
C H A P T E R T W E N T Y - O N E
M

IS

*

{

{

ethods

SN 0

Depa
La Jo
Labor
Depa
Massa
Nanopore Force Spectroscopy

Tools for Analyzing Single

Biomolecular Complexes
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Abstract

The time-dependent response of individual biomolecular complexes to an

applied force can reveal their mechanical properties, interactions with other

biomolecules, and self-interactions. In the past decade, a number of single-

molecule methods have been developed and applied to a broad range of

biological systems, such as nucleic acid complexes, enzymes and proteins in

the skeletal and cardiac muscle sarcomere. Nanopore force spectroscopy (NFS)

is an emerging single-molecule method, which takes advantage of the native

electrical charge of biomolecule to exert a localized bond-rupture force and

measure the biomolecule response. Here, we review the basic principles of the

method and discuss two bond breakage modes utilizing either a fixed voltage or

a steady voltage ramp. We describe a unified theoretical formalism to extract
vier Inc.

reserved.

n Diego,

y, France
Boston,

565



566 Olga K. Dudko et al.
kinetic information from the NFS data, and illustrate the utility of this formalism

by analyzing data from nanopore unzipping of individual DNA hairpin mole-

cules, where the two bond breakage modes were applied.
1. Introduction

The response of biomolecules to applied force can reveal their most
fundamental mechanical properties, their interactions with other biomole-
cules or self-interactions, and in some cases, their structure. Thus, the
trajectory describing the reaction of biomolecules to an applied force
contains a wealth of information relevant to their biological function.
Advances in single-molecule manipulation have made it possible to measure
the forces and strains that develop during these processes with spatial
resolution approaching the atomic level (sub-nm), and force sensitivity at
the level of thermal fluctuations (pN � kBT/nm where kB is the Boltzmann
constant that yields the room temperature energy when multiplied with
the temperature T ). Micromanipulation techniques such as the atomic force
microscope (AFM) and optical or magnetic tweezers (described elsewhere
in this volume) are the most direct methods of exerting and measuring
forces on biomolecules, and thus have been applied to a broad variety of
biological systems, ranging from nucleic acids to enzymes to motor proteins
(Cecconi et al., 2005; Florin et al., 1994; Gautel et al., 1997; Greenleaf et al.,
2008; Kellermayer et al., 1997; Liphardt et al., 2001; Marszalek et al., 1999;
Merkel et al., 1999; Schlierf and Rief, 2006; Schlierf et al., 2004).

Nanopores represent a fundamentally different approach for obtaining
force spectroscopy data (Wanunu and Meller, 2008). This emerging single-
molecule technique utilizes native molecular electric charge to exert force
on virtually any biomolecule when it is threaded through a single nanoscale
constriction (Akeson et al., 1999; Kasianowicz et al., 1996, 2002; Meller
et al., 2000, 2001). In contrast to tweezers and AFM techniques, where
force is applied mechanically to one point on the biomolecule by conjuga-
tion to a bead or cantilever, the force exerted on biomolecules using
nanopore methods is both local to the region inside the pore and applied
according to the molecule’s effective charge in that region (Qeff). Thus, this
force is directly proportional to the electrical voltage drop across the pore
(DV ), F ¼ ðQeff=lÞDV , where l is the pore length. To quantify this force,
the system’s effective charge per unit length (qeff ¼ Qeff=l) must be deter-
mined under the conditions used in each specific experiment. The pore
constriction itself then exerts a negative and equal force (�qeffDV ) on the
molecule. The mechanical force appears as a localized shear force that
destabilizes any biomolecular bonds or structures that will not pass easily
through the pore, and can lead to their subsequent rupture.
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Nanopore force spectroscopy (NFS) takes advantage of our ability to
modify the applied voltage (or force) on molecules residing in the pore, in
real-time, based on measurements of the ion-current (Bates et al., 2003).
The controlled application of local forces on single molecules (or a single-
molecular complex) residing in the pore is designed to destabilize and
rupture intermolecular bonds, as the response of the molecules is measured.
Here we describe two main approaches to force spectroscopy using nano-
pores, involving either the application of a fixed force level or the applica-
tion of linearly increasing force, to create mechanical tension. The
application of force culminates in a molecular transition (or a ‘‘rupture’’)
that is clearly observed in the nanopore system. Some examples for molec-
ular transitions that can be probed are ligand–receptor dissociation, unfold-
ing of a protein, or unzipping of nucleic acids. When performed at constant
force (a constant voltage), these experiments directly probe the voltage-
dependent lifetime of the system, t(V ). In contrast, the distribution of
rupture voltages, p(V ), measured in experiments at a constant voltage-
ramp speed needs to be processed to provide information about t(V ).
In this chapter, we discuss these two bond breakage modes in the context
of nanopore experiments, and show that the experimental output of these
two modes is related quantitatively in an essentially model-free way.
We describe a unified theoretical formalism to extract kinetic information
from NFS data, and illustrate the utility of this formalism by analyzing
data from nanopore unzipping of individual DNA hairpin molecules.
2. The Nanopore Method

In a nanopore experiment, an electrical force is applied directly to
a charged biopolymer threaded through a molecular-sized constriction
(a few nanometers), made in an thin insulating membrane separating two
reservoirs of buffered salt solution typically 0.2–1 M of monovalent salt
(Wanunu and Meller, 2008), as shown schematically in Fig. 21.1. The
electric field applied across two electrodes placed on either side of
the membrane results in a steady ionic countercurrent of negative and
positive ions through the pore. Because the resistivity of the pore is orders
of magnitude larger than the resistivity of the bulk solution, the electric field
is highly localized to the pore region. When charged biopolymers randomly
approach the pore vicinity, they are attracted into the pore region by a
residual component of the electrical field, acting to funnel the molecules
from bulk into the pore (Wanunu et al., 2010). Once an end of the
biopolymer is threaded into the pore, a much stronger force (roughly
equal to F ¼ qeffDV ) is applied on the biopolymer, causing it to slide
from one side of the membrane to the other. This process is usually referred
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Figure 21.1 The nanopore method. (A) The ion-current flowing through a water-
filled single nanoscale pore made in a thin membrane is measured using a pico-ampere
electrometer. The voltage applied on the pore is dynamically controlled in real-time by
a computer. (B) Insertion and threading of biopolymers cause abrupt blockades in
the ion current, from the opened current state to the blocked current state, during
the time in which the molecules remain in the pore. An electrical field applied across the
membrane results in a strong force, driving the charged biopolymers from the negative
to the positive chambers.
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to as ‘‘translocation’’ (Meller, 2003). If the biopolymer’s cross section is not
uniform due to, for example, forming a hairpin or binding proteins, such
that a local cross section is larger than the pore diameter, the translocation
process will be interrupted until this ‘‘obstacle’’ is cleared. Formally,
removal of these obstacles (i.e., unzipping of the hairpin, structures or
stripping-off of bound proteins) is described by a crossing of a large energy
barrier—much larger than that associated with moving an unstructured
biopolymer through the pore. Since the waiting time associated with an
energy barrier crossing increases exponentially with the barrier height, the
characteristic translocation times of unstructured biopolymers (i.e., ssDNA,
ssRNA, or polypeptides) are orders of magnitude smaller than the typical
time required, for example, to unzip a hairpin of similar length.

In this chapter, we discuss two different kinds of bond-rupture measure-
ments: pulling at a constant force, or with a linearly increasing force (i.e.,
with a constant force ramp). In nanopore experiments, these two types of
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measurements can both be realized by dynamically modifying the voltage
applied to the biomolecule, after it has been threaded to the pore, using a
computerized system (Bates et al., 2003). In the example shown in Fig. 21.2,
the alpha-Hemolysin (a-HL) pore is utilized. The narrowest constriction of
this protein channel (�1.4 nm) allows only single-stranded nucleic acids to
be translocated, while double-stranded nucleic acids (i.e., hairpin structures)
must be unzipped before translocation can proceed. In these experiments
the current flowing through the pore is constantly measured, and the
computerized data acquisition system is programmed to generate an output
voltage signal triggered by an abrupt decrease in the pore current. Panel A
depicts a typical unzipping event of a 10 base pair (bp) DNA hairpin where a
step in the voltage is applied after molecular capture. The entry of the
biomolecule into the pore creates an abrupt decrease in ion current, lower-
ing it from the level of the opened pore to that of the blocked pore, which
triggers the dynamic voltage control system. After a brief period of time
(sufficient for threading the molecule up to the hairpin) the voltage is set to a
constant level, V (90 mV in this case). Bond rupture (designated with an
asterisk in Fig. 21.2) is signaled by a jump in the ion current at t ¼ tU.
A histogram of hundreds of events collected in this manner is given,
showing a peak at �1 ms and an exponentially decaying tail with a
characteristic timescale of tU � 2:7ms.

In Panel B of Fig. 21.2, we display bond rupture using the force-ramp
method. A linearly increasing voltage (‘‘voltage ramp’’) is applied after
the initial threading of a single-stranded overhang into the nanopore.
The pore current remains at the blocked level until the moment of rupture
(designated with an asterisk), which is easily observed as an abrupt increase
in ion current to the opened pore level. The voltage at which final
rupture occurs is defined as VU. Also displayed is a typical distribution of
the rupture voltages for �1000 individual unzipping events similar to the
one shown. In a typical experiment, distributions of unzipping events are
collected for a wide range of different loading rates (ramp values).

To fully characterize bond-rupture kinetics, the measurements are
performed over a broad range of force values (voltages) or force ramps
(voltage ramps). The combined measurements represent the response force
spectrum of the system. While, in principle, the fixed-force and the force-
ramp methods formally report the same information on the system, there
are practical differences between the two. For example, measuring bond
breakage in the limit of small, constant forces could be extremely time-
consuming and therefore often impractical. However, the same regime of
bond rupture can be effectively ‘‘scanned’’ using the force-ramp method,
saving much experimental time. Moreover, we show below that the force-
ramp method effectively broadens the range of timescales accessible by the
system. The unification of the two methods on a single ‘‘master curve,’’
discussed below, reinforces this point.
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Figure 21.2 Implementation of force spectroscopy using nanopores. Two variants of
the method are displayed: (A) Bond rupture using a step in the applied force
(or voltage), where rupture is measured at a constant force, shown in blue. (B) Bond
rupture under linearly increasing force (voltage ramp) shown in red. In both cases, a
typical unzipping event (10 bp hairpin) is shown. Asterisks are used to denote
the unzipping moment. In the fixed voltage case, the distribution of the unzipping
time is measured for hundreds of events (see bottom histograms) yielding detailed
characterization of the system response to force, through the timescale tU (fixed
voltage) or the maximum voltage Vm (voltage ramp). Lower panel displays schemati-
cally the position of the hairpin with respect to the pore at each stage (A–D). Modified
from Mathé et al. (2004) with permission.
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2.1. Theory of force-driven molecular rupture

The wealth of high-resolution data collected in single-molecule force
measurements has to be decoded in order to expose information about
the mechanisms that drive biological processes. The interpretation of the
experimental output in terms of underlying molecular interactions and
structures often turns out to be a challenging task, because not only micro-
scopic dimensions of these systems put the thermal fluctuations from the
environment on an equal footing with the applied deterministic force, but
also these experiments are often carried out under nonequilibrium condi-
tions. Below we describe a recently introduced unified theoretical approach
to analyzing data obtained in single-molecule force experiments.

Because thermal noise is an integral part of the molecular rupture process,
biomolecular response to an applied force canonly be described in probabilistic
terms. Force-drivenmolecular rupture is viewed here as an irreversiblemolec-
ular transition induced by a force F, during which the probability distribution
of molecular configurations diffuses along the reaction coordinate x on a free-
energy surface, G(x) ¼ G0(x) � Fx. The bare free-energy surface G0(x) is
assumed to have a singlewell, a barrier at a distance x{ from thewell center, and
an activation free energy, DG{. In the context of DNA unzipping in a
nanopore (discussed later), the initial state, in the well of the free-energy
surface, represents the single-stranded overhang of DNA threaded into the
porewith the hairpin closed. Escape over the barrier involves unzipping of the
double-stranded part of the DNA and the pore being cleared (Fig. 21.3A).

Even though this formalism assumes a single barrier and a single bound
state, it can be applied to each individual transition in the case of multiple
populated states, if the states can be resolved experimentally, for example,
based on their molecular extensions along the reaction coordinate. The
formalism is applicable to both the forward (e.g., unzipping or dissociation)
and the backward (e.g., refolding or rebinding) transitions, as long as these
transitions are quasi-irreversible.

We first consider the case of a constant force F accelerating the rate of
molecular rupture. The theory (Dudko et al., 2006) based on Kramers’
picture of a diffusive barrier crossing (Kramers, 1940), predicts that for a
sufficiently high barrier separating the unruptured state from the ruptured
state, the lifetime (which is equal to the inverse escape rate k(F )) at a
constant external force F is

tðFÞ ¼ t0 1� nFx{

DG{

� �1�1=n

exp �bDG{ 1� 1� nFx{

DG{

� �1=n
" #( )

: ð21:1Þ

Equation (21.1) expresses the force-dependent lifetime, which is the out-
put of the constant-force experiment, in terms of three zero-forcemicroscopic
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Figure 21.3 Conceptual picture of the molecular rupture under applied force viewed
as a diffusive crossing of a barrier on a one-dimensional free-energy surface.
(A) Intrinsic (i.e., zero-force) free-energy surface G0(x) with a well (bound state) and
a barrier to quasi-irreversible rupture. In the context of the voltage-driven unzipping of
individual DNA hairpin molecules in a nanopore, the well of the free-energy surface
corresponds to the single-stranded DNA overhang threaded into the pore constriction
with the folded hairpin trapped in the pore vestibule, while escape over the barrier
involves the double-stranded part of the DNA being unzipped during its passage
through the pore. (B) Free-energy surface G(x) in the presence of an external
force F. As the force increases, both the barrier height and the distance to the transition
state decrease (gray line), and both eventually vanish (dotted line) when the well and
the barrier merge at a critical force.
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parameters: intrinsic lifetime t0, distance to the transition state x{, and activa-
tion free-energy barrierDG{. Throughout this chapter,b ¼ (kBT )�1 with kB
being the Boltzmann’s constant and T the absolute temperature. Values
n ¼ 2/3 and n ¼ 1/2 of the scaling parameter n correspond to the
linear-cubic surface [G0ðxÞ¼ ð3=2ÞDG{x=x{�2DG{ðx=x{Þ3] and the har-
monic-cusp surface [G0ðxÞ¼DG{ðx=x{Þ2 for ðx< x{Þ and�1 for x� x{],
respectively. For n ¼ 1, or forDG{ !1 independent of n, the phenomeno-
logical expression of Bell (1978) is recovered from Eq. (21.1).

Because Bell’s formula, tBell(F ) ¼ t0 exp(�bFx{) (Eq. (21.1) with
n ¼ 1), predicts that the logarithm of the lifetime is a linear function
of the applied force, any deviations from the linear dependence of ln t(F )
on F have often been interpreted as a change in rupture mechanism (e.g.,
switching from one dominant barrier to another, or rebinding). However,
Eq. (21.1) shows that simple microscopic models with a single barrier and a
single bound state (like that depicted in Fig. 21.3) can explain nonlinearity
in ln t-versus-F plots without introducing additional assumptions of
a change in mechanism. The reason for this limitation of the phenomeno-
logical Bell formula is the underlying assumption that the distance from the
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well to the transition state, x{, is independent of force. This assumption
cannot be true for all forces: as can be readily seen by examining the
behavior of any smooth one-dimensional potential (Fig. 21.3), the barrier
and the well must move closer (solid gray line in Fig. 21.3B) as the force
increases, because they eventually merge (dotted line in Fig. 21.3B) at a
critical force when the barrier to rupture vanishes. As a result, ln t(F ) must
be a nonlinear function of F.

Equation (21.1) was derived for forces at which a significant barrier
(several kBT ) still exists, and this equation is thus valid only when the
force is below a critical force at which the barrier vanishes, F < DG{/nx{.
To estimate the intrinsic (zero-force) parameters t0, x{ and DG{, the
logarithm of the lifetimes ln t(F ) can be fitted using Eq. (21.1) with several
trial values of n. If the resulting estimates for the fitting parameters are
relatively insensitive to n over a range of n values that all result in good
fits, these estimates can be considered to be independent of the precise
nature of the free-energy surface and thus meaningful.

When the force is ramped up linearly with time, such that the force
loading rate _F � dF=dt ¼ const: is constant, the distribution of forces at
rupture is (Dudko et al., 2006):

pðFj _FÞ ¼ 1

_FtðFÞ exp
1

bx{ _Ft0

� �
exp � 1

bx{ _FtðFÞ 1� nFx{

DG{

� �1�1=n
" #

;

ð21:2Þ

where t(F ) is the force-dependent lifetime of Eq. (21.1). For intermediate
values of the force loading rate _F, the approximate analytical expressions for
the mean rupture force Fh i ¼ Ð

FpðFj _FÞdF and the variance
s2F ¼ F2h i � Fh i2 are (Dudko et al., 2006):

Fh i ffi DG{

nx{
1� 1

bDG{ ln
ebDG

{þg

bx{ _Ft0

" #n( )
; ð21:3Þ

s2F ffi
p2

6b2x{2
1

bDG{ ln
ebDG

{þeg
bx{ _Ft0

" #2n�2

: ð21:4Þ
Here eg ¼ g2 � 3=p2c00ð1Þ � 1:064, g � 0:577, and c00ð1Þ � �2:404
(Abramowitz and Stegun, 1972). When g is formally set to zero,
Eq. (21.3) is a good approximation for the maximum (mode) of the rupture
force distribution.
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The microscopic theory based on Kramers’ picture of diffusive crossing
of a barrier on a class of model potentials (n ¼ 1/2 or n ¼ 2/3 in Eqs. (21.3)
and (21.4)) predicts that the mean rupture force (Eq. (21.3)) depends
nonlinearly on the logarithm of the loading rate, _F, and the variance of
the rupture force (Eq. (21.4)) is a function of the loading rate. In contrast,
the phenomenological theory (n ¼ 1 in (Eqs. (21.3) and (21.4)), based on
Bell’s postulate for the lifetimes, t(F ) ¼ tBell(F ), leads to a linear depen-
dence of the mean rupture force on the log-loading rate, and to the variance
being independent of the loading rate. The predictions of the two
approaches are tested against experimental data (Fig. 21.7) below.

Implicit in the derivation of Eqs. (21.2)–(21.4) is the quasi-adiabatic
assumption that the force loading rate _F is not too high so that by the time
the barrier is so low that Kramers’ theory is invalid, the survival probability
(i.e., the probability to find the system unruptured) is effectively zero. If this
quasi-adiabatic approximation is indeed valid, the following relation between
the constant-force experiments (measuring t(F )) and constant-speed experi-
ments (measuring pðFj _FÞ) has been established (Dudko et al., 2006, 2008):

tðFÞ ¼
Ð1
F

pðF 0ÞdF 0

_FðFÞpðFÞ : ð21:5Þ

This equation predicts that the rupture force distributions pðFj _FÞ obtained

at different values of the force-ramp speed _F (right-hand side of Eq. (21.5)) can
be directly transformed into the force dependence of the lifetime t(F ) (left-
hand side of Eq. (21.5)) measurable in constant-force experiments. This
mapping is independent of the nature of the underlying free-energy surface,
and thus it relates the two types of experiments in a model-free way. Equa-
tion (21.5) predicts that data obtained at different loading rates must collapse
onto a singlemaster curve that yields the force dependence of t(F ) over a range
of forces that may be wider than the range accessible in constant-force mea-
surements. While the analytical solutions in Eqs. (21.2)–(21.4) were derived
assuming a constant force loading rate, Eq. (21.5) holds also when the force
loading rate, _F, is itself a function of force.

From Eq. (21.5) one can obtain an approximate but quite general
relationship between the lifetime at a force equal to the mean rupture
force and the variance of the rupture-force distribution (Dudko et al., 2008):

tð Fh iÞ � 1

_FðFÞ
p
2
ð F2
� �� Fh i2Þ

h i1=2
: ð21:6Þ

Whereas Eq. (21.6) gives an estimate for the t(F ) over a narrower range of F

than does Eq. (21.5), the former should prove useful if the data permit
estimates of only the mean and variance.

Force-dependent lifetimes t(F ) can be used to extract microscopic
information independent of a particular model of the free-energy profile.
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The following expression for the force-dependent lifetimes has been
derived from Kramers high-barrier theory (Dudko et al., 2008):

tðFÞ ¼ t0 exp �b
ðF
0

x{ðF 0Þ� �
dF 0

� �
; ð21:7Þ

where x{ðFÞ� �
denotes the difference in the average positions of the

transition state and the bound state along the pulling coordinate as a
function of force. A corollary of Eq. (21.7) is that the slope of ln t(F ) versus
F is a direct measure of how the distance between bound state and transition
state changes with the force. Equation (21.7) can be viewed as the generali-
zation of Bell’s formula, tBell(F ) ¼ t0 exp(�bFx{), in the framework of
Kramers theory. Equation (21.7) shows that Bell’s formula is accurate only
in the limited range of low forces when the distance from the well to the
transition state can be considered to be independent of force (see
Fig. 21.3B). Consequently, an uncritical use of the Bell’s formula beyond
a narrow range of low forces can lead to significant errors in the estimated
intrinsic lifetime t0 and the distance to the transition state x{.

In nanopore unzipping experiments, the applied voltage V is analogous
to the applied mechanical force F in pulling experiments (e.g., those using
AFMs or optical tweezers). The voltage drop across the membrane-span-
ning nanopore results in an electric field that generates a mechanical force
on the charged DNA strand threaded into the nanopore (Fig. 21.3A). To
adapt the above formalism to nanopore-unzipping experiments, the voltage
V{ ¼ kBT/Qeff can be defined as the characteristic of the transition state,
where Qeff is the effective charge of the DNA inside the pore (Mathé et al.,
2004). Equations (21.1)–(21.7) can then be used by making the following
change of variables:

bFx{ ! V=V {; ð21:8Þ

and with _F ¼ dV=dt being the voltage-ramp speed.
2.2. Analysis of NFS experiments

2.2.1. Analysis of constant-force experiments
Voltage dependence of the lifetime obtained in constant-voltage measure-
ments can be interpreted in microscopic terms simply by least-squares fitting
the data with Eq. (21.1) at several fixed values of n. If the resulting
parameters t0, x

{, and DG{ are relatively insensitive to n in the range of
1/2 � n � 2/3, and thus to the precise shape of the underlying free-energy
surface, these parameters may be considered meaningful. Alternatively,
Eq. (21.7) that is formally exact within the framework of Kramers’ theory
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can be used to extract information about the transition state as a function of
force from the lifetimes, independent of the shape of the free-energy surface.
2.2.2. Analysis of force-ramp experiments
Two complementary approaches can be used to extract microscopic
information from rupture-voltage distributions obtained in a constant-
force-ramp experiment. In the first approach, a maximum-likelihood (ML)
formalism is used to fit with Eq. (21.2) all rupture-voltage histograms col-
lected at one or (preferably) several ramp speeds _F (Dudko et al., 2007). In the
second approach, rupture-voltage histograms are transformed according to
Eq. (21.5) into the voltage dependence of the lifetime, and the resulting
lifetimes can be analyzed as described above in section 2.2.1 (Dudko et al.,
2008). Implementation of these two approaches is discussed below.
2.2.2.1. Maximum-likelihood analysis of force-rampexperiments Consider
a series of constant force-ramp speed experiments at several ramp speeds _Fj

( j ¼ 1, . . .,N).Molecular rupturewill be observed at different forcesFij (i ¼ 1,
. . .,Mj).The likelihood functionLneeds tobemaximizedwith respect to a set of
model parameters, {a}. L can be expressed in terms of the rupture force
distribution pðFj _FÞ at ramp speed _F as

L ¼
YN
j¼1

YMj

i¼1

pðFijjfag; _FjÞ: ð21:9Þ

To implement this approach, it is convenient to have an analytical
expression for pðFj _FÞ. The unified formalism described above provides
such an expression in Eq. (21.2) in terms of the model parameters, namely
the intrinsic lifetime t0, the location of the transition state x{, and the
activation free energy DG{. Given experimental measurements, optimal
values of t0, x

{, and DG{ can be found by maximizing L or, equivalently,
ln[L] for different fixed values of n. As in the case of the constant-voltage
data analysis, if the resulting parameters {t0, V

{, DG{} are relatively insen-
sitive to the value of n in the range 1/2 � n � 2/3, then they can be
considered meaningful.
2.2.2.2. Transformation of rupture-voltage histograms into voltage
dependence of lifetime The histogram transformation approach is based
on the mapping equation, Eq. (21.5), which transforms rupture-voltage
histograms measured at different voltage-ramp speeds directly into voltage
dependence of the rupture lifetime. The transformation of histograms using
Eq. (21.5) is implemented as follows. Consider a rupture force histogram at
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the force-ramp speed, _F. The histogram contains N bins of width DF, starts
at F0 and ends at FN ¼ F0 þ NDF, and hasNtot total number of counts. Let
the number of counts in the ith bin be Ci, resulting in a height pi ¼ Ci/
(NtotDF ) in the normalized force distribution. Then the lifetime at the force
F0 þ (k � 1/2)DF is

t½F0 þ ðk� 1=2ÞDF	 ¼ pk=2þ
PN

i¼kþ1pi
� �

DF
_FðF0 þ ðk� 1=2ÞDFÞpk

; ð21:10Þ

where k ¼ 1, 2, . . . Eq. (21.10) is simply a discrete version of Eq. (21.5).
If the histograms do collapse onto a single master curve, one immediately

obtains the force (voltage) dependence of the molecular bond lifetime, t(F ),
or equivalently the rate of rupture, k(F ) ¼ 1/t(F ). The force dependence
of the lifetime can now be interpreted in microscopic terms in exactly the
same way as the lifetimes that were measured directly in constant-voltage
experiments, namely by performing a least-squares fit with Eq. (21.1), or by
using a model-independent approach in Eq. (21.7). If the histograms trans-
formed by Eq. (21.5) do not collapse onto a single master curve, then the
mechanism of rupture cannot be described as an irreversible, quasi-adiabatic
escape over a single barrier. Such behavior may also be evident in non-
exponential distributions of the lifetimes in constant-force experiments.
3. DNA Unzipping Kinetics Studied Using

Nanopore Force Spectroscopy

The unzipping of double-stranded nucleic acids occurs in a large
number of cellular processes, including DNA replication, RNA transcrip-
tion, translation initiation, and RNA interference. The forces and timescales
associated with the breakage of the bonds stabilizing the secondary and
tertiary structures of nucleic acids can now be studied at the single-molecule
level, revealing information masked heretofore by ensemble averaging,
including short-lived intermediate states and multistep kinetic processes.
Here we describe the use of nanopores to directly apply and measure
unzipping forces on individual DNA and RNA molecules, eliminating
the need for molecular linkers, for surface immobilization of the molecules,
and for global application of force.

The protein pore a-HL is nearly ideal for nucleic acid unzipping studies.
Its heptameric structure (Song et al., 1996), composed of cap and stem
portions, has been shown to be highly stable even under high temperatures,
voltage gradients (Kang et al., 2006), and a wide range of ionic strengths
(i.e., 0.25–2 M KCl) ( Jan Bonthuis et al., 2006). The cap portion of a-HL,
which is usually assembled on the ‘‘cis’’ side of the membrane, contains a
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wide vestibule-like mouth, which can accommodate double-stranded
nucleic acids. The stem portion, which spans the phospholipid membrane,
is a nearly cylindrical water-filled channel with an inner diameter ranging
from 1.4 to 2.2 nm (Song et al., 1996). It therefore geometrically permits the
passage of single-stranded DNA or RNA molecules, but blocks the trans-
location of double-stranded nucleic acids.

Sauer-Budge et al. (2003) have demonstrated that a DNA duplex
molecule (composed of a 100-mer DNA oligonucleotide hybridized to a
matching 50-mer oligonucleotide, such that a 50-mer 30 single-stranded
overhang is formed), must be unzipped when the 30 overhang is threaded
through the pore. A quantitative PCR analysis showed that while both the
50-mer and 100-mer oligonucleotides were present in the cis chamber, only
the 100-mer oligonucleotide was found in the trans chamber, after the
detection of hundreds of nanopore blockade events. This observation is
explained if unzipping occurred at the pore, leaving all 50-mer oligo-
nucleotides in the cis chamber while the 100-mer oligonucleotides passed
through the pore to the trans side (Sauer-Budge et al., 2003). Furthermore,
the distribution of nanopore blockade durations (or dwell-times) displayed a
characteristic mean time of �435 ms, orders of magnitude longer than the
timescale associated with the translocation of single-stranded DNAs of
comparable length. Introducing a 6-base mismatch in the duplex region
of the hybridized sample resulted in a shortening of the characteristic
timescale by more than a factor of two (Sauer-Budge et al., 2003).

Mathé et al. (2004, 2006) employed NFS to study the properties of the
unzipping kinetics of DNA hairpin molecules. They systematically probed
the unzipping time probabilities of three DNA hairpin molecules composed
of a duplex stem region (of 10 bp, 9 bp, which is a 10 bp plus a mismatch at
the fifth base pair, or 7 bp, all with a capping 6-base loop) attached to a 30
poly(dA)50 overhang. The poly(dA)50 tail is used to insert the molecules
into the pore and thus apply the electric force primarily to the duplex
region. The unzipping kinetics was probed over a wide range of voltage
(30–150 mV) and at several temperatures (from 5 to 20 
C). The tempera-
ture dependence will be discussed later on. Figure 21.2 displays a typical
unzipping event using this technique at a constant unzipping voltage, where
the event’s unzipping time is denoted tU. To obtain the characteristic unzip-
ping time (tU) approximately 1500 events were accumulated at each voltage
leading to the unzipping time distribution. Figure 21.4 displays the time-
cumulative distribution for the three hairpin molecules probed at a constant
voltage of 120 mV and at 15 
C. These measurements revealed that a single
base pair mismatch strongly shifts the unzipping timescale towards shorter
times and can therefore be easily detected using unlabeled and unmodified
DNA hairpin and DNA hybrids.

The cumulative unzipping time distributions were fitted well with mono-
exponential functions (shown as dashed line in Fig. 21.4), indicating first-order
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Figure 21.4 Detecting single base mismatches in unlabeled DNA hairpins. The nor-
malized cumulative distributions of the unzipping time measured using DVC at 120 mV
and 15 
C, for 10, 9 (10 bp with a mismatch), and 7 bp DNA hairpins (solid circles,
empty circles, and triangles respectively). Mono-exponential probability distribution
fits (dashed lines) yield characteristic unzipping timescales (�5, 3, and 1 ms for the 10,
9, and 7 bp hairpins, respectively) used to discriminate between the hairpins.
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rate kinetics. The characteristic time of these exponential fits is the mean
unzipping time tU and its dependence on voltage V is shown in Fig. 21.5 as
a semilogarithmic plot. When this characteristic time versus voltage plot was
fitted using the phenomenological Bell model, tU(V ) ¼ t0 exp(�V/V{),
where V{ contains the effective charge (as explained above) on which the
electric force is applied and t0 contains the energy barrier height of the duplex
region, it was found thatV{ does not depend on the duplex region (the slopes
are the same) leading to V{ ¼ 22 � 2 mV and thus an effective charge of
Qeff ¼ 1.13 � 0.1e, in good agreement with initial experimental determina-
tions by Sauer-Budge et al. (2003).

DNA hairpin unzipping measurements were also performed using volt-
age-ramp measurements, as explained in Fig. 21.2. Using ramp voltage has
several practical advantages over constant-voltage measurement. Most
importantly, constant-voltage experiments appear to be much more time
consuming as compared to voltage-ramp experiment. This feature is a direct
consequence of the roughly logarithmic dependence of Vm (proportional to
time with linear ramp voltage) on the ramp as the unzipping timescale in a
constant-voltage experiment depends roughly exponentially on the voltage
applied. ML analysis and Eq. (21.2) can be used to fit NFS voltage ramp
data. Below we also demonstrate how to convert, using Eq. (21.5), the
voltage-ramp data directly into the voltage dependence of the unzipping
times measured at constant voltage.
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3.1. Maximum-likelihood analysis of voltage-ramp data

Over 32 independent DNA hairpin unzipping data sets, obtained for
different ramp values, were used to construct unzipping voltage histograms
and were globally fit using Eq. (21.2) by maximizing the likelihood func-
tion, Eq. (21.9). Figure 21.6 presents the results of the fits using Eq. (21.2)
with n ¼ 2/3 (linear-cubic model) on all ramp speeds of 12 V/s or less.
Ramp speeds above 12 V/s were used for further validation of the global fit.
Histogram colors represent four voltage-ramp ranges (see caption). As
summarized in Table 21.1, the two microscopic theories (n ¼ 2/3 and
n ¼ 1/2 in Eq. (21.2)) produce consistent estimates for the model para-
meters. ML fitting parameters of the phenomenological theory (n ¼ 1 in
Eq. (21.2)) are also included for comparison.

Figure 21.7 shows themost probable unzipping voltageVm as a function of
the voltage-ramp speed. Themarkers represent the experimental data, and the
solid line is the theoretical prediction using microscopic theory (Eq. (21.3)
with g set to 0 and n ¼ 2/3) withML parameters as in Table 21.1. The dashed
line is a fit with the phenomenological model (Eq. (21.3) with n ¼ 1), where
Vm is logarithmically dependent on the voltage-ramp speed (when only
intermediate and high-voltage ramps are used). In order to account for the
observed curvature in the experimental data at low ramp speeds one needs to
add to the phenomenological rate model additional molecular processes, such
as hairpin-rezipping or switching between multiple states that cannot be
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Figure 21.6 Distribution of the unzipping voltage from experiment (histograms) and
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global fit of histograms at ramp speed of 12 V/s or less to Eq. (21.2) with n ¼ 2/3
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the model parameters. Experimental data collected at ramp speeds above 12 V/s (in this
regime the DNA hairpin was still intact when the maximum voltage 0.2 V had been
reached) were not used in the fit. The microscopic theories reproduce the measured
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ramp speed and correspond to those in Figs. 21.7 and 21.8. Data reproduced from
Dudko et al. (2007) with permission.

Nanopore Force Spectroscopy 581
represented by a single energy well model (e.g., Fig. 21.3). In contrast, the
microscopic models (Eq. (21.3) with n ¼ 2/3 and n ¼ 1/2) captures the
nonlinearity in Vm as a function of log _V , without the need to make any
assumptions beyond a single-well energy landscape. Additionally, it can be
verified (Dudko et al., 2007) that the variance, s2V, of the unzipping voltage
distributions exhibits a noticeable increase with the ramp speed, in agreement
with the microscopic theories [Eq. (21.4) with n ¼ 1/2 and n ¼ 2/3].



Table 21.1 Maximum-likelihood estimates for the kinetic parameters for nanopore
unzipping of DNA

n V
{ (mV) DG{ (kBT) t0 (s)

1 21.7 – 1.6

2/3 12.7 10.5 8.3

1/2 9.9 11.9 20

Estimates were obtained from data in Fig. 21.6 at ramp speeds 12 V/s or less by maximizing the likelihood
function in Eq. (21.9) with the expression in Eq. (21.2) for the unzipping voltage distributions.
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3.2. Histogram transformation method

Quantitatively relating the constant-voltage data to the voltage-ramp data
using Eq. (21.5) and its discrete analog, Eq. (21.10) provides a simple way to
obtain the voltage-dependent lifetime t(F ) directly from the voltage-ramp
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(not shown) is comparable. Modified from Dudko et al. (2008) with permission.
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data. Figure 21.8 is an illustration of the utility of Eq. (21.5) for this purpose.
Not only do the lifetimes t(F ) obtained from histograms at different ramp
speeds collapse onto the same curve (colored symbols), but there is also
excellent agreement with DNA unzipping lifetimes obtained by an indepen-
dent set of measurements of t(F ) using constant voltages (open circles). The
lifetime obtained from the mean and variance using Eq. (21.6) (filled circles)
is also found to agree with the constant-voltage experiments.

Now that the voltage dependence of the lifetime has been obtained from
rupture-voltage histograms, the procedure of interpreting this dependence
in microscopic terms can be implemented. It is clear from Fig. 21.8 that
deviations from the mono-exponential dependence of the lifetime on
the voltage are present when the voltage exceeds �125 mV. The micro-
scopic models (n ¼ 1/2 and n ¼ 2/3) allow us to perform a least-squares fit
of the data with Eq. (21.1) over the entire range of accessible voltage,
producing the following kinetic parameters: t0 ¼ 14.3 s, V{ ¼ 11.1 mV,
and DG{ ¼ 11.9kBT for n ¼ 1/2, and t0 ¼ 9.6 s, V{ ¼ 12.8 mV, and
DG{ ¼ 10.4kBT for n ¼ 2/3, in good agreement with the values of the
ML global analysis in Table 21.1. Collapsed data collected at different ramp
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speeds probe different ranges of the DNA unzipping lifetime. Taken together,
they span four orders of magnitude of the bond-rupture lifetime. Further-
more, Fig. 21.8 shows that, although constant-voltage data (open circles) were
not used in the fit, the data are accurately predicted by Eq. (21.1).

It can be verified (Dudko et al., 2008) that the microscopic theory in
Eq. (21.1) is able to accurately predict the original rupture-voltage distribu-
tions when the parameters of the least-squares fit of the collapsed distribu-
tions with Eq. (21.1) are used. Thus in this case, the histogram
transformation procedure gives essentially the same information as the
more sophisticated ML method, but is simpler to implement.
3.3. Temperature rescaling of unzipping data

Another way to probe a broader range of unzipping lifetimes is to vary
temperature. As shown in Fig. 21.9 (inset) for a constant voltage experiment,
changing the temperature by 5 
C is sufficient to shift the characteristic
unzipping time by a factor of 2–5. One can consider that changing tempera-
ture has a similar effect as changing voltage (both modify the effective energy
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Figure 21.9 Rescaling of constant voltage unzipping time obtained at different tem-
peratures. Lifetime t(V) of the DNA hairpin as a function of the rescaled applied voltage
V. The rescaling parameter was calculating in order to minimize the distance between
points and then collapse all four temperature curves onto a single curve. The line
represents Eq. (21.1) with the parameters obtained from Fig. 21.8 data points fit.
Inset: Unzipping lifetime versus voltage at different temperatures (5, 10, 15, and
20 
C) without rescaling.
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barrier), but they are not completely uncoupled since temperature can, in
principle, alter the DNA effective charge. However, to first approximation,
we can rescale the voltage by a proportionality parameter a as a function of
temperature in order to collapse all four temperatures on a single curve while
keeping the 15 
C data unchanged (a ¼ 1). Since the absolute temperature
range is small, it is difficult to extract the dependence of this rescaling
parameter on the temperature. We therefore choose to collapse the curves
byminimization of the distance between each data point. Figure 21.9 presents
the result of this collapse. In addition, we added to this graph the theoretical
prediction from Eq. (21.1) using the parameters found previously and dis-
played in Fig. 21.8. One can see that the rescaled data match the theoretical
prediction excepted at low voltages where the timescales are on the order of
1 s and thus large statistics are hard to attain. This consistency shows that the
unzipping lifetime range can be broadened by changing temperature and,
even better, by performing ramp experiments at various temperatures.
4. Conclusions and Summary

Direct probing of molecular bond strengths reveals biologically relevant
information on a molecule’s structure and function, and thus has been the
objective of multiple single-molecule techniques. NFS utilizes the native
electric charge of biomolecules to directly exert forces when a biomolecule
is threaded through a nanoscale constriction. Because the method does not
involve the formation of a physical attachment between the biomolecule and
the pore, biomolecules do not require any modifications, such as attachment
of long molecular handles. This highly simplifies experimental procedures and
their analysis. In the nanopore method, the pore itself exerts a shear force on
those parts of the biomolecular complex that do not fit inside the pore. NFS
utilizes these advantages to locally rupture bonds and directly measure t(V )
and p(V ), two important indicators of bond stability.

The process of bond rupture is often described by diffusive crossing of an
activation free-energy barrier, where the bound state refers to the unper-
turbed system, and the unbound state describes the ruptured bond. In many
cases, the bound and unbound states are separated by a large energy barrier
(many kBT) and the system remains stable over long periods of time. The
energy barrier height and thus bond stability are reduced by an external
application of force, effectively catalyzing the molecular transition. Force
spectroscopy probes a system’s response over a broad spectrum of forces by
measuring either the distribution of bond times-to-rupture at each given
force, or the rupture-force distribution at a given force-ramp speed. Either
measurement allows mapping of the system’s energy landscape, and extrapo-
lation of the nonequilibrium transition rate to the equilibrium transition rate.
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To interpret the experimental output in terms of the underlying molec-
ular properties, we have described here a unified theory for a class of single-
barrier free-energy landscape models. While this theory describes a simple
case of a single, high energy barrier, it yields closed-form analytical solutions
for the experimental observables. The resulting theoretical predictions can
be readily used to fit the voltage-dependent bond lifetimes measured for
constant force (using Eq. (21.1)), and to employ the powerful ML analysis of
the rupture-voltage distributions measured for a constant force ramp (using
Eq. (21.2)). The result of these analyses is a set of intrinsic physical para-
meters characterizing the system, namely the activation free-energy barrier
height, its position with respect to the bound state, and the characteristic
lifetime (or, equivalently, the inverse intrinsic rate) of the system. It has also
been shown that the rupture-voltage histograms obtained at different volt-
age-ramp speeds can be transformed to determine the voltage-dependence
of the bond lifetimes measurable at constant voltage (Eq. (21.5)). This
transformation is independent of the functional form of the free-energy
landscape, and is valid if the rupture-voltage kinetics at constant voltage is
well represented by a single exponential. Although this formalism was
developed to describe irreversible rupture, it is applicable to both forward
and reverse transitions as long as they can be resolved experimentally.

In this chapter we have illustrated the principles of NFS by focusing on
DNA hairpin unzipping kinetics. We show that constant voltage and steady
voltage-ramp experiments can be mapped onto the same rupture-time
versus voltage curve (Fig. 21.8), which can then be interpreted in micro-
scopic terms using a unified theory (Eq. (21.1)), providing insight into the
system’s underlying energy landscape and rates. As explained, the single well
model applies only to short hairpins for which the unzipping process can be
considered to occur in a single prominent step. This should also apply to
simple DNA–protein complexes. The unzipping of longer hairpins or
duplex regions involves a more complex process, which may entail energy
landscapes with several consecutive energy wells. A similar consideration
may apply to sequences containing, for example, several GC rich regions.
Recently Monte-Carlo simulations of long sequences have been performed
(Bockelmann and Viasnoff, 2008) showing that NFS is able to detect the
position of a large barrier in a DNA-unzipping free-energy landscape.

The NFS method is quite general and already has been applied to other
biomolecular systems. For example, Hornblower et al. (2007) have recently
used NFS to study the interactions of Exonuclease I with single-stranded
DNA molecules. NFS data can be extrapolated to zero voltage (or zero-
force) and be used to measure the dissociation and association constants of
the system. While most of the work presented here utilized the membrane
channel a-HL, the fragility of the bilayer membrane has limited these
measurements to relatively small forces (up to a few tens of pN). A wider
range of biomolecular complexes, such as long DNA/RNA molecules or
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proteins can be studied using NFS if this limitation is removed. The recent
progress in fabrication and characterization of synthetic nanopores, specifi-
cally nanopores made in thin inorganic membranes (Kim et al., 2006; Li
et al., 2001; Storm et al., 2003), has generated vast possibilities for NFS.
Solid-state nanopores offer superior mechanical, electrical, and chemical
robustness over lipid bilayers used with biological pores. Thus, larger force
ranges and a variety of chemical conditions, including extreme pH or
denaturants can be used (Wanunu and Meller, 2008). Additionally, a
solid-state nanopore can now be tailored to any desired dimension, down
to �1 nm diameter (Kim et al., 2006). Thus a much broader range of
bimolecular complexes can be studied, under broader experimental condi-
tions. Specifically, double-stranded DNA (Gershow and Golovchenko,
2007; Heng et al., 2004; Storm et al., 2005; Wanunu et al., 2008), single-
stranded nucleic acids and unzipping of duplex regions (Fologea et al., 2005;
McNally et al., 2008), DNA–protein interactions as well as DNA–drug
interactions can be studied in great detail (Smeets et al., 2009; Wanunu
et al., 2009). These developments will undoubtedly be employed for high-
throughput NFS analyses of a broad range of biological systems.
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