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Abstract: Single-molecule force spectroscopy has opened a new field of research in molecular
biophysics and biochemistry. Pulling experiments on individual proteins permit us to monitor
conformational transitions with high temporal resolution and measure their free energy landscape.
The force–extension curves of single proteins often present large hysteresis, with unfolding forces
that are higher than refolding ones. Therefore, the high energy of the transition state (TS) in these
molecules precludes kinetic rates measurements in equilibrium hopping experiments. In irreversible
pulling experiments, force-dependent kinetic rates measurements show a systematic discrepancy
between the sum of the folding and unfolding TS distances derived by the kinetic Bell–Evans model
and the full molecular extension predicted by elastic models. Here, we show that this discrepancy
originates from the force-induced movement of TS. Specifically, we investigate the highly kinetically
stable protein barnase, using pulling experiments and the Bell–Evans model to characterize the
position of its kinetic barrier. Experimental results show that while the TS stays at a roughly constant
distance relative to the native state, it shifts with force relative to the unfolded state. Interestingly,
a conversion of the protein extension into amino acid units shows that the TS position follows the
Leffler–Hammond postulate: the higher the force, the lower the number of unzipped amino acids
relative to the native state. The results are compared with the quasi-reversible unfolding–folding of a
short DNA hairpin.

Keywords: single-molecule force spectroscopy; protein folding; free-energy landscape; Bell–Evans model

1. Introduction

A prominent question in biophysics is how biomolecules, and particularly proteins,
fold. At present, two debated theories on protein folding are based on the energy landscape
and foldon hypotheses [1–4]. The first describes protein folding as a thermally activated
relaxation process in a funneled energy landscape with the native state at the bottom of the
funnel [1,2]. The funnel is rugged with deep valleys leading to intermediate states of short
lifetime, where the polypeptide chain is partially folded. In the funnel model there are
different trajectories for protein folding passing through one or more intermediates. In the
late ’80s, bulk hydrogen exchange, NMR, and mass spectrometry studies and theoretical
models consistently observed recurrent intermediates during folding [5–8]. Based on these
results, the foldon hypothesis claims that proteins fold along a unique path in the energy
landscape connecting the native and unfolded state through several foldons [3,4].

Single-molecule techniques have emerged to investigate the thermodynamics of indi-
vidual proteins with high temporal resolution [9,10]. Force spectroscopy techniques such as
Atomic Force Spectroscopy, Magnetic and Optical Tweezers have significantly contributed
in achieving new insights into this research area [11,12]. Specifically, these methods use
force as a “denaturant agent” to mechanically break the bonds that stabilize the protein
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structure [13]. The force is applied to the N- and C- termini of the polypeptide chain, defin-
ing a proper reaction coordinate, the end-to-end distance or molecular extension, useful to
describe the folding free energy landscape (mFEL) [14–16]. Over the years, single-molecule
experiments have permitted the reconstruction of the free energy landscape of a wide
variety of proteins, both characterized by a two-state folding/unfolding process [15,17–19]
and in the presence of intermediates [14,20–23].

In single-molecule experiments, the mFEL is widely investigated employing the
phenomenological Bell–Evans model [24–27]. For a two-state system, the mFEL consists of
two wells representing the native (N) and the denatured (or unfolded, U) states separated
by a kinetic barrier placed at the transition state (TS) (Figure 1a). The Bell–Evans (BE) model
assumes that the position of the barrier relative to N (x†) and U (x∗) is fixed. In contrast, its
height relative to N (U) is reduced (increased) upon increasing the applied force in a linear
fashion. Moreover, the unfolding and folding kinetic rates, k→ and k←, vary exponentially
with the activation energies of the system and, as a result, are force-dependent. The BE
model is often used to interpret the data derived either by equilibrium hopping experiments
and non-equilibrium pulling experiments.

Hopping experiments are used to derive k→ and k← from equilibrium force-time traces
by determining the average lifetimes at each state [28–30]. These experiments provide
good estimations for the molecular extension, xm = x† + x∗, and the coexistence force
fc (where k→( fc) = k←( fc)) for molecules with lifetimes that fall in the experimentally
accessible timescales, a requirement often met in DNA molecules but not in proteins.
The difference arises from the large kinetic stability induced by protein tertiary structure.
In fact, proteins typically refold at low forces, where molecular conformational transitions
are hardly detectable, or are characterized by pronounced hysteresis. Therefore, unfolding
and folding events occur in different force ranges, rendering hopping unobservable in
experimental times. One might extract kinetic rates from force jump protocols, however
these experiments can be inaccurate if the unfolding and folding transitions after the jump
occur too fast. In such cases, non-equilibrium pulling experiments are useful to derive the
kinetic rates from the survival probabilities of N and U, along the unfolding and folding
trajectories, respectively [31–34]. Indeed, in these experiments, the large molecular folding
timescales do not impede measurements of k→ and k← at different forces. Thus, they can
be used to investigate also proteins with high kinetic stability.

It has been shown that the molecular extension xm derived from the BE model system-
atically underestimates the predictions based on the elastic properties of proteins [20,31,33].
Thus, the question arises about how to study kinetically stable proteins by combining
pulling experiments with the BE model. Therefore, we analyze the unfolding/folding
kinetic rates of barnase at room temperature (298 K), a two-state protein that has been
shown to present pronounced hysteresis upon mechanical folding and unfolding with
optical tweezers [33]. Barnase is a good candidate to test the BE model’s success and lim-
itations to reproduce the folding kinetics in mechanical unzipping experiments. To this
aim, we compare the results for barnase with those relative to a reversible folder, such
as a DNA hairpin [35–37], which kinetics can be measured in hopping experiments. We
find that the sum of x† and x∗ derived from pulling experiments underestimates the ex-
pected full molecular extension of the protein, xm. However, a conversion of transition
state distances into amino acid units permits us to recover the protein extension correctly
and, more interestingly, to derive the force dependent folding rates and the coexistence
force in the inaccessible intermediate force range. Results are also interpreted in the light
of the Leffler–Hammond postulate [38,39].
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Figure 1. Single-molecule experiments. (a) Illustration of the mFEL of barnase. A kinetic barrier
(located at the transition state TS) mediates transitions between N and U. ∆G0 is the free energy
difference between N and U, whereas ∆G† and ∆G∗ are the kinetic barriers relative to N and U,
respectively. (b) Illustration of the single-molecule experimental setup. The optical trap measures the
force f applied to the ends of the molecular construct. The distance between the optical trap and the
pipette, λ, denotes the control parameter of the experiment. (c) Structure of the protein barnase [40].
(d) Sequence of the DNA hairpin [35].

2. Materials and Methods
2.1. Molecular Synthesis

In single-molecule experiments with optical tweezers, the molecule under investiga-
tion is tethered between two beads via double-stranded DNA handles (Figure 1b). The use
of DNA handles avoids undesired interactions between the molecule and the beads during
the measurements. The molecular construct is connected to two polystyrene beads via spe-
cific linkages. The free ends of the DNA handles are labeled with a biotin and a digoxigenin,
that bind to beads specifically coated with streptavidin (SA; 2.0–2.9-µm-diameter bead;
G. Kisker Biotech, Steinfurt, Germany) and anti-digoxigenin (AD; 3.0–3.4-µm-diameter
bead; G. Kisker Biotech, Steinfurt, Germany), respectively [41]. Barnase has been ex-
pressed as reported in [33]. It contains 110 amino acids (Figure 1c) and folds forming four
external α-helices surrounding a β-sheet [40]; its N- and C-termini have been modified
with cysteine-thiol groups that act as anchoring points for the two 500 bp dsDNA han-
dles. Finally, the DNA hairpin has been synthesised as described in [35] and it contains
44 nucleotides that form a 20 bp stem ending in a tetraloop (Figure 1d).

2.2. Optical Tweezers Setup

The mini-tweezers instrument has been described in [42]. It consists of two counter-
propagating laser beams (845 nm) that pass through two microscope objectives (Olympus x60,
NA 1.2) forming a single optical trap. The optical trap is moved with nanometric precision
using piezoelectric actuators (Thorlabs Inc., Newton, NJ, USA). The experiments are carried
out by moving the AD bead captured in the optical trap relative to the SA bead, which is
kept fixed at the tip of a glass micro-pipette (King Precision Glass Inc., Claremont, CA, USA)
by air suction (Figure 1b). In this way, an external force is applied to the protein or DNA
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hairpin tethered between the beads. The instrument records the force and trap position in
real-time. Pulling and hopping experiments are carried out at high temporal (1 kHz) and
nanometer spatial resolution [43].

3. Results
3.1. Unfolding and Folding Kinetic Rates

We present kinetic rate measurements from pulling experiments on protein barnase,
as reported in [33]. We compare them with results from DNA hairpins presented in [35,37].
The kinetics of DNA hairpins has been measured in equilibrium hopping experiments in
the passive mode (see Figure 2a). In these experiments, transitions between different states
are monitored while maintaining fixed (clamped) the trap–pipette distance. The kinetic
rates are derived from the mean lifetimes of the unfolded and folded states [44], which
have been measured at different trap positions to reconstruct their force dependence.
Hopping experiments are widely used in short DNA/RNA hairpins (few tens of base-
pairs), since the majority of these molecules fold and unfold in the second and subsecond
timescales [37,45] (Figure 2a). Hopping experiments have been also carried out to study
conformational transitions in proteins triggered by the reorganization of small domains,
e.g., in [14,20,46–48]. Still, the folding kinetics of sufficiently large proteins (above a few
tens of amino acids) remains inaccessible in hopping experiments, making non-equilibrium
pulling experiments particularly advantageous.
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Figure 2. Single-molecule experiments on a DNA hairpin and protein barnase. (a) Equilibrium
hopping experiments in the 20 bp DNA hairpin of Figure 1d: selected trace at the coexistence force
(∼15 pN). (b) Non-equilibrium pulling experiments on barnase protein. The unfolding (red) and
folding (blue) curves present hysteresis, with the folding events occurring at very low forces (below
5 pN).

In the pulling experiments carried out in this work, the optical trap is repeatedly
moved back and forth at a constant loading rate, r = 6 pN/s. The force and position are
measured, generating the force–distance curves (FDCs) shown in Figure 2b. The protein is
pulled from an initial force, ∼1 pN, where it is in N, to a final force, ∼30 pN, where it is in
U, producing unfolding trajectories (red curves in Figure 2b). The unfolding events are
observed as sudden force drops in the FDCs (black arrow in Figure 2b, main). When force is
relaxed (folding trajectories, blue curve in Figure 2b), the protein folds into N and the event
is observed as a sudden force increase of about 0.5 pN at lower forces, <5 pN (black arrow
in the enlarged region of Figure 2b). In [33], it has been shown that the molecular extension
upon barnase unfolding corresponds to the release of the 110aa of the native structure,
proving that barnase always folds into N in the refolding process. To determine the folding
events down to forces as low as 1 pN we used a median-filter applied to the unfolding and
folding trajectories. The folded branch can be fitted to a linear function, f (λ) = kλ, with k
being the effective stiffness of the optical trap plus molecular construct. We used this fit
to build a reference folded-baseline by subtracting the folded force branch to the linear
fit. The Gaussian distribution of forces along the folded-baseline and a Bayesian method
are used to classify into N and U the median-filtered data points along a given folding



Nanomaterials 2021, 11, 3023 5 of 11

trajectory. The folding force is defined as the point along the folding trajectory in which
the transition U → N is observed. Even if we can detect folding events below 2 pN, we do
not detect all of them. For this reason, we have not included in Figure 3c the force points
below 2 pN.
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Figure 3. Pulling experiments in barnase at room temperature (298 K). (a) Barnase unfolding and
folding force distributions. (b) Survival probabilities of the folded (P←U ( f ), red symbols) and unfolded
(P→N ( f ), blue symbols) states. (c) Average unfolding (empty symbols) and folding (solid symbols)
kinetic rates of the DNA hairpin (green) and barnase (yellow). The yellow area highlights the wide
range of forces were the kinetic rates of barnase can not be measured. The yellow and green lines are
the fits of the kinetic rates to the BE model; the brown line represents the estimation of the folding
kinetic rates of barnase, assuming a movement of the TS position with respect to the unfolded state,
x∗, as discussed in Section 3.2 and shown in Figure 4b.

From the force–distance curves, we extract the rupture force distributions ρ→( f ) and
ρ←( f ) of the first unfolding and folding events, as reported in Figure 3a for a selected
molecule. The plots clearly show that the mechanical folding/unfolding of barnase is highly
irreversible, with separated (∼10 pN) unfolding and folding force distributions. The large
hysteresis impedes to extract kinetic rates k→ and k← by doing hopping experiments, due
to the disparity of lifetimes of states N and U. Unfolding and folding kinetic rates of
barnase can be derived from pulling experiments by measuring the survival probabilities
of states N and U, P→N ( f ) and P←U ( f ). These are given by

P→N ( f ) = 1−
∫ f

fmin

ρ→( f ′)d f ′

P←U ( f ) = 1−
∫ fmax

f
ρ←( f ′)d f ′

(1)
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where fmin and fmax denote the minimum and maximum forces (for simplicity we can
take them as −∞ and ∞, respectively). Figure 3b shows the survival probabilities P→N ( f )
and P←U ( f ) of protein barnase at 25 ºC, where the high irreversibility of its mechanical
folding is evidenced. In fact, P→N ( f ) and P←U ( f ) do not cross in the investigated force range
(highlighted area in Figure 3b). Finally, by modeling the unfolding and folding kinetics
as a first-order Markov process, kinetic rates can be calculated from the rupture force
distributions as [49]

ρ→( f ) =
k→( f )

r
P→N ( f ) ⇒ k→( f ) = r

ρ→( f )
PN( f )

(2)

ρ←( f ) =
k←( f )

r
P←U ( f ) ⇒ k←( f ) = r

ρ←( f )
P←U ( f )

(3)

where r = |d f /dt| is the constant loading and unloading rate. The results are shown in a
log-normal plot in Figure 3c (yellow symbols), where kinetic rates for the DNA hairpin
have been also reported for comparison (green symbols). In this case, folding and unfold-
ing kinetic rates span a narrow range of forces (∼13–17 pN), around the coexistence force
(∼15 pN). In contrast, the yellow area highlights the force range where kinetic measure-
ments from equilibrium hopping experiments are not feasible for barnase. Kinetic rates of
the DNA hairpin and barnase present a linear force-dependence, which is discussed in the
next section.

3.2. The Transition State Position and the Leffler–Hammond Postulate

The force dependence of the folding and unfolding kinetic rates is well approximated
by the BE model. In this model, the height of the barrier located at the TS linearly decreases
with the applied force f . The decrease rate equals the distances of the TS to the native and
denatured states (x† and x∗) which are taken as constant. The BE kinetic rates are given by

k→( f ) = ka exp
(
− β∆G†) exp

(
β f x†

)
(4)

k←( f ) = ka exp
(
− β∆G∗

)
exp

(
β
(
∆G0 − f x∗

))
(5)

where ∆G0 is the free energy difference between N and U, ∆G† and ∆G∗ are the bar-
rier’s heights relative to N and U (see Figure 1a), β = 1/kBT (with kB the Boltzmann
constant and T the temperature), and ka is the attempt rate, which depends on the
experimental conditions.

By fitting Equations (4) and (5) to the experimental values of k→( f ) and k←( f ) (dashed
and solid lines in Figure 3c), we derive the position and the height of the energetic barriers.
First, the values that best fit the BE model to the experimental data have been used to
estimate the coexistence force for barnase fc = (9.0± 0.5)pN, where k→( fc) = k←( fc).
The error in the estimate includes the systematic error in force calibration which is about
5%. N and U have the same free energy at the coexistence force, meaning that the barriers
to unfold or fold the protein are the same. Second, we have carried out an in-depth analysis
about the position of the kinetic barrier. From the fits to the kinetic rates, we have derived
x† and x∗. The errors of x† and x∗ have been calculated as the standard statistical error
taken from the values taken over all five studied molecules, giving x† = (3± 1) nm and
x∗ = (8± 1) nm, which sum xm,exp = x† + x∗ = (11± 2) nm. In the BE model, the latter
should be equal to the full molecular extension of the protein at the coexistence force.
In the following, we show that xm,exp = (11± 2) nm largely underestimates the value
predicted from the elastic theory of polymers. This indicates that the assumption that
x†, x∗ are force-independent does not hold. Moreover, in [33], the unfolding and folding
kinetic rates have been studied with the Dudko–Hummer–Szabo (DHS) model [50]. This
model is parametrized by a parameter γ that interpolates between different TS shapes (BE
corresponding to γ = 1) finding xm,exp = (10± 2) nm for a parabolic shape (γ = 1/2)
and xm,exp = (10± 1) nm for a cubic shape (γ = 2/3), whereas for the BE model we get
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xm,exp = (11± 2) nm. Considering the expected value from the inextensible Worm-Like
Chain (WLC) prediction, xm,th = (21± 1) nm, the above results show that both BE and
DHS largely underestimate the full molecular extension.

To derive the theoretical prediction for xm,th( f ), we have calculated the extension of
the polypeptide chain released upon unfolding at a given force f , X( f ). To X( f ) we must
subtract the protein elongation in the native state just before the rip, xd( f ), which gives
xm,th( f ) = X( f )− xd( f ). The initial extension of the folded protein, xd( f ), is modeled as a
dipole of length equal to the N-C-termini distance (3 nm for barnase [33,40]). The dipole
orients under an applied force, its average extension being equivalent to that of a single
Kühn segment (in the Freely Jointed Chain (FJC) model) of length equal to that of the dipole
(3 nm). Besides, the value of X( f ) is determined by using the inextensible Worm-Like
Chain (WLC) model and its interpolation formula between high and low forces [51,52]

f =
kBT
4Lp

[(
1− X( f )

Ndaa

)−2

+ 4
X( f )
Ndaa

− 1

]
(6)

where Lp = 0.8 nm is the persistence length of the polypeptide chain, N is the number of
residues (110 for barnase), and daa = 0.37 nm is the aa distance [33]. Using these elastic param-
eters, the theoretical molecular extension at fc is xm,th( fc) = X( fc)− xd( fc) = (21± 1) nm,
which differs by ∼9 nm from the value derived from the BE model, xm,exp = (11± 2) nm.
This discrepancy arises from the strong hysteresis between unfolding and folding and the
different range of forces used to measure x† and x∗. Indeed, fits of k→ and k← to the BE model
are made close to the most probable unfolding and refolding forces, meaning that the values of
x† and x∗ are estimated at very different forces, far from fc. In contrast, the expected molecular
extension has been calculated from the elastic models at fc. Therefore, to properly compare
the measured values x† and x∗ with the theoretical prediction, these must be estimated at the
same force. In the DNA hairpin, both unfolding and folding kinetic rates have been measured
in the same force range close to fc,DNA ∼ 15 pN. As a consequence, the DNA extension
theoretically predicted by the WLC model, xDNA,th = (18.0± 0.3) nm (with Lp, daa and xd
given in [52,53]) matches that obtained from the BE model (xDNA,exp = (17.9± 0.4) nm).
The number of released bases at the transition state at fc are n† = 20± 1 and n∗ = 23± 2,
which sum gives the total 44 bases of the hairpin.

To estimate the TS position of barnase, we have converted barrier distances x† and x∗

into the number of unfolded amino acids relative to N (n†
aa) and U (n∗aa), by using the WLC

model, Equation (6). The obtained values at the most probable unfolding and folding forces
are n†

aa = (13± 1)aa and n∗aa = (69± 3)aa, which sum n†
aa + n∗aa ' 82 underestimates the

full number of amino acids (110).
This result could indicate the presence of intermediate states in the unfolding/folding

pathway. However, calorimetric studies [54,55] and numerical simulations [56] have pre-
viously demonstrated that barnase folds in a two-state manner. A plausible explanation
of the discrepancy is that the distances to the TS (expressed in amino acid units) are not
fixed but change with force. In fact, upon increasing the force, the extension of that part
of the polypeptide chain that is unfolded at TS (which contains n†

aa aa) should increase as
predicted by Equation (6). At the same time, n†

aa decreases with force as predicted by the
Leffler–Hammond postulate for chemical reactions [38,39]. According to this postulate,
upon applying an external perturbation (e.g., force), the TS position moves toward N (U)
to counteract the increased thermodynamic stability of the U (N) state. Upon stretching,
the postulate predicts that the number of released (adsorbed) amino acids in the TS during
unfolding (folding), n†

aa (n∗aa), decreases (increases) with force. In the unfolding case, a com-
pensation between the two effects leads to a N− TS extension x† which is roughly constant,
explaining the linearity of the log(k→) versus force observed in Figure 3c in the range
16–23 pN (yellow dashed line). In contrast, such linearity is not expected for the folding
rate (log(k→) versus force). Upon increasing the force, n∗aa increases with force, therefore
no compensation occurs between such increase and that of the molecular extension, x∗.
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To verify this, we have used the WLC model (Equation (6)) to calculate n†
aa over

the full range of forces, assuming a constant value of x†. The results are reported in
Figure 4a and show that n†

aa decreases when the force increases, in agreement with the
Leffler–Hammond postulate. Then, we used the value of n†

aa estimated at the most probable
folding force 〈 f←〉 = (3.0 ± 0.2) pN to sum it with the value of n∗aa obtained from the
folding kinetic rates and the WLC model. At 〈 f←〉, the protein extension in amino acids
is ntot

aa = n†
aa + n∗aa = (37 ± 1) + (69 ± 3)aa = 106 ± 4aa, a result compatible with the

110 amino acids of barnase. This result confirms the two-state behavior of barnase folding
and, above all, the effective movement of the transition state which occurs to counteract
the action of the force. The compensation between the change in n†

aa and the molecular
extension with force in (6), reported at forces as low as 〈 f←〉 = (3.0± 0.2) pN shows that
the linear behavior of log(k→) versus f leads to an approximately constant value of x†

throughout the whole range of forces. Probably this compensation is just casual, in fact a
constant x† is not always observed, e.g., in DNA and RNA hairpins [57–59].

From n†
aa( f ) we extract n∗aa( f ) by subtracting n†

aa( f ) to the total number of amino
acids (110), n∗aa( f ) = 110− n†

aa( f ). Figure 4a shows that n∗aa( f ) exhibits a force dependence
opposite to that of n†

aa, approaching U as force decreases. In Figure 4b, we show x∗( f ),
derived by using Equation (6) and the values of n∗aa reported in Figure 4a. In contrast to
x†, x∗ presents a strong force dependence. Its value increases up to ∼30 nm at the maxi-
mum unfolding force (∼25 pN). Another interesting quantity is the mechanical fragility of
barnase, defined as µ( f ) = (x† − x∗)/xm, where xm = x† + x∗. In Figure 4c we show the
fragility as a function of force. The Leffler–Hammond postulate predicts that the fragility is
a monotonically decreasing function of force [59], with compliant unfolding at low forces
and brittle unfolding at high forces.
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Figure 4. Force-dependent TS position. (a) Number of released and absorbed amino acids at TS
relative to N, n†

aa (gray), and U, n∗aa (black), respectively. The force dependence of n†
aa is evaluated

assuming a constant x† and using the WLC model; the values of n∗aa are calculated as 110− n†
aa.

The red circles show the values of n†
aa and n∗aa calculated at the most probable unfolding and refolding

forces, by fitting the BE model to the experimental kinetic rates. (b) TS position relative to U, x∗,
versus force. The values of x∗ are derived by using Equation (6) and the values of n∗aa reported in (a).
The red circle represents the value of x∗ calculated at the most probable folding force, by using the
experimental folding kinetic rates. (c) Fragility of barnase versus force.

4. Discussion

In this work, we have investigated the effect of force on the molecular free energy
landscape (mFEL) of protein barnase. Barnase is a suitable model due to its high mechanical
stability showing large hysteresis in the FDCs [33]. Barnase also shows a two-state folding,
in bulk experiments [54,55] and simulations [56]. In particular, we address the question of
the reported underestimation of the molecular extension when the BE model is used to fit
the force-dependent kinetic rates [14,29,32].



Nanomaterials 2021, 11, 3023 9 of 11

To this end, we have analyzed non-equilibrium pulling data to extract the force-
dependent unfolding and folding kinetic rates (k→ and k←) at room temperature. The dis-
tances of the transition state (TS) to the native (N) and unfolded (U) states, x† and x∗, have
been calculated from the force-dependent kinetic rates using the BE model. The experi-
mentally derived sum x† + x∗ underestimates the total molecular extension xm calculated
from the elastic worm-like chain (WLC) model. To resolve this discrepancy, we derived
the number of released amino acids at the TS, n†

aa, from the extensions x† using the WLC
model. We have found that the TS position approaches N upon increasing the force, while
x† remains approximately constant as assumed in the BE model. This result agrees with
the Leffler–Hammond postulate, which states that in chemical reactions the TS moves
toward the reactants when an external agent favors the products [38,39]. Nuclear Magnetic
Resonance (NMR) spectroscopy experiments in the early ’90s confirmed the validity of
this postulate using engineered mutants to modify the thermodynamic stability of bar-
nase [60]. Our results confirm that force is a very efficient denaturant, capable of inducing
a movement of the TS. The results of Figure 4a confirm that x†( f ) is roughly constant
due to the compensation between the decrease of n†

aa( f ) and the increase of the molecular
extension per aa, (x†

1aa( f )) with force f , or x†( f ) = n†
aa( f )x†

1aa( f ) ' cnst. In contrast, such
compensation does not occur for x∗( f ) which markedly changes with force (Figure 4b),
predicting a curvature in the log(k←) versus f plots (Figure 3c, brown line). Yet, the curva-
ture observed in the data (filled squares in Figure 3c), is smaller than that predicted from
x∗( f ) in Figure 4b. This discrepancy indicates that the assumption of a constant x†( f ) is
only an approximation that might be refined by matching the measured and predicted
values of k←( f ).

Finally, one might ask about the biological significance of the variation of n†
aa with

force reported in Figure 4, which shows a marked decrease below 5 pN. This result might
indicate a regulatory role of force in a wide variety of biological processes governed by
conformational changes of proteins. Our results confirm the general validity of the BE
model to investigate the kinetics and mFEL of highly kinetically stable proteins. The analy-
sis based on the movement of the TS position paves the way for future studies on other
proteins with a mechanical role, such as scleroproteins [61], metalloproteins that bind to
metal ions [62] or lipoproteins, which are transient intermediates in the process of lipids’
transfer [63].
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