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Force-clamp spectroscopy is a novel technique for studying mechanochemistry at the single-bond level. Single
disulfide bond reduction events are accurately detected as stepwise increases in the length of polyproteins that contain
disulfide bonds and that are stretched at a constant force with the cantilever of an atomic force microscope (AFM).
The kinetics of this reaction has been measured from single-exponential fits to ensemble averages of the reduction
events. However, exponential fits are notoriously ambiguous to use in cases of kinetic data showing multiple reaction
pathways. Here we introduce a dwell time analysis technique, of widespread use in the single ion channel field, that
we apply to the examination of the kinetics of reduction of disulfide bonds measured from single-molecule force-clamp
spectroscopy traces. In this technique, exponentially distributed dwell time data is plotted as a histogram with a
logarithmic time scale and a square root ordinate. The advantage of logarithmic histograms is that exponentially
distributed dwell times appear as well-defined peaks in the distribution, greatly enhancing our ability to detect multiple
kinetic pathways. We apply this technique to examine the distribution of dwell times of 4488 single disulfide bond
reduction events measured in the presence of two very different kinds of reducing agents: tris-(2-carboxyethyl)-
phosphine hydrochloride (TCEP) and the enzyme thioredoxin (TRX). A different clamping force is used for each
reducing agent to obtain distributions of dwell times on a similar time scale. In the case of TCEP, the logarithmic
histogram of dwell times showed a single peak, corresponding to a single reaction mechanism. By contrast, similar
experiments done with TRX showed two well-separated peaks, marking two distinct modes of chemical reduction
operating simultaneously. These experiments demonstrate that dwell time analysis techniques are a powerful approach
to studying chemical reactions at the single-molecule level.

Introduction

Mechanochemistry aims to explain the effects of external
mechanical force in activating the rupture of chemical bonds.1,2

Mechanochemical reactions in the bulk involve the simultaneous
failure of many bonds with intervention by the shear forces,
internal friction, defects and other complicated processes. Thus,
it remains challenging to relate rupture forces determined in
bulk materials to the processes occurring on the local scale.

With the advent of experimental techniques that can manipulate
single molecules using mechanical,3-5 electrical,6 chemical,7 and
hydrodynamic8,9force, the conformational changes in individual
molecules and their mechanical properties can be addressed with
subnanometer resolution. The rupture kinetics of individual bonds
can be monitored one atom at a time, and the number of reaction
pathways can be uniquely characterized by the ensemble of the
corresponding rate constants.

Disulfide bond reduction in proteins (i.e., the reversible
cleavage of a covalent bond formed between thiol (-SH) groups

of cysteine residues in the presence of reducing agents) is an
important aspect of biomechanochemistry.10,11Disulfide bonds
are critical for folding as well as the thermodynamic and
mechanical stability of many proteins.10,12-14 In the presence of
reducing agents, the rate of disulfide reduction can be conveniently
measured using single-molecule force-clamp spectroscopy.15,16

Force-clamp spectroscopy is a novel technique for studying
the conformational dynamics of single bonds during a chemical
reaction.16,17 A force-clamp trace measures the time evolution
of the end-to-end length of a molecule stretched by a constant
force between the AFM tip and the substrate. In particular, single
disulfide bond reduction events are accurately detected from the
force-clamp traces as stepwise increases in the length of a
polyprotein stretched in the presence of reducing agents.

In force-clamp studies of disulfide bond reduction, the reaction
rate constant has been obtained by fitting a single exponential
to the ensemble average of several force-clamp traces collected
at a given force.16Although providing a good first approximation
for the reaction rate as a function of force and reagent
concentration, a single-exponential fit presupposes only one
process in the system. Using single-exponential fits to the
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ensembleaverageof force-clamp traces,we foundasingle reaction
mechanism for a small-molecule reducing agent16 and two
separate reaction mechanisms for the disulfide reduction catalyzed
by the complex enzyme thioredoxin (TRX).18 However, density
functional theory calculations have shown the possible existence
of multiple transition states for disulfide bond reduction by a
simple thiol reducing agent.19 Given these findings, there could
be a multitude of transition states leading to different rates both
in the case of the small-molecule reducing agent and the enzyme.
Clearly, a method of fitting a single exponential to averaged
ensemble kinetic traces cannot discern these multiple reaction
mechanisms. How could these be identified? One option could
be to fit these averaged single-molecule recordings with a
multiexponential function, but fitting many exponentials usually
allows for some degree of ambiguity (i.e., a given set of
experimental data can always be better fitted with multiple
exponentials, but their physical meaning is not clear unless
additional criteria are applied).

Similar issues have been encountered in the widely used patch-
clamp studies of single ion channels, which typically record the
current flowing through a single channel as a function of an
applied, constant voltage. In these studies, the macroscopic
kinetics of channel opening and closing can be obtained by
creating an ensemble of single-channel recordings and fitting
these traces with a single- or multiple-exponential function.20To
avoid the potential pitfalls of exponential fitting, dwell time
histogram techniques, a more powerful method to measure
reaction kinetics, have also been used.20 For ion channels, these
histograms are constructed by measuring the duration of time
when the channel is in a given state, for example, in the “open”
or “closed” state. It has been shown that logarithmic histograms
of these dwell times can discriminate between various microscopic
rates.21,22Using logarithmic histograms with a square root ordinate
versus a logarithmic time axis, Sigworth and Sine showed that
the rate constants are unambiguously obtained in the case of a
large number of events (approximately several thousand) and
without invoking any further approximations.22

Here, we investigate the issues of complexity and multiple
reaction pathways in the context of single-molecule mecha-
nochemistry. We use single-molecule force-clamp AFM spec-
troscopy to probe in detail the kinetics of single disulfide bond
reduction in the protein (I27SS)8 under a calibrated pulling force.
We have obtained a large data set of single disulfide reduction
events under force (4488 events) using two different reducing
compounds: the phosphine-based small molecule TCEP (tris-
(2-carboxyethyl)phosphine) and the enzyme thioredoxin, which
are expected to differ in the complexity of their disulfide reduction
mechanisms. First, we use exponential fits to ensemble averaged
recordings together with a bootstrapping method to obtain the
reaction kinetics from our single-molecule force-clamp experi-
ments. Next, we use dwell time analysis and find that two reaction
pathways are present in the case of TRX but only a single process
is resolvable in the case of TCEP. We discuss the results in the
context of the available kinetic models and resolution of the used
techniques. Our results and analytical approaches advance the
potential use of force-clamp spectroscopy in resolving chemical
reactions under mechanical force.

Materials and Methods

Proteins and Chemicals.The expression and purification of the
protein (I27G32C-A75C)8, called here (I27SS)8, has been described
previously.16 Briefly, we used the QuikChange site-directed mu-
tagenesis method (Stratagene) to introduce Gly32Cys and Ala75Cys
mutations into the I27 module from human cardiac titin. We used
multiple rounds of successive cloning to create an N-C-linked,
eight-domain polyprotein gene, (I27G32C-A75C)8.23 This gene was
encoded in vector pQE30 and expressed inE. coli strain BL21-
(DE3). Pelleted cells were lysed by sonication, and the His6-tagged
protein was purified using first an immobilized Talon-Co2+ column
(Clontech) and next by gel filtration on a Supderdex 200 column
(GE Healthcare). The purified protein was verified by SDS-PAGE
and stored at 4°C in a buffer of 10 mM HEPES, 150 mM NaCl,
1 mM EDTA, and 0.02% NaN3 (w/v) at pH 7.2.

Wild-type TRX was expressed and purified as has been described
by Perez-Jimenez et al.24 Briefly, theE. coli TRX gene, encoded in
plasmid pTK100, was expressed inE. colistrain JF521. Cell pellets
were lysed using a French press and stirred with streptomycin sulfate
(10% w/v) at 4°C overnight. The filtered supernatant was then
loaded onto a 2-L Sephacryl S-100 high-resolution (GE Healthcare)
gel filtration column. TRX fractions were pooled and applied to a
250 mL Fractogel EMD DEAE(M) (Merck) ion exchange column
equilibrated in 1 mM EDTA and 30 mM TRIZMA buffer at pH 8.3.
The protein was eluted by a linear gradient between 0 and 0.5 M
NaCl. SDS-PAGE gel densitometry confirmed the proteins’ purity.
The molecular weight of pure proteins was confirmed by mass
spectrometry. TRX fractions were dialyzed into a buffer of 10 mM
HEPES, 150 mM NaCl, and 1 mM EDTA at pH 7.2. The TRX
concentration was determined spectrophotometrically at 280 nm
using an extinction coefficientε280 of 13 700.

TCEP‚HCl powder was purchased from Sigma and used without
further purification, and a 2.5 mM solution of TCEP was prepared
in the PBS buffer and titrated with 1 M NaOH to pH 7.2. For
experiments with thioredoxin, we used a buffer containing 12µM
TRX, 10 mM HEPES buffer, 150 mM NaCl, 1 mM EDTA, 2 mM
NADPH, and 50 nM of thioredoxin reductase fromE. coli(purchased
from Sigma), titrated with 1 M NaOH to pH 7.2. Excess NADPH
and a catalytic amount of thioredoxin reductase are both necessary
to maintain∼98% of TRX in the active, reduced form during the
experiment.25

Force-Clamp AFM Spectroscopy.Our custom-built AFM setup
uses a modified AFM head from Multimode AFM (Veeco), an
external laser source (SK9733C, Schaefer, Germany), a PicoCube
XYZ scanner (P363.3-CD, Physik Instrumente, Germany), and
custom electronics equipped with a standard analog proportional,
integral, and differential feedback circuits. Data acquisition and data
analysis routines have been developed under Igor Pro 5.0 (Wave-
metrics). The raw data is filtered with a 200 Hz low-pass filter to
distinguish between unfolding and reduction events easily. We use
commercial V-shaped silicon nitride AFM cantilevers (MLCT-Au,
type C, from Veeco), with their normal elastic spring constantskN

calibrated in liquid, prior to each experiment, by a thermal method.26

The mean value ofkN, averaged over 52 cantilevers reported in this
study (17 experiments for TCEP and 35 experiments for TRX), is
15.2 ( 3.9 pN/nm (standard deviation). We use a standard DI
MultiMode quartz liquid cell with a silicon O-ring around it to reduce
thermal drifts and to keep the concentration of reducing agents
constant throughout each experiment. Gold-coated standard micro-
scope cover slides (Fisher Scientific) are used as a substrate. We use
only between 5 and 8µL of a protein solution for each AFM
experiment. This keeps the probability of picking a single protein
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low (roughly 1% of the trials) but increases the chances of picking
only one molecule at a time.

On the basis of trial experiments, our choice of forces and clamp
times meets the following criteria: (i) to unfold a protein quickly
but still be able to resolve its unfolding steps, (ii) to provide a minimum
lag time between unfolding and first reduction, and (iii) to clamp
(I27SS)8 long enough to collect very slow reduction events and not
to skew the statistics by storing only the fast traces. Any significant
changes in the protein end-to-end length occur only after the molecule
has been picked up from the surface and elastically stretched over
a distance of tens of nanometers. Thus, the kinetics of disulfide
reduction should depend neither on the water structure at the surface27

nor on the elastoadhesive properties of the contacting asperities
among the AFM tip, the protein, and the substrate.28 We have never
observed-S-S- cleavage in the absence of reducing agents.16

This result is expected given the results of Grandbois et al.,29 where
it has been shown that forces greater than 1 nN are required to
rupture a covalent bond and the contact between the tip/protein/
substrate typically breaks below 1 nN.15

Our AFM is mechanically isolated by the standard pneumatic
table and an active mechanical damping system (Minus K from
NanoK). Thus, the drift in the force-clamp data comes chiefly from
thermal gradients within a cantilever, in a solution, and in a
piezotransducer. To minimize drift, we typically wait for at least
20-30 min before starting data collection and readjust the AFM
feedback if needed.

Data Analysis. We use the standard statistical Pearson test to
assess the goodness of fitting a given trend to the experimental data
set. This test is based on calculating theø2 value,ø2 ) Σi((yi -
f(xi))/σ)2, whereΣi is the sum over the fitted data points,yi is the
experimental value at theith point (e.g., the value of a histogram
at theith bin), f(xi) is the value of a fitted function at theith point
(e.g., the probability density function in the case of a histogram),
andσ is the standard deviation of a fit. To differentiate unambiguously
between different models, the reducedøred

2, øred
2 ) ø2/(N - c), is

often reported, whereN is the number of fitted data points,c is the
number of constraints, and the value oføred

2 < 1 signifies a good
fit.

In the dwell time analysis, the rate constants for the disulfide
reduction are obtained from the linear and logarithmic histograms
of the dwell times through the fits of a functional form of the
histogram’s ordinate. The ordinateyof the linear histogram is number
of eventsni in each bin: y ) ni ) Nδt f(x), whereN is the total
number of events,δt the bin size, andf(t) is the probability density
function. In the case of a multiple exponential series, the value of
f(t) is f(t) ) Σi ai exp(-tki + δt/2), wheret is the time,ai is the
normalized fraction ofN, andΣi is the sum over all of the wanted
rate constantski. The ordinate of the logarithmic histograms used
here is the square root of the number of events:y ) ni

1/2 )
(Nδxg(x))1/2.22 The corresponding probability density function is
g(x) ) Σi ai exp(x + ln(ki) + δx/2 + exp(x + ln(ki) + δx/2)), where
x ) ln(t) is the logarithmic abscissa andδx is the bin size (constant
on the log scale).

In the dwell time analysis, a small bin size improves the detection
of the rate constants, but bins that are too narrow are unphysical
because the number of events within them is too small. To determine
a proper bin size, we use aø2 test while fitting the histogram’s
ordinate. In our procedure, the bin size gradually increases from an
arbitrarily small value until the value ofø2 decreases to the vicinity
of its global minimum. In linear histograms,σ is the square root of
the ordinate. In logarithmic histograms,σ ) 0.5 for each bin.22 In
the case of linear histograms, a bin size of 0.3 s has been chosen.
In the case of the logarithmic histograms, a uniformδxvalue of 0.34
for both TCEP and TRX has been set.

Our bootstrapping method takes the longest trace (36 s) as a time
reference and extends all shorter force-clamp traces to this time
using a constant-length value identical to that just before detachment.
This method assumes, according to our experimental criteria, that
no reduction events occur in the extended portion of the traces.

Experimental Results

Identifying Disulfide Reduction Events.In the force-clamp mode
(Figure 1), the AFM tip taps and rasters the substrate’s surface in
an attempt to pick up single molecules of the octameric polyprotein
(I27SS)8 (Figure 1b). During each trial, the following experimental
protocol is repeated. Initial tip-sample contact is maintained by
standard AFM feedback for 1 s with a static setpoint force of 1 nN.
Next, the setpoint force is reduced to 100 pN and maintained for
100 ms. If a polyprotein (or a portion of it) gets trapped between
the tip and the sample, then this point arbitrarily defines its zero
extended end-to-end length on the force-clamp trace (Figure 2b).
The (I27SS)8, where each domain contains a sequestered disulfide
bond, is then pulled at 190 pN for 0.2 s in order to partially unfold
this protein and expose the buried disulfide bonds to the bathing
solution with the reducing agent (Figure 2a). Next, a force of 180
pN (in the case of TCEP) or 100 pN (in the case of TRX) clamps
(I27SS)8 for an additional 36 s. We chose these two clamping forces
to result in similar overall rates for each type of reducing agent,
facilitating comparison between the two agents on similar time scales.
The particular force values were chosen on the basis of our previous
results on TRX,18 previous experiments with TCEP,30 and trial
experiments.

We have used two disulfide bond reducing agents: TCEP, a simple
chemical reducing agent (Figure 1c), and thioredoxin from the bacteria
E. coli (Figure 1d). TCEP is a phosphine-based nucleophile, and
when compared to common sulfur-based reducing agents such as
dithiothreitol (DTT), it is less toxic and more stable at room
temperature.31 TRX is a globular enzyme found in all living
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Figure 1. Experimental setup. (A) In the AFM force spectroscopy
setup, the silicon nitrade cantilever picks up, extends, and keeps
under a constant force a single polyprotein. (B) One module of
(I27SS)8 is an octamer polyprotein composed of the I27 domain of
cardiac titin with one disulfide bond formed between residues 32
and 75 (yellow spheres). The residues in green are mechanically
“trapped” behind the disulfide bond, whereas the residues in red will
be exposed to a pulling force applied to the protein N and C termini.
In our experiments, the disulfide bonds in (I27SS)8 are reduced one
at a time. To accomplish disulfide reduction, we use the following
reducing agents: (C) a phosphine-based nucleophile, tris-(2-
carboxyethyl)phosphine hydrochloride (TCEP), and (D) a biological
enzyme, thioredoxin (TRX), containing catalytic cysteines (yellow)
to reduce disulfide bonds via their thiol groups (yellow spheres).
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organisms. TRX plays a critical role in disulfide bond reduction,
maintenance of redox homeostasis, anti-apoptotic activity, and
signaling.25,32

The unfolding of each module up to the disulfide bond, at 190
pN, yields 10.7( 1.1 nm steps in the end-to-end length of the
protein. Correspondingly, each reduction event yields 14.1( 1.4
nm steps at 180 pN and 13.1( 1.3 nm steps at 100 pN. This fingerprint
allows the reduction events and the initial partial unfolding events
to be easily recognized and distinguished from one another and from
any other spurious events. We also discard the traces with an
occasional unfolding step intercalating the pattern of reduction steps
because our aim here is to study the kinetics of disulfide reduction
and not the kinetics of unfolding.

Ensemble Kinetic Analyses of Disulfide Reduction.The kinetics
of the single-molecule disulfide bond reduction events is illustrated
in Figure 2b, which presents a typical force-clamp trace obtained
in the presence of TCEP. Rate constants can be obtained from an
average of several force-clamp traces by fitting exponentials.16 This
type of summation and fitting has been used extensively in the ion
channel literature,33,34so it is a good starting point for our analysis.

To obtain the averaged force-clamp trace, we sum and normalize
the total collected set (master set) of 425 force-clamp traces for
TCEP or 726 force-clamp traces for TRX. The end-to-end protein
length is normalized to the total number of reduction events (i.e.,
1513 events for TCEP and 2975 for TRX). After examining several
force-clamp traces, we have found the onset time for each reduction
step within∼1 ms, even though sampling gives us a time resolution
as high as 200µs. Thus, we interpolate the time axis with equally
spaced (1 ms) data points. To obtain the reduction rate constants we
fit the averaged trace with (a) single- and (b) double-exponential
functions as illustrated in Figure 3. We present the resulting rate
constants and their amplitudes in Table 1 (for TCEP) and in Table
2 (for TRX) under the heading “ensemble average”.

The results of the averaged ensemble of force-clamp recordings
show that in the case of TRX the fit residuals improve significantly
in a double-exponential model when compared to the single-
exponential fit (Figure 3d). However, the improvement is much less
prominent in the case of TCEP (Figure 3b). A similar trend is observed
for theøred

2 (reducedø2) values (Tables 1 and 2), which represent
the overall fit quality as described in detail in Materials and Methods.
The errors in the obtained rate constants and their amplitudes are
small, which seems to be mostly due to the large number of data
points even after the time interpolation procedure.

To estimate the standard errors in the measured rate constants,
we use the bootstrapping method.35 In our bootstrapping analysis,
a random subset of force-clamp traces is drawn with replacement
from the master data set of 425 force-clamp traces for TCEP or 726
force-clamp traces for TRX. This random subset contains the same
total number of traces as the original data set, but some traces may
be included multiple times and others are not included at all. Each
subset is averaged and fit by a single- or double-exponential function.
This procedure is repeated 2000 times, generating 2000 subsets and
a corresponding number of rate constants from the exponential fit
functions. These rate constants occur with varying frequency, and
their distributions for the double-exponential fits are plotted in Figure
4. The mean values of the rate constant distributions for both the
single- and double-exponential fits are shown in Tables 1 and 2
under “bootstrapping”. The standard deviation for each rate constant
distribution is equal to the standard error of the mean for the master
set of force-clamp recordings.35

In Figure 4, the peak at a higher rate for TCEP (i.e., 1.05 s-1) is
much more spread out than other peaks, indicating that this rate is
not as well defined as in the case of TRX. Similar to the ensemble-
averaged analyses, the results of bootstrapping suggest that a single-
exponential fit works well in the case of TCEP and a double-
exponential fit works better in the case of TRX. However, it would
seem desirable to compare these results with a different method of
finding the reaction kinetics from the force-clamp experiments.
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(34) Aldrich, R. W.; Corey, D. P.; Stevens, C. F.Nature1983, 306, 436-441.
(35) Efron, B.The Jackknife, the Bootstrap, and Other Resampling Plans;

SIAM: Philadelphia, PA, 1982.

Figure 2. Identifying single disulfide reduction events in force-
clamp spectroscopy. (A) Under a stretching force, each module of
(I27SS)8 (shown in Figure 1) partially unfolds up to the mechanically
strong disulfide bond. This bond is buried in the folded protein and
is not exposed to the solution until mechanical unfolding occurs. If
a reducing agent is present in solution, then the disulfide bond can
be reduced, and the “trapped” residues will be rapidly extended. (B)
A sample force-clamp trace (obtained in the presence of 2.5 mM
TCEP) measures the (I27SS)8end-to-end extended length as a function
of time. During the first 200 ms at a pulling force of 190 pN, the
protein first extends elastically, and then many modules unfold up
to the disulfide bond. Five unfolding steps, each resulting in a length
increase of∼11 nm, are clearly resolvable (inset). After exposing
the disulfide bond to the solvent, the reduction of single disulfide
bonds can be recorded as a function of time at 180 pN (the trace
with six∼14 nm steps). By analogy to single ion channel recordings,
the times at which single disulfide reduction events occur following
the unfolding pulse are called dwell times, and these dwell times
are indicated by t1...t6. A few further examples of the force-clamp
trace recordings showing only the portion of the trace following
unfolding and containing the disulfide reduction are presented in
part C for 2.5 mM TCEP with a clamping force of 180 pN and in
D for 12 µM TRX with a clamping force of 100 pN.
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Dwell Time Analysis of Disulfide Reduction.Dwell time analysis
has been widely used in the ion channel community to investigate
reaction kinetics from single ion channel recordings. By analogy,
we define the dwell time as the time duration until a given reduction
event occurs, counting from the time when the given disulfide bond

has been exposed to the reducing agent. Here, the zero time is set
at the end of the initial 200 ms allotted for (I27SS)8 unfolding, and
the dwell times are measured as the difference between the zero time
and the times taken at the onset of the reduction steps (Figure 2).
We have extracted the dwell times from the force-clamp traces by

Figure 3. Exponential fits to the ensemble average of force-clamp recordings. (A) 425 AFM force-clamp traces for TCEP and (B) 726 AFM
force-clamp traces for TRX are summed and normalized to the cumulative number of reduction events. The resulting traces are equivalent
to a probability distribution function for reduction and are fitted with both a single and a double exponential to obtain the ensemble reduction
kinetics. The normalized residuals of these fits are presented in part C for TCEP and in part D for TRX. The fit parameters are presented
in Table 1 (for TCEP) and Table 2 (for TRX).

Table 1. Results of Statistical Analyses for TCEP

TCEP
ensemble
average bootstrapping

linear
histograms

logarithmic
histograms

single-exponential rate constant (s-1) 0.47( 0.02 0.44( 0.02 0.47( 0.02 0.45( 0.02
øred

2 0.3a 0.7a 0.9a

double exponential
rate constant1 (s-1) 0.39( 0.01 0.37( 0.03 0.40( 0.10 0.38( 0.03
amplitude1 (events) [% of total] 1252.8( 12.6

[83% ]
40.72( 5.93
[75%]

120.8( 84.6
[55%]

1118.4( 203
[74%]

rate constant2 (s-1) 1.51( 0.16 1.21( 0.53 0.94( 0.54 1.00( 0.32
amplitude2 (events) [% of total] 263.2( 11.3

[17%]
13.50( 5.79
[25%]

98.7( 81.3
[45%]

394.6( 203
[26%]

øred
2 0.1 0.5 0.6

a Increased exponential does not improve the fit.

Table 2. Results of Statistical Analyses for TRX

TRX
ensemble
average bootstrapping

linear
histograms

logarithmic
histograms

single-exponential rate constant (s-1) 0.84( 0.01 0.73( 0.03 0.88( 0.02 0.74( 0.08
øred

2 1.1 1.9 14
double exponential
rate constant1 (s-1) 0.21( 0.01 0.19( 0.03 0.30( 0.06 0.16( 0.01
amplitude1 (events) [% of total] 533.1( 5.8

[18%]
0.17( 0.03

[17%]
45.4( 19.6
[7%]

537.4( 43.4
[18%]

rate constant2 (s-1) 1.13( 0.01 1.09( 0.05 1.12( 0.06 1.08( 0.03
amplitude2 (events) [% of total] 2436.7( 5.9

[82%]
0.83( 0.03

[83%]
654.2( 23.8
[93%]

2437.6( 43.4
[82%]

øred
2 0.1a 0.7a 0.8a

a Increased exponential does not improve the fit.
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means of a step detection algorithm (Supporting Information). As
mentioned before, the uncertainty in detecting the onset of each
reduction step is 1 ms, and this value also sets the minimum detectable
dwell time. To obtain information about the kinetics of disulfide
reduction, the dwell times are displayed in the form of a histogram.
Each dwell time produces an event in the histogram.

In Figure 5, we plot the linear histograms of the dwell times for
all 1513 events collected for TCEP and 2975 events collected for
TRX. The optimal bin size for these histograms has been determined
on the basis of aø2 analysis as explained in Materials and Methods.
Visually, the linear histograms do not offer much information about
the underlying kinetic processes for each reducing agent. For TRX,
it is apparent that a few events are scattered at longer times (>10
s) but the majority of events cluster below 1 s for both TCEP and
TRX.

The rate constants for the disulfide reduction are typically obtained
from the probability density functions fitted to a given histogram.
We have fitted (a) a single-exponential and (b) a double-exponential
form of the probability density function to these histograms and
have calculatedøred

2 as explained in detail in Materials and Methods.
Errors in the rate constants result from the fit error. We report the
obtained results in Table 1 for TCEP and in Table 2 for TRX under
the column heading “linear histograms”. On the basis of the common
criterion in the statistical Pearson test, whereøred

2 < 1 signifies a
good fit, we deduce that a single-exponential fit does well in the case
of TCEP and a double-exponential fit does well in the case of TRX
but the single- and double-exponential fits do not differ much in
these histograms.

The exponential fits to ensemble-averaged data, bootstrapping,
and the linear histograms of dwell times do not visually distinguish
between the kinetics of several different processes. In the ion channel
community, these problems have been addressed by utilizing a type

of logarithmic histograms displaying the square root of events versus
the logarithm of the dwell times (see Materials and Methods for
details).22 These logarithmic histograms have several advantages:
(i) each rate constant gives a peak in the histogram; (ii) any change
in the rate constant produces only a horizontal shift of the histogram
rather than a change of scale; and finally (iii) assuming Poisson
statistics, the errors are evenly distributed for each bin.

Figure 6 shows the logarithmic histograms in the cases of TCEP
(Figure 6a) and TRX (Figure 6b). The bin sizes of these histograms
have been chosen in the iterative procedure described in Materials
and Methods. These histograms show single-exponential kinetics
for TCEP and double-exponential kinetics for TRX. In the case of
TCEP, we obtain a rate constant of 0.45( 0.01 s-1. In the case of
TRX, we obtain two rate constants of 1.08( 0.03 and 0.16( 0.01
s-1, with their amplitude ratio of 4.54( 0.41 for TRX. The dwell
time analysis using logarithmic histograms clearly seems to be
appropriate for displaying the kinetics of the single-molecule disulfide
bond reductions obtained by force-clamp spectroscopy. The various
processes are well represented, and their relative amplitude ratio can
be easily calculated. These results provide further evidence for the
different chemistry occurring in disulfide reduction by a small
molecule and that catalyzed by an enzyme. The implications of
these findings are discussed below.

Discussion

Comparisons between the Analysis Results for Disulfide
Reduction. In the ensemble kinetics analyses both for TCEP
and TRX, we have noticed that an increased number of
exponentials fit the experimental data better. It is therefore
imperative to incorporate additional criteria to distinguish when
more exponentials are justified. The goodness of these fits can
be quantified by calculating the rate integrals. Theith component
of the rate integral is given byIi ) ∫ dt Ai exp(-kit) ) Ai/ki,
whereAi is the amplitude of theith componentIi, ki is its rate
constant, andt is the time. In the case of TCEP, the contribution
of the predominant rate integral at 0.39 s-1 is ∼95% for the

Figure 4. Bootstrapping. In this method, a set of 425 traces for
TCEP and 726 AFM traces for TRX is randomly chosen with
replacement and averaged from their respective master data sets of
the same size. Each set of randomly chosen traces is fitted by a
double-exponential function (similar to Figure 3), and the procedure
is repeated 2000 times, resulting in a distribution of the fitted rate
constants. In part A, the results of the double-exponential fit for
TCEP are presented. There are 2000 fits for each rate so that the
area under each peak is the same. The mean values along with their
standard error are shown in the Table 1. One can see that the second
component at 1.05 s-1 is blurred, indicating that TCEP has only one
well-defined reaction mechanism. Part B presents a similar analysis
for TRX. The two peaks are now sharp and well-defined. Their
mean values and standard deviations are shown in Table 2.

Figure 5. Linear histograms of dwell times. (A) The dwell times
are gathered in the linear histograms in the case of TCEP and (B)
in the case of TRX. The histograms are fitted with single- and double-
exponential functions, and the results are presented in Table 1 (for
TCEP) and Table 2 (for TRX).
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ensemble-averaging approach (whereas its corresponding nor-
malized amplitude is 83%; Table 1). Using typical criteria, any
component contributing less than 10% is usually ignored,36

indicating that a single-exponential fit suffices to fit the TCEP
data. For TRX, however, this same analysis shows that the use
of two exponentials is justified, with the two components having
rate integral contributions of 54% (0.21 s-1) and 46% (1.13 s-1).
In Figure 4a, the bootstrapping analysis also shows that a possible
additional, higher rate for TCEP is distributed over a wide range
(0.5-2 s-1) and does not lead to a well-defined rate. This is in
contrast to the sharp peaks observed for two separate rates in the
TRX bootstrap analysis (Figure 4b). Furthermore, as mentioned
above, the improvement inøred

2 is minimal in the case of TCEP
with the addition of a second exponential, but in the case of
TRX, a second exponential markedly improves the fit (Tables
1 and 2). Surely, the logarithmic histograms of the dwell times
provide the clearest and most direct method of visualizing the
reaction ratessthe peaks in the logarithmic histograms correspond
to the rate constants of the underlying kinetic processessand no
second peak is observed for TCEP.

We acknowledge that other, more complicated models could
be incorporated into the analysis of rate constants. In particular,
the continuous distribution of rates described by either normal,
Lorentzian, or log-normal distribution functions could potentially

be applied.37 In addition, the Kohlrausch stretched-exponential
decay model is often used for non-single-exponential decay
curves, and in the context of protein folding, power laws have
recently been suggested.38-41 However, our experimental data
seem to be well described by discrete exponential models,
indicating no need for a more sophisticated analysis.

For each (I27SS)8 molecule, there might be as many as eight
reduction events. All of the presented methods of kinetic analysis
assume that these single reduction events are independent from
one another (i.e., the kinetics is Markovian). Similarly as in the
paper by Brujic et al.,42this assumption is verified (in Supporting
Information) by two methods: (i) Monte Carlo simulations of
the force-clamp traces and (ii) the ensemble kinetics fits to the
two subsets of experimental data, with only two and with only
seven reduction events per trace.

Are There Multiple Reaction Mechanisms for TCEP?The
results of exponential fits to averaged data as well as the
bootstrapping method indicate that there could be two reaction
mechanisms for TCEP, with a small proportion of the reaction
that proceeds through an alternate mechanism with a higher rate.
The logarithmic histograms, however, show no visual evidence
of such a second mechanism. Thus, it remains an open question
as to whether multiple reaction pathways exist in the case of
TCEP.

It has been proposed that TCEP reduces disulfide bonds via
a bimolecular nucleophilic substitution (SN2) mechanism.31 In
this reaction, a phosphorus atom with a lone electron pair attacks
one of the sulfur atoms in the disulfide bond, and a single transition
complex is formed. This transition-state complex with elongated
-P-S-S- bonds then converts to a quickly hydrolyzing
phosphonium ion. In an uncomplicated SN2 reaction, one would
expect well-defined single-exponential kinetics in the time course
of the average force-clamp trace. Furthermore, in such a two-
state reaction with a single transition state, the dwell times in the
linear histogram should be exponentially distributed as well as
exhibit a single peak in the logarithmic histogram.

However, there might be more, but much less probable,
processes occurring in disulfide bond reduction by simple
chemical reducing agents such as TCEP.19In the case of multiple
reaction mechanisms, each transition state leads to a different
single-molecule reaction rate. Under what circumstances would
any other transition state become distinguishable in the force-
clamp experiments?

Sine et al.,22Carter et al.,43and Wachtel et al.44have approached
the problem of resolving different transition states. Taking into
account double-exponential kinetics with two mean ratesr and
r′ of equal amplitude, they could still resolve only cases withr/r′
> 2.5. Furthermore, their fitting errors have improved by only
a factor of 3 with a 10-fold increase of the number of events,
and the percentage of errors has increased hyperbolically once
the amplitudes ofr andr′ started to be uneven or more distributions
have been taken into account. Thus, even in the most extreme
case with double-exponential kinetics and the same amplitude
of r andr′, the minimumr/r′ that could probably be resolved in
our experiment is∼2.5, which is on the order of the mathematical

(36) Chithambo, M. L.J. Phys. D: Appl. Phys.2007, 40, 1874-1879.

(37) van Driel, A. F.; Nikolaev, I. S.; Vergeer, P.; Lodahl, P.; Vanmaekelbergh,
D.; Vos, W. L. Phys. ReV. B 2007, 75, 035329.

(38) Kohlrausch, K. W. F.Ann. Phys.1854, 91, 179.
(39) Wlodarczyk, J.; Kierdaszuk, B.Biophys. J.2003, 85, 589-598.
(40) Cieplak, M.; Hoang, T. X.; Li, M. S.Phys. ReV. Lett.1999, 83, 1684-

1687.
(41) Brujic, J.; Hermans, R. I.; Walther, K. A.; Fernandez, J. M.Nature Phys.

2006, 2, 282-286.
(42) Brujic, J.; Hermans, R. I. Z.; Garcia-Manyes, S.; Walther, K. A.; Fernandez,

J. M. Biophys. J.2007, 92, 2896-2903.
(43) Carter, A. A.; Oswald, R. E.J. Neurosci. Methods1995, 60, 69-78.
(44) Wachtel, R. E.J. Neurosci. Methods1988, 25, 121-128.

Figure 6. Logarithmic histograms of dwell times. (A) For TCEP
and (B) for TRX, the square root ordinate of the number of dwell
times (events) are displayed as a function of the logarithm of the
dwell times. (See Materials and Methods for details.) In the case of
TCEP, we obtain a single rate constant of 0.45( 0.01 s-1. In the
case of TRX, we obtain two rate constants of 1.08( 0.03 and 0.16
( 0.01 s-1, with an amplitude ratio of 4.54( 0.41 (dashed lines
for each exponential process, solid line for the total fit). In the insets,
we present howø2 analysis was used to choose the optimal bin size
for these histograms. The histograms with varying bin sizes were
fitted by their probability density functions until the calculatedø2

for a given fit decreased to its first minimum (Materials and Methods).
This analysis resulted in very similar bin sizes for both TCEP and
TRX, allowing for easy comparison between the two reducing agents.
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constant e (∼2.7). In the case of unequal amplitudes ofr andr′,
which is likely to occur experimentally, the resolvabler/r′ ratio
is even higher.

The simple, yet widely used, Bell model can describe the
effect of force on the mean rater of a bimolecular chemical
reaction.16,45 It reads

In eq 1, [red] is the concentration of the reducing agent,Ea

is the activation energy barrier,F is the force, and∆x is the
distance to the transition state (in the sense of the reaction
coordinate). Thus, for any two different transition states with
corresponding mean ratesr and r′, the ratior/r′ yields

where∆Ea is the difference in activation energies between the
two transition states and∆∆x is the difference in the corresponding
∆x. Ainavarapu et al.30 has estimated that for TCEP,Ea ) 58.3
( 0.05 kJ/mol and∆x ) 0.46( 0.03 Å. At F ) 180 pN,F∆x
is only about 10% ofEa, andF∆∆xshould be even a significantly
lower fraction ofEa so that (∆Ea - F∆∆x) ≈ ∆Ea.

On the basis of the aforementioned discussion, the resolvable
ratio r/r′ ≈ 2.5 ≈ exp(1), and on the basis of eq 2,r/r′ ) exp-
[(∆Ea - F∆∆x)/kBT] ≈ exp[(∆Ea)/kBT]. Thus, the detectable
∆Ea is on the order ofkBT, and this value is only about 1/20th
of the estimatedEa for TCEP. This conclusion is important in
light of the theoretical findings of Fernandes and Ramos.19 In
their studies of disulfide bond reduction by a simple monothiol
molecule, they found that the most likely reaction mechanism
involved an uncomplicated bimolecular nucleophilic substitution
(SN2). However, they also studied the energetics of alternate
transition states for disulfide reduction, including both different
protonation states of the attacking sulfur as well as varying
numbers of solvent molecules. They found that these other
transition states typically required activation energies on the order
of (10-30)kBT higher than for the uncomplicated SN2 transition
state. If these alternate reaction mechanisms play a major role
in the reduction of disulfide bonds by TCEP, then we would
expect to resolve them even if the amplitudes ofr andr′ for the
two mechanisms are not equal. Thus, our results using the
logarithmic histogram support the likelihood of only one
predominant reaction mechanism for TCEP. We note, however,
that we have thoroughly explored only one combination of a
clamping force (180 pN) and TCEP concentration (2.5 mM). We
cannot entirely exclude the possibility that under a different set
of conditions multiple reaction mechanisms may appear. We
also cannot conclusively exclude a narrow distribution of
transition states until we build a much larger (10-100-fold larger)
data set, but to our knowledge, this type of distribution has not
yet been predicted by any theoretical or experimental findings.

Logarithmic Histogram Displays Two Reaction Mecha-
nisms for TRX. In this study, the rates of disulfide reduction
by TRX have been obtained by fitting a single and double
exponential to the averaged ensemble of force-clamp traces, the
bootstrapping method, and dwell time analysis. All of these
methods point toward a double-exponential model describing
the reduction kinetics. This double-exponential fit is most easily
observed in the logarithmic histograms of the dwell times.

These results confirm and expand upon the conclusions reached
by Wiita et al.18 in their recent study of force-dependent catalytic
mechanisms of TRX, where forces in the range of 25-250 pN
decreased TRX activity and forces from 250 to 600 pN increased
the rate of disulfide reduction. These results were explained by
a three-state kinetic model that predicted two separate transition
states for the chemical reduction of disulfide bonds by TRX. The
primary mode of catalysis requires binding the substrate to the
enzyme and a reorientation of the substrate disulfide bond prior
to nucleophilic attack by the catalytic cysteine of TRX. The
secondary catalytic mechanism does not require this binding and
reorientation. Its exact origin is not yet clear, but it appears to
involve disulfide bond lengthening in the transition state of the
chemical reaction.

In the studies by Wiita et al.,18 the rates of reduction at each
force were obtained by fitting single exponentials to averaged
force-clamprecordings.Thus,whereas theproposal for twokinetic
pathways for TRX was developed from force-clamp data, this
applied kinetic model could not be verified because it was not
possible to resolve two reaction mechanisms at a given force
simultaneously. Wiita et al. could only attempt to isolate the
different reaction mechanisms by clamping (I27SS)8 at either
very high or low forces, where one mechanism predominates
and the other is minimized. However, this method is imperfect
because at every force there is always some contribution of the
other reaction mechanism that is not accounted for in the single-
exponential fit.

The current analytical methods, especially through the use of
logarithmic histograms, can now resolve the two reaction
mechanisms at a given force, an important improvement over
previous methods of analysis. Such logarithmic histograms have
another significant advantage in that they do not rely upon the
potentially imprecise fitting of single exponentials to the averaged
experimental data in order to obtain the mean reduction rate.
Figure 6 and Table 2 also show that the use of logarithmic
histograms identifies this ratio of amplitudes between the two
reactions as 4.34( 0.41. An earlier analysis of the three-state
kinetic model predicted that the ratio of amplitudes between the
primary and secondary reaction mechanisms should be∼4 at
100 pN.18 Although these two results are quite similar, the
logarithmic histograms allow for the direct visualization of the
ratio of amplitudes from the experimental data and do not rely
on predictions of a complex kinetic model.

In Wiita et al.,18 the Bell model (eq 1) was used to relate the
force-dependent kineticsofagivenprocess to thephysical distance
required to reach the transition state (∆x). This∆x term can be
used to resolve dynamic, sub-angstrom conformational changes
that occur during enzymatic catalysis. However, to determine
the value of∆x, the force-dependent kinetics of a given process
must be measured as accurately as possible. Ideally, to obtain
the most accurate force dependency of TRX reduction kinetics,
logarithmic histograms of dwell times, such as that shown here
at 100 pN, should be plotted over a wide range of forces. In this
way, the rate of each mechanistic component and the relative
amplitudes can be easily tracked and assessed as a function of
force, offering the most insight into enzymatic conformational
dynamics.

Conclusions and Perspectives

This article has provided an analysis of disulfide bond reduction
kinetics at the single-molecule level. An extensive pool of data
comprising thousands of single reduction events is recorded by
force-clamp spectroscopy and analyzed using two separate
approaches: (i) ensemble averaging of force-clamp recordings(45) Bell, G. I.Science1978, 200, 618-627.

r ) [red] exp[-Ea + F∆x

kBT ] (1)

r
r′ ) exp[∆Ea - F∆∆x

kBT ] (2)

Dwell Time Analysis of a Mechanochemical Reaction Langmuir, Vol. 24, No. 4, 20081363



with standard errors obtained by bootstrapping and (ii) dwell
time analysis using linear and logarithmic histograms. The
logarithmic histograms of dwell times with a square root ordinate
of the number of events directly display the underlying rate
constants, providing a useful tool for further force-clamp analysis.

In the case of TCEP, the kinetics of disulfide reduction can
be explained in terms of a single reaction mechanism. However,
there is still some possibility that a distribution of energetically
similar transition states could be revealed by obtaining a much
larger data set. Additionally, we cannot entirely exclude the
possibility that under a different set of reagent concentration and
clamping forces multiple reaction mechanisms may appear. In
the case of TRX, we are indeed able to resolve two different
kinetic processes. This result is supported by our earlier
experiments with a number of different forces, where we proposed
that there are two different mechanisms for TRX catalysis. Those
earlier results could be expanded upon and refined through using
logarithmic histograms of dwell times over a range of forces.

TCEP is a synthesized chemical reagent that is not present in
biology, whereas thioredoxin is conserved throughout all living
organisms. The presence of two well-defined reduction rates in
the case of thioredoxin might have biological significance because
thioredoxin regulates the redox state in organisms and the response
of thioredoxin could depend on conditions of mechanical stress.

The study of TCEP and TRX could be refined through the
collection of ever-larger data sets. At current levels of data
throughput, a single operator requires 4-8 weeks of experiments

to obtain the number of events necessary to compile an accurate
logarithmic histogram of dwell times. Thus, at the moment it
may be impractical to obtain single data sets of>10 000 events
or smaller data sets at a series of forces. However, future
improvements in our methods could significantly improve the
rate of data collection, enhancing the utility of logarithmic
histograms in analyzing force-clamp data.

It is clear that the various analyses presented here and, in
particular, the logarithmic histograms of the dwell times can
provide information from force-clamp spectroscopy data that
could not be observed with previous methods.
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