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ABSTRACT 

Our main research project is to develop an experimental system to understand the ri-

bosomes as molecular motors. For this purpose, we designed and developed the single 

molecule ribosome motility assay. In this thesis, we discuss the related steps which we 

have taken to develop this assay: the instrumentation and four experiments. In the 

introduction, we illustrate the current experimental scheme and show the preliminary 

data of the single molecule ribosome translation. 

In the first two chapters, we discuss two interesting experiments dealing with 

stochastic problems. In the first chapter, we introduce the idea that the noise can be 

reduced in certain conditions. We show that the noise can be really reduced but only 

if added fluctuations have to drive the input into states with reduced intrinsic noise. 

In the second chapter, we investigate two-state processes experimentally using a sim

ple physical system in which a microscopic bead is trapped in a double-well potential. 

We discuss how we can control the characteristics of the escape process by adding a 

periodic force and illustrate the characteristics in terms of the residence time distribu

tion and the escape phase. As last two chapters, we discuss the elastic and structural 

properties of homopolymeric RNA, polyadenylic acids (poly(A)), polycytidylic acids 

(poly(C)), and polyuridylic acids (poly(U)). First, we investigate the elastic property 

of poly(U) as a random coil. We find that the force-extension data is well predicted 

by a classic worm-like chain model at high Na"^ concentrations, whereas at low such 

concentrations the introduction of a scale-dependent persistence length is required. 

As single-stranded helices, poly(A) and poly(C) are studied. We stretch the molecules 

to induce the conformational transition from folded states to unfolded states and use 

the elastically coupled two-state model to acquire their structural information (about 

9 bases per turn and 8 bases per turn, for poly(A) and poly(C) respectively, at neutral 

pH and 500 mM [Na"^]) and the free energy difiterences between two states (20 pN-nm 
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for poly(A) and 17.5 pN-nm for poly(C)). 
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Chapter 1 

INTRODUCTION 

The 'central dogma' of molecular biology introduced by Francis Crick [1] more 

than 40 years ago describes the flow of genetic information from DNA via RNA to 

protein, and constitutes a molecular synthesis sequence that is essential to life. Na

ture has provided a wide variety of specialized molecular machines that drive each 

step in this sequence. DNA polymerases, RNA polymerases and ribosomes are the 

engines driving DNA replication, RNA transcription and protein synthesis (transla

tion), respectively [2]. In addition, there are molecules that manipulate or degrade 

DNA or RNA, such as helicases, topoisomerases, gyrases and nucleases [2]. Many of 

these molecules convert chemical energy into mechanical work and are able to move 

along their substrates (DNA or RNA). They can be viewed as molecular motors, in 

much the same way as the better known motor proteins myosin or kinesin. Years of 

research in biochemistry and structural biology have led to important insights about 

the mechanisms of these motor enzymes, but have provided limited understanding of 

how they work as molecular motors, and how chemistry and mechanics are coupled 

to produce enzyme movements. Single molecule techniques designed to probe the 

actions of individual motor molecules are now available to try to answer such ques

tions. Atomic force microscopy, single molecule fluorescence microscopy, and optical 

tweezers have made it possible to image individual molecular motors and/or measure 

the displacements, velocities, and forces they produce [3-7]. In particular, optical 

tweezers have proven useful for studying molecular motors, because the forces they 

produce are of the same order of magnitude (pN) as those exerted by these enzymes. 

Using these techniques, the mechanical step sizes of individual myosin (~5 nm) [8] 

and kinesin (~8 nm) [9, 10] molecules have been measured. DNA polymerase, RNA 
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polymerase, and other enzymes using DNA or RNA as their templates also have been 

studied [3-5, 7]. On the other hand, the ribosome driven protein synthesis which links 

genotype and phenotype has not been paid much attention. The ribosome movement 

associated with the translation-elongation cycle might well be one of the most an

cient and fundamental in biology, since ribosome structure and mechanism are so well 

conserved among all known forms of life. The main research focus in the laboratory 

is to probe these movements of a single ribosome along its mRNA template and to 

investigate how ribosomes work as molecular motors and protein-making machines. 

In this introduction, we explain the biological background of ribosome directed 

protein synthesis and present the first prehminary data of ribosome movements. In 

addition, we illustrate the instrumentation specifically designed and developed for 

this purpose. 

1.1 Principle of protein synthesis 

During the process of protein synthesis, a ribosome carries out a number of intricate 

tasks. It facilitates the binding of factors (proteins) that initiate or terminate protein 

synthesis. In the elongation and translocation steps, it selects and binds transfer RNA 

(tRNA) carrying an amino acid in accordance with the codon sequence of messenger 

RNA (mRNA). It forms the peptide bonds, piecing together the amino acids that 

make up the protein. It subsequently moves the tRNA and associated mRNA, while 

maintaining the reading frame and ratcheting itself along mRNA molecule. Until 

a stop codon is reached, ribosome repeats this translocation and elongation step. 

A more detailed, but still oversimplified model of this translation-elongation cycle 

is illustrated in Fig. 1.1. In keeping with this complex set of tasks, the ribosome 

structure is equally complex. For example, the bacterial ribosome contains over 50 

different proteins and 3 ribosomal RNA (rRNA) molecules with total length of more 

than 4500 nucleotides. These three rRNAs molecules make up more than half of 
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FIGURE 1.1. The translocation elongation cycle. The ribosome has 3 binding sites 
for tRNA, which are partitioned between the 303 and 50S subunits: an aminoacyl or 
A site; a peptidyl or P site; and the exit or E site. At the start of a cycle, a peptidyl 
tRNA carrying the polypeptide polymerized so far, is bound at the P site. Aminoacyl 
tRNA, which carries the next amino acid, is presented and binds at the A-site as a 
complex with elongation factor Tu (EF-Tu) and GTP. After codon recognition, GTP 
hydrolysis and dissociation of EF-Tu-GDP, the peptide bond is formed, which results 
in a peptidyl tRNA in the A-site and a deacylated tRNA in the P-site. The subsequent 
translocation step is catalyzed by another GTPase, elongation factor G (EF-G), and 
completes the cycle by moving peptidyl tRNA to the P site, and deacylated tRNA to 
the E site. During the translocation step, the mRNA is carried along by its associated 
tRNA, thereby effectively 'ratcheting' the ribosome into 5' to 3' direction along the 
mRNA molecule. 

the weight of the ribosome, ~2.5 MDa. Bacterial ribosomes have two distinct and 

recognizable subunits: a small 30S and a large 50S (eukaryotic ribosomes are a little 

more complex and heavier, composed of a 40S small and a 60S large subunits). The 

30S subunit essentially binds mRNA and the anti-codon end of tRNA, while 508 

subunit interacts with the CGA-end of tRNA and catalyzes peptide bond formation. 

The kinetics of the translocation-elongation cycle has been elucidated by steady-state 

and transient kinetics studies [11]. However, due to the complexity of its structure 

and mechanism, it is not clear which of many components or associated factors make 

up the motor or engine driving the translocation step. Several models have been 

proposed to describe these complex steps, and yet they are still short of describing 

the complete picture of the translocation and elongation process [12-14]. Single-



20 

3'-end ofmR"* 
is attached t( 
via Dig & Am Trap center 

Ribosome 
immobilized to a surface 
via Streptavin-binding 
aptamer & Streptavidin 
interaction 

FIGURE 1.2. The geometry of the ribosome single molecule assay: the 5'-end of 
mRNA is tethered to the ribosome immobilized on the surface and its 3'-end is at
tached to the optically trapped polystyrene bead. 6 specifies the angle between mRNA 
and the surface. 

molecule techniques have been used to measure directly the elementary events of 

production of force and displacement by molecular motors [3, 6, 7, 15-17], helping 

to elucidate their properties and mechanisms. Since the movement of the ribosome 

along the mRNA template utiUzes the similar mechanochemical properties, we believe 

that the single-molecule measurements will provide valuable information toward the 

understanding of the translocation and elongation in protein synthesis. 

1.2 Single-molecule motility assay 

To study protein synthesis at the single molecule scale, a new biochemical in vitro 

assay as well as new instrumentation needed to be developed. The purpose of the 

biochemical in vitro assay is to create an experimental environment or geometry in 

which the relevant physical quantities can be measured accurately while assuring the 

ribosome's functionality and translational rate remain close to those in vivo: 10 ~ 

20 peptide bonds/s at 37°C (this biochemical assay has been developed by Dr. Gary 

Skinner, a postdoctoral researcher in our lab). In Fig. 1.2, the single molecule ex

perimental scheme is illustrated. Ribosome motion is determined by measuring the 

position of a microscopic bead attached to the mRNA molecule being drawn in by a 
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FIGURE 1.3. Power spectrum of the position signal. One way to measure the stiffness 
of the trap is to fit the power spectrum with Lorenzian fit and acquire the roll-off 
frequency. 

surface-immobilized ribosome. The ribosome should be immobilized on the surface 

in order to apply a force or to measure the force produced by the molecule. This 

can in principle be achieved with either non-specific binding of a ribosome or attach

ing it specifically using known hgand interactions by modifying the surface and the 

ribosome. Since the ribosome functionality is highly coupled to its conformational 

change, the non-specific binding scheme where any parts of ribosomes can stick to 

the surface may hinder the ribosome movement. Therefore, we modified ribosomes to 

include a streptavidin-binding aptamer which enables immobilization by a short (~30 

nm) polyethylene glycol (PEG) molecule. In addition, the 3'-end of mRNA has been 

modified to have digoxigenin which binds to an anti-digoxigenin coated polystyrene 

bead. Since we can neither observe nor manipulate the individual biological molecules 

directly (including ribosomes and RNA), we attach these to small dielectric particles 

(silica or polystyrene beads (diameter 250 nm ~ 2 /xm)) and manipulate the molecules 

indirectly by trapping these beads using optical tweezers (Fig. 1.2). 

Simultaneously with the development of the biochemical in vitro motility assay, 

we have built a feedback controlled optical tweezers for translation and force measure

ments. The optical tweezers is a single-beam laser trap for dielectric particles created 
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by focusing a laser beam to a diffraction limited spot using a large numerical aperture 

microscope objective [18]. When the focused laser beam passes through a silica or 

polystyrene bead, it generates not only a scattering force but also a gradient force. 

Since the laser beam induces electric dipoles, the bead experiences a time-averaged 

force toward high intensity regions (the focal spot). This gradient force brings the 

bead into the focal point, while the scattering force pushes the bead away from the 

focal point. Thus, the trapping is possible only if the gradient force is larger than 

the scattering force. In order to create the intense field gradient near the focal re

gion, high numerical aperture microscope objective is required [18, 19]. The precise 

trapping force experienced by the bead is difficult to be quantified using theoretical 

calculations. However, they are readily measured experimentally once appropriate 

calibrations have been done. It has been empirically shown that the optical force 

increases linearly for small displacements out of the focal point (~200 nm) and thus, 

the trap behaves as a spring. The force can then be calculated by multiplying the 

trap spring constant and the displacement of the particle from the trap center. The 

trap spring constant (trap stiffness) can be calibrated using a variety of methods, 

with two used here: the power spectrum and equipartition theorem methods. These 

two methods are based on the stochastic properties of the bead's motion in the trap. 

The equation of motion of a bead in an optical trap follows the Langevin equation 

for the overdamped case (consider one dimension for simplicity). 

Here k indicates the stiffness of the trap, a is a drag coefficient given by Qnrjr where 

T] is the viscosity of the medium and r is the radius of the bead, ^(t) represents the 

typical white noise with strength c. The power spectrum is readily calculated by 

taking a fourier transform of Eq. 1.1, 

ax  =  — kx  - f  c ^ { t ) .  (1.1) 

(1.2) 
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FIGURE 1.4. Height dependent roU-off frequency, f^. a) Due to the hydro-drag effect, 
the measured roll-off frequency of the trapped bead is dependent on the height from 
the surface. In order to acquire the correct stiffness from fr, the hydro-drag effect 
should be corrected using the Faxen's law (Eq. 1.3). b) The stiffness with correction 
is relatively constant over height. 

In the frequency domain, the amplitude, \X{ f ) \ ' ^  is cut off at a frequency, defined 

as a roll-off frequency, fr—k/{2-Ka). Experimentally, the roll-off frequency is readily 

obtained by fitting a Lorenzian to the power spectrum of the trapped bead position 

(Fig. 1.3). In general, the power spectrum method is useful to identify any undesired 

noise sources with distinct frequency signatures. The roll-off frequency is dependent 

on the viscous drag coefficient and thus on the height of the trapped bead above the 

surface, h (Fig 1.4"). Therefore, it is advised to use this method either by putting 

the bead sufficiently far away from the surface {h > 2r) or by precisely measuring the 

height of the bead and applying a correction to the viscosity using the Faxen's law 

as follows (Fig. 1.4^*) [19], 

^ ~ 1 iL fr"! 4 -  1 ( l \ ^  _  J5. l _  ( r \ 5 '  v '  ^  
^ 16 \ h )  8 \ hJ  256 \ h )  16 \ h )  

Tj' replaces r] in the fr to correct the change of the drag effect in terms of the height, 

h .  

Since the optical trap behaves as a harmonic potential within certain range of bead 

••—Stiffness without correction 

Stiffness with correction 
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displacements (~ ±200 nm), we can also use the equipartition theorem to determine 

the trap stiffness: 

\KBT = (1.4) 

The stiffness measured using two methods are in agreement within 10% absolute error 

for low to moderate stiffness (0.005 pN/nm < < 0.1 pN/nm). However they deviate 

up to 30% when the stiffness becomes high (>0.1 pN/nm), which is largely due to 

the difficulty in fitting the power spectrum when fr becomes large. 

The instrument is capable of measuring nm-sized displacements and pN-scaled 

forces produced by a single molecule. Such measurements require the reduction of 

mechanical drifts and vibrations. Hence the entire optical instrument has been built 

on the vibration-isolated table (Newport) in an acoustic-isolated and temperature-

controlled room. The optical instrument consists of optical tweezers and the position 

detection system, which are further integrated into the microscope (Fig. 1.5). Lasers 

used for the optical trapping are required to be in the wavelength region of 800 ~ 

1100 nm to minimize photo-damage and water-heating [19, 20]. Water absorbs hght 

increasingly farther into the infrared [19]. Therefore, we use a 1064 nm CW laser 

(Spectra Physics) for optical trapping. The diameter of the laser beam is magnified 

with two beam expanders (BE and TLl & TL2) to slightly overfill the back aperture of 

the objective (Fig. 1.5). In addition, for computer control of the position and intensity 

of the optical trap, we place acousto-optic deflectors (AODs, IntraAction Corp) in 

the laser beam path. AODs utilize density gratings formed by traveling acoustic wave 

in a crystal. When a laser beam comes across the crystal, it diffracts at the density 

wave. The Bragg angle 9 of the first diffracted order is controlled by computer using 

a frequency synthesizer as it is given by Xf/v where A is the wavelength of the light, 

/ and V are the acoustic wave frequency and velocity, respectively. Manual control of 

the trap position is achieved by moving a lens (TD/L). 

For precise positioning of the specimen, we mounted a computer-controlled, high-
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FIGURE 1.5. Experimental set-up: For the optical trap, TMl and TM2 are two 
mirrors guiding the laser beam into acousto-optic deflectors (AODs) which are used for 
modulating the position and intensity of the laser trap and into the microscope. TLl 
and TL2 are two lenses (f=:10 and 30 cm respectively) working as a beam expander, 
at the same time imaging AODs onto the movable lens TD/L. T/DM is a dichroic 
mirror combining the trapping laser light and the detection laser light. T/DL is a 
movable lens to manually control the positions of both laser spots at the specimen 
plane, and is imaged onto the back aperture of the microscope objective. The optical 
components for the position detection consist of DM1, DLl, and DL2, indicating 
a mirror, a movable lens (f=6.5 cm) which controls the detection laser spot at the 
specimen plane, and a fixed lens (f=6.5 cm), respectively. The position signal of the 
trapped bead from the photo-detector is transferred to the computer. 



26 

resolution piezo-driven XYZ stage on a manually operated microscope stage. With 

this device, the position of the specimen can be controlled by computer in increments 

as small as 1 nm over 100 x 100 /xm. In addition to the x and y positioning, its 

capability to move into the z-direction (i.e. along the optical axis) at high resolution 

enables us to accurately locate the cover glass surface of the specimen (~10 nm 

resolution) with respect to the trapped bead. Thus, the experimental geometry (the 

angle of mRNA relative to the surface) is well specified (Fig. 1.2). 

To determine the displacement of the particle from the trap center, the change 

in the direction of a second laser beam focused onto the particle and scattered or 

deflected due to bead motion is measured by collecting this forward scattered laser 

light and projecting it onto a quadrant photodiode. In principle, the optical tweezers 

can be used as a laser source for such a position detector, but the use of an additional 

focused laser beam, which has been overlapped with the optical tweezers has an 

advantage: it enables on-the-fly calibration of the position detector. Using one-time 

calibrated AODs, one can move the trapped bead over a known distance through 

the laser spot of the position detector while the signal from photodiode is further 

amplified and digitized using the anti-aliasing filter and transferred to the computer. 

Thus, on-line fitting procedure readily produces the detector response in nm/volt. 

1.3 Preliminary results of single molecule ribosome assay 

In the single molecule assay, we use a force-clamp method where a constant force is 

applied to a molecule using a computer-controlled feedback loop. Since the ribosome 

is immobilized to the surface, the mRNA will be drawn through the ribosome and 

the tethered bead will be pulled out of the center of the fixed optical tweezers during 

the translocation (Fig. 1.2). Without a force-clamp, this displacement will be simply 

measured and the optical forces exerted can be calculated using the calibrated stiffness 

of the optical tweezers. When we use a force-clamp, as soon as the bead displaces 
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FIGURE 1.6. The ribosome motihty assay using a force-clamp. The ribosome is 
immobilized via the streptavidin-binding aptamer and streptavidin. a) Once the force-
clamp mode starts, the piezo-stage moves until the trapped bead position reaches the 
set position, XQ (set force). Before the proper buffer containing necessary substrates 
for translation are introduced, the tether length remains the same and the piezo-
stage does not move except for correcting stage drift, b) Once the ribosome starts 
translation, the tether length will get shorter, the bead will be pulled out of the initial 
position. Simultaneously, the force-clamp moves the stage to the right by the amount 
of dX to maintain XQ. In this set-up, the distance between the trapped bead and 
the marker {XBM) will be constant as long as the tether length does not change. 
Hence even if there is stage drift causing the trapped bead to be pulled away from 
the set position, XBM will be constant and dX is zero. dX is directly related to the 
change of the tether length which only occurs through the ribosome and the mRNA 
interactions, c) Video-tracking of two beads shows that there is a shortening of the 
tether. Based on dX, the translation rate is calculated as 2.5 peptide bonds/s. 
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from the initial set point relative to the center of the trap, the feedback controlled 

force-clamp kicks in and changes the ribosome position by controlling the piezo-stage 

until the bead has returned to the initial position. Hence the applied force will remain 

constant during the experiment. One big advantage of this force-clamp is that we can 

easily convert the stage movement into the ribosome translocation rate. According to 

our studies on the elastic properties of homopolymeric RNA (discussed in chapter 4 

and 5), poly(U) which is used as mRNA is well described by a worm-like chain model 

and thus, the relative extension of the molecule can be expressed as, 

X 1 
-7 = 1 , = constant .  (1.5) 
L 2y/FsLp/kBT+l/4  

Here x/Lis  the relative extension of the molecule at the set force, Fg.  For a given force 

Fg, the relative extension remains a constant and the change of the contour length of 

the molecule is obtained by dividing the stage movement by the relative extension. 

Combined with the force-clamp method, we introduce the following scheme such that 

the bead displacement will be insensitive to possible stage drifts. As illustrated in 

Fig. 1.6, we attach a marker bead on the surface. The distance between the marker 

bead and the trapped bead will be used as the signal since it is not affected by stage 

drift. If the length of the tethered mRNA changes, the distance between the two 

beads, which is identified by video-tracking, will also change (Fig. 1.6^^). Because the 

change in the stage position is directly proportional to the change in contour length 

(Eq. 1.5), velocities and thus translation rates can be determined. For example, as 

shown in Fig. 1.6^^, the set force is 3.7 pN and the calculated x/L is 0.54 {Lp ~1 nm) 

so that the translation rate is calculated as ~ 2.5 peptide bonds/s where one codon 

(spans 3 nucleotides) corresponds to 1.74 nm. In fact, it is close to that measured 

in in vitro translation assays performed in the test tube. Furthermore, this kind of 

movement has not been observed in the absence of elongation factors known to be 

required for ribosome translation. 
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1.4 Dissertation contents 

This dissertation consists of experiments that I have performed using optical 

tweezers. These also served a second purpose in that they enabled the careful testing 

in calibration of the experimental set-up used for the single molecule ribosome assay. 

In chapter 1, we performed an experiment to verify the theoretically predicted reduc

tion of noise observed at the output of a physical system by introducing extra noise 

at its input. In chapter 2, we studied "physically" simple two-state reaction kinetics 

based on the Kramers theory to understand how this reaction kinetics depends on 

external force using two optical traps. Many biological and chemical processes can 

be described by a two-state model such as protein folding/unfolding, ligand binding, 

and RNA folding/unfolding (Chapter 5). This study shows how external force can 

direct these reaction processes. It also gives us an insight in a simple picture of how a 

molecular motor could move along a (periodic) potential and how this system (motor 

in a potential) would react to external force. In chapter 3 and 4, we will discuss 

the elastic and structural properties of homopolymeric RNA. These two topics are 

more directly related to the ribosome project because knowledge of the elastic proper

ties (persistence length) is essential to derive ribosome properties from bead position 

measurements. 
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Chapter 2 

NOISE REDUCTION BY NOISE 

It has been theoretically demonstrated that noise can be used to suppress noise [21, 

22]. Here we investigate this phenomenon experimentally using a model system con

sisting of a 'Brownian' bead held in an optical trap whose position and stiffness 

fluctuate. First, we identified two measures of noises of this system: the signal vari

ance and the variance of the estimation of the mean. Secondly, we verified that both 

of noises could be effectively suppressed according to the theoretical predictions. We 

found that the critical property for noise suppression is that added fluctuations have 

to drive the input into the states with reduced intrinsic noise. 

2.1 Introduction 

Although noise is generally considered a nuisance, its constructive properties have 

become increasingly clear as it plays essential roles in many fundamental processes, 

particularly in biology. For example, mechanochemical reactions by motor proteins 

requires the presence of thermal fluctuations [23, 24]. Furthermore, the response of 

sensory systems can be maximized by cooperative interactions between noise and an 

external driving signal [25] - a phenomenon known as stochastic resonance [26, 27]. 

Another beneficial aspect of noise has come to light: noise may be used to reduce 

noise [21]. The concept of noise-suppression-by-noise was originally proposed by Vilar 

and Rubi [21]. They suggested that the noise observed at the output of an intrinsically 

noisy system might be suppressed by adding noise at its input. In addition, they 

provided perturbation formulas for the effective mean response and a measure of 

the intensity of noise. However, it was implicated that the reduction in the effective 

output noise might be largely dependent on the scale of fluctuations in the underlying 
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state and the auto correlation time of the state. 

Recently, it has been clarified [22] that the measure of noise discussed by Vilar and 

Rubi is actually an asymptotic variance of the estimation error of the mean rather 

than the signal variance. It further demonstrated that the signal variance might be 

also reduced by the input noise independent of the auto correlation time of the states. 

In particular, it provided a simple way to measure both noises (the signal variance 

as well as the variance of the estimation error) using power spectrum analysis [22], 

First, we outline the mathematical framework of a system and variables of interest 

following the theoretical work by Walton et.al [22] and describe how we adapt this 

work to our experiment to determine the conditions under which noise can be reduced. 

Afterwards, we verify the idea "noise-suppression-by noise" experimentally using an 

optically trapped Brownian bead in water. 

2.2 Mathematical framework 

The system under consideration essentially models an observed signal that is reg

ulated by an underlying state, X. The output signal, Y, will be the noisy observation 

at the output. Heuristically, we can write 

where the function H gives the mean response and ^ is a state-dependent noise pro

cess. Note that Y fluctuates due to the randomly changing state X as well as to 

the intrinsic noise The noise process, ^ will be white-Gaussian, have zero mean 

{^{X{t),t)) = 0 (averages will be notated as angled brackets ((•))), with an amphtude 

that  depends  on the  s ta te ,  X: 

(2.1) 

(?(x(i), f)e(x(s), s)>' = a(x{ t ) )6{ t  ~  s) (2.2) 
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where the superscript on the angled brackets denotes averaging over the intrinsic noise 

but not over the fluctuating state. Consequently, we also have 

{ Y ( t ) ) '  =  H { X ( t ) ) .  (2.3) 

On the other hand, the underlying state X is modeled as a stationary Gaussian 

process with mean XQ, variance and an autocorrelation that decays exponentially 

with a relaxation time TX, 

= (2.4) 

where X = X — XQ is  the centered process which measures the difference between 

the state X and its mean. 

For the discrete case, we can establish formulas analogous to Eqs. (2.1) and 

(2.4). We introduce an independent and identically distributed sequence of Gaussian 

random variables {sk}, each with zero mean and unit variance and independent of 

X, so that 

Yk==H{Xk) + P{Xk)ek, (2.5) 

where P'^{X)  is analogous to the function G{X) in Eq. 2.2. Similarly, an autocorre

lation of X can be expressed, 

jx{p)  = {XkXk+p)  = (2.6) 

Here, p is an autocorrelation constant, replacing We remark that in the 

discrete case, if observations are sampled every nth step, = Y^k, the resulting 

system is equivalent to the system already described, except that the corresponding 

s ta te  sequence X^ = Xnk has  autocorre la t ion p* — p^ .  

First, we compute the asymptotic mean response of the underlying state, X.  

Because the state process Xt is stationary, the mean signal output or mean response 
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i^O) which depends on Xq and a,  will simply be the stationary average of H{XT),  

H o  =  { Y , )  =  { H {X,))  (2.7) 

/

oo 

H{x)( j ){x \XQ,a^)dx ,  (2.8) 
-CX) 

where xq, cr^) is a Gaussian density with mean xq and variance o"^ 

= 7^ "''P 

Note that because of the stationarity of X,  the time t  is arbitrary. The same calcula

tion also applies in the case of discrete time. Given this asymptotic mean response, 

we def ine  the  centered response  H{X) = H{X)  — Hq.  

Bases on these, we can define two measures of output noises. First, we start with 

the signal variance, S^. Under the stated assumption that the intrinsic noise is a 

white noise, SQ will only be defined in the case of discrete time. Because the intrinsic 

noise ^ has zero mean independent of the state, we find that for the discrete time 

case, 

^ {[Y,-Hof)  = {{[H{Xk)  + f3{Xk)euf) ' )  (2.10) 

= {H\X,)) + {P\Xu)). (2.11) 

Consequently, the signal variance is composed of two parts. The first contribution, 

{H'^{Xk)), represents the variability arising from fluctuations in the mean response 

because the state itself is changing. The second contribution, {0^{Xk))i represents the 

average scale of additional intrinsic noise which comes from a noisy input. When the 

input state does not fluctuate, in that (7 = 0, the variance {H'^{Xk)) will necessarily 

vanish since the mean response H{X) will be constant. However, when cr > 0, 

this variance will be strictly positive unless H does not depend on the state but is 

constant. Therefore, the overall signal variance 6*0 can decrease only if the average 

of the intrinsic noise decreases, {(5'^{XK)) < 0^{XQ). Furthermore, the additional 

fluctuation in the signal due to the non-constant response, {H'^{Xk)) must remain 
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sufficiently small so as not to negate the effect. 

Next, the second type of output noise is the asymptotic variance of the estimation 

error, PQ given by, 

/5o' = limn{{Yn-Hof) (2.12) 
n—>00 

CX3 

= ^  ((n -  Ho){Yk+p -  Ho))  (2.13) 
p=—00 

00 

= ^ + (2.14) 
—00 

where Yn indicates a running average of the output signal. Similar to the signal 

variance SQ, the resulting asymptotic variance of the estimation error /?q has two 

contributions shown in Eq. 2.14. Although both forms of asymptotic noise involve the 

stationary average (/?^(Xfc)), the variance PQ involves the sum of all autocovariances 

of the centered process H{Xk) rather than just the variance, as occurs for SQ. 

We remark that both variances also relates to the power spectrum [22]. For the 

discrete autocovariance of the output Yk, 

7y(p) = ((n -  Ho){Yk+p -  Ho)) ,  (2.15) 

we define the spectral density h{u!) as the Fourier series, 

- 00 

K^) = ^ X] lY{p)e'"^^, (2.16) 
P= —00 

defined over the interval [—TT, TT). The autocovariance function can be recovered from 

the spectral density as 

7y(p) = f h{uj)e'^^du. (2-17) 
J  —TT 

Consequently, we have that the signal variance corresponds to the total spectral power 

of the output signal, 

52 = 7^(0)-/ h{u)duj .  (2.18) 
J  —TT 
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When the state X does not fluctuate, the spectral density has a constant height of 

H{IJO) = (5'^{XQ)/2T:. SO for the signal variance to decrease, the power spectral density 

must, on average, lie below this level. 0^ becomes simply 27r/i(0) since it is the sum 

of all autocovariances of the process Y as defined in Eq. 2.13. 

Experimentally, the determination of /?q is most easily accomphshed by estimat

ing the power spectral density and then determining the density at zero frequency. 

A natural estimator of the spectral density is the periodogram of the observation 

sequence [28], which corresponds to the squared-amplitude of the discrete Fourier 

transform of the observed sequence. Unfortunately, the periodogram has persistent 

fluctuations due to the stochastic nature of the observation sequence. To decrease 

the variance of the estimate of the spectral density, one can average the periodogram 

over a relatively small bandwidth but with the introduction of some bias in the es

timate [28]. In principle, if one had many parallel observation sequences, one could 

also compute the variance of the ensemble of sample means and then estimate the 

asymptotic variance directly. It is critical to note that the variance of the estimation 

error PQ involves an autocorrelation time as a multiplicative factor times the variance 

of H, but that SQ only involves the variance of H. The essential difference is that 

the signal noise SQ represents the variation in the signal as the process X ergodically 

samples its phase space, whereas the estimation errors PQ represent an accumulated 

bias  in  the  es t imate  Y.  

2.3 Experimental application 

The experiment is designed to follow the theoretical model system described in the 

previous section. As a reminder, it is a intrinsically noisy system with an externally 

controlled variable. An intrinsically fluctuating system is readily accessible by using 

a microscopic silica bead held in an optical trap. For our purposes, the position of the 

optical trap and a bead take the role of the input state, X^, and output or observation. 
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Yk, respectively. At each position of the trap the bead fluctuates with a variance, 

/3'^{Xk), inversely proportional to the stiffness of the trap, k{Xk), representing the 

state-dependent intrinsic noise. We externally manipulate the position of the trap to 

implement the required statistical properties of the input state. Furthermore, the trap 

stiffness is varied upon the trap position relative to its means position, a necessary 

requirement to achieve noise-reduction. 

The output Yk will be a noisy function of the input state Xk, given by 

with H{xk) the mean response, a sequence of Gaussian random variables with zero 

mean and unit variance. Input noise is added by moving the trap in a stochastic 

fashion, 

where is a sequence of independent, standard normal random variables, a the 

variance of trap positions, and p the autocorrelation [22]. Because observations of 

the position of a trapped bead represent unbiased estimates of the trap position itself, 

the mean response simply becomes H{Xk) = Xk-

Next we need to specify the 'noise response' or the state-dependence of the intrinsic 

noise (3'^{Xk)- We require that, at least for some values of X^, 0^{Xk) decreases below 

the base value of /3^(0). For ease in computation we choose the function 

The parameters m-|_ and m_ control how steeply the noise varies as the trap departs 

from its mean position. Thus, the minimum possible variance is (3l, bounded by the 

maximum trap stiffness, fcmax = kBT/f3l. 

Using the power spectrum analysis [22], we compute the power spectrum of the 

output signal as , 

Yk = H{Xk)  + (3{Xk)ek ,  (2.19) 

— P^k H / (2.20) 

(2.21) 

[-cr^rri^ -h \ -piaAm -1- + f3l + 
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with m? and Am defined as 

w? = + (2.23) 

Am = m+ — m-. (2.24) 

One thing we should note that p in the output observation is not the same as p in 

Eq. 2.20. p in the output observation is dependent on the ratio of the sampling time 

to the trap movement time. For example, if we sample the bead position every other 

the trap movement, p in the output observation is the square of p in Eq. 2.20. 

The asymptotic variance of the estimate errors of the mean, = 27r/i(0) follows 

readily from Eq. 2.22 

Pi = /?^(0) + + \^) + xl^PiaAm. (2.25) 
Z J- P V TT 

as does the signal variance SQ , 

Sq = /3^(0) + + 1) + (2.26) 
2 V TT 

It is important to note that this analysis is vahd for any size cr^. In fact, the per

turbation technique used by Vilar and Rubi would break down in our case because 

P'^{X) is not differentiable at X = 0. 

The signal variance can be shown to fall below the baseline level (when cr^ = 0) 

whenever m+ and m_ lie on a disk in (m^,m_)-parameter space, 

f + (m_ - ~ 2- (2.27) 
\ TT a \ IT a TTcr^ 

2^2 
and (7^ < —Similarly, the asymptotic estimation error PQ is reduced inside a 

TT 
smaller disk with the same center, 

[ 2 p i .o , [^Pu2 4/3? 1  +  p  
m+ + \ + m_ - \ 2.28 

V T T C T  \  TT A  IT 1 ~ P  

and a decrease only occurs for In both cases, fluctuations in the 
TT 1 + p 

input state drive the intrinsic noise into states with smaller noise scales, leading to a 
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FIGURE 2.1. Quantitative description of fluctuating input state. To introduce ex
ternal fluctuation at the input, the trap is controlled to move following a random 
Gaussian distribution. The characteristics of the trap displacement is visualized by 
plotting the histogram of trap positions. Solid hne indicates the trap stiffness related 
to the trap position. 

decrease in {0^{Xk)). 

To maximize the suppression of noise in our experiments, we select 

(for each level of noise cr^) corresponding to the center of the disks, 

=  — A /— — , and m_ = — - (2.29) 
V TT (J V TT (J 

As a result in our experiments, the stiffness of the trap increases symmetrically to a 

maximum stiffness at |X| = (T-y^7r/2, beyond which the stiffness continually weakens 

(see Fig. 2.1). With these conditions the power spectral density, and the noise 

measures have simple expressions, 

hH = + . A" (2.30) 
ZTT TT 1 + COS U 

(2.31) 
TT 

PI = + + (2.32) 
TT 1 ~ P 
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FIGURE 2.2. Suppression of noise illustrated by the reduction of the mean squared 
displacement. The difference of the signal variance between two conditions is clearly 
noticeable when the bead position histograms are compared. Upper figure indicates 
the bead position histogram in a non-moving trap. The bottom figure is the histogram 
for the condition when the trap is moved stochastically with cr = 5 nm. Dotted line 
indicates Gaussian fit to illustrate the characteristic of the bead position. 

2.4 Experimentation 

The optical trap used in this experiment has been previously described [29]. How

ever, briefly, the beam of a Nd:YV04 laser (wavelength 1064 nm) is passed through 

two acousto-optical deflectors to control trap position as well as stiffness, and focused 

down to a diffraction limited spot using a microscope objective to form the optical 

trap. A second laser beam (wavelength 830 nm), is overlapped with the trap to 

measure the bead position by analyzing deflections of forwarded scattered laser light 

using a quadrant photodiode. The power of this laser is kept to a minimum so as not 

to exert any discernible force on the bead. Detector signals are amplified, anti-alias 

filtered, digitized and stored by computer. For further details see Visscher et al. [29]. 

A 0.64 fim diameter siUca bead (Bangs Labs) was trapped in water. The baseline 

stiffness of the trap was A:(0) = 3.73 ± 0.09 fN/nm (meanis.e.m, N=3), determined 

from the mean squared displacement of the bead, and in agreement with the value 
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FIGURE 2.3. Interpretation of Po in terms of running average, M^. Although PQ can
not be directly measured in the time domain, the general tendency can be understood 
by plotting the running average vs the index of the data. The running average of the 
data for the fluctuating trap (cr = 10 nm) decays following Po/Vk (the solid line). 
Po/Vk i s  generated based on the  theoret ica l  value  of  Po^.  

obtained from a control measurement of the power spectrum of the bead position 

(data not shown). The maximum allowed trap stiffness k^nax. was set at 9.8 fN/nm. 

The values of and m_ were then calculated using Eq. 2.29 for each value of cr^. 

The bead was held 1 //m above a microscope cover glass resulting in a typical relax

ation time of the bead in the trap of 10.16±0.04 ms (meanis.e.m, N=3), at baseline 

stiffness. To generate a fluctuating input state trap positions were calculated using 

the recursive formula of Eq. 2.20 with p=0.95 and updated every 25 ms respectively. 

Simultaneous to resetting the trap position, the trap stiffness was adjusted so that 

Eq. 2.21 holds. Figure 2.1 shows the distribution of trap positions along with the 

trap stiffness corresponding to those positions. The bead positions were sampled ev

ery 50 ms, resulting in an effective autocorrelation of p — 0.9025, and were plotted as 

a histogram (Fig. 2.2). The signal variance SQ is determined from the raw position 

data or its histogram by gaussian fitting. 
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FIGURE 2.4. Power spectrum of the bead positions in case of no external noise 
((7 = 0). The experimental data modulates shghtly in contrast to the initial prediction 
(theory 1 plot) where the power spectrum is expected to be flat. It agrees well with 
the theory 2 plot which is calculated with a correlation factor p as 0.094. 

2.5 Analysis 

As previously discussed, we consider two distinct measures of noise scale - the 

sample variance, SQ and the variance of the estimation error, PQ. In general, the 

physical meaning of SQ is clear and it can be easily acquired by either calculating 

the sample variance of the position data, measuring the width of a histogram, or 

integrating the one-side power spectrum. As illustrated in Fig. 2.2, the reduction in 

SQ can be determined upon comparison of the histograms. The upper figure is the 

histogram of the bead position in case of stationary trap {a — 0) and the bottom 

figure is the histogram in case of fiuctuating trap (cr = 10 nm). A reduction in the 

sample variance is from 1087 ± 1 nm^ to 764 ± 21 nm^. On the other hand, j3o^ may 

not be clear. In the time domain, we may understand the general property of by 

plotting the running average, of the data in terms of the data index, k (since the 

data is discrete). The interpretation of /3o^ is that if we plot the vs. k, then we 

will see a general decay roughly like ~ Po/y/k (Fig. 2.3) and converged to the 

sample mean. 

In the frequency domain, the sample variance, SQ and the variance of the esti-
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FIGURE 2.5. Power spectrum of the bead positions with external noise input (a 
= 1 and 10 nm). a) The entire spectrum of a = 1 is lying below that of a == 0 
which indicates that /?o^ as well as SQ decrease compared to ones at a = 0. b) The 
spectrum of cr = 10 shows that increasing input noise actually results in increasing 
/3o^. The spectrum of cr = 10 starts above at zero frequency and decays below the 
spectrum of cr = 0 for high frequency. It indicates that Sq has been still reduced. 
Both experimental data (cr = 1 and 10) show good agreements with the theoretical 
predictions. 

mation error, /3q can be determined from the power spectrum analysis. The sample 

variance, Sq can be obtained by calculating the total spectral power of the output 

signal (Eq. 2.18) and j3q can be estimated from the power spectral density (Eq. 2.16 

or 2.32) at zero frequency, 

/?o - 27r/i(0). (2.33) 

We acquired the square amplitude of the fast fourier transform of the sample data 

which is an approximate form of the periodogram - the discrete estimate of h(cj). 

Afterwards, we smoothed the power spectrum using Daniell window which provides 

running average values with a given window size (N^ = 201). For the case cr = 0, 

the initial theoretical prediction is that the periodogram is flat over entire frequency 

range since there is no extra noise except for intrinsic noise (Fig. 2.4 (theory 1)). 

The measured power spectrum in Fig. 2.4, however, shows a slight modulation, which 

indicates that bead position data are slightly correlated. The correlation p is esti-
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^2 a C2 b 
^  exp 

02 c 
^th  (^Q,exp^ /^0,T7I ^ 

0.0 1087±1 1025 1512 1025 

1.0 648±9 639 548 658 

25.0 666±14 663 1110 1126 

100.0 764±21 738 1577 2589 

TABLE 2.1. Noise measures for correlated input noise, p = 0.95 

"The variance of the trap position (nm^) 
''The measured sample variance (nm^) 
'^The predicted sample variance (nm^) 
'^The measured variance of the estimation errors (nm^) 
®The predicted variance of the estimation errors (nm^) 

mated as 0.094 using linear regression of the vs Y^+i plot. We recomputed the 

spectrum based on this value and the sample variance (1087 nm^). As shown in the 

Fig. 2.4 (theory 2), it agrees quite well to the experimental data. 

For the case when the external noise is added with the correlation factor, 0.95, the 

reductions of Si for all conditions {a = 1, 5, and 10 nm) are observed in the power 

spectra. When a = 1 nm, the spectral density drops over the entire frequency range 

of interest (Fig. 2.5"). Thus, both SQ and have been reduced. We also observed 

similar features for and (3(^ when cr = 5 nm (data not shown). However, for larger 

fluctuations of the trap, i.e. when cr = 10 nm, the power spectrum peaked above 

baseline level at low frequencies but dropped below at higher frequencies. In other 

words, the integrated power or was reduced while had increased (Fig. 2.5^^). 

When comparing our results, we find good agreement with theoretically calculated 

power spectra (Fig. 2.5). This illustrates that strictly seen noise suppression can 

be qualitatively interpreted in terms of the power spectrum analysis. On the other 

hand, the measurement of /^g may be problematic since the power spectrum at zero 

frequency is prone to error (for <7 = 10 nm the power falls below the theoretically 

predicted value) because of the limited amount of data. Besides, the power spec
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trum at zero frequency is very sensitive to the measurement offset errors. SQ , on the 

other hand is a more robust measure and less sensitive to these effects. Table 2.1 

summarizes our results showing good agreement with theoretical predictions. 

2.6 Conclusion 

In this chapter, we have clarified the somewhat counter-intuitive phenomenon 

that noise may be used to reduce noise. Earlier discussion of this phenomenon have 

characterized the behavior as a nonlinear phenomenon, primarily due to the sufficient 

condition of Vilar and Rubi that the state dependence of the noise be locally con

cave down. However, such a characterization distracts from the essential ingredients 

required for noise suppression. The critical property for noise suppression is that 

added fluctuations have to drive the input into states with reduced intrinsic noise 

as shown in our experiment. Our example using an optically trapped bead clearly 

demonstrates this necessary condition and provides a simple intuitive understand

ing of how noise is reduced. This simple rule of thumb is particularly useful when 

considering the signal variance SQ or cases where the input fluctuations are uncorre-

lated. Po^, however, does depend upon the correlation time of the input fluctuations 

and may have increased even though SQ was reduced. In such cases, inspection of 

the full power spectrum of bead positions provides direct insight into such spectral 

properties of noise reduction. Finally, it is important to realize that we have not 

applied any negative feedback schemes in which the trap is positioned in response to 

bead displacement [30]. Here, the trap position was changed in a stochastic fashion 

independent of the bead position. 
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Chapter 3 

EXPERIMENT OF NOISE-INDUCED ESCAPE FROM A 
SLOSHING POTENTIAL WELL 

Minimization of noise is always an issue in experimental measurements. In that 

context, we investigated the idea to reduce noise observed at the output of a physical 

system in the previous chapter (ironically, by adding noise at its input). However, 

there is one robust aspect of noise: it harnesses many biological, chemical, and phys

ical reaction processes. Kramers first recognized this phenomenon as a noise-assisted 

hopping event across an energy barrier. Since then it has been of great importance to 

study how to characterize and control reaction rates in terms of noise. In this chapter, 

we demonstrate noise-activated escape processes experimentally using a simple phys

ical system in which a microscopic bead is trapped in a double-well potential. We 

discuss how we can control the characteristics of the escape process by adding a peri

odic force and illustrate the characteristics in terms of the residence time distribution 

and the escape phase. 

3.1 Introduction 

Thermally activated escape processes are ubiquitous phenomena in nature and 

underlie fundamental processes in biology, chemistry, and physics. After Kramers 

seminal paper in 1940 [31], a wealth of (related) publications on the topic has emerged, 

including those in which thermal noise has been used to enhance the response to time-

dependent external fields, a phenomenon named "stochastic resonance" [26, 32]. A 

recent and elegant example in biology is the folding and unfolding transitions of RNA 

hairpin loops under the influence of a mechanically apphed force [33]. 

Optical traps are ideally suited for studying thermally driven escape processes [34, 
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35]; microscopic particles held in a trap in water undergo substantial thermal fluctu

ations depending upon the shape of the optically generated potential. For example, 

the potentials may be as shallow as just a few ksT, enabling occasional escapes of 

the particles from the trap. A double-well potential exhibiting two minima separated 

by a barrier is readily generated by using two spatially separated optical traps. Well 

depth, barrier height and shape are determined by the laser power and the spatial 

separation of the traps, and a periodic external force can be applied by modulating 

the laser power appropriately. Thus far, most forced-escape experiments have mainly 

been performed in the limit of slowly varying fields, where the system is assumed 

to be in a meta-stable state. We go beyond this limit and use a broad range of 

driving frequencies to investigate the escape characteristics. In particular, we make 

measurements of particle position within the potential at high spatial and temporal 

resolution to determine the dependence of the escape phase on the driving frequency. 

This parameter has been of recent theoretical interest yet has not been investigated 

experimentally. 

3.2 Experimental application 

We use an intrinsically fluctuating and overdamped system in which a microscopic 

polystyrene bead (radius 0.245 ± 0.005 fim. and mass ~ 0.65 x 10"^® kg) is confined 

in a double-well potential which is created by two optical traps [20]. Acousto-Optical 

deflectors (AODs, IntraAction Corp.) allow scanning of a laser spot from one position 

to the other at a rate (~100 kHz) well above those of interest in this experiment, i.e., 

the escape rate and the relaxation rate of the bead within the trap. Therefore, time

sharing eff'ectively creates two spatially separated potential wells, of which we can 

both control position and depth, by controlling the frequency and amplitude of the 

AOD's acoustic driving signal, respectively. A second laser (wavelength 830 nm) 

is used to measure the position of the bead (resolution ~1 nm) by recording the 
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FIGURE 3.1. A double-well potential as calculated from the histogram of the bead 
position, a) The time snap of the bead position signal acquired from the position 
detector, b) The accumulated position signal are plotted into the probability distri
bution. c) The energy profile is calculated from the probability distribution. Wells 
are indicated by Ei at xi ~ —188 nm and E2 at X2 ~ 200 nm, while the barrier top 
U is located at x ~ 2 nm. Barrier heights AEi and AE2 are —22.9 ± 0.3 pN-nm and 
—19.7 ±0.1 pN-nm, respectively. The barrier top appears noisier because the bead 
resides over the region less frequently. Data was sampled at 1 kHz. 

deflection of forward scattered light with a quadrant photodiode [20]. The position 

sensor was placed at the center of the potential barrier so that its range covers both 

potential wells. This arrangement enables bead position measurements at spatial 

and temporal resolutions exceeding those obtained using conventional video imaging 

methods. As illustrated in Fig. 3.1, we first recorded bead positions in the absence of 

a driving field to characterize the potential (in one dimension for simplicity), which 

is  readi ly  ca lcula ted f rom the  probabi l i ty  d is t r ibut ion of  the  bead posi t ion;  P{x)  = 

ex^{—E{x)/kBT). We can then extract the entire shape of the potential including the 
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FIGURE 3.2. Residence time distribution in the E2 without any external field present. 
The solid line (—) represents a fit of the data to a single-exponential decay function 
providing a mean residence time of = 1.6 ± 0.1 s (N — 364 escapes) 

height of the energy barriers, Aj^i and The spring constants, kb2 and ku that 

characterize the shape of the potential wells and barrier, are determined by locally 

fitting a second order polynomial. These parameter values have been summarized in 

Table 3.1, and can be used to predict the Kramers time, for each of the wells using 

Kramers' formula, 

Tfc = ~ Tr exp(—A£'/A:BT). (3-1) 

Tr is the system relaxation time, 

(27ra;) 
Tr = 

\J  kf jk i i  
(3.2) 

where a=67:rr]  is the viscous drag coefficient, with r the radius of the bead and r]  

the viscosity of water. The experiment was performed in water at room temperature 

(~296 K) with the bead center ~545 nm above the surface of the flow cell requiring 

a correction to the viscous drag to account for the presence of the wall. 

Once the system has been fully characterized, we add the periodic external field 

with period in order to create the sloshing potential according to the following 

equation, 

ax = —U'{x)  + Acos{2 'Kt /Tm) + \ /2 'KakBT^{t )  (3.3) 
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A£^(pN-nm) k°' (fN/nm) rr(ms) rfe(s) Tfe(s) 

El -22.9±0.3 8.9±0.3 7.7±0.2 2.4±0.1 2.3±0.2 

E2 -19.7±0.1 4.4±0.1 11.0±0.2 1.5±0.1 1.6±0.1 

U - -1.6±0.01 - - -

TABLE 3.1. parameters of the potential well shown in Fig 3.1. and characteristic 
time constants 

"Spring constant 

withxthe system coordinate, U{x)  the potential, ̂ { t )  awhite noise, and Acos(27ri/rm) 

the modulation. The amplitude of a modulation force can be considered either strong 

or weak depending on the effects on the escape process. Based on the theory by Maier 

and Stein [31, 36], there are two important physical lengths that play roles in the es

cape process: First, a diffusion length (~ ^2kBT/U"{xu)) which determines the layer 

which a particle must reach in order to escape over the potential barrier. Second, the 

oscillation length, which is determined by the applied force divided by the barrier 

curvature. When the applied force increases up to a critical force, this oscillation 

length becomes close to the diffusion length and the escape dynamics will be largely 

affected by the force modulation process. The critical force is determined by the 

equation [36], 

FC ^ ^/2KKBT. (3.4) 

The critical force is ~ 0.11 pN in our system, whereas the modulation amplitude or 

force A ~ 6.7 fN in all our experiments. It is weak forcing relative to the critical force. 

Hence the simple perturbative modification of Kramers' formula is likely to apply. 

Previously, the similar experiments were performed and succeeded to characterize 

the system dynamics in terms of the residence time distributions [34]. However, the 

dependence of the escape phase upon noise strength and modulation frequency has 

recently attracted attention and have been extensively discussed theoretically [37-

40]. Here, we study the escape process by considering two different quantities: the 
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FIGURE 3.3. Residence-time probability distribution, a) sit Tr < Tm « P{tr) 
looks like a simple exponential decay, b) and c) Tr < < Tk, the odd harmonic 
structure is observed, d) at high modulating force F^, the escape process is simply 
controlled by the external force. Most of particles will escape when the potential 
barrier is minimum regardless of the modulation period, r^. 

residence time distribution and the escape phase. While the resonance time provides 

a general characteristics on the escape process upon the periodic force, the escape 

phase reveals the detailed dynamic relation between the periodic force, the escape 

process and the system. 

3.3 Results 

3.3.1 Residence-time distribution 

The residence-time, U is readily obtained from time-series position signal data. It 

measures the time duration of the bead in a potential (Fig. 3.1). Without external 

force, we find that P{tr), the residence-time probability distribution exponentially 

decays (Fig. 3.2) following the Poisson distribution as 

-P(^R) = (3.5) 

where Tk indicates the mean residence time which is approximately in Eq. 3.1. We 

can then compare calculated from the profile of the potential to ffe obtained by 
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fitting P{tr) with a first order exponential decay. For example, for the well E2 we find 

that % — 1.6±0.1 s which is in an excellent agreement with (~1.5 s). It indicates 

that our system is well within the Kramers hmit, in other words, it is an overdamped 

meta-stable state. 

Upon exerting periodic force, we find that P{tr) depends on the modulation period 

Tm as well as the amplitude of the force. If the amplitude of force is very weak 

{Fm = 0.006 pN Fc = 0.11 pN), we can distinguish the characteristics of the 

escape process in four different time regimes. First, if < Tm « Tk, we observe 

a exponential decay (Fig. 3.3"). In comparison to the probability without external 

force (Fig. 3.2), the maximum amplitude of P{tr) has decreased and fk also has 

become smaller (about 0.5 s). It is assumed that the system may not recognize the 

modulation of the potential in time due to the fact that is not bigger than and the 

escape process is affected by the intrinsic system dynamics. This effect can be further 

understood by investigating the escape phase (subsection 2.3.2). If we 

observe a structure of the odd harmonics. The physical interpretation is simple as 

modulation time is stiU short, the particle might not escape every Tm but wait an extra 

period Tm, ^Tm, or nr^ (Fig. 3.3''''^). When ~ r^, P{tr) shows a peak around tr — Tm 

in the residence-time distribution (data not shown). This phenomenon is sometimes 

referred to as "stochastic resonance". In this regime, the majority of escapes occur 

before U reaches TK and is further assisted by the synchronized minimization of the 

potential barrier. For the case of Tfc, the system will not wait until the potential 

barrier is at minimum and therefore, P{tr) will decay exponentially just like the case of 

no external force. If the amplitude of the force increases, the escape process becomes 

simply synchronized with the modulation force and show a peak at TJ. ~ TM regardless 

of Tm- For example, P{tr) shows a peak at Tm = 1000 ms when Fr = 0.011 pN in 

Fig. 3.3*^ in contrast to Fig. 3.3^^ where TM — 1000 ms but Fr = 0.006 pN. 
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FIGURE 3.4. Determination of escape phase, T^j), expressed as a fraction of the mod
ulation period Tm- equals the time from the point where the particle just passes 
the potential barrier top to the nearest previous maximum of the phase signal. 

3.3.2 Escape phase 

The escape phase is defined as indicated in Fig. 3.5. It is the time interval be

tween the nearest previous maximum of the modulation reference signal and an escape 

event. The modulation reference signal can be readily obtained by low-pass filtering 

the AOD driving signal meanwhile making sure this filtering does not introduce its 

own phase shift. The modulation reference signal and bead position were simulta

neously recorded enabling the determination of the escape phase. Furthermore, for 

determining the escape phase we have only considered the escapes from potential 

E2 into El. Three time constants are of importance in the dynamical system: 

the relaxation time of a bead in the potential well, r^, the Kramers time and Tm, the 

modulation period of the external driving field. Previous studies have been performed 

under condition in which is chosen to be much smaller than but larger than 

Tr [34, 35]. Here, we explore conditions in which Tm may range from near to Tk to r^. 

Results are presented in Fig. 3.5, where we show the escape probability versus the 

phase. In this case, a phase of r^/2 corresponds to a minimum of the barrier height, 

and not surprisingly the escape probabilities peak around that point. However at 
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FIGURE 3.5. Escape phases. Shown are the probabihty distributions of escape vs. 
phase expressed in terms of Tm- A phase of Tm/'^ corresponds to a minimum barrier 
height for the transition from E2 into Ei. Tm — 1000 ms (x), 500 ms(«), 250 ms(A), 
and 62.5 ms(n). 

modulation times close to the Kramers time {rm — Is and = 1.5 s), the maximum 

probability has shifted remarkably to the left. We think that when r^, the 

escape probability due to the intrinsic noise (and not the modulation), remains con

stant during one modulation period. This means that during one modulation escape 

will mainly be controlled by the modulation and not the intrinsic noise. Therefore 

the escape will be largely in phase with the modulating resulting in a minimal phase 

shift. As Tfn becomes longer, the escape dynamics are more and more determined by 

the Kramers times, which means that escape may well occur before the barrier has 

reached a minimum. Obviously, in the limit of —> 00 one expects the same expo

nentially decaying probability distribution as shown in Fig. 3.2. Alternatively, when 

Tm becomes considerably smaller than Tk, but is still much larger than transitions 

preferably occur when the barrier is at a minimum. Thus, it is the driving force that 

determines the dynamics. When Tm becomes even smaller and starts to approach 

the probability distribution starts to smear out, and starts to become asymmetric. 

This trend is in an agreement with Smelyanski et al [38], who predict an asymmetric 

escape probability distribution when the system is incapable, i.e. too slow, to follow 



54 

1.6 

1.4 

1 0 
500ms 

250ms 

0.2 
0 J.J2 

phase 
Xm 

FIGURE 3.6. The modified Kramers escape rate A(t) vs phase in terms of Tm- It 
shows how the effective potential would change in different modulation times. The 
wash-out effect becomes clear when Tm becomes close to r^. 

the external field. The probability distribution broadens at high modulation frequen

cies because the system has insufficient time to explore the lowered barrier due to 

its finite relaxation time Tf. In effect, what the system experiences is a modulated 

barrier that has been time-averaged over a period in which case the transition 

probability distribution, or the instantaneous escape rate becomes: 

Here Aq is the Kramers rate in the non-modulated field, 1/rfc. In Fig. 3.6, we calcu

lated this rate based on the parameter values used in the experiment, and a similar, 

although not identical, broadening of the probability distribution is observed. How

ever, this simple interpretation does not explain any emerging asymmetry. A more 

detailed study of this phenomenon at even higher modulation frequencies will be con

ducted but requires a different experimental set up, i.e. the time-sharing approach 

to generate the double-well potential is not practical at high modulation frequencies, 

for technical reasons. 

\ { t )  ̂  \Qexp[-  < SU{t) /kBT >)  (3.6) 
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3.4 Conclusion 

We have studied the characteristics of the escape process using two approaches : 

phase relation between a driving external field and the escape of a Brownian particle 

over the modulated energy barrier and the residence-time probability distribution. 

In particular, we use novel experimental setup that enables tracking of the Brown

ian particle at high temporal bandwidth, fast modulation frequencies and accurate 

determination of the escape phase. At high modulation frequencies it was demon

strated that the Brownian particle does not experience the exact field modulation, 

but rather, due to its finite relaxation time, experiences an averaged modulation, re

sulting in a broadened escape probability distribution function. The observed phase 

shift and emerging asymmetry is consistent with theoretical predictions [38]. Further 

experimentation is required at shorter modulation times approaching the relaxation 

time, while investigating escape kinetics and phases as a function of noise strength 

remains an experimental challenge. 
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Chapter 4 

THE ELASTIC PROPERTIES OF RANDOM COILED RNA 
AND THE EFFECTS OF IONIC CONDITIONS 

The nucleic acids play key roles in their interactions with molecular motor en

zymes such as DNA polymerases, RNA polymerases, and ribosomes. Thus, the study 

of their elastic properties has been an important part of the enzyme research as well 

as the main subject of the polymeric science. In our ribosome project, poly(U) is 

used as a template to understand the complicated mechanism of the ribosome trans

lation. Since the property of this RNA molecule has not been well understood, it is 

prehminary to study the elastic properties of poly(U). We stretch individual poly(U) 

molecules and characterize them based on a worm-like-chain model. In addition, the 

effects of ionic conditions on the poly(U) molecule are studied with different con

centrations of Na"*". Furthermore, other physiologically common ions such as 

K"*", and spermine are also investigated. We find that at low salt concentrations the 

elasticity of poly(U) is not explained properly with a worm-hke-chain model and the 

long range electrostatic interactions should be taken into account. We revisit the 

work done by Marko and Siggia who investigated the electrostatic interactions in 

double and single stranded DNA molecules [41, 42]. In the presence of spermine, a 

tetravalent polyamine, more complex behaviors are observed which should be further 

studied. 

4.1 Introduction 

The study of homopolymeric RNA is important in that it works as a model com

pound to derive and understand the properties of other more complex biopolymers. 

Since Grunberg-Manago and Ochoa discovered the enzyme called polynucleotide phos-
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phorylase [43], synthetic homopolymeric RNA molecules have been studied exten

sively over decades [44-52]. And yet, these studies were methodologically based on 

the measurements of large ensembles of molecules. Consequently, the information 

was generally limited to the smooth averaged properties deficient of dynamic infor

mation. In general, thermal melting approach is less appropriate for understanding 

the mechanical properties of biopolymers and the reaction mechanism in which the 

mechanical properties of these molecules play important roles directing the reaction 

paths: for example, elastic properties of DNA and RNA, an mRNA unfolding process 

during the translation by ribosome, DNA unzipping by helicases, and unfolding RNA 

molecules with secondary structures. In that context, the single molecule study pro

vides several advantages: it enables us to apply a force to a molecule locally and follow 

the trajectory of the molecule in time. In addition, an applied force can steer a reac

tion coordinate for the process in the direction along the force. Thus, the stretching of 

a biopolymer is an ideal way to investigate its elastic properties and further probe the 

interaction with enzymes. Double-stranded DNA (dsDNA) have been studied exten

sively using various single molecule techniques: optical tweezers, magnetic tweezers 

and AFM [3, 7, 53, 54]. Its elastic properties are well characterized by a worm-like-

chain model [41, 55-57]. RNA, however, is structurally different from DNA in that it 

primarily exists as a single-strand in contrast to a double-stranded DNA helix. The 

absence of such stereochemical constraints allows RNA to have more degrees of free

dom and to form extensive secondary and tertiary structural elements, such as hairpin 

loops and pseudo knots. For homopolymeric RNA molecules, although there is no 

complementary base-pairing, there are still base-pairing between same base compo

nents as well as base-stacking interactions which play primary roles in the formation 

of single and double hehcal structures of poly (A), poly(C) and poly(G) [44-46, 58]. 

Poly(U) also fold on itself and form a hairpin loop but only at low temperature [47]. 

At room temperature and at neutral pH, it is known to adopt a random coil confor

mation [48, 49], which makes poly(U) an ideal model system for studying the elastic 
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FIGURE 4.1. The ionic effect on the elasticity of poly(U): force vs. extension data 
sets in different [Na"""] show how it affects the elastic properties of the poly(U). The 
less force is required to stretch the same extension at lower [Na"^]. The step size of 
the piezo-driven stage is 5 nm, however, we only plot 50 points per curve to show 
clear distinctions between data sets for each ionic condition. 

properties of polyelectrolyte with its highly charged phosphodiester backbone. 

Electrostatic interactions between unshielded negatively charged phosphate groups 

generally stiffen the molecule causing the persistence length to increase [59, 60]. The 

total persistence length, as a result, can be decomposed into two contributions, an 

elastic persistence length due to the intrinsic elasticity and an electrostatic persistence 

length [41, 42, 61-63]. Screening of the charged phosphate groups will then particu

larly affect the electrostatic persistence. The electrostatic persistence length becomes 

important when the Debye screening length XD is of the order of or larger than the 

intrinsic elastic persistence length. The effective persistence length of dsDNA, which 

has an intrinsic elastic persistence length of ~50 nm, considerably larger than XD 

even at 5 mM Na"'" concentration, is approximately constant. This may explain why 

the forcc-extension data for dsDNA acquired at low salt concentration can be still 

well described with a simple worm-like-chain model that does not take into account 

the Debye-Hiickel interactions [41]. On the other hand, in case of poly(U) the elastic 

persistence length is already of the order of AD at high salt concentrations. Hence, 

the electrostatic persistence length quickly becomes dominant and largely accounts 
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FIGURE 4.2. Schematic descriptions of polymer chain configurations. The upper 
polymer chain represents both the Kratky-Porod chain and the Freely-jointed-chain. 
The middle describes a Gaussian polymer. Consecutive segments are joined by a 
Hookean spring. The bottom one is for a worm like chain which is a continuous version 
of the Kratky-Porod chain. The arc tangent t(s) replaces the segments orientation 
vector, t. 

for the total persistence length when the concentrations of shielding ions are not suffi

ciently high. Thus, we observed that the force-extension relation for poly(U) depends 

highly on the [Na+] (Fig. 4.1). In this chapter, we will discuss the theoretical models 

for biopolymers and investigate the elastic property of poly(U) at low salt as well as 

high salt concentrations. 

4.2 Theoretical models 

Poly(U) is a typical random coiled polymer in solution. Due to lacking of base-

pairing and base-stacking interactions, it will adopt a random coil conformation to 

maximize entropy. There are several theoretical models to describe the elastic prop

erties of a random coiled polymer. We will discuss the characteristics of some of 

them. 
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4.2.1 The Kratky-Porod model (KP) 

This model was derived based on the polymer chain with no torsional stress [64]. 

If the polymer chain consists of N number of segments of length b and orientation 

vector tj, the energy of this chain configuration is 

B ^  B ^  
E k p  = = - j ^ c o s O i ,  ( 4 . 1 )  

1=2 i=2 

where 9i is the angle between successive orientation vectors and B is the bending 

modulus. The characteristic length or the persistence length, Lp of the polymer is 

defined as a decay length of the angular correlation, 

(ti-tj) = (4.2) 

with Lp — B/ksT.  It reflects the stiffness of the chain. 

When stretching molecule, the external work is added to the energy, 

B N N B N N 
Ekp = • ti-i -F^Xi=^ ^cos6'i - Ffe^cos0j, (4.3) 

i=2 i=l i=2 i — 1  

where Xi indicates the extension of each segment along x, the direction of force and 

0j is the angle between and x (Fig. 4.2). This model was solved only in the very 

low extension limit {x L) [65] where x is the mean extension and L is the contour 

length  of  the  chain  def ined by Nb.  In  th is  l imi t ,  x  i s  descr ibed as  {2F/Lp)L/{3kBT) .  

This model is a basic compound for developments of other models. 

4.2.2 The Gaussian Polymer model (GP) 

Another elementary model is the Gaussian polymer model where each segment of 

the polymer is described as a particle connected by a Hookean spring. In particular, 

the distance between consecutive segments follow a Gaussian distribution with zero 

mean and a  var iance  L^,  

0(ri -r i_i )  = (^^)2exp(-^&^^^^^), (4.4) 
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where ri indicates the position of a segment. The energy of this polymer upon exerting 

external force, F along x is 

X—^  ,  , 0  7 - 1  \ \  

i=0 V 1=0 

(4.5) 

And the mean extension, x is expressed in terms of F, 

X = "''IF. 
SKST 

(4.6) 

As a matter of fact, the Gaussian polymer is a spring with a chain stiffness /NL^. 

In general, this model is not particulary reahstic for describing elastic properties of 

biopolymers since the model features a polymer which could be extended infinitely. 

4.2.3 The Freely-Jointed-Chain model (FJC) 

The freely-jointed-chain model shares similar features with the Kratky-Porod 

model except for the absence of a bending modulus, B. The chain consists of seg

ments whose orientations are purely random without correlations. Hence the bending 

modulus which is defined as a correlation length times thermal energy, becomes zero. 

The energy of this model is simply the term only taking into account the change in 

X by the exerting force, 

N N 
EKP =—F^^XI =—FB^^COS&I. (4.7) 

i = l  i = l  

The mean extension upon force is then. 

X = L coth 
KNT 

\ ksT J 2FLp\ • 

It has been experimentally shown that this model is only applicable at low force and 

does not properly describe double stranded DNA. In order to correct the enthapic 

effect in the high force region, the model can be modified as 

^ IF Lp\ ksT 
X = L coth 

Y K S T  2FL„ 
(4.9) 
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where S indicates a stretching modulus. Experimental data showed that the modified 

freely-jointed-chain model still failed to describe double stranded DNA, however, it 

worked relatively well for single stranded DNA [55]. Double stranded DNA is not 

a flexible molecule due to base pairing and stacking interactions and the typical 

correlation length is about 50 nm which corresponds to 147 bases which is why this 

model is not suitable. On the other hand, single stranded RNA or DNA have more 

degrees of freedom to move spatially and subsequently a short correlation length and 

a smaller bending modulus. 

4.2.4 The Worm-Like-Chain model (WLC) 

The worm-like-chain model is a continuous case of the Kratky-Porod model where 

the orientation vector, t is replaced by t(s), a tangential element along a curvature 

in terms of arc length, s. The energy is then expressed as, 

d s - F  j\ose{s)ds. (4.10) 

It has been elegantly solved by Marko and Siggia in analogy with a quantum me

chanical dipole problem [41] although it is not a simple analytical form for a direct 

application. The approximate formula was introduced by Marko and Siggia and later 

refined with additional correction terms by Bouchiat et al [41, 57]. The simple ap

proximate form, so called the WLC, is written as 

r? _  ^ 1  (A 
LP V4(L -X/L)2 4 L; ' ^ ^ 

and for the latter formula, added to the above equation with a2=-

0.5164228, a3=-2.737418, a4=16.07497, O5=-38.87607, 0 6 =39.49944, a7=-14.17718 

which are derived by expressing the residuals of differences between the simple WLC 

formula from the numerical solution of exact worm like chain model. The worm like 

chain model has provided a precise description to a experimental stretching data of 

double stranded DNA compared to other models. However, the application of this 
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model has not been studied for the elasticity of a single stranded DNA or RNA which 

are assumed to be intrinsically different from a double stranded DNA. 

4.2.5 The model for a polyelectrolyte 

The conventional polymer models were derived based on polymers without any 

explicit electrostatic interactions between segments, in other words, the non-self-

avoiding polymers. However, most of biopolymers are highly charged. In particular, 

DNA and RNA are composed of deoxyribose or ribose hnked with negatively charged 

phosphoric acids. They affect the correlation length of the chain (the persistence 

length) with different characteristics dependent on the scale of intrinsic persistence 

length and the environmental ionic concentrations. In general, they stiffen a flexi

ble polymer and increase the persistence length [59, 60]. We can define this kind of 

persistence length as an effective persistence length, A to distinguish from the per

sistence length, LP of the non-self-avoiding polymer models. Analytically, A can be 

decomposed into the intrinsic chain stiffness (elastic persistence length), AQ and the 

"electrostatic persistence" [61, 62] as 

Here is the Bjerrum length defined by /{eksT) with e = 80 in water, XD indicates 

Debye screening length which is roughly determined by 0.25/i/c (c is a molar unit 

concentration of an environmental ion) and u is the charge density of the ion. The 

idea of electrostatic persistence length was originally introduced by Odijk, Skolnick 

and Fixman [61, 62]. However we should note that the electrostatic interactions 

depend on the distance between electric charges, r and subsequently the extension of 

A — AO + IOSF (4.12) 

where £OSF IS 

(4.13) 
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FIGURE 4.3. The characteristics of integrands in Eq. 4.17 at low force and at high 
force with a constant, AQ and A. The integrands data are simulated with different 
conditions a) The integrand at F = 0.5 pN, the roll-off q of the integrand with A 
shifts to smaller q, compared to that of the integrand with AQ, which lead to the 
smaller area and consequently bigger extension is achieved at the same force. At 
500 mM [Na"^], however, the shifted amount is very small indicating that less scale-
dependency. Similarly, when the intrinsic persistence length is sufficiently larger than 
\o such as double stranded DNA whose typical persistence length is ~50 nm, the 
scale-dependency becomes negligible. The simulation plot for A with AQ = 50 nm 
shows that the integrand is almost indistinguishable from the plot for AQ = 50 nm. b) 
The difference between two integrands become smaller so does the scale dependency 
at high force (here at 50 pN). 

polymers which is described by Debye-Hiickel interactions, 

VM = lexp(^) .  (4.14) 

In other words, the contribution of electrostatic interactions to the effective persis

tence length will depend on the scale of extension between charged segments. Hence 

the electrostatic persistence length is rather scale-dependent than a constant as £OSF-

In particular, the scale-dependency becoines stronger when the intrinsic persistence 

length of a polymer is an order of Ax). As a matter of fact, it was necessary to revise 

£OSF for the case of flexible charged polymers [63]. The scale dependent persistence 

length is defined by, 

A = AQ + £3-——^}C{Q). (4-15) 
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K.{q) depicts the Debye-Hiickel interactions for the different normal modes [41], 

with stretching modulus, S. The characteristics of the scale-dependency can be un

derstood if we study the integrand of the formula. When the persistence length is 

simply AQ, the integrand (L/AOQ'^+F/KBT) behaves as atypical Lorenzian type power 

persistence length becomes scale-dependent and A replaces AQ in the integrand. In 

the Fig. 4.3, we illustrate the characteristics of the integrands dependent on q, force, 

AQ, and ionic strength. The difference between two integrands decreases over force 

as illustrated in the simulation plots. When AQ is large, or the ionic concentration is 

strong, the scale dependency decreases. 

4.3 Experimentation 

Data were obtained by stretching a single poly(U) molecule between a streptavidin-

coated cover glass and anti-digoxigenin-coated polystyrene bead (dia. 0.49±0.024 //m) 

held with optical tweezers. Poly(U) molecules were polymerized from 5'-biotinylated 

oligonucleotides (U20) using polynucleotide phosphorylase, and labeled at the 3'-end 

with digoxigenin using terminal transferase. A bead tethered to the cover glass was 

trapped and positioned 400 nm above the cover glass using a piezo-driven microscope 

stage (Physik Instrumente). A single poly(U) molecule was then stretched by later

ally moving the piezo stage. Forces were determined by measuring the displacement 

of the bead from the center of the trap [20]. Force-vs-extension curves were calculated 

according to Wang et al [56]. Buffers (2 mM Hepes, pH 7.5) brought to the desired 

K(I7) = 1^([1 + -^1)9^1 toll + -^1)9^1 - >I<I^)- (4.16) 

It was introduced into the WLC model [41] as, 

(4.17) 

spectrum with a roll-off q = -y/{F/(AOKBT) at force, F. Now, when > AQ ,  the 
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FIGURE 4.4. a) Data acquired at 500 mM [Na"*"] is fitted with four different models. 
The results of fittings are summarized in Table 4.1. Except for slight deviations of 
WLC+C at the low force region and mFJC at the high force region, they all fit 
reasonably well, b) For 5 mM [Na+], All models demonstrate significant deviations 
from the data. 

Na""" concentration using NaCl, were exchanged by washing the flow cell with ~10 

times its volume. This enabled us to stretch the same individual molecule at differ

ent ionic conditions. Experimental procedures were validated by stretching dsDNA 

molecules of known lengths reproducing expected contour and persistence lengths 

(data not shown). 

4.4 Result and Discussion 

Prior to studying electrostatic effects, we investigated the intrinsic property of 

poly(U). We first analyzed the poly(U) stretching data acquired at 500 mM [Na"^] by 

fitting with 4 different models (we assumed that 500 mM would sufficiently minimize 

electrostatic repulsions between phosphate groups). The results are summarized in 

the Table 4.1. At high salt concentrations the force-vs-extension curves for single 

stranded DNA (ssDNA) were predicted by the modified freely jointed chain model 
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(mFJC) [55, 66] 

X = L coth 
2 F L p  KET 

2 F L p  s r (4.18) 

where L is a contour length, L p  is a persistence length, and S  is the stretching 

modulus. Although poly(U) as ssRNA is expected to behave like ssDNA, upon fitting 

the mFJC ( 4.18) to the poly(U) data, we find a stretching modulus (~ 144 pN) much 

smaller than that of ssDNA (800 pN based on the mFJC fit and ~ 2000 pN from WLC 

fit) [41, 55]. Considering the small difference between the backbones of ssDNA and 

RNA (deoxyribose lacks the 2'-hydroxyl group) such a large difference is not expected. 

Other three models used for fitting were developed from the following interpolation 

formula of the worm like chain model by different groups [41, 57], 

Here ctj is the coefficients for the residuals as a seventh-polynomial [57]. We use 

abbreviations to distinguish each model. The WLC indicates the above interpolation 

formula (Eq. 4.19) without correction terms = 0). The WLC+C refers to the 

above interpolation formula (Eq. 4.19). The WLC+H is the same as the WLC except 

for x/L being replaced by x/L — F/S for the enthalpic correction. All three models 

fit to the 500 mM [Na"^] data quite well (Fig. 4.4") and produce reasonable values of 

the persistence lengths and the stretching modulus (only for WLC+H). The contour 

lengths of WLC+H (2231+5 nm) and mFJC (1625+10 nm) are somewhat smaller 

than those of the WLC and the WLC+C. It makes sense that the part of extension 

comes from enthalpically stretching molecules over its contour length in these models. 

The models without stretching modulus can be regarded as for the case of S^F and 

therefore the enthalpic contribution is very small to the extension of molecule in the 

most stretching experiments. All models fit to data reasonably well down to 200 mM 

[Na"^] but fail to fit below 100 mM [Na"*"]. 

In the second part, we investigate the elasticity of poly(U) as polyelectrolyte. For 

F  = M:[  ^ I  + £  + 
Lp 4( l - i /L)2  4  ' ^L '  •  

(4.19) 
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FIGURE 4.5. The Lp vs. force plot also shows that the elastic behavior of poly(U) 
deviates from the worm like chain model. The evidence of electrostatic effect on poly 
(U) elasticity is clear since Lp at 500 mM [Na"^] reaches to a constant persistence 
length more rapidly than at 5 mM [Na"*"] and the Lp of DNA at 5 mM [Na+] shows 
only small fluctuation over force as a typical worm like chain. (The contour length 
and persistence length of DNA are determined by the WLC+C fit {1), L — 1900±3 
nm and LP=55.0±4.6 nm). 

a simple observation, it is clear that poly(U) becomes more easily stretchable with 

less [Na"*"] (Fig. 4.1). In other words, the electrostatic repulsions make the persistence 

length get longer. However, the persistence length does not simply increase in terms 

of [Na"*"]. When we plotted out the persistence length as a function of F (Fig. 4.5) 

obtained by rearranging Eq. 4.19 [55], 

ksT r 1 1 X / ^ \ 7 1  I A r . r v \  

" "F'4{1 - x j V f  " 4 + 1  ' '  '  '  

we found that the persistence length of 5 mM [Na"^] decay slowly over the broad range 

of force to a constant in comparison to those of 500 mM [Na+] and dsDNA. That 

explains why the data acquired at 5 mM [Na"^] cannot be fit very well with any of 

these model as shown in Fig. 4.4^" since all these models were based on the elastic 

polymer with a constant persistence length. It has been known that if there are not 

enough shielding charges available, the long range electrostatic repulsions between 

charged segments strongly influence the elastic property of polyelectrolyte and the 

persistence become scale-dependent [41]. We follow Marko and Siggia in writing the 
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WLC WLC+C WLC+H mFJC 

L(nm) 2327±3 2356±3 2231±5 1625±10 

Lj,(nm) 0.90±0.01 0.76±0.01 1.02±0.01 1.29±0.01 

< Lp >'^(nm) 0.80±0.02 0.67±0.02 0.91±0.03 1.18±0.05 

5(pN) - - 1512±8 145±7 

< S >^(pN) - - 1593±129 160±10 

TABLE 4.1. Fitting parameters from different models: error indicates fitting error. 

" M e a n  ±  s . e . m .  ( A ' ' = 1 0 )  

persistence length as having an elastic contribution and an electrostatic contribution, 

A = Ao + iB^ ^  ^ lC{q) ,  (4-21) 

with ^0 the elastic persistence length, is the Bjerrum length measuring the strength 

of the electrostatic interaction, the Debye screening length given by I/X/STTCZB 

(~ 0.25/c^''^ nm) [41, 67], v the effective charge density and c the concentration of 

Na+ in molar unit. IC{q) depicts the Debye-Hiikel interactions for the different normal 

modes. Although no ab initio theory for u exists, a phenomenological expression for 

ssDNA has been derived by Zhang et al. [67], 

u = exp{a + (4.22) 

with Q. = 0.0338 and (3 = 1.36 for ssDNA. The equation of the worm like chain model 

can be rewritten by replacing the constant persistence length Lp with a persistence 

length A that is scale and therefore force-dependent. For the relative extension it is 

then found [41], 

^  =  i +  l  ( 4 2 3 )  
L J 27T Aq' + F/KbT S' ^ ' 

The integrand can be approximated as {Aq"^ + F/KBT + + Apg^/4))"^ based 

on the weak dependence of extension on applied force [42]. 

For fitting, we use the analytical form of Eq. 4.23 which we derived using this 
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FIGURE 4.6. Fits to force vs. extension data acquired at 5 mM [Na+j. The values of 
the fitting parameters found for each model have been summarized in Table 4.2. To 
better evaluate the fits to our data we show the a) Unear and b) log-scaled plots. 

approximate integrand and only use the data points for the relative extension, x / L  

> 0.5 due to difficulties in fitting at the low extensions {x/L < 0.5). In fact, this 

modified worm like chain model (mWLC) is known to be inaccurate for low exten

sions [41]. Mostly, we find that the mWLC can characterize the stretching data at 5 

mM [Na"^] better than the other previous models (Fig. 4.6). We also fit without the 

enthalpic term (F/S) to investigate the significance of the stretching modulus in the 

mWLC. We notice the deviation at the high force regardless of [Na+j. We obtain the 

elastic persistence lengths and the contour lengths from fitting with the mWLC and 

the mWLC without the last term (mWLC-S) and summarize in the Table 4.2. The 

acquired contour lengths from the fitting (2200±39 nm at 500 mM and 2160±54 nm 

at 5 mM [Na+]) are smaller than what we obtain from the WLC and the WLC-t-C but 

close to that of the WLC-l-H. Consistently, the contour lengths of mWLC-S (2360±11 

nm at 500 mM and 2336±13 nm at 5 mM [Na^]) are very close to those of the WLC 

and the WLC-I-C. The elastic persistence lengths of all models are bigger at 5mM 

[Na+] than at 500 mM [Na"^]. Interestingly, although the elastic persistence length 

AQ for the mWLC is expected to be dependent on the intrinsic chain property rather 

• 5mM[Na^] 

mWLC+H Fit 

mWLCFit 

— WLC Fit 

•— mFJCFit 

•  5 m M [ N a ]  

mWLC+H Fit 

mWLC Fit 

— WLC Fit 

•— mFJCFit 
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500 mM 5 mM 

mWLC mWLC-S mWLC mWLC-S 

L(nm) 2220±39 2360ifcll 2160±54 2336±13 

Ao(nm) 0.75±0.03 0.67±0.01 1.24±0.16 0.92±0.03 

< ^0 >"(nm) 0.68±0.02 0.60±0.01 1.48±0.11 0.88±0.03 

5(pN) 710±202 549±148 

< S >^(pN) 645±74 524±74 

TABLE 4.2. Fitting parameters from modified worm like chain models 

"Mean ± s.e.m. {N=10, 500 mM ; Ar=15, 5 mM) 

than the electrostatic effects, it increases at lower [Na"*"]. At this point, we do not 

know whether AQ is locally affected by the electrostatic repulsions or it is simply 

chosen from the result of fitting procedure to minimize the reduced x^-

Interestingly, at relatively low concentrations of divalent counterions (2.5 mM 

[Mg^"*"]), poly(U)'s force-extension data are predicted by the simple WLC model 

(data not shown), whereas this model is a poor description at ~80x times higher 

concentrations of Na"'". This strong effect of Mg^^ is not immediately clear from the 

presented expressions, but is mainly due to the dependence of )C{q) upon \D- Sim

ulations using the mWLC model proved consistent with our observation and predict 

non-scale-dependent persistence lengths at low [Mg^+]. 

In the presence of spermine, a tetravalent polyamine (10 mM [Na+], 0-10 /JM sper

mine concentration), we have observed a variety of rather more complex behaviors. 

The persistence length sometimes is reduced presumably due to screening of poly(U)'s 

backbone charges. However, other molecules within the same preparation may dis

play an increased persistence length, which may be an indication of charge inversion 

by spermine [68]. Figure 4.7 shows an example of a force-extension measurement 

in the presence of spermine (10 mM [Na"*"], 10 /xM spermine concentration). The 

data indicate the unfolding of a secondary structural element, presumably a hair-
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FIGURE 4.7. Force-extension data of poly(U) at 10 mM Na"^ and 10 fxM spermine 
concentrations. The piezo stage was moved at a rate of 200 nm s~^ resulting in consid
erable hysteresis, indicating relatively slow folding kinetics of the poly(U)- spermine 
complex. 

pin loop, at low force. This observation is consistent with X-ray fiber diffraction 

data of poly(U)-spermine complexes displaying structures similar to the A-form of 

dsDNA, thus indicating that the poly(U)-spermine complex adopts a double-helix 

conformation with both strands oriented anti-parallel [69]. At high force a second 

more gradual transition occurred. However, it is not clear what structural rearrange

ment this represents. It does not have the typical signature of an unfolding hairpin, 

neither does it display a typical helix-random coil transition like we have observed 

in poly (A) (unpublished data). The complexity of the observed unfolding behaviors 

within a very narrow range of polyamine concentrations warrants a more detailed 

future investigation of this phenomenon. 

4.5 Conclusion 

Poly(U) is a very flexible molecule with the persistence length smaller than Inm 

and it behaves more close to a worm like chain rather than a freely joint chain. 

Presumably, there are still unaccounted restrictions present to limit the movements 

of bases. Owing to its small persistence length, poly(U) is largely affected by the 
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long range interactions between negatively charged phosphate moieties which should 

be accounted for the proper description of its elastic property. The mWLC which 

takes into account the interactions by incorporating the scale-dependent persistence 

shows a good tendency to characterize the elasticity of poly(U). However, it still 

shows slight deviations from the data especially for low extensions, which will be 

further to be studied. In future, it will be interesting to study the elastic properties 

of heterogeneous ssRNA as well as other homo-polymeric ssRNA rather than poly(U). 



74 

Chapter 5 

THE STRUCTURAL ANALYSIS OF RNA HELICES 

The foregoing chapter has focused on the elastic properties of the random coiled 

polymer, poly(U). In this chapter, we study two other homopolymeric molecules -

poly (A) and poly(C). We stretch individual molecules and investigate their structural 

properties. Using a two-state model, we found that poly(A) and poly(C) form single-

stranded helices with about 9 bases per turn and 8 bases per turn, respectively, at 

neutral pH and 500 mM [Na"^]. Upon stretching, the helices are unfolded into random 

coils and the free energy differences between two conformational states are 20 pN-nm 

for poly(A) and 17.5 pN-nm for poly(C). 

5.1 Introduction 

Four main types of homopolymeric RNA exist: polyadenylic acid (poly(A)), poly-

cytidylic acid (poly(C)), polyguanyhc acid (poly(G)) and polyuridylic acid (poly(U)). 

Due to the lack of complementary base-pair interactions, structures of these molecules 

display more variety than double stranded DNA or RNA and have been examined 

with various methods: circular dichroism, hypochromism, x-ray diffraction and nu

clear magnetic resonance spectroscopy [44-52]. These studies have uncovered many 

interesting structural features: first, the sugar phosphate backbone of RNA is con-

formationally different from that of DNA due to the presence of hydroxyl group in 

C2' ribose, which imposes more rotational restrictions along the backbone. Second, 

different homopolymeric RNA molecules have significantly different conformations, 

which indicates that bases contributes to the formation of structure. For example, 

poly(U) exists mostly as a random coil at room temperature but develops secondary 
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FIGURE 5.1. Proposed structure of poly (A) single-stranded helix on the basis of a 
single crystal study of the trinucleotide diphosphate (ApApA) [58]. Bases are in anti 
orientation (turned inside) and stacked parallel to each other. This helix contains 
9 nucleotides per one pitch of 2.54 nm. Reprinted with permission from Wolfram 
Saenger 

structures at low temperature [47]. On the other hand, poly (A) and poly(C) are 

able to form single- or double-stranded helices at room temperature dependent on pH 

condition. Poly(G) can exist as a quadruple helix and is able to form gels from aque

ous solutions, which makes it difficult to synthesize and study individual molecules 

of poly(G). Thus, we do not include poly(G) in this study and discuss two readily 

available RNA molecules: poly(A) and poly(C). 

Possible conformations of poly(A) and poly(C) were suggested as following: at pH 

< 4.0, poly (A) is protonated at adenine Ni and aggregates to form a double helix [70]. 

The poly(A) double stranded helix shows different features from Watson-Crick dou

ble stranded RNA or DNA: a dyad axis coincides with the helical axis and arrange 

the poly(A) chains parallel to each other, whereas the strands in DNA are oriented 
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anti-parallel. The helix is eight-fold and the pitch height is 3.04 nm. On the other 

hands, at neutral pH, poly(A) forms a single-stranded right-handed helix, with a he

lical pitch containing 9 bases which spans 2.54 nm (Fig. 5.1) [58]. Single-stranded 

poly(A) molecules are also found in nature usually linked covalently to the 3'-end 

of nuclear RNA, eukaryotic messenger RNA, and many viruses. These poly(A) tails 

serve a special purpose to protect these RNA molecules from being degraded and 

enhance translation [2]. 

For poly(C), two different single-stranded conformations were suggested. First, 

according to a NMR study, it might form a left-handed single helix with eight nu

cleotides per turn of 2.32 nm in neutral aqueous solution [71]. Secondly, an X-ray 

fiber diffraction study of poly (2'-0-methyl-C) which has similar thermodynamic and 

spectroscopic properties as poly(C) [72, 73] suggested that poly(C) might form a right-

handed single helix with 6 nucleotides per turn [74], At acidic pH (<4.5), poly(C) 

forms a double-stranded helix with parallel chains [45] similar to the parallel chain 

conformation of the poly(A) double-stranded helix. These secondary structures of 

poly(A) and poly(C) are transformed into random coils when temperature is increased 

above their melting temperatures, which indicates that these molecules can exist in 

two different structural states. Such experiment revealed the free energy changes and 

equihbrium constant of the conformational transitions [44, 45]. Nonetheless, these 

kinds of ensemble-average approaches usually lack details about the dynamics of the 

transition mechanism because it is difficult to synchronize large amount of molecules. 

Moreover, the mechanical properties of the molecules which play important roles in 

determining the molecules' conformations and subsequently conformational transi

tions cannot be fully understood using these approaches. In that context, the single 

molecule techniques where force will be exerted locally to the molecule have advan

tages. In particular, the application of a force to the molecule imposes a well-defined 

trajectory in the time course of the reaction process. In addition, it enables us to 

affect the rate of the reaction. 
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FIGURE 5.2. Illustration of the two-state model: The single-stranded helical struc
tures of poly(A) and poly(C) can be described by the two-state model in that one 
helical pitch is considered as a domain with two possible states: folded or unfolded. 
AGo indicates the free energy difference between the unfolded and folded states, ao 
and /?o are the rate constants for unfolding and folding at equilibrium, and xf are 
the activation barrier widths for the unfolded and folded states 

A "simple" way to apply a force is by stretching a molecule. Upon stretching, 

a molecule (poly(A) or poly(C)) is extended and eventually unwound into a random 

coil. Thus, the force-vs-extension behavior reveals the elastic properties and the em

bedded kinetics as well as the thermodynamics of the conformational transition. The 

two conformational states (folded, unfolded) can be described as two stable minima of 

a double-well potential. Such a simple model would hold, were it not for the entropic 

elasticity of the molecule. To account for the free energy change upon extension of the 

molecule, a WLC model for polymer elasticity has been included. In case of poly(A) 

or poly(C), we can consider the chain as a system containing an ensemble of domains 

which have two possible states: the folded state (helix) or the unfolded state (random 

coil) as illustrated in Fig. 5.2. When exerting a force, we extend the molecule and 

eventually induce the conformational transitions of individual domains. Therefore 

the force-vs-extension data contains not only the elastic and structural properties 

but also the force-dependent unfolding and folding probabilities of domains. Based 

on this information, we can calculate the equilibrium constants, unfolding rates, and 



78 

the reaction coordinate profiles. 

5.2 Materials and methods 

5.2.1 Preparation of RNA and Sample. 

Both RNA molecules ((poly A) and (poly C)) were prepared by elongating primers 

(20-mer, 5'-end biotin-labeled oligo uridylic acid (Dharmacon)) using polynucleotide 

phosphorylase (Sigma) to a length of ~ 5 kb. The 3'-end of RNA was labeled with 

digoxigenin using terminal transferase (Invitrogen). 0.25 nM of difTerentially labeled 

RNA were incubated for 3 hrs with 12.5 pM of anti-digoxigenin (Roche) coated 

aldehyde-sulfate polystyrene beads (diam. 0.49±0.025 /um; Interfacial dynamics) in 

incubation buffer (2 mM Hepes, pH 7.0, 500 mM NaCl, with 0.3% w/v acetylated 

BSA) at 4°C (total volume is 100 A microscope sample cell was made with a 

streptavidin coated coverslip (Xenopore) secured on to a microscope slide (VWR) 

using epoxy. 30 min after introducing the bead and RNA mixture into a sample cell 

allowing the 5'-ends of the RNA molecules to bind to the surface so that tethers are 

formed, excess unbound beads were removed by flushing with 500 fj,l of incubation 

buffer. 

5.2.2 Measurement of force and extension 

Tethered beads were trapped using optical tweezers and positioned such that the 

center of the bead was ~400 nm above the anchor point. The initial height of a 

trapped bead was determined based on the relationship between the height of the 

bead and the intensity of the scattered light on to the photodiode [75]. The lateral 

position of a trapped bead relative to the trap center was measured by analyzing 

the detection of forward scattering light on a photodiode [20]. The stiffness of the 

optical trap was determined using the equipartition theorem by acquiring the mean 
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FIGURE 5.3. Schematic diagram of experimental system. The setup, consisting of the 
RNA molecule anchored to the streptavidin coated microscope coverslip and tethered 
to the anti-digoxigenin coated bead. The bead is trapped in the optical tweezers. 
The RNA molecule is pulled by moving the anchor point away using the piezo-driven 
stage. The movement of the bead from the center, Xbead is measured. Zbead and the 
total extension, x are calculated in terms of Xbead and Xstage (refer to Material and 
methods section). When the RNA molecule is stretched, the domains composed of 
the chain undergo conformational transitions from the helix with the contour length, 
Li to the random coil with the contour length, L2. 

square displacement of a trapped bead (not tethered) [20]. Force was exerted on 

the RNA molecule by moving the piezoelectric stage away from its initial position 

(Fig. 5.3). The force and the molecule's extension were calculated following the 

procedure developed by Wang et al [56]. The piezo-driven stage is set to move at 

0.2 yum/sec. 

5.2.3 Fitting with a two-state model 

Many biological processes can be described by a simple two-state model, for exam

ple, protein and RNA hairpin unfolding, double-stranded DNA unzipping, and ligand 

binding to macromolecule [33, 76, 77]. In this model, the system can be described 

as a double-well potential with two stable minima as illustrated in Fig. 5.2. We can 
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characterize the system by modulating the potential barrier by changing variables 

such as temperature, pressure, and force. In single-molecule stretching experiment, 

we use force as a variable. Upon exerting force, the free energy difference between 

two states, AG changes as, 

A G  =  A G o -  F A x ,  (5.1) 

where AGQ is the free energy difference between two states at zero force and A x  is 

the extension change of the molecule. In case of a single-stranded helix, we regard 

one helical pitch as a domain with two possible states, a folded state (helix) with a 

contour length, Li and an unfolded state (random coil) with a contour length, L2. 

The total contour length of the molecule is then given by L = LiA^i -|- L2N2 where Ni 

and N2 indicate the number of helical and random coil domains, respectively. Upon 

a p p l y i n g  a  f o r c e ,  F ,  t h e  t o t a l  e x t e n s i o n  b e c o m e s  x { F )  —  x ^ N i  +  X 2 N 2 .  H e r e ,  X i  

and X2 are extensions of the helical and random coil domains, respectively which are 

calculated from a worm-like-chain model without enthalpic correction terms: 

X i  =  L i [ l - 0 . b ^ l ^ ^ ] ,  i  =  l , 2 .  (5.2) 

If we assume that the folding/unfolding process of individual domains represents a 

two-state process, and N2 are related by 

~AG(F) 

where AG(F) = AGQ — F { x 2  —  X i )  [77]. If the total number of domains, N  is the 

sum of A^i and N2, the total extension, x{F) can be rewritten as 

= 1  +  (5 .4)  

Using this equation, we can fit the force-vs-extension data and determine Lp^i (the 

persistence length of a helical domain), Lp^2 (the persistence length of a random coil 

domain), Li, L2, AGQ (free energy required to transit the states without external 

f o r c e ) ,  a s  w e l l  a s  N .  
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FIGURE 5.4. Force vs. extension plots of poly(A) and poly(C) and fits to the two-
state model, a) Parameters of poly(A) from fitting are Lp^i = 1.4 nm, Lp_2 = 0.7±0.1 
nm, Li = 3.6±1.2 nm, L2 = 5.3±1.4 nm, AGQ = 24.8±13.0 pN-nm, N = 323±106 
helices. The expected contour length is 1718±731 nm. b) Parameters of poly(C) from 
fitting are Lp^i = 2.1±0.1 nm, Lp^ = 0.6±0.4 nm, Li = 3.2±1.0 nm, L2 = 4.7±1.1 
nm, AGo = 19.5±10.8 pN-nm, N — 385±113 helices. The expected contour length 
is 1810±684 nm. 

5.3 Results and Discussion 

5.3.1 Structural properties and transition thermodynamics 

Structural properties A total of 35 poly(A) and 18 poly(C) molecules was stretched. 

The force-extension data for one poly(A) and poly(C) molecule are shown in Fig. 5.4. 

These data show distinctive kinks indicating a structural transition (Fig. 5.4). Indi

vidual stretching data were fitted with the two-state model and the averages values of 

the fitting parameters for poly(A) and poly(C) are summarized in Table 5.1. In order 

to investigate the validity of the proposed helical structures, two different settings 

for the contour length, L2 were used in the fitting procedure: one as a free fitting 

parameter and the other as a fixed fitting parameter (5.04 nm for poly(A) and 4.48 

nm for poly(C)) based on the proposed models and the known contour length per 

base, 0.56 nm (which should be distinguished from the inter-phosphate distance (0.59 

nm) [78]). From the first fitting procedure where L2 is set as a free parameter, we 
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poly(A) poly (A)" poly(C) poly(C)'' 

Lp,i (nm) 1.52±0.06 1.58±0.09 2.54±0.12 2.51±0.12 

Lp,2 (nm) 0.75±0.04 0.71±0.04 0.66±0.05 0.74±0.09 

Li (nm) 3.38±0.07 3.41±0.04 2.96±0.10 3.06±0.05 

L2 (nm) 4.93±0.08 5.04 4.35±0.11 4.48 

AGo (pN-nm) 20.2±0.3 20.0±0.4 17.5±0.8 18.3±0.8 

TABLE 5.1. The two-state model fitting parameters : They represent the structural 
properties of each state. Meanis.e.m. {N—35, Poly(A); A'"=18, Poly(C)) 

"1(2 fixed as 5.04 
''L2 fixed as 4.48 

find that Li are 3.38 nm for poly (A) and 2.96 nm for poly(C). L2 becomes 4.93 nm 

for poly (A) and 4.35 nm for poly(C). These contour lengths correspond to 8.8 bases 

per domain for poly (A) and 7.8 bases per domain for poly(C). Lp^i for poly(A) is 1.52 

nm which is almost twice bigger than = 0.75 nm. Similarly, Lp^i (2.54 nm) for 

poly(C) is larger than Lp^2 (0.66 nm). No appreciable difference in fitting result was 

found when L2 was either a fixed or free parameter. In comparison to the previously 

proposed models, the acquired Lis are quite larger than the predicted values (2.54 

nm for poly(A) and 2.32 nm for poly(C)) while bases per domain calculated from L2S 

are consistent to the predicted values. 

Two-state probability We calculated N2/N, the fraction of unfolded domains which 

represents the force-dependent unfolding probability using Eq. 5.3 and the two-state 

fitting parameters (Table 5.1). As shown in Fig. 5.5, we fit N2/N with the following 

equation, 
N 2  1  

with E  =  A G { F I/ 2 )  ~  F A X{ F I/ 2 )  where F 1 / 2  is the force at which N 2 / N  = 0.5. 

AG{Fi/2) and Aa;(Fi/2) are the free energy required and the extension when a half of 

the domains are unfolded. For poly(A), we found AG{Fi/2) = 27.1±0.4 pN-nm and 
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FIGURE 5.5. The fraction of the unfolded domains vs Force. We can obtain AG{Fi/2) 
and Ax{Fi/2) by fitting N2/N with Eq. 5.5 which characterize the unfolding proba
bility. In these plots, G{Fi/2) = 24.6±0.1 pN-nm and x{Fif2) — 1-1 nm for poly(A). 
G{Fif2) = 28.7±0.1 pN-nm and x{Fi/2) — 1-0 nm for poly(C). F1/2 is the force at 
N2/N = 0.5 

Ax(Fi/2) — 1.22±0.02 nm. For Poly(C), AG(Fi/2) = 26.5±0.7 pN-nm and Ax(Fi/2) 

= 1.02±0.02 nm. Consequently, F1/2 calculated for poly(A) is 22.2±0.5 pN and for 

poly(C) is 26.0±0.9 pN. It should be noted that AG{Fi/2) is contributed to by not only 

AGo but also by the entropy change between the folded and unfolded states at F1/2. 

When we subtracted the entropic contribution from AG(Fi/2) which is the energy 

difference between a helix and random coil, we found AGQ = 17.5±0.2 pN-nm for 

poly(A) and 14.0±0.3 pN-nm for poly(C), which now can be directly compared with 

the free energy change obtained from biochemical ensemble-averaged experiments 

where only temperature was varied. 

5.3.2 Transition kinetics 

In addition to the thermodynamic properties, we also investigated the unfolding 

kinetics of the transition mechanism and obtain the unfolding rate, OLQ at zero force, 

a n d  t h e  a c t i v a t i o n  b a r r i e r  w i d t h ,  X u  ( F i g .  5 . 6 ) .  W e  d e t e r m i n e d  t h e  p r o b a b i l i t y ,  P { F )  

that the molecule will be unfolded at a given force by averaging series of the fractions 
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FIGURE 5.6. The unfolding rate calculation by linear fit to ln[r ln(l/P(F))] vs force 
plots. P{F) is obtained by averaging the series of Ni/N vs force curves, a) For 
poly(A), The loading rate, r = 5.45 pN/s. The unfolding rate, ao and the activa
tion width for unfolding, are 0.0033/s and 1.02 nm, determined by linear fit. b) 
For poly(C), r = 8.17 pN/s. The obtained ao and are 0.0057/s and 0.82 nm 
respectively. 

of the folded domains, Ni/N vs force curves. Ni/N are calculated using Eq. 5.3 

and the two-state fitting parameters (Table 5.1). The force-dependent unfolding 

probability, P{F) was mathematically derived as [33, 79]: 

P { F )  =  

It can be approximated in the high force hmit(> 3 p N )  [33], 

ln[rln(l/P(F))] = \n{aokBT/xu) + 

(5.6) 

(5.7) 

where r  indicates the loading rate (pN/s). Using this formula, we fitted to the data 

and obtained cto and Xu- For poly(A), ao = 0.0033/s and Xy, = 1.02 nm and for 

poly(C), ao — 0.0057/s and = 0.87 nm respectively, indicating both helices are 

quite stable at zero force (at room temperature). If we assume that Xu and Xf remain 

constant over the change of applied force, Xf can be calculated by subtracting from 

the contour length changes (L2 — Li) which were acquired from the two-state fitting. 

We find that X/S for poly (A) and poly(C) are 0.53 nm and 0.52 nm respectively. It 
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FIGURE 5.7. Force-vs-extension data of poly(C) at 5 mM and 500 mM [Na"*"]. The 
same poly(C) molecule was stretched in two different conditions (5 mM and 500 mM 
[Na"*"]) to investigate the ionic strength effects on the molecular structural confor
mations. The lack of enough shielding charges results in increasing the persistence 
length of poly(C) at 5 mM [Na"*"] and decreasing the free energy difference between 
two state. The pronounce kink around 17-20 pN at 500 mM [Na"^] becomes invisible 
at 5 mM [Na"^]. 

indicates that the potential for poly (A) is slightly asymmetric than that of poly(C). 

However, it does not contributes significantly since the relaxation traces of poly(A) 

are well ahgned with its extension traces (data not shown). 

5.3.3 Ionic effects 

Electrostatic interactions between unshielded negatively charged phosphate groups 

generally stiffen the molecule causing the persistence length to increase. Especially, 

the electrostatic interactions becomes important when the Debye screening length 

is of the order of or larger than the intrinsic elastic persistence length. Previously, 

the ionic effects on the elastic properties of poly(U) were studied and found that the 

elastic properties of the poly(U) cannot be described by models based on the non-

self-avoiding chain. We showed that a modified worm like chain model which includes 

long range interactions of negative charged phosphates have a better agreement with 

the data acquired at low ionic concentration than a classic WLC [80]. Poly (A) and 
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FIGURE 5.8. The force vs extension data of poly(C) at pH 5.0. The data does not 
show any significance difference compared to those at pH 7.0. Based on the two 
state-fit, LI=3.3 nm, ^2=4.6 nm, LP^I=1.9 nm, LPFI=O.S nm, AGQ = 21.8 pN-nm, 
and the total contour length, L = 2396.8 nm. This fitting result does not support 
the fact that poly(C) forms a double hehx at acidic condition. 

poly(C) regardless of their states as either heUces or random coils are highly affected 

by the Na"*" concentration. First, the persistence lengths of both polymers increase as 

we can see in Fig. 5.7: smaller forces are required to stretch to the same amount of ex

tensions with lower Na"*" concentration. Second, the kinks are almost ignorably weak 

which may be interpreted as recessed transition free energy between two states. It is a 

reasonable assumption that the electrostatic interactions in the phosphodiester back

bone affect base stacking interactions between consecutive bases and subsequently 

lower the unfolding barrier height. Furthermore a modified WLC model as used in 

fitting the force-vs-extension data of poly(U) at low salt concentrations does not fit 

to that of poly(C) (data not shown) indicating under these circumstances poly(C) 

may still contain considerable amounts of helical domains. 

5.3.4 pH effects 

We found that the conformations of poly(A) and poly(C) are not affected by pH 

changes. As shown in Fig. 5.8, force-vs-extension data of poly(A) and poly(C) are 
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well described by the two-state model, which indicates that the molecules are still 

in single stranded hehcal states. Previous studies showed that poly(A) and poly(C) 

were able to form double helical structures in acidic conditions (less than pH 4.0) [44]. 

The reason for this discrepancy may lie in the details of sample preparations. First, 

we used very small concentration of RNA molecules (0.25 to 10 nM) compared to the 

amounts used (0.1 M) in the previous experiments. Second, we could not lower the 

pH condition less than 4.5 due to severe aggregations of beads - most likely due to 

surface-blocking materials (BSA). As a result, RNA molecules might not be able to 

form double stranded helices. 

5.4 Conclusion 

Our study showed that poly(A) forms a helical structure with 9 bases as the

oretically predicted. For poly(C), the conformation of the molecule is close to a 

single-stranded helix with 8 bases per turn from NMR experiment rather than 6 

bases from X-ray fiber diffraction experiment. The molecules folding and unfolding 

processes are fully reversible which indicates that stretching did not drive them off 

from equilibrium. We performed several different methods to calculate rate constants 

and activation barrier widths. The results are consistent to each other and only 

slightly differ within error ranges. In general, it is thought that the base-stacking 

energy is a main source to render a single stranded helix. The base stacking energy 

for poly(A) is predicted as ~ 0.4 Kcal/mol which corresponds to 25.0 pN-nm for one 

helical pitch. The base stacking energy for poly(C) is expected to be slightly lower 

than that of poly (A). Unfortunately, we could not find any references for the base-

stacking energy for poly(C). If we assume the base-stacking energy for poly(C) is the 

same as that of poly(A), the energy corresponding to one pitch is about 22 pN-nm. 

They are slightly larger than our data (20.2±0.3 pN-nm and 17.5±0.8 pN-nm) from 

the two-state fitting. We calculate the AGQ per base, for poly(A) as 0.34 Kcal/mol 
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and for poly(C) as 0.32 Kcal/mol, which indicates that the base-stacking energy for 

poly (C) is not much different from that of poly(A). 
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Appendix A 

PROTOCOLS 

A.l Synthesis of homopolymer 

(Caution: RNA is very susceptible to Rnases. Please wear gloves (not necessarily 

sterilized one) and only use Rnase-free purified water, buffers and items.) 

1. Materials 

• 2X elongation buffer 

— Tris-HCl (Sigma) 100 mM (pH 9.1 for poly(A), pH 8.2 for poly(C)) 

and poly(U) 

— DTT (Beringel-Manheim) 2 mM 

— EDTA (Sigma) 2 mM 

— KCl (Sigma) 1.2 M 

— MgCl2 (Sigma) 15 mM 

• RNA oligo (5'-biotinylated 20 mer, Dharmacon) to be elongated 

• Polynucleotide phosphorylase 0.2 unit/yLi/ (Sigma, P2869) 

• ADP, CDP, UDP (Sigma) 

• Eppendorf tubes (1.5 ml nuclease free, Eppendorf), Hot block or Incubator 

2. Elongation step 

(a) Poly(A) 

1. Add 2.0 mg of ADP into 1.5 ml Rnase-free eppendorf tube 

2. Add 100 III of 2X elongation buffer and mix well using a vortex 

3. Add 2500 pmol of oligo RNA 
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4. Add 5 fj,l of enzyme 

5. Add Water up to 200 /iZ 

6. Incubate the tube 55.5 °C for 1 hour (the elongation rate is very fast, 

the most of oligos are elongated more than 10 kb). 

(b) Poly(C) 

1. Add 2.5 mg of CDP into 1.5 ml Rnase-free eppendorf tube 

2. Add 100 111 of 2X elongation buffer (Use pH 8.2 Tris-HCl buffer) and 

mix well 

3. Add 500 pmol of oligo RNA 

4. Add 5 fil of enzyme 

5. Add Water up to 200 fil 

6. Incubate the tube 39 °C for at least 3 hours to grow to obtain a thick 

band at 5 kb-7 kb long in the gel 

(c) Poly(U) 

1. Add 13.0 mg of UDP into 1.5 ml Rnase-free eppendorf tube 

2. Add 100 nl of 2X elongation buffer (Use pH 8.2 Tris-HCl buffer) and 

Mix well 

3. Add 500 pmol oligo RNA 

4. Add 5 /jl of enzyme 

5. Add Water up to 200 fxl 

6. Incubate the tube 39 °C for at least 3 hours to grow to obtain a thick 

band at 6 kb-8 kb long in the gel 

3. Purification step 

(a) In order to decrease the sample volume, use ethanol precipitation by adding 

750 ml of icy cold ethanol (usually keep it in the -20 °C freezer) to the 
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sample tube and mix by gently flipping the tube upside down several times 

and put it in the -20 °C freezer for at least 1 hour. 

(b) Take the tube out and centrifuge for 5 min at 10 krpm. 

(c) Remove supernatant by tilting the tube and carefully pipet out any re

mained supernatant. At that time try not to touch RNA pellet (if RNA 

chains are very long, they become very sticky, especially poly (A)) 

(d) Add 80 III of Rnase-free water to the tube and gently shake the tube to 

dissolve the pellet (they should be dissolved very quickly, otherwise, the 

pellet is not RNA) 

(e) In order to get rid of any remaining protein and NDPs, RNA purification 

kit (Quiagen) or other commercial RNA purification kits should be used. 

(f) After purification, quantify the concentration using the spectrometer and 

run a 1 % RNA gel to estimate the length of RNA 

4. 3'-end labeling with Digoxigenin 

• Use the terminal transferase from Invitrogen (Terminal transferase from 

Roche contains something which degrades RNA, NEB usually makes good 

enzymes except for terminal transferase - the efficiency is very bad.) 

• Follow the protocol and use the buff'er which comes with terminal trans

ferase. 

.2 Coating Beads with anti-Digoxygenin 

1. Materials 

• Aldehyde-sulfate beads (0.49 /^m, Interfacial Dynamics) 

• IX PBS buffer (pH 7.2) (lOX PBS tablet, Calbiochem) 
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• Acetylated BSA (Sigma) 

• Glycine (Sigma) 

• two Eppendorf tubes (1.5 ml nuclease free, Eppendorf) 

• Rotator 

2. Procedures 

(a) Two 1.5 ml tubes are incubated with 1.2 ml 2 mg/ml BSA in PBS buffer 

for two hours with constant gentle mixing. 

(b) Empty and rinse tubes twice with Rnase-free water and then drain them. 

(c) Add 0.6 ml of 4.1 %(w/v) 0.49 //m beads and 0.6 ml PBS buffer to one of 

the tubes and vortex for 30 sec 

(d) Spin down beads for 2 min at 13 krpm. 

(e) Discard supernatant and re-suspend beads in 1.2 ml PBS buffer by vor-

texing. 

(f) Repeat 5 twice more and re-suspend beads in 0.935 ml PBS buffer and 

vortex for 30 sec 

(g) Add 600 iJ,l of 1 mg/ml anti-Digoxigenin fragments to the above tube and 

mix by pipeting the solution up and down. 

(h) Add 80 of 1 mg/ml acetylated-BSA and mix by vortexing for 30 sec 

(i) Stay overnight with constant gentle mixing at room temperature. 

(j) Spin down beads for 2 min at 13 krpm. 

(k) Discard supernatant and re-suspend in 1.2 ml 1.0 M glycine in PBS buffer. 

(1) Incubate it for 40 min at room temperature with constant gentle mixing. 

(m) Spin down and re-suspend it in 960 /xl PBS and add 40 jil of 80 mg/ml 

Acetylated BSA and 5 fj,l oi 2 % (w/v) sodium-azide. 
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(n) Transfer bead suspension to the second BSA treated tube from the first 

step. 

A.3 Preparation for RNA stretching 

A.3.1 Preparation of Sample cells 

1. Prepare precleaned microslides (VWR), streptaividin coated cover glass (Xeno-

pore), and epoxy (Falcone). 

2. Put a microslide on a paper with grid. (This grid helps to attach a cover glass 

to the center of a microslide. 

3. First put two spacer (white, 2 mm X 25 mm X 1/64 in, (width, height, thick

ness), Grainger) where the edges of a cover glass sit on and apply two thin strips 

of epoxy just inner sides of spacers. 

4. Carefully put a cover glass on the top of spacers and place it in a petri dish 

with a top. 

5. Cover the petri dish with wax paper and put a cover. 

6. Store it at 4 °C. Once it is made, it will be okay for a week. 

A.3.2 Tethering Anti-digoxigenin beads with RNA 

1. Add 4 III of 0.32 nM anti-digoxigenin beads (12.8 fmole) to a 1.5 ml eppendorf 

tube containing 50 jil incubation buffer (4 mM Hepes, pH 7.0, 500 mM NaCl) 

2. Add 2.5 111 of 20 mg/ml Ac-BSA. 

3. Vortex for 15 to 30 s. 

4. Add 26 fmole to 128 fmole of differentially labeled RNA. 
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5. Add water up to 100 iJ,l. 

6. Incubate the tube at 4 °C for overnight. 

A.3.3 Tethering RNA with beads to a streptavidin coated surface 

1. Take out a sample cell stored at 4° C fridge and sit it at the room temperature 

for 30 min. 

2. Flow 100 III of a desired buffer (however it should contains enough Na+ or 

Mg^"*") with 0.5% w/v Ac-BSA containing buffer. 

3. Sit it for 1 hour at room temperature. 

4. Introduce RNA and bead mixture and sit it for 30 min. 

5. Wash any unbound beads by flowing 500 iil of a desired buffer that you wish 

to work with. 
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