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ABSTRACT Single-molecule force experiments provide powerful new tools to explore biomolecular interactions. Here, we de-
scribe a systematic procedure for extracting kinetic information from force-spectroscopy experiments, and apply it to nanopore
unzipping of individual DNA hairpins. Two types of measurements are considered: unzipping at constant voltage, and unzipping
at constant voltage-ramp speeds. We perform a global maximum-likelihood analysis of the experimental data at low-to-intermediate
ramp speeds. To validate the theoretical models, we compare their predictions with two independent sets of data, collected at high
ramp speeds and at constant voltage, by using a quantitative relation between the two types of measurements. Microscopic ap-
proaches based on Kramers theory of diffusive barrier crossing allow us to estimate not only intrinsic rates and transition state
locations, as in thewidelyusedphenomenological approachbasedonBell’s formula, but also freeenergiesofactivation.Theproblemof
extracting unique and accurate kinetic parameters of a molecular transition is discussed in light of the apparent success of the
microscopic theories in reproducing the experimental data.

INTRODUCTION

In single-molecule (SM) experiments forces can be exerted

directly on individual molecules and their response can be

followed as a function of time. These experiments are begin-

ning to reveal fundamentally novel and unique information

on the structure, dynamics, and interactions of individual

biomolecules. The unfolding of nucleic acids, for instance,

has been probed extensively using optical tweezers (1,2).

Nanopore force spectroscopy, unlike other single-molecule

methods, is a linker-free method to probe DNA-DNA and

DNA-protein interactions. Instead of grafting the polynucle-

otides to macroscopic beads or surfaces, an electric field is

used to drive the charged polymer through a nanopore (3–7).

Whereas the experimental observables in SM experiments

are typically clean and unambiguous, their interpretation in

terms of the underlying molecular interactions and structures

often turns out to be challenging. The phenomenological

approach pioneered by Evans and co-workers (8) offers a

simple framework for the interpretation of SM results, based

on the assumption that the external force accelerates the rup-

ture rate exponentially (9), kðFÞ ¼ k0e
bFxz , where b ¼ 1=kBT

with kB being Boltzmann’s constant and T the absolute tem-

perature. This approach is the most commonly used proce-

dure to extract the intrinsic rate k0 (i.e., the rate at zero force)
and the transition state location xz from SM force experi-

ments. The Bell relation is valid only for low forces, and is

based on the assumption that any applied force F reduces the

instantaneous barrier height by the quantity Fxz and thus does
not alter the location of the transition state (10). However, as

the force increases, the distance between the minimum and the

transition state in any one-dimensional potential necessarily

decreases, thus weakening the dependence of the rupture rate

on the force. This force-induced shift in the transition state

has recently been called the ‘‘Hammond effect’’ by Thirumalai

and co-workers (11,12). By using Kramers theory (13) of

diffusive barrier crossing in the presence of force (14–16),

alternative microscopic models have been formulated that re-

move the limitations of the phenomenological Bell relation

(17,18). These microscopic theories still lead to analytical

expressions for the rate of rupture at constant force and for

the rupture force distribution in the presence of time-varying

external forces. The resulting expressions are only slightly

more complex than those in the phenomenological theory.

In a recent article (19), a unified approach was developed

that casts the phenomenological and microscopic theories

into a common framework. To illustrate the use of this ap-

proach and to establish a systematic procedure for extracting

kinetic information from SM force experiments, we here ana-

lyze an extensive set of DNA unzipping measurements (7,20).

In these experiments, individual DNA hairpins were un-

zipped by threading them through a nanopore, either at con-

stant voltage or using voltage ramps at constant speeds. To

extract the parameters of the theoretical models, we perform

a global maximum-likelihood (ML) analysis of experimental

data for low-to-intermediate ramp speeds. With the ML esti-

mates, we explore to what degree the different theories can

reproduce the data from the two types of measurements both

in the regime used in the fit and outside that regime. In ad-

dition, we use the data to test a recently proposed quantita-

tive relation between the constant voltage and constant ramp

speed measurements (19). A critical comparison of the different
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theories, and of earlier analyses of the data (20) highlights

the challenges in extracting unique and accurate kinetic

parameters from SM force experiments.

EXPERIMENT

The experimental procedures and materials were described

in detail in (7,20). Briefly, PAGE-purified ssDNA and DNA

hairpins (Eurogentec, San Diego, CA) were buffered in 10mM

Tris, 1 mM EDTA, pH 8.5 solution and, before the measure-

ments, were heated to 75�C for 10 min, and then quenched to

4�C. The hairpin molecules consisted of a 39 single-stranded
overhang (50 mer poly-dA), and a 10-bp helical part con-

taining an intervening six-base loop with the following se-

quence (the self-complementary parts are underlined):

HP1: 59-GCTCTGTTGCTCTCTCGCAACAGAGCðAÞ
50
:

The basic apparatus and experimental method used for

reconstituting the a-HL channel in a horizontally supported

planar lipid bilayer has been described previously (21). The

temperature of the system was maintained at 15.0 6 0.1�C,
using a custom cell design (22). The buffer solution was 1 M

KCl, 10 mM Tris-Hcl, with a pH of 8.5. The ion current was

measured using a patch-clamp amplifier (Axopatch 200B,

Axon Instruments, Union City, CA) and the signal was fil-

tered using a 100-kHz low-pass four-poles Butterworth filter

(Krohn Hite 3302, Avon, MA). The signal was digitized at

1 MHz/12 bits using a DAQ card. Our apparatus incorporates

a feedback loop used to control the applied transmembrane

voltage, as described earlier (22). The response time of the

membrane potential to a step in the control voltage was 46 1

ms. In each experiment (performed at given conditions set by

the voltage or the voltage ramp) we typically collected over

1000 unzipping events. Our software and hardware combi-

nation permits high-throughput unattended data acquisition,

such that the total acquisition time for each experiment was

;10 min.

THEORY

We now briefly describe a recently introduced approach (19)

to analyzing SM force experiments that casts the microscopic

and the phenomenological theories into a unified framework.

Voltage-driven unzipping of a DNA hairpin in the nanopore

is viewed as an irreversible molecular transition induced by a

force F, during which the molecule moves along the reaction

coordinate x on a free-energy surface, U(x) ¼ U0(x) � Fx.
The bare free-energy surface U0(x) is assumed to have a

single well, a barrier at a distance xz from the well center,

and an activation free energy DGz. The initial state, in the

well of the free energy surface, represents the single-stranded

overhang of DNA threaded into the pore with the hairpin

closed (Fig. 1 a). Escape over the barrier involves unzipping

of the double-stranded part of the DNA and the pore being

cleared (Fig. 1 b).
We first consider the case of a constant force accelerating

the rate of molecular rupture (Fig. 1 d). The theory (19)

predicts that for a single-well free energy surface, the escape

rate k(F) for irreversible rupture under a constant external

force F is

kðFÞ ¼ k0 1� nFx
z

DG
z

� �1=n�1

exp bDG
z
1� 1� nFx

z

DG
z

� �1=n
" #( )

:

(1)

Values n ¼ 2/3 and n ¼ 1/2 of the scaling parameter n
correspond to the linear-cubic potential [U0ðxÞ ¼ ð3=2Þ
DGzx=xz � 2DGzðx=xzÞ3] and cusp potential [U0ðxÞ ¼
DGzðx=xzÞ2 for ðx, xzÞ and �N for ðx$ xzÞ ], re-

spectively. For n ¼ 1, or for DGz/N independent of n, the
phenomenological expression of Bell (9) is recovered from

Eq. 1. For n 6¼ 1, this expression becomes invalid when F
approaches the critical force Fc ¼ DGz=ðnxzÞ at which the

barrier to rupture vanishes. This problem is caused by the use

of the Kramers high-barrier approximation, and can be cir-

cumvented by using the full mean-first-passage times (MFPT)

formula (15,23,24) to determine the force-dependent rate of

escape from the well at xmin to a point xM beyond the barrier,

kMFPTðFÞ ¼ D½R xM
xmin

dxeb½U0ðxÞ�Fx� R x

�N dye�b½U0ðyÞ�Fy���1. In
the high-barrier regime probed by low-to-intermediate forces

F, the full MFPT expression for the force-dependent rate of

FIGURE 1 Voltage-induced nanopore unzipping of individual DNA

hairpin molecules. (a) Single-stranded DNA overhang threaded into the

pore constriction with the folded hairpin trapped in the pore vestibule. (b)
The double-stranded part of the DNA is unzipped after voltage-driven

passage through the pore. (c) Unzipping at a constant voltage ramp speed _V:

applied force F (or voltage V) and resulting pore current I as a function of

time. The unzipping voltage VU is obtained from the jump in ionic current

from the ‘‘blocked-pore level’’ to the ‘‘open-pore level’’. A collection of

unzipping events at different loading rates _V yields a distribution p(VU| _V).

(d) Unzipping at constant force F (or voltage V): the unzipping time tU is

obtained from the abrupt increase in the pore current. The characteristic

unzipping rate k(V) is obtained as the inverse of the average unzipping time

for constant voltage V.
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rupture is practically identical to the approximate Eq. 1.

However, the use of kMFPT(F) leads to substantial improve-

ments at the highest ramp speeds where forces near Fc are

probed.

When the force is ramped up linearly with time, FðtÞ ¼
Kyt (Fig. 1 c), where y is the pulling speed and Ky is the

force loading rate, the distribution of forces at rupture is (19)

pðFjyÞ ¼ ðKyÞ�1kðFÞe
k0

bx
z
Kye
� kðFÞ
bx

z
Ky

1�nFxz
DG

z

� �1�1=n

; (2)

where k(F) is the force-dependent rate of Eq. 1. For inter-

mediate values of the speed y, the approximate analytical ex-

pressions for the mean rupture force ÆFæ ¼ R
FpðFjVÞdF and

the variance s2
F ¼ ÆF2æ� ÆFæ2 are

ÆFæ ffi DG
z

nx
z 1� 1

bDG
z ln

k0e
bDG

z1g

bx
z
Ky

" #n( )
(3)

s
2

F ffi
p

2

6ðbxzÞ2
1

bDG
z ln

k0e
bDG

z1g̃

bx
z
Ky

" #2n�2

: (4)

Here g̃ ¼ g2 � 3=p2c$ð1Þ � 1:064, g � 0.577, and

c$ð1Þ � �2:404 (25). When g is formally set to zero, Eq.

3 is a good approximation for the maximum (mode) of the

rupture force distribution. For n ¼ 2/3, these expressions

have the same y dependence as those of Dudko et al. (18)

which, however, involved the critical force at rupture and the

diffusion coefficient rather than k0 and x.
z The theory in Eqs.

1–4 can be analytically continued to all n, and thus n can be

used as an additional fitting parameter.

Implicit in the derivation of both phenomenological and

microscopic models is the adiabatic assumption that the

pulling speed is slow enough so that by the time the barrier is

so low that Kramers theory is invalid, the survival proba-

bility is effectively zero (17). For a single-well potential, the

survival probability then satisfies a first-order differential equa-

tion with a time-dependent rate, dSðtÞ=dt ¼ �k½FðtÞ�SðtÞ. If
this adiabatic approximation is indeed valid and FðtÞ ¼ Kyt,
then the product ylnS[t(F)] as a function of F is independent

of y (26), where tðFÞ ¼ F=Ky. In this case, the following

relation between the constant-force experiments (measuring

k(F)) and constant speed experiments (measuring p(Fjy)) has
been established (19):

kðFÞ ¼ KypðFjyÞ
1� R F

0
pðF9jyÞdF9 "y: (5)

This equation relates the two kinds of experiments in a

model-free way. It predicts that the rupture force distribu-

tions p(Fjy) at different ramp speeds can be collapsed onto a

single curve for the force-dependent rate of molecular

rupture, k(F).
We note that the theory, Eqs. 1–5, developed here for

molecular unfolding, or unbinding can be applied equally to

the reverse process, folding or binding, in which the force is

reduced with time. Both forward and reverse transitions have

been observed, for instance, in mechanical unfolding experi-

ments of RNA hairpins (2,27), and studies of the resulting

hysteresis effects (28) should prove insightful.

In the nanopore unzipping experiments, the applied voltage

V is analogous to the applied mechanical force F in pulling

experiments (e.g., those using atomic force microscopes or

optical tweezers). The voltage drop across the membrane-

spanning nanopore results in an electric field that generates a

mechanical force on the charged DNA strand threaded into

the nanopore (Fig. 1 a). To adapt the above formalism to the

nanopore-unzipping experiments, we follow Mathé et al. (7)

and define the voltage Vz ¼ kBT/Qeff as the characteristic of

the transition state (which isVb in their notation), whereQeff is

the effective charge of the DNA inside the pore. We can then

use Eqs. 1–5 by replacingbFxz/V/Vz, andKy/ _V, where
_V is the voltage ramp speed.

Maximum likelihood analysis of experimental data

Consider a series of constant voltage-ramp speed experi-

ments at ramp speeds _Vj(j ¼ 1, . . . , N). DNA unzipping is

observed at different voltages Vij (i ¼ 1, . . . , Mj). Our

objective is to find the parameter set fVz;DGz; k0g that

maximizes the likelihood L of the M1 3 M2 3. . .3 MN

measurements, and to explore whether the theories unified

by Eqs. 1–5 with the ML estimates for Vz;DGz; and k0 can
accurately reproduce the data both for unzipping under

constant voltage and unzipping under constant ramp speed.

For model parameters fVz;DGz; k0g and ramp speeds _Vj,

the likelihood L of a single observation of DNA unzipping at

a voltage Vij is given by Eq. 2, L [ pðVijjVz;DGz; k0; _VjÞ.
The likelihood of a series of such observations, assuming

their statistical independence, is

L ¼
YN
j¼1

YMj

i¼1
pðVijjVz

;DG
z
; k0; _VjÞ

( )
; (6)

where the two products are over all values of the ramp speed
_Vj, and the corresponding unzipping events Vij.

The likelihood L assesses how well a given model

describes the distributions of observables. By maximizing

L with respect to model parameters (here, Vz;DGz; k0), we
seek to determine the optimal parameters of the models for

different values of the scaling parameter n. The correspond-
ing maximum of L (or, equivalently, of the log-likelihood

ln(L)) then allows us to compare their relative performance.

However, one has to take into account that models of higher

complexity will tend to have larger scores just due to having

more free parameters. Based on the Schwarz-Bayesian

information criterion (29), one would expect an increase in

the log-likelihood of ðln nÞ=2 for every parameter added,

with n being the number of measurements. Here, we use data

from ;17,000 measurements for the ML fit, so that adding

one parameter should increase the log-likelihood by ;5. A

larger increase indicates a substantially better model.
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Using the ML formalism, we globally fitted Eq. 2 to the

voltage ramp data binned into histograms for loading rates of

12 V/s or less. Experimental data collected at higher ramp

speeds were set aside for subsequent validation. Note that in

some of the experiments at those highest ramp speeds, the

DNA hairpin was still intact when the maximum voltage 0.2

V had been reached.

The likelihood function was maximized numerically with

respect to the model parameters using simplex search and

Monte Carlo methods. We also applied Bayesian inference

to extract model parameters, assuming uniform prior distri-

butions. All methods gave essentially the same results for the

fitted model parameters.

RESULTS

ML estimates for the intrinsic rate coefficient, k0, and the

characteristic of the transition state, Vz, are listed in Table 1

for the linear-cubic theory (n ¼ 2/3), cusp theory (n ¼ 1/2),

and phenomenological model (n ¼ 1), as well as for the case

when the exponent n is used as an additional fitting param-

eter. Also listed are estimates for the free energy of activa-

tion, DGz; for the microscopic theories, and the maximum

values of ln(L) (including, in parenthesis, the number of log-

likelihood units gained or lost by a given model relative to

the linear-cubic model). Parameters of the traditional phe-

nomenological fit to the most probable unzipping voltage (7)

are included for comparison.

As seen from Table 1, the two microscopic theories (n ¼
2/3 and n ¼ 1/2) produce consistent estimates for the param-

eters Vz;DGz; k0 and have similar likelihoods (with the cusp

model having some advantage). Fitting the data with n as an

additional free parameter produces an optimal n ¼ 0.554

intermediate between the linear-cubic and cusp values, but

the corresponding gain of ;4 units in log-likelihood com-

pared to the cusp model does not justify adding a fourth

parameter, as assessed by the Schwarz-Bayesian information

criterion. In contrast, as a result of the global ML fit, the

phenomenological theory (n ¼ 1) produces a dramatically

lower (i.e., unfavorable) likelihood score that cannot be at-

tributed to having only two instead of three free parameters.

The value for the rate k0 for the phenomenological theory is

overestimated by an order of magnitude and the character-

istic of the transition state, Vz, is double the typical number

for the microscopic theories. Traditionally, the phenomeno-

logical model is fitted to the most probable unzipping voltage

Vm as a function of ramp speed. Such a fit results in even

larger estimates for k0 and Vz, producing a rate k0 that is

more than an order of magnitude higher than those from the

microscopic fit.

For the linear-cubic model, the rate k0 and free energy bar-
rier DGz define a characteristic relaxation time in the folded

well, trel � expð�bDGzÞ=ð2pk0Þ. It would be interesting to

relate the resulting trel � 40ms to molecular processes such

as basepair opening, with characteristic times of 1–50 ms in

free solution (30). However, k0 may contain contributions

from processes other than unfolding, as discussed in the ‘‘Con-

cluding remarks’’. We therefore caution against such detailed

microscopic interpretations.

In Fig. 2, we compare the measured distributions of un-

zipping voltages to those obtained for the fitted theoretical

models. We find that the microscopic theories reproduce the

measured distributions of unzipping voltages very well in the

regime used for the fit and, remarkably, even outside that

regime.

The phenomenological model with parameter estimates

obtained from the traditional fit to Vm turns out to be accurate

in reproducing the experimental distributions at moderate ramp

speeds, the regime used for fitting, whereas at low and high

speeds the deviations are substantial (Fig. 2). We found that

the phenomenological model with the estimates obtained from

the global ML fit performs significantly better at low ramp

speeds; however, the agreement at high speeds deteriorates

further.

Fig. 3 shows that the most probable unzipping voltage Vm

(i.e., the mode of the voltage distribution) from experiment

depends nonlinearly on the logarithm of the voltage ramp

speed. In contrast, the phenomenological theory (Eq. 3 with

g set to 0 and n ¼ 1) predicts a linear dependence of the

mode on the logarithm of speed. Within the framework of the

phenomenological approach, one may attribute the observed

curvature to additional molecular processes, such as hairpin

rezipping or switching between multiple states. However, as

shown in Fig. 3 the microscopic theories are fully consistent

with this nonlinear dependence of the mode (and average) of

the unzipping voltage distribution on the ramp speed, even

in the regime not used for the fit. A single-well energy land-

scape thus appears to be adequate to explain the experimental

data.

The inset in Fig. 3 shows that the variance s2
V of the

unzipping voltage distribution sharply increases with in-

creasing ramp speed, in agreement with the microscopic

theories, Eq. 4, fitted to ramp speeds #12 V/s. In contrast,

the phenomenological theory predicts an essentially constant

s2
V. The observed increase in the variance of the unzipping

voltage (or force) at higher ramp speeds, thus, serves as a

simple indicator that the phenomenological model cannot ex-

plain the data.

TABLE 1 Maximum-likelihood estimates of the kinetic

parameters for nanopore unzipping of DNA

n k0 (s
�1) Vz (mV) DGz(kBT) maxfln Lg

2/3 0.12 12.7 10.5 39,989

1/2 0.05 9.9 11.9 40,037 (148)

1 0.61 21.7 – 39,075 (�914)
1* (fit to Vm) 1.39 24.7 – –

0.554 (floating) 0.06 10.5 11.5 40,041 (152)

Estimates calculated from data at ramp speeds #12 V/s for the microscopic

theories (n ¼ 2/3, 1/2, and floating) and the phenomenological model (n ¼ 1).

*Traditional least-squares fit of the phenomenological model to the most

probable unzipping voltage Vm for ramp speeds .1.6 V/s (7).
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To test whether the adiabatic approximation is valid for

the experimental data set, and whether the constant voltage

experiments are consistent with the voltage-ramp experi-

ments, we transform the histograms from constant ramp-

speed measurements according to Eq. 5. As confirmed in

Fig. 4, the histograms collected over more than two orders of

magnitude in the voltage ramp speed indeed collapse onto a

single curve. That curve, in turn, matches the rates k(V) ob-
tained using constant voltage experiments (see Fig. 4). This

collapse indicates that the two types of measurements (at

constant voltage and at constant ramp speed) are fully con-

sistent with each other. Data collected at different ramp speeds

(colors correspond to those in Fig. 2) probe different ranges

of the DNA unzipping rate k(V). Taken together, they cover

four orders of magnitude of the unzipping rate. We further

observe in Fig. 4 that, although constant voltage data were

not used in the fit, the data are actually predicted by Eq. 1,

with the parameters obtained above from fitting to unzip-

ping-voltage distributions in voltage ramp experiments.

Fig. 4 also shows that the experimental data from both types

of measurements exhibit curvature in the voltage dependence

of the logarithmic unzipping rate, ln[k(V)]. This curvature is

reproduced by the linear-cubic theory (Eq. 1 with n¼ 2/3) and

cusp theory (Eq. 1 with n ¼ 1/2). The curvature highlights the

limitations of the Bell formula, which postulates a linear

relation between ln(k) and the applied voltage, which in turn

leads to a systematic overestimation of the intrinsic rates when

used to fit data in the intermediate-to-high forces regime.

CONCLUDING REMARKS

We have illustrated and tested a recently proposed systematic

procedure (19) for extracting kinetic information from SM

force experiments, by analyzing an extensive set of exper-

imental data for unfolding of DNA hairpins. Single DNA

hairpin molecules were unzipped in a nanopore in two ways:

under constant voltage and under voltage ramped up at a

constant rate (7). We explored how well different theories

reproduce the data, by performing ML global fits to the low-

to-intermediate ramp speed data, as well as by examining the

traditional phenomenological fit to the maxima of unzipping-

voltage distributions. The fitted models were then validated

by comparing their predictions to data collected at high ramp

speeds and at constant voltage.

In these simplest models, the kinetics of force-induced

rupture is described as an irreversible escape from a single

well over a barrier in the potential of mean force. In the pres-

ence of a constant force F, the distribution of rupture times is

k(F)e�k(F)t. When k(F) is given by Bell’s formula, ln[k(F)]
depends linearly on F. In a force-ramp experiment with con-

stant ramp speed, the mean (and mode) of the rupture-force

distribution will depend linearly on the logarithm of the force

loading rate. More sophisticated microscopic theories of the

force-dependent rupture rate predict that ln[k(F)] is a non-

linear function of F. This nonlinear dependence is a simple

consequence of the fact that the distance to the transition

state decreases as the force increases, eventually vanishing

when the barrier disappears. Hence, in a constant-speed pulling

experiment, the mean rupture force will depend nonlinearly

on the logarithm of the loading rate.

A nonlinear dependence of the rupture force on the

logarithmic ramp speed has been observed experimentally

for the voltage-dependent unzipping of DNA hairpins (7).

Here, we show that such data can be successfully described

using a class of microscopic models of force-induced cross-

ing of a single barrier. These models lead to simple analytic

FIGURE 2 Distributions of the unzipping voltage from

experiment (histograms) and theory, Eq. 2 (lines). (Bold

solid and fine solid lines) Linear-cubic theory and cusp

theory, respectively, with the parameters extracted from

the global ML fit of the theories to experimental histo-

grams obtained at speeds of 12 V/s or less. (Dotted line)
Phenomenological theory with the parameters obtained

from a traditional least-squares fit to the maximum of the

unzipping voltage distributions for ramp speeds .1.6 V/s.

Histograms at 22.5, 36, and 90 V/s were normalized

assuming that 5, 20, and 40% of measurements, respec-

tively, exceeded the 200 mV experimental cutoff. Colors

reflect different ranges of the ramp speed and correspond to

those in Figs. 3 and 4. Shaded areas indicate the range of

experimentally inaccessible voltages.
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expressions for the distribution of rupture forces, which greatly

facilitate the analysis of experimental rupture force distributions

by enabling direct applications of Bayesian or ML methods.

We note that the dominance of a single barrier in nanopore

unzipping of DNA is consistent with the interpretation of

pulling experiments on short nucleic-acid hairpins (1,2), de-

spite the inherent richness of the calculated free energy land-

scape (27).

The microscopic theories considered here are arguably the

simplest alternatives to the phenomenological approach and

contain only one additional parameter (the free energy of

activation, DGz). Despite their remarkable success in pre-

dicting the high ramp speed and constant voltage data, these

models are not necessarily unique. In particular, it is always

possible that more elaborate models with additional param-

eters capture the experimental data equally well or even better.

In general, more complex models involving, for instance,

multiple states will not necessarily lead to single-exponential

rupture time distributions in constant-force experiments. In

this case, the rupture force histograms cannot be collapsed

onto a master curve using the relation between the constant-

force and constant-speed experiments, Eq. 5. Conversely, if

the experimental data do collapse, as in this article, then any

model for which k(F) is consistent with the constant-force

data will reproduce the rupture-force distributions at differ-

ent force-loading rates.

In fact, a multistate model has been proposed by Mathé

et al. (20). The following kinetic scheme was considered:

Z ���!kue
V=Vu

 ���
kf e
�V=Vf

U �����!kee
V=Ve

exit; (7)

where Z and U are the zipped and unzipped hairpin states,

respectively, and ke describes the escape of the unzipped DNA
from the pore. The rate constant ke and the rate constants

kf and ku for folding and unfolding, respectively, depend on

force according to Bell’s formula with ‘‘transition states’’

Ve, Vf, and Vu. Now, if it is assumed that U is in steady state

(20), then the distribution of DNA unzipping times will be

single exponential involving the overall force-dependent rate

of unzipping:

kðVÞ ¼ kukee
V=Vu

ke 1 kfe
�V=Vfe

; (8)

where 1/Vfe ¼ 1/Vf 1 1/Ve. If the escape rate is fast, this k(V)
reduces to Bell’s formula; if escape is slow, it again reduces

to a Bell-like formula, but with a different effective ‘‘transition-

state’’ location. In the high-voltage limit, kðV/NÞ ¼ kue
V=Vu ,

and in the low-voltage limit kð0Þ ¼ kuke=ðke1kfÞ ¼ ke=ðke=
ku1exp½bDG�Þ, where bDG ¼ ln(kf/ku) is the equilibrium

stability. This model contains an extra (fourth) parameter and

FIGURE 4 Quantitative relation between experiments at constant voltage

and constant voltage ramp speed. Histograms from constant speed measure-

ments are collapsed according to Eq. 5. The symbol colors indicate different

ramp-speed ranges as in Fig. 2 (blue spheres, ,2 V/s; green triangles, 2–8
V/s; orange diamonds, 8–15 V/s; red squares, .15 V/s). Constant voltage

data are shown as large solid circles. The k(V) curves of the theoretical mod-

els are shown as lines. Only histogram bins with high statistical significance

(.10 counts) were used.

FIGURE 3 Dependence of the maximum (mode) of the unzipping voltage

distribution on the voltage-ramp speed from experiment and theory (Eq. 3

with g ¼ 0). Model parameters for the linear-cubic and cusp theories were

obtained from global ML fits. Parameters of the phenomenological model

were obtained from a traditional least-squares fit (7) to the maximum Vm of

unzipping voltage distributions for ramp speeds .1.6 V/s. The inset shows

the dependence of the variance of the unzipping voltage on the voltage-

ramp speed from experiment (symbols) and theory (lines). The microscopic

theories (Eq. 4 with n ¼ 1/2, thin line; and n ¼ 2/3, bold line) show a sharp

increase in the variance with increasing ramp speed. The variance of the

phenomenological model (dotted line), evaluated directly from the distri-

bution Eq. 2, shows a weak dependence on the ramp speed, and approaches

the constant value at higher speeds in agreement with the approximate

expression, Eq. 4, for n ¼ 1. Color coding as in Fig. 2.
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predicts a nonlinear dependence of k(V) on V, even though

the elementary rates are assumed to satisfy Bell’s formula.

Such a model can indeed fit the collapsed histogram data

from ramp experiments, as well as constant voltage data (Fig.

5). If one directly fits k(V) of Eq. 8 to the collapsed data, the

fitted curve almost perfectly superimposes on that obtained

from the single-state linear-cubic theory (n ¼ 2/3), and

extrapolates to a rate k(0) of;0.1 s�1. However, in this case
the extrapolated k(0) is not equal to the rate ku of unzipping,
but rather is essentially equal to the product of the escape rate

and the equilibrium constant for folding.

It is somewhat disconcerting that two rather different

theories can account for the data about equally well. Clearly,

one cannot easily distinguish between different models and

mechanisms on the basis of the SM experimental data alone.

By applying ‘‘Occam’s razor’’, one might favor the simpler

single-state models; on the other hand, based on the physics

of the problem, the multistate models may seem more ap-

pealing. Additional information can help in choosing the ap-

propriate model. For example, we can compare estimates of

the equilibrium stability of the DNA hairpin obtained by using

the mfold server (31) (16.4 kcal/mol) with the activation free

energy of unfolding estimated by the microscopic models

(;7 kcal/mol; Table 1). Conversely, from the zero-force limit

of the multistate model, we can find a lower bound for the

DNA-exit rate from the pore at zero voltage, ke $ ebDGkð0Þ.
For themfold value of DG, and k(0)� 0.1 s�1 (Figs. 4 and 5),
that leads to unrealistically large exit rates ke exceeding;1011

s�1. Interestingly, if the DG value was consistent with the

DGz ; 7 kcal/mol activation free energy of our single-state

models, then the problem with an unrealistic exit rate in the

multistate model would also disappear. Such lowering of the

free energy could arise, for instance, from interactions between

the unfolded DNA with the pore. In light of these results, one

might argue that both the kinetics and thermodynamics of

unfolding of the DNA in the pore could indeed be substan-

tially different from that in solution. Clearly, further exper-

iments and simulations (32–39) are needed to address this

interesting point.

In summary, the excellent agreement between theory and

experiment, even outside the regime used for the fit, demon-

strates the significant progress that has been made in ex-

tracting information about the kinetics of molecular processes

from SM data. Nevertheless, a complete understanding of the

underlying molecular mechanisms will require a multifac-

eted approach and a critical analysis of all available data.
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