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ABSTRACT: Identifying the dynamics of individual molecules
along their reactive pathways remains a major goal of modern
chemistry. For simple chemical reactions, the transition state
position is thought to be highly localized. Conversely, in the case
of more complex reactions involving proteins, the potential
energy surfaces become rougher, resulting in heterogeneous
reaction pathways with multiple transition state structures.
Force-clamp spectroscopy experimentally probes the individual
reaction pathways sampled by a single protein under the effect of
a constant stretching force. Herein, we examine the distribution
of conformations that populate the transition state of two
different reactions; the unfolding of a single protein and the
reduction of a single disulfide bond, both occurring within the
same single protein. By applying the recently developed static
disorder theory, we quantify the variance of the barrier heights,
σ2, governing each distinct reaction. We demonstrate that the
unfolding of the I27 protein follows a nonexponential kinetics,
consistent with a high value of σ2 ∼ 18 (pN nm)2. Interestingly,
shortening of the protein upon introduction of a rigid disulfide bond significantly modulates the disorder degree, spanning from
σ2∼ 8 to∼21 (pN nm)2. These results are in sharp contrast with the exponential distribution of timesmeasured for an SN2 chemical
reaction, implying the absence of static disorder σ2 ∼ 0 (pN nm)2. Our results demonstrate the high sensitivity of the force-clamp
technique to capture the signatures of disorder in the individual pathways that define two distinct force-induced reactions, occurring
within the core of a single protein.

’ INTRODUCTION

Elucidating the dynamics of reactant molecules along the
particular pathway that connects them with the resulting pro-
ducts has become a cornerstone in modern chemistry, allowing
detailed reconstruction of the potential energy surface of a
chemical reaction. In general, for small systems composed of
only a few molecules, the valley connecting reactants with
products is narrow, the reaction pathways are well-defined, and
the position of the transition state is highly localized.1,2 For
example, the study of elementary chemical reactions such as the
simple SN2 nucleophilic substitution, mainly using crossed
molecular beams and ab initio calculations, has provided detailed
information regarding the position and height of the free-energy
barriers determining the process.3-7 By contrast, in the case of
more complex reactions involving bigger molecular systems such
as proteins, the potential energy surfaces become rougher, which
results in heterogeneous reaction pathways with multiple transi-
tion state structures.1 The complexity of the resulting energy
landscapes has been mainly revealed by the use of computational
methods, which sample the individual (un)folding trajectories of

a single protein molecule while under particular force-field
conditions.8-14 The high degree of static and dynamic hetero-
geneity between individual trajectories required statistical me-
chanical tools to interpret these data.12,13 In sharp contrast with
the in silico observations, the macroscopic nature of traditional
protein folding experiments conducted in the bulk averages out
the pathways in the ensemble, thus resulting in a smooth free-
energy landscape thatmainly captures two stable thermodynamic
states, namely, the folded and unfolded conformations.15-17 The
conversion between these two states has been traditionally given
the treatment of a first order chemical reaction, implying that the
concentration of the reactant species—the protein native state—
decreases exponentially with time.15 This observation entails that
each individual molecule has a well-defined and unique native
state, the unfolding path is the same, and the saddle point
defining the transition state is conserved.
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The advent of single molecule techniques, primarily fluores-
cence spectroscopy, has allowed measurement of the fluctuation
dynamics of single enzyme molecules over time.18 These experi-
ments revealed a wide range of catalytic activity within individual
enzymes present in the ensemble population (“static disorder”)
and also large variations in the catalytic activity of an individual
enzyme (“dynamic disorder”).18 Such a complex behavior,
invisible to bulk experiments, manifests itself in the nonexpo-
nential kinetics measured for different enzymes.19,20 Theoretical
works describing these experiments have carefully identified the
main features of the potential energy surfaces (often exhibiting
multiple saddle points) that govern the large number of reactive
paths measured in the experiment.21-29 The combination of
experimental and theoretical work is therefore required to ascribe
the complexity in the kinetics of catalysis to the molecular
mechanisms involved in the conformational changes of the single
enzyme over time.20,30 The complex kinetics experimentally
measured for large biomolecules such as enzymes contrasts with
the apparent simplicity of chemical reactions with small mole-
cules, which now can also be investigated one molecule at a
time.31,32

Thus, it becomes clear that the emergence of single molecule
techniques provides a new vista on chemical reactivity. Of
particular relevance, single molecule force-clamp spectroscopy
excels at probing the conformational dynamics of a single protein
under force.33 By applying a calibrated constant force to a single
protein, the individual unfolding pathways of single proteins can
be directly monitored.34 In these experiments, the multidimen-
sional energy surface can be projected onto a single dimension,
the end-to-end length of the stretched protein, which defines the
reaction coordinate with sub-Ångstr€om resolution. Using a large
pool of individual unfolding trajectories, force-clamp measure-
ments revealed that the time course of unfolding of the small
protein ubiquitin clearly departed from the single exponential
survival probability associated with a simple two-state unfolding
scenario.35-37 Follow-up experiments demonstrated an in-
creased broadening in the distribution of unfolding pathways
of ubiquitin as the constant pulling force was increased, scaling
with F2. These latter results were interpreted in the framework of
static disorder in the classical Arrhenius description.38 This
theory provides the means to quantify the variance, σ2, in the
amount of disorder in the barrier heights with respect to average
value assuming a Gaussian distribution. The implications derived
from the unfolding kinetics obtained from our single molecule
experiments are deep, indicating that force-clamp spectros-
copy can be now used to directly probe the broad conforma-
tional diversity defining the native state of proteins using the
mechanical stability of each conformation as its structural
fingerprint.

Contrary to these observations on the ubiquitin protein,
mechanical unfolding of protein G resulted in a simple all-or-
none two-state transition, consistent with an exponentially
distribution of unfolding times at a given constant force.39 These
results suggest that the degree of disorder in the unfolding
pathways measured for a single protein under force is likely to
be highly protein specific, varying over a wide range. The
challenge lies now on discovering the molecular origin of
the nonexponential kinetics encountered in mechanical un-
folding of proteins and to distinguish it from a distinct
molecular process that follows first-order kinetics occurring
under the same experimental conditions, within the structure
of a single protein.

Besides studying protein (un)folding, the combination of
protein engineering and force-clamp spectroscopy has allowed
direct examination of the effect of a constant force on the
potential energy surface of a chemical reaction, at the single
bond level.40 Our results have demonstrated that the reduction of
a single disulfide bond embedded within the core of a protein is
activated by the pulling force in the presence of nucleophiles.41

These experiments have permitted reconstruction of the energy
landscape of a chemical reaction under force, allowing capture of
the most plausible conformation of the reaction transition
state.41-43 Herein, we compare the effect of a mechanical
constant force on the energy landscape of two different reactions:
the unfolding of a single protein and the reduction of a single
disulfide bond by a small nucleophile, both occurring within the
same single protein. Our results demonstrate that, similar to
ubiquitin, the transition state of unfolding of the 27th immuno-
globulin-like domain of cardiac titin (I27), the mechanical
properties of which have been amply studied,44,45 is not unique
but instead is composed of a set of similar structures. Interest-
ingly, shortening of the I27 protein by the presence of disulfide
bonds has a strong effect on the measured heterogeneity in the
unfolding pathways. Our results are quantitatively discussed
within the framework of the static disorder theory. In sharp
contrast with these results, the energy landscape of an SN2
chemical reaction, occurring within a much shorter length scale,
is smooth, implying a high degree of homogeneity within the
individual reactive pathways connecting the reactants with the
reaction products. Our results demonstrate the ability of the
force-clamp technique, through the acquisition of a large statis-
tical pool of data, to uncover fine details of the ensemble of
transition state structures populating the saddle point of the
potential energy surface governing protein (un)folding and
chemical reactions, at the single molecule level.

’MATERIALS AND METHODS

Protein Engineering. PolyI27 (I278) and its mutants were con-
structed by consecutive subcloning of the respective monomers, using
the BamHI andBglII restriction sites.44 The disulfide bondmutants were
constructed using a cysteine-free I27 protein in which native Cys47 and
Cys63, which do not form a disulfide bond, were mutated to alanines.
Using the QuickChange site-directed mutagenesis kit (Stratagene), we
introduced additional mutations to form disulfide bonds at specific
positions within the I27 protein sequence: Gly32 to Cys, Ala75 to Cys
(I27G32C-A75C); Pro

28 to Cys, Lys54 to Cys (I27P28C-K54C); and Glu
24

to Cys, Lys55 to Cys (I27E24C-K55C).
46 As in the case of the wt-(I278)

protein, we constructed an eight-domain N-C linked polyprotein for
each I27 mutant. The eight-domain polyproteins were cloned into the
pQE80L (Qiagen) expression vector and transformed into the BLRDE3
Escherichia coli expression strain. Each polyprotein construct was finally
purified by histidine metal-affinity chromatography with Talon resin
(Clontech) and by gel filtration using Superdex 200 HR column (GE
BioSciences).
Force Spectroscopy. Force-clamp AFM experiments were con-

ducted at room temperature using a homemade setup under force-clamp
conditions described elsewhere.34 The sample was prepared by depositing
1-10mLof protein in PBS solution (at a concentration of 1-10mgmL-1)
onto a freshly evaporated gold coverslide. Each cantilever (Si3N4 Veeco
MLCT-AUHW) was individually calibrated using the equipartition
theorem, which gave a typical spring constant of 15 pN/nm. Single
proteins were picked up from the surface by pushing the cantilever onto
the surface with a contact force of 500-1000 pN to promote the
nonspecific adhesion of the proteins on the cantilever surface. The
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piezoelectric actuator was then retracted to produce a set deflection
(force), which was kept constant throughout the experiment using an
external, active feedback mechanism, while the extension was recorded.
The force feedback was based on a proportional, integral, and differential
amplifier, the output of which was fed to the piezoelectric positioner.
The feedback response is limited to ∼2-5 ms. The high resolution
piezoelectric actuator allowed our measurements of protein length a
peak-to-peak resolution of ∼0.5 nm. Data from the force traces were
filtered using a pole Bessel filter at 1 kHz. The reaction rate constants
that we measured (∼ 1 s-1) were chosen such that they were not
compromised by the feedback bandwidth or cantilever drift occurring
over much longer time scales. In the chemical reduction experiments, a
PBS solution containing 10 mM 1-mercapto-2-propanol was used, and
the pH value was adjusted to 7.4.
Data Analysis. All data were recorded and analyzed using custom

software written in Igor Pro 6.0 (Wavemetrics). The fingerprint of a
single polyprotein in our unfolding experiments was considered to be at
least six well-resolved steps of the corresponding height in each
construct exhibiting long detachment times in order not to bias the
unfolding probability.37 In the case of the reduction experiments, no
traces that included unfolding events during the second force pulse were
included in the analysis. Only data with more than five reduction events
in the second pulse were included in the analysis. The survival prob-
ability is defined as ÆS(t)æ = 1-

R
0

t p(t) dt, where p(t) dt corresponds to
the probability of unfolding during the period of time between t and tþ
dt. The survival probability at each force is obtained from the associated
probability density histogram of unfolding times, p(t). The integral in
the fitting function (eq 2) is evaluated by taking a sum of the integrand
over the interval [-6σ, 6σ], with the interval width of dr = 0.001 pN nm.
All of the fitting procedures are performed by the Levenberg-
Marquardt least-squares algorithm, implemented in the Igor Pro 6 software
package. The errors of k and σ2 are estimated by the bootstrap method.47

’RESULTS

In our force-clamp essay, we make use of polyproteins
composed of eight identical domains of the I27 protein
(Figure 1A). Under a constant force of 150 pN, each individual
protein module in the polyprotein chain unfolds, yielding a step
increase in length of ∼25 nm (Figure 1B and Figure 2A, red
trace).37 The resulting unfolding trajectories resemble a staircase,

where the unfolding of each particular domain occurs stochas-
tically at a time Δt from the moment that the force is applied to
the protein (vertical dotted line in Figure 1B). By capturing 319
individual unfolding trajectories such as those shown in
Figure 1B and Figure 2A, we collected 2296 independent
unfolding events, the dwell time distribution of which is shown
in Figure 2B. The average unfolding rate calculated as k = 1/Ætæ,
where Ætæ corresponds to the average time for unfolding and is k =
0.83 s-1. However, a single exponential distribution with a rate
constant of 0.83 s-1 (black line in Figure 2B) fails to capture the
full time distribution of events. Similar conclusions can be drawn
from the cumulative distribution of unfolding times shown in
Figure SI1A in the Supporting Information; the single exponen-
tial fit to the experimental data (dotted black line) does not
capture the distribution of unfolding times. Notably, the experi-
mental distribution of unfolding times shows a high population
of events that occur faster than that predicted by a single
exponential distribution as shown in the normalized residuals
plot in Figure SI1A in the Supporting Information (inset) and
also in Figure 2B.

Unlike classical unfolding experiments using chemicals or
large temperature jumps, the mechanical unfolding of proteins
is a highly localized process mainly involving the rupture of a few
key hydrogen bonds within the structure of the protein native
state, which constitute the crucial structural motif that provides
the protein with mechanical stability.48,49 In the case of the I27
protein, such a mechanical clamp is placed between the A0G
strands, encompassing amino acids 9-15 and 83-87.49 While
mutations in the amino acids constituting the protein transition
state are known to significantly alter the mechanical stability of
the protein,48 the nature of the amino acids composing the
peripheral regions beyond such a mechanical clamp and the total
length of the protein are generally believed not to considerably
affect its mechanical resistance. However, it is plausible that
changes in the protein length involve little rearrangements in the
conformation of the protein's native state, which would remain
invisible to ensemble experiments, especially when the 3D crystal
structure is not available. To test this hypothesis, we engineered a
double mutation (Gly32Cys and Ala75Cys) into the core of the

Figure 1. Unfolding the wild-type I278 polyprotein in a force clamp. (A) Schematics of the experimental setup. (B)Unfolding the I27 polyprotein under
a constant force of 150 pN results in a staircase-like elongation, where the unfolding of eachmonomer in the chain occurs stochastically at a timeΔt after
the application of force, eliciting steps of ∼25 nm in length.
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I27 protein, which spontaneously forms a disulfide bond that is
buried and inaccessible to the external solvent environment.46

We constructed and expressed a polyprotein that consisted of
eight identical repeats of this mutated domain, (I27G32C-A75C)8.
Pulling this construct under a constant force of 130 pN results in
a staircase in which the length of each step measures ∼11 nm
(Figure SI3B in the Supporting Information). Such protein
extension corresponds to the unfolding of the protein up to
the position of the disulfide bond, which acts as an internal
covalent mechanical clamp that prevents the protein from

completely unraveling once the hydrogen bond motif has been
disrupted upon the application of force. We gathered 180
individual full unfolding trajectories containing 1269 unfolding
events, which yielded an average unfolding rate of k= 0.99 s-1. As
before, a single exponential distribution with a rate constant of
0.99 s-1 (black line in Figure 2C) does not fully capture the time
distribution of unfolding events (Figure SI1B in the Supporting
Information).

The results presented here demonstrate that the unfolding of
both the wt-I27 protein (Figure 2B) and the shorter disulfide

Figure 2. Probing the kinetics of protein unfolding and disulfide reduction within the same single molecule. (A) Unfolding the (I27G32C-A75C)8
polyprotein under a constant force of 180 pN (blue trace) results in a stepwise elongation of 11 nm (inset), corresponding to the extension of the protein
up to the position of the mechanically rigid disulfide bond. Exposing the disulfide bond to a solution containing 10 mM 1-mercapto-2-propanol at 300
pN triggers the reduction of the disulfide bond, which is marked by a∼14 nm stepwise elongation (orange trace), corresponding to the extension of the
amino acids trapped behind the disulfide bond. The total protein elongation of the (I27G32C-A75C)8 construct after the unfolding and reduction reactions
matches the length of the unfolded wild-type I27 protein (red trace). (B) A histogram corresponding to 2296 unfolding events of the wt-I27 protein
measures the probability of unfolding at a constant pulling force of 150 pN. At short dwell times, the distribution deviates significantly from a single
exponential (black line). (C) A histogram of 1269 unfolding events of the (I27G32C-A75C)8 protein at a constant pulling force of 130 pN cannot be
reproduced by a single exponential distribution with an associated characteristic time k = 1/Ætæ (black line). (D) Time-course distribution
corresponding to 897 individual disulfide reduction events occurring under a constant force of 300 pN. The distribution can be precisely captured
by a single exponential fit (black line).
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bond truncated form (Figure 2C) exhibit unfolding pathways
that are heterogeneous, evocative of a native state composed of
an ensemble of similar conformations with slightly different
energies.35 Therefore, the unfolding process exhibits a higher
degree of complexity than expected for a simple first-order
chemical reaction with a single reactant species exhibiting a
smooth energy surface. Besides allowing investigation of the
individual unfolding pathways (Figure 2C), the (I27G32C-A75C)8
polyprotein provides the perfect platform to experimentally
investigate, at the single bond level, the individual reaction
pathways of the simple SN2 chemical reaction that involves the
reduction of the disulfide bond that shortcuts the I27 protein in
the presence of a nucleophile. Following the experimental
approach of our previous studies,40,41 we used a double pulse
protocol to study the force-dependent kinetics of disulfide bond
reduction (Figure 2A). The first force pulse (180 pN) rapidly
unfolded the modules in the polyprotein, resulting in the ∼11
nm steps (blue trace). Unfolding the protein exposes the buried
disulfide bond to the solution, which allows the chemical attack
provided that a nucleophile agent is present in the solution. A
second force pulse at a higher force (300 pN) is applied to the
protein shortly after all of the modules unfolded. In the presence
of 10 mM 1-mercapto-2-propanol in the solution, the reduction
of each disulfide bond is marked by a ∼14 nm elongation step
(Figure 2A, orange trace), which corresponds to the total length
of the residues trapped behind the disulfide bond. The total
length of the unfolded protein after complete disulfide bond
reduction exactly matches the length of the I27 wild-type protein
(red trace). Figure 2D shows the time distribution corresponding
to 897 individual disulfide reduction events stemming from 144
individual reactive trajectories. In sharp contrast with the time
distribution corresponding to the unfolding process (Figure 2C),
the reduction of a disulfide bond follows a perfect exponential
time-course distribution, as revealed by the single exponential
fit (black line) to the data, yielding a reduction rate, k = 1.03 s-1,
which perfectly corresponds to the reaction rate calculated as k =
1/Ætæ = 1.01 s-1. This result suggests that the reduction of a
disulfide bond by an S-based nucleophile in solution follows a
rather precise pathway with a conserved transition state struc-
ture. We then examined whether the specific location of the
disulfide bond within the I27 structure had a role in the disulfide
bond reactivity. We repeated the experiments described in
Figure 2A,C,D with the (I27E24C-K55C)8 construct, where the
disulfide bond shortcuts the protein between positions 24 and
55. In this case, unfolding the protein up to the disulfide bond
elicits steps of ∼14.5 nm. The reduction of the disulfide bond,
studied during the second force pulse at 300 pN, is identified by a
step increase in length of∼10.4 nm, which corresponds again to
the length of the amino acids trapped behind the disulfide bond
(Figure SI2 in the Supporting Information). As before, the
time-course distribution of the unfolding events in this case
follows a perfect single exponential, demonstrating that the
apparent simplicity observed for the disulfide bond reduction is
independent of the chemical environment of the reactive site.

In our experiments, we chose the particular conditions of force
and nucleophile concentration such that the three different
processes studied here—unfolding of the wild-type protein,
unfolding of the truncated protein, and reduction of the disulfide
bond—occur at the same rate (∼1 s-1, see Figure 2B-2D and
Figure SI1 in the Supporting Information). However, the time-
course distribution of the individual events in the case of protein
unfolding or disulfide reduction is significantly different. The

subtleties emerge only when the individual pathways are inves-
tigated under constant force conditions at the single molecule
level. To quantify the diversity in the number of pathways and
transition state structures visited during the reaction, we recently
developed a generalized Arrhenius equation,50 based on Zwan-
zig's static disorder theory,51,52 to account for the nonexpo-
nential survival probability that we observe in our experi-
ments38(Figure 2B,C). From the molecular perspective, proteins
are known to exhibit conformational diversity in the native state
ensemble.53 In this scenario, static disorder entails that the
interconversion rates between the different structural confor-
mers is slow as compared to the reaction rate. Such structural
complexity is likely to result in a diverse set of unfolding
pathways, which would lead to fluctuations in the height of the
free-energy barriers and also in the conformation of the reaction
transition state.

Adapting the Arrhenius/Bell formalism50,54 to include the
disorder in the barrier height, σΔG, and in the transition state
conformation, σΔx, the mean rate of a reaction is given by:

ÆkðFÞæ ¼
Z ¥

-¥
kðF, rÞ f ðrÞ dr

¼ A exp -
ΔGavg - FΔxavg

kBT

� �� �
exp

σΔG
2 þ F2σΔx

2

2 kBTð Þ2
" #

ð1Þ
where r is the amount of disorder in the barrier heights with
respect to the average value,ΔGavg- FΔxavg. In this equation, A
stands for the preexponential factor, kB is the Boltzmann con-
stant, T is the absolute temperature,ΔG is the height of the free-
energy barrier of reaction in the absence of force, and Δx
represents the actual distance from the native, initial conforma-
tion to the transition state conformation along the reaction
coordinate. In our force-clamp experiments, we measure the
ensemble-averaged survival probability (Figure 2B-D). In the
presence of static disorder, the ensemble-averaged survival
probability ÆS(t, F)æ is given by the superposition of the survival
probability for each reaction pathway, weighted by the prob-
ability of the corresponding pathway, giving rise to:
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where

σ2 ¼ σΔG
2 þ F2σΔx

2 ð3Þ
In the absence of disorder [σ f 0; f(r) f δ(r)], the survival
probability becomes a single exponential, in good agreement with
the classical Arrhenius conception. Conversely, in the presence of
disorder (σ > 0), the survival probability becomes nonexponen-
tial. Using this refined statistical approach,38 we tested this theory
on our experimental data on protein unfolding and chemical
reaction. The histograms of measured unfolding dwell times in
each case (Figure 2B,C) correspond to the probability of unfold-
ing, p(t). From these histograms, we simply calculate the en-
semble-averaged survival probability as ÆS(t)æ = 1-

R
0

t p(t0) dt0.



3109 dx.doi.org/10.1021/ja109865z |J. Am. Chem. Soc. 2011, 133, 3104–3113

Journal of the American Chemical Society ARTICLE

Figure 3A,B shows the plot of the ln[-lnÆS(t)æ] versus ln t
obtained for the wild-type and the (I27G32C-A75C)8 polyproteins,
respectively. The fit of the static disordermodel (eq 2) reproduces
quite well the experimental data in both cases, yielding values for k
and σ2 that are listed in Table 1. The errors in the fit parameters
were estimated using the bootstrap method.47 For comparison,
the single exponential fit is included in the plots as a continuous
black line. The obtained value forσ2 combines the contribution to
the disorder arising from the fluctuations in both the height of
the energy barrier and the distance to the transition state.While in
the experiments described here we cannot decouple both effects,
σ2 is a quantitative reporter of the degree of heterogeneity in
the transition state sampled in each particular force-activated

reaction. The obtained high values of σ2 for the wt-I27 protein
(17.5 ( 1.7) (pN nm)2 and for the truncated I27G32C-A75C form
(7.7 ( 1.3) (pN nm)2 quantitatively confirm the high degree of
heterogeneity measured in the protein unfolding pathways under
force. In apparent contrast with these results, fitting the static
disorder model (eq 2) to the experimental time distribution
corresponding to the disulfide bond reduction under force
(Figure 2C) results in a value of (σ2 = 3.41 � 10-5 ( 0.2)
(pN nm)2 (Table 1), thus implying the absence of disorder and
the precise agreement with a single exponential time distribution
consistent with simple first order kinetics (Figure 3C).

While the difference in the measured values for disorder, σ2,
between protein unfolding and chemical reduction reactions is
evident, differences within the disorder values obtained for the
unfolding process of both I27 protein forms are also noticeable.
Because the σ2 value obtained for the short I27G32C-A75C form is
smaller than that corresponding to the wt-I27, it is conceivable
that the fluctuations in the protein unfolding pathways directly
correlate with the protein length. To test this hypothesis, we
investigated the distribution of unfolding pathways of a set of
different I27 protein mutants where the position of the disulfide
bond is varied within the structure, namely, in positions 32-75,
24-55, and 28-54. Thus, the number of amino acids being
extended upon unfolding of the protein (the unsequestered
amino acids) is different in each case, namely, 46 amino acids
for the (I27G32C-A75C) construct, 58 amino acids for the
(I27E24C-K55C) protein, and 63 amino acids in the case of the
(I27P28C-K54C) protein. The wild-type I27 protein is composed
of 89 residues. Examples of experimental trajectories obtained for
each I27 protein mutant are shown in Figure SI3 in the
Supporting Information. The distribution of unfolding times
corresponding to the unfolding of the (I27G32C-A75C)8,
(I27E24C-K55C)8, and (I27P28C-K54C)8 polyproteins at 130 pN
are shown in Figure 4A-C. In none of the cases, a single
exponential time distribution with an associated time constant
k = 1/Ætæ (black line) fully reproduces the experimental distribu-
tion of unfolding times. Figure 4D-F shows the fit of the static
disorder theory for each protein mutant. The values of the
resulting fitting parameters are included in Table 1. While the
shortest protein, (I27G32C-A75C)8, exhibits the lower value of
dispersion (σ2 = 7.7 ( 1.3) (pN nm)2, the highest departure
from the single exponential time distribution, (σ2 = 21.3 ( 2.4)
(pN nm)2, (Figure 4D-F), does not correspond to the longest
wild-type form but instead to the (I27E24C-K55C)8 protein, which
extends only 58 amino acids. Hence, we do not observe correla-
tion between the heterogeneity in the unfolding pathways and
the protein length, suggesting that, rather than the protein length,

Figure 3. Surviving probability for the unfolding and reduction reac-
tions is well described by static disorder theory. Plot of ln[-lnÆS(t)æ] vs
ln t corresponding to the unfolding of the wt-I27 protein at 150 pN (A),
the unfolding of the truncated (I27G32C-A75C)8 protein at 130 pN (B),
and the reduction of the disulfide bond in the (I27G32C-A75C)8 protein at
300 pN (C). The solid color lines represent the fits of the static disorder
survival probability (eq 2) to the data in each case with the reaction rate k
and the variance of the barrier heights σ2 as fit parameters. The obtained
values in each case are listed in Table 1. For comparison, the fits to a
single exponential are included in the figures (black traces). While the
single exponential fit captures well the time-course distribution for the
disulfide bond reduction (C), it clearly fails to reproduce the data
corresponding to the unfolding reaction (A and B).

Table 1. Kinetic Parameters for Protein Unfolding and
Disulfide Bond Reaction from the Static Disorder Model Fita

k (s-1) σ2 [(pN nm)2]

I27wt unfolding 1.1( 0.1 17.5( 1.7

I27G32C-A75C unfolding 1.2( 0.1 7.7( 1.3

I27G32C-A75C reduction 1.0( 0.1 3.4� 10-4( 0.2

I27E24C-K55C unfolding 1.9( 0.1 21.3( 2.4

I27P28C-K54C unfolding 3.5( 0.2 15.7( 2.1

I27E24C-K55C reduction 1.0( 0.1 9.8� 10-4( 0.7
aThe reaction rate (unfolding or chemical reduction) k, and the variance
of the barrier heights,σ2, were obtained from the static disordermodel fit
to the data. The errors were estimated using the bootstrap method.
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the heterogeneity of unfolding pathways seems to be mainly
dictated by the precise conformation of the protein native state,
which is subtly modified by the presence of the shortcutting
disulfide bonds present in the protein mutants.

’DISCUSSION

Here, we investigated the effect of applying a constant
stretching force on two complete different reactions: the unfold-
ing of a single protein and the reduction of a disulfide bond, both
occurring within the structure of the same single molecule.
Notably, both reactions give rise to distinct results, highlighting
in each case the distribution of sampled transition state structures. It

has been long recognized, mostly using NMR relaxation
techniques,53,55 that proteins are dynamic systems56 and that
the fluctuations of both the backbone and side chains and their
interplay with the water molecules that solvate the protein shell
give rise to an ensemble of nearly isoenergetic conformations that
define the protein's native state. However, direct structural
characterization defining each distinct protein conformation,
together with their time scale of interconversion, has beenmainly
restricted to the information provided by all-atom molecular
dynamics simulations.57 Because the “liquidlike” side chain
fluctuations are measured to occur within a 10 ns time scale,57

it is extremely unlikely that they can be captured as “frozen”
conformations in our experiments. By contrast, it is plausible that

Figure 4. Measured disorder in the unfolding pathways of I27 does not correlate with the protein length. Time-course distribution corresponding to
the unfolding of the (A) (I27G32C-A75C)8 construct (n = 1269), (B) the (I27E24C-K55C)8 construct (n = 1528), and (C) the (I27P28C-K54C)8 polyprotein
(n = 1099). In none of the cases, a single exponential time distribution with an associated unfolding rate k = 1/Ætæ fully reproduces the experimental
distribution of unfolding times. (D and E) Associated plots of ln[-lnÆS(t)æ] vs ln t corresponding to the unfolding of the (I27G32C-A75C)8, (I27E24C-
K55C)8, and (I27E24C-K55C)8 constructs, respectively. The fits of the static disorder survival probability (colored lines) and of the single exponential
(black line) clearly show the adequacy of the static disorder theory to fit the experimental results. The obtained values for the fitting parameters k and σ2

are listed in Table 1. Notably, the values of σ2 do not correlate with the number of amino acids being extended after mechanical unfolding of the protein.
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the mechanically distinct substates that we capture stem from the
interplay of the slower motions of the “solid” backbone with the
surrounding water molecules, which altogether define each
independent protein conformation.58 Indeed, in the case of
mechanical unfolding of the I27protein, the transition state is
composed of a set of key hydrogen bonds that form the
mechanical clamp (Figure 5A). Crucially, the solvent molecules
are intricately related to the transition state conformation,59 and
it is likely that the heterogeneity of pathways that we measure
have their origin in an ensemble of transition state structures with
similar energy that differ in the number and dynamics of water
molecules governing the forced unfolding reaction.38

Our results demonstrate that shortening the I27 protein by the
presence of a disulfide bond, although placed in a region away
from the key A0G patch, greatly affects the distribution of
unfolding pathways. Interestingly, the breadth of the unfolding
time distribution does not correlate with the protein length.
These results suggest that slight changes in the protein tertiary
conformation have major implications on the distribution of the
transition state conformations. We speculate that the change in
the protein backbone imposed by the rigid disulfide bond
restricts the orientation and dynamics of the water molecules
defining the unfolding transition state. It is therefore tempting to
hypothesize that the structure and diversity in the transition state
structures sampled in each protein might correspond to a natural
mechanism that regulates protein fragility from a functional
viewpoint, which would be of particular importance in cardiac
I27 protein. In the case of protein unfolding, the heterogeneity in
the unfolding pathways is interpreted here using the static
disorder theory in terms of the multiple conformations that
populate the transition state structures.38 An alternative explana-
tion for the measured distribution of unfolding pathways would
emerge from the conformational diversity of the native state of
the protein, which would lead to an ensemble of structures with
slightly different energy barriers.35 It is plausible that the inter-
play of both scenarios, that is, the diversity in both the transition
state structures and also in the native state conformation, account
for the diversity of unfolding pathways that we measure in our
experiments. The heterogeneity measured for protein unfolding
contrasts with the simplicity and univocal conformation of the
transition state corresponding to the reduction of the disulfide
bond that shortcuts the I27 protein. In this case, the transition
state geometry of the SN2 chemical reaction involving the
1-mercapto-2-propanol back-side attack (Figure 5B), and occurring

on the Ångstr€om length scale, is highly conserved. Indeed, the
high degree of directionality imposed by the back-side attack that
describes the SN2 chemical reaction restricts the conformational
space available for the successful collision to take place. Such
stereospecificity is likely to account for the homogeneity in the
transition state structures that we measure in our experiments.
Alternatively, it is also possible that the reaction transition state
involves a set of similar structures rather than a unique one.
However, because of the fleeting nature of the reaction transition
state conformation (occurring on the femtosecond time scale60),
the rate of interconversion between the different structures
would be much faster than the rates measured in our experi-
ments. In such a case, the dynamic disorder in the sampled
transition state structures would explain the exponential distri-
bution of times that we measure. The apparent simplicity of the
chemical reaction under force using a small nucleophile such as
1-mercapto-2-propanol contrasts with the complex kinetics ob-
served for the same disulfide bond reduction when an enzyme
such as thioredoxin is used.43,61,62 In any case, our experiments
probing chemical reactivity under force using small nucleophiles
confirm the adequacy of the simple first-order kinetic law to fully
capture the kinetics of the statistically broad set of reactive
trajectories, at the single bond level.

The apparent simplicity of the chemical reactions under force
contrasts with the complexity in the unfolding mechanism, both
reactions being measured within the same molecule and under
identical experimental conditions. This experiment serves as a
control that rules out the possibility that the origin of the
measured nonexponential kinetics for protein unfolding results
from the limitations of our experimental setup. These potential
sources of experimental error63,64 include the instrumental
fluctuations in the constant force applied to the proteins, the
finite time response of the force feedback, the averaging of data
obtained during independent experimental days using different
cantilever probes, or the thermal fluctuations of the polyproteins.

The heterogeneity in the distribution of unfolding pathways of
the native I27 protein closely resembles that found for ubiquitin
(σ2 = 18.5 ( 1.5) (pN nm)2, at the same pulling force.38 The
challenge is now to identify the interplay between structural
motifs within the protein (such as the number and position of
hydrogen bonds) and the medium conditions (such as solvent or
temperature), which could altogether affect the distribution of
unfolding pathways that can be captured at the single molecule
level. Most importantly, according to our results, it is apparent

Figure 5. Schematics of the transition state structures of the two distinct reactions probed in our experiments. (A) Unfolding of the I27 protein involves
the breakage of a set of key hydrogen bonds (white, inset). Upon disruption, the protein structure (blue region) is extended up to the disulfide bond,
which acts as a mechanical covalent clamp. (B) The reduction of the exposed disulfide bond encompasses the back-side attack of the 1-mercapto-2-
propanol nucleophile and the sub-Ångstr€om elongation of the S-S bond under force. Upon reduction, the trapped amino acids (orange region) are
elongated under the presence of the pulling force. The diversity of conformations defining the transition state for mechanical protein unfolding contrasts
with the structural simplicity measured for the SN2 chemical reaction under force.
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that protein unfolding is a much complex reaction, for which its
kinetic treatment as a simple first order chemical reaction is an
oversimplification that does not capture the essential physical
properties underlying the process. Regarding the chemical reac-
tions, it would be interesting to identify signatures of complexity
at the single bond length-scale using small nucleophiles by
studying reactions that could proceed along two concomitant
and parallel reaction mechanisms, exhibiting distinct transition
state conformations, as it would be the case of a reducing agent
that could either proceed through a nucleophilic attack or
following an addition/elimination mechanism.65,66

Our results demonstrate the capability of force-clamp spec-
troscopy to capture a large set of individual reactive trajectories
that allow direct identification of the degree of heterogeneity in
the transition state structures sampled in each particular reaction.
The high statistical throughput that can be now achieved with the
technique is therefore perfectly suited to indentify fine details in
the potential energy landscape, which can only be unveiled at the
single molecule level. Crucially, here, we demonstrated that the
variance of the barrier heights, σ2, is a very sensitive parameter
that can vary over a wide range within the structure of a single
protein. Indeed, the heterogeneity in the unfolding transition
state ensemble is very sensitive to mutations that introduce
disulfide bonds in different locations throughout the protein.
By contrast, disulfide bond reduction by a small nucleophile such
as 1-mercapto-2-propanol shows no disorder, implying a single
well-defined transition state structure that is insensitive to its
location within the same protein. The long-term goal is to build a
comprehensive formalism to reconstruct the full energy land-
scape of a folding protein and to correlate it with the protein's
architecture. The diversity of conformations that we found in the
most prominent energy minimum of the landscape, correspond-
ing to the native state, might have important implications on the
functionality of proteins with mechanical function, of common
occurrence in nature.
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