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Abstract: While protein refolding has been studied for over 50 years since the pioneering work of
Christian Anfinsen, there have been a limited number of studies correlating results between chemical,
thermal, and mechanical unfolding. The limited knowledge of the relationship between these
processes makes it challenging to compare results between studies if different refolding methods
were applied. Our current work compares the energetic barriers and folding rates derived from
chemical, thermal, and mechanical experiments using an immunoglobulin-like domain from the
muscle protein titin as a model system. This domain, I83, has high solubility and low stability relative
to other Ig domains in titin, though its stability can be modulated by calcium. Our experiments
demonstrated that the free energy of refolding was equivalent with all three techniques, but the
refolding rates exhibited differences, with mechanical refolding having slightly faster rates. This
suggests that results from equilibrium-based measurements can be compared directly but care
should be given comparing refolding kinetics derived from refolding experiments that used different
unfolding methods.

Keywords: protein refolding; chemical denaturation; thermal denaturation; magnetic tweezers; titin;
immunoglobulin domain

1. Introduction

The seminal work of Christian Anfinsen and Cyrus Levinthal [1,2] initiated what is
now over half a century of work to decipher the principles that govern how a protein
transitions from an extended linear state to its final, active conformation. The majority of
this work has relied on denaturing a purified protein and exploring the conformational
changes that allow it to return to its native state [3–5]. This approach has established the
majority of the core principles of protein refolding and continues to provide new insights
into this crucial and complex process. While bulk refolding studies have provided the foun-
dation for our understanding of protein refolding, the advent of single-molecule refolding
approaches as well as the development of techniques that allow monitoring of protein
folding both in vivo and on the ribosome has provided an even greater understanding of
how a newly formed protein finds the correct conformation [6–8].

A critical step in protein refolding studies is the denaturation of the purified protein,
which is most commonly accomplished either by chemical denaturants or by thermal
denaturation. These two approaches disrupt existing protein structure differently and
so it has often been hypothesized that different unfolding methods result in different
unfolding states due to differences in the types and number of intramolecular contacts
existing in the unfolded state [9–11]. For example, chemical denaturants such as urea form
hydrogen bonds with the peptide backbone and disrupt the core stabilizing interactions
in the protein [12]. Alternatively, when a protein is thermally unfolded, the increased
energy in the system disrupts many of the stabilizing interactions in the protein but some
native and non-native hydrophobic interactions may be maintained or even strengthened
at elevated temperatures [13,14]. It is these differences that established the hypothesis that
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refolding might be initiated at different points on the folding funnel based on the method
of denaturation.

In recent years, a growing number of studies have applied force as a mechanism to
unfold the protein of interest [15–20]. In these studies, a sufficient level of force is applied
so that the protein rapidly unfolds and then force is relaxed, allowing the protein to refold.
The seminal work in this area was done in the mid-1990s, where immunoglobulin domains
from the muscle protein titin were stretched and unfolded using atomic force microscopy
(AFM) [21–24]. Since those initial studies, numerous other proteins have been studied,
not only by AFM but other force spectroscopy techniques such as optical trapping and
magnetic tweezers. Many elastic proteins such as titin undergo unfolding and refolding as
part of their function, so force spectroscopy-based folding studies provide a physiologically
based method to study the transition between the folded and unfolded state.

One of the most studied proteins by force spectroscopy has been the titin protein,
which has over 90 unique immunoglobulin (Ig) domains. One of the first domains from this
protein to be characterized was the I91 Ig domain (originally called I27) [18,21], though since
then a variety of Ig domains have been characterized using both force spectroscopy and
more traditional bulk refolding studies using either CD or intrinsic tryptophan fluorescence
since those initial studies. The variety of techniques that have been used to characterize
refolding of titin domains raises the question of whether it is possible to correlate results
from folding studies that utilized different techniques. Botello et al. used the I91 domain
to compare mechanical unfolding by AFM with chemical unfolding and demonstrated
that both techniques resulted in similar unfolded states [25]. In a similar study using the
same domain, Carrion-Vasquez showed that the unfolding rate of a tethered homopolymer
extrapolated to zero force was the same as the chemical unfolding rate extrapolated to
zero denaturant [26]. These studies suggested that it is possible to apply results from bulk
refolding experiments to mechanical unfolding/refolding studies.

We have been using the I83 domain, the terminal C-domain in the N2A region of
titin, to further explore the question of how closely single molecule folding experiments
correlate with chemical and thermal denaturation studies. Previous work by our lab has
demonstrated that while the I83 domain is structurally similar to the I91 domain, it has a
free energy of unfolding that is 2–3 times lower than I91 [26,27]. We have also previously
demonstrated that this domain refolds reversibly and the ∆Grefolding, as determined by
chemical denaturation, is equivalent to the ∆Gunfolding [4,27]. Most interesting, the stability
of this domain is increased in the presence of calcium due to binding of calcium to a non-
canonical calcium binding site along the I82-I83 interface [27]. These unique characteristics
and the lack of mechanical characterization of this domain makes this an interesting system
to explore the relationship between different refolding methods.

We chose to use magnetic tweezers to explore the mechanical unfolding and refolding
pathway of I83 for two primary reasons. First, it provides the ability to monitor discrete
unfolding and refolding events at physiologically relevant forces (<20 pN) with high
resolution [17] without the photobleaching effects that can occur when using optical
tweezers [28]. Recent studies have demonstrated that there is a conformational equilibrium
between folded and unfolded states of Ig domains that are held for extended periods at low
forces (6–10 pN) [29–31], so the ability to measure these transitions without damage to the
protein has provided insights that are not obtainable through other approaches. Second,
the lack of damage to the sample during the measurement allows multiple, repeated
measurements to be made on the same molecule as buffer components are added or
exchanged through the flow cell. This makes magnetic tweezers the ideal force spectroscopy
tool for this study.

The focus of this work was to correlate the thermodynamic and kinetic properties
of the I83 domain as measured following chemical, thermal, and mechanical unfolding.
Our results demonstrate that the ∆Gunfolding and the ∆Grefolding are statistically equivalent
regardless of the approach used for unfolding. In contrast, mechanical unfolding exhibited
faster unfolding kinetics and faster refolding kinetics than chemical denaturation kinetics.
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We also demonstrate that including calcium at pCa ~4.3 stabilizes the I83 domain in force
spectroscopy experiments, consistent with previously observed stabilization in chemical
and thermal denaturation experiments. Most interestingly, this stabilization is observed
under weak forces but not at higher forces, denaturant concentrations, or temperatures.
This suggests that the calcium binding site disappears as more of the overall structure of
the domain is lost. Overall, our results demonstrate that all three unfolding approaches
tested are thermodynamically equivalent, but they are not kinetically equivalent.

2. Materials and Methods

Reagents: Chemicals were obtained through standard chemical suppliers such as
Fisher Scientific, Waltham, MA, USA and Sigma-Aldrich, St. Louis, MO, USA. The coding
sequences for the three Ig domains were codon optimized for Escherichia coli and synthe-
sized by GeneArt. The synthesized genes were subcloned into the pET151-D-TOPO vector
for expression. The NCBI sequence for the N2-A isoform of titin (NP_035782) was used as
the reference for the sequences of the individual Ig domains.

2.1. Expression and Purification of the Individual I83 Domain and Halo-(I83)6 Polymer

Expression and purification of the monomeric I83 domain was as published in our
previous work [27]. Expression plasmids for Halo-(I83)6 containing an N-terminal Halo-
tag and C-terminal Avi-tag were transformed into chemically competent Escherichia coli
BL21 (DE3) cells. Autoinduction media cultures were inoculated by 0.5% (v/v) overnight
cultures and grew at 30 ◦C and 230 rpm for 16–18 h. Purification of Halo-(183)6 followed
the same method as for the monomeric I83 [27], sans cleavage of the HIS-tag for Halo-(183)6.
Size exclusion chromatography fractions containing purified Halo-(183)6 were pooled and
dialyzed into storage buffer (20 mM HEPES, 138 mM KCl, 12 mM NaCl, pH 7.4) with 20%
glycerol, flash frozen, and stored at −80 ◦C.

2.2. Chemical Stability

Purified protein was diluted to a final concentration of 100 µg/mL in storage buffer
(+/− 50 µM Ca2+) with varying urea concentrations (0–7.6 M urea). Samples were placed
in a quartz 96-well plate and incubated at room temperature (22 ± 2 ◦C) for one hour prior
to data collection to ensure equilibrium was reached. Samples were excited at 280 nm and
the emission spectra were collected in 2 nm steps from 300 to 450 nm at 25 ◦C using a
SpectraMax M3 plate reader. The Center of Mass (CoM) of each spectrum was calculated

using Equation (1), where I is intensity and
−
v is the wavenumber:

CoM =
Σ(

−
v·I)

ΣI
(1)

CoM was plotted as a function of urea concentration and fit using linear extrapola-
tion [32] to determine the ∆Gunfolding using Equation (2)

Keq = e
−∆G+mx

RT (2)

where x is the concentration of urea. A two-way t-test analysis of variance was used to
determine statistical significance using a value of p < 0.01 as the cutoff for significance.

2.3. Thermal Stability

Circular Dichroism (CD) spectra of 100 µg/mL samples of the purified and I83 do-
mains were measured using a JASCO J-1500 CD Spectrophotometer (JASCO International
Co., Tokyo, Japan). Variable temperature measurements were made at 222 nm and 208 nm
every 0.1 ◦C nm from 15–95 ◦C while samples were placed in a sealed quartz cuvette with
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a 0.1 cm path length and heated at a rate of 1 ◦C/min using a Peltier temperature controller.
The signal (mdeg) was converted to molar ellipticity (θ) using Equation (3):

θ =
mdeg·M
C·L·10

(3)

in which M is the molecular weight, L is the path length of the cell in centimeters, and C is
the concentration of the protein in g/L. Values reported are the average of four scans and
were background subtracted before deconvolution.

The free energy for the two-state refolding processes were determined by using a
derivation of the Gibbs-Helmholtz, in which the specific heat capacity (Cp) of the folded and
unfolded state are assumed to be the same [33]. CD data were fit to an unfolding curving
that determined the enthalpy (∆H◦

m) and unfolding midpoint (Tm) using Equation (4):

∆G
◦
(T) = ∆H

◦
m

(
1 − T

Tm

)
(4)

where T is the melting temperature of the protein, such that the midpoint temperature (Tm)
yields a free energy of zero [33].

2.4. Chemical Folding Kinetics

Unfolding kinetics were measured by the addition of various concentrations of urea
to achieve a final protein concentration of 100 µg/mL. Samples were excited at 280 nm
and the emission spectra were collected at 20 ◦C. The unfolding emission spectra were
monitored at 354 nm every 3 s using a SpectraMax M3 plate reader and rate constants were
determined by fitting data to a single exponential using Equation (5):

y = c + A
(

1 − e−kt
)

(5)

in which y in the signal intensity, c is the y-intercept, A is the amplitude of the curve, k is
the rate constant, and t is time in seconds.

2.5. Flow Cell Preparation

Magnetic tweezers measurements were performed in fluid chambers that were func-
tionalized by (3-aminopropyl)-trimethoxysilane in ethanol (1% v/v, Sigma-Aldrich, St.
Louis, MO, USA), and glutaraldehyde (1% v/v, Sigma Aldrich) as described by Popa
et al. [17]. HaloTag amine (O4) ligand (Promega, Madison, WI, USA) was added to create
an attachment point for the protein of interest. Halo-(I83)6 protein was diluted in 20 mM
HEPES buffer and added to a functionalized flow cell. Chambers were washed with TRIS
buffer and then streptavidin coated paramagnetic beads (Dynabeads M-270, Invitrogen,
Waltham, MA, USA) were added to attach the biotinylated C-terminus of the protein.

2.6. Single-Molecule Measurements

A home-built magnetic tweezer system modeled after those systems used by the
Fernandez Laboratory at Columbia University [17] was used for force-induced unfolding
and refolding measurements. The system was calibrated using Protein-L and the fitting
parameters of the magnet law (Equation (6)) for the system are “a” = 177 ± 17 pN and
“b” = 1.07 ± 0.05 nm [17].

F = a·e−b·MP (6)

A Z-stack library of both a protein-tethered paramagnetic bead and a fixed reference
bead were initially acquired prior to each measurement and this was used to calculate
the real-time Z-position displacements using the image processing method developed by
the Fernandez Lab [17]. The extension of Halo-(I83)6 in nanometers (nm), as induced by
applying pulling forces in the piconewton (pN) range, was measured vs. time using an
imaging rate of 1800–2000 frames per second (fps). The load rate of the magnetic force was
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negligible (<0.01%) as compared to the overall unfolding rates observed. Noise-reduction
was applied using the AutoStepFinder fitting algorithm in MatLab (R2021a), developed
by Kerssemaker [34]. Five independent measurements were made at each force based on
previous studies that have demonstrated that five single-molecule measurements provide
a reliable mean that is within one SD of the population mean [35].

2.7. Force-Induced Folding and Refolding Kinetics

The rate of homopolymer unfolding and refolding was determined using the same
single exponential equation sed for the fluorescent kinetic experiments to fit the stepwise
unfolding and refolding events over time when initiated by a change in force (Equation (5)).
Force-induced folding comparisons of Halo-(I83)6 in absence and presence of calcium were
conducted by exchanging the buffer components in the flow cell while taking measurements
on a single molecule.

2.8. Comparison of Mechanical and Chemical Stability and Kinetics

Mechanical and chemical stabilities were compared by substituting unfolding (ku)
and refolding rates (kf ) in for the equilibrium constant (K) in the free energy equation, as
shown in Equation (7) using 293 K as T.

∆G = −RT ln
ku( f )
k f ( f )

(7)

Comparison of chemical and mechanical unfolding rates by chemical and mechanical
means was done using a chevron plot. The mechanical unfolding rate of a single protein
domain in a homopolymer was compared to that of a solution containing the individual
domains by extrapolating to zero force and 0 M urea, as in previous studies [26].

3. Results
3.1. Thermal and Chemical Equilibrium Studies Yield Similar Stabilities

Protein refolding experiments generally start by unfolding the protein using either
chemical or thermal denaturation or by the application of mechanical force [36,37]. Each
method unfolds the protein differently and it has been hypothesized that different methods
result in different unfolded states. If true, comparing refolding results derived using
different unfolding methods could lead to incorrect conclusions about the folding pathway
utilized by a protein under certain condition [38,39]. We used the I83 immunoglobulin-
like (Ig) domain from the N2A region of the muscle protein titin as a model system to
compare the stability following chemical, thermal, and mechanical unfolding to explore
this hypothesis. Chemical stability was measured using intrinsic fluorescence and the free
energy was calculated using linear extrapolation [33]. Thermal stability was measured by
Circular Dichroism (CD) and the change in the molar ellipticity vs. temperature was fit
using a derivation of the Gibbs-Helmholts equation [40]. As previously published, the
thermal ∆Gunfolding for this domain is 3.2 ± 0.1 kcal/mol (Figure 1A) and the ∆Grefolding
is 3.1 ± 0.2 kcal/mol, demonstrating that this is a reversible process (Table 1, [4]). The
∆Gunfolding from chemical denaturation is 3.31 ± 0.3 kcal/mol while the ∆Grefolding is
3.40 ± 0.04 (Figure 1B, [4]). There is not a statistically significant difference between the
∆Gunfolding for both processes but there is a statistically significant difference between the
∆Grefolding from chemical and thermal unfolding (p-value < 0.05). This suggests that, while
the energy requirements to unfold the protein are similar from either chemical or thermal
denaturation, there is a subtle difference in the overall nature of the unfolded state that
decreases the free energy requirement of refolding following thermal denaturation [41,42].
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Figure 1. Thermal and chemical unfolding of I83 yield similar free energies and calcium stabilization. (A) CD data obtained
by thermal melt for I83 (#) is fit by a two-state unfolding model (solid line) with a thermal midpoint (Tm) of 53.2 ◦C.
(B) Center of mass calculated from tryptophan fluorescence spectra measured during chemical unfolding (#) is fit by a
two-state unfolding model, with a midpoint ([Urea]50%) of 3.2 M. Error bars show ± one standard deviation. (C) Thermal
unfolding fit of I83 in the absence of calcium (black) is overlayed with the unfolding fit at pCa 4.3 (dashed gray line).
(D) Chemical unfolding fit of I83 in the absence of calcium (black) is overlayed with the unfolding fit at pCa 4.3 (dashed
gray line). Reprinted from Reference [4].

Table 1. Free energy values indicated similar values for thermal and chemical unfolding and
refolding.

Thermal Chemical

∆Gunfolding (kcal/mol)
Ca-free 3.2 ± 0.1 3.3 ± 0.3

∆Grefolding (kcal/mol)
Ca-free 3.1 ± 0.2 3.4 ± 0.04

∆Gunfolding (kcal/mol)
pCa 4.3 4.2 ± 0.1 4.8 ± 0.1

Previous work for this domain has demonstrated increased stability in the pres-ence
of Ca2+ due to a non-canonical calcium binding site involving the F–G loop [4]. In both
thermal and chemical denaturation studies, this results in an increase in the ∆Gunfolding of
1.0 kcal/mol at pCa 4.3 (Figure 1C,D). The m-value, representing the slope of the transition
from the folded to the unfolded state, increased by 33% in both cases as well. This suggests
that the observed increase in stability is due to increased coop-erativity from binding of
calcium to the domain [27].
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3.2. Force Unfolding and Refolding of Halo-(I83)6 Shows Stabilization in Calcium

Proteins have an unfolding “fingerprint” that is defined as the minimum force and
time that produces an extension step for each domain in a polymer chain. Previous studies
on other titin Ig domains have shown that I91 has an unfolding fingerprint of 102 pN
over 100 s while the fingerprint for the less stable I10 domain is 64 pN over 10 s [31].
The ∆Gunfolding of the I91 domain is 2–3× greater than that of the I83 domain when
measured using chemical unfolding [26,27] so it was hypothesized that I83 might have
similar mechanical stability to the I10 domain and unfold at forces ranging from 30–60 pN.
To test this hypothesis, flow cells were prepared with a Halo-(I83)6 construct attached to
the surface and the attached protein was unfolded using magnetic tweezers. Individual
proteins were identified by the slight movement of the magnetic bead and a 4 pN force was
applied to the system to reduce Brownian motion. Unfolding was induced by stepping
the magnetic force from 4 pN to a range of higher forces. As shown in Figure 2, unfolding
occurs within 40 s of stepping the force to 35 pN and the six unfolding events representing
the individual I83 domains unfolding can be observed after the initial characteristic elastic
extension step. The average extension step is 15.9 ± 1.2 nm, which is consistent with the
extension length of a typical Ig domain at that force [30,43]. When the force is dropped
from 35 pN back to 4 pN, an elastic recoil is observed followed by a series of refolding steps.
Both elastic extension and recoil observed in our experiments is consistent with unfolding
profiles observed with other multi-Ig polymers [30].
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noise of approximately ± 20 nm (light gray). A moving average (dark gray) and Kerssemaker fit
(black line) more clearly illustrate the extension, unfolding, and refolding of the hexamer. The applied
force over time, shown below the data trace, started at 4 pN, was stepped to 35 pN, and then returned
to 4 pN after ~45 s. The unfolding steps of the individual Ig domains are marked by triangles and
follow the initial elastic extension of the polymer.

The unfolding time for the hexamer was measured at a range of forces to determine
the relationship between force and unfolding rate. The average time to unfold all six
domains at 35 pN of force is 41.2 ± 9.5 s. This decreases to 20.5 ± 11.4 s at 40 pN and
14.8 ± 12.2 s at 50 pN (Figure 3), demonstrating that the rate of unfolding is correlated with
the applied force, as would be predicted. Previous studies on other titin Ig domains have
reported unfolding on this time scale at forces of 50 to 100 pN, depending on the stability of
the domain [30,31,43]. The lower unfolding force range observed for I83 is consistent with
the lower stability of this particular Ig domain as observed in both chemical and thermal
denaturation experiments.
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Figure 3. Sample unfolding plots from magnetic tweezers exhibit slower unfolding rates in presence of calcium. (A) Un-
folding steps at 40 pN occurred more rapidly in the absence of calcium (black) than in the presence of calcium (dashed
gray). (B) Unfolding steps at 50 pN occurred slightly more rapidly in the absence of calcium (black) than in the presence of
calcium (dashed gray). The first unfolding step is not visible when unfolding at 50 pN because it occurs during the elastic
extension step.

As calcium has been shown to increase the stability of I83 in equilibrium experi-
ments, we predicted that a similar effect would be observed with mechanical unfolding.
The unfolding time for the complete hexamer was increased in the presence of calcium,
as was observed previously for both the chemical and thermal unfolding experiments.
The average unfolding time for this domain at 35 pN increased from 41.2 ± 9.5 s to
55.6 ± 8.2 s in the presence of calcium. Calcium also increased the unfolding time from
20.5 ± 11.4 s to 32.4 ± 9.9 s at 40 pN (Figure 3A) though interestingly there was not a
similar statistically significant stabilization observed at 50 pN (14.8 ± 12.2 s to 17.9 ± 11.5 s,
Figure 3B). This suggests that the interdomain interactions that are enhanced by calcium
are easily ruptured by applying a 50 pN force. The actual calcium concentration is not
known in these experiments since it is not possible to calculate the degree of dilution of the
calcium during the buffer exchange step, but it is estimated to be approximately pCa 4. The
change in unfolding rate with calcium present at 35 and 40 pN is ~30%, which is consistent
with the change in unfolding rate observed in chemical unfolding experiments [27].

To further explore folding at low forces, refolding experiments were conducted by
extending the polymer fully at 75 pN for 10 s to fully unfold the protein and then stepping
the force down to between 2 and 10 pN for 60 s to monitor both the rate of folding and
the ratio of folded to unfolded domains following the 60 s recovery period (Figure 4).
The degree of refolding directly correlates with the applied force, as would be expected.
The fastest refolding occurs at 4 pN (Figure 4A), as evidenced by this force producing
the highest ratio of folded to unfolded domains, followed by 6 pN (Figure 4B), 8 pN
(Figure 4C), and 10 pN (Figure 4D) respectively. These results are consistent with similar
studies that have been conducted on other Ig domains [29–31].

This experiment was repeated in the presence of calcium to determine if calcium
impacts the rate of I83 refolding in mechanical experiments as has been observed in
chemical denaturation experiments. Two important differences were observed between
refolding in the presence of calcium compared to refolding in the absence of calcium. First,
the domains appear to refold more quickly in the presence of calcium. In a sample refolding
trace, the first refolding events were observed immediately in the presence of calcium and
began about 1 s later in the absence of calcium when the force was decreased to 4 pN
(Figure 5A). Similarly, the first refolded domains were observed in 2 s after the force was
decreased to 10 pN in the presence of calcium, compared to nearly 10 s in the absence of
calcium (Figure 5B). A similar pattern was observed at the other forces tested as well. The
second observation is that the number of unfolding and refolding events observed over the
same time period was greater in the presence of calcium, suggesting that calcium shifts
the equilibrium toward the folded state, which is most apparent at 10 pN (Figure 5B). At
this force, half of the domains remain unfolded in the absence of calcium, whereas 4 of
6 domains refold after the same recovery time in the presence of calcium (Figure 4D). Our
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current working model is that calcium helps to stabilize an intermediate in the folding
pathway as well as stabilizing the final folded structure, shifting the equilibrium toward
the folded state. This model explains why calcium impacts both the folding kinetics and the
overall stability of the domain and we are working to further test the validity of this model.
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Figure 4. Sample refolding traces of (I83)6 polymer in calcium shifts equilibrium to folded state. The same molecule was
monitored in absence (black) and presence (gray) of calcium. A histogram is used to show the distribution of the number of
folded domains as measured by extension values over 60 s. A shift toward the folded state is observed in the presence of
calcium at (A) 4 pN, (B) 6 pN, (C) 8 pN, and (D) 10 pN.
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Figure 5. Refolding Traces of (I83)6 polymer at 4 pN and 10 pN. Sample unfolding traces at (A) 4 pN
and (B) 10 pN of force illustrate faster and more dynamic refolding in presence of calcium (dashed
gray) vs. the absence of calcium (black) as demonstrated by a greater decrease in extension and more
frequent folding transitions over time.

3.3. Chemical and Mechanical Folding Yield Similar Rate Constants and Free Energy Values

The addition of calcium appears to shift the equilibrium toward the folded state at
forces ≤40 pN, suggesting an increase in the ∆Gunfolding in the presence of calcium. To
explore this hypothesis, a comparison of folding rates from chemical denaturation and force
was conducted in the presence and absence of calcium. Rate constants were determined
for both unfolding and refolding processes at a range of both urea concentrations and
pulling forces. Each experiment was analyzed using a nonlinear, least squared fit and
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the results were averaged to generate a Chevron-plot (Figure 6, Table 2). The ko for both
unfolding and refolding was determined by extrapolating to zero denaturant using a
linear fit. These rate constants were used to calculate the ∆Gunfolding for both chemical and
mechanical unfolding.
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Table 2. Rate constants and free energy values indicated stabilization by calcium in both chemical and force unfolding.

Chemical Force
Ca-Free pCa 4.3 Ca-Free pCa ≤ 4

Natural Log of Unfolding Rate
Ln ku

−5.52 ± 0.10 −6.04 ± 0.08 −5.01 ± 0.34 −5.68 ± 0.21

Unfolding Rate
ku (s−1) 0.004 ± 0.0004 0.0024 ± 0.0002 0.0067 ± 0.0019 0.0034 ± 0.0006

Natural Log of Refolding Rate
Ln kf

−0.013 ± 0.15 0.13 ± 0.14 1.00 ± 0.28 1.20 ± 0.23

Refolding Rate
Kf (s−1) 0.99 ± 0.13 1.14 ± 0.15 2.72 ± 0.66 3.32 ± 0.68

∆Gunfolding
Equation (7) (kcal/mol) 3.3 ± 0.25 3.7 ± 0.22 3.5 ± 0.62 4.0 ± 0.44

A statistically significant difference is observed between the rate of chemically induced
unfolding and mechanically induced unfolding (Table 2), with chemical unfolding being
slower (0.004 ± 0.0004 s−1 to 0.0067 ± 0.0019 s−1, respectively, p value < 0.05). A similar
shift was observed for refolding as well, with refolding occuring faster following mechani-
cal unfolding (2.72 ± 0.66 s−1 to 0.99 ± 0.13 s−1). Interestingly, since there is a comparable
shift to both the folding and unfolding rates, there is not a statistically significant difference
in the ∆Gunfolding (3.3 ± 0.25 (chemical) to 3.5 ± 0.62 (mechanical), p-value = 0.56). These
experiments were conducted at pCa ~4.3 and a similar effect was observed. The impact
of calcium appears to be greatest at mid-range denaturant concentrations (3–5 M urea)
or forces (10–30 pN), where calcium is likely shifting the equilibrium toward the folded
state. This is illustrated by the minima of the chevron plot for experiments conducted in
the presence of calcium being shifted toward a higher concentration of either denaturant or
force. Calcium reduces the extrapolated natural log of the rate of unfolding in the presence
of denaturant and had no significant impact on refolding in the presence of denaturant.
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It is interesting to note that, while calcium impacts both the folding and unfolding in the
presence of force, there is a larger change in the extrapolated natural log for the refolding
rate, suggesting that either calcium is impacting the folding process more strongly than the
unfolding process or that calcium has more of an impact in the presence of the low forces
used to measure refolding.

4. Discussion

Single-molecule force-based refolding studies offers unique insights into the folding
pathway of individual molecules, which differs from the insights that can be gained in bulk
refolding studies initiated from a chemically or thermally denatured state. Bulk refolding
experiments have the advantage of being relatively easy to conduct and can generally be
done with equipment available in most laboratories. It is also relatively easy to alter variables
such as temperature and buffer conditions in these types of experiments. These types of
studies have provided valuable insights into protein folding over the years and have shown
relatively good correlation with more recent single-molecule experiments [3,9,44,45]. Single-
molecule fluorescence, optical trapping, atomic force microscopy and magnetic tweezers
are all types of single-molecule techniques that have become more generally accessible and
which have provided new and exciting insights into the folding and equilibrium dynamics
of single molecules [15,18,19,28,31,46–48]. Despite the growing body of single-molecule
refolding studies, there have been a limited number of studies correlating results from bulk
refolding experiments with single-molecule results, which is the focus of this study.

Immunoglobulin domains make an ideal model system to explore the question of
correlation between single-molecule and bulk solution measurements. There is a growing
body of work exploring the physiological role of force-induced unfolding and refolding
events in mechanical proteins such as titin that have repeated Ig-domains [20,31,43,49,50].
It has been found that Ig domains, like I10 and I91, are much more dynamic than initially
believed and have been shown to undergo unfolding and refolding transitions at physio-
logically relevant forces (≤10 pN) suggesting that these types of transitions could impact
titin elasticity in vivo [30,31,43,51]. These studies have highlighted the importance of using
mechanical assays capable of generating small forces to study the folding equilibrium
of mechanical or elastic proteins [31]. AFM has provided many valuable insights into
molecular stability but it is not capable of reaching forces in the range 5–15 pN due to the
size and relatively high stiffness of the cantilever [28]. It is also not currently possible to
watch the dynamics of a molecule over time with AFM. In contrast, magnetic tweezers
offer a powerful alternative that is capable of achieving forces from approximately 1 pN
to over 200 pN. This dynamic range can be achieved by applying very small changes in
magnetic field strength through small changes in the magnet position [28]. Moreover,
monitoring unfolding and refolding over a range of small forces and over time can offer
unique mechanistic insight into the physiologically relevant folding events taking place.

4.1. Correlations Observed across Methods

The focus of this study was to compare both the ∆Gs and rates of both folding and
unfolding derived using chemical, mechanical, and thermal denaturation. Our results
demonstrated that there is not a statistically significant difference between the ∆Gunfolding
and ∆Grefolding regardless of the method of denaturation. This suggests that it would be
possible to draw correlations between free energies reported in different studies, even if
the studies relied on different methods of denaturation. This is significant since techniques
such as intrinsic fluorescence are faster and easier than single-molecule techniques and can
be used in some cases in lieu of single-molecule experiments.

Our results indicate that kinetic studies do not exhibit the same degree of correlation.
Mechanical denaturation resulted in statistically significant increases in the rates of both
unfolding and refolding compared to chemical denaturation. This could be simply due
to a stochastic difference since chemical denaturation is generally used for bulk refolding
experiments using tools like intrinsic fluorescence. In these types of experiments, the
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measured rate is the average of all the molecules in the reaction compared to the rate
determined from a single molecule. Alternatively, this difference may reflect a difference
in the unfolded state, changing either the path or distance required to refold. Our current
data cannot distinguish between these two possibilities.

Our model system, the I83 immunoglobulin (Ig) domain from titin, has been shown
to be relatively unstable compared to most other Ig domains in titin but it is stabilized by
the presence of calcium. Mechanical unfolding and refolding experiments conducted in
the presence of calcium as part of this study correlated with our previous results under
lower forces. Mechanically induced unfolding rates measured in the presence of calcium
exhibited a statistically significant decrease in unfolding rate for forces ≤40 pN (Figure 3),
as well as a significant shift in the fraction folded at 10 pN (Figure 4). Interestingly, this
effect was not statistically significant when unfolding forces were >40 pN and was similarly
lost at temperatures > 60 ◦C and at urea concentrations >4.0 M (Figure 1). This suggests that
calcium is stabilizing a conformation that exists at lower forces, denaturant concentration,
or temperature but that this conformation is lost at higher forces, temperatures, and
denaturant conditions.

4.2. Mechanistic Role for Calcium Binding to I83 Domain

The N2A region of titin has become a region of particular interest in recent years
as it has become apparent that this region is a signaling hub for a number of regulatory
proteins, including the Muscle Ankryin Repeat proteins (MARPs), the calpain-3 protease,
the SET and MYND-containing lysine methyl transferase 2 (Smyd2) and actin [52–57]. The
N2A region is composed of four Ig domains and the I83 domain used in this study is
the terminal domain in this region. The I83 domain’s contribution to the N2A region’s
functions is of interest since this domain contains one of the calpain-3 binding sites in the
N2A region [53,58]. A portion of the I83 domain is also deleted in mdm mice, a model
system that exhibits altered titin behavior [54,59]. An increased understanding of the
function of the I83 domain would help with the development of a more comprehensive
model of the function of the N2A region overall.

It is interesting that the I83 domain has the lowest stability given that binding of
calpain-3 occurs in this region. It is possible that the domain is stabilized by binding of
calpain-3 and that this interaction helps to regulate titin function, similar to how CARP
binding to I81 stabilizes the interaction between N2A and actin [56,60]. The loss of titin
function in active muscle in mdm mice also points to the importance of this region, especially
since recent studies have shown the deletion of the regions of the PEVK that are lost in mdm
mice does not reproduce the mdm phenotype [61]. Taken together, it is not unreasonable
to conclude that there is a functional significance to the low stability of this domain, and
therefore calcium binding to I83 has a functional significance as well.

The canonical calcium binding site is an EF-hand motif [62], which does not exist
in Ig domains. However, our NMR and mutagenesis studies have shown that there is
a non-canonical binding site in the FG-loop, along the I82-I83 interface [4]. Based on
the binding affinity of calcium for this site, it is hypothesized that binding likely only
occurs in an activated muscle, leading to the speculation that this represents a regulatory
mechanism for an I83 function in active muscle that is not necessary in resting muscle. This
could be related to calpain-3 binding, actin binding or both. The loss of calcium-induced
stabilization at higher forces adds an intriguing element to this model. One potential model
is that the binding of calcium to I83 when muscle is activated produces a binding site for
calpain-3 to prevent activation of stress-response pathways. However, when a muscle
is stretched to the point of damage, this would overcome the calcium stabilization and
result in unfolding of I83, releasing calpain-3 and activating stress response pathways.
There are a number of points of speculation in this model and more work is necessary
to understand this region, but the mechanical force studies reported here provide some
intriguing potential new possibilities.
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4.3. Force Unfolding of Physiological Proteins including Ig-like Domains in Titin

Immunoglobulin domains are highly conserved structural elements used as building
blocks by many multi-domain proteins, from cellular receptors to immune system proteins
to mechanical/elastic proteins like titin [63–67]. Titin’s extensible I-band of skeletal titin
consists of ~90 Ig-like domains [68] that share highly conserved structures [69]. Only
a subset of the titin Ig domains have been biophysically characterized but it is well-
established that a range of stabilities exist between I-band Ig domains [27,43]. What
remains poorly understood is the functional significance of these differences. The long-
standing model of titin extension starts with the straightening of the I-band Ig-domains
as the muscle is lengthened. The application of low force disrupts the domain-domain
interactions between Ig-domains resulting in a more extended titin conformation [49]. As
more force is applied to stretch the muscle further, the disordered PEVK region begins to
stretch, resulting in more extended conformations and greater passive tension [70–72].

The role of Ig-domain unfolding in passive tension has been debated for a number of
years. The force required to unfold the Ig domains studied in early AFM experiments were
larger than could be obtained physiologically and therefore it was questioned whether
Ig domains would become unfolded during eccentric contractions [73]. Recent studies
using instruments with lower force ranges than AFM can obtain have demonstrated that
spontaneous unfolding and refolding of Ig domains can occur at physiologically relevant
forces [30,43], especially when physiological temperatures (~37 ◦C) are applied [74]. These
new results suggest that Ig-domain folding and unfolding may actually have a physiologi-
cal relevance that needs to be explored further. The diversity of Ig domains in titin provides
a rich toolbox to explore this question but it would be a Herculian undertaking to measure
stability of all 90+ domains using magnetic tweezers or other single-molecule techniques.
However, the results from this study indicate that high-throughput denaturation studies
could be used to classify the various domains based on equilibrium stability measurements
and then a subset of domains with representatives from each group could be studied by
single-molecule techniques with confidence in the reliability of the classification.

5. Conclusions

Protein folding is important in a variety of physiological processes, including the
impact on the extension of muscle proteins. We found that thermal, chemical, and force
unfolding yielded similar ∆Gunfolding values, while slightly different rate constants were
observed between chemical and force refolding experiments. Interestingly, the rate of both
unfolding and refolding was faster for force-induced unfolding and refolding. This implies
that the act of tethering may increase the rate of transition between the folded and unfolded
state. This is important to other biological processes where the protein might be tethered,
like folding on the ribosome during protein synthesis or unfolding/refolding events in
elastic proteins like titin. Recent findings suggest that the folding mechanism of a newly
synthesized protein while tethered to a ribosome can influence the final folded structure
in vivo [75]. Most protein folding studies do not take into account the impact of tethering
on protein-folding. Since many proteins begin folding while still tethered to the ribosome,
more physiologically accurate measurements of protein folding following synthesis can
be made using a tether protein in a magnetic tweezer system. Molecular tweezers have
demonstrated to be a reliable tool for studying the folding of tethered molecules and can
continue to provide further insight into physiologically relevant protein folding.

Author Contributions: Conceptualization, C.K. and M.J.G.; methodology, C.K.; data acquisition,
C.K.; formal analysis, C.K.; investigation, C.K.; data curation, C.K.; writing—original draft prepara-
tion, C.K.; writing—review and editing, C.K. and M.J.G.; supervision, M.J.G.; funding acquisition,
M.J.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Institutes of Health, Grant number R15GM132840-01
and by the Keck Foundation.

Institutional Review Board Statement: Not applicable.



Biomedicines 2021, 9, 1395 14 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw data is available upon request.

Acknowledgments: We are grateful for to Jeffery Moore, University of Massachusetts, Lowell for
assistance in building the magnetic tweezers system.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anfinsen, C.B. Principles that govern the folding of protein chains. Science 1973, 181, 223–230. [CrossRef]
2. Levinthal, C. Are there pathways for protein folding? J. Chim. Phys. 1968, 65, 44–45. [CrossRef]
3. Eftink, M.R. The use of fluorescence methods to monitor unfolding transitions in proteins. Biophys. J. 1994, 66, 482–501. [CrossRef]
4. Kelly, C.; Pace, N.; Gage, M.; Pfuhl, M. Solution NMR Structure of Titin N2A Region Ig Domain I83 and Its Interaction with Metal

Ions. J. Mol. Biol. 2021, 433, 166977. [CrossRef]
5. Royer, C.A. Probing Protein Folding and Conformational Transitions with Fluorescence. Chem. Rev. 2006, 106, 1769–1784.

[CrossRef]
6. Cassaignau, A.M.E.; Cabrita, L.D.; Christodoulou, J. How Does the Ribosome Fold the Proteome? Annu. Rev. Biochem. 2020, 89,

389–415. [CrossRef]
7. Maciuba, K.; Rajasekaran, N.; Chen, X.; Kaiser, C.M. Co-translational folding of nascent polypeptides: Multi-layered mechanisms

for the efficient biogenesis of functional proteins. BioEssays News Rev. Mol. Cell. Dev. Biol. 2021, 43, e2100042. [CrossRef]
8. Powers, E.T.; Gierasch, L.M. The Proteome Folding Problem and Cellular Proteostasis. J. Mol. Biol. 2021, 167197. [CrossRef]
9. Aguirre, C.; Goto, Y.; Costas, M. Thermal and chemical unfolding pathways of PaSdsA1 sulfatase, a homo-dimer with topologically

interlinked chains. FEBS Lett. 2016, 590, 202–214. [CrossRef]
10. Saha, P.; Manna, C.; Chakrabarti, J.; Ghosh, M. Reversible thermal unfolding of a yfdX protein with chaperone-like activity. Sci.

Rep. 2016, 6, 29541. [CrossRef]
11. Mahapa, A.; Mandal, S.; Biswas, A.; Jana, B.; Polley, S.; Sau, S.; Sau, K. Chemical and thermal unfolding of a global staphylococcal

virulence regulator with a flexible C-terminal end. PLoS ONE 2015, 10, e0122168. [CrossRef]
12. Candotti, M.; Esteban-Martín, S.; Salvatella, X.; Orozco, M. Toward an atomistic description of the urea-denatured state of

proteins. Proc. Natl. Acad. Sci. USA 2013, 110, 5933–5938. [CrossRef]
13. Baldwin, R.L. Temperature dependence of the hydrophobic interaction in protein folding. Proc. Natl. Acad. Sci. USA 1986, 83,

8069–8072. [CrossRef]
14. Bryngelson, J.D.; Onuchic, J.N.; Socci, N.D.; Wolynes, P.G. Funnels, pathways, and the energy landscape of protein folding:

A synthesis. Proteins 1995, 21, 167–195. [CrossRef]
15. Alonso-Caballero, A.; Tapia-Rojo, R.; Badilla, C.L.; Fernandez, J.M. Magnetic tweezers meets AFM: Ultra-stable protein dynamics

across the force spectrum. bioRxiv 2021. [CrossRef]
16. Haldar, S.; Tapia-Rojo, R.; Eckels, E.C.; Valle-Orero, J.; Fernandez, J.M. Trigger factor chaperone acts as a mechanical foldase. Nat.

Commun. 2017, 8, 668. [CrossRef]
17. Popa, I.; Rivas-Pardo, J.A.; Eckels, E.C.; Echelman, D.J.; Badilla, C.L.; Valle-Orero, J.; Fernandez, J.M. A HaloTag Anchored Ruler

for Week-Long Studies of Protein Dynamics. J. Am. Chem. Soc. 2016, 138, 10546–10553. [CrossRef]
18. Rief, M.; Gautel, M.; Oesterhelt, F.; Fernandez, J.M.; Gaub, H.E. Reversible unfolding of individual titin immunoglobulin domains

by AFM. Science 1997, 276, 1109–1112. [CrossRef]
19. Jagannathan, B.; Marqusee, S. Protein folding and unfolding under force. Biopolymers 2013, 99, 860–869. [CrossRef]
20. Martonfalvi, Z.; Bianco, P.; Linari, M.; Caremani, M.; Nagy, A.; Lombardi, V.; Kellermayer, M. Low-force transitions in single titin

molecules reflect a memory of contractile history. J. Cell Sci. 2014, 127, 858–870. [CrossRef]
21. Carrion-Vazquez, M.; Marszalek, P.E.; Oberhauser, A.F.; Fernandez, J.M. Atomic force microscopy captures length phenotypes in

single proteins. Proc. Natl. Acad. Sci. USA 1999, 96, 11288–11292. [CrossRef]
22. Ionescu-Zanetti, C.; Khurana, R.; Gillespie, J.R.; Petrick, J.S.; Trabachino, L.C.; Minert, L.J.; Carter, S.A.; Fink, A.L. Monitoring the

assembly of Ig light-chain amyloid fibrils by atomic force microscopy. Proc. Natl. Acad. Sci. USA 1999, 96, 13175–13179. [CrossRef]
23. Rief, M.; Gautel, M.; Gaub, H.E. Unfolding forces of titin and fibronectin domains directly measured by AFM. Adv. Exp. Med. Biol.

2000, 481, 129–136, discussion 137–141. [CrossRef]
24. Zhang, B.; Xu, G.; Evans, J.S. A kinetic molecular model of the reversible unfolding and refolding of titin under force extension.

Biophys. J. 1999, 77, 1306–1315. [CrossRef]
25. Botello, E.; Harris, N.C.; Sargent, J.; Chen, W.H.; Lin, K.J.; Kiang, C.H. Temperature and chemical denaturant dependence of

forced unfolding of titin I27. J. Phys. Chem. B 2009, 113, 10845–10848. [CrossRef]
26. Carrion-Vazquez, M.; Oberhauser, A.F.; Fowler, S.B.; Marszalek, P.E.; Broedel, S.E.; Clarke, J.; Fernandez, J.M. Mechanical and

chemical unfolding of a single protein: A comparison. Proc. Natl. Acad. Sci. USA 1999, 96, 3694–3699. [CrossRef]
27. Kelly, C.M.; Manukian, S.; Kim, E.; Gage, M.J. Differences in stability and calcium sensitivity of the Ig domains in titin’s N2A

region. Protein Sci. 2020, 29, 1160–1171. [CrossRef] [PubMed]
28. Neuman, K.C.; Nagy, A. Single-molecule force spectroscopy: Optical tweezers, magnetic tweezers and atomic force microscopy.

Nat. Methods 2008, 5, 491–505. [CrossRef]

http://doi.org/10.1126/science.181.4096.223
http://doi.org/10.1051/jcp/1968650044
http://doi.org/10.1016/S0006-3495(94)80799-4
http://doi.org/10.1016/j.jmb.2021.166977
http://doi.org/10.1021/cr0404390
http://doi.org/10.1146/annurev-biochem-062917-012226
http://doi.org/10.1002/bies.202100042
http://doi.org/10.1016/j.jmb.2021.167197
http://doi.org/10.1002/1873-3468.12041
http://doi.org/10.1038/srep29541
http://doi.org/10.1371/journal.pone.0122168
http://doi.org/10.1073/pnas.1216589110
http://doi.org/10.1073/pnas.83.21.8069
http://doi.org/10.1002/prot.340210302
http://doi.org/10.1101/2021.01.04.425265
http://doi.org/10.1038/s41467-017-00771-6
http://doi.org/10.1021/jacs.6b05429
http://doi.org/10.1126/science.276.5315.1109
http://doi.org/10.1002/bip.22321
http://doi.org/10.1242/jcs.138461
http://doi.org/10.1073/pnas.96.20.11288
http://doi.org/10.1073/pnas.96.23.13175
http://doi.org/10.1007/978-1-4615-4267-4_8
http://doi.org/10.1016/S0006-3495(99)76980-8
http://doi.org/10.1021/jp9002356
http://doi.org/10.1073/pnas.96.7.3694
http://doi.org/10.1002/pro.3848
http://www.ncbi.nlm.nih.gov/pubmed/32112607
http://doi.org/10.1038/nmeth.1218


Biomedicines 2021, 9, 1395 15 of 16

29. Eckels, E.C.; Haldar, S.; Tapia-Rojo, R.; Rivas-Pardo, J.A.; Fernández, J.M. The Mechanical Power of Titin Folding. Cell Rep. 2019,
27, 1836–1847.e1834. [CrossRef]

30. Eckels, E.C.; Tapia-Rojo, R.; Rivas-Pardo, J.A.; Fernandez, J.M. The Work of Titin Protein Folding as a Major Driver in Muscle
Contraction. Annu. Rev. Physiol. 2018, 80, 327–351. [CrossRef]

31. Rivas-Pardo, J.A.; Eckels, E.C.; Popa, I.; Kosuri, P.; Linke, W.A.; Fernandez, J.M. Work Done by Titin Protein Folding Assists
Muscle Contraction. Cell Rep. 2016, 14, 1339–1347. [CrossRef]

32. Pace, C.N.; Shaw, K.L. Linear extrapolation method of analyzing solvent denaturation curves. Proteins 2000, 41, 1–7. [CrossRef]
33. von Helmholtz, H.; Hittorf, J.W.; Waals, J.D. Physical Memoirs Selected and Translated from Foreign Sources, under the Direction of the

Physical Society of London; Taylor and Francis: London, UK, 1891; Volume 1, p. 510.
34. Loeff, L.; Kerssemakers, J.W.J.; Joo, C.; Dekker, C. AutoStepfinder: A fast and automated step detection method for single-molecule

analysis. Patterns 2021, 2, 100256. [CrossRef]
35. Ferris, M.M.; Habbersett, R.C.; Wolinsky, M.; Jett, J.H.; Yoshida, T.M.; Keller, R.A. Statistics of single-molecule measurements:

Applications in flow-cytometry sizing of DNA fragments. Cytometry. Part A J. Int. Soc. Anal. Cytol. 2004, 60, 41–52. [CrossRef]
36. Rabbani, G.; Ahmad, E.; Zaidi, N.; Fatima, S.; Khan, R.H. pH-Induced molten globule state of Rhizopus niveus lipase is more

resistant against thermal and chemical denaturation than its native state. Cell Biochem. Biophys. 2012, 62, 487–499. [CrossRef]
37. Rabbani, G.; Ahmad, E.; Zaidi, N.; Khan, R.H. pH-dependent conformational transitions in conalbumin (ovotransferrin),

a metalloproteinase from hen egg white. Cell Biochem. Biophys. 2011, 61, 551–560. [CrossRef]
38. Lapidus, L.J. Protein unfolding mechanisms and their effects on folding experiments. F1000Research 2017, 6, 1723. [CrossRef]
39. Stirnemann, G.; Kang, S.G.; Zhou, R.; Berne, B.J. How force unfolding differs from chemical denaturation. Proc. Natl. Acad. Sci.

USA 2014, 111, 3413–3418. [CrossRef]
40. Greenfield, N.J. Using circular dichroism collected as a function of temperature to determine the thermodynamics of protein

unfolding and binding interactions. Nat. Protoc. 2006, 1, 2527–2535. [CrossRef]
41. Rabbani, G.; Ahmad, E.; Khan, M.V.; Ashraf, M.T.; Bhat, R.; Khan, R.H. Impact of structural stability of cold adapted Candida

antarctica lipase B (CaLB): In relation to pH, chemical and thermal denaturation. RSC Adv. 2015, 5, 20115–20131. [CrossRef]
42. Rabbani, G.; Kaur, J.; Ahmad, E.; Khan, R.H.; Jain, S.K. Structural characteristics of thermostable immunogenic outer membrane

protein from Salmonella enterica serovar Typhi. Appl. Microbiol. Biotechnol. 2014, 98, 2533–2543. [CrossRef]
43. Valle-Orero, J.; Rivas-Pardo, J.A.; Popa, I. Multidomain proteins under force. Nanotechnology 2017, 28, 174003. [CrossRef]
44. Borgia, A.; Williams, P.M.; Clarke, J. Single-molecule studies of protein folding. Annu. Rev. Biochem. 2008, 77, 101–125. [CrossRef]
45. Chen, Y.; Ding, F.; Nie, H.; Serohijos, A.W.; Sharma, S.; Wilcox, K.C.; Yin, S.; Dokholyan, N.V. Protein folding: Then and now.

Arch. Biochem. Biophys. 2008, 469, 4–19. [CrossRef]
46. Kellermayer, M.S.; Smith, S.B.; Granzier, H.L.; Bustamante, C. Folding-unfolding transitions in single titin molecules characterized

with laser tweezers. Science 1997, 276, 1112–1116. [CrossRef]
47. Crick, A.J.; Theron, M.; Tiffert, T.; Lew, V.L.; Cicuta, P.; Rayner, J.C. Quantitation of malaria parasite-erythrocyte cell-cell

interactions using optical tweezers. Biophys. J. 2014, 107, 846–853. [CrossRef]
48. Le, S.; Liu, R.; Lim, C.T.; Yan, J. Uncovering mechanosensing mechanisms at the single protein level using magnetic tweezers.

Methods 2016, 94, 13–18. [CrossRef]
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