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Abstract

The effect of force on the thermodynamics and kinetics of reactions is described. The key

parameters are the difference in end-to-end distance between reactant and product for

thermodynamics, and the distance to the transition state for kinetics. I focus the review on

experimental results on force unfolding of RNA. Methods to measure Gibbs free energies and

kinetics for reversible and irreversible reactions are described. The use of the worm-like-chain

model to calculate the effects of force on thermodynamics and kinetics is illustrated with simple

models. The main purpose of the review is to describe the simple experiments that have been done

so far, and to encourage more people to enter a field that is new and full of opportunities.
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INTRODUCTION

Chemical and biochemical reactions are often studied by varying temperature, solvent, or

pressure. Photochemical reactions depend on light, and some more specialized reactions are

affected by electric or magnetic fields. These variables can change the equilibria among

reactants and products, and they can change the rates of the reactions. Mechanical force can

also affect the thermodynamics and kinetics of reactions, but force was not a practical

experimental variable until it became possible to manipulate and detect single molecules.

Force could now be applied to one or a few reactants, leaving the rest of the system

unperturbed. Thus force is not only a novel way to affect reactions, it is also a type of

variable different from the usual temperature, pressure, and solvent variables. Force directly

perturbs only the reactant, or the part of the reactant chosen; it is a local perturbation, unlike

the global perturbations traditionally used.

Mechanical force has been applied to individual molecules with atomic force microscopes,

laser tweezers, and magnetic tweezers (9, 25, 49). The reactions studied have been

noncovalent interactions, including breaking biotin-avidin (18) and antigen-antibody (23)
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bonds, initiating chair-boat transitions in polysaccharides (32), unfolding proteins (11, 27)

and RNA (30, 35), unzipping DNA (4), analyzing DNA-polymerase interactions (19) and

DNA-topoisomerase interactions (48), and many others. Force affects both the

thermodynamics and kinetics of reactions. In this review I concentrate on the magnitudes of

the forces required to unfold an RNA and on the rates of unfolding at these forces. The key

parameters that characterize the effects are (a) the change in length (extension) between

reactants and products for thermodynamics; and (b) the change in extension between

reactants and transition state for kinetics. Clearly, the same methods apply to the unfolding

of proteins and of any other polymers.

It is important to understand how macromolecules unfold and refold in biological cells. In a

cell, RNA folds rapidly as it is synthesized, but it unfolds (and refolds) repeatedly during its

life cycle. A random sequence RNA is 50% base paired; thus, every messenger RNA must

be unfolded to single strand during its translation to protein. The ribosome uses chemical

energy to pull the messenger RNA into its decoding site to read each codon. Viral RNAs

that are copied by RNA-dependent RNA polymerase or reverse transcriptase are unfolded as

nucleotides are added to the newly synthesized complementary strand. RNA helicases are

involved in unfolding RNA during assembly of ribosomes and spliceosomes. The forces

found experimentally to unfold RNA are in the range of 10 to 25 pN (30, 35), well within

the range exerted by known enzymes that operate on nucleic acids (19, 45, 57).

I first review the theory of force as a thermodynamic variable, and then as a specific

example, I compare the unfolding of an RNA molecule by force and by temperature.

Methods for measuring the Gibbs free energy of mechanical unfolding for reversible and

irreversible reactions are discussed. For a reversible reaction the Gibbs free energy is equal

to the mechanical work (force times distance). For irreversible reactions the free energy can

still be obtained from an appropriate average of many iterations of the irreversible work

values. Next I compare the kinetics of unfolding/refolding at zero force and as a function of

force. Various methods for measuring and analyzing the kinetics are described. My goal is

to describe simple systems that illustrate the differences between single-molecule and

ensemble methods, and to highlight the unique information obtainable from force. (A related

review, “Mechanical Processes in Biochemistry,” by C. Bustamante et al. is scheduled to

appear in Volume 73 of the Annual Review of Biochemistry.)

THERMODYNAMICS AND FORCE

I consider a system consisting of a single molecule surrounded by solvent, with a force

applied to the single molecule, for example, by manipulation of beads attached to the ends of

the molecule. The change in energy, dU, of the system depends on the sum of heat and work

inputs. For a reversible process the equation is:

1

Force is a vector, so the differential work, dw = F · dX, depends on the component of the

force, F, in the direction of the change of extension, dX. The positive sign of FdX in contrast

with the negative sign of −PdV means that force is positive when it is pulling on the system,
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and negative when it is pushing. To add mechanical work, FdX, to the general

thermodynamic equations for changes in energy, one must use only reversible paths linking

equilibrium states of the system. Note that from Equation 1 the reversible mechanical work

is equal to the change of energy at constant entropy and volume.

Gibbs free energy was defined by a Legendre transform as G ≡ U − PV − TS to produce a

variable of state dependent on intrinsic variables T and P instead of extensive variables S

and V.

2

Now, the reversible mechanical work is equal to the change of Gibbs free energy at constant

temperature and pressure, a much more practical result. However, by this definition free

energy still depends on an extensive variable, X. That is why [X] is explicitly added in

Equation 2 to emphasize that G is a function of X. By a further Legendre transform

3

one obtains

4

where G[F] depends on intensive variables T, P, and F. Both G[F] ≡ U − PV − TS − FX

and G[X] ≡ U − PV − TS are useful definitions of Gibbs free energy for a molecule under

force.

Force is applied to a single molecule by attaching the molecule to a surface and to the tip of

an atomic force microscope, or by attaching two beads to the molecule. In laser tweezer

experiments, one bead is held in a laser trap (a laser beam focused to a spot), the other bead

is held on a micropipet. The trap or the micropipet is moved so as to stretch and unfold the

molecule. The force is monitored by the deviation of a bead from the center of the laser spot.

Experiments can be done at constant force (by moving the micropipet to keep the bead a

fixed distance from the center of the trap) or at constant extension (by moving the

micropipet to keep the beads a fixed distance apart). Clearly, which definition of free energy

(Equation 2 or Equation 4) is most convenient to use depends on the experiment. Either

value of free energy is easily obtained from the other using Equation 3, and the two

definitions obviously are equal at zero force.

At constant T and P the change in Gibbs free energy, ΔG = G2 − G1, can be obtained from

the reversible work:

5

It may be more convenient to calculate the change in the force representation of Gibbs free

energy, ΔG[F], by integrating −XdF instead:
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6

The two values of free energies are related by

7

with Δ(FX) = F2X2 − F1X1.

Addition of force and extension as thermodynamic variables affect the criteria for

equilibrium.

8

9

Thus, in the presence of a force, a criterion for equilibrium is that G[X] is a minimum and

ΔG[X] is zero at constant T, P, and X. A more useful criterion is that G[F] is a minimum

and ΔG[F] is zero at constant T, P and F.

RNA THERMODYNAMICS

Thermal Unfolding

It is convenient to consider the folded structure of an RNA molecule to be made up of

secondary structure and tertiary structure. Secondary structure consists of double-stranded

helices, hairpin loops, internal loops, and bulges; tertiary structure involves interactions

among the secondary structure elements (8). The free energies of RNA secondary structure

(relative to the single strand) can be reasonably approximated as a sum of negative

contributions from helices plus positive contributions from the loss of entropy when loops

and bulges form. The free energies of the helices are calculated as a sum of nearest-neighbor

contributions from the base pairs (53). The thermodynamics of RNA helices, loops, and

bulges has come mainly from absorbance melting curves of oligonucleotides, with some

data from calorimetry. A convenient web site, the Mfold server (http://www.bioinfo.rpi.edu/

~zukerm/), provides the calculated free energy of RNA secondary structure in a solvent of 1

M NaCl from an input sequence. Predicted secondary structures can be obtained from the

calculated free-energy minimum and free energies near the minimum. Alternatively, base

pairing can be specified to obtain the thermodynamics for a chosen secondary structure.

An RNA structure that thermally unfolds to single strand in a two-state process can be

characterized by a melting temperature, the temperature where the free energies of the

folded and unfolded (single-strand) species are equal (ΔG° = 0). The melting temperature,

Tm, is obtained from the ratio of enthalpy to entropy, analogous to a phase transition.

10
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Reversible Force Unfolding

When force is used to unfold an RNA, the free-energy change is measured from the

mechanical work required. For a reversible process the reversible mechanical work is equal

to the Gibbs free energy (Equation 2) at constant temperature and pressure. Figure 1a shows

a set of four unfolding/refolding force versus extension curves for P5ab, a 22-bp hairpin, in

250 mM NaCl, 10 mM Mg2+ at 25°C. The RNA hairpin is held between DNA · RNA

handles attached to polystyrene beads (30), with one bead in a laser light trap and the other

on a micropipet. As the beads are moved apart, the force increases continuously as the

handles are extended. At approximately 14.5 pN the RNA unfolds from hairpin to single

strand, causing an abrupt “rip” in the smooth curve. After the abrupt transition the force

increases further as the handles plus the single-stranded RNA extend further. When the

extension is decreased, the refolding curve follows the same path as the unfolding. Thus, the

unfolding of the RNA is a two-state process and there is no hysteresis. Experimentally, the

process is reversible and all-or-none. The slope of the rip at the melting force is due to the

properties of the laser light trap. When the RNA unfolds, the force drops rapidly until the

distance between the beads adjusts to the new unfolded state. In a laser trap, force is

measured from the distance moved by the bead from the center of the trap. Force and

extension are thus coupled by the spring constant of the trap. In Figure 1 the spring constant

was 0.1 pN/nm; the slope of the rip is equal to this value. (The slope of the noise seen

throughout the force-extension curve has this same value.) The reversible unfolding/

refolding process is characterized as occurring under a constant effective force, Fm, at the

rip.

The free-energy change is directly measured as the reversible work at constant T,P,F.

11

Here ΔX is the difference in end-to-end distance—the difference in extension—between the

unfolded state and the folded state. In the force representation, the free-energy change is

zero for a process at equilibrium at constant T,P,F.

12

To compare the free energies measured at two different forces, a thermodynamic cycle

joining the reactions at the two forces is used.

13

14
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The equations can be used to relate the free energy at the melting force, the force, Fm, where

the free energies of the folded and unfolded species are equal, to the standard free energy of

the reaction at zero force, ΔG°. I write the equations specifically for the unfolding of a

hairpin to a single strand, thus from Equation 13:

15

The standard free energy of unfolding at zero force is equal to the free energy of unfolding

at the melting force minus the work required to stretch the single strand to its extension at

Fm. I assume that the extension of the hairpin—the distance between the 5′ end and 3′ end—

is essentially constant in comparison to the change in extension of the single strand.

Equation 15 shows that the free energy of unfolding RNA is always less at zero force than at

any other force, because of the extra work that must be done in stretching the single strand.

The corresponding expression from Equation 14 is:

16

Equations 15 and 16 are equal from the identity ∫ d(Fx) = ∫ Fdx + ∫ xdF.

To apply Equations 15 and 16, one needs an expression for the extension of a single strand

of RNA as a function of force. I have used a simple approximation for the worm-like-chain

model (10), but other models can be used (7). The wormlike-chain model is characterized by

two parameters: the persistence length, P, and the contour length, L.

17

In this approximation the force is inversely proportional to the persistence length and

depends on the ratio of end-to-end distance, x, to contour length. Integration of Equation 17

gives

18

with R equal to the gas constant. The analogous equation for ∫ xdF is obtained by solving

Equation 17 for x (a cubic equation), and integrating with respect to F.

Not many results on force unfolding of RNA have been published. They include a 49-

nucleotide hairpin (P5ab) of 22 base pairs (30), and the approximately 400-nucleotide

ribozyme (L-21) from Tetrahymena thermophila (35). The unfolding of the latter RNA

shows one reversible transition (out of 8 total transitions) assigned to a 36-nucleotide hairpin

(P9.2) with 14 base pairs. The standard free energies of both hairpins (ΔG° values at 25°C in

1 M NaCl) are easily calculated from the Mfold server. To illustrate the differences in free

energies of unfolding under force and at zero force, I used the value of ΔG° from Mfold and
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Equation 15 to estimate the melting force. A constant value of extension, XHP = 2 nm, was

used for the hairpin, and the extension of the single strand, XSS, was varied to provide a

value of melting force, Fm, and to satisfy Equations 15 and 17. The parameters for the

worm-like-chain, Equation 17, are P = 1 nm, L = 0.59 nm/nucleotide. Table 1 gives the

calculated values: the melting force, Fm; the free energy of unfolding, FmΔX; the stretching

free energy, ∫Fdx; and the change in extension, ΔX. There are many approximation and

assumptions in these calculations; the results are presented only as examples of the

magnitudes of the contributions from stretching a single strand of RNA and breaking the

base pairs in a hairpin. For these examples, roughly one third of the free energy of unfolding

an RNA at 25°C by force comes from stretching the single strand. Table 1 compares the

calculated forces and extensions with experiment; the agreement is reasonable.

Table 1 also shows that forces in the range from 10 pN to 20 pN suffice to unfold RNA

hairpins, which require temperatures above 80°C to unfold thermally. These forces are well

within the range of forces produced by DNA polymerases (31), DNA-dependent RNA

polymerases (19, 57), and other DNA-dependent molecular motors (45). Mechanical

unfolding of RNA in a biological cell can thus be accomplished by natural processes.

The Free-Energy Landscape

The force unfolding of the RNA hairpins listed in Table 1 was found experimentally to be

all-or-none. This result can be understood by calculating the free energy of each partially

unfolded species at Fm to find the relative amount of each species at equilibrium. The results

are easiest to visualize in the force representation of free energy, where the free energies are

equal at Fm for the intact hairpin and the single strand. Each partially unfolded species

consists of a hairpin with one or more base pairs broken from the end. For illustrative

purposes only, I treat the single strands at the ends as a worm-like chain even for only one

nucleotide at each end (one base pair broken). The free energy of the hairpin (assumed to

have a constant end-to-end distance) is −FXHP. The free energy (relative to the intact

hairpin) of each species as a function of force is thus:

19

ΔG°(F = 0) is the (positive) standard free energy of breaking one or more base pairs from

the end of the intact hairpin. The integral is the (positive) stretching free energy of the single

strands in each species. The last term is the (negative) free energy of the single-strand

portion of the partially unfolded species. The magnitude of XSS obviously increases with

each base pair broken; its value is obtained from the contour length of the single strand

portion and the force. Because breaking the final base pair leaves only a single strand with

no hairpin contribution to its length, for this species the last term in Equation 19 is replaced

by —F(XSS-XHP).

The calculated free-energy values for the partially melted species of P5ab at zero force and

at Fm are shown in Figure 2. At zero force the free energies, ΔG°(F = 0), are calculated from

the nearest-neighbor parameters for base pair breaking (53). At Fm Equation 19 is used. As
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the force increases, the species with the larger lengths of single-strand portions are

increasingly stabilized until at Fm the free energies of the intact hairpin and the pure single

strand are equal. The unfolding process appears all-or-none because the only appreciable

species are the intact hairpin, the partially unfolded species with three base pairs broken

(releasing the bulged U), and the single strand. The intact hairpin and the species with three

base pairs broken are similar enough in end-to-end distance to appear as a single species.

In contrast to force unfolding with successive base pairs breaking from the end of the stem,

thermal melting occurs both from the stem end and from the loop. All the base pairs become

less stable as the temperature is raised; thus, the number of partially folded species is larger.

However, the main difference between thermal melting and force unfolding is the nature of

the single strand. In force unfolding the single strand is stretched out; it has reduced

conformational variability with an end-to-end distance approaching the contour length of the

polymer. In thermal unfolding the single strand is more like a random coil; it has a high

entropy and is essentially a species with properties different from the single strand with ends

held fixed. Unfolding an RNA by applying a local perturbation at the ends by force, instead

of melting the RNA with a global thermal perturbation, creates a different process. It

simplifies the analysis of unfolding, and it is more like the naturally occurring unfolding

inside cells.

Irreversible Force Unfolding

When the kinetics of a reaction are slower than the loading rate—the rate at which the force

changes—force versus extension curves show hysteresis (see Figure 1b) between unfolding

and refolding curves. The amount of hysteresis and the forces at which the unfolding/

refolding occur depend on the loading rate. Current laser tweezer experiments are usually

done with loading rates in the range of 1–10 pN s−1; slower rates lead to excessive drift and

unreliable measurements. This means that molecular relaxation times must be shorter than a

few seconds to allow a reversible reaction to occur. For longer relaxation times the forces at

which unfolding and refolding take place are kinetically controlled. The molecular processes

are stochastic, so there is a range of forces for the transitions, and the loading rate has

significant effects. The kinetics of the reaction determine the force-extension curves.

Tertiary interactions in RNA slow the kinetics of unfolding. Magnesium ions directly bound

to phosphate oxygens and base nitrogens often stabilize tertiary interactions in RNA. The

rearrangements of the RNA that occur on ion binding are slower than simple base pair

opening. However, even without tertiary interactions, the kinetics of RNA unfolding are

sometimes too slow for measurement of a reversible process. Several G · C base pairs in a

row stabilize a helix and slow the kinetics of unfolding significantly.

The Gibbs free energies for irreversible processes cannot be obtained from the mean work.

However, by exponentially averaging the different irreversible work trajectories for many

repetitions of the experiments, one can obtain the Gibbs free energy. Jarzynski (26) showed

that the free energy could be obtained from irreversible processes by appropriate averaging

(see also Reference 24).
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20

In principle the exponential average, ⟨⟩, in Equation 20 must be done for an infinite number

of repetitions of the experiment. This is equivalent to the requirement that a reversible

process must proceed infinitely slowly—quasistatically. In practice the number of work

trajectories that must be measured depends on the average work dissipated, ⟨wdiss⟩, a

measure of the irreversibility of the process. The number of experiments required (40) to

obtain a value of free energy within a chosen uncertainty is proportional to . As

the average dissipated work becomes greater than 10 kT, the number of experiments

required for a ±(1/2) kT error becomes impractical. The Jarzynski equation has been tested

for RNA unfolding (29) and for the motion of small particles in a solvent (56). In both tests

the process could be done reversibly to measure ΔG directly, and then irreversibly to test

Equation 20. The RNA force unfolding was first done at a force loading rate of 2–5 pN s−1,

in which the unfolding showed no hysteresis. The mean reversible work—equal to the

change in Gibbs free energy for unfolding—was 60.2 ± 1.6 kT. The loading rate was then

increased to 34 pN s−1, and then to 52 pN s−1. The unfolding was clearly irreversible and the

mean work increased with loading rate, as expected from the second law of

thermodynamics. The spread of the measured work values also increased with increasing

loading rate. Application of Equation 20 with 100 to 150 repetitions of the experiment gave

59.6 ± 0.2 kT for the free energy from the irreversible reactions. The agreement is excellent.

An alternative method to obtain free energies from irreversible processes (C. Jarzynski, V.

Pande & F. Ritort, personal communication) is to find the intersection of the distribution of

work trajectories for the forward reaction (unfolding) and backward reaction (refolding). For

Equation 20 to be valid, some of the unfolding work trajectories must have values less than

the reversible work that must be done to unfold the RNA. Similarly, some of the folding

work trajectories must have values greater than the reversible work obtained when the RNA

refolds. The second law of thermodynamics states that the average work done on a system

must be greater than the free-energy increase and that the average work obtained is less than

the free-energy decrease. However, a particular folding or unfolding work trajectory can be

greater than, less than, or equal to the free-energy change. The work trajectories

corresponding to a reversible process (reversible work = free-energy change) are rare for an

irreversible stochastic process. However, at the intersection of the distributions of folding

and unfolding trajectories, the measured work values are the same. This is the criterion for a

reversible process; thus, the work at the intersection is equal to the Gibbs free energy.

RNA KINETICS

Kinetics at Zero Force

The kinetics of unfolding and refolding RNA were measured in the 1970s by Pörschke (36–

38) and others (15, 39, 55) using temperature-jump methods. The increase in absorbance

(when stacking decreased as base pairs were broken in double strands) was used to follow

the reactions. The data and references have been compiled by Turner et al. (54). More

recently both absorbance and fluorescence (with fluorescent 2-amino purine replacing
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adenine in the RNA) have been used to study RNA hairpin unfolding (1, 2, 6, 33). Kinetic

studies of more complex RNAs have concentrated on the interactions of secondary

structures to form tertiary structure. The process is one of folding, but instead of single-

strand to double-strand transitions, helices and loops interact to form higher-order structures.

Folding reactions are initiated by adding Mg2+, and unfolding reactions are initiated by

adding divalent ion scavengers, such as EDTA. The processes have been followed by using

a wide variety of methods including chemical reactivity of accessible nucleotides (43, 44,

50), small-angle X-ray scattering (41), and single-molecule fluorescence (5, 42, 60). Recent

reviews summarize much of the work (46, 52).

Kinetics in the Presence of a Force

It seems reasonable that force favors the equilibrium species with the longest extension in

the direction of force. As the rate of a reaction between two species depends on the free-

energy change between reactant and the transition state, it is reasonable that increasing force

increases the kinetics. The increase in rate depends on the distance from the reactant to the

transition state. The effect is exponential.

21

Here k(F) is the rate constant at force, F; k(0) is the rate constant at zero force; and X‡ is the

distance to the transition state. As the distance to the transition state depends on force, and

the mechanism of the reaction may well be different at zero force, Equation 21 in general is

not a practical way to obtain values of the rate constant at zero force. However, the distance

to the transition state can be obtained from the slope of a plot of ln k versus force, and

extrapolations can provide the rate constants at nearby forces. An example of a ln k versus

force plot for the unfolding of an RNA is shown in Figure 3.

Three methods have been used to measure rate constants for folding/unfolding as a function

of force: force-jump measurements, in which the force is rapidly increased or decreased and

then held constant (analogous to temperature-jump kinetics) (34); force-ramp measurements,

in which the force is increased linearly with time (17, 34); and hopping experiments, in

which the reaction is near equilibrium and the molecule transits between two states (30).

The kinetics for a single molecule occurs stochastically. For a given set of conditions (force,

temperature, and solvent), there is a range of lifetimes for a given species. The change in

probability, P, that the reaction has not occurred is

22

Thus the probability that a species has not reacted decreases exponentially from 1 to 0 as

time increases.

23a
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with k(F) as the time-independent rate constant. The logarithm of the probability is linear in

time.

23b

For force-jump experiments the force is raised or lowered rapidly compared with the

molecular process, and then held constant. The lifetime of the species is measured (the time

when the reaction occurs), and the experiment is repeated. The value of k can be obtained

from the slope of a plot of the logarithm of P versus t. The fraction of trials with lifetimes

greater than t is equal to the probability, P, that the reaction has not occurred before time t.

Figure 4 shows data from the unfolding of the RNA described in Figure 3. Alternatively, the

value of k can be obtained simply as the reciprocal of the average lifetime of the species.

In the force-ramp method the force is increased linearly with time (F = rt) during the

experiment. There is a corresponding range of forces where the transition to a different

species occurs. The distribution of transition forces depends on the loading rate, r (the

increase in force with time), and the distance to the transition state, X‡. The equation is

easily derived by explicitly adding the time dependence for k(F) to Equation 22.

24

Here b = X‡/kT. Integration of Equation 24 gives the desired result.

25

It is convenient to obtain X‡ and k(0) from the slope and intercept of a double logarithmic

plot using the approximation that ebF ≫ 1.

26

Force-extension curves (see Figure 1) are obtained at a constant loading rate, r, and the

transition force is measured for successive trials. The fraction of experiments in which no

reaction has occurred at forces less than F provides the probability used in Equation 26. Data

from the RNA studied in Figures 3 and 4 are shown in Figure 5. The slope (equal to X‡/kT)

provides the distance to the transition state, X‡; the intercept (equal to k(0)kT/X‡) provides

the rate constant at zero force. As discussed above, its value is not a good measure of the

kinetics at zero force. Instead it should be considered a parameter for calculating rate

constants at forces near the measured data. That is, the force-dependent kinetics apply to the

range of forces that the molecular motors in biological cells are capable of exerting.

The hopping method of measuring rates is conceptually simple (30). The transitions between

two states at constant force are followed as a function of time for as long as the molecule

and instrumentation allow (20 to 100 transitions). The distributions of lifetimes for the

forward and reverse reactions are used as in Figure 4 to get the corresponding rate constants.
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The hopping method is limited to forces near the melting force. At other forces either the

forward or backward rate constants become too fast (or too slow) to see hopping.

Complex RNAs

In complex RNAs with many domains, slow unfolding kinetics leads to detectable

intermediates in force-extension curves. The ribozyme from T. thermophila containing about

400 nucleotides was found to have 8 intermediates (35). The number of intermediates seen,

the transition force between species, and the unfolding paths differed among repetitions of

the experiment. The assignment of the intermediates, and the identification of the kinetic

barriers that produced the intermediates, was done by studying mutants and subdomains of

the RNA, and by adding oligonucleotides that competed with secondary and tertiary

structure. It is encouraging that assignment of the transitions in RNAs containing hundreds

of nucleotides can be made. The kinetic barriers were mainly caused by tertiary interactions

stabilized by Mg2+. In the absence of Mg2+ the kinetic barriers disappeared, and no

detectable intermediates were seen. Clearly, understanding the role of Mg2+ in formation

and stabilization of folded domains is important. Further quantitative measurements of how

the kinetics and thermodynamics change with Mg2+ or other relevant ligands may provide

insight into the role of small molecules in the functions of RNA.

Simulation of Force Unfolding and Refolding

In addition to general reviews on the effect of force on reactions (16, 51), there have been

several theoretical simulations and analyses of RNA unfolding in the presence of force (13,

14, 20, 21, 59). To illustrate the differences between force unfolding and thermal unfolding,

I simulate the kinetics of unfolding a simple hairpin.

I consider a 5-bp hairpin with a loop of four nucleotides so that all the steps can be shown;

such a small hairpin would be difficult to study experimentally with present equipment.

When a thermally stable hairpin is unfolded by applying force to its ends, the only species

that need be considered are those in which successive base pairs are broken from the end

(see Figure 6). Thus, for a 5-bp hairpin only six species are present: the intact hairpin, four

intermediates, and the single strand. In thermal unfolding, base pairs can break from either

end of the stem; this adds 10 intermediates to the unfolding of a 5-bp hairpin. For longer

stem regions where melting can also occur in the middle of the stem, and for structures with

internal loops, bulges, or tertiary interactions, the number of intermediates is much greater in

thermal unfolding than in force unfolding. Clearly, modeling and understanding will be

simpler for force unfolding than for thermal unfolding.

There are four basic kinetic processes in the unfolding of a hairpin: breaking the last base

pair in the hairpin, forming the first base pair in the hairpin, and breaking and forming

successive base pairs. Forming the first base pair is special because it involves the loss of

entropy for loop formation; it is expected to have the slowest elementary rate constant for

forming a base pair. The other base pairs stack on the preceding pairs; these steps have faster

rate constants. Because of the successful nearest-neighbor method of calculating

thermodynamic stabilities of RNA secondary structures (53), there are equilibrium constant

available for each of the elementary steps in the unfolding process. There are 10 equilibrium
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constants for the 10 nearest-neighbor Watson-Crick base pair sequences, and there are also

equilibrium constants for loop formation that depend only on the number of nucleotides in

the loop. Knowledge of the equilibrium constants provides the ratio of forward and

backward rate constants, and thus the rate constants for breaking base pairs are defined once

the rates for forming base pairs are chosen.

The four types of rate constants are k(loop close), k(loop open), k(zip close), k(zip open), as

shown in Figure 6. The loop constants depend on the number of nucleotides in the loop, not

on the sequence. The standard free energies at 25°C for loop formation are +6 ± 0.5

kcal/mol for loops containing 4 to 8 nucleotides (53). Thus the equilibrium constants (and

ratio of rate constants) are in the range of 10−4 to 10−5.

27

There are 10 standard free energies at 25°C for adding a base pair that range from −1.0 to

−3.5 kcal/mol depending on the nearest-neighbor sequences (53). The equilibrium constants

(and ratio of rate constants) are thus in the range of 5 to 350.

28

The analysis can be simplified further by assuming that k(zip close) is independent of

sequence. Breaking a base pair depends on the base pair and its neighbor but forming it does

not. These assumptions mean that to model the kinetics of a hairpin, there are only two

independent parameters; I chose k(loop open) and k(zip close). The other parameters are

determined by the nearest-neighbor thermodynamic data. All these parameters of course

apply at zero force; the effect of force depends on the distance to the transition state for each

elementary step.

The model used for the force dependence is that of Cocco et al. (12). They assume that the

distance to the transition state for breaking a base pair is 0.1 nm or less .

The distance to the transition state for closing a base pair is

29

Here ΔX is the difference in extension for the species with the base pair open and with the

base pair closed. As ΔX is at least a factor of 10 greater than Xopen
‡, they use , and

Xclose
‡ = ΔX. This means k(loop open) and k(zip open) are independent of force. To

calculate the effect of force on k(loop close) and k(zip close), I use the worm-like-chain

model with the parameters that fit the equilibrium properties of singe-stranded RNA (30):

persistence length = 1 nm, contour length per single-strand nucleotide = 0.59 nm.
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Modelling the Kinetics of a Hairpin Unfolding/Refolding

I assume the mechanism of hairpin unfolding/refolding involves base pairs breaking and

forming only from the ends of a double helix. For force unfolding, base pair breaking occurs

sequentially from the stem end, and base pair forming occurs sequentially from the loop end.

For thermal unfolding at zero force, base pair breaking can occur from either end. For

thermal refolding at zero force the first base pair can form anywhere in the stem, followed

by addition of successive base pairs. This is a simple model that contains the essence of the

kinetics. For N base pairs in the stem, there are [N + 1] species for force unfolding, and

[(N(N+1)/2)+1] species for unfolding at zero force.

The kinetics are governed by a set of coupled linear differential equations:

30

The vector A represents the fraction of each species present at any time; K is the matrix of

rate constants. Methods for solving these equations are given in kinetics textbooks (47). The

K matrix is diagonalized to obtain the diagonal matrix Λ with negative eigenvalues λ, and

matrix P of eigenvectors. The time dependence of each species is:

31

The vector A0 is the distribution of species at zero time.

The kinetics of unfolding/refolding the hairpin (sequence shown in Figure 6) are modeled at

three different forces: zero force where the hairpin is stable (Keq = [SS]/[HP] = 5.3 × 10−5),

11.35 pN where hairpin and single strand are equally stable (Keq = 0.98), and 13.0 pN where

the single strand is the principal species (Keq = 7.8). At zero force two elementary rate

constants were chosen: k(zip close) = 107 s−1 (rate constant for adding a base pair); and

k(loop open) = 109 s−1 (rate constant for breaking the last base pair). The choice of values

for these two rate constants is somewhat arbitrary, but the choice does not change any of the

general conclusions. My goal is to show how force affects the kinetics and equilibrium of

hairpin unfolding/refolding. At zero force the other rate constants are obtained from the

equilibrium free-energy values using Equations 27 and 28. The force dependence of the rate

constants are obtained using the worm-like chain for the single strands. All the values are

shown in Figure 6. The worm-like chain is a poor approximation for such short chains, but

the results illustrate the effect of force on the rates. Force slows the rate constants for

forming base pairs and thus favors the single strand with increasing force.

Equation 31 was solved at the three forces for the sequential mechanism seen in Figure 6.

Six relaxation times corresponding to the six differential equations were obtained. In

addition, at zero force I applied the mechanism that allows base pair breaking from either

end of the helix and allows the first base pair to form anywhere. This produces 16 species

and 16 relaxation times. For all four models only one relaxation time, τ, dominates the

kinetics. All the other relaxation times are at least 1000 times shorter. The values of the rate-

determining relaxation times—the longest relaxation time for each model—are given in
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Table 2. The approach to equlibrium is fastest at zero force not only because force has not

slowed the base forming steps, but also because of the multiple paths for folding/unfolding.

The multiple paths increase the rate by a factor of 9.

The reaction can be treated approximately as a two-state process. Then the relaxation time is

the reciprocal of the sum of effective forward and backward rate constants, and the

equilibrium constant is their ratio.

32

The kf and kb parameters are linear combinations of the elementary rate constants in Figure

6; their values for the four models are given in Table 2. As expected, as the force increases,

the forward rate constant (hairpin to single strand) increases and the backward rate constant

decreases. The relaxation time is a maximum at the melting force, in which the forward and

backward rate constants are equal.

FUTURE DEVELOPMENTS

The application of force to single molecules is a recent endeavor. Both the experimental

methods and the theoretical analysis of the data are in their infancy. I hope that this review

encourages people to improve the methods and to apply them to many other systems. In

Berkeley, some of the obvious improvements are being implemented. Temperature variation

(58) will allow entropy and enthalpy changes to be obtained from the temperature

dependence of the free energy. I discussed the difference between thermal melting and force

unfolding, but they become more similar as the temperature is raised. Addition of single-

molecule fluorescence detection as force is applied (28) will allow FRET measurements to

directly identify which parts of a molecule are unfolding. DNA · DNA handles can be

applied to proteins to unfold single protein molecules in a manner similar to that done for

RNA (C. Bustamante & S. Marqusee personal communication). The biggest challenge and

the greatest reward is to apply single-molecule methods within biological cells. Laser

tweezers can be used to manipulate macromolecules and to even perform surgery on them

inside cells (22). I am sure that many more ideas are being considered and many more

applications are underway. I await them eagerly.
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Figure 1.
(a) Force-extension curves for the unfolding and refolding of an RNA hairpin, P5ab

(sequence is in Figure 2), at 25°C, 250 mM NaCl, 10 mM Mg2+. Four curves are shown.

The pulling rate is 2–3 pN s−1; at this rate the unfolding of the RNA is reversible. No

hysteresis is seen. (b) Force-extension curves for the unfolding and refolding of a three-helix

junction with an A-rich bulge, P5abc (sequence is P5ab with the addition of a stem loop and

a bulge). Conditions are the same as in (a), but now the unfolding/refolding is irreversible.

There is significant hysteresis. The curves are from Reference 30.
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Figure 2.
Calculated free-energy landscape at 25°C for P5ab at zero force and at Fm. At zero force the

free energies are calculated from nearest-neighbor values; at the Fm the worm-like-chain

model is used to obtain the effect of force on each partially unfolded species. At zero force

the hairpin is the only species present. At Fm the species present in significant amounts are

now the hairpin, the single strand, and the hairpin with three base pairs broken caused by the

destabilizing effect of the bulged U.
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Figure 3.
A plot of the logarithm of the rate constant versus force for unfolding a three-helix RNA

junction that is the binding site for S15 ribosomal protein from Bacillus stearothermophilus

(3). The slope of the line, which is equal to X‡/kT, gives a value of X‡ = 3.5 nm. The solvent

is 4 mM Mg2+, pH 8 HEPES, 50 mM KCl; the temperature is 25°C. The rate constants were

measured by force-jump experiments; the data are from unpublished work of Dr. D. Collin.
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Figure 4.
A plot of the fraction of experiments with lifetimes greater than time t versus t. The force

was jumped to 17.5 pN and held constant until the RNA unfolded. The lifetime was

measured and the experiment was repeated 238 times. The data fit a single exponential with

a relaxation time of 1.3 s corresponding to a rate constant of 0.77 s−1. The data are from

unpublished work of Dr. D. Collin.
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Figure 5.
A plot that provides the rate constants as a function of force and the distance to the transition

state. In this force-ramp method many force-extension curves are measured at a constant

loading rate, and the transition force is noted for each trial. The fraction of trials with

transition forces less than F is used in Equation 26. The loading rate here was 7.1 pN s−1;

the rate constants and distance to the transition state are in reasonable agreement with the

data shown in Figures 3 and 4. The RNA is described in Figure 3, and the data are from

unpublished work of Dr. D. Collin.
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Figure 6.
A mechanism for force unfolding of an RNA hairpin with four nucleotides in the loop. The

force is applied to the ends of the RNA, so the base pairs break sequentially from the end of

the hairpin. The base pair breaking rate constants, k(open), are given as independent of

force; the base pair forming constants, k(close), are shown at three different forces (0 pN,

11.35 pN, and 13.0 pN) at 25°C. All rate constants have units of 106 s−1. I assume that the

transition states for breaking base pairs are close to the intact base pair ;

therefore, there is a negligible effect of force on the rate constants for breaking base pairs.

The rate constants for forming base pairs decrease with increasing force.
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