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The widely used Arrhenius equation describes the kinetics of
simple two-state reactions, with the implicit assumption of a single
transition state with a well-defined activation energy barrier ΔE, as
the rate-limiting step. However, it has become increasingly clear
that the saddle point of the free-energy surface in most reactions
is populated by ensembles of conformations, leading to nonexponential kinetics. Here we present a theory that generalizes the
Arrhenius equation to include static disorder of conformational
degrees of freedom as a function of an external perturbation to
fully account for a diverse set of transition states. The effect of
a perturbation on static disorder is best examined at the singlemolecule level. Here we use force-clamp spectroscopy to study
the nonexponential kinetics of single ubiquitin proteins unfolding
under force. We find that the measured variance in ΔE shows both
force-dependent and independent components, where the forcedependent component scales with F 2 , in excellent agreement with
our theory. Our study illustrates a novel adaptation of the classical
Arrhenius equation that accounts for the microscopic origins of
nonexponential kinetics, which are essential in understanding
the rapidly growing body of single-molecule data.
single-molecule force-clamp spectroscopy ∣ protein unfolding ∣ ubiquitin ∣
molecular dynamics simulations

I

n 1889 Svante Arrhenius proposed a simple equation for the
temperature dependency of the rate of a chemical reaction
Þ, where A is a preexponential factor, kB is the
k ¼ A exp½−ðkΔE
BT
Boltzmann constant, T is the absolute temperature and ΔE is
the height of the activation energy barrier (1). This widely
accepted description of a single barrier crossing reaction can
be readily expanded to include the effect of perturbations that
alter the height of the free-energy barrier. For example, when
a mechanical force, F, is applied to a molecule, the free-energy
barrier height is reduced by an amount equal to FΔx, where Δx
represents the actual distance from the native conformation to
the transition state conformation along the reaction coordinate.
As pointed out by Bell (2), the corresponding Arrhenius law then
becomes kðFÞ ¼ A exp½−ðΔG−FΔx
kB T Þ, where ΔG is the height of the
free-energy barrier of reaction in the absence of force. This
simple description of the kinetics of a reaction under force has
proven useful in a wide variety of single-molecule studies such
as bond rupture events (3, 4), protein unfolding (5, 6), and chemical reactions (7, 8). In this work we will focus our investigation
on proteins unfolding under a stretching force. However, our
conclusions can be readily generalized to other reaction schemes.
Assuming a negligible refolding rate, the survival probability, SðtÞ,
that a protein remains folded for a time t while under a force, F,
satisfies the first-order rate equation, dSðtÞ
dt ¼ −kðFÞSðtÞ. The
resulting survival probability is thus a single exponential. Recent
generalizations of the Arrhenius description also lead to a singleexponential survival probability (9, 10). The advent of forceclamp techniques have allowed the direct measurement of the
survival probability of protein unfolding under a constant force.
The survival probability is expected to follow single-exponential
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time dependence while assuming each protein in the ensemble
has a single native conformation and follows the same unfolding
pathway. In sharp contrast with this simple assumption, thousands of ubiquitin unfolding events observed at a constant force
of 110 pN revealed a nonexponential survival probability (11, 12).
Further, many other biological reactions, including ligand binding
to heme proteins (13–18), enzyme catalysis (19–25), and ion
channel openings (26, 27), also exhibit nonexponential kinetics.
These results are not surprising given that proteins and their solvent environment form complex systems with many degrees of
freedom. Indeed, proteins exhibit a large number of conformational substates (28, 29). The transition state of a reaction is more
generally described as the saddle point of the multidimensional
free-energy landscape for the reaction. Moreover, multiple molecular conformations typically populate a saddle point, allowing
the reaction to proceed through a number of pathways with comparable energy barriers, but different transition state structures
(30). Thus, we need to develop a generalized Arrhenius equation,
kðFÞ, that takes into account reactions that proceed through transition state ensembles, resulting in a nonexponential survival
probability.
In a seminal study, Zwanzig investigated the origin of nonexponential kinetics and defined two different kinds of molecular
scenarios: dynamic disorder and static disorder (31, 32). Dynamic
disorder refers to fluctuations of the reaction rate as a single molecule explores its conformational free-energy landscape (31, 32).
If the reaction rate changes rapidly, the value of the reaction rate
is an ensemble average, leading to single-exponential kinetics. By
contrast, in the case of static disorder, the interconversion rates
among different conformations are much slower than the reaction rate, such that individual molecules are “frozen” in distinct
conformations during their barrier crossing reactions. In this case,
nonexponential kinetics results from the diversity of reaction
rates among individual molecules, reflecting the broad distribution of free-energy barrier heights associated with different conformers of the native states and their distinct reaction pathways.
Here, we utilize Zwanzig’s approach (31, 32) to develop a generalized Arrhenius term in the presence of static disorder.
Model
Static Disorder Model For proteins, conformational heterogeneity

of the native-state ensemble (33, 34) as well as variations in the
structure of the transition state ensemble (6) are likely to contribute to a diverse set of unfolding pathways, implying disorder in
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ΔxðtÞ ¼ Δxavg ð1 þ vðtÞÞ;

[1]

where ΔGavg u is the amount of disorder in ΔG respective to the
average value, ΔGavg , and Δxavg v is the amount of disorder in Δx
respective to the average value, Δxavg . In general, the disorder
parameters of u and v fluctuate in time as the protein fluctuates
between different conformers. Therefore, the survival probability
SðtÞ ¼ exp½−∫ t0 kðF;uðt0 Þ;vðt0 ÞÞdt0  is dependent on the dynamics of
the two disorder parameters, u and v. We assume that the dynamics of both u and v are governed by the Langevin equation,
du
dv
dt ¼ −λu u þ f u ðtÞ, dt ¼ −λv v þ f v ðtÞ, where λu , λv are the relaxation rate constants of u and v, and f u ðtÞ, f v ðtÞ are the Gaussian
white noise for u and v, respectively. It is important to note that,
if the interconversion rates among different conformational substates are much faster than the reaction rate (λu and λv are large,
≫k), the time-averaged reaction rate will show single-exponential
kinetics. This situation is a special case of dynamic disorder. By
contrast, static disorder corresponds to slow interconversion rates
among different molecular conformations (λu and λv are very
small, ≪k), resulting in nonexponential kinetics. Interestingly,
in the intermediate cases, the kinetics is initially nonexponential
and changes to exponential at long time scales, as discussed by
Zwanzig (32). Here, we assume conditions of static disorder
throughout.
The Arrhenius/Bell equation for a molecule under force now
becomes

 
ΔGavg ð1 þ uÞ − FΔxavg ð1 þ vÞ
:
kðF;u;vÞ ¼ A exp −
kB T
We define r ¼ ΔGavg u − FΔxavg v and then Eq. 2 becomes


r
;
kðF;rÞ ¼ kF exp −
kB T

[2]

[3]

 ΔG −FΔx 
where kF ¼ A exp −ð avgkB T avg Þ is the rate of crossing the average barrier height (a nondisordered part) and r is the amount of
disorder in the barrier heights with respect to the average value,
ΔGavg − FΔxavg . We assume that the disorder parameters u and v
are both normally distributed, centered at zero with a standard
deviation of σ u and σ v , respectively. Given that u and v are independent variables, it can be shown that the parameter r obeys a
Gaussian distribution with a mean of zero and a variance given by
σ 2 ¼ σ 2ΔG þ F 2 σ 2Δx ;

[4]

where σ ΔG ¼ ΔGavg σ u and σ Δx ¼ Δxavg σ v (35). We can now derive
the generalized Arrhenius equation for the mean rate of a
reaction:
Z ∞
kðF;rÞf ðrÞdr
hkðFÞi ¼
−∞


 2

 
ΔGavg − FΔxavg
σ þ F 2 σ 2Δx
exp ΔG
; [5]
¼ A exp −
kB T
2ðkB TÞ2
where f ðrÞ is the probability density of r. This generalized Arrhenius equation for a reaction under a constant force readily reverts
back to the simple two-state expression, in the case where there
is a single transition state and no disorder (σ ¼ 0). However, in
the presence of disorder, the actual mean rate of the reaction
becomes different from the rate of crossing the average barrier
Kuo et al.

The ensemble-averaged survival probability is given by the superposition of the survival probability for each unfolding pathway,
weighted by the probability of the corresponding pathway. Then,
the ensemble-averaged survival probability hSðt;FÞi for any Arrhenius type reaction in the presence of static disorder becomes
Z
hSðt;FÞi ¼

∞
−∞

Sðt;F;rÞf ðrÞdr

 




r
1
r2
× t pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exp − 2 dr:
exp −kF exp −
¼
kB T
2σ
−∞
2πσ 2
[7]
Z

∞

It is clear that in the absence of disorder ðσ → 0; f ðrÞ → δðrÞÞ, the
ensemble-averaged survival probability becomes a single exponential, in good agreement with the standard usage of the Arrhenius equation. However, in the presence of disorder (σ > 0), the
survival probability becomes nonexponential. Notably, in the special case where the disorder in the barrier heights is small (σ is
small compared to kB T), the survival probability has an analytical
form, clearly showing nonexponential time dependence (SI Text).
Our model predicts that in the presence of static disorder, the
survival probability will be nonexponential and the measured
variance of the barrier heights will show a quadratic dependency
on the applied force. Here we test these predictions using forceclamp spectroscopy to measure the survival probability of single
ubiquitin proteins unfolding under a stretching force.
Results and Discussion
Pulling a single polyubiquitin protein (nine repeats) at a constant
force of 110 pN (Fig. 1A) gives rise to a series of stepwise increments of ∼20 nm in the length of the polyprotein, corresponding
to the unfolding of each ubiquitin to a fully extended state
(Fig. 1B). The step size of 20 nm marks an extension that is tightly
correlated with the number of amino acids released by the unfolding of a ubiquitin protein, providing a well-established mechanical fingerprint. The step size, which can be directly calculated
from the worm-like chain model of polymer elasticity (36, 37),
varies very slowly in the region between 90 pN and 200 pN. Each
step increase in the length marks the unfolding dwell time for an
individual ubiquitin in the chain (indicated as ti in Fig. 1B).
Ubiquitin unfolding in a polyprotein was shown previously to
be Markovian and not affected by the status of its neighbors
(12, 38). Hence, for a given force F, a histogram of the measured
dwell times corresponds to the probability density of unfolding,
pðtÞ (Fig. 1C, F ¼ 110 pN). The nonexponential nature of the unfolding reaction is readily observed in such a histogram where a
single-exponential fit (Fig. 1C, solid trace) fails to account for the
large deviations observed at short dwell times. From the dwelltime histogram, we can measure the ensemble-averaged survival
probability, defined as hSðtÞi ¼ 1 − ∫ t0 pðt0 Þdt0 . A clear demonstration of nonexponential behavior of survival probability can be obtained by plotting ln½− lnhSðtÞi versus ln t (Fig. 2). We note that in
these coordinates a phenomenological stretched-exponential
function, hSðtÞi ¼ exp½−ðt∕τÞβ , would appear as a straight line
whose slope is equal to β, which serves as an indication of nonPNAS ∣
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ΔGðtÞ ¼ ΔGavg ð1 þ uðtÞÞ;

height, kF . Owing to the fact that σ 2 increases rapidly with force
(Eq. 4), this difference becomes larger as the pulling force is
increased.
Here, what is measured in the force-clamp spectroscopy is
the ensemble-averaged survival probability, rather than the
mean rate of a reaction. The survival probability for any specific
reaction pathway, as parameterized by r, is now given by

 

r
Sðt;F;rÞ ¼ exp −kF exp −
×t :
[6]
kB T
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the free-energy barrier heights ΔE ¼ ΔG − FΔx under a constant
force. Extending from Zwanzig’s approach (31, 32), we consider
both ΔG and Δx as functions of independent disorder parameters, which characterize conformational degrees of freedom,

A

Length [nm]

B

C

180
160
t7
140
t6
120
t5
100
t4
80
t3
60
t2
40 t
1
20
0
0
1
2
3
4
Time [s]

Table 1. Kinetic parameters for ubiquitin unfolding from the static
disorder model fit

t8

Force [pN]
90
110
130
150
170
190
5

6

7

p(t,F = 110 pN)

1.0

0.13
0.73
1.28
3.11
16.28
36.81

±
±
±
±
±
±

0.02
0.03
0.15
0.16
2.82
2.86

σ 2 [ðpN nmÞ2 ]
9.07
12.01
17.23
18.54
22.89
12.42

±
±
±
±
±
±

3.48
1.35
3.40
1.47
4.35
2.26

The unfolding rate of crossing the average barrier height, kF , and the
variance of the barrier heights, σ 2 , were obtained by the static disorder
model fit to the data. The errors of kF and σ 2 were estimated using the
bootstrap method.
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Fig. 1. Measuring the survival probability of ubiquitin proteins unfolding
under a stretching force. (A) A single polyubiquitin molecule is picked up
from the surface by the cantilever tip and stretched under a constant force.
(B) Stretching a ubiquitin polyprotein at a constant force of 110 pN results in
a series of 20 nm stepwise increments in the polyprotein length, marking the
unfolding of individual ubiquitins in the chain. We measure the dwell time to
unfolding, t i , for each unfolding event. (C) A histogram of 2799 unfolding
events measures the probability density of unfolding pðtÞ at 110 pN. At short
dwell times the distribution deviates significantly from a single exponential
(black trace).

exponentiality. Using single-molecule force-clamp techniques,
the measured survival probabilities over a range of forces were
found to be nonexponential (Fig. 2, symbols; 90 pN, 110 pN,
130 pN, 150 pN, 170 pN, 190 pN). We then fit the static disorder
model (Eq. 7) to the survival probability measured at each force,
with the fit variables kF and σ 2 , using the Levenberg-Marquardt
least-squares algorithm (39) (Fig. 2, solid lines). The measured
values of kF and σ 2 are listed in Table 1. The errors in the fit parameters were estimated using the bootstrap method (40).
2
1

ln[-ln<S(t)>]

kF [s−1 ]

From the measured values of kF we observed a linear relationship between ln kF and the applied force (Fig. 3), demonstrating
that the most probable unfolding rate kF , corresponding to the
rate of crossing the average barrier height ΔGavg − FΔxavg , follows the simple Arrhenius law. Fitting ln kF with the Arrhenius
equation using a preexponential factor of A ¼ 106 s−1 (41) gives
an average barrier height of ΔGavg ¼ 85.1 pN nm and an average
distance to the transition state of Δxavg ¼ 0.23 nm. The extrapolated value of the most probable unfolding rate at zero force is
kF¼0 ¼ 10−3 s−1 . More strikingly, the measured variance of the
barrier heights σ 2 is linearly dependent on the square of the force,
in good agreement with the predictions of our model (Fig. 4). In
this plot, the intercept at zero force is equal to σ 2ΔG and the slope
corresponds to σ 2Δx , demonstrating that the dispersed kinetics of
ubiquitin unfolding results from both the disorder of ΔG and the
disorder of Δx. A fit of Eq. 4 to σ 2 (Fig. 4, solid line) yields the
values of σ 2ΔG ¼ 4.34  2.76 ðpN nmÞ2 and σ 2Δx ¼ 6.4 × 10−4 
1.6 × 10−4 nm2 . From these measurements we conclude that
the probability distribution of barrier heights in the absence of
force is a Gaussian distribution with a mean of 85.1 pNnm
and a standard deviation of 2.1 pNnm. Similarly, the probability
distribution of distances to the transition state is a Gaussian
distribution centered at 0.23 nm with a width of 0.025 nm. While
these measurements show consistency with the theory up to
170 pN, the data point at 190 pN shows a significantly reduced
variance from that predicted by Eq. 4. However, the kinetics of
ubiquitin unfolding at 190 pN (kF ∼36.8 s−1 ) is near the upper
limit of the resolution of our instrument which has a feedback
response time constant of ∼1–3 ms. Therefore, we are likely to
be missing many fast unfolding events with short dwell times. Alternatively, the abrupt decrease in disorder observed at 190 pN

0
90 pN
110 pN
130 pN
150 pN
170 pN
190 pN

-1
-2
-6

-4

-2

0

2

4

ln(t [s])
Fig. 2. Survival probability for ubiquitin unfolding under force is well described by static disorder theory. Plot of ln½− lnhSðtÞi versus ln t at 90 pN
(filled circles), 110 pN (open circles), 130 pN (filled squares), 150 pN (open
squares), 170 pN (filled triangles), and 190 pN (open triangles), respectively.
The slopes of all the curves are less than 1, indicating the nonexponential
survival probability measured at all forces. The solid lines represent the fits
of the static disorder survival probability (Eq. 7) to the data at each force,
with the unfolding rate of crossing the average barrier height kF and the
variance of the barrier heights σ 2 as fit parameters. The values of these
parameters are compiled in Table 1. The errors in the fit parameters were
estimated using the bootstrap method.
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Fig. 3. The unfolding rate of crossing the average barrier height, kF , depends exponentially on the pulling force. A linear dependence between
ln kF and the applied force reveals the remarkable result that the most
probable unfolding rate, kF , follows the simple Arrhenius law. Fitting ln kF
with the Arrhenius equation (solid line) yields the average barrier height
in the absence of force ΔGavg ¼ 85.1 pN nm and the average distance to
the transition state Δx avg ¼ 0.23 nm.

Kuo et al.

Kuo et al.

Materials and Methods
Protein Engineering and Purification. The polyproteins consisting of nine
tandem repeats of the human ubiquitin were engineered by consecutive
subcloning of the monomers using the BamHI and BglII restriction sites, as
described previously (44). The DNA molecule containing nine repeats of
the ubiquitin cDNA sequence is then subcloned into the pQE80L expression
vector and transformed into the BLR(DE3) Escherichia coli expression strain
(Novagene). Constructs were purified by histidine metal-affinity chromatography with Talon resin (Clontech) and by gel filtration using a Superdex
200 HR column (GE Biosciences).
Single-Molecule Force Spectroscopy. The constant-force experiments were
performed with the homemade atomic force microscopy (5, 51). The sample
is prepared by depositing 3–12 μl of protein in phosphate buffered saline
solution onto a freshly gold coverslide. Each cantilever (Olympus, Veeco)
was calibrated using the equipartition theorem (52), giving rise to a spring
constant of ∼20 pN∕nm. Single ubiquitin polyproteins are picked up from the
surface by the tip of the cantilever by pushing the cantilever hardly on the
surface at 1,500 pN. Then the polyprotein is stretched under a constant force
by retracting the piezo actuator, controlled by the analog force feedback
PNAS ∣
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could represent an abrupt shift in the dynamics of the transition
state ensemble, shifting from static to dynamic disorder, causing
the unfolding kinetics to become more single-exponential.
Resolution of these questions will have to wait until much faster
force-clamp measurements become possible.
Our theory and experiments support the view that single
ubiquitin proteins unfold through different pathways, where both
the free-energy barrier height, ΔG, and the distance to the transition state, Δx, vary over a Gaussian distribution of values. In the
absence of force, only the variance of the barrier heights at zero
force ðσ 2ΔG Þ is of consequence for determining the distribution of
unfolding rates (see Eq. 4). The standard deviation of the barrier
heights in the absence of force is 0.5 kB T and thus plays only a
minor role in the dispersed kinetics, consistent with the bulk
probes of ubiquitin unfolding, which show mostly single-exponential kinetics (42). Indeed, using our generalized Arrhenius mean
rate equation (Eq. 5) and the measured values of σ 2 (Fig. 4) we
calculate that at zero force the mean rate of the reaction is only
13% bigger than the value estimated if one assumes a simple twostate reaction: hki ¼ kF¼0 × 1.13. On the other hand, at 170 pN,
the mean rate doubles: hki ¼ kF × 2. These observations resolve
the paradox of observing nonexponential kinetics for single
proteins unfolding under force (11), while observing singleexponential kinetics for the same proteins under bulk conditions
at zero force (42).
We conclude that the dominant factor in the nonexponential
kinetics of ubiquitin unfolding under force is a dispersion in the
values of Δx. Lattice model simulations of mechanical unfolding
have predicted variations in Δx (43). Recent experiments have
shown that the value of Δx measured for proteins unfolding under
force is determined by the bridging length of solvent molecules at
the transition state structure of the reaction (6). We propose that
variations in the way that solvent molecules populate the transition state structure may explain the distribution of values of Δx.
Here, we performed forced unfolding of ubiquitin using steered
molecular dynamics (SMD) simulations to examine this possibility. Previous SMD simulations of ubiquitin showed that the key
event in mechanical unfolding is the simultaneous breaking of the
four backbone hydrogen bonds bridging the β1 and β5 strands of
the protein (44) (Fig. S1A). Therefore, in our studies we defined
the reaction coordinate for ubiquitin unfolding as the distance
between the first residue of the β1 strand (Q2) and the last residue of the β5 strand (L69). A total of 100 SMD simulations
show that water molecules can bridge the breaking backbone
hydrogen bonds in many different ways, resulting in varying elon-

CHEMISTRY

Fig. 4. Force dependency of the variance in the barrier heights to unfolding.
Plot of the measured variance of the barrier heights, σ 2 , as a function of
the square of the pulling force. The solid line corresponds to a fit of the
data from 90 pN to 170 pN with σ 2 ¼ σ 2ΔG þ F 2 σ 2Δx (Eq. 4). The fit gives
σ 2ΔG ¼ 4.34  2.76 ðpN nmÞ2 and σ 2Δx ¼ 6.4 × 10−4  1.6 × 10−4 nm2 . The
measured values of σ 2 increase linearly with F 2 in this range of forces, in
agreement with the prediction of our model.

gations along the reaction coordinate when reaching the transition state of the reaction (Fig. S1B). While the values of Δx
measured in the SMD simulations are smaller than those observed experimentally, they follow a similar distribution
(Fig. S1C), supporting the view that a diversity of bridging water
conformations could explain the dispersion in the values of Δx
measured experimentally. These observations predict that the degree of disorder in Δx will be dependent on the type of solvent
surrounding the protein. Furthermore, it is likely that the degree
of disorder in Δx varies from protein to protein following the particular architecture of each transition state ensemble. Indeed, in a
beautiful study using force-clamp spectroscopy, Li and colleagues
showed that protein G unfolds under force following a perfect
single-exponential kinetics over the range of 50–120 pN (45),
implying either a well-defined transition state structure or much
faster interconversion among different configurations at the unfolding transition state of the protein (46). It is well established
that proteins fluctuate in a broad range of times scales (19, 22, 29,
46, 47); however, only those motions which interconvert much
slower than the unfolding rate will result in the dispersed kinetics
reported in our work. Faster interconversions would lead to a single-exponential survival probability, which is not observed in our
work. It is also possible that at low pulling forces the unfolding
rate may become comparable to the interconversion rate between
conformers, reaching a form of dynamic disorder where the
kinetics becomes single-exponential.
Our theory provides a direct approach in determining the variance in the height of the activation energy barrier of a reaction
and can be readily generalized to any type of perturbation. It is
now clear that in the presence of static disorder, the effect of a
perturbation is to tease apart transition state conformations with
similar energies, such that they can be identified. We have so far
considered the effect of a mechanical force on the height of the
activation energy barrier, ΔE ¼ ΔG − FΔx. Excitingly, our theory
can be applied to other perturbations such as a membrane voltage
acting on the gating charges of an ion channel, ΔE ¼ ΔG − V q
(48, 49), or a chemical denaturant triggering unfolding
ΔE ¼ ΔG − Dm (50). Then, ion channels kinetics under voltage-clamp conditions will show a variance of the barrier heights
equal to σ 2 ¼ σ 2ΔG þ V 2 σ 2q , where V is the membrane voltage and
q is the equivalent gating charge which shows disorder. Similarly,
proteins undergoing chemical denaturation will show a variance
of the barrier heights equal to σ 2 ¼ σ 2ΔG þ D2 σ 2m , where D is the
concentration of the denaturant and the kinetic m-value is the
disorder parameter. By replacing the correct expression for the
variance of the barrier heights into the generalized Arrhenius
mean rate equation (Eq. 5) and the survival probability
(Eq. 7) one can predict the kinetics of any type of barrier activated reaction in the presence of static disorder.

system. The force-clamp experiments at 170 pN and 190 pN were performed
with a high-speed S-303 piezo (Physik Instrumente, Germany), improving the
feedback response time up to 1–3 ms.
Data Analysis. All data were collected and analyzed using the custom software written in Igor Pro 6 (Wavemetrics). The survival probability is defined
as hSðtÞi ¼ 1 − ∫ t0 pðtÞdt, where pðtÞdt corresponds to the probability of
unfolding during the period of time between t and t þ dt. The survival
probability at each force is obtained from the associated probability density
histogram of unfolding times, pðtÞ. The integral in the fitting function (Eq. 7)
is evaluated by taking a sum of the integrand over the interval ½−6σ;6σ, with
the interval width of dr ¼ 0.001 pNnm. All the fitting procedures are performed by the Levenberg-Marquardt least-squares algorithm, implemented
in the Igor Pro 6 software package. The errors of kF and σ 2 are estimated by
the bootstrap method (40).

Simulations were performed in the NPT (isothermal-isobaric) ensemble.
The system was energy-minimized (steepest descent, 1,000 steps) before
equilibrating the solvent for 1 ns with positional restraints on heavy atoms
of ubiquitin. Simulations for 2-ns were performed to equilibrate the whole
system, and this was followed by 30-ns simulations to generate various initial
configurations for steered molecular dynamics simulations. The Cα -atoms of
the terminal residues of the substrate were moved away from each other in
the x-direction with a constant force of 400 kJ mol−1 nm−1 , 667 pN.

Steered Molecular Dynamics Simulations. The simulations were carried out
with the NAMD2 (for equilibrium) and Gromacs 4.0 (for SMD simulation)
simulation suites. The OPLSAA (optimized potentials in liquid simulations
all-atom) force field was applied. The complexes were solvated in a 6.0  6.0 
11.0 nm3 box of SPC/E [simple point charge (extended)] water molecules.

ACKNOWLEDGMENTS. We thank Lorna Dougan for fruitful discussions,
Carmen. L. Badilla for making the polyubiquitin construct, and Yalda Javadi
for careful reading of the manuscript. S.G-M. thanks the Fundación Caja
Madrid for financial support. This work was supported by European Science
Foundation EUROCORES (European Collaborative Research) Program FANAS
(Friction and Adhesion in Nanomechanical Systems) [CRPs (Collaborative
Research Projects), ACOF (Active Control of Friction) and AQUALUBE
(water-based lubricants)], Israel Science Foundation Grant 1109/09, and
DIP (German-Israeli Project Cooperation Program) (to M.U. and J.K.), National
Institutes of Health Grants HL66030 and HL61228 (to J.M.F), and a NIH Grant
GM443340 (to B.J.B). Most of our simulations were performed in the IBM Blue
Gene/L supercomputer located at Brookhaven National Laboratory.

1. Arrhenius S (1889) On the reaction rate of the inversion of non-refined sugar upon
souring. Z Phys Chem 4:226–248.
2. Bell GI (1978) Models for the specific adhesion of cells to cells. Science 200:618–627.
3. Li F, Redick SD, Erickson HP, Moy VT (2003) Force measurements of the alpha5beta1
integrin-fibronectin interaction. Biophys J 84:1252–1262.
4. Morfill J, et al. (2007) Affinity-matured recombinant antibody fragments analyzed by
single-molecule force spectroscopy. Biophys J 93:3583–3590.
5. Schlierf M, Li H, Fernandez JM (2004) The unfolding kinetics of ubiquitin captured with
single-molecule force-clamp techniques. Proc Natl Acad Sci USA 101:7299–7304.
6. Dougan L, Feng G, Lu H, Fernandez JM (2008) Solvent molecules bridge the mechanical
unfolding transition state of a protein. Proc Natl Acad Sci USA 105:3185–3190.
7. Wiita AP, Ainavarapu SR, Huang HH, Fernandez JM (2006) Force-dependent chemical
kinetics of disulfide bond reduction observed with single-molecule techniques.
Proc Natl Acad Sci USA 103:7222–7227.
8. Koti Ainavarapu SR, Wiita AP, Dougan L, Uggerud E, Fernandez JM (2008) Singlemolecule force spectroscopy measurements of bond elongation during a bimolecular
reaction. J Am Chem Soc 130:6479–6487.
9. Dudko OK, Filippov AE, Klafter J, Urbakh M (2003) Beyond the conventional
description of dynamic force spectroscopy of adhesion bonds. Proc Natl Acad Sci
USA 100:11378–11381.
10. Dudko OK, Hummer G, Szabo A (2006) Intrinsic rates and activation free energies from
single-molecule pulling experiments. Phys Rev Lett 96:108101.
11. Brujic J, Hermans RI, Walther KA, Fernandez JM (2006) Single-molecule force
spectroscopy reveals signatures of glassy dynamics in the energy landscape of ubiquitin. Nat Phys 2:282–286.
12. Garcia-Manyes S, Brujic J, Badilla CL, Fernandez JM (2007) Force-clamp spectroscopy
of single-protein monomers reveals the individual unfolding and folding pathways of
I27 and ubiquitin. Biophys J 93:2436–2446.
13. Austin RH, Beeson KW, Eisenstein L, Frauenfelder H, Gunsalus IC (1975) Dynamics of
ligand binding to myoglobin. Biochemistry 14:5355–5373.
14. Alberding N, et al. (1976) Dynamics of carbon-monoxide binding to protoheme.
J Chem Phys 65:4701–4711.
15. Alberding N, et al. (1978) Binding of carbon-monoxide to isolated hemoglobin chains.
Biochemistry 17:43–50.
16. Beece D, et al. (1980) Solvent viscosity and protein dynamics. Biochemistry
19:5147–5157.
17. Agmon N, Hopfield JJ (1983) Transient kinetics of chemical reactions with bounded
diffusion perpendicular to the reaction coordinate—intramolecular processes with
slow conformational changes. J Chem Phys 78:6947–6959.
18. Agmon N, Hopfield JJ (1983) Co-binding to heme-proteins—a model for barrier height
distributions and slow conformational changes. J Chem Phys 79:2042–2053.
19. Lu HP, Xun L, Xie XS (1998) Single-molecule enzymatic dynamics. Science
282:1877–1882.
20. Flomenbom O, et al. (2005) Stretched exponential decay and correlations in the
catalytic activity of fluctuating single lipase molecules. Proc Natl Acad Sci USA
102:2368–2372.
21. Xue QF, Yeung ES (1995) Differences in the chemical-reactivity of individual molecules
of an enzyme. Nature 373:681–683.
22. Yang H, et al. (2003) Protein conformational dynamics probed by single-molecule
electron transfer. Science 302:262–266.
23. English BP, et al. (2006) Ever-fluctuating single enzyme molecules: Michaelis-Menten
equation revisited. Nat Chem Biol 2:87–94.
24. Roeffaers MB, et al. (2007) Single-molecule fluorescence spectroscopy in (bio)catalysis.
Proc Natl Acad Sci USA 104:12603–12609.
25. Velonia K, et al. (2005) Single-enzyme kinetics of CALB-catalyzed hydrolysis. Angew
Chem Int Edit 44:560–564.

26. Rubinson KA (1992) Steady-state kinetics of solitary batrachotoxin-treated sodium
channels. Kinetics on a bounded continuum of polymer conformations. Biophys J
61:463–479.
27. Bezrukov SM, Winterhalter M (2000) Examining noise sources at the single-molecule
level: 1/f noise of an open maltoporin channel. Phys Rev Lett 85:202–205.
28. Frauenfelder H, Parak F, Young RD (1988) Conformational substates in proteins. Annu
Rev Biophys Biophys Chem 17:451–479.
29. Frauenfelder H, Sligar SG, Wolynes PG (1991) The energy landscapes and motions of
proteins. Science 254:1598–1603.
30. Onuchic JN, Socci ND, Luthey-Schulten Z, Wolynes PG (1996) Protein folding funnels:
The nature of the transition state ensemble. Fold Des 1:441–450.
31. Zwanzig R (1990) Rate-processes with dynamic disorder. Acc Chem Res 23:148–152.
32. Zwanzig R (1992) Dynamic disorder—passage through a fluctuating bottleneck.
J Chem Phys 97:3587–3589.
33. Lindorff-Larsen K, Best RB, Depristo MA, Dobson CM, Vendruscolo M (2005) Simultaneous determination of protein structure and dynamics. Nature 433:128–132.
34. Lange OF, et al. (2008) Recognition dynamics up to microseconds revealed from an
RDC-derived ubiquitin ensemble in solution. Science 320:1471–1475.
35. DeGroot MH, Schervish MJ (2002) Probability and Statistics (Addison-Wesley, Boston).
36. Marko JF, Siggia ED (1995) Stretching DNA. Macromolecules 28:8759–8770.
37. Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE (1997) Reversible unfolding of
individual titin immunoglobulin domains by AFM. Science 276:1109–1112.
38. Brujic J, Hermans RI, Garcia-Manyes S, Walther KA, Fernandez JM (2007) Dwell-time
distribution analysis of polyprotein unfolding using force-clamp spectroscopy. Biophys
J 92:2896–2903.
39. Marquardt DW (1963) An algorithm for least-squares estimation of nonlinear
parameters. J Soc Ind Appl Math 11:431–441.
40. Efron B (1982) The Jackknife, the Bootstrap, and Other Resampling Plans (SIAM,
Philadelphia).
41. Schuler B, Lipman EA, Eaton WA (2002) Probing the free-energy surface for protein
folding with single-molecule fluorescence spectroscopy. Nature 419:743–747.
42. Khorasanizadeh S, Peters ID, Butt TR, Roder H (1993) Folding and stability of a
tryptophan-containing mutant of ubiquitin. Biochemistry 32:7054–7063.
43. Socci ND, Onuchic JN, Wolynes PG (1999) Stretching lattice models of protein folding.
Proc Natl Acad Sci USA 96:2031–2035.
44. Carrion-Vazquez M, et al. (2003) The mechanical stability of ubiquitin is linkage
dependent. Nat Struct Biol 10:738–743.
45. Cao Y, Kuske R, Li H (2008) Direct observation of Markovian behavior of the mechanical unfolding of individual proteins. Biophys J 95:782–788.
46. Xie XS (2002) Single-molecule approach to dispersed kinetics and dynamic
disorder: Probing conformational fluctuation and enzymatic dynamics. J Chem Phys
117:11024–11032.
47. van Oijen AM, et al. (2003) Single-molecule kinetics of lambda exonuclease reveal base
dependence and dynamic disorder. Science 301:1235–1238.
48. Armstrong CM, Bezanilla F (1974) Charge movement associated with the opening and
closing of the activation gates of the Na channels. J Gen Physiol 63:533–552.
49. Hodgkin AL, Huxley AF (1952) A quantitative description of membrane current and its
application to conduction and excitation in nerve. J Physiol 117:500–544.
50. Fersht A (1999) Structure and Mechanism in Protein Science (Freeman, New York).
51. Fernandez JM, Li H (2004) Force-clamp spectroscopy monitors the folding trajectory of
a single protein. Science 303:1674–1678.
52. Oberhauser AF, Hansma PK, Carrion-Vazquez M, Fernandez JM (2001) Stepwise
unfolding of titin under force-clamp atomic force microscopy. Proc Natl Acad Sci
USA 98:468–472.

11340 ∣

www.pnas.org/cgi/doi/10.1073/pnas.1006517107

Kuo et al.

