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ABSTRACT Experimental variables of optical tweezers instrumentation that affect RNA folding/unfolding kinetics were
investigated. A model RNA hairpin, P5ab, was attached to two micron-sized beads through hybrid RNA/DNA handles; one bead
was trapped by dual-beam lasers and the other was held by a micropipette. Several experimental variables were changed while
measuring the unfolding/refolding kinetics, including handle lengths, trap stiffness, and modes of force applied to the molecule.
In constant-force mode where the tension applied to the RNA was maintained through feedback control, the measured rate
coefficients varied within 40% when the handle lengths were changed by 10-fold (1.1–10.2 Kbp); they increased by two- to
threefold when the trap stiffness was lowered to one-third (from 0.1 to 0.035 pN/nm). In the passive mode, without feedback
control and where the force applied to the RNA varied in response to the end-to-end distance change of the tether, the RNA
hopped between a high-force folded-state and a low-force unfolded-state. In this mode, the rates increased up to twofold with
longer handles or softer traps. Overall, the measured rates remained with the same order-of-magnitude over the wide range of
conditions studied. In the companion article on pages 3010–3021, we analyze how the measured kinetics parameters differ
from the intrinsic molecular rates of the RNA, and thus how to obtain the molecular rates.

INTRODUCTION

Discovery of RNA’s increasing roles in many biological

processes, such as regulation of gene expression, has

stimulated interest in understanding how the RNA folds

into native structures to perform its functions. Folding of the

RNA is highly hierarchical, i.e., the primary sequence of an

RNA molecule forms secondary structural elements through

basepairs, which subsequently fold to tertiary domains/

structures, usually through long-range interactions (1).

Moreover, several domains from a large RNA can fold inde-

pendently and then assemble into more complex structures

(2,3). RNA folding is strongly affected by environmental

factors, including magnesium ions. For example, the Tetra-
hymena ribozyme does not form a stable structure in low

Mg21 concentrations, whereas Mg21-stabilized kinetic traps

(misfolded species) slow the folding of the RNA in high

Mg21 concentrations (4). Kinetically trapped, alternatively

folded conformers usually occur in vitro during folding of

larger RNAs, and they can be thermodynamically stable and

never fold into correct structures (5).

RNA folding/unfolding thermodynamics and kinetics are

traditionally studied by changing the temperature (6,7) or

denaturant (e.g., urea) concentration (8,9). These variables

can affect the equilibria and rates of the RNA folding

reactions. Recently, optical tweezers-based single-molecule

techniques (10–12) have introduced another variable—me-

chanical force—to study RNA folding/unfolding (13,14).

This new approach offers several advantages over the tradi-

tional methods. First, mechanical forces are involved in

many biological processes, such as opening of RNA hairpins

by helicases (15). Second, the progress of the reaction can be

followed by a well-defined reaction coordinate (end-to-end

distance of the RNA). Finally, an RNA molecule usually

traverses intermediate conformations before folding to its

native structure, and single-molecule approaches make the

detection and characterization of the intermediate states more

accessible than bulk methods (16,17).

To facilitate single-molecule manipulation in a typical

optical tweezers unfolding experiment, the RNA of interest

is attached to two micron-sized beads through molecular

‘‘handles,’’ which are generally double-stranded nucleic acids

to physically separate the RNA from the beads and to prevent

the interference of the bead surfaces. One bead is held in the

optical trap and the other is attached to a micropipette.

Kinetics of RNA folding and unfolding is studied by mon-

itoring distance changes between the two beads in response

to the applied forces. However, several factors in the experi-

mental setup may affect the measured unfolding/refolding

rates of RNAs, as has been shown in a recent report on a

20-bp DNA hairpin whose rates change with the stiffness of

the optical trap (18).

Our goals in this study are to systematically investigate the

experimental influences on the kinetics of RNA hairpins in a

typical optical tweezers experiment, and to analyze the

limitation of measurements under such conditions. P5ab, a

simple 22-bp RNA hairpin derived from the Tetrahymena
thermophila ribozyme (19), was used as a model. The

folding/unfolding rates of the RNA were measured for
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different handle lengths (1.1, 3.2, 5.9, and 10.2 Kbp), dif-

ferent stiffness of the optical trap (0.1 and 0.035 pN/nm), and

two modes of force control (constant-force and passive

modes; see below for details). Signal/noise ratios (SNRs)

were calculated as a function of force, extension, and time to

validate those measurements. In the companion article (20),

we applied a mesoscopic model to simulate RNA kinetics

under comparable conditions. By comparing the results from

experiments and theory, we were able to deduce the intrinsic

molecular rates, the ideal folding/unfolding rates of the RNA

under a fixed force and without flanking handles and beads

(20). The current experimental and theoretical data will be

helpful for future experimental designs to reduce instrumen-

tal influences on measurements of force-unfolding kinetics

of RNA or DNA.

MATERIALS AND METHODS

Preparation of RNA and
single-molecule constructs

The DNA sequence corresponding to the P5ab RNA was synthesized

(Operon, Huntsville, AL) and cloned into a 10.3 Kbp pREP4 vector

(Invitrogen, Carlsbad, CA) between the HindIII and XhoI sites. Based on the

cloned vector, four sets of primers were designed for polymerase chain

reaction (PCR) to make different lengths of templates, with a T7 promoter

sequence (TAATACGACTCACTATAGGG) (21) at the 59 end. The lengths
of the templates were 1.1, 3.2, 5.9, and 10.2 Kbp, corresponding to positions

33–1152, 9356–2231, 8019–3534, and 5849–5754, respectively, of the

original pREP4 vector. The inserted P5ab sequence (Fig. 1 A) located

approximately at the center of each template. RNA was produced by in vitro

transcription; lengths and integrity of the products were verified by dena-

turing agarose gel electrophoresis. The RNA was annealed to two corre-

sponding single-stranded DNA, handles A and B, which were respectively

complementary to the 59- and 39-end halves of the RNA transcripts, leaving

only the middle P5ab sequence unhybridized (see Fig. 1 A). The annealing

reaction was carried out with approximately equal molar concentrations of

RNA and each of the DNA handles in the annealing buffer (64% formamide,

32 mM PIPES, pH 6.3, 320 mM NaCl, and 1 mM EDTA). The mixture was

incubated at 85�C for 10 min, 62�C for 90 min, 52�C for 90 min, and ramped

to 10�C over 10 min. The hybrid constructs were recovered by ethanol

precipitation. The annealing efficiency of RNA to DNA handles is usually

difficult to estimate from the gel. We empirically assessed the efficiency of

annealing by determining what dilutions of the constructs gave sufficient

tethers to beads during tweezers experiments. In this respect, the annealing

efficiency for each construct (from 1.1 to 10.2 Kbp) was similar. The DNA

strands of the handles were generated by PCR; handle A was subsequently

biotinylated at the 39 end by an exchange reaction using T4 DNA poly-

merase (22), whereas a digoxigenin group was introduced at the 59 end of

handle B via the primer during PCR. The biotin and digoxigenin tags on

opposite ends of the RNA hybrids provide affinity binding of the constructs

to surface-modified polystyrene beads to allow single-molecule manipula-

tion (see below).

Optical tweezers setup

The single-molecule manipulation of RNA was done on a force-measuring

dual-beam optical tweezers (11,23). The P5ab RNA was held between two

polystyrene beads (Spherotech, Libertyville, IL) by immobilizing the free

ends of hybrid RNA/DNA handles onto the surface of the beads. One bead

(;3 mm in diameter) was cross-linked with anti-digoxigenin antibody and

trapped by the lasers; the other (;2 mm in diameter) was coated with

streptavidin and positioned by suction on the tip of a micropipette, which

was fixed in the reaction chamber and coupled to a piezoelectric flexure

stage for small displacements. The bead in the laser trap followed Hooke’s

law, such that the exerted force (measured by changes in light momentum)

and the displacement of the bead from the trap center were correlated by a

spring constant. The spring constant of the trap was calibrated from the slope

of the measured forces versus the trap bead positions recorded by a CCD

camera. The extension of the molecule was controlled by moving the

piezoelectric stage, to which a light-lever system was attached to record

position changes of the pipette bead. Extension changes of the whole

RNA construct were thus obtained from the relative movements of the two

beads.

Hopping experiments

The folding/unfolding experiments described in this report were performed

at ambient temperature (236 2�C) in a buffer containing 10 mMMOPS, pH

7.0, 250 mM NaCl, and 1 mM EDTA. Two types of hopping experiments

were done for the P5ab RNA constructs:

1. Constant-force mode (24) (Fig. 1 C). The force applied to the RNA

constructs was maintained at a preset value by moving the piezoelectric

stage (pipette bead) through feedback control. Extension of the mole-

cule increased when the RNA unfolded, whereas refolding of the RNA

resulted in decrease in extension. The data acquisition rate (bandwidth)

for this mode was 200 Hz.

2. Passive mode (Fig. 1 D). In contrast to the constant-force mode, the

piezoelectric stage was left stationary in this mode. Thus, the trap bead

can freely move in the trap in response to the end-to-end distance

change of the constructs. When the RNA unfolded, the trap bead moved

toward the trap center, such that the force decreased; when the RNA

refolded, the trap bead was pulled further away from the center to

increase the force. Moving the piezoelectric stage to a new position

would change the tension on the RNA in folded and unfolded states,

such that the equilibrium between these two states would shift. This

kind of experiment allowed us to measure kinetics over different forces.

The data were collected at 1000 Hz.

Data analysis

For the passive mode, folding and unfolding rate coefficients of the P5ab

RNA were calculated from the time-dependent force traces. Each trace

normally contained at least 50 cycles of unfolding/refolding events, which

were usually collected in 10–20 s and showed no significant force drift.

Distributions of the force were fitted to Gaussian functions for the folding

and unfolding processes,

y ¼ a1e
� f�f

U

c1

� �2

1 a2e
� f�f

F

c2

� �2

; (1)

where y is the number of counts for each binned force f; an and cn (n ¼
1 or 2) are amplitudes and widths of the peaks, respectively; fU and fF are the

(average) forces at the unfolded and folded states, respectively; and fluc-

tuations (standard deviations) of the force are df U ¼ c1=
ffiffiffi
2

p
and df F ¼

c2=
ffiffiffi
2

p
(see Fig. 4). Under most conditions, dfU and dfF were essentially

equal. States (folded or unfolded) of the RNA along the force trace were

assigned according to fU and fF. Rate coefficients were computed as the

inverse of the mean lifetime for each state. Alternatively, for a two-state

system, the rate coefficients (k) can be obtained by fitting the first-order

kinetics equation (13),

P ¼ e
�kt
; (2)

where P is the probability that the unfolding or folding reaction has not

occurred by the time t. Examples of the fitting are shown in Fig. 3 A. With
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few exceptions, the rate coefficients calculated from these two methods

matched very well.

This simple Gaussian analysis for state assignments works well for two-

state systems. For the P5ab hairpin the force distributions (see Fig. 4)

showed only two peaks, and no intermediates were detected in our current

and previous (19) experiments. Furthermore, modeling of the kinetics by us

and others (25), taking into account the breaking and forming of each

basepair, predicts no detectable intermediates. However, more complex

methods of data analysis could be helpful in investigating the presence of

intermediates. For example, McKinney et al. (26) have recently developed

an algorithm based on hidden Markov modeling to analyze single-molecule

FRET trajectories. This approach makes possible unbiased separation of

noise from state-to-state transitions. Because the goal of the present work is

to analyze the effect of the experimental setup on the measured folding/

unfolding rates (independent of whether intermediates can be detected), we

use the simple method of two-state data analysis described by Eq. 1. Similar

methods have also been applied for analysis of DNA hairpins (27).

For the constant-force mode, rate coefficients were calculated from the

time-dependent extension traces. The data collection usually lasted 3–5 min

to obtain enough statistical data (usually 60–300 unfolding/refolding cycles)

for each preset force. As the measured extension traces may drift over the

time period (for example, the drift was ;10 nm over 30 s in Fig. 2 A), we

applied a different strategy to analyze those data. A transition (unfolding or

folding) was considered to occur when the extension was changed by at least

75% of the extension difference (;20 nm) of the P5ab RNA between folded

and unfolded states under the preset forces (14–15 pN). Unfolding and

folding rate coefficients were calculated as described above. To obtain the

standard deviation in extension, the distribution of extension difference

between any two neighboring data points (z ¼ xi11 – xi) was plotted and

fitted to a Gaussian function,

y ¼ ae
� z�b

cð Þ2 ; (3)

where b is the average of zi. The fluctuation (standard deviation) of the

extension (xi) is dx ¼ ðc= ffiffiffi
2

p Þ/ ffiffiffi
2

p ¼ c=2. (Compared to the definition in

Eq. 1, the extra factor of
ffiffiffi
2

p
corrects the uncertainty difference between zi

and xi in a Gaussian distribution.) Note that zi contains not only fluctuations

but also transition signals. Since the folding/unfolding rates (,10 s�1; see

Table 1) are much smaller than the data acquisition rate (200 Hz),

contribution of transition signals to zi is thus not significant.

Spatial and force resolution

The amplitude of the fluctuations in extension (x) and force (f) measured

with a bandwidth B is given by the integral over frequency, v, of the power

spectrum of the mean-square displacement for a particle in a harmonic

potential with effective stiffness eb1ex (28),

FIGURE 1 (A) The single-molecule construct. The P5ab

RNA sequence is shown in the hairpin structure, which is

flanked by hybrid RNA/DNA handles. The handles A and

B are tagged with biotin and digoxigenin molecules at the

ends, which are bound to polystyrene beads coated with

streptavidin and anti-digoxigenin antibody, respectively,

as shown in the bottom panels. (B) Force-extension curves

of the RNA construct with 1.1 Kbp handles. The RNA is

pulled (solid) and relaxed (shaded) at a loading rate of

;2.3 pN/s. Note that these two traces basically overlap.

(Inset) Detail of the force-extension curves showing that

RNA hops between the folded and unfolded states at forces

at ;14.5 pN. (C) Hopping experiments in the constant-

force mode. The RNA is placed between two beads, one

(the top bead, 3 mm in diameter) held in the laser trap and

the other (the bottom bead, 2 mm in diameter) fixed to the

tip of a micropipette by suction. The micropipette is moved

up or down to compensate extension changes on the RNA

undergoing structural transitions, such that the tension

on the RNA (i.e., the position of the bead in the trap) is

maintained. The pipette movement is controlled by a

feedback loop using a proportional integration and differ-

entiation algorithm. (D) Hopping experiments in the

passive mode. The micropipette does not move in this

mode. The trap bead moves toward the trap center when

the RNA unfolds, such that the force decreases; refolding

of the RNA causes the trap bead moving away from the

trap center to increase the force. Drawings in panels A, C,

and D are schematic and not to scale.
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Ædx2Bæ ¼
Z 2pB

0

kBT

eb 1 ex

2vc

pðv2 1v
2

cÞ

� �
dv and

Ædf 2B æ ¼ e2bÆdx
2

Bæ; (4)

where kB is the Boltzmann constant; T is the temperature of the bath (reaction

chamber); eb and ex are the stiffness of the optical trap and the RNA construct,

respectively; andvc is the corner frequency of the bead. In the case of infinite

bandwidth the fluctuations are given by the equipartition result (29):

Ædx2æ ¼ kBT

eb 1 ex
and Ædf 2æ ¼ e2bkBT

eb 1 ex
: (5)

Fluctuation (square roots of Eq. 4) is a measurement of noise, and thus

magnitude changes of signals in extension or force smaller than the fluc-

tuation will not be detected by the instrument. In other words, Eq. 4 gives the

resolution limitsDxRL andDfRL for the extension and force, respectively, at a

given bandwidth B:

DxRL ¼
ffiffiffiffiffiffiffiffiffiffi
Ædx2Bæ

q
and DfRL ¼

ffiffiffiffiffiffiffiffiffiffi
Ædf 2B æ

q
: (6)

To quantify the measurability of a system, we define a signal/noise ratio

(SNR) as the ratio between the amplitude of the signal (changes in extension

or force) and the corresponding resolution limit:

SNRx ¼ Dx

DxRL
and SNRf ¼ Df

DfRL
: (7)

Theoretically, a dynamic process with SNR . 1 may be detected and

measured.

When the bandwidth is much smaller than the corner frequency of the

bead, i.e., B � vc (as in the case of constant-force mode), Eq. 4 can be

approximated to

Ædx2Bæ ¼
4ðB=vcÞkBT

eb 1 ex
¼ Dx

2

RL and Ædf 2B æ ¼ e2bÆdx
2

Bæ¼ Df
2

RL:

(8)

In contrast, the bandwidth effect disappears when B � vc, and the

fluctuations will be given by Eq. 5, which differs from Eq. 8 by a factor of

4 (B/vc). Therefore, by using a smaller bandwidth (e.g., averaging over a

longer period of time) the measured fluctuations can be reduced and the SNR
increased, resulting in better spatial and force resolution.

Temporal resolution

If the data collected from the experiments were instantaneous, the temporal

resolution would be limited by the relaxation time of the bead, tb (¼ 1/

(2pwc)). In practice, the data collected are always averaged over a band-

width B. To measure an event with a given lifetime t the bandwidth must

satisfy 1/B , t. Thus, in general, the limit of time resolution, DtRL, is given

by either 1/B or tb:

DtRL ¼ maxf1=B; tbg: (9)

For the constant-force mode the time resolution can also be limited by the

time lag of the feedback control of the instrument, Tlag:

DtRL ¼ maxf1=B; tb; Tlagg: (10)

Similarly, we can define a temporal SNR as the ratio of the characteristic

time (t) of the dynamic processes, i.e., the lifetime of the folded and

unfolded conformers of the RNA, over the resolution limit (DtRL):

SNRt ¼ t

DtRL
: (11)

FIGURE 2 Time-dependent extension and force

traces of the P5ab RNA in the constant-force mode

(with the 0.1 pN/nm trap) for 1.1 Kbp (A) and 10.2

Kbp (C) handles. Panels B and D, corresponding

zoom-in regions from panels A and C, indicated by
rectangle windows. Examples showing the delay

(;0.1 s) of the feedback control have asterisks.

The arrow in panel B shows an example that the

transition occurs at a force different from the preset

value (14.5 pN). Transitions showing the distortion

effect are indicated by pound signs (#).U, unfolded

states; F, folded states.
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RESULTS

Force unfolding of RNA using optical tweezers is induced by

pulling the two ends of the RNA (through handles and beads)

and by monitoring the changes in force and extension of the

whole construct. In the case of P5ab RNA, the unfolding

event is characterized by a sudden increase in extension and

decrease in force in the force-extension curve (19), as dem-

onstrated in Fig. 1 B. Inversely, refolding of the RNA is

detected by a sudden extension drop and force increase,

which usually follows the reverse trace of the unfolding

pathway, showing that the force folding/unfolding process is

reversible. The unfolding/refolding forces were in the range

of 13.5–15.5 pN in the buffer system used (pH 7.0, 250 mM

NaCl, 1 mM EDTA). When the pulling/relaxation rate was

2.5 pN/s or less, the RNA jumped back and forth between

two extension values at forces near 14.5 pN (Fig. 1 B, inset),
indicating a fast structural transition between the folded and

unfolded states. This phenomenon is called hopping (19).

In this study, the unfolding and folding rates of P5ab were

measured using the hopping method, which was carried out

in two modes: the constant-force mode and passive mode

(see Materials and Methods for details). Since the RNA

undergoes cycles of folded and unfolded states under either

mode, lifetimes in each state can be measured many times

from one single experiment, making hopping a convenient

method to study kinetics.

Handles and pulling experiments

One of the major factors we changed to study the effects on

kinetics of P5ab RNA was the lengths of the double-stranded

RNA/DNA handles. Physical properties of the hybrid han-

dles were investigated by pulling experiments, and the force-

extension curves were fit to the wormlike chain (WLC)

model (30,31),

F ¼ kBT

P

1

4ð1� x=LÞ2 1
x

L
� 1

4

� �
; (12)

where F is the force, P is the persistent length, kB is the

Boltzmann constant, T is the temperature, x is the extension
(end-to-end distance), and L is the contour length. The fitting

was applied to the low-force (,14 pN) region, where the

hairpin was still closed and thus could be excluded for the

analysis. The end-to-end distance x of the RNA/DNA con-

structs was calculated from the positions of the pipette bead

and trap bead in video images. Note that the light-lever sys-

tem only records the extension change, not the end-to-end

distance, of the tether (see Materials and Methods). From the

fitting, the persistent length P was 21.7 6 3.6 nm and the

contour length L 0.25 6 0.01 nm/bp (N ¼ 21) for the 10.2

Kbp construct, and P 12.0 6 4.0 nm and L 0.26 6 0.02 nm/

bp (N ¼ 17) for the 5.9 Kbp construct. Thus, the apparent

persistent length of RNA/DNA hybrids seems to be length-

dependent; the shorter the tether, the smaller the persistent

FIGURE 3 (A) Plots of the probability of P5ab of the unfolded (s) or

folded state (d) as a function of time. This set of data was measured in the

passive mode with 1.1 Kbp handles and 0.035 pN/nm trap. The forces on the

unfolded and folded states were 14.3 and 14.9 pN, respectively. The data

were divided into 25 bins and fitted to exponential decay functions (solid
curves; Eq. 2); the folding and unfolding rate coefficients are, respectively,

6.5 and 16.8 s�1. Plots of ln(k) as a function of force for the constant-force

mode (B) and passive mode (C). Panel B, 5.9 Kbp handles and 0.1 pN/nm

trap; (C), 1.1 Kbp handles and 0.035 pN/nm trap (same as A). The unfolding
(d) and folding (s) rate coefficients of the P5ab RNA increase and decrease

with the force, respectively. Linear regression curves (solid lines) are fitted

to the data for each state, and the critical forces and rate coefficients are

obtained from the crossing point of the two lines. Each circle represents one

measurement, which contains 150–300 transitions for panel B and 40–80

transitions for panel C.
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length. It is not clear why the measured persistent length

changes with tether length, but some possibilities are:

1. The RNA/DNA hybrids are attached to the surface of the

polystyrene beads, or are partially melted due to differ-

ences in hydration, ionic strength, or pH.

2. The contour length and the bending and twisting rigidity

of the tethers depend on extension (32).

3. The assumption in the WLC model equation that L (the

total contour length) � P is not satisfied for shorter

tethers (30).

The curves from 1.1 and 3.2 Kbp constructs could not be

fit well due to shorter extension changes of these tethers and

limitation of the video images. Empirically we find that a

persistent length of 10 nm (or smaller) is a good approxi-

mation for shorter hybrids. In addition, the contour lengths

(0.25–0.26 nm/bp) were consistent with the structures of

A-form duplexes and RNA/DNA hybrids (0.26–0.29 nm/bp)

(33–35), supporting the validity of the fitting approach we

used here.

For pulling experiments, we found that the size of the rips

changed with handle lengths; the extension changes de-

creased from 16.7 6 1.4 nm (1.1 Kbp) to 12.7 6 1.7 nm

(10.2 Kbp) and the force changes decreased from 1.0 6 0.1

pN (1.1 Kbp) to 0.76 0.1 pN (10.2 Kbp). The rip size is also

affected by the trap stiffness (28). Thus, the reversible work

measured under the rip was significantly reduced from 142.36
12.5 KJ/mol (1.1 Kbp) to 108.7 6 15.0 KJ/mol (10.2 Kbp).

The difference in mechanical work was mainly caused by

contraction of the handles when the force dropped in the rip,

FIGURE 4 Force traces and distribution of the P5ab

RNA in the passive mode. Examples are shown for the

P5ab RNA constructs with 1.1 (A) and 10.2 Kbp (B)

handles in 0.1 pN/nm trap. The force distribution is

fitted to Gaussian functions, from which the unfolding

and folding forces are defined by the peaks (right

panels). The transition forces are used as thresholds to

assign the folded or unfolded states on the force traces

(left panels, thick lines). U, unfolded states; F, folded

states.

TABLE 1 Critical rate coefficients of P5ab RNA in constant-force mode (200 Hz bandwidth)

Handle length (Kbp) Fc
CFM (pN) Dx (nm) kcCFM (s�1), cutoff ¼ 0 s kcCFM (s�1), cutoff ¼ 0.1 s dx (nm) SNRx

Optical trap stiffness ¼ 0.1 pN/nm

1.1 14.5 6 0.3 20.5 6 0.7 2.60 6 0.25 1.24 6 0.09 2.2 6 0.2 9.5 6 0.6

3.2 14.3 6 0.1 19.8 6 0.2 2.78 6 0.23 1.40 6 0.08 2.3 6 0.2 8.6 6 0.7

5.9 14.5 6 0.0 20.4 6 0.0 3.00 6 0.27 1.53 6 0.11 2.8 6 0.0 7.2 6 0.1

10.2 14.5 6 0.0 20.4 6 0.4 2.48 6 0.24 1.59 6 0.18 2.9 6 0.5 7.2 6 1.1

Optical trap stiffness ¼ 0.035 pN/nm

1.1 14.6 6 0.1 21.1 6 0.3 6.19 6 0.65 3.09 6 0.25 2.4 6 0.2 9.0 6 0.7

3.2 14.7 6 0.2 20.6 6 0.7 8.68 6 0.76 3.72 6 0.30 2.5 6 0.2 8.2 6 0.5

5.9 14.7 6 0.4 21.2 6 0.1 8.63 6 0.13 3.75 6 0.08 2.9 6 0.2 7.5 6 0.5

10.2 14.6 6 0.1 20.0 6 0.6 8.44 6 0.43 3.84 6 0.16 3.0 6 0.1 6.7 6 0.1

Force Unfolding of RNA by Laser Tweezers 3001
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and longer (softer) handles had larger effects. The energy

contribution from the handles can be calculated at the un-

folding force (14.5 pN) using the WLC model to obtain the

work of unfolding the RNA. By making this correction, the

work for the four constructs (1.1, 3.2, 5.9, and 10.2 Kbp

handles) falls in the range of 162–173 KJ/mol, independent

of handle lengths. For a reversible process, the work done to/

by the system is equal to the Gibbs free energy change, and

thus this subtraction of the handles’ effects verifies that our

experimental measurements provide the free energy of force-

unfolding RNA.

Another method to calculate the free energy change is

from kinetics measurements (see next section for details). At

the critical force the rates for unfolding and folding are equal;

the reaction is reversible and the work is equal to the Gibbs

free energy. The critical forces (Fc
CFM) and extension changes

(Dx) were essentially the same for different handles (see

Table 1). Thus, the free energy change in this process (179

KJ/mol) was obtained by multiplying the average force (14.5

pN) with the average extension change (20.5 nm). This is

consistent with the results of pulling experiments (162–173

KJ/mol). Furthermore, the Gibbs free energy change for

unfolding the RNA at zero force can be obtained by sub-

tracting the stretching energy of the single-stranded RNA at

the unfolding force (446 10 KJ/mol; (19)), and these values,

118–129 KJ/mol for pulling and 135 KJ/mol for constant-

force experiments, are comparable to the predicted value 138

kJ/mol by Mfold (at 37�C, 1 M NaCl; (36,37)). Therefore,

the Gibbs free energy for unfolding the RNA can be cor-

rectly measured, independent of handle lengths and kinetic

methods.

Constant-force mode

The constant-force mode was done by holding the P5ab

RNA constructs at a preset tension near the transition force,

usually between 14 and 15 pN. The unfolding and folding

processes were followed by the extension traces over time.

As shown in Fig. 2, the extension of the RNA hopped be-

tween two distinct sets of values, with the larger one corre-

sponding to the unfolded state and smaller one to the folded

state. The difference between the two sets of extension,;20

nm, reflected release of the 49 nucleotides involved in the

hairpin structure (see Fig. 1 A) (19). During hopping, the

force fluctuated around the preset value. The amplitude of

force fluctuation varied with trap stiffness; it was ;0.4 pN

and 0.2 pN for the 0.1 pN/nm and 0.035 pN/nm optical traps,

respectively. The extensions of both folded and unfolded

conformers may slowly drift at a rate of up to 1 nm/s, largely

due to mechanical instability of the chamber and the

detector. As we varied the handle lengths and trap stiffness,

the extension difference of the two states (Dx) remained

constant (Table 1). Close-up views of the hopping traces are

shown in Fig. 2, B andD. An interesting observation was that
the force fluctuation was not always stochastic; instead, an

extension jump was accompanied with a force burst, which

then relaxed to the preset value. Our explanations for this

phenomenon are as follows. When the RNA unfolds or folds,

the tension between the two ends of the RNA immediately

decreases or increases, respectively, to cause the force bursts.

Because the force feedback control of the machine, limited

by the piezoelectric stage, does not respond as fast as the

tension change, a time lag occurs before the force is gradu-

ally restored to the preset value. The operation time of the

feedback for the current setup is ;0.1 s (see the transitions

indicated by asterisks in Fig. 2, B and D). Correspondingly,
the force may vary up to 2 pN during this recovery time,

such that the probability that the reverse reaction would

occur in this period can be significantly different from that at

the intended force. For example, a transition in Fig. 2 B
(indicated by an arrow) shows that the RNA hairpin folded

at a force 1–2 pN lower than the preset value. Because lower

forces encouraged RNA molecules to fold, this transition

could be induced by the temporarily lowered force and thus

should be considered as a folding event at that force. Similar

arguments are applicable to unfolding processes. The 0.1 s

time lag of the feedback control was consistent for all the

P5ab RNA constructs with different handle lengths and

optical trap stiffness (data not shown).

Kinetics of P5ab were measured with four different handle

lengths (1.1, 3.2, 5.9, and 10.2 Kbp) and two values of trap

stiffness (0.1 and 0.035 pN/nm). Unfolding and folding rate

coefficients (k) were obtained as described in Materials and

Methods. The rate coefficient is assumed to depend expo-

nentially on the applied force (F) (13,38,39),

kðFÞ ¼ kmkð0Þe FX
z=kBTð Þ; (13)

where km reflects the contribution of instrumental factors

(including the handles) to the rate (19), k(0) is the rate con-
stant at zero force, Xz is the distance to the transition state, kB
is the Boltzmann constant, and T is the temperature. Thus, a

linear relationship is expected from the plot of ln(k) versus F
(for a force range where Xz is constant), as shown in Fig. 3 B.
As the force is increased, the unfolding rate increases and the

folding rate decreases. The two curves meet at a point where

the rates are equal; this unique rate is called the critical rate

kcCFM and the corresponding force is called the critical force

Fc
CFM, where the subscript CFM stands for constant-force

mode. At the critical force (also called F1/2 or Fm), the RNA

has the same tendency to fold and unfold. As mentioned

above, transitions with lifetimes less than the time lag (;0.1 s)

of the feedback control may not occur at the desired force,

and it is difficult to accurately assign those transitions to

individual forces. Therefore, to simplify the analysis, we

treated those short-lifetime transitions (,0.1 s) as a group

and computed two rate coefficients for each measurement:

kcCFM(cutoff ¼ 0 s) including all measured transitions and

kcCFM(cutoff ¼ 0.1 s) excluding those transitions with

lifetimes ,0.1 s. As discussed above, the short-lifetime
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transitions are promoted by the temporarily changed forces

during the recovering period, and their inclusion will lead to

the overestimation of the unfolding or refolding rates. Thus,

kcCFM(cutoff ¼ 0 s) will define the upper limit of the critical

rates measured under this condition. On the other hand,

kcCFM(cutoff ¼ 0.1 s) excludes all the short-lifetime events,

which may include transitions happening at the desired force,

and thus it will define the lower limit of the critical rates. In

this context, we consider that the two sets of kcCFM span the

error of measurements associated with the feedback control.

Results of the constant-force kinetics measurements under

different conditions are summarized in Table 1. The critical

force Fc
CFM and extension changes Dx upon transition did not

significantly change with optical trap stiffness and handle

lengths, showing that the Gibbs free energy change of the

folding/unfolding process of the RNA remained the same,

independent of the experimental setup (see above). From

Table 1, we can rank several factors affecting the measured

critical rate coefficients of P5ab under constant-force mode.

1. Optical trap stiffness: the rates increased by 2.4 to 3.4-

fold when the trap stiffness was lowered to one-third

(from 0.1 to 0.035 pN/nm).

2. Effective bandwidth: by cutting off all the 0.1 s

transitions, the bandwidth was effectively reduced from

200 to 10 Hz. The rates at 200 Hz (cutoff ¼ 0 s) were

1.6–2.3-fold higher than those at 10 Hz (cutoff ¼ 0.1 s).

3. Length of the handles: the rates varied slightly (,40%)

when the handle lengths were changed by;10-fold (1.1–

10.2 Kbp). Therefore, under the current setup and con-

ditions, the optical trap stiffness and bandwidth affected

the P5ab kinetics more than the handle length did.

Passive mode

In addition to the constant-force mode, kinetics of P5ab was

measured using a different type of hopping experiment,

called the passive mode. The passive mode is operated by

leaving the pipette bead stationary (without feedback) and

allowing the trap bead to ‘‘passively’’ move in the trap

(compare Fig. 1, C, with D). A similar experimental design

(using two optical traps) has been applied recently to study

kinetics of a series of DNA hairpins (27). As the hairpin

unfolds, the tension on the whole molecule decreases due to

the single-stranded RNA released from the hairpin, whereas

folding of the RNA causes the force to increase. As a result,

the RNA unfolds at a high force and refolds at a low force;

both the force and extension are changed during the structural

transition. On the force trace, the folded state was accordingly

assigned to the regions with higher forces and the unfolded

states to the regions with lower forces, as shown in Fig. 4, left

panels. These two force regimes were well characterized by

force distribution plots, to which Gaussian functions (Eq. 1)

can be fitted (Fig. 4, right panels). The folding/unfolding

forces and force standard deviation were defined from the

fitting (see Materials and Methods for details). The force

distribution showed only two corresponding peaks for the

unfolded and folded states, and no apparent intermediates

were detected, consistent with a two-state kinetic system.

Differences between the two force regimes (Df ¼ fF � fU;
see Eq. 1) changed with handle length and trap stiffness; Df
became smaller for longer handles and softer traps (see Dis-

cussion for more details on Df). Under the current conditions,
Df varied from 0.53 to 1.46 pN (Table 2). The two force

regimes may overlap significantly for small Df and large

standard deviations of the force df (related to the width of the
peaks; Eq. 1), and thus the boundary between the folded and

unfolded states will be uncertain. Measurability of the tran-

sition can be quantitatively defined by the SNR, Df/df (Eq. 7;
Table 2). The smallest SNR was ;2.8 for the 10.2 Kbp

handles and 0.1 pN/nm trap, indicating that even in this case

it is possible to detect the structural transitions (see the next

section for more details on SNR). In practice, in some cases,

assignments of transitions on the force trace were sometimes

ambiguous due to partial overlapping of the two distribution

peaks (Fig. 4 B), reflecting the fact that we were approaching
the resolution limits in this extreme case.

The unfolding and folding rates of the RNA in the passive

mode were measured from the high and low force regimes,

respectively, as described above. By varying the position of

the pipette bead, we recorded a series of passive hopping data

at different pairs of forces. As in the constant-force mode, a

linear correlation between the force and the logarithm of rate

coefficients was observed; the unfolding rates increased and

folding rates decreased with force (Fig. 3 C). Likewise, a
critical force Fc

PM was defined as the force when both rates

were equal, and this unique rate was called kcPM (Table 2). As

in the constant-force mode, Fc
PM remained unchanged with

different handle lengths and laser trap stiffness, and the values

were consistent in both modes (see Tables 1 and 2). The

effects of handles and trap stiffness on the critical rates

seemed to be comparable. For a given handle length, the rates

changed up to 60% with trap stiffness. For a given trap

stiffness, the rates changed by a factor of 2 or less with handle

length. Overall, the critical rates measured by the passive

mode with 1000 Hz bandwidth fell in the same order and in

the range of 3–7.5 s�1, despite the dramatic changes in the

experimental setup (10- and threefold variations on the

handles and trap stiffness).

Limitation in the kinetics measurements

Changes in experimental setup may not only affect the

kinetics but also their measurability. A better understanding

of practical limitations of the measurements (or resolution

limits) of the current experiments is necessary to interpret

correctly the kinetic data. As shown in Eq. 6, the resolution

limits were defined by the standard deviation of the mea-

surements, which were computed with the fluctuation-

dissipation theorem (Eq. 4) for the passive mode (at 1000
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and 200 Hz) and constant-force mode (at 200 Hz), as shown

in Fig. 5. The corresponding standard deviations from

experimental measurements are also plotted. Note that the

experimental standard deviations at 200 Hz for the passive

mode were obtained by averaging and recalculating the

measured 1000 Hz raw data. In the constant-force mode, the

calculations from theory showed that the standard deviation

in extension was almost constant (;0.8 nm), independent of

handle length and trap stiffness, whereas the standard devi-

ation obtained from experiments tended to increase slightly

(2.2–3.0 nm) with handle length, but remained unchanged

with different traps stiffness for a given handle length (Fig. 5

A). The measured deviations were significantly higher than

the theoretical ones; the ratio was ;3.2. For the passive

mode at 1000 Hz, the theory predicted that the standard

deviation in force was more sensitive to the trap stiffness and

short handles (smaller than ;1.5 Kbp); the deviation

decreased (;0.17–0.06 pN) when the trap stiffness was

lowered from 0.1 to 0.035 pN/nm, but it did not change with

handle length (longer than ;1.5 Kbp) (Fig. 5 B). The

standard deviation from measurements also showed depen-

dence on traps but not handles, and the magnitudes were

;2.3-fold higher than the theoretical values. When the

bandwidth in the passive mode was reduced to 200 Hz, the

ratio between the standard deviations of the experiments and

theory was increased to ;3.2 (Fig. 5 C), consistent with the

results in the 200 Hz constant-force mode. The fact that a

unique constant rescaling factor at a given bandwidth is

required to fit the fluctuation-dissipation theorem suggests

that there may be common sources of additional, uncorre-

lated noise associated with the experimental system. In fact,

for the 0.1 pN/nm trap, force measurements in a bead immo-

bilized on the tip of the micropipette show low frequency

(;3 Hz) noise with an amplitude of ;0.3 pN due to

mechanical vibrations (data not shown). This instrumental

noise adds to the thermal noise fluctuations of a free bead in

the trap held at 15 pN giving a total amplitude noise of

(0.17^21 0.30^2)^(0.5)¼ 0.34 pN, in good agreement with

the standard deviation in the force reported in the experi-

ments (in the range 0.34–0.36 pN; see Table 2).

To further investigate how the fluctuations in force or

extension affected the measurability of kinetics, we calcu-

lated the theoretical (Eq. 7) and experimental (Tables 1 and

2) SNR. As shown in Fig. 6 A, the theory predicted a nearly

constant SNR value of ;25 for the constant-force mode,

independent of handle length (.1 Kbp) and trap stiffness,

whereas the SNR values from experiments were consistently

smaller, within the range of 6–10. Given the fact that the

standard deviations (Fig. 5 A) and extension changes (Table

1) were basically independent of handle length and trap

stiffness in the constant-force mode, it was not surprising to

see a similar tendency for SNR. In the passive mode, the

theoretical calculations showed that the SNR change with

handle length was more dramatic in the short handle region

(,2 Kbp) and relatively moderate with longer handles (Fig.

6 B). The SNR calculated from experimental measurements

also showed a modest decrease with handle length and the

values were all near or,5; it dropped by approximately one-

third when the handle length was increased from 1.1 to 10.2

Kbp (Table 2). As shown previously (Fig. 4), this change

was significant in this case; the two force regimes from the

passive mode (0.1 pN/nm trap) were separated well for 1.1

Kbp handles (SNR ¼;4.4) but partially overlapped for 10.2

Kbp handles (SNR ¼ ;2.8). Therefore, the measurability of

kinetics will be affected more significantly when the SNR is

approaching the theoretical threshold (SNR ¼ 1).

The temporal resolution was;10�3 s for the passive mode

at 1000 Hz bandwidth (Eq. 9) and 0.1 s for the constant-force

mode (largely reduced due to the feedback control; see Eq.

10). In our experimental setup the time resolution might be

also reduced by temporal correlations in electronic noise.

The measured critical rate coefficients in either mode were

not greater than 10 s�1 (Tables 1 and 2), i.e., the average

lifetime for the folded and unfolded states was longer than

0.1 s. As a result, the temporal signal/noise ratio SNRt (Eq.

11) was .100 for the passive mode, but close to 1 for the

constant-force mode. The SNRt in the constant-force mode

indicated that the time resolution limited the ability to

faithfully follow the structural transitions of the RNA.

Nevertheless, having considered the features of the feedback

mechanism and how the RNA responds accordingly, we

could estimate the effect of the temporal resolution on the

measured rates (by using different values of lifetime cutoffs,

see above). The current instrumental setup only limited

TABLE 2 Critical rate coefficients of P5ab RNA in passive mode (1000 Hz bandwidth)

Handle length (Kbp) Fc
PM (pN) Df (pN) kcPM (s�1) df (pN) (unfolding) SNRf (unfolding)

Optical trap stiffness ¼ 0.1 pN/nm

1.1 14.7 6 0.3 1.46 6 0.09 2.95 6 0.46 0.34 6 0.05 4.4 6 0.9

3.2 14.0 6 0.4 1.31 6 0.06 4.99 6 0.19 0.36 6 0.03 3.6 6 0.5

5.9 14.3 6 0.5 1.15 6 0.02 5.27 6 0.52 0.36 6 0.04 3.2 6 0.4

10.2 14.3 6 0.4 0.96 6 0.10 6.05 6 0.89 0.34 6 0.01 2.8 6 0.3

Optical trap stiffness ¼ 0.035 pN/nm

1.1 14.7 6 0.1 0.65 6 0.01 4.62 6 0.29 0.13 6 0.01 5.0 6 0.3

3.2 14.6 6 0.2 0.60 6 0.03 6.38 6 0.44 0.14 6 0.01 4.4 6 0.6

5.9 14.7 6 0.3 0.59 6 0.01 6.36 6 0.34 0.15 6 0.01 3.9 6 0.1

10.2 14.7 6 0.1 0.53 6 0.01 7.53 6 0.58 0.16 6 0.01 3.4 6 0.2
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kinetic measurements in the constant-force mode; the other

types of measurements were well within the temporal reso-

lution limit of the instrument.

In general, better time-resolution can be achieved by in-

creasing the bandwidth B (especially for the passive mode),

which, however, can impair the spatial and force resolution

(compare Fig. 5, B and C). The balance among spatial, force,

and temporal resolution should be considered when choosing

a proper bandwidth for the system of interest. For example,

one may use a wide time-averaging window to detect a slow

transition with a small spatial signal, whereas for fast hop-

pers, such as the P5ab RNA, the passive mode with a high

bandwidth is a better choice.

DISCUSSION

Mechanical force exerted through optical tweezers is a pow-

erful approach to study kinetics of RNA folding/unfolding,

particularly for simple RNA hairpins (19,24). The force can

be applied to RNA in at least three different ways: force-ramp

(pulling experiments, as shown in Fig. 1 B), constant-force
hopping (as shown in Fig. 1 C and Fig. 2), and force-jump

(24). In this work, we introduced another hopping method,

passive mode force hopping (see Fig. 1 D and Fig. 4). The

measured critical rate coefficients for the P5ab RNA from the

constant-force mode were not consistent with those from

the passive mode under comparable conditions (see Tables 1

and 2). Factors that cause this discrepancy in rate coefficients

can be different in each case, but some of them may play an

important role in general, such as the intrinsic property of the

RNA and the physical setup of the tweezers. The properties

of the RNA that influence the measurable kinetic behavior

include whether the reaction is two-state, or shows interme-

diates, the range of rates in the reaction, etc. Here we have

FIGURE 5 Fluctuations as a function of handle length for the 0.1 pN/nm

(blue circles or lines) and 0.035 pN/nm (red circles or lines) traps. Circles

and solid lines are the data obtained respectively from experimental

measurements and theoretical calculation according to Eq. 4. Dashed lines

are obtained from the solid lines by multiplying by a constant factor (see

below) to match the measured data. (A) Extension fluctuations (dx) from the

constant-force mode with a bandwidth of 200 Hz (Table 1). The correction

factor is 3.2. Note that the red and blue lines overlap. (B) Force fluctuations
(df) in the passive mode with a bandwidth of 1000 Hz (Table 2). The

correction factor is 2.3. (C) Force fluctuations (df) in the passive mode with

an averaged bandwidth of 200 Hz (see text). The correction factor is 3.2, the

same as in panel A.

FIGURE 6 Signal/noise ratios of (A) extension for the constant-force

mode (SNRx; Table 1) and (B) force for the passive mode (SNRf; Table 2)

as a function of handle length. Circles and lines are the data obtained,

respectively, from experimental measurements and theoretical calculation

according to Eq. 7. Solid and open circles are for 0.1 and 0.035 pN/nm traps,

respectively; solid and dotted lines are for 0.1 and 0.035 pN/nm traps,

respectively. Note that the two lines mostly overlap in panel A.
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focused on the instrumental and experimental effects,

including application of force, lengths of the handles, and

stiffness of the optical trap. In addition, the response time of

the feedback control for the constant-force mode can affect

the values of the measured kinetic parameters of the RNA

folding/unfolding reaction when the hopping rate of the

RNA between its folded and unfolded states is faster than the

speed at which the feedback system operates. However, as

shown above, the measured critical rates for P5ab varied by

only sevenfold in the range of 1.2–8.7 s�1 (see Tables 1 and

2). In general, the measured kinetic parameters of the RNA

folding/unfolding reaction were affected only moderately by

instrumental setup under the conditions tested here.

The distortion effect under the
constant-force mode

According to the analysis in the companion article (20), the

relaxation times of the handles (10�8–10�6 s) and the beads

(10�5–10�3 s) in the optical trap are much shorter than the

response time of the feedback system (0.1 s). Thus the

micropipette does not move as soon as the tension between

the two beads changes due to a structural transition of the

RNA. Within the response time of the feedback (up to 0.1 s),

the change in the RNA extension (Dxr) is mainly distributed

to both the flanking handles and trapped bead, resulting in

the handle contracting/relaxing (Dxh) and the bead moving

toward/away from the trap center (Dxb). In an optical

tweezers experiment, only Dxb is measured by the instrument

and it reflects the changes in both force and extension. When

the optical trap is much softer than the handles (eb� eh), Dxb
approaches Dxr, i.e., the measured extension changes will

reflect the actual RNA hairpin transition distance. At the

other extreme when the optical trap is much stiffer than the

handles (eb � eh), Dxh approaches Dxr and Dxb approaches 0
(28), i.e., the end-to-end distance of the construct does not

change as the RNA folds/unfolds, and thus the RNA

transition processes cannot be detected. Under most condi-

tions the situation is in-between these two extremes: the

extension change can be measured, but it is smaller than Dxr.
We call this the distortion effect; we see hopping with a

height smaller than Dxr (;20 nm for the P5ab RNA) on the

extension trace, as demonstrated in Fig. 2, B andD (indicated

by pound sign). As we could not always distinguish those

transitions from noise, we empirically set a threshold that

only transitions with extension changes .75% of the Dxr
value were considered as real transitions (see Materials and

Methods).

To examine how important the distortion effect was in our

current experimental setup, we calculated the stiffness of the

handles using the WLC model, with persistent lengths of 22

and 12 nm for the 10.2 and 5.9 Kbp constructs, respectively,

and assuming 10 nm for the 1.1 and 3.2 Kbp constructs (see

above). The stiffness of the handles eh falls in the range from
1.17 to 0.19 pN/nm at 14.5 pN (the average transition force)

for 1.1–10.2 Kbp handles, all greater than that of the optical

trap (eb ¼ 0.035–0.1 pN/nm). For the 1.1 Kbp handles (eh ¼
1.19 pN/nm), eh � eb was basically satisfied (especially for

the 0.035 pN/nm trap), and thus the distortion effect was

expected to be relatively small. Fig. 2 A shows an example

for the 1.1 Kbp handles with the 0.1 pN/nm trap; except for

some short-peak transitions on the right side, most transitions

were full length. When the softer 0.035 pN/nm trap was used

for the 1.1 Kbp handles, the observed hops corresponded

almost exclusively to full-length transitions (not shown),

further supporting the conclusion that the distortion effect

is not significant in a system with short (stiff) handles and

soft optical traps. In contrast, when the 10.2 Kbp handles

(eh ¼ 0.13 pN/nm) were used in the stiffer trap (0.1 pN/nm),

ehffi eb, and the distortion effect became substantial as shown

in Fig. 2, C and D.
Comparison of Fig. 2, B and D, shows that the distortion

effect distorts the square-wave-like extension traces and

sometimes makes the transition assignments ambiguous. As

shown above, using short handles and soft traps can min-

imize this effect. In this regard, the softest trap is obtained by

placing the bead in the anharmonic region of the trapping

potential in which the stiffness of the trap is essentially zero

(18). Within this anharmonic region (;50 nm) the force

remains constant, equivalent to an instantaneous force feed-

back system. Therefore, the distortion effect should vanish in

the zero trap stiffness setup. In addition, based on current

constant-force measurements, the kinetic rates increased by

2.4- to 3.4-fold when the trap stiffness was lowered to one-

third (see Results and Table 1). Thus, the rate is expected to

increase if the RNA is placed in the zero-stiffness trap.

Other options for constant-force measurements

As mentioned above, the force in our tweezers system is

maintained constant through a feedback loop, which can

limit measurements of fast transitions. In this respect, mag-

netic tweezers (12,40,41) could be an instrumental alterna-

tive for the constant-force mode. A magnetic field can

produce a constant, uniform force over a spatial range of cen-

timeters (42). The typical operating force is in the range of

0.01–10 pN, but can be increased to 20 pN or higher, which

includes the unfolding force of P5ab (;14.5 pN). However,

the position of the magnetic bead is usually tracked by video

images that have low temporal resolution for tracking dis-

tance changes and low spatial resolution (;10 nm; (40)),

although the resolution could be improved by tracking the

magnetic bead using a low-power laser beam (43). Also,

short tethers are a problem for magnetic beads because the

tethers attach at a specific magnetic latitude on the bead (44),

which causes the tether to wind partially around the bead

when the external field orients the bead. Thus, magnetic

tweezers are most useful for constructs with long handles and

large transition distances. For those RNA or DNA structures

with smaller transitions, an option is to use the two-trap
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optical tweezers having an essentially constant force region

spanning ;50 nm (18) (see above).

Correlation of effective stiffness and rates

In our current system, the P5ab RNA folding/unfolding rates

were affected more significantly by the optical trap stiffness

than by the handle length, especially for the constant-force

mode. The measured rate coefficients changed moderately

when the handle length increased by a factor of 10 (from 1.1

to 10.2 Kbp) for a given trap stiffness, whereas the change

was similar or larger when the trap stiffness varied by only

threefold (from 0.1 to 0.035 pN/nm) for any given handle

length (see Tables 1 and 2). In this context, we may consider

that the effective stiffness (optical trap 1 handles) is more

important in affecting the measured kinetics. The stiffness

of the optical trap eb (0.035 and 0.1 pN/nm) was always

smaller than that of the handles eh (1.17–0.19 pN/nm for

1.1–10.2 Kbp handles; see above), and thus the former

would largely dominate the effective (combined) stiffness

eeff¼ eb eh / (eb1 eh)ffi eb, when eb� eh (especially for short
handles and/or soft traps). The effective stiffness qualitatively

explains why the measured kinetics was influenced by the

optical trap more significantly than by the handle length for the

current experimental setup. However, from a quantitative

point of view, the measured critical rate coefficients did not

always correlate well with the effective stiffness. Fig. 7 A
shows the critical rate coefficients of the P5ab RNA as a

function of effective stiffness in the constant-force and

passive modes. The rates measured at the 0.035 pN/nm trap

are clustered in a small stiffness region of the figure (left side,
,0.04 pN/nm) and are mostly larger than those measured at

the 0.1 pN/nm trap (toward the right side) for each mode, but

it is unlikely that each data set can be correlated by a simple,

common function. Therefore, the effective stiffness of the

system is not the sole factor to affect the folding/unfolding

kinetics of the RNA molecule.

Unique features of the passive mode

The passive mode applied in this work has some unique

features; the main difference from other modes is that the

force in the passive mode is not controlled. This feature can

introduce experimental complications when a long-timemea-

surement is required, because the instability of the physical

setup (such as the micropipette) can cause significant drift. In

this study, the drift was not systematic but random and,0.1

pN/s. At present, this mode is only suitable for fast RNA

hoppers, such as P5ab (typically displaying ;60 cycles of

folding/unfolding processes in ;10 s).

In passive mode, the force makes transitions between two

force regimes. These two force regimes are well defined by

Gaussian functions (see Fig. 4). The force distribution also

follows a Gaussian function when a folded or unfolded state

predominates by adjusting the force far away from the

transition force (e.g., at 10 or 20 pN; data not shown). These

results suggest that, in these experiments, the force applied to

the molecule is maintained to within a narrow distribution of

values before a structural transition happens, even though it

is not being actively controlled. This feature allows us to

assume that the unfolding reaction occurs at one ‘‘constant’’

force and the folding reaction occurs at the other, making

the determination of force-dependent critical rates possible

(as in the constant-force mode). On the other hand, the force

difference (Df) measured in this passive mode changed with

handle length significantly (1.46–0.96 pN) in the 0.1 pN/nm

trap but only moderately in the 0.035 pN/nm trap (0.65–0.53

pN; see Table 2). As discussed above, the bead in the trap

and handles relax in ,10�3 s, which is faster than the hop-

ping rates of the RNA in the passive mode. Thus, the bead

movement in the trap (proportional to Df) upon a transition

should be related to the effective stiffness eeff of the system.

In the companion article, we predict a linear relationship be-

tween Df and eeff (Eq. 12 in (20)). As can be seen in Fig. 7 B,

FIGURE 7 (A) Correlation of critical rate coefficients and effective

stiffness (trap plus handles). The effective stiffness is calculated from the

equation eeff ¼ eb eh/(eb 1 eh), in which eb and eh are the stiffness of the bead
in the trap and the handles, respectively. Shown are data from the constant-

force mode at 200 Hz with 0.1 s cutoff (h), passive mode at 1000 Hz (d),

and passive mode at 200 Hz (:). (B) Linear relationship between the force

changes (Df) in the passive mode (at 1000 Hz, see Table 2) and effective

stiffness. Data are fitted to linear regression (R2 ¼ 0.985).
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such linear relationship is indeed observed experimentally

(R2 ¼ 0.985). Thus, the value of Df in the force hopping

passive mode is much more predictable than the value of the

critical rates in that mode.

Finally, in the passive mode, RNA unfolding occurs at one

force and refolding at another, in a way reminiscent of force-

jump experiments (24). In the force-jump mode, the force is

initially held at a value far from the transition force before

rapidly stepping to a new value, and then the unfolding or

folding event is monitored. The force is maintained through a

feedback system as in the constant-force mode. After the

transition takes place, the force is rapidly reset to another

value to monitor the reverse transition, and this procedure is

repeated. The design of force-jump experiments allows mea-

surements of kinetics in a much wider range of forces. Note

that how the force is controlled and manipulated makes the

passive, constant-force, and force-jump modes different from

each other. This difference is likely to affect the values of the

critical rates obtained with these various modes, but the

values of the critical forces remain constant.

CONCLUSIONS

The measured kinetics of the P5ab RNA hairpin in our

current optical tweezers system fell in the same order (1.2–

8.7 s�1 at the critical force) despite dramatic changes in the

experimental setup, including threefold difference in optical

trap stiffness, 10-fold difference in handle length, 100-fold

difference in effective bandwidth, and two modes of force

application on the RNA. A recent study on a series of DNA

hairpins shows that the kinetic rates can change by several

orders of magnitude when varying the stem-loop sizes and

base compositions (27). Thus, it is encouraging that instru-

mental factors only change the rates to a limited extent. We

therefore conclude that optical tweezers are a robust system

for studying kinetics of RNA and DNA structures; the var-

iation in kinetics originating from the machinery is relatively

small compared to the intrinsic properties of the nucleic acid

itself. It is important to understand what experimental de-

signs allow the measurement of a rate approaching the intrin-

sic molecular rate of an RNA molecule. By combining the

experimental results obtained here with simulation studies of

the accompanying article (1), it is possible to deduce the

intrinsic molecular rates of the P5ab RNA hairpin and choose

the instrumental setup most suitable for such measurements.
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