, such as DNA, RNA 

and polypeptide. The force (F) versus extension (x) relation in the WLC model was developed by 

Marko and Siggia (129, 130) as, 

     𝐹 =
𝑘𝐵𝑇

𝑃
[

1

4
(1 −

𝑥

𝐿
)

−2

−
1

4
+

𝑥

𝐿
]  (Eq. 2.4) 

where kB is Boltzmann’s constant, T is temperature, P is the persistence length, and L is the 

contour length. Later, by adding the enthalpic contribution for stretching, the modified WLC 

(mWLC) equation  (131) was proposed as 

    𝐹 =
𝑘𝐵𝑇

𝑃
[

1

4
(1 −

𝑥

𝐿
+

𝐹

𝐾
)

−2

−
1

4
+

𝑥

𝐿
−

𝐹

𝐾
]  (Eq. 2.5) 

where K is the stretch modulus. In this study, the following fitting parameters for the handles and 

RNA were used: Phandle = 3-6 nm, Lhandle = 0.25 nm/bp, Khandle = 500-800 pN, and PRNA = 1 nm, 

LRNA = 0.59 nm/base, KRNA = 1600 pN. The persistence length and stretch modulus agree well 

with the previously reported values (124, 132). 

 

2.6.2  Transition force and distance distributions from FECs 

The extension change (∆x) of the molecule during the unfolding/refolding cycles as observed in 

FECs was determined as the extension difference of the molecule before and after the transition 

at a given force. All the observed transitions are shown as force and distance histogram plots. 

The number of nucleotides unfolded/refolded can be obtained by relating to mWLC model (Eq. 

2.5). For example, since the mWLC predicted RNA inter-nucleotide distance is 0.43 nm at 14.5 

pN, the expected unfolding distance for the 49-nt P5ab hairpin at this force is 21 nm. 
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Chapter 3  Single-Molecule Mechanical Unfolding Studies of P5ab 

Hairpin 

3.1  Introduction 

As mentioned in Chapter 1, RNA hairpin is the building block of more complex RNA structures, 

such as multi-branched junctions, pseudoknots, and kissing loops (36). Besides, RNA hairpin is 

an important structural motif involved in various biological processes, such as catalysis in 

ribozyme (133, 134), gene silencing in microRNA and small interfering RNA (12), termination 

of transcription (135, 136) and initiation of translation (137). Thus, elucidating the folding 

mechanisms of RNA hairpins can help us better understand their biological functions.  

Over the last four decades, the folding dynamics of RNA hairpins has been experimentally 

measured by temperature jump (T-jump) method where rapid heating is achieved by electric 

discharge or laser radiation (time resolution ~100 ns). Table 3.1 shows a list of T-jump 

experiments on RNA hairpins to date (69-78). The RNA conformational changes are monitored 

by various probes, including UV absorbance, IR absorbance and fluorescence. Most studies have 

been focused on RNA hairpins with 2-6 base pairs in the stem. It is found that these small 

hairpins fold on timescales of 1-10 μs, except for large hairpin loops (>15 nt) (76). Moreover, 

multiphasic kinetics has been observed from the relaxation times (72, 74, 75, 77, 78), suggesting 

hairpin folding could involve more than two states. Menger et al. (72) studied the dynamics of 

GAAA tetraloop hairpin, where A
6
 and A

7
 are each substituted by a fluorescent probe, 2-

aminopurine (2AP) (Table 3.1). They observed a relaxation process with a time constant of 22 s 

in HP1 (with A
6
 substituted by 2AP), and two relaxation processes with time constants of 5 s 

and 41 s for HP2 (with A
7
 substituted by 2AP), as shown in Table 3.1. These results 

demonstrated the existence of more than one conformation state of the hairpin loop. Another 

tetraloop hairpin motif, UUCG, was studied by Ma et al. (74) using a combination of T-jump and 

UV absorbance. They observed three unfolding relaxation phases (fast, medium, and slow), 

which required a four-state model to fit the kinetics. This suggested the hairpin has a rugged 

energy landscape. Later, Stancik et al. (75) probed the relaxation kinetics of the same RNA 

sequence at two different infrared wavenumbers, 1574 cm
-1

 and 1669 cm
-1

, which are indicators 
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of base stacking and hydrogen bonding respectively. With a single phase at 1574 cm
-1

 and bi-

exponential behavior at 1669 cm
-1

, they concluded that the base unstacking dynamics (~1 s) 

occurs faster than the hydrogen-bond breakage (~10 s). More recently, the Gruebele group used 

2AP fluorescence to probe the stem and loop dynamics of the UUCG and UACG tetraloop 

hairpins (77, 78). Based on the multi-exponential behavior of the fluorescence decay profiles, as 

shown in Figure 3.1, they proposed a four-state free-energy landscape for the RNA hairpin. 

Combining the experimental data with molecular dynamics simulations, they interpreted the 

structures of the multiple states along the unfolding pathway of the hairpin: from the Native 

state, to a stem-fraying state (Frayed), to loss of hydrogen bonding and partial unstacking 

(Unfolded), and to additional unstacking of single strands (Unstacked), as shown in Figure 3.1C.  

However, in the above ensemble experiments, the transition kinetics between the multiple states 

is not directly observed. Moreover, the folding of RNA hairpins with longer stems (>10 bp) have 

not been well studied, probably due to the difficulty in interpretation of the spectroscopic data. 

Single molecule force spectroscopy has the advantage of observing individual molecules 

throughout the course of events, and is thus free from the averaging effect as in bulk ensemble 

studies. It also allows RNA structures to denature at physiological temperature and buffer 

conditions, using pN scale forces. So far, single-molecule force spectroscopy has been used to 

study folding of several RNA hairpins, derived from ribozyme (115, 138), viral (105), and small 

interfering RNA (139) sequences. In these studies, the RNA hairpins are only treated as a two-

state folder without any intermediate states. I studied P5ab as a model RNA hairpin for my 

thesis. P5ab forms part of the catalytic core domain of the group I ribozyme. The P5ab hairpin 

consists of one apical GAAA tetraloop and two stems, P5a and P5b, with an internal loop 

A
13

A
14

/G
38

G
37

 connected in between (Figure 3.2A). With high resolution optical tweezers 

instrument in our lab, I wanted to address the following two aims: 

Aim 1: What is the folding pathway of P5ab hairpin? Are there any intermediate states? 

Aim 2: What are the kinetics and energetics of the folding transitions? 
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Figure 3.1  Hairpin folding intermediates detected by temperature jump with fluorescent probe. 

(A)(B) Fluorescence decay profiles upon temperature jumps for the hairpin sequences indicated in the 

figures. A
p
 stands for 2-aminopurine used as a fluorescence probe. The data are fitted by sum of multiple 

exponentials (blue).  (C) Four conformational states proposed by molecular dynamics simulation to 

explain the multiple phases observed in (A) and (B). This figure is adapted from reference (78). 

 

 

Table 3.1  Temperature-jump experiments on RNA hairpin folding dynamics 

The melting temperatures (Tm) are determined by thermal melting experiments on the RNA sequences. 

The relaxation times represent T-jump measurements at temperature near Tm, unless indicated otherwise.  

Sequence Method Tm (°C) Relaxation time (s) References 

 

T-jump 

UV absorbance 
88 ~10 (69) 

 

T-jump 

UV absorbance 
20 ~10 (70) 
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T-jump 

UV absorbance 
20 20 (71) 

 (HP1) 

  (HP2) 

T-jump 

Fluorescence 
66 

22 (HP1 at 8.1 °C) 

5, 41 (HP2 at 8.1 °C) 
(72) 

 

T-jump 

UV absorbance 
71.8 9.1 (73) 

 

T-jump 

UV absorbance 
59.2 5.3 (73) 

 

T-jump 

UV absorbance 
49.9 

7.6 (73) 

Multiple phases (74) 

T-jump 

IR absorbance 
58 

3.1 (1574 cm
-1

) 

3.7, 14.9 (1669 cm
-1

) 
(75) 

 

T-jump 

UV absorbance 
27.7 

53 (73) 

Multiple phases (74) 

 

T-jump 

UV absorbance 
27 Multiple phases (74) 

 

j = 0, 5, 15, 30 

T-jump 

Fluorescence 

58.3 

55.0 

41.3 

36.2 

10.3 

36.3 

334.2 

404.4 

(76) 

 

T-jump 

Fluorescence 
60 Multiple phases (77) 

 

T-jump 

Fluorescence 
55 Multiple phases (78) 
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3.2  Materials and Methods 

3.2.1  RNA constructs and reagents 

The RNA constructs (P5ab and mutants) for optical tweezers studies were generated as described 

in Chapter 2. All single-molecule folding/unfolding measurements were performed in a buffer 

containing 10 mM Tris-HCl, pH 7.5, 250 mM NaCl and 3 mM MgCl2 at 25 °C. Tris buffer and 

sodium chloride (NaCl) were purchased from Sigma-Aldrich, and magnesium chloride (MgCl2) 

was purchased from EMD. The anti-digoxigenin coated beads and streptavidin coated beads 

were purchased from Spherotech. 

 

3.2.2  Force ramp, constant force and passive mode experiments 

In the force ramp experiments, the tether between the beads was consecutively stretched and 

relaxed between 1 pN and 30 pN by moving the trap at a constant speed. Typically the pulling 

speed was 200 nm/sec, which corresponded to a loading rate of 7.6 ± 0.4 pN/sec (mean ± 

standard deviation, 163 traces in 5 molecules), measured from the linear fits to force vs. time 

plots. Other pulling rates (50 nm/sec, 400 nm/sec and 800 nm/sec) were also used, in order to 

investigate the effect of loading rates (1.8 pN/sec, 14.7 pN/sec, and 28.4 pN/sec) on the rupture 

force distributions and the non-equilibrium mechanical work done. All force ramp data was 

collected at 400 Hz. 

In the constant force (CF) mode, the molecule was held at a pre-set force to investigate its 

hopping behavior. The force was stabilized through feedback control that operates at 4 kHz. The 

data acquisition rate for the CF data was initially 500 Hz, and then improved to 4 kHz. 

In addition to the CF mode, I also measured the hopping of P5ab molecules in passive mode 

(PM) at 4 kHz, wherein the trap was held stationary near the transition force without an active 

force feedback, thus enabling the molecule to hop between various states as the force varied 

between the transitions. The effective stiffness κeff was calculated as κeff = 0.045 ± 0.001 pN/nm 

(mean ± standard deviation from 27 traces of 2 molecules).  
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3.2.3  State identification in CF traces 

To identify states in single-molecule data, several methods have been established including the 

threshold method (140), hidden Markov model (140, 141), change-point method (142), and 

wavelet denoising (143, 144). Here I used the threshold method for state identification in the 

P5ab extension (x) vs. time CF traces, as described below and illustrated in Figure 3.6. 

For three-state analysis: 

Two threshold values x1 =10 nm and x2 =14 nm were selected such that the observed extension, 

x, for F and U corresponded to x < x1 and x > x2 respectively, and I in between x1 and x2.  

For five-state analysis: 

In order to separate the five states, i.e. F, I1, I, I2, and U, the following four thresholds were used: 

x1= 2.5 nm, x2= 8.5 nm,  x3=15 nm, x4=17 nm, such that, x < x1 corresponds to F state; x1 ≤  x < x2 

corresponds to I1 state; x2 ≤  x < x3 corresponds to I state; x3 ≤  x < x4 corresponds to I2 state; x ≥ 

x4 corresponds to U state. 

The code for the threshold analysis was generated in the lab using Matlab software. 

 

3.3  Results 

3.3.1  Characterization of P5ab unfolding and refolding 

In order to study its folding behavior, I subjected the P5ab RNA to multiple pull-relax cycles 

between 1 pN and 30 pN. In the force-extension curves (FECs), I observed ripping and zipping 

events which represent the unfolding and refolding of the molecule respectively (Figure 3.2B). 

The molecule unfolds at 15.0 ± 0.5 pN (mean ± standard deviation, Figure 3.2C) and refolds at 

13.9 ± 0.6 pN (Figure 3.2D) with unfolding distance of 20.5 ± 1.3 nm (Figure 3.2E) and 

refolding distance of 19.9 ± 1.4 respectively (Figure 3.2F). With an extension of ~0.43 nm/nt as 

predicted by the mWLC model, the transition distances correspond to a contour length change of 

48 ± 3 nt, indicating the opening or closing of the complete 49-nt hairpin structure.  
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Figure 3.2  Unfolding and refolding characteristics of P5ab in force ramp experiment. 

(A) Sequence and secondary structure of P5ab RNA hairpin.  

(B) Consecutive force-ramp cycles for P5ab, showing unfolding (blue) and refolding (red) transitions.  

(C) Distribution of the unfolding force Fu for P5ab RNA measured from force ramp experiments. The 

counts are representative of 600 pulls on 22 molecules, and binned at 0.4 pN intervals. Fu shows a mean 

and standard deviation of 15.01 ± 0.53 pN. The Gaussian fitted mean is 15.04 ± 0.005 pN. 

(D) Distribution of the refolding force Ff from the same experiments. Ff shows a mean and standard 

deviation of 13.92 ± 0.59 pN. The Gaussian fitted mean is 13.89 ± 0.03 pN.  

(E) Distribution of the unfolding distance ∆xu from the same experiments. The mean and standard 

deviation of ∆xu is 20.5 ± 1.3 nm. The Gaussian fitted mean is 20.46 ± 0.04 nm.  

(F) Distribution of the refolding distance ∆xf from the same experiments. The mean and standard 

deviation of ∆xf is 19.9 ± 1.4 nm. The Gaussian fitted mean is 19.81 ± 0.08 nm. 

 

 

3.3.2  Identification of intermediate states  

Besides the folded state F and the unfolded state U, other intermediate extensions were also 

observed on the FECs (Figure 3.3). These intermediate states (I1, I, and I2) can transit both to F 

and U, with transition forces and distances shown in Table 3.2.  

 

Table 3.2  Transition distances and forces for the intermediates in P5ab force ramps 

Transition ∆x (nm) Force (pN) Observed number of events 

F↔I1 4.06 ± 0.60 14.44 ± 0.54 158 

F↔I 11.59 ± 0.66 14.34 ± 0.48 19 

F↔I2 15.71 ± 0.59 13.85 ± 0.53 5 

U↔I1 16.70 ± 0.63 15.44 ± 0.53 13 

U↔I 8.73 ± 0.86 15.03 ± 0.54 35 

U↔I2 4.71 ± 0.70 14.85 ± 0.73 88 

Data represents mean ± standard deviation, measured from 197 FECs of 7 molecules. 
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Figure 3.3  Intermediate states I1, I and I2 observed during the force ramp cycles of P5ab. 

The FECs were fitted by the modified WLC model (black dashed lines) with the fitting parameters Phandle 

= 3-6 nm, Lhandle = 0.25 nm/bp, Khandle = 500-800 pN, and PRNA = 1 nm, LRNA = 0.59 nm/base, KRNA = 1600 

pN.  

 

 

In order to directly observe the unfolding and refolding dynamics among the various states, I 

held the molecule at a preset force where the molecule displays bi-stability between F and U. 

The force was maintained through feedback control. As shown in Figure 3.4, the extension of 

P5ab hopped back and forth by 20.0 ± 1.3 nm, signaling the repeated folding and unfolding of 

the hairpin. Moreover, the relative populations between F and U were shifted by the force: as the 

force was increased from 14.1 pN to 14.9 pN, the molecule spent more time in the unfolded state 

and less time in the folded state.  

Consistent with the force ramp experiments, here I also observed intermediate states I1, I, and I2, 

as shown by the 14.5 pN traces in Figure 3.4. The extensions of these intermediates from the 

folded state were measured to be 4.1 ± 0.4 nm, 12.4 ± 0.6 nm, and 15.7 ± 0.4 nm (mean ± 

standard deviation from 4 molecules) respectively. 
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Figure 3.4  Extension versus time traces of P5ab measured at various constant forces. 

Besides F and U, three intermediate states I1, I, and I2 were resolved, with extensions of 4.1 ± 0.4 nm, 

12.4 ± 0.6 nm, and 15.7 ± 0.4 nm (mean ± standard deviation, 4 molecules) respectively. The transitions 

of the intermediate states are highlighted in the 14.5 pN CF traces (red). 
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These intermediate states were further confirmed in the passive mode experiment, wherein the 

trap position is held fixed and the force on the molecule fluctuates as it folds and unfolds. As 

shown in Figure 3.5, the force oscillates around 14.5 pN between various states. The force 

changes were then converted to extension changes by the effective stiffness κeff = 0.045 pN/nm. 

The unfolded distances for the intermediates I1, I and I2 are 4.45 ± 0.38 nm, 12.15 ± 0.38 nm, and 

15.75 ± 0.47 nm respectively.  

Based on the intermediate extensions measured from the above force ramp, constant force and 

passive mode experiments, I calculated the nucleotide positions of the intermediate states: I1 

corresponds to opening 9 nucleotides up to U
5
, I up to the A

13
A

14
/G

38
G

37
 internal loop, and I2 up 

to the base pair A
20

-U
31

. 

 

 

 

Figure 3.5  Passive mode measurement of P5ab. 

The force versus time hopping trace for P5ab RNA in passive mode. The data is collected at 4 kHz. The 

intermediate states I1, I, and I2 show extensions of 4.45 ± 0.38 nm, 12.15 ± 0.38 nm and 15.75 ± 0.47 nm 

from the folded state (mean ± standard deviation from 5 passive mode traces). 
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3.3.3  Kinetics of P5ab unfolding and folding 

From the transitions in the CF traces, I calculated the dwell times and kinetics between various 

states. Typically, at a given force if a molecule hops between states A and B, then the dwell time, 

𝜏𝐴→𝐵 is the time the molecule spends in state A before transitioning to state B. The states on the 

extension vs. time traces were identified by the threshold method, as shown in Figure 3.6.  

The mean of the dwell time <𝜏𝐴→𝐵> is inversely dependent on the rate constant, 𝑘𝐴→𝐵, which 

represents the frequency of a molecule showing a transition from A to B (104). 

      𝑘𝐴→𝐵 =
1

〈𝜏𝐴→𝐵〉
    (Eq. 3.1) 

The distribution of the dwell time 𝜏 can also be plotted as a normalized cumulative histogram or 

integrated probability p(𝜏) (Figure 3.7). According to the first-order reaction rate theory, p(𝜏)  

can be fitted by a single exponential function (117, 145): 

      𝑝(𝜏) = 1 − 𝑒−𝑘𝜏   (Eq. 3.2) 

Both the direct (Eq. 3.1) and fitting (Eq. 3.2) methods yielded similar rate values for F→U and 

U→F transitions (Figure 3.7A and B). Similarly, the dwell time distribution for F→I transition 

was calculated and agreement between the two methods was also observed (Figure 3.7C). The 

rates measured at a series of constant forces are summarized in Table 3.3. At 14.5 pN, the 

forward and reverse rates between F and U are close to each other: kF,U = 6.15 ± 0.14 sec
-1

, and 

kU,F = 3.66 ± 0.08 sec
-1

, suggesting F and U reach an equilibrium. On the other hand, the rates 

coming from I state are two orders of magnitude faster: kI,F = 425.0 ± 3.6 sec
-1

 and kI,U = 313.7 ± 

3.0 sec
-1

. Similarly, the rates coming from I1 and I2 are greater than 200 sec
-1

. These rates coming 

from the intermediates are one order of magnitude smaller than our data collection rate (4 kHz) 

and constant force feedback rate (4 kHz), suggesting they are not artifacts due to instrument time 

resolutions. Moreover, the intermediate extensions are much larger than the typical extension 

noise (± 0.6 nm, Figure 3.17) from beads and handles, which further supports that the 

intermediates are not noise fluctuations. 

Thus, the folding pathway of P5ab is illustrated in Figure 3.8. During folding, the rate from U to 

I is slow (kU,I = 3.95 s
-1

), whereas the step from I to F (kI,F = 425 s
-1

) is very fast. Along the 
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unfolding direction, the rate from F to I (kF,I = 6.27 s
-1

) is much slower than I to U (kI,U = 314 s
-

1
). This suggests the transition to I state is the rate-limiting step for folding and unfolding. 

 

 

 

 

Figure 3.6  State identification in P5ab CF traces by the threshold method. 

Threshold method applied to a 14.5 pN CF trace in order to identify (A) three states (F, I and U) or (B) 

five states (F, I1, I, I2 and U). The threshold extension values are mentioned in Materials and Methods 

section. Examples of the dwell times  for various transitions are shown in the figure. 
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Figure 3.7  Dwell time distributions of P5ab at constant forces. 

Dwell time distributions of (A) F to U, (B) U to F, and (C) F to I from 69 CF traces of 16 molecules. The 

plots are displayed as normalized cumulative counts, i.e. integrated probabilities. The distributions were 

fit by single exponentials which yield similar rate constants to the reciprocal of average dwell times, as 

shown by the tables on the right of each figure. The errors represent standard errors. 

 

 

 

Table 3.3  P5ab transition rate constants measured in CF experiments 

Three-state analysis 

Force 

(pN) 

kF,I (s
-1

) kI,F (s
-1

) kI,U (s
-1

) kU,I (s
-1

) kF,U (s
-1

) kU,F (s
-1

) 

14.1 1.61 ± 0.04 421.2 ± 4.6 326.3 ± 3.8 8.20 ± 0.25 1.54 ± 0.04 8.02 ± 0.25 

14.3 3.29 ± 0.08 416.0 ± 3.9 324.7 ± 3.1 6.00 ± 0.13 3.19 ± 0.07 5.74 ± 0.13 

14.5 6.27 ± 0.14 425.0 ± 3.6 313.7 ± 3.0 3.95 ± 0.08 6.15 ± 0.14 3.66 ± 0.08 

14.7 10.20 ± 0.34 432.4 ± 4.8 302.2 ± 3.6 2.80 ± 0.08 10.04 ± 0.34 2.46 ± 0.07 

14.9 14.25 ± 0.51 422.5 ± 5.2 279.0 ± 4.0 1.94 ± 0.06 14.12 ± 0.51 1.61 ± 0.06 

Five-state analysis 

Force 

(pN) 

kF,I1 (s
-1

) kI1,F (s
-1

) kI2,U (s
-1

) kU,I2 (s
-1

) 

14.1 3.24 ± 0.08 240.7 ± 4.4 250.5 ± 7.6 9.25 ± 0.29 

14.3 5.27 ± 0.16 241.2 ± 5.2 245.5 ± 8.3 5.85 ± 0.18 

14.5 8.87 ± 0.33 245.1 ± 7.4 227.0 ± 7.2 4.96 ± 0.16 

14.7 11.37 ± 0.66 247 ± 10 254.0 ± 8.6 3.71 ± 0.19 

14.9 20.59 ± 0.88 202.3 ± 9.1 240.4 ± 7.0 2.63 ± 0.08 

Data represents mean ± standard error, measured from 69 CF traces of 16 molecules. 
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Figure 3.8  Folding pathways of P5ab. 

The folding pathway of P5ab in the (A) folding and (B) unfolding direction. The rates between F, I and U 

are measured at 14.5 pN (Table 3.3).  

 

 

3.3.4  Equilibrium folding free energy from CF measurements 

At force F, the equilibrium constant K(F) between the folded state and unfolded state is defined 

as the ratio between their corresponding probabilities (Punfolded/Pfolded). Using detailed balance, 

K(F) can also be related to their rate constants as 

      𝐾(𝐹) =
𝑘𝐹,𝑈

𝑘𝑈,𝐹
    (Eq. 3.3) 

The corresponding free energy change at force F is 

     Δ𝐺(𝐹) = −𝑘𝐵𝑇𝑙𝑛 𝐾(𝐹)   (Eq. 3.4)  

The thermodynamic stability of the hairpin is represented as the free energy change at zero force, 

which is obtained from ∆G(F) by the following relation (146): 

    ∆𝐺(0) = 𝐹 ∙ ∆𝑥(𝐹) + Δ𝐺(𝐹) − ∫ 𝐹𝑑𝑥𝑠𝑠
∆𝑥

0
   (Eq. 3.5) 

where Δx is the extension change at force F. The third term is the free energy of stretching the 

single-stranded RNA to force F, calculated from the mWLC model taking T = 298 K, P = 1 nm, 

L = 0.59 nm/base and K = 1600 pN. ∆𝐺(0) can be graphically represented as the hatched area in 



49 

 

Figure 3.9, since in Eq. 3.5 the first term 𝐹 ∙ ∆𝑥 is the work done, the second term Δ𝐺(𝐹) equals 

to zero if transition occurs at equilibrium force, and the third term can be represented as the 

difference between the stretching free energies of the folded state (∆𝐺𝐹
𝑠𝑡𝑟𝑒𝑡𝑐ℎ) and unfolded state 

(∆𝐺𝑈
𝑠𝑡𝑟𝑒𝑡𝑐ℎ). Using the measured kF,U and kU,F at F = 14.5 pN (Table 3.3), I obtained ∆𝐺(0) = 

52.44 ± 0.03 kBT. 

 

 

 

Figure 3.9  Graphical representation of folding free energy at zero force from Eq. 3.5. 

The blue checkered area indicates the work done during unfolding. The red outlined triangle represents 

the stretching free energy of the handles. The black outlined triangle represents the stretching free energy 

of both the handles and unfolded RNA. Thus, the resulting ∆G(0) is the black hatched area. Note that the 

stretching free energy, especially ∆𝐺𝑈
𝑠𝑡𝑟𝑒𝑡𝑐ℎ, can only be modelled by mWLC, but cannot be calculated 

from the experimental FEC, because the unfolded state does not exist at zero force. 
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3.3.5  Folding free energy from non-equilibrium work done 

In the following section, the folding free energy of P5ab is examined from the mechanical work 

done during unfolding. Free energy is an important quantity used to describe many biological 

processes, such as folding, ligand-receptor binding, and energy transfer. For single-molecule 

experiments as temperature (T) and pressure (P) are constant, we use a modified Gibbs free 

energy to describe the system, such that the work done by the mechanical force is incorporated 

(145-147). Thus, the free energy change dG for a reversible reaction is  

dG = - SdT + VdP + Fdx   (Eq. 3.6) 

where S is entropy, V is the volume, and dx is the molecular extension at a given force, F. 

Equilibrium thermodynamics states that the free energy difference between state A and state B is 

equal to the reversible work needed to bring the system from A to B  (148): 

∆GAB=Wrev, AB    (Eq. 3.7) 

Thus, A and B can be treated as the folded and the unfolded state in the force-extension curve. 

However, due to the finite loading rate on the molecule, the pulling process is non-equilibrium. 

As a result, the average work done in general is greater than the free energy change, i.e.  

<W> ≥ ∆G    (Eq. 3.8) 

Thanks to two recent non-equilibrium fluctuation relations, Jarzynski’s Equality and Crooks 

Fluctuation Theorem (149, 150), it is now possible to deduce the equilibrium free energy from 

work values done under non-equilibrium conditions. I’ll begin discussion of results by defining 

and explaining the following terms. 

 

 Non-equilibrium fluctuation relations 

Jarzynski’s Equality (JE) (149) was developed in 1997. It relates the irreversible work W to the 

equilibrium free energy difference ∆G: 

exp(−∆𝐺/𝑘𝑇) = lim𝑁→∞〈exp(−𝑊/𝑘𝑇)〉𝑁  (Eq. 3.9) 
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where < > denotes averaged signal over N trajectories. In other words, ∆G can be determined by 

averaging Boltzmann-weighted work values from multiple measurements. However, JE is 

proven to be biased for finite N datasets and converge slowly. Therefore, if <W> - ∆G = 4 kBT, it 

requires N ≈ 100 to obtain ∆G with estimation error within 1 kBT; if <W> - ∆G = 8 kBT, it 

requires N ≈ 1000 to obtain ∆G with estimation error within 1 kBT (151, 152). 

Later in 1999, the Crooks Fluctuation Theorem (CFT) (150) was proposed, which states that 

 
𝑃𝐹(𝑊)

𝑃𝑅(−𝑊)
= exp (

𝑊−∆𝐺

𝑘𝑇
)     (Eq. 3.10) 

where PF(W) is the distribution of the work performed along the forward direction, PR(-W) is the 

work distribution for the reverse direction, and ∆G is the Gibbs free energy difference between 

the initial and final state. Since CFT utilizes information from both the forward and reverse 

processes, it is converges faster and is more predictive than JE. 

 

 Work done in single-molecule experiments 

Consider the unfolding and folding of P5ab hairpin. In the forward process, the molecule unfolds 

as its extension increases from x1 to x2 (Figure 3.10A). In the reverse process, the molecule 

refolds as its extension decreases from x2 to x1. The work done is defined as the area under the 

corresponding FEC, i.e.  

𝑊 = ∫ 𝐹𝑑𝑥
𝑥2

𝑥1
     (Eq. 3.11) 

The above integral can be numerically calculated by the trapezoid method: 

    𝑊 = ∑ (𝐹𝑖 + 𝐹𝑖+1) ∙ (𝑥𝑖+1 − 𝑥𝑖)/2𝑖    (Eq. 3.12) 

where i and i+1 refer to corresponding data points on the FEC. In this report, the distribution of 

work done is obtained by calculating 171 traces where the extension boundaries x1 to x2 are 

chosen such that they cover all the unfolding and refolding transitions on the FECs (Figure 

3.10A). 
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Figure 3.10  Determination of folding free energy of P5ab from non-equilibrium work done. 

 (A) Overlay of 171 unfolding FECs (blue) from one P5ab molecule, where the work done is defined as 

force integrated between two boundaries: x1 = 253.9 nm and x2 = 282.8 nm. The work done is shown as 

the red hatched area for one FEC (yellow). The work done for refolding is defined with similar 

boundaries. The dashed lines are mWLC fits to the folded state and unfolded state. 

(B) The unfolding (square) and refolding (triangle) work distributions calculated from the 171 force ramp 

cycles from one P5ab molecule. The bin size is 1 kBT. The unfolding and refolding free energies obtained 

from JE are indicated by blue and red dashed lines. The free energy from CFT lies at the intersection of 

the unfolding and refolding distributions, as shown by the circle. 
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(C) Fitting method based on the CFT equation (Eq. 3.10). From the work distributions in (B), ln (
𝑃𝐹(𝑊)

𝑃𝑅(−𝑊)
) 

is calculated, as shown by the squares. The fitted straight line (red) shows a slope of 1.04 ± 0.05, close to 

the theoretical value of 1. The x-intercept denotes the free energy ∆GCFT = 101.81 kBT. 

(D) The Bennett acceptance ratio method applied to work values to extract ∆G. 

 

 

 Estimation of ∆G using JE and CFT 

Using JE (Eq. 3.9), the unfolding free energy is ∆GJE,u = 101.96 kBT, and refolding free energy is 

∆GJE,f = 102.19 kBT. Using CFT (Eq. 3.10), the intersection point of PF(W) and PR(-W) gives the 

equilibrium free energy of ∆GCFT = 101.87 kBT (Figure 3.10B). Alternatively, a plot of 

ln (
𝑃𝐹(𝑊)

𝑃𝑅(−𝑊)
) against W is fitted by a straight line, the x-intercept gives ∆GCFT = 101.81 kBT 

(Figure 3.10C). The straight line fit shows a slope of 1.04 ± 0.05, close to the theoretical value of 

1, which validates CFT. The third method for ∆G determination is the Bennett acceptance ratio 

method (139, 153), which rewrites Eq. 3.10 as follows: 

     
∆𝐺

𝑘𝐵𝑇
= 𝑧𝑅(𝜉) − 𝑧𝐹(𝜉)    (Eq. 3.13) 

where 𝑧𝐹(𝜉) = ln (〈𝑓𝜉(𝑊) exp (−
𝑊

𝑘𝐵𝑇
)〉𝐹) and 𝑧𝑅(𝜉) = ln(〈𝑓𝜉(𝑊)〉𝑅), in which < >F and < >R 

denote averaging over the forward and reverse work distributions respectively; 𝑓𝜉(𝑊) =

exp(
𝜉

2𝑘𝐵𝑇
)

1+exp(
𝜉−𝑊

𝑘𝐵𝑇
)
 is a function of both W and  that has been proven to minimize the statistical error of 

∆G estimation. The best estimate for ΔG is obtained from the intersection of the curves 𝑦(𝜉) =

𝑧𝑅(𝜉) − 𝑧𝐹(𝜉) and 𝑦(𝜉) = 𝜉  (Figure 3.10D), which lies at ∆GBennett = 101.87 kBT. 

All of the above ΔG values agree with each other within their standard errors (estimated from 

Bootstrap method), as summarized in Table 3.4. 
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Table 3.4  Experimental ∆G values (unit: kBT) from JE and CFT methods 

∆GJE,u ∆GJE,f 
∆GCFT 

intersection 

∆GCFT 

linear fit 
∆GBennett 

101.96 ± 0.13 102.19 ± 0.32 101.87 ± 0.15 101.81 ± 0.12 101.87 ± 0.08 

 

 

Thus, the free energy change at zero force is then calculated based on Eq. 3.5 and Figure 3.9. I 

obtained ∆𝐺(0) = 50.94 ± 0.08 kBT, which agrees well with the result from CF measurement, 

∆𝐺(0) = 52.44 ± 0.03 kBT. 

 

 Work distributions from different loading rates 

Next, the effect of loading rate on the non-equilibrium work distributions was examined. Figure 

3.11 shows the results from three different loading rates: 1.8 pN/sec, 7.6 pN/sec and 28.4 pN/sec. 

As loading rate is increased, the work values become more distributive (indicated by their 

standard deviations), and the hysteresis between unfolding and refolding (<WF> - <WR>) gets 

progressively larger. However, the ∆G values, calculated from CFT, are similar for different 

loading rates. 
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Figure 3.11  Unfolding and refolding work distributions at three different pulling speeds. 

The mean and standard deviation of the work values are indicated next to each figure. The ∆G(0) values 

are calculated from CFT using the Bennett method. 

 

 

3.3.6  Model-dependent fits of energy landscape parameters 

Molecular unfolding under force can be viewed as crossing over a barrier on a free energy 

landscape. In the single-molecule experiments, the reaction coordinate is the molecular 

extension. The energetic parameters such as transition barrier positions and barrier heights can 

also be extracted from the force spectroscopy data. In the force ramp experiments, the molecular 
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unfolding can be described with the equation that relates the survival probability 𝑃(𝐹) [the 

probability of the molecule to remain folded at force F] to the unfolding rate constant 𝑘𝑢(𝐹), 

𝑑𝑃(𝐹)

𝑑𝑡
= −𝑘𝑢(𝐹)𝑃(𝐹)    (Eq. 3.14) 

Since the applied force increases linearly with time, with dF/dt = r defined as the loading rate, 

Eq. 3.14 becomes 

𝑑𝑃(𝐹)

𝑑𝐹
= −

𝑘𝑢(𝐹)

𝑟
𝑃(𝐹)    (Eq. 3.15) 

Using a proper model for 𝑘𝑢(𝐹), it is possible to obtain key features of the free energy 

landscape. Two well-accepted models are Bell’s model and Dudko’s model. Both the models 

assume that force linearly tilts the free energy landscape, which is an approximation that does not 

take into account the stretching free energy (see Eq. 3.5). However, both models can still fit the 

experimental data as long as the force range is narrow (1-3 pN in Figure 3.13) so that the change 

in stretching free energy is small. 

 

 

 

Figure 3.12  The effect of force on the free energy landscape according to Bell's model.  



57 

 

While the barrier position ∆𝑥𝑢
‡
 does not move with force, the barrier height is reduced by 𝐹 ∙ ∆𝑥𝑢

‡
 upon the 

application of force. As a result, the unfolding rate, 𝑘𝑢(𝐹), is higher than that at zero force, 𝑘𝑢0. 

 

 Bell’s Model 

In this model (154, 155), the effect of the force is simply to change the height of the barrier by an 

amount 𝐹 ∙ ∆𝑥𝑢
‡
, where ∆𝑥𝑢

‡
 is the distance to the barrier from the initial state, illustrated in 

Figure 3.12. The Bell’s model assumes that ∆𝑥𝑢
‡
 is independent of force. As a result, the 

unfolding rate varies exponentially with barrier height changes, 

     𝑘𝑢(𝐹) = 𝑘𝑢0 exp (
𝐹∆𝑥𝑢

‡

𝑘𝐵𝑇
)   (Eq. 3.16) 

where 𝑘𝑢0 is the unfolding rate at zero force, and ∆𝑥𝑢
‡
 is the distance from the folded state to the 

transition state. Combining Equation 3.16 with Equation 3.15 and solving the differential 

equation gives 

    𝑃(𝐹) = exp (−
𝑘𝑢0𝑘𝐵𝑇

𝑟∆𝑥𝑢
‡ (exp (

𝐹∆𝑥𝑢
‡

𝑘𝐵𝑇
) − 1))  (Eq. 3.17) 

By taking the derivative of P(F) respect to force F, the expression for the unfolding force 

distribution can be obtained as, 

  𝑝𝑢(𝐹) =
𝑘𝑢0

𝑟
∙ exp (

𝐹∆𝑥𝑢
‡

𝑘𝐵𝑇
) ∙ exp (−

𝑘𝑢0𝑘𝐵𝑇

𝑟∆𝑥𝑢
‡ (exp (

𝐹∆𝑥𝑢
‡

𝑘𝐵𝑇
) − 1)) (Eq. 3.18) 

Eq. 3.18 was used to fit the experimental unfolding force distributions obtained at four loading 

rates, 1.8 pN/s, 7.6 pN/s, 14.7 pN/s, and 28.4 pN/s. As the loading rate gets higher, the average 

unfolding force increases, observed as 14.44 ± 0.04 pN, 14.88 ± 0.03 pN, 15.03 ± 0.04 pN, and 

15.17 ± 0.04 pN respectively. Figure 3.13 shows the fitted curve and parameters 𝑘𝑢0 and ∆𝑥𝑢
‡
 

obtained from each distribution. Meanwhile, Eq. 3.16 was used to fit the unfolding rates at 

various constant forces, with the fitting parameters 𝑘𝑢0 and ∆𝑥𝑢
‡
 as well (Figure 3.13E). 
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Figure 3.13  Bell’s model fit to P5ab data. 

(A)(B)(C)(D) Bell’s model fit to P5ab unfolding force distributions pu(F) obtained by force ramps at 

various loading rates r. (E) Bell’s model fit to unfolding rate kF,U(F) measured at constant forces for P5ab. 

The population size and the fitted parameters for each dataset are shown in each figure. 
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 Dudko’s Model 

Unlike Bell’s model, the Dudko’s model (156-158) considers the effect of force on both the 

barrier position and barrier height. Two specific shapes of energy landscape are investigated: the 

cusp shape 𝐺0(𝑥) = {
∆𝐺𝑢

‡ (
𝑥

∆𝑥𝑢
‡ )

2

,   𝑥 < ∆𝑥𝑢
‡

−∞,     𝑥 ≥ ∆𝑥𝑢
‡

, and the linear-cubic shape 𝐺0(𝑥) =
3

2
∆𝐺𝑢

‡ 𝑥

∆𝑥𝑢
‡ −

2∆𝐺𝑢
‡ (

𝑥

∆𝑥𝑢
‡ )

3

. In both landscapes, ∆𝑥𝑢
‡
 is the barrier position and ∆𝐺𝑢

‡
 is the barrier height, as 

shown in Figure 3.14A and 3.14C. Upon the application of force F, the landscape is tilted and 

becomes 𝐺(𝑥, 𝐹) = 𝐺0(𝑥) − 𝐹𝑥. Based on the positions of minimum and maximum in 𝐺(𝑥, 𝐹), 

as illustrated in Figure 3.14B and 3.14D, the force dependent barrier position ∆𝑥𝑢
‡(𝐹)  and 

barrier height ∆𝐺𝑢
‡(𝐹) are obtained. 

For the cusp shape, 

∆𝑥𝑢
‡(𝐹) = ∆𝑥𝑢

‡ (1 −
𝐹∆𝑥𝑢

‡

2∆𝐺𝑢
‡ )   (Eq. 3.19) 

∆𝐺𝑢
‡(𝐹) = ∆𝐺𝑢

‡ − 𝐹∆𝑥𝑢
‡ +

(𝐹∆𝑥𝑢
‡ )

2

4∆𝐺𝑢
‡    (Eq. 3.20)  

For the linear-cubic shape, 

∆𝑥𝑢
‡(𝐹) = ∆𝑥𝑢

‡√1 −
2𝐹∆𝑥𝑢

‡

3∆𝐺𝑢
‡    (Eq. 3.21) 

∆𝐺𝑢
‡(𝐹) = ∆𝐺𝑢

‡ (1 −
2𝐹∆𝑥𝑢

‡

3∆𝐺𝑢
‡ )

3/2

  (Eq. 3.22) 

Thus, both ∆𝑥𝑢
‡(𝐹) and ∆𝐺𝑢

‡(𝐹) decrease as force increases. The Bell’s model can be viewed as 

the extreme case when ∆𝐺𝑢
‡
 is infinitely high, resulting in a force-independent ∆𝑥𝑢

‡
 and 

∆𝐺𝑢
‡(𝐹) = ∆𝐺𝑢

‡ − 𝐹∆𝑥𝑢
‡
. 
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Figure 3.14  The cusp and linear-cubic landscape shapes and their changes with force.  

The effect of force on (A)(B) cusp shape landscape and (C)(D) linear-cubic landscape. As force is 

applied, the landscapes are tilted by the term −𝐹𝑥. Both ∆𝑥𝑢
‡(𝐹) and ∆𝐺𝑢

‡(𝐹) are reduced compared to 

those at zero force. 
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In order to derive the expression for the unfolding rate 𝑘𝑢(𝐹), the above results are combined 

with the Kramers’ equation (159), 

𝑘𝑢(𝐹)

𝑘𝑢0
=

∫ 𝑒−𝐺0(𝑥)/𝑘𝐵𝑇𝑑𝑥 ∫ 𝑒𝐺0(𝑥)/𝑘𝐵𝑇𝑑𝑥
𝑏𝑎𝑟𝑟𝑖𝑒𝑟𝑤𝑒𝑙𝑙

∫ 𝑒[−𝐺0(𝑥)+𝐹𝑥]/𝑘𝐵𝑇𝑑𝑥 ∫ 𝑒[𝐺0(𝑥)−𝐹𝑥]/𝑘𝐵𝑇𝑑𝑥
𝑏𝑎𝑟𝑟𝑖𝑒𝑟𝑤𝑒𝑙𝑙

  (Eq. 3.23) 

where 𝑘𝑢0 is the unfolding rate at zero force and the integrals extend over the well and barrier 

regions respectively. Thus, 

  𝑘𝑢(𝐹) = 𝑘𝑢0 (1 −
𝐹∆𝑥𝑢

‡

∆𝐺𝑢
‡ 𝜐)

1/𝜈−1

exp {
∆𝐺𝑢

‡

𝑘𝐵𝑇
[1 − (1 −

𝐹∆𝑥𝑢
‡

∆𝐺𝑢
‡ 𝜐)

1/𝜈

]} (Eq. 3.24) 

where ν parameterizes the shape of the landscape, with ν = 1/2 for a cusp shape, and ν = 2/3 for a 

linear-cubic shape. Combining Eq. 3.24 with Eq. 3.15, the unfolding force distribution is 

obtained as 

  𝑝𝑢(𝐹) =
𝑘𝑢(𝐹)

𝑟
∙ exp {

𝑘𝑢0𝑘𝐵𝑇

∆𝑥𝑢
‡ 𝑟

−
𝑘𝑢(𝐹)𝑘𝐵𝑇

∆𝑥𝑢
‡ 𝑟

(1 −
𝐹∆𝑥𝑢

‡

∆𝐺𝑢
‡ 𝜐)

1−1/𝜈

}  (Eq. 3.25) 

Using the experimental datasets of 𝑝𝑢(𝐹) and 𝑘𝑢(𝐹), three parameters, 𝑘𝑢0, ∆𝑥𝑢
‡
 and ∆𝐺𝑢

‡
, were 

fitted from Eq. 3.25 and Eq. 3.24 respectively (Figure 3.15 and Figure 3.16). Based on these 

results, the barrier position and height at the equilibrium force 14.5 pN were calculated using Eq. 

3.19-3.22.  

The fitting results of the three landscape models (Bell, cusp, and linear-cubic) are summarized in 

Table 3.5. All three models gave similar ∆𝑥𝑢
‡
 values of 10 nm at F = 14.5 pN. 
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Figure 3.15  Fit of Dudko’s cusp-shape model to P5ab data. 

Dudko’s model (=1/2; cusp-shape landscape) fit to the same pu(F) and kF,U(F) datasets as in Figure 3.13. 

The fitted parameters are shown in each figure. 
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Figure 3.16  Fit of Dudko’s linear-cubic model to P5ab data. 

Dudko’s model (=2/3; linear-cubic landscape) fit to the same pu(F) and kF,U(F) datasets as in Figure 3.13. 

The fitted parameters are shown in each figure. 
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Table 3.5  Model fitted free energy landscape parameters for P5ab unfolding 

Energy 

landscape 

model 

ku0 (s
-1

) ∆x
‡

u (nm) ∆G
‡

u (kBT) 
∆x

‡
u (F=14.5pN) 

(nm) 

∆G
‡
u (F=14.5pN) 

(kBT) 

Bell 10
- 15.1 ± 1.5 

10.3 ± 0.9 - 10.3 ± 0.9 - 

Dudko, 

=1/2 
10

- 20.1 ± 0.9 
17.6 ± 0.5 71.2 ± 3.9 9.9 ± 0.4 22.7 ± 3.3 

Dudko, 

=2/3 
10

- 20.4 ± 0.8 
17.2 ± 0.4 61.8 ± 2.7 10.1 ± 0.4 12.6 ± 2.3 

Each fitted parameter is shown as the average ± standard deviation of the multiple fits for each model 

(Figure 3.13, 3.15, and 3.16). 

 

 

3.3.7  Free energy landscape from equilibrium sampling 

The complete free energy landscape profile can be independently calculated in a model-free 

manner. In principle, the free energy landscape ΔG(x, F), as a function of extension and force, is 

calculated by the Boltzmann relation 

    Δ𝐺(𝑥, 𝐹) = −𝑘𝐵𝑇 ln(𝑃(𝑥, 𝐹))   (Eq. 3.26) 

where P(x, F) is the extension probability distribution of the RNA’s extension x at force F. The 

extension probability distribution can be measured from equilibrium sampling in CF 

measurements. However, in the optical trapping assay, the exact RNA extension changes are 

blurred by the thermal fluctuations of beads and handles. This can be mathematically represented 

as the following convolution relation: 

𝑃0(𝑥, 𝐹) = 𝑃𝑆𝐹(𝑥, 𝐹)⨂𝑃(𝑥, 𝐹)   (Eq. 3.27) 

where ⨂ denotes the convolution operator. P
0
(x, F) is the experimentally measured extension 

distribution, P(x, F) is the true RNA extension distribution, and PSF(x, F) is the point-spread 

function characterizing the noise from the beads and handles. In order to recover P(x, F), P
0
(x, F) 

needs to be deconvoluted with 𝑃𝑆𝐹(𝑥, 𝐹). Here PSF(x, F) was measured from a control 

construct consisting of RNA/DNA handles only (Figure 3.17). 
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Figure 3.17  Measurement of the point-spread function (PSF) from a handle-only construct. 

(A) A typical CF trace at 14.5 pN for a molecule consisting of RNA/DNA handles only. The data was 

collected for 1 minute at 4 kHz (black), with the 300-point smoothed trace shown in cyan. (B) The 

corresponding extension distribution is fit by a Gaussian with a width of 0.601 ± 0.003 nm. Measurement 

of three handle-only molecules gives a Gaussian width of 0.64 ± 0.05 nm. Such a Gaussian form of PSF is 

used for the deconvolution procedure. 

 

 

The deconvolution procedure was done by the non-linear constrained iterative method (160), as 

used in several previous single-molecule studies (116, 117). The probability distribution at the 

(k+1)th iteration was given by 

  𝑃𝑘+1(𝑥) = 𝑃𝑘(𝑥) + 𝑟(𝑃𝑘(𝑥)) × [𝑃0(𝑥) − 𝑃𝑆𝐹(𝑥)⨂𝑃𝑘(𝑥)]  (Eq. 3.28) 

where r(P
k
(x)) = r0(1 - 2|P

k
(x) - 0.5|) is the relaxation function which constrains the solution to 

remain within the physical boundary 0 ≤ P
k 

(x) ≤ 1. Starting with the measured probability 

distribution P
0
(x), I used r0=1 with n = 10000 iterations. To test the accuracy of the 

deconvolution procedure, the residual error was calculated as 

    𝑅(𝑥) = 𝑃0(𝑥) − 𝑃𝑆𝐹(𝑥)⨂𝑃𝑛(𝑥)    (Eq. 3.29) 
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Once the final solution P
n
(x) was obtained (Figure 3.18A), its associated energy landscape 

ΔG
n
(x) was calculated according to Eq. 3.26, as shown in Figure 3.18B. 

At 14.5 pN, the deconvoluted energy landscape of P5ab shows two major populations F and U, 

with an energy barrier at ∆x
‡

F,U = 8.93 ± 0.03 nm (Figure 3.18B), which agrees well with the 

model fitted barrier positions (Table 3.5). The measured barrier height, ∆G
‡

F,U = 6.1 ± 0.3 kBT, 

shows some deviation from the barrier height of 12.6 kBT for the linear-cubic model fit; it differs 

much more from the barrier height of 22.7 kBT for the cusp case. Meanwhile, the intermediate 

states I1, I and I2 exhibit as humps around the barrier top, indicating they are metastable 

compared to F and U.  

 

 

 

 

Figure 3.18  Free energy landscape of P5ab from deconvolution of probability distributions. 

 (A) Deconvolution of the extension probability density for P5ab measured in 4 kHz CF for 20 seconds. 

The experimentally observed probability (blue) was deconvoluted with the point-spread function (Figure 

3.17). The resulting deconvoluted probability is shown in red and the residual error is plotted as the black 

dashed line. (B) The free energy landscape of P5ab calculated from the deconvoluted probability in (A). 

The error bar indicates the error in the barrier height due to the standard deviation in the Gaussian width 

for PSF. 
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3.3.8  Mutational analysis 

Based on the P5ab sequence, I designed several mutant hairpins in order to prove the folding 

pathway and further examine the effect of loops and bulges on hairpin folding kinetics. The 

sequences of the mutants m1, m2, and m3 are shown in Figure 3.19. This work is in progress. 

The folding study of only m1 is shown below.  

 

 

 

Figure 3.19  Sequences of P5ab mutant hairpins 

 

 

In mutant m1, two G·U wobble pairs in the P5b stem are mutated into two stronger G-C base 

pairs. The expectation is that the intermediate state I will become more stable. The unfolding 

FECs for m1 showed two distinct steps (Figure 3.20): step a at 15.9 ± 0.7 pN with an extension 

of 12.2 ± 0.7 nm and step b at 18.9 ± 1.0 pN with another extension of 7.9 ± 0.5 nm. These 

extension values indicate that the intermediate I has now separated the unfolding transitions into 

two sub-steps: F → I (i.e. opening of P5a) and I → U (i.e. opening of P5b).  Thus, the 

intermediate I is proven in mutant m1. 
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Figure 3.20  Unfolding and refolding characteristics of P5ab m1 in force ramp experiment. 

(A) Four stretch-relax cycles on a P5ab m1 molecule. The unfolding and refolding exhibit two-step 

transitions (a and b). The dashed lines are the WLC fits to the five states: F, I1, I, I2, and U. 

(B) Distribution of the unfolding forces Fu for P5ab m1. The data is representative of 330 pulls on 11 

molecules. The bin size is 0.35 pN. The steps a and b correspond to the two-step transitions at lower and 

higher forces respectively. The means and standard deviations are indicated on the figure. 

(C) Distribution of the refolding forces Ff for P5ab m1 from the same experiments.  

(D) Distribution of the unfolding distance ∆xu from the same experiments. The bin size is 0.5 nm. The 

means and standard deviations are indicated on the figure. 

(E) Distribution of the refolding distance ∆xf from the same experiments. 

 

 

I then evaluated the folding free energies for each of the two unfolding steps in mutant m1. By 

selecting proper integration boundaries for the work done (Figure 3.21A), I obtained the work 

distributions from 126 pull-relax cycles at loading rate of 7.6 pN/sec (Figure 3.21B). The 

equilibrium free energies were then calculated using CFT Bennett method. The two-step 

transitions show ∆GF,I(0) = 35.38 ± 0.10 kBT , ∆GI,U(0) = 30.76 ± 0.12 kBT, and the total free 

energy change is ∆GF,U(0) = 66.13 ± 0.13 kBT. Compared to ∆GF,U(0) = 50.94 kBT for P5ab, m1 

shows increased stability, as expected from the mutations. 
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Figure 3.21  Determination of P5ab m1 folding free energies from non-equilibrium work done. 

(A) Illustration of work done calculation on an unfolding FEC for P5ab m1. The work done for the two 

steps, a and b, is individually evaluated, and their sum represents the total work done from folded state to 

the unfolded state. 

(B) Unfolding (blue) and refolding (red) work distributions from 126 pull-relax cycles on one P5ab m1 

molecule. The loading rate is 7.6 pN/sec. The contributions from stretching handles and single-stranded 

RNA are already corrected from the work values. Thus, the extracted equilibrium free energies using CFT 

represent the ∆G(0) values for the transitions F,I;  I,U and F,U respectively. 
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3.4  Discussion 

3.4.1  Biological relevance of the hairpin folding intermediate states 

Within in the cell, RNA folds spontaneously as it is synthesized, but it requires energy to unfold. 

Molecular motors such as RNA helicases, ribosomes and RNA-dependent RNA polymerases 

need to unwind RNA structures before they can perform their biological functions. Typically, 

these enzymes use chemical energies to mechanically separate the strands of double-stranded 

RNAs. Thus the hairpin intermediate states identified in this study can also occur in vivo as 

partially melted conformations under localized forces and be utilized by molecular motors to 

make genetic decisions.  

While the hairpin defects such as bulges and internal loops often contribute to the folding 

intermediates, these unpaired regions also play other crucial biological roles. First, they can form 

tertiary contacts, i.e. pseudoknots, with other parts of the RNA, which is important for the global 

fold and function of large RNAs. Second, these deformable imperfections can affect RNA-

protein interactions. For example, the bulges and internal loops enhance the cleavage efficiency 

in Drosha processing of pri-miRNAs (161). For the activation of protein kinase (PKR), bulges 

within dsRNA decrease the activation of PKR compared to perfectly paired dsRNA (162). 

 

3.4.2  Comparison of energy barrier information from multiple methods 

Although the barrier position ∆x
‡
 shows a similar value (10 nm) from the landscape models and 

the deconvoluted landscape, the barrier height ∆G
‡
 at 14.5 pN exhibits larger differences among 

them: 6.1 kBT from deconvoluted landscape, 12.6 kBT from linear-cubic model, and 22.7 kBT 

from cusp model. These three results can be further scrutinized from the perspective of the 

Kramer’s theory 𝑘(𝐹) = 𝐴0exp (−
∆𝐺‡(𝐹)

𝑘𝐵𝑇
), where A0 is the pre-exponential factor that depends 

mainly upon the viscous drag on the molecule and beads, as well as the shape of the landscape 

(159, 163). Combining the ∆G
‡
 results with the measured rate constant kF,U = 6.15 sec

-1
 at 14.5 

pN (Table 3.2), the pre-exponential factor A0 can be determined. I obtained A0 values of 2.7×10
3
 

s
-1

, 1.8×10
6
 s

-1
  and 4.4×10

10
 s

-1
 for the above three cases respectively. Since A0 has been 
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estimated to fall into the range 10
3
~10

7
 sec

-1
 by other single-molecule experiments (117, 125, 

164), the ∆G
‡
 results from the deconvolution (6.1 kBT) and linear-cubic model (12.6 kBT) make 

more sense than the cusp model result (22.7 kBT).  

 

3.5  Conclusion 

Here using single-molecule force spectroscopy, I have studied the kinetics and folding pathway 

of P5ab RNA hairpin, which involve multiple intermediate states I1, I, and I2. The intermediate 

state I is also proven in P5ab m1 mutant. More mutational studies will further probe the hairpin 

folding pathway and the effect of loops and bulges on hairpin folding. 

I have calculated the free energy of folding for P5ab hairpin from mechanical work done on the 

molecule. Unlike the free energy measurements in bulk thermal melting experiment, which often 

assumes the denaturation of RNA as an equilibrium process, here the unfolding and refolding of 

RNA in force ramp is rigorously treated as a non-equilibrium process using JE and CFT and the 

effect of loading rate on free energy estimation is examined. In the future, it will be interesting to 

extend the applicability of these fluctuation theorems to study the thermodynamics of the 

intermediate states, for example by using the recently developed extended JE and CFT (165, 

166) which allow the initial or final state to be equilibrium between multiple states, instead of 

one stable state. 

I have also investigated the energy barrier in P5ab folding. The barrier crossing mechanism is 

found in many physical and chemical processes, such as chemical reactions (167-169), fracture 

of solids (170), antibody-antigen binding (171, 172), adhesion between cells (154, 173), and 

folding of biomolecules (174, 175). Here using the Bell’s and Dudko’s models, as well as the 

equilibrium sampling method, the barrier position and barrier height are determined. An 

important future direction is to extract the energy barrier information in more complex RNA 

molecules, such as P5ab m1 mutant, which exhibits a two-step unfolding, implying two barriers 

separating the folded state and the unfolded state. While the kinetic rate theories for energy 

landscapes involving intermediates have been recently developed (176, 177), a thorough test by 

experimental data remains to be done.  
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Chapter 4  Single-Molecule Investigation of Ligand-dependent 

Folding of preQ1 Riboswitch Aptamer 

4.1  Introduction 

Riboswitches are natural biosensors present in the 5' untranslated region of mRNA elements that 

bind small metabolites to control gene expression (6-9). The metabolites for which a riboswitch 

has been discovered range from vitamins (178-182), nucleobases (183-188), amino acids (189-

195), sugar (196), to metal ions (197, 198). A typical riboswitch consists of a metabolite-binding 

aptamer domain and an adjacent expression platform. Specific binding of a metabolite to the 

aptamer domain leads to structural rearrangements in the expression platform, which turns on or 

off the expression of downstream genes.  

In bacteria, the class I preQ1 riboswitch (hereafter referred to as preQ1 riboswitch) is the 

smallest riboswitch known to date, comprising ~35 nucleotides in the aptamer domain (186). It 

regulates the gene expression involved in biosynthesis of queuosine, a hypermodified nucleoside 

found in the anticodon wobble position of certain transfer RNAs. The riboswitch binds to preQ1 

(7-aminomethyl-7-deazaguanine), which is an intermediate in queuosine biosynthesis pathway. 

X-ray crystallography and NMR spectroscopy have determined the structures of the preQ1 

riboswitch aptamers from three different species, Bacillus subtilis (199, 200), Fusobacteria 

nucleatum (201, 202) and Thermoanaerobacter tengcongensis (203-205). In the preQ1-bound 

state, the aptamers from all three species adopt an H-type pseudoknot structure. Figure 4.1B and 

4.1C show the NMR structure of the preQ1 bound aptamer from Bacillus subtilis (200). This 

pseudoknot structure contains two stems (5 base pair P1 and 3 base pair P2) and three loops (3 nt 

L1, 6 nt L2 and 8 nt L3). The preQ1 binding pocket is stabilized by the preQ1 base quadruple 

C18-preQ1-A31-U7, with a base triple C32-G12-A17 above and a base quadruple A29-G6-C19-

A30 below (Figure 4.1D and E). The loop L3 also establishes tertiary contacts with the P1 stem 

via A24-G3 and A26-A4 hydrogen bonds. In the absence of ligand, however, the Bacillus 

subtilis and aptamer forms a stem-loop structure with an unorganized 3' adenine-rich tail (200-

202) (Figure 4.1A). 
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The dynamics of preQ1-aptamer binding has been studied for the species Fusobacteria 

nucleatum and Thermoanaerobacter tengcongensis using fluorescence spectroscopy (202) and 

surface plasmon resonance (203) respectively. The measured binding affinity and ligand on and 

off rates are shown in Table 4.1. While the binding affinity for Bacillus subtilis preQ1 riboswitch 

has been determined by in-line probing assays (Kd = 50 nM) (186), its binding kinetics has not 

been examined. Moreover, the folding dynamics of the secondary and tertiary structures in the 

preQ1 aptamer has not been characterized in real time. To that end, I studied the ligand-

dependent folding of the preQ1 riboswitch from Bacillus subtilis using optical tweezers force 

spectroscopy. Using the mechanical unfolding approach along with mutagenesis method, I 

addressed the following aims:  

Aim 1: What is the folding pathway of the pseudoknot in the aptamer? 

Aim 2: What are the kinetics and energetics of ligand binding in the aptamer folding?  

 

 

Table 4.1  Binding affinity and kinetics for preQ1 riboswitch aptamers from different species 

Species Kd (nM) kon (M
-1

·s
-1

) koff (s
-1

) 

Fusobacteria nucleatum 283 6.02 × 10
5
 0.17 

Thermoanaerobacter tengcongensis 2.05 7.77 × 10
4
 0.00015 

The above results are from references (202, 203). 
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Figure 4.1  Structures of the preQ1 aptamer from Bacillus subtilis in the absence and presence of preQ1. 

(A) Structure of the preQ1 aptamer in low preQ1 concentration. Using a 36-nt aptamer construct, NMR 

detected the P1A hairpin structure. However, using a 34-nt construct (with 2 fewer G’s at the 5' end), the 

aptamer structure becomes the P1 hairpin. In our single-molecule study, we used a 35-nt construct with 

only 1 G at the 5' end. The numbering of the nucleotide sequence is based on our 35-nt construct. 

(B) The pseudoknot structure formed in the 36-nt aptamer at high preQ1 concentration. The 34-nt aptamer 

forms a similar pseudoknot structure at the same condition.  

(C) Stick representation of the preQ1 bound pseudoknot structure for the 36-nt aptamer, as determined by 

NMR. (D) Stick representation of the three layers of hydrogen bonding in the preQ1 binding pocket. The 

middle layer of hydrogen bond network, which involves the ligand preQ1, is shown in (E). 

This figure is adapted from reference (200).  
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4.2  Materials and Methods 

4.2.1  RNA constructs and reagents 

The RNA constructs (preQ1 aptamer and mutants m1-m4) for single molecule studies were 

generated as described in Chapter 2. The ligand preQ1 was generously provided by Dr. Marc 

Greenberg lab in John Hopkins University. A stock solution of 2 mM preQ1 was made in H2O. 

The ligand 2,6-diaminopurine (DAP) was purchased from Sigma Aldrich. A stock solution of 10 

mM DAP was made in H2O. Similar to Chapter 3, Tris buffer and NaCl were purchased from 

Sigma-Aldrich, and MgCl2 was purchased from EMD. The beads were purchased from 

Spherotech. 

 

4.2.2  Piecewise-constant analysis of constant-force traces 

In order to study distinct states in the extension vs. time traces (Figure 4.7), I performed the 

piecewise-constant analysis that has been developed by an undergraduate researcher Ben Plaut in 

our lab. The algorithm consists of the following two steps: 

(i) The background noise of the trajectory was reduced by applying the appropriate filter 

developed by Chung and Kennedy (206). This filter has the advantage of preserving the edges of 

abrupt transitions. The following parameters were used: windows sizes of 2, 4, 8, 16, 32 points 

for calculating the forward and backward predictors, M=10 points, weighting factor p=100, and 

the number of iterations is 3. 

(ii) Transitions are assigned to the smoothed trace if the extension change is greater than a cutoff 

distance d = 0.8 nm. Each dwell time was assigned a constant extension value, calculated as the 

mean extension in that segment.  
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4.3 Results 

4.3.1  Ligand-induced conformational changes of the aptamer 

At first, I examined the unfolding and refolding characteristics of the preQ1 aptamer in the 

absence and presence of the ligand. In the optical trapping setup (see Figure 2.2 in Chapter 2), 

the 35-nucleotide preQ1 aptamer RNA is flanked by two DNA/RNA hybrid handles (each with 

~550 base pairs) and held between a micropipette bead and a trapped bead. Experiments were 

carried out at 25 °C in a physiological buffer condition containing 10 mM Tris, pH 7.5, 250 mM 

NaCl, and 3 mM MgCl2, with varying ligand concentrations. I subjected the aptamer RNA to 

multiple pull-relax force-ramp cycles between 1 pN and 30 pN. The unfolding patterns of the 

aptamer in the absence and presence of preQ1 were found to be different (Figure 4.2). In the 

absence of preQ1, the aptamer unfolds at force 9.30 ± 0.96 pN (mean ± standard deviation, same 

below) with an extension of 9.09 ± 0.51 nm. In the presence of 200 nM preQ1, the aptamer 

unfolds at force 21.6 ± 3.1 pN with an extension of 14.7 ± 1.2 nm (Figure 4.3). When the preQ1 

concentration in the buffer was further increased to 1 M preQ1, the aptamer unfolds at force 

22.4 ± 2.9 pN with an extension of 15.2 ± 1.9 nm. 

Using the mWLC model, the number of nucleotides opened upon unfolding are assigned to the 

transitions. In the absence of preQ1, the unfolding distance corresponds to 24 ± 2 nucleotides, 

suggesting opening of either the P1A or the P1 hairpin structure, both comprising 22 nucleotides 

(Figure 4.1A). These two hairpin structures have almost similar thermodynamic stability as 

evaluated by Mfold (∆GP1A = - 4.40 kcal/mol, and ∆GP1 = - 4.80 kcal/mol). In the 200 nM preQ1 

and 1 M preQ1 conditions, the unfolding distances correspond to 32 ± 3 nucleotides and 33 ± 4 

nucleotides respectively, both suggesting opening of the 33-nucleotide pseudoknot structure 

(Figure 4.3B). Thus, in the presence of preQ1 the aptamer forms possibly a pseudoknot structure.  
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Figure 4.2  Pull-relax cycles for the preQ1 aptamer at various preQ1 concentrations. 

 (From left to right) Consecutive force-ramp cycles for the preQ1 aptamer construct in the presence of 0, 

200 nM, and 1 M preQ1. The RNA was subjected to multiple rounds of pull-relax cycles from 1- 30 pN 

with pulling speed of 200 nm/sec.  

 

           

Figure 4.3  Unfolding force and distance distributions for preQ1 aptamer in 200 nM preQ1. 

Distributions of (A) unfolding force and (B) unfolding distance observed for preQ1 aptamer pulled in 200 

nM preQ1 in force ramp experiments. Data is representative of 110 pull-relax cycles on 14 independent 

molecules. 
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Figure 4.4  Effect of ligand DAP on preQ1 aptamer in pull-relax cycles. 

(A) In the hydrogen bonding network of preQ1, replacement of preQ1 with an analog ligand DAP leads to 

impairment of two hydrogen bonds with C18. (B) Consecutive force-ramp cycles for the preQ1 aptamer 

construct in the presence 200 M DAP.  

 

 

In order to probe whether the aptamer shows a similar unfolding trajectory in the presence of 

related preQ1 analogs, I subjected the aptamer to the pulling assays in the presence of 2,6-

diaminopurine (DAP). DAP differs from preQ1 at three positions: the absence of one hydrogen 

atom at position 1, the presence of one amine group at position 6, and the absence of one 

methylamine group at position 7 (Figure 4.4A). As a result, the replacement of DAP in the preQ1 
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base quadruple interaction C18-preQ1-A31-U7 leads to impairment of two hydrogen bonds 

between the ligand and C18. Previous equilibrium dialysis studies (186) showed that the 

dissociation constant Kd for DAP is > 100 M, which is much higher than that of preQ1 (Kd=50 

nM). Using 200 M DAP in our single-molecule assay (Figure 4.4B), the preQ1 aptamer showed 

an unfolding force 24.1 ± 4.2 pN and a distance 14.83 ± 0.90 nm, similar to the preQ1 results, 

indicating that DAP also binds to the aptamer to form a pseudoknot structure.  

 

4.3.2  Kinetics and pathways of ligand-dependent aptamer folding 

To look into the folding pathways of the aptamer, I first examined the refolding cycles on the 

FECs (Figure 4.2). In the presence of 200 nM preQ1, the aptamer hops around 8.40 ± 0.98 pN 

until it folds to its initial state. However, when the concentration of preQ1 is increased to 1 M, 

hopping is reduced (Figure 4.2), suggesting a ligand based concentration dependence of the 

hopping.  In order to better resolve the folding transitions of the preQ1 aptamer, I carried out 

constant-force (CF) experiments. By monitoring the extension versus time traces, I can closely 

examine the equilibrium transitions between various conformational states of the aptamer.       

 

 CF measurements in the absence of ligand 

In the absence of ligand, when held at 9.5 pN, the aptamer RNA hops back and forth with a 

distance of 8.86 ± 0.88 nm (Figure 4.5A and B), corresponding to the opening and closing of the 

22-nucleotide hairpin consistent with the force-ramp measurements. Thus the folding pathway 

proceeds from the unfolded (U) state to the hairpin (HP) state, i.e. 

 

To measure the folding and unfolding rates, I partitioned each trace into two states using the 

threshold method. The rate constants were calculated from the dwell times as follows: 

      𝑘𝐻𝑃,𝑈 =
1

〈𝜏𝐻𝑃,𝑈〉
    (Eq. 4.1) 
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      𝑘𝑈,𝐻𝑃 =
1

〈𝜏𝑈,𝐻𝑃〉
    (Eq. 4.2) 

As expected, the rate of hairpin unfolding decreases when force is lowered, as shown in Table 

4.2. 

 

 

 

Figure 4.5  Constant force measurement of preQ1 aptamer in the absence of ligand. 

(A) Constant force trace for the preQ1 aptamer at 9.5 pN in the absence of ligand. Examples of 

the dwell times 𝜏𝐻𝑃,𝑈 and 𝜏𝑈,𝐻𝑃 are indicated in the trace. (B) Distribution of the hopping 

distance, analyzed from a 40-second CF trace shown in (A), with mean and standard deviation of 

8.86 ± 0.88 nm. The Gaussian fitted mean is 8.81 ± 0.02 nm. 

 

 

Table 4.2  preQ1 aptamer transition rates in the absence of preQ1 

Force (pN) kunfolding (HP→U) (s
-1

) kfolding (U→HP) (s
-1

) 

10 48.5 ± 2.5 3.51 ± 0.21 

9.5 39.2 ± 1.2 6.85 ± 0.27 

9 25.77 ± 0.76 13.70 ± 0.40 

8.5 18.13 ± 0.48 23.27 ± 0.60 

Data represents mean ± standard error, measured from 12 CF traces of 3 molecules. 
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 CF measurements in the presence of preQ1 

In the presence of 200 nM preQ1, the constant-force trace exhibits a combination of slow and 

fast kinetics at force 9.5 pN (Figure 4.6A). In the slow kinetics region, these rapid fluctuations 

are suppressed, suggesting the stabilization of the aptamer structure through preQ1 binding. In 

the presence of preQ1, the extension distribution from 6 CF traces in 6 molecules showed two 

major folding distances 8.06 nm and 11.31 nm (Figure 4.6B), corresponding to 22 nucleotides 

and 33 nucleotides, which suggest the folding of hairpin (HP) and pseudoknot (PK) structures 

respectively. The PK state can be converted from HP state, or directly from U state, as seen in 

Figure 4.6A. Thus, the folding pathway of the aptamer in the presence of preQ1 can be written 

as: 

 

Based on the dwell time identifications as exemplified in Figure 4.6A, the hairpin and 

pseudoknot transition kinetics can be calculated. These rate constants measured at various 

constant forces are summarized in Table 4.3. At 9.5 pN, the hairpin folding rate kU,HP is 6.4 sec
-1

 

and unfolding rate kHP,U is 41.7 sec
-1

 respectively, whereas the PK folding rate kPK,f is 0.04 sec
-1

 

and unfolding rate kPK,u is 0.08 sec
-1

. The hairpin folding and unfolding rates are similar to those 

in the absence of ligand (Table 4.2), suggesting the HP state is not much affected by the ligand 

preQ1. The unfolding of the pseudoknot state is indicative of ligand dissociation, as it bears a 

similar rate (kPK,u = 0.080 ± 0.014 sec
-1

) to the off rate of preQ1, previously measured in the F. 

nucleatum preQ1 aptamer (koff = 0.17 sec
-1

, Table 4.1) using fluorescence spectroscopy (202).  

To examine the concentration dependence of the binding kinetics, the aptamer was also pulled at 

50 nM preQ1 and 1 M preQ1. In the presence of 50 nM preQ1, only 56.8% of the force ramp 

traces show the ligand-bound unfolding signature. This percentage is much less than percentages 

for 200 nM preQ1 (91.3%) and 1 M preQ1 (95.2%) conditions, suggesting higher preQ1 

concentration promotes the ligand binding to the aptamer. Not surprisingly, in CF measurements, 

the PK folding rate kPK,f increases with the preQ1 concentration, whereas the PK unfolding rate 

kPK,u is relatively insensitive to the ligand concentration (Table 4.4).  
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Figure 4.6  Constant force measurement of preQ1 aptamer in the presence of 200 nM preQ1. 

(A) Constant force trace (gray, blue and red: 4 kHz trace; black: 300 point moving averaged) for the 

preQ1 aptamer at 9.5 pN in the presence of 200 nM preQ1. (B) Population histograms showing the 

extension values of three major states, i.e. unfolded state, hairpin, and pseudoknot. The distribution is 

representative of 6 CF traces at 9.5 pN from 6 molecules. 



84 

 

Table 4.3  preQ1 aptamer transition rates in the presence of 200 nM preQ1 

Force (pN) kHP,U (s
-1

) kU,HP (s
-1

) kPK,u (s
-1

) kPK,f (s
-1

) 

10 55.8 ± 1.2 3.26 ± 0.08 0.079 ± 0.017 0.038 ± 0.009 

9.5 41.73 ± 0.85 6.42 ± 0.16 0.080 ± 0.014 0.130 ± 0.019 

9 29.47 ± 0.65 13.20 ± 0.31 0.076 ± 0.011 0.249 ± 0.036 

8.5 18.68 ± 0.59 24.20 ± 0.63 0.083 ± 0.011 0.540 ± 0.068 

Data represents mean ± standard error, measured from 24 CF traces of 6 molecules.  

 

 

Table 4.4  Ligand concentration dependence of pseudoknot unfolding and folding rates 

Force (pN) preQ1 concentration (nM) kPK,u (s
-1

) kPK,f (s
-1

) 

9.5 

50 0.100 ± 0.019 0.043 ± 0.014 

200 0.080 ± 0.014 0.130 ± 0.019 

1000 0.077 ± 0.012 0.223 ± 0.074 

9 

50 0.084 ± 0.013 0.100 ± 0.013 

200 0.076 ± 0.011 0.249 ± 0.036 

1000 0.075 ± 0.017 0.34 ± 0.15 

Data represents mean ± standard error, measured from 6 molecules (50 nM preQ1), 6 molecules (200 nM 

preQ1) and 4 molecules (1 M preQ1). 

 

 

In the presence of 200 nM preQ1, close inspection of the constant-force traces revealed that the 

aptamer hops between more than U, HP and PK states (Figure 4.7). Specifically, a state with an 

additional folding distance of 1-2 nm from the HP state was observed, implying that the 3' A-rich 

tail forms tertiary contacts (TC) with the hairpin stem. This TC intermediate allows the aptamer 

to efficiently bind ligands since it acts as a precursor towards the PK state. 
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Figure 4.7  Piecewise-constant analysis of preQ1 aptamer CF trace at 9.5 pN. 

(A) Piecewise-constant analysis (red) of a typical constant-force trace (black) at 9.5 pN and (B) the 

corresponding extension histogram. Besides the major populations of U (11.5 nm) and HP (3 nm), a state 

with 1-2 nm folding distance from HP is observed, indicating tertiary contacts between HP and the 3' A-

rich tail of the aptamer. The PK state is omitted in this histogram. 

 

 

 CF measurements in the presence of DAP 

To further test the folding pathway, I also investigated the aptamer folding in the presence of the 

ligand DAP under constant forces. As shown in Figure 4.8A, with 200 M DAP present, the 

aptamer hops between the folded and the unfolded states at 11 pN with a distance of 12.0 ± 1.0 

nm (Figure 4.8B), corresponding to 30 ± 3 nt, which suggests the formation of the PK structure. 
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Further inspection revealed another folding distance ~8 nm, indicating the HP state (Figure 

4.8C). Thus the aptamer undergoes a ligand-dependent folding pathway in the presence of DAP.  

  

 

 

 

Figure 4.8  Constant-force measurement of preQ1 aptamer in the presence of 200 M DAP.  

(A) A single preQ1 aptamer is held at a constant force of 11 pN, with the molecule hopping between the 

folded and the unfolded states. (B) Extension distribution for the folded (red) and the unfolded (blue) 

states. The peak centers on the Gaussian fitted curves for the folded and unfolded states are 0.144 ± 0.009 

nm and 11.92 ± 0.03 nm as indicated. The data is representative of 6 molecules, with the bin size of 0.4 

nm and a mean unfolding distance of 12.0 ± 1.0 nm, thus suggesting the unfolding of the pseudoknot 

structure at 11.0 pN in the presence of 200 M DAP concentrations. (C) Two close-up views of the trace 

in Figure 4.8A. The arrows indicate the folding events with a folding distance around 8 nm, suggesting 

formation of the hairpin structure. 
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4.3.3  Mutational analysis of the preQ1 aptamer 

Next, I designed four aptamer mutants in order to investigate the folding pathways of the 

pseudoknot structure.  

In mutant m1, I replaced the A2-U21 base pair in the P1A stem with a G-C base pair, thus 

making P1A hairpin more stable. This is to test whether P1A hairpin alone is capable of ligand 

binding. Thus, the mutation stabilizes P1A while destabilizing the P1 hairpin. The theoretical 

stability for P1A by Mfold becomes ∆GP1A = - 6.50 kcal/mol. The P1 hairpin becomes unstable 

due to A4-C21 mismatch and G2-U23 wobble pair (Figure 4.9A). As C18 base pairs with G5 in 

the P1A hairpin, the ligand is unable to bind. Hence, we did not observe binding in the FECs 

(Figure 4.9B). At 9.5 pN, the hopping distance is 8.65 ± 0.72 nm at a saturating 1 M preQ1 

concentration (Figure 4.9D), suggesting the formation of only the hairpin (P1A) structure. Thus 

the results show that P1A hairpin is incapable to bind preQ1.  

In mutant m2, I replaced C18 with a uracil. This mutation was investigated in previous in-line 

probing studies to test the role of C18 in preQ1 binding specificity (186). The hydrogen bonding 

between preQ1 and U18 in the base quadruple interaction is disrupted (Figure 4.10C). Hence, m2 

aptamer does not show a binding signature at 1 M preQ1 (Figure 4.10B).The characteristic 

hopping at 9.5 pN showed a distance of 8.70 ± 0.59 nm (Figure 4.10E), suggesting the hairpin 

structure. On the other hand, the ligand DAP binds the m2 aptamer at 200 M concentration as 

evidenced by higher unfolding force (Figure 4.10B) and longer force hopping distance of 11.41 ± 

0.57 nm at 9.5 pN, confirming the pseudoknot state is formed (Figure 4.10F). The binding 

capability of DAP is probably due to its potential of forming three hydrogen bonds with U18 

(Figure 4.10D). A similar observation was made in the in-line probing assays wherein, preQ1 

binding was abolished and DAP showed a binding with the aptamer with Kd > 300 M (186).  
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Figure 4.9  Force ramp and constant force measurements on m1 mutant. 

(A) Mutated bases in m1 mutant. (B) Force ramp trace of m1 in 1 M preQ1 condition. (C) Constant 

force trace and (D) distance distribution of m1 in 1 M preQ1 at 9.5 pN. The mean distance is 8.65 ± 0.72 

nm, with peak center at 8.63 ± 0.02 nm. 
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Figure 4.10  Force ramp and constant force measurements on m2 mutant. 

(A) Mutated bases in m2 mutant. (B) Typical force ramp traces of m2 in various ligand conditions. (C) 

Impairment of two hydrogen bonds between preQ1 and U18 in mutant m2. (D) Restoration of three 

hydrogen bonds between DAP and U18 in mutant m2. (E) Constant force trace of m2 in the presence of 1 

M preQ1 at 9.5 pN. (F) Constant force trace of m2 in the presence of 200 M DAP at 9.5 pN. 

 

 

Next, in mutant m3, I replaced A4-U21 base pair in the P1 stem with a G-C base pair (Figure 

4.11A). This stabilized the P1 hairpin (∆GP1 = - 6.90 kcal/mol as predicted by Mfold) while 

maintaining the ligand binding capability of the aptamer. We expected to observe higher 

unfolding force for the hairpin and slower hairpin hopping kinetics, due to the stable hairpin in 

m3.   

In the absence of ligand, the unfolding and refolding cycles of m3 are almost reversible (Figure 

4.11B). The average unfolding force is 11.9 ± 1.3 pN (98 FECs, 9 molecules). Upon addition of 

200 nM preQ1 in the solution, no obvious change of the unfolding pattern was observed (Figure 

4.11B). M3 aptamer only starts to show a preQ1 binding phenotype at concentrations greater 

than 1 M. When 10 M preQ1 was supplied in the buffer, a much higher unfolding force 20.2 ± 

4.6 pN (94 FECs, 7 molecules) was observed (Figure 4.11B), indicating a ligand bound 

conformation. This also suggests that m3 is a poor binder, compared to the wild type aptamer 

which shows binding in 200 nM preQ1. Such a change in binding affinity is possibly due to the 

alterations in the P1-L3 tertiary interaction.  

When held at constant force of 12 pN in the absence of ligand, m3 hops back and forth with a 

distance of 8.58 ± 0.59 nm, suggesting the formation of the hairpin structure (Figure 4.11C and 

D). In the presence of 10 M preQ1 at 12 pN, m3 showed folding events of both hairpin and 

pseudoknot (Figure 4.11E and F). In the CF trace hopping is restricted within 8.19 ± 0.60 nm, 

which corresponds to the opening and closing of the hairpin. An extra gain of folding distance 

4.20 ± 0.60 nm was observed, indicating the ligand induced formation of the pseudoknot 

structure (Figure 4.11G). Thus, the mutant m3 proves the proposed folding pathways for the 

aptamer, with kinetic rates shown in Table 4.5.  
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Figure 4.11  Force ramp and constant force measurements on m3 mutant. 

(A) Mutated bases in m3 mutant. 

(B) (From left to right) Typical FECs for m3 in the absence of ligand, in 200 nM preQ1 and in 10 M 

preQ1. The ligand binds at 10 M preQ1, as evidenced by the higher unfolding force.  

(C) Constant force trace of m3 at 12 pN in the absence of preQ1. The corresponding hopping distance is 

shown in (D). The Gaussian fitted mean distance is 8.55 nm. 

(E)(F) Constant force trace of m3 at 12 pN in the presence of 10 M preQ1. The corresponding hopping 

distance distributions are shown in (G), where the Gaussian fitted mean distances for HP and PK are 8.18 

nm and 12.38 nm respectively. 

 

 

Table 4.5  m3 mutant transition rates in the presence of 10 M preQ1 

Force (pN) kHP,U (s
-1

) kU,HP (s
-1

) kPK,u (s
-1

) kPK,f (s
-1

) 

12.5 8.09 ± 0.30 2.68 ± 0.10 0.072 ± 0.025 0.023 ± 0.009 

12 6.12 ± 0.11 5.22 ± 0.10 0.078 ± 0.012 0.034 ± 0.006 

11.5 4.72 ± 0.10 9.05 ± 0.19 0.075 ± 0.012 0.044 ± 0.008 

11 3.51 ± 0.14 15.87 ± 0.55 0.098 ± 0.018 0.097 ± 0.019 

Data represents mean ± standard error, measured from 21 CF traces of 6 molecules. 

 

 

Finally, in mutant m4, C32 and C33 were changed to two A’s (Figure 4.12A). As a result, the P2 

stem and its associated base triple C32-G12-A17 in the binding pocket are disrupted. As shown 

in Figure 4.12B, mutant m4 does not show a binding signature in the unfolding FEC in 1 M 

preQ1 containing buffer. The mutant m4 hops at 9.5 pN with a distance of 8.58 ± 0.48 nm 

(Figure 4.12C and D), similar to the wild type in ligand-free condition. This mutant proved that 

the base pair formation in P2 stem is a prerequisite for preQ1 binding and pseudoknot folding of 

the aptamer, which is consistent with the NMR and mutagenesis study by (201).  
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Figure 4.12  Force ramp and constant force measurements on m4 mutant. 

(A) Mutated bases in m4 mutant. (B) Force ramp trace of m4 in saturating preQ1 condition. (C) Constant 

force trace and (D) distance distribution of m4 in 1 M preQ1 at 9.5 pN. The mean distance is 8.58 ± 0.48 

nm, with peak center at 8.59 ± 0.01 nm. 
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4.3.4  Free energy landscapes of ligand-dependent aptamer folding 

Having characterized the folding pathway and kinetics of the preQ1 aptamer, I then looked into 

the energetics of the ligand-dependent aptamer folding to develop a free energy landscape using 

the equilibrium sampling method. As observed in Chapter 3, a free energy landscape developed 

from single-molecule assays contains detailed information on energy barriers between the 

different conformational states.  

The energy landscape for the wild type aptamer was constructed at 9.5 pN in the absence and 

presence of ligand. In the absence of ligand, the extension probability distribution shows two 

major populations (U and HP), while in the presence of 200 nM preQ1 the plot shows three 

populations namely U, HP, and PK (Figure 4.13A and C). The resulting energy landscapes are 

shown in Figure 4.13B and D, which represent the averaged energy surfaces obtained from the 

same molecule at three different forces (10 pN, 9.5 pN and 9 pN). The standard deviation 

between the energy surfaces is around 1 kBT. In the absence of ligand, the HP↔U transition 

shows a barrier of ∆G
‡

HP,U = 2 kBT. In the presence of ligand, the barrier between HP and U is 

similar ∆G
‡

HP,U = 3 kBT. The folding from HP to PK, which depends on ligand binding, exhibits 

an energy barrier of ∆G
‡

HP,PK = 3.2 kBT. The energy landscapes for m3 (Figure 4.13F and H) 

were computed at 12 pN, at which the HP and U are close to equilibrium. In both the ligand-free 

and 10 M preQ1 conditions, the barrier height between HP and U is around 6 kBT, twice of that 

of the wild type aptamer, indicating that a single G-C base pair replacement results in a stronger 

stem-loop conformation and a higher barrier for unfolding. The folding barrier from HP to PK, 

∆G
‡

HP,PK = 7.4 kBT, was also larger than that of the wild type. This suggests that ligand 

association is slower in m3 and thus m3 is a poorer binder than wild type. 
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Figure 4.13  Free energy landscapes of preQ1 wild type aptamer and m3 mutant. 

(A) Extension probability deconvolution for preQ1 aptamer at 9.5 pN in the absence of ligand. The 

measured extension distribution (blue) is deconvoluted (red) to remove the effects of thermal fluctuations 

of beads and handles. The residual error is plotted as the black dashed line. 

(B) Free energy landscape for preQ1 aptamer at 9.5 pN in the absence of ligand. The solid curve represent 

the averaged landscape from three force measurements (10 pN, 9.5 pN and 9 pN), while the shaded area 

indicates ± one standard deviation margin. The barrier top is aligned at 0 kBT. 

(C) (D) Same as (A)(B) except that they represent results for wild type aptamer in the presence of 200 nM 

preQ1. 

(E) Extension probability deconvolution for m3 mutant at 12 pN in the absence of preQ1. 

(F) Free energy landscape for m3 at 12 pN in the absence of preQ1. The solid curve represent the 

averaged landscape from three force measurements (12.5 pN, 12 pN, and 11.5 pN), while the shaded area 

indicates the margin of one standard deviation. The barrier top is aligned at 0 kBT. 

(G)(H) Same as (E)(F) except that they represent results for m3 in the presence of 10 M preQ1. 
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4.4  Discussion 

In this work, I have applied single-molecule optical tweezers assays to characterize pseudoknot 

folding in preQ1 riboswitch. The folding of a pseudoknot, in general, is an intriguing subject 

under extensive study. Besides its functional importance in translational repression (38-40), 

ribosomal frameshifting (41-44), activity of ribozyme (207, 208) and telomerase (45), and 

riboswitches of preQ1 (186), class II S-adenosylmethionine (195), and S-adenosylhomocysteine 

(209), it also provides an excellent model system for studying complex RNA structures involving 

the interplay between secondary and tertiary interactions, non-canonical base pairs, triplexes, 

coaxial stacking, and sharp turns. Although different topologies of pseudoknots exist (210), the 

most common and best characterized is the H-type, in which the bases in the hairpin loop base-

pairs with the single-stranded region outside of the stem.  

The folding thermodynamics of the H-type pseudoknot RNAs in human telomerase, retroviruses 

bacteriophages, and bacterial operons has been studied by thermal melting, chemical and 

enzymatic probing, and calorimetry (45, 211-219). Recently, developments in single-molecule 

techniques have further facilitated the study of unfolding/folding dynamics of biomolecules. 

Mechanical unfolding studies of pseudoknots by optical tweezers found that the frameshifting 

efficiency could be related to the mechanical stability or formation of alternative structures (220-

223). Mg
2+

 ion has been found to stabilize pseudoknot structure, as observed in optical tweezers 

(223) and FRET experiment (224). Optical tweezers experiment on the pseudoknot RNA in 

human telomerase indicated a hairpin intermediate during its folding at force below 10 pN (225). 

Many molecular dynamics (MD) simulation studies have also shed light on the folding pathways 

of pseudoknot (226-230). A recent MD study proposed that the relative stabilities of the helical 

stems (P1 and P2) are the main determinant of the folding pathways of H-type pseudoknots 

(228). If there is sufficient difference in the stability of the two stems, the relatively more stable 

one forms first. Otherwise, parallel folding pathways could exist for both stems. In the preQ1 

aptamer, the 5-bp P1 stem is much more stable than the 3-bp P2 (∆∆G = -6.5 kcal/mol predicted 

by Mfold) (Figure 4.14). Thus, it is not surprising that P1 folds before P2. It is notable that in the 

preQ1 riboswitch, the binding of ligand adds another dimension to the folding of pseudoknot. 

Thus, there is a ligand concentration dependence on the PK folding kinetics (Table 4.4). 
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Figure 4.14  Comparison of the stabilities of P1 stem and P2 stem. 

Both stems are connected by a GCAA tetraloop, and then evaluated by Mfold. 

 

 

4.5  Conclusion 

In this chapter, I have dissected the folding pathways of the aptamer domain in preQ1 riboswitch 

by single-molecule force spectroscopy and mutational methods. The pseudoknot structure of the 

aptamer is found to fold through a hairpin intermediate and require the binding of ligand, with 

kinetics dependent on ligand concentrations. In the future, the thermodynamics of ligand binding 

will be more extensively investigated. As shown in Chapter 3, using fluctuation theorems such as 

JE and CFT, the free energy change can be computed from work done along FECs. Here, by 

computing the work done for ligand-free and ligand-bound FECs (Figure 4.2), I can calculate the 

ligand binding free energy as the difference between the two cases. This binding free energy can 

also be compared with results measured from bulk experiments such as isothermal titration 

calorimetry.  

Although the kinetics for aptamer folding and ligand binding are determined in this study, the 

interplay between the aptamer and the downstream expression platform needs to be further 

examined in order to elucidate the riboswitch control mechanism. To that end, the current single-

molecule study needs to be extended to the full-length riboswitch. Previous phylogenic analysis 

of the full-length preQ1 riboswitch sequence predicted the structures of an anti-terminator and a 

terminator in the expression platform (186, 199, 200) (Figure 4.15). The single-molecule study 

will measure the real-time transitions of the full-length riboswitch between these alternative 

structures and help understand the switching mechanism. 
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Figure 4.15  Phylogenic analysis predicts the anti-terminator and the terminator structures in the full-

length B. subtilis preQ1 riboswitch. This figure is adapted from reference (200). 

 

 

In this thesis, using optical tweezers, which enables measurement of RNA folding dynamics in 

real time and at the single-molecule level, I have characterized the folding of an RNA hairpin 

and a pseudoknot, which suggest that the RNA folding pathway is complex, involving multiple 

intermediates even for the most basic secondary structures. An important future direction is to 

study the folding of RNA during transcription, which is more relevant to in vivo conditions. 

Single-molecule study of co-transcriptional folding of structured RNAs, such as ribozymes and 

riboswitches, will be critical for understanding their functions.  
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