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Abstract

The usual variables chemists use to affect a chemical reaction are temperature and pressure. We consider here an
additional variable: force,F. By attaching a molecule to the tip of a cantilever of an atomic force microscope, or to
a bead in a laser light trap, we can control the force on a single molecule. This mechanical force can drive a reaction
to completion, or stabilize the reactants. Force changes the thermodynamic stability of a molecule; it can thus increase
or decrease the free energy change for the reaction. Force can also speed or slow rates of reactions; it changes the
free energy of activation of the reaction.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

This paper is dedicated with respect, and admi-
ration to our friend John Schellman. His papers in
the 1950s on the thermodynamic stability of pep-
tides showed how to apply basic physical chem-
istry and physics to complex biochemical systems.
He has been a model for us ever since. Following
in his steps, here we analyze the fundamental
physical chemistry of single biological macromol-
ecules under force.

Since the classical studies of the Dutch scientist
J.D. van der Waals, published in 1873, physical
scientists have been aware that many properties of
matter could be rationalized by the strength and
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direction of the forces that molecules exert on
each other. The existence of these forces makes it
possible to rationalize phenomena as diverse as
the elasticities and the melting points of solids, the
viscosities and the boiling points of liquids, and
the compressibilities of gases, as macroscopic
manifestations of the myriads of small interactions
between the constituent molecules. These funda-
mental ideas were soon extended to explain the
reactivity and affinity between chemical species
by Svante Arrhenius. To formulate the first quan-
titative description of chemical kinetics, Arrhenius
proposed that only molecules with an excess of
energy over the average energy of the population
could participate in chemical reactions. According-
ly, reactions between molecular species follow
pathways that involve the formation of a high-
energy species whose accessibility along the reac-
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tion coordinate ultimately controls the rate of the
reaction. This species, called the transition state
was postulated to be an unstable molecular struc-
ture, a result of the internal stresses and forces
developed in the course of the reaction. The advent
of quantum mechanics, in the 1920s, made it
possible to recognize the universal electrostatic
nature of these intermolecular forces. This synthe-
sis, led to formulation of a general recipe known
as theHellman–Feynman theorem, which states
that all forces between molecules can be calculated
from classical electrostaticsw1x once the spatial
distributions of the electron densities have been
determined from a solution to Schrodinger’s¨
equation.

Despite these conceptual advances, until recent-
ly, scientists have been able to act on molecules
and follow their reactions only if the molecules
were present in large numbers. This approach made
it difficult to investigate the detailed changes
developed in the molecules in the course of the
reactions. During the last decade, the advent of
novel methods of single molecule manipulation
has begun to offer researchers, for the first time,
the opportunity to measure directly the forces
generated in chemical reactions, and even to exert
external forces to alter the extent and fate of these
reactions; an area of enquiry that can be called
Mechanochemistry. This approach is particularly
useful in biochemistry, where mechanochemical
effects often involve the modification of a large
number of highly stereospecific, force-sensitive,
weak interactions. Thus, protein and RNA folding,
polymer elasticity, protein-induced bending of
DNA, stress-induced catalysis of enzymes, or the
behavior of molecular motors, are all processes in
which stresses and strains develop along the reac-
tion coordinate, and whose extent and fate are,
therefore, susceptible to being altered by the appli-
cation of external force. Beginning with the dem-
onstration of direct mechanical manipulation of
single DNA moleculesw2,3x, scientists have been
using single molecule manipulation methods to
investigate the folding of proteins and RNAw4–
8x, the separation of DNA strandsw9,10x, and the
mechanical properties of various motor-like pro-
teins w11–18x.

The use of force as a variable under experimen-
tal control in chemical reactions gives researchers
direct access to new physical parameters of the
reaction. The analysis and interpretation of the
data require a reformulation of the expressions of
traditional thermodynamics and kinetics to arrive
at the dependence of both thermodynamic and
kinetic variables on the external force. Here we
summarize these expressions and discuss their
applications to a few special cases.

We do not consider instrumental aspects of
single-molecule studies here, although it is clear
that they are crucial to the design and analysis of
experiments. To apply a force to a single molecule
it must be connected to macroscopic objects such
as micron-sized beads or an atomic force micro-
scope cantilever. Measurements of piconewton
forces and nanometer distances requires sensitive
detection methods in instruments free from vibra-
tions and thermal drift. Single-molecule force
measurements are at present more difficult to do
than bulk measurements, but instrumentation is
improving rapidly and we look forward to the day
when a force–unfolding curve will be as easy to
obtain as a thermal melting curve.

2. Thermodynamics

Chemical thermodynamics is usually applied to
systems containing many molecules. We will apply
it to a system consisting of a single molecule in a
solution of order 10 solvent molecules. In order19

to apply the concepts of energy, entropy, free
energy, length, etc. to the molecule we invoke the
ergodic hypothesis—the properties of a single
molecule averaged over time is equal to the aver-
age properties of many molecules at one time. The
single molecule must be given enough time to
sample its conformational space during an experi-
ment, and we must repeat each experiment enough
times to obtain an average property that remains
constant to within the desired precision. Just as in
bulk studies the time of a measurement determines
which states of a system are accessible, and the
variation of a property with time, or with repeti-
tion, identifies when a system is at equilibrium.
Single-molecule thermodynamics is not very dif-
ferent from classical thermodynamics.
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2.1. General thermodynamic relations

We first consider the effect of applying a force
on a homogenous solid, for example a glass rod
or a spring. The change in energyE is the sum of
the reversible heat(dq sTdS) and reversiblerev

work (dw syPdVqFØdx).rev

dEsdq qdw sTdSyPdVqFØdx (1)rev rev

F is the force and dx is the differential change in
length of the material. Both are vectors, but from
now on we will write Fdx as a scalar with dx the
component of dx along the direction ofF. The
independent extensive variables characterizing the
state of the material are entropyS, volumeV, and
extension or lengthx. TemperatureT, pressureP
and forceF are the dependent intensive variables
corresponding toS, V, x. As S, V, and x are not
convenient independent variables, we make the
usual Legendre transformsw19x to define new
energy functions that haveT or P, or both, as
independent variables. The thermodynamic func-
tions are thus enthalpy(HsEqPV), Helmholtz
free energy(AsEyTS), and Gibbs free energy
(GsEyTSqPV).

dHsTdSqVdPqFdx (2)

dAsySdTyPdVqFdx (3)

dGsySdTqVdPqFdx (4)

These equations show that the force on the
molecule can be determined from the change in
energy function with respect to molecular length
(end-to-end distance), x.

B E B E≠E ≠H
C F C FFs s
D G D G≠x ≠xS,V S,P

B E B E≠A ≠G
C F C Fs s (5)
D G D G≠x ≠xT,V T,P

It is sometimes more convenient to have the
intensive variable force instead of length as an

independent variable; we subtractFx from each
energy function to accomplish this. AsT, P, and
F are the most convenient independent variables
to control; we apply a Legendre transform to the
Gibbs free energy(G9sGyFx).

dG9sySdTqVdPyxdF (6)

Obviously,G andG9 are equal at zero force.
By equating second derivatives of Eq.(4), or

of Eq. (6), we obtain useful equations for the
effect of T andP on the force and length.

B E B E B E≠F ≠S ≠F
C F C F C Fsy and
D G D G D G≠T ≠x ≠PP,x T,P T,x

B E≠V
C Fs (7)
D G≠x T,P

B E B E B E≠x ≠S ≠x
C F C F C Fs and
D G D G D G≠T ≠F ≠PP,F T,P T,F

B E≠V
C Fsy (8)
D G≠F T,P

We can hold either the length constant or the
force constant experimentally, so from the temper-
ature dependences we learn about the effect of
length wEq. (7)x or force wEq. (8)x on the entropy
of the material. The effect of pressure is much
more difficult to measure experimentally; it tells
us how the volume of the material changes with
force or length.

From Eq.(4), we see that at constantT andP

dGsFdx (9)

The change in free energy on applying a force
at constantT, P is the reversible work done in
stretching or compressing the material from length
x to x .1 2

x2

G x sG x q Fdx (10)Ž . Ž .2 1 |
x1

The work is positive for stretching as well as
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for compression becauseF and x yx are both2 1

positive for stretching, and both are negative for
compression. Positive work means that the sur-
roundings have done work on the system; the free
energy of the material is increased.

If the material undergoes a phase change at a
certain force,F , a spontaneous change in lengthtr

will occur. For a spontaneous increase in length
during stretching(F is positive) the free energy
increases.

x2

G x sG x q FdxqF Ø x yx (10a)Ž . Ž . Ž .3 1 tr 3 2|
x1

2.2. Single-molecule thermodynamics

We have been discussing a macroscopic solid
object (the system) in the presence of an external
force. Now we consider a system at constantT
and P in which a force is applied to a single
molecule in a solution. The thermodynamic prop-
erties now depend on the concentrations of all the
molecules in the solution, as well as the force
applied to one molecule. The molecule, solvent
and solute species are all at constantT andP; only
the chosen molecule is under the influence of
force. The free energy of the system can be
changed by doing work on the molecule, or by
changing the number of molesn of a species ini

the solution. For the species present in bulk in the
solution the change in free energy for a differential
change in number of moles,n , isi

dGs m dn (11)i i8
i

The sum is over the speciesi present in bulk in
the solution. The chemical potentials,m , arei

defined by this equation; they are also called
partial molar free energies.

B E≠G
C Fm s (12)i
D G≠ni T,P,x ,n /ni j i

Clearly, the chemical potential of each compo-
nent i depends on the temperature and pressure,

and the composition of the system—the values of
then . For a pure component the chemical potentialj

is just its free energy per mole, but in a solution
the chemical potential is the change in free energy
of the solution when a mole of component is
added (keeping the composition of the solution
constant).

The conventional definition of activity a for a
solute in a solution withPs1 atm is

0m (T)sm (T)qRTln a (13)i i i

R is the gas constant(Avogadro’s number times
Boltzmann’s constantk). The activity is the unit-
less effective concentration; it becomes numerical-
ly equal to the concentration of solute(by
convention in molarity) as allsolute concentrations
approach zero. The chemical potential in the stan-
dard statem (T) is the chemical potential—partial0

i

molar free energy—of the solute at activitys1
(ln a s0) in the chosen solvent, such as water.i

This means we study a solution that is dilute in
all solute species—so activities are equal to con-
centrations—and extrapolate to unit activity. How-
ever, we can define the solvent to include some of
the solutes. For example, the solvent could be 200
mM NaCl, pH 7 phosphate buffer, and a solution
would then be studied that was dilute in only a
nucleic acid or protein species. Now the chemical
potential in the standard statem (T) is the chemical0

i

potential of the protein or nucleic acid at activitys
1 in the 200 mM buffer solvent.

For the molecule subject to force, its chemical
potential also depends on its extensionx . For ai

single molecule with a forceF applied to it we
make a simple extension of Eq.(13). The chemical
potential of the molecule depends on its activity
a , as in Eq.(13), as well as its extensionx underi i

force.

xi
0m T,x sm (T,Fs0)qkTln a q Fdx9 (14)Ž .i i i i i|

0

The component of the length in the direction of
the force is always zero at zero force, so the lower
limit of the integral is zero. For a rigid molecule—
one whose length does not change under force—
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the work done in stretching it is zero. This is only
a limiting case for an infinitely rigid molecule. In
the presence of a force the chemical potential
depends on the length or extension,x, of the
molecule. The activitya can vary from 0 to 1 fori

the single molecule. Thus the chemical potential
differs from that in the standard state depending
on its activity and its free energy of stretching.
The chemical potential in the standard statem (T,0

i

Fs0) is similar to that of the standard state in
Eq. (13). It is the free energy of the molecule in
the solvent at zero force; multiplication by Avo-
gadro’s number gives the partial molar free ener-
gy—chemical potential—for the standard state
used in bulk solution.

2.3. Stretching a single molecule

One of the first reactions studied was the effect
of force on stretching DNA from a coiled form
with an end-to-end distance small compared to its
contour length(length measured along the poly-
nucleotide chain) to a conformation with an end-
to-end distance equal or greater than its normal
contour lengthw3,20x. The increase in chemical
potential—partial molar free energy—on stretching
the molecule(reversibly) to end-to-end distancex
is just

x

G(x) s Fdx9 (15)strectching |
0

We remember that whatever the end-to-end
molecular distance is, in the absence of a force its
component alongF is zero. The free energy of
stretching a molecule is thus obtained from the
integral of a force–extension curve. For a rigid
molecule the molecule goes from zero length along
F to its full length with essentially zero applied
force. The free energy of stretching is negligible;
it is a measure of the loss of rotational entropy,
which is small compared to conformational entro-
pies. The entropy and enthalpy of stretching are
obtained from temperature derivatives at constant
pressure.

B E≠G(x)stretchingC FS(x) sy H(x)stretching stretching
D G≠T P

E≠G(x) yTstretching FsŽ
G≠(1yT) P

(16)

To calculate the stretching free energy to com-
pare with experiments on DNA or RNA we need
a model for the conformation of the polymer chain.
For polynucleotides and polypeptides the models
used most often include the freely-jointed-chain
and the Porod–Kratky wormlike chain(see for
example chapters 18 and 19 ofw21x). For both
double-stranded and single-stranded nucleic acids,
the wormlike chain fits the experimental data
adequately. A useful interpolation equation for the
force–extension curve of a nucleic acid isw22x:

w zB EkT 1 x 1
C FFs q y (17)x |2
D GP 4(1yxyL) L 4y ~

hereP is the persistence length,L is the contour
length, and x is the end-to-end distance. The
persistence length of a polymer is defined as the
average projection of the end-to-end vector of the
polymer on the direction of the first subunit of the
polymer for an infinite number of subunitsw21x.
For a rigid rod the persistence length is the contour
length; for a freely-jointed-chain the persistence
length is one half the length of a statistical seg-
ment. For example, the persistence length of dou-
ble-stranded DNA is approximately 50 nm
(depending on the solvent) w22x, and the persist-
ence length of single-stranded RNA is approxi-
mately 1 nm w8x. Integration of Eq.(17) over
extensionx gives the free energy of stretchingwEq.
(15)x the wormlike chain; the entropy and enthalpy
come from Eq.(16).

G(x) syTS(x)stretching stretching

w zB EkT L 2C F ws 3(xyL)x |
D GP 4(1yxyL)y ~

3xy2(xyL) H(x)stretching

s0 (18)

Note that the force, the free energy, and the
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entropy are all inversely proportional to the per-
sistence length, so a flexible single strand like
RNA (Ps1 nm) requires 50 times the free energy
needed to stretch a double-stranded DNA withPs
50 nm. In this model the increase in free energy
on stretching is all due to the loss of entropy. At
zero force a polymer with a short persistence
length has many more possible conformations than
a polymer with a long persistence length, therefore
it has much higher entropy. On stretching, the
conformational entropy is lost, thus explaining the
higher force and greater work needed to stretch.
We can use Eq.(17) to calculate the force needed
to stretch a polymer at 298 K with contour length
Ls1000 nm to 75% of its length(xyLs0.75).
For single-stranded RNA(f1700 nucleotides,Ps
1) it is 18.5 pN; for double-stranded DNA it is
only 0.37 pN (f2940 nucleotides,Ps50). The
corresponding free energieswEq. (18)x are 2091
kJymol for the RNA and 41.8 kJymol for the
DNA.

The wormlike chain is a good model for the
conformations of a polynucleotide, but as the end-
to-end distance approaches the contour length,
effects occur other than the reduction of confor-
mational entropy. Increasing force populates con-
formations with changes in bond angles, and other
higher-energy states, causing both entropy and
enthalpy to contribute to the free energy of stretch-
ing. The wormlike chain model is no longer valid.
With increasing force DNA reaches its contour
length then undergoes an overstretching transition
that causes a 70% increase in lengthw20x. The
double helix is thought to unwind to form a ladder-
like structure.

2.4. Transforming one structure into another: A™
B

When a force is applied to a molecule that can
undergo a reversible transition to a different con-
formation, the force will favor the longer species.
For the reaction

A™B

in the presence of a force, the change in free
energy at constantT, P due to changing length at

constant forceF, is from Eq.(10a)

DG(F)sm F,xŽ .B B

ym F, x sFØ x yx (19)Ž . Ž .A A B A

The difference in free energies of molecules A
and B is equal to the reversible workFØ(x yx ).B A

As A converts to B, work is done by the system;
when B reverts to A, the surroundings do the same
amount of work on the system. The magnitudes
of x and x depend on the force for mostB A

molecules, but a molecule can be rigid enough
that its chemical potential is essentially independ-
ent of force.

We want to know the free energy change at zero
force to compare with bulk measurements. There-
fore, we use the chemical potentialswEq. (14)x
that relate the free energy at any extensionx (and
therefore forceF) to the free energy atFs0. At
equilibrium the free energy difference is equal to
the difference in chemical potentials.

w xa (F)B
0 0FØ x yx sm ym qkTlnŽ .B A B A w xa (F)A

x xB A

q F dx9 y F dx9 (20)B B A A| |
0 0

where wa (F)x and wa (F)x are the equilibriumB A

activities of A and B at forceF. The difference in
standard free energyat zero force in a chosen
solvent at temperatureT and pressurePs1 atm is
thus

0 0m ym sFØ x yx ykTln K (F)yDG(x)Ž .B A B A eq stretch

w xa (F)B

K (F)seq w xa (F)A
x xB A

DG(x) s F dx9 y F dx9 (21)stretch B B A A| |
0 0

The standard free energy of reaction at zero
force,m ym , is thus the reversible work at force0 0

B A

F minus the effect of the equilibrium constant at
that force, and minus the difference in free energies
of stretching product and reactant to thatF. We
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note that Eq.(21) reduces to the correct expression
at zero force.

0 0m ym sykTln K (Fs0) (22)B A eq

Eq. (21) relating the standard chemical poten-
tials at zero force to a measured mechanical work
at any force is our most important result. We can
also derive it from the thermodynamic function
wEq. (6)x G9sGyFx. The equation analogous to
Eq. (14) is

F
0m9 T,x sm (T,Fs0)qkTln a y x dF9 (23)Ž .i i i i i|

0

For a reversible transition at constantT, P, and
F, DG9 is zero, so the equivalent of Eq.(19) is

DG9(F)sm9 F,x ym9 F,x s0 (24)Ž . Ž .B B A A

which leads to the equivalent of Eq.(21).

0 0m ym sykTln K (F)qDG9(F)B A eq stretch

w xa (F)B

K (F)seq w xa (F)A
F F

DG9(F) s x dF9y x dF9 (25)stretch B A| |
0 0

We note that Eq.(21) and Eq.(25) are identical
because of the identity

x F

Fxs Fdx9q xdF9 (26)| |
0 0

Eq. (21) is directly related to experiment, but
Eq. (25) is helpful in calculations when an explicit
function of extension vs. force is available, such
as the wormlike chain.

The change ofK with F at constantT, P iseq

obtained by taking the derivative with respect to
F of Eq. (21) or Eq. (25)

B E≠ln K x yxeq B AC F s (27)
D G≠F kTT,P

In Eq. (25), the derivative ofDG9(F) isstretch

(x yx ). In Eq. (21), we need to consider theB A

derivatives of FØ(x yx ) and DG(x) ; theB A stretch

derivative of(x yx ) is cancelled by the deriva-B A

tive of DG thus giving Eq.(27). The changestretch

in length of the reaction(x yx ) will depend onB A

force (unless both molecules are essentially rigid).
However, as force approaches zero,(x yx )B A

approaches zero.
As an example of the effect of force on an

equilibrium constant, Fig. 1 shows a calculated
ln K vs. F for the unfolding of an RNA hairpin.eq

We choosem ym s150 kJymol (35.8 kcalymol)0 0
B A

for the standard free energy at zero force. The
hairpin is assumed rigid with an end-to-end dis-
tance of 2.0 nm; the single strand contains 50
nucleotides with a contour length of 29.5 nm(0.59
nmynt). We use the wormlike chain Eq.(17), Eq.
(18) to calculate theFØ(x yx ) and DGB A stretch

terms in Eq. (21) to obtain lnK vs. F. Theeq

logarithm ofK is approximately linear with forceeq

in the region where it can be measured(ln K (0eq

at 17.5 pN), but it is obvious from the graph that
a linear extrapolation from that region cannot be
used to obtain the standard free energy at zero
force. A correction must be made for the change
of (x yx ) with force; this is done by using theB A

wormlike chain to estimate the free energy of
stretching the RNA to the force where the transi-
tion occurs.

Our studies on the unfolding of RNA hairpins
w8x are consistent with the results derived in this
section. RNA hairpins in solution at room temper-
ature unfold reversibly to single strands; an exper-
imental curve for a tetraloop with 22 bp is shown
in Fig. 2a. The reversible work done is in reason-
able agreement(after correction for the free energy
of stretching) with the free energy change at zero
force measured in bulkwEq. (21)x. At constant
force in the transition region the RNA jumped
back and forth between hairpin and single strand
(Fig. 2b), thus indicating a reversible reaction.
Values of the equilibrium constant were measured
from the fraction of time the molecule spent in
each form;K values ranged from 0.02 to 50 aseq

force varied by 1 pN. The logarithm ofK waseq

linear in forcewEq. (27)x, and the value of(x yB
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Fig. 1. A plot of the calculated logarithm of the equilibrium constant for the all-or-none unfolding of a 50-nucleotide RNA hairpin
with a standard free energy at 258C of m ym s150 kJymol (35.8 kcalymol). We used Eq.(21) with the wormlike chain of0 0

B A

persistence length 1 nm and a contour length of 0.59 nmynucleotide. Experimentally we can only measure values ofK near 1; lnK
betweeny5 andq5.

x ) obtained was consistent with the change inA

extension measured for the transition.
The change in lnK (F) with T at constantF,eq

P can be obtained from the temperature derivative
of Eq. (21), but it is not particularly useful because
all terms in Eq.(21) are temperature dependent.
It is more informative—and experimentally easi-
er—to consider the temperature derivative of the
reversible work done at constantK (F). Any fixedeq

value ofK (F) can be used, but clearlyK (F)seq eq

1 is the simplest; this choice definesF , the1y2

force at the midpoint of the transition.

0 0F Ø x yx sm ym qDG(x) (28)Ž .1y2 B A B A stretch

From derivatives of Eq.(28) with respect to
temperature we obtain the change in entropy and
enthalpy of the reaction:(≠DGy≠T) s–DS;P

(≠DGyTy≠1yT) sDH. The change of reversibleP

work with temperature at the midpoint of the
transition gives the standard entropy change of the
reaction at zero forceDS minusDS .0

stretch

w z
x |≠ F Ø x yxŽ .1y2 B Ay ~

0syDS yDS(x) (29)stretch
≠T

The derivative with respect to 1yT of reversible
work divided by temperature, gives the standard
enthalpy change of the reaction at zero force
DH (and a usually negligibleDH ).0

stretch

w z
x |≠ F Ø x yx yTŽ .1y2 B Ay ~

0sDH qDH(x) (30)stretch
≠(1yT)

Eq. (29), Eq. (30) show how to obtain the
entropy and enthalpy of the reaction, however, we
have not made any measurements of temperature
dependence yet.

2.5. The overstretching transition of DNA

When a DNA molecule is subjected to forces
of 65 pN or more, it suddenly yields, stretching
up to 70% beyond its canonical B-form contour
length. This overstretching transition occurs within



521I. Tinoco Jr., C. Bustamante / Biophysical Chemistry 101 –102 (2002) 513–533

Fig. 2. (a) Pulling (force–extension) curves for the unfolding
of a 22 bp RNA hairpinw8x. The stretching and relaxing curves
are superimposed; the lack of hysteresis indicates that the
unfolding is reversible. The proof of reversibility is shown in
(b). When the force is held constant at the transition, the RNA
switches back and forth with time from folded hairpin to
unfolded single strand. The equilibrium constant for the tran-
sition is obtained from the total time spent in each conforma-
tion; K is close to 1 at 14.1 and 14.2 pN. The rate constants
for the forward and back reactions are obtained from the aver-
age times spent in each conformation.

a narrow range of forces, resulting in the flat
plateau seen in Fig. 3. We can treat this transition
as a cooperative transition in which a number of
base pairs of the DNA switch from B-form to
stretched-form as a cooperative unit. We use Eq.
(21) with the DG(x) term set to zero.stretch

0DG sFD ykTln Kc

f
Ks (31)

1yf

here DG is the standard free energy of the0

transition at zero force,D is the length of thec

cooperatively stretching unit of the DNA,K is the
equilibrium constant, andf is the fraction of base
pairs that have undergone the transition. Solving
for f we obtain

0y(DG yFD )ykTce
fs (32)0y(DG yFD )ykTc1qe

The breadth of the transition,DF, can be written
in terms of the slope at the mid point of the
transition for whichfs0.5.

1
DFs (33)

(≠fy≠F)fs0.5

From Eq. (32), we see thatfs0.5 whenFs
DG yD , thus substituting forF in Eq. (33), we0

c

obtain the size of the cooperative unit.

4k TB
D s (34)c

DF

The degree of cooperativity of the system can
then be expressed at any given temperature as the
ratio between the size of the cooperative unit and
the physical units,D yd , whered is the spacingc 0 0

between adjacent base pairs in an overstretched
DNA molecule. A ratio of 1 implies that the
cooperative unit is the size of the physical unit
and is the signature of a non-cooperative process.
Using w20x DF;3 pN andd s0.58 nm, Eq.(34)0

yields a ratioD yd ;10 bp, i.e. about one wholec 0

turn of the molecule collectively overstretches
during the transition. Little is known about the
structure of the molecule in the overstretched state,
but various models have been suggestedw23x.

In the discussion of the reaction A™B, we
assumed an all-or-none reaction. In single-mole-
cule studies, we can easily tell if this assumption
is valid because we are not averaging properties
over many molecules, as is done in bulk studies.
Sometimes the unfolding is obviously not two-
state, as in the overstretching of DNA or when
pulling apart strands of DNAw10x with thousands
of base pairs. However, shorter regions of the
DNA can react cooperatively to give phenomena
similar to that seen in the RNA hairpins.
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Fig. 3. The overstretching ofl-DNA in 500 mM NaCl, 20 mM Tris, pH 8 at room temperature. The DNA is first unfolded to its
B-form contour length. The force then rises rapidly until near 65 pN there occurs a flat plateau where the DNA length increases
over a narrow force range. The DNA undergoes a cooperative transition to a stretched, presumably unwound, form.

2.6. Ligand binding to reactants and products

In general the different species in a reaction will
bind ligands, such as metal ionsM, with different
affinities. We can then write an equilibrium reac-
tion as

A™BqDnM

with a net number,Dn, of metal ions released or
bound, whereDn can be positive(if A binds M
more strongly than B) or negative(if B binds M
more strongly than A). The equilibrium constant
now depends on the concentration—activity—of
the metal ions.

Dnw xw xa MB
Dnw xK (F)s sK (F) M (35)eq obsw xaA

We have definedK (F) as the experimentallyobs

observable ratio of species A and B. AsK (F) iseq

a constant, the magnitude ofK (F) will dependobs

on the metal ion concentration(or other specific
ligand concentration) at constant force.

≠ln K (F)obs syDn (36)
w x≠ln M

Eq. (36) is true at any force including zero
force; it is traditionally used in bulk experiments
to measure the number of ligands involved in a
reaction.

2.7. Probabilistic nature of single molecule
reactions

Within a collection of many molecules at any
temperature, a few molecules will have sufficient
energy to react. For example, a stable hairpin that
undergoes thermal unfolding at 758C can unfold
at room temperature, although the probability is
very low. Similarly, each time a force vs. extension
curve is obtained for a molecule that can change
from A to B, the force that causes the reaction can
be different. The transition forces will cluster
around the mean, with a decreasing probability of
occurrence at larger or smaller forces. In bulk
measurements we think of the fraction of species
in each form, where the fraction in form B,X isB
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Fig. 4. A plot of the calculated fraction single strand vs. force
for the RNA hairpin described in Fig. 1. The curve can be
interpreted as giving the fraction of experiments that will result
in a transition from a hairpin to a single strand at a force equal
to, or less than, that of the curve. Experimentally, the curve
can be measured either from the fraction of the time the mol-
ecule spends as a single strand when the force is held constant,
or from summing a histogram of the number of transitions that
occur at each force vs. force.

equal to Ky(1qK) with K the equilibrium con-
stant. For the example presented in Fig. 1, the
equilibrium constant at 258C is approximately
10 at zero force and becomes 10 at 30 pN.y26 q26

The fraction single strand thus varies from 10y26

to 1. The change from 0 to 1 occurs in a narrow
force region near the transition force(17.5 pN in
Fig. 1). This region is shown in Fig. 4, where the
fraction single strand is plotted vs. force. For single
molecule reactions the fractionX (F) is interpretedB

as the probability that the reaction has occurred.
In bulk studies of unfolding, a single-strand frac-
tion of 0.10 means that there is 10% single strand
and 90% folded form in the solution at that force.
In single-molecule experiments, a single-strand
fraction of 0.10 means that after many experiments
we find that only 10% of molecules have unfolded
to single strands at that force, or at lower forces.
In our example, 10% of the reactions occur below
17 pN and 93% of the reactions occur below 18
pN. In single-molecule experiments we can obtain
a force–melting curve by counting the number of
transitions that occur in each force range, such as
17.0–17.1, etc. The sum of the number of transi-

tions that occur below a force plotted vs. that force
is the melting curve. This method is unique to
single-molecule methods; it cannot be done in
bulk. We can also measure a force–melting curve
by holding the force constant and measuring the
ratio of species:KswBxywAx. This is analogous to
what is done in bulk for thermal melting curves.
The two independent methods(directly measuring
K at each force, and counting the number of times
a transition occurs below a force) provide a useful
check on the resultsw8x.

3. Statistical thermodynamics

Thermodynamics is traditionally applied to mac-
roscopic systems, although the formalism for
applying it to small systems is well established
w24x. However, the natural method to use with
single molecules is statistical thermodynamics,
which relates average measured properties to
molecular properties. The variations—fluctua-
tions—in the properties can also be calculated.

3.1. General relations

All the thermodynamic variables can be
obtained from partition functionsw25,26x. For a
single molecule, the canonical partition functionQ
at constantT andV is

yE ykTiQs e (37)8
statesi

where E is the energy in statei and k equalsi

Boltzmann’s constant. The probabilityP of find-i

ing the molecule in statei is

yE ykTie
P s (38)i Q

The average energyNEM is

1 yE ykTi
NEMs P E s E e (39)i i i8 8Qstatesi statesi

From the above equation, it follows that the
average energy(and all the thermodynamic varia-
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bles) can be obtained from the logarithm of the
partition functionQ and its derivatives.

B E≠ln Q2C FNEMskT (40)
D G≠T V

If the molecule has a force applied to it, the
average force isNFM when the end-to-end distance
is x.

B E≠ln Q
C FNFMsykT (41)
D G≠x T,V

The energy of a molecule can be considered
(approximately) as a sum of translational energy,
rotational energy, and configurational energy. This
means that the partition function is a product of
partition functions for each type of energy. The
well-known results are that the average translation-
al and rotational energies each equal(3y2)kT;
NE(translational)MsNE(rotational)Ms(3y2)kT.
Each degree of freedom(x, y, z translational
motion and rotation about three perpendicular
axes) has on average(1y2)kT of kinetic energy.
The configurational energy of the molecule
includes vibrations, torsion angle rotations, and all
the characteristics that distinguish one molecule
from another.

We can also calculate the variations in the
average energyNEM. The root-mean-square devia-
tion from the mean,s(E), is related to the heat
capacity at constant volume,(≠Ey≠T) sC .V V

2 2 2 2s(E) sNE MyNEM skT C (42)V

The simple relation between the average trans-
lational and rotational energies and temperature
depends on the fact that the spacing between
translational energy levels and between rotational
energy levels is small compared tokT. For the
configurational energy levels(such as vibrations
and internal rotations) with spacing small com-
pared tokT, the atoms involved will also have(3y
2)kT of thermal kinetic energy. This means that
C per atom is of orderk. The root-mean-squareV

fluctuations in energy for a molecule are thus of
order N kT, whereN is the number of atoms. As1—

2

the average energy is of orderNkT, fluctuation in
the energy divided by the energy is

s(E) 1
s (43)1y2

NEM N

For a molecule with 2500 atoms(approx. 80
nucleotides), the fluctuations in energy are approx-
imately 2% of the average.

The canonical partition functionwEq. (37)x cor-
responds to the thermodynamic equation that has
S, V, and x (if force is applied) as variables; it
corresponds to Eq.(1). It is more convenient for
us to haveT. P andF as variables instead, and to
calculate the probabilityP of the molecule occur-i

ring as a partially folded species whenT and F
are specified for a system at 1 atm.

y(DG (T,x )yFx )ykTi i ie
P (T,F)s (44)i Z

The partition function then becomes(note sum
over species not states).

y(DG (T,x )yFx )ykTi i iZs e (45)8
speciesi

The DG (T, x ) are the free energies at constanti i

T, pressure and average extensionx of speciesii

relative to an arbitrary reference species, such as
the single strand or the completely folded species
at zero force. Thus, each species is considered as
an independent molecule under forceF. The par-
tition function wEq. (45)x is analogous to Eq.(20)
relating the equilibrium constant to the reversible
work done during a two-state, all-or-none, transi-
tion. We can calculate the probability of each
species as a function of temperature and force.
That is, instead of assuming an all-or-none melting
curve, we obtain melting curves for all partially
folded species. Average thermodynamic and
mechanical properties can also be calculated from
these equations. For example, the mean end-to-end
distance of all the species in the mixture is

NxMs P x (46)i i8
speciesi
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Fig. 5. A plot of the calculated fraction of each species vs. force in the unfolding of a 40 bp RNA hairpin. The hairpin, the hairpin
species with 1 bp melted(hairpin-1), the hairpin species with 2 bp melted(hairpin-2), and the single strand are plotted. No other
species is present in significant amounts. The single strand and the sum of the three species shown are essentially in a two-state,
all-or-none equilibrium. The RNA hairpin has 84 nucleotides with a nearest-neighbor free energy ofy10.3 kJymol, and a tetraloop
free energy of 22.13 kJymol; the temperature is 258C. The wormlike chain parameters are the same as Fig. 1. We used Eq.(44)
to calculate the fraction of each species.

Of course the above equations also apply at zero
force, so thermal melting curves as well as force–
melting curves can be calculated.

3.2. Force–melting curves for a 40-bp hairpin

For thermal melting curves of hairpins, all-or-
none melting is an increasingly poorer approxi-
mation as the number of base pairs passes 20.
Melting starts at the 59 and 39 ends and at the loop
closing base pair; melted bubbles also occur in the
middle of long stems. There are significant frac-
tions of partially unfolded species in the thermal
transition range, so it is essential to use the
partition function methods rather than all-or-none
equations. In contrast, for force–melting curves of
hairpins, the melting is always from the 59 and 39
ends where the force is applied. The partition
function shows that the only partially unfolded
species present are those with two or three base
pairs melted from the 59 and 39 ends. The single-
strand fraction is nearly the same as an all-or-none
treatment.

Fig. 5 shows the melting of a 40 bp hairpin
with an average nearest-neighbor free energy of
y10.30 kJymol per bp at 258C. The hairpin is
closed by a tetraloop with a free energy of 22.13
kJymol, so the total free energy relative to the
single strand is 39Ø(y10.30)q22.13sy379.6
kJymol. We used Eq.(44) to calculate the fraction
of each species as a function of force. The only
species that occur in visible amounts are hairpin,
single strand, and the hairpin with one or two base
pairs melted. At 258C the base pairs are very
stable and will only melt when a force is directly
applied. As the transition region is approached the
first base pair melts, then the second one melts.
Once the melting force is reached all the base
pairs break and only the single strand is left. This
pattern is nearly the same for a 30-bp hairpin, or
for a much larger hairpin. We are calculating
equilibrium fractions of each species, so the results
mean that at the melting force the base pairs will
keep melting until the single strand is obtained.
We chose all the base pairs to be identical. If there
are regions of different stability in the stem,
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intermediate species can occur. Of course, more
complicated structures with bulges, internal loops
and tertiary interactions will have many interme-
diate species. However, a general conclusion is
that force–melting curves can be better approxi-
mated by two-state, all-or-none, transitions than
thermal melting curves. Unfolding molecules with
force is simpler to understand and interpret than
thermal, or denaturant unfolding, because the force
is applied locally rather than globally and
randomly.

Force unfolding of nucleic acids or proteins is
probably more relevant to what happens biogically
than is thermal unfolding. When a messenger RNA
is being translated its folded structure must be
unfolded; it has effective forces acting on each
end as it is translocated through the ribosome.
Unfolding caused by helicases is sometimes
described as a snow plow wedging apart the RNA
strands; a very local force is applied. Clearly, all
molecular interactions and reactions involve local
forces plus random thermal effects. Single-mole-
cule studies allow us to investigate the effect of
both.

4. Single molecule kinetic studies

Single-molecule studies are ideal to investigate
the dynamic behavior of complex biological pro-
cesses. In fact, kinetic studies in bulk are often
frustrated by the presence of many different inter-
mediates and of multiple species in solution. More-
over, appropriate time resolution in bulk kinetic
studies impose stringent requirements on popula-
tion synchronization, which only lasts the amount
of time that it takes the molecular ensemble to de-
phase and loose coherence. All these problems are
avoided in single-molecule studies where the tra-
jectory of an individual molecule can be followed
in time and where intermediates appear as longer
lasting states along the trajectory. All these consid-
erations are valid regardless of whether the dynam-
ical process is followed using single molecule
manipulation or single molecule detection(fluo-
rescence) methods.

Here, we will concentrate on the use of single
molecule manipulation methods to follow dynam-
ical processes. This mechanical approach offers

one additional advantage: the use of force as a
variable under experimental control. As mentioned
in the introduction, if strains and stresses develop
in the course of chemical reactions, it is possible
to modify the rate and even the fate of processes
by the application of force. Moreover, the appli-
cation of force imposes a well-defined reaction
coordinate for the process in the direction along
which the force is being applied. Thus, one can
follow precisely in time the extent of the reaction,
the sensitivity of its rate to the applied force and,
from the latter, the location of the transition state
along this coordinate.

5. The kinetic regime

Just as is the case in bulk studies, kinetic effects
are seen whenever the system under consideration
is away from equilibrium. In pulling experiments,
these conditions occur whenever the rate at which
the force is being applied to the molecular system
is faster than its slowest relaxation time. For
example, the mechanical extension of a DNA
molecule will display kinetic effects if the rate at
which the molecule is extended is large compared
to the rate at which the molecule can sample its
accessible configurations for a given end-to-end
distance constraint.

What are the factors that define this kinetic
regime? In particular, what pulling rates are
required to visit this regime and how do these
rates depend on the nature of the molecular system,
and on the instrumental characteristics(such as
the stiffness of the force transducer used)? Here,
it is useful to define theloading rate, or the rate
at which the force is applied to the molecular
system. First introduced by Evans et al.w27,28x
the force loading rate,r (forceys), is equal to the
product of the pulling speed,v (distanceys), and
the stiffness(forceydistance) of the transducer
k . Let a molecule of DNA be attached by onetrans

of its ends to a fixed position while we pull on
this molecule from its other end by means of a
linear force transducer, such as a bead in an optical
trap or the tip of an AFM cantilever. The mean
quadratic spatial fluctuationDx experienced by2

the position of the bead or cantilever tip is then
given by the equipartition theoremw26x:



527I. Tinoco Jr., C. Bustamante / Biophysical Chemistry 101 –102 (2002) 513–533

kT kT2Dx s s (47)
k k qk (F)net trans mol

where, the net stiffness of the system is given by
the sum of the stiffness of the transducer and the
molecule (k ). Notice that the latter has beenmol

written explicitly as a function of the force since,
in general, the elastic response of the molecule
will not be linear. Nonetheless, the equipartition
result is still applicable to this composite system,
since its behavior can be approximated as linear
for small fluctuations away from the position of
mechanical equilibrium between the transducer and
the molecule. The root-mean-square fluctuation in
the force is then:

w xDF s k qk (F) kT (48)yRMS trans mol

We expect that at any given force, the system
will remain in a quasi-static equilibrium as long
as the force applied to the molecule during its
slowest relaxation time,t, is smaller or equal to
the root-mean-square fluctuation in force experi-
enced by the molecule, i.e,

rtsk vt(DF vtrans RMS

w xk qk (F) k Ty trans mol B

( (49)
k ttrans

Eq. (49) defines the boundary between the
quasi-static and the kinetic regimes. It states that
kinetics become important depending on the pull-
ing rate, v, the slowest relaxation time of the
molecular system,t, and the force constants,k of
the transducer and molecule. If at any given force,
the molecule is stressed at rates larger than those
given in Eq. (49), the molecule moves from the
equilibrium to the kinetic regime. The relaxation
time t is the time necessary for the molecule to
return to equilibrium after a newly imposed end-
to-end extension.

A measure of the relaxation rate of a polymer
whose ends are subjected to these boundary con-
ditions is provided by the Rouse-Zimm model in
which the molecule behaves as a non-self avoiding
chain made up of masses connected by linear

springs which are coupled hydrodynamically
through the solvent(discussed inw29x). Quake et
al. w30x have recently investigated the dynamics of
a single DNA molecule attached by its two ends
to polystyrene beads and showed its behavior to
be in excellent agreement with the predictions of
the Rouse-Zimm model for the first few modes.
The relaxation time associated with thenth (ns
1, 2,«) dynamic mode in the Rouse-Zimm model
for an unattached molecule isw31x:

3y26 (LP) hs
t s2 (50)n 3y2yp kTn

whereP is, as before, the persistence length of the
molecule,L its contour length, andh the viscositys

of the solvent. Eq.(50) shows that higher modes,
characterized by largern-values, attenuate more
rapidly than lower modes. Attachment speeds up
the relaxation times associated with the various
modes of the polymerw30x, but for the present
purpose we can use the values predicted by Eq.
(50) to obtain an upper-bound estimate of the
maximum speed at which we can pull a polymer
at equilibrium.

Notice that the relaxation time of the polymer
increases as the 3y2 power of its length. For
example, the slowest relaxation time,(ns1) for
lambda-DNA(Ls16.4mm, Ps53 nm), with h ss
10 N sym , kTs4.1=10 J, is t s0.5 s,y3 2 y21

1

whereas,t s1.25 ms for a 300-nm long DNA1

molecule. Therefore, to insure that the force meas-
urements on al-DNA are quasi-static, each new
extension should be allowed to equilibrate for
times on the order of seconds. In the study of
Smith et al. w20x, a molecule ofl-DNA was
extended in increments of half a micron. Each
measurement consisted of the extension step fol-
lowed by a 2-s wait(for the force signal to settle)
and then a 2-s period of averaging the force
readings. Thus, the rate of extension and the
relative size of the fluctuations insure quasi-static
conditions, and it is valid to identify the area under
the force–extension curve with the maximum
reversible work done on the molecule,w , whichmax

is equal to the change in the Gibbs free energy of
the molecule,DG(x).
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In the study of Essevaz-Roulet et al.w10x for
example, the DNA strand separation was per-
formed continuously and therefore Eq.(49) direct-
ly applies. Assuming the ‘average’ length of the
single strand chainLs10 mm, and using the
persistence length,P, of single strand DNA as 0.7
nm w20x, the slowest(ns1) relaxation time of the
chain is wEq. (50)x, t s3.8=10 s. In thesey4

1

experiments,k s1.7=10 pNynm, andvs40y3
trans

nmys w28x. Moreover, since the force is always-
20 pN in these experiments, we takew32x
k (Fs20 pN)s20=10 pNynm, as any3

mol,ssDNA

upper-bound value. Eq.(49) can be re-written:

vk ttrans 1 y5s8.7=10 g1 (51)
w xk qk (F) k Ty trans mol B

Thus, again, these experiments are performed
quasi-statically and the results are directly inter-
pretable in thermodynamics terms.

In contrast to the experiments on DNA, force
hysteresis has been described during the stretching
of protein moleculesw4–7,33x. The forces associ-
ated with unfolding of proteins in these experi-
ments vary widely,(20–300 pN), depending on
the nature of the protein, the rate of pulling, and
the stiffness of the force transducer. These exper-
imentally determined forces are far in excess of
the equilibrium force predicted previously for the
unfolding of globular domains. In particular for
titin, this force has been estimated between 3.5
and 5 pN w34x. Unlike the case of the random
polymer, unfolding and refolding of a protein
globular domain such as those present in titin must
involve the formation of re-entrant structures in
which the polypeptide chain folds onto itself. The
application of an external force acting perpendic-
ular to the bonds do not always lower the free
energy of the transition state for unfolding. Simi-
larly, during refolding, the external force will
increase the activation energy of the transition
states required to reform the folded structure thus
slowing down the process. Consequently, both the
equilibrium rates of unfolding and refolding are
significantly lower than the rate at which the
molecule is experimentally stretched or released.
As a result, at the experimental rates of approxi-

mately 60 pNys used in these experimentsw4,33x,
the force at which the molecule unfolds is larger
and the force at which the molecule refolds is
smaller than the equilibrium forces for those two
processes. These discrepancies are the origin of
the observed hysteresis. To summarize, the
observed hysteresis indicates that the rate at which
the molecule is stretched or released exceeds the
equilibrium rate of domain unfolding and refold-
ing, respectively. Reversible unfolding of these
molecules would necessitate rates of pulling sev-
eral orders of magnitude slower than have been
used to date. Such experiments are difficult
because of limitations imposed by instrumental
drift and other instabilities.

Many single molecule manipulation experiments
have been carried out in the kinetic regime, such
as the mechanical rupture of single bonds and the
unfolding of macromolecules, as described below.

5.1. The effect of force on the rate coefficients of
chemical reactions

Our starting point here is an elementary uni-
molecular reaction.

A™B

We follow the convention of transition state
theory w35x and assume that for this reaction to
proceed, reactant molecule A forms a high energy
transition state A that is in rapid equilibrium/

with reactant:

//k k21
/A l A ™B

/ky1

The transition state equilibrium with reactants is
characterized by an equilibrium constant,K , and/

thus by the standard free energy to the transition
state,DG . Thus the initial rate of the reaction/

can be written as:

dA
/ / / /y sk A sk K (A)Ž .2 2dt

/ /DG DG
y yk TB/ k T k TB Bsk e (A)s e (A) (52)2 h
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where,h is Planck’s constant,k is Boltzmann’sB

constant, andDG is the free energy difference/

between reactant and the transition state. The
experimental rate constant for the reaction is thus

/yDGk TB k TBks e (53)
h

Let us now assume that the formation of the
transition state involves the generation of strain in
the reacting species A. If this strain can be induced
in the molecule by the direct application of exter-
nal force, then such force will favor the reaction
and its conversion into B. The effect of the
externally applied force is two-fold. First it intro-
duces a privileged axis that becomes the natural
reaction coordinate along which the reaction will
proceed under the effect of the force. The new
reaction coordinate need not coincide with, and in
general will be different from, the one that the
reaction follows in the absence of the applied
force. However, because of the force, the energy
diagram of the molecule can now be described as
a function of the positionx along this reaction
coordinate. In particular, the energy of the transi-
tion state can now be explicitly written as
DG (X ). Thus, the transition state lies at a free/

ts

energy DG above the reactants at a specific/

distance,X , along the reaction coordinate. Sec-ts

ond, the application of force deforms and tilts the
energy profile at every point along the reaction
coordinate. As a first approximation we assume
that the application of a forceF lowers the free
energy of the reaction by an amount proportional
to the position along the coordinate

/DG (X )yFXforward ts,f ts,f
yk TB k TBk s e (54)forward h

Notice that this approximation is equivalent to
tilting the free energy profile of the reaction with
a pivot point atXs0, without deforming the free
energy landscape of the reaction. A similar expres-
sion holds for the effect of the force on the back
reaction

/DG (X )qFXback ts,b ts,b
yk TB k TBk s e (55)back h

The equilibrium constant for the reaction is
equal to the ratio of the forward and back rate
constants.

kforwardKs
kback

/ /S W S Ww xDG X yDG XŽ . Ž .T T F X qXforward ts,f back ts,b T TŽ .ts,f ts,b
U X U XsexpTy Texp (56)T T

V Y V Yk T k TB B

As the standard free energy of the reaction,
DG sDG (X )yDG (X ), and the0 / /

forward ts,f back ts,b

change in length for the reaction isDXsX qts,f

X , we obtaints,b

0yDG yk T qF DX yk T( )B BKse e (57)

consistent with Eq.(21).
The temperature dependence of the rate constant

is traditionally given in terms of its logarithm vs.
1yT. At constant force

/y DH X yFX qk TŽ Ž . .ts ts Bdln k
s (58)

d(1yT) kB

Here, we have used the fact thatDG sDH y/ /

TDS . Nearly always thek T term in the numer-/
B

ator is negligible compared to the other terms, so
that the slope of lnk vs. 1yT depends on the
transition enthalpy, which is approximately equal
to the Arrhenius activation energy, and the force
applied.

The dependence of each rate constant on the
applied external force is:

dln k Xtss (59)
dF k TB

thus, the response of the reaction rate to the
application of force can be used to locate the
position of the transition stateX , along the reac-ts

tion coordinate. The rates of reactions whose
transition states are close to the reacting species
along the reaction coordinate, will be less sensitive
to the applied force, as the force favors the
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formation of the products lying farther away along
the coordinate. Conversely, rates of reactions for
which the transition state lie close to the products,
will be very sensitive to the application of the
force. In the absence of the force, molecules of
reactant undergo a transformation to product due
to thermal crossing of the potential energy barrier.
In the presence of the force, the deformation andy
or tilt of the potential energy profile along the
reaction coordinate affects the free energy of the
products of the reaction the most, the free energy
of the reactants the least and that of the transition
state by an amount in between. Thus, if the applied
force lowers the free energy of the products below
that of the reactants, the force can favor product
formation and speed up the reaction even if in the
absence of force the reaction is not spontaneous.
However, even in the presence of force the
crossing of the barrier is still a thermally activated
process.

6. Bond rupture

In a typical bond rupture experiment, a molecule
(ligand) bound to a mechanical transducer, is
pulled away at a constant velocity from its binding
partner(receptor) until the weak interaction hold-
ing the two together breaks apart. By its design,
such mechanically induced dissociation is a far
from equilibrium kinetic process in which the final
state of the system corresponds to the state of
infinite dilution of the ligand and the receptor with
no likelihood for the binding pair to re-associate
w27x. At a molecular level the simplest ligand–
receptor interaction can be visualized in terms of
a potential energy diagram with two local minima
separated by an energy barrier. When no force is
applied, the associated state is the global minimum
of the system. The effect of the force is to tilt and
deform the energy diagram until the energy of the
dissociated state becomes the favored state. The
rupture process is, nonetheless, a thermally induced
process, i.e. the crossing of the barrier can occur
spontaneously at any given force due to thermal
fluctuations. If we are willing to wait a long
enough time, the bond can break at any arbitrarily
low or even zero force. The result is that bond
rupture is a stochastic phenomenon: if a given

bond is pulled 100 times at a given loading rate
and applied force duration, a distribution of break
forces will be observed. The bond strength is the
force that produces the most frequent failure in
these repeated experiments and corresponds to the
force at which the distribution has a maximum.

We can describe this repeated breaking experi-
ment as the simple reaction:

N ™N (60)intact broken

where N is the number of pullings. Then, the
fraction of bonds broken between timet and tqdt
is:

dNisyk(t)dt (61)
Ni

here,k(t) is the rate coefficient which is written
explicitly as a function of time, through the force
applied to the bond which is itself a function of
time. The time dependence of the force is dictated
by the force–extension behavior of the molecular
pair. In many cases, however, it is possible to
approximate the force as varying linearly with
time, i.e.

F(t)srtskvt (62)

We can now integrate Eq.(61)

N tt( )i dNisy k(t)dt (63)| |NiN 0 0( )i

where the rate coefficient is given by

/ /DG yF(t)X DG ykvtXts ts
y y

k T k TB Bk(t)sk e sk e (64)0 0

whereDG is the transition state free energy of/

the process,X is the distance to the transitionts

state along the reaction coordinate, and where Eq.
(62) has been used. Integration of Eq.(64) leads
to

/DG kvXS WB Ets
T Ty tN (t) k T C Fi B k T k TB BU XD Gsexpyk e e y1 (65)T T0
V YN (0) kvXi ts
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This expression gives the fraction of bonds still
intact at forceF(t)skvt or, equivalently, after time
t; i.e. the probability that a bond will not have
been broken in the interval between 0 andt. Now,
the probability of observing a bond rupture in the
interval betweent andtqdt is equal to the product
of the probability of the bond breaking in the
interval betweent and tqdt, times the probability
that the bond will have not broken in the interval
between 0 andt. The probability of bond rupture
is thus given by the product of Eq.(64) and Eq.
(65) w8x:

/DG ykvX tts
y

k TBP (t)sk erupture 0

/DG kvXS WB Ets
T Ty tk T C FB k T k TB BU XD G=expyk e e y1 (66)T T0
V YkvXts

The first term in this expression is a fast
increasing function of the force(skvt), whereas
the second term is an even faster decreasing
function of the applied force, since the life-time
of an intact bond decreases rapidly with time for
a given loading rate. Note also that both terms
depend explicitly on the experimental parameters
throughk and v. Thus, increasing the pulling rate
or the stiffness of the transducer, will increase the
likelihood of bond survival to timet or (for a
given loading rate) to force F. Similarly, decreas-
ing the temperature will also increase the likeli-
hood of bond survival.

The rupture forceF* corresponds then to the
maximum of the distribution. This rupture force
can be obtained by equating the derivative(with
respect toF) of Eq. (66) to zero, to yield

/ B EDG k T kvXB tsC FF*s q ln (67)
D GX X k k Tts ts 0 B

giving the rupture force in terms of all the signif-
icant parameters of the system. The second term
vanishes whenever:

kvX sk k Tts 0 B

The term on the right hand side is the rate of

energy exchange of the system with the thermal
bath, whereas the term on the left is the rate of
energy delivery into the system by the pulling
process. When these two terms equal each other,
the rupture force equals the ratio of the activation
energy of the barrier to the distance to the transi-
tion state along the reaction coordinate. Under any
other conditions, the second term in Eq.(67) can
be positive or negative. IfkvX <k k T, then thets 0 B

process is largely thermally activated andF*-
DG yX . If kvX 4k k T, a significant amount/

ts ts 0 B

of energy is dissipated during the pulling process
and this energy cannot be exchanged sufficiently
fast by the system and the bath. Values of the
rupture force larger thanDG yX reflect this/

ts

imbalance. In principle a plot of the rupture force
of the bond with the logarithm of the loading rate
or as a function of temperature, can be used to
extract the position of the transition state and the
activation energy of the dissociation reaction.

6.1. Folding–unfolding kinetics

Most macromolecular unfolding studies have
been done in the kinetic regime, i.e. in conditions
in which the rate of pulling is faster than the
slowest relaxation time of the molecule. In this
regime, successive force–extension curves will
yield a distribution of forces whose mean is always
higher than the unfolding force at which the
molecule spends 50% of the time in the folded
and 50% of the time in the unfolded state. These
distributions are still governed by Eq.(66). In
particular, the fractionf(F, r) of molecules still
folded at forceF or at time t wEq. (65)x, can be
written as:

bF(k ybr)(e y1)0f(F,r)se (68)

where k is the unfolding rate coefficient at zero0

force, andbsX yk T. This expression shows thatts B

it is possible to determine the position of the
transition state along the reaction coordinate, if the
molecule is pulled at different loading ratesr. In
a recent application of these ideasw8x, the P5abc
domain of the T. thermophila ribozyme which
adopts secondary and, in the presence of Mg ,2q

tertiary interactions, was mechanically unfolded.
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The analysis showed that the transition state in
this molecule is located only 1.6 nm from the
folded state. This result is in direct contrast with
the value of 11 nm for the transition state of the
same molecule in the absence of Mg , where the2q

RNA can only make secondary interactions and
where the mechanical unfolding can be carried out
at equilibrium. The proximity of the transition
state to the folded state means that the presence
of tertiary interactions makes the unfolding rate of
the molecule significantly less sensitive to the
application of external force. Thus, in these con-
ditions, thermal crossing of this early barrier
becomes rate limiting for the unfolding of the
molecule under force, and mechanical unfolding is
observed at higher forces than its equilibrium
counterpart(see below).

6.2. Folding–unfolding kinetics at equilibrium

As stated before, with single molecule methods
one can follow the actual trajectories of molecules
as they move on the potential energy surface of
their reactions and thus, one can follow the kinetics
of reactions even when these occur at equilibrium.
Of course, we are limited by the limits of time
resolution and stability of the pulling instrument.
Even if the molecule dynamics falls within this
window, the rates observed experimentally will be
determined by a combination of molecular and
instrumental factors. To a first approximation, the
true rate constants of the forward and reverse
reactions are modified by a multiplicative factor
k , that depends on the size of the transducerM

(cantilever, bead, or bendable micropipet), the
viscosity of the medium, and the tethering of the
molecule to the transducer.

/DG yFXforward ts
y

k TBk sk k e (69)forward M 0

with a similar expression holding true for the
reverse reaction. The factork is constant for anyM

given experiment and can be determined to obtain
the true rate constants.

Once again, this point is best illustrated by the
recent observation of the mechanical unfolding–
refolding reaction of a mutant of the P5abc ribo-

zyme domain(P5ab) using optical tweezersw8x.
In the absence of Mg , as the force applied to2q

the molecule approaches the transition force for
the unfolding reaction(see Eq.(19) and Eq.(20)),
the molecules display bi-stability. This means that
in the vicinity of the transition force, the molecule
can either exist in the totally folded or the totally
unfolded configuration. To better display this
molecular behavior, the experiment was performed
using a constant feedback control in which the
instrument adjusts the distance between the bead
distance so as to keep the tension on the molecule
invariant (Fig. 2b). Notice, that by varying the
pre-set tension on the molecule, it is possible to
tilt the equilibrium towards the folded or the
unfolded forms. Moreover, because of the form of
Eq. (69), the ratio of the rate constants at any give
pre-set tension, gives the free energy of the unfold-
ing reaction as a function of the applied force.

7. Conclusion

We have presented an introduction to the ther-
modynamics, statistical mechanics, and kinetics of
physical processes and chemical reactions under
the influence of force. Force is a very useful
addition to the traditional variables of temperature
and pressure in physical chemistry. The ability to
apply a force along a chosen direction to a single
molecule provides completely new ways to control
reactions. The field of mechanochemistry is very
young, but it already shows unlimited possibilities.
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