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Spectrin domains, characterized by a distinctive triple helix structure, are crucial in physiological processes, particu-
larly in maintaining membrane shape and crosslinking cytoskeletons. Previous research on the 16th domain of α-spectrin
repeats (R16) has yielded conflicting results: bulk experiments showed an unfolding rate approximately two orders of mag-
nitude faster than the zero-force result extrapolated from single-molecule force spectroscopy experiments using atomic force
microscopy (AFM). To address this discrepancy, we investigated the folding and unfolding rates of R16 across a broader
range of forces using magnetic tweezers (MT). Our findings reveal that AFM results at higher forces cannot be directly
extrapolated to the low-force regime due to a nonlinear relationship between force and the logarithm of the unfolding rate.
We demonstrated that two-dimensional model, structural-elastic model, and two-pathway model can all effectively explain
the experimental data when they capture the core physics of the short unfolding distance at low forces. Our study provides
a more comprehensive understanding of the unfolding dynamics of the spectrin domain, resolves previous contradictory
experimental results, and highlights the common basis of different theoretical models.

Keywords: spectrin, protein folding and unfolding, force spectroscopy, magnetic tweezers
PACS: 82.37.Rs, 87.14.E–, 87.15.hm, 87.80.Nj
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1. Introduction

Proteins are essential drivers of cellular processes, and the
dynamics of their folding and unfolding have confounded sci-
entists for more than fifty years.[1] Understanding the dynam-
ics of the conformation transition is crucial for both biolog-
ical processes and the development of novel biomaterials.[2]

In single-molecule manipulation experiments, force is often
used as a controllable variable to probe protein conformational
transitions.[3] Bell’s model[4] is widely used to describe the
unfolding dynamics of proteins, which shows a linear rela-
tionship between the logarithm of unfolding rate and force.
However, recent investigations of the dynamic features of nu-
merous proteins have revealed anomalies in the protein un-
folding transition dynamics measured in a wider force range.
In some cases, the slope of the logarithm of unfolding rate in-
creases with increasing force, as seen in I27[5] and src SH3,[6]

while the unfolding rates of some other proteins show the op-
posite force-dependence, such as GB1[7] and CSP.[8] These
anomalous scenarios have led to the proposal of novel models
aiming to explain these phenomena, such as two-dimensional
(2D) model,[9] structural-elastic model,[10] and multi-pathway
model.[11]

Spectrin is a chain-like protein composed of multiple re-
peating triple-helical modules, forming a flexible and resilient
structure.[12] It has been recognized as a force-bearing protein
involved in various cellular activities. Spectrin plays a pivotal
role in the axon growth process through interacting with actin
fiber.[13–15] Additionally, spectrin is crucial in endothelial cells
during the process of sensing shear forces.[16,17] Given the
force-dependent physiological roles of spectrin and its distinc-
tive triple-helical structure, it is important to investigate the
mechanical properties of this protein.

The biochemical properties of the sixteenth domain of
α-spectrin repeat (R16) have been investigated through bulk
experiments[18,19] and the mechanical properties have been in-
vestigated through atomic force microscopy (AFM) stretch-
ing experiments.[20,21] The unfolding rate at zero concentra-
tion of denaturant k0

u = 2.6× 10−3 s−1 [22] extrapolated from
bulk experiments is two orders of magnitude faster than that
obtained from AFM stretching experiments 3.3×10−5 s−1.[20]

The force and urea are employed to induce the protein unfold-
ing from different reaction coordinates. The extrapolated un-
folding rates at zero force and zero concentration of denaturant
should be the same if both linear extrapolations are valid. Sub-
sequently, this large discrepancy might arise from two possible
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reasons. First, extrapolating unfolding rates from high urea
concentrations (≥ 2.5 M) to zero concentration may not be
valid. Second, the extrapolation of AFM force-dependent un-
folding rates to zero-force conditions may not be valid. AFM
stretching experiments[21] can monitor the dynamic behavior
of single molecules with high time and spatial resolution. The
unfolding force range of spectrin in AFM experiments is 25–
35 pN with loading rate from 1000 pN/s to 10000 pN/s, but it
is hard to measure unfolding rate at forces smaller than 10 pN
by AFM.

The force range and loading rate applied to spectrin pro-
tein in cells have not been measured directly. Based on stud-
ies of cell–substrate interactions, the loading rates of integrin-
based adhesion are from 0.5 pN/s to 2.0 pN/s, and the force is
from several pN to tens of pN.[23] In this study, we used mag-
netic tweezers (MT)[7,24] to directly measure the folding and
unfolding rates at similar loading rate and force range, aim-
ing to test whether the extrapolation of AFM results to zero
force is valid. We found that the logarithm of the unfolding
rates at forces lower than 15 pN starts to show nonlinear force
dependence and zero-force unfolding rate is in the order of
10−3 s−1 which is close to the bulk experiment. Therefore,
the linear extrapolation of AFM results will yield a large devi-
ation at zero force. Furthermore, we found that two-pathway
model, 2D model, and structural-elastic model can all explain
the experimental data very well, if they assume a zero-force
unfolding rate similar to the bulk biochemical experiment and
a short unfolding distance at low forces.

2. Materials and methods
2.1. Protein expression and purification

Recombinant protein constructs (Histag-Avitag-FH1-
R16-FH1-Spytag) were created by inserting gene sequences of
R16 into the pET151 vector by GenScript Biotech. Biotiny-
lated proteins were expressed in E. coli strain BL21 (DE3)
co-transferred together with pBirA plasmid. Protein expres-
sion was induced with IPTG, and proteins were purified us-
ing Ni-NTA resin and Superdex 200 column chromatography.
Then the proteins were aliquoted, flash-frozen in liquid nitro-
gen, and stored at −80 ◦C.

2.2. Sample preparation and magnetic tweezers measure-
ment

Cleaned coverslips were functionalized with APTES
and used to build flow chambers which were treated with
Sulfo-SMCC to link Spycatcher proteins with Cysteine at
N-terminus. Then R16 protein constructs and streptavidin-
coated paramagnetic beads were flowed into the chamber se-
quentially to form protein tethers. Figure 1(a) displays the
schematic figure of MT measurement. Protein of R16 domain
was stretched by magnetic tweezers with the protein construct

Histag-Avitag-FH1-R16-FH1-Spytag. Biotin ligated to Avitag
was used to bind the streptavidin-coated paramagnetic bead,
and Spytag was used to form covalent bond with Spycatcher
on the glass surface. Magnetic tweezers were built based on
an inverted microscope. It can control the stretching force
by moving the permanent magnets above the flow chamber.
The reference polystyrene bead stuck on the coverslip surface
was used to eliminate the mechanical drift during the measure-
ment. The height of the paramagnetic bead was recorded with
nanometer resolution, which reflects the conformation transi-
tion of the tethered protein. The sampling rate of the magnetic
tweezers was 200 Hz. More details of the experimental proce-
dures can be found in our previous work.[8]
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Fig. 1. (a) Experimental schematic of stretching the protein construct
Avitag(biotin)-FH1-R16-FH1-Spytag by MT. (b) The raw data of mul-
tiple cycles of stretching with a loading rate of 1 pN/s. R16 unfolding
events are observed with abrupt jump of bead height. The zipping and
unzipping events occurring at about 30 pN are the fingerprints of Spy-
Catcher/Spytag complex.

3. Results
3.1. Force-ramp experiment

Figure 1(b) shows several curves of bead height mea-
sured by force-ramp experiments. At the beginning, R16 is
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in its native state with stretching force of 1 pN. Then force
is increased to 32 pN with a constant loading rate of 1 pN/s.
During this force-increasing process, the unfolding signal of
R16 and the equilibrium unzipping/zipping signal of the Spy-
catcher/Spytag complex can be observed. The signal from the
Spycatcher/Spytag at about 30 pN is a fingerprint to indicate
the correct single-protein tether.[25]

Theoretically, the force-dependent unfolding rate can be
obtained from the distribution of unfolding forces if enough
data are collected.[26,27] But it is only in the force range with
non-zero distribution, and the experimental error is related to
the number of counts in the bins of statistical histogram.

3.2. Force-jump experiment

To address the significant discrepancy in zero-force un-
folding rates between bulk experiments and AFM stretching

experiments, we aim to obtain the unfolding rates in the low-
force regime. Subsequently, we employed the force-jump ex-
periment to obtain transition rates over large force range. Both
force-dependent folding and unfolding transitions can be stud-
ied by force-jump experiment.

During the unfolding process, we first applied a small
stretching force of 1 pN for 10 s to ensure the protein folds
to the native state, then increased the force to a specific value
until the unfolding occurs. Afterward, we reduced the force to
1 pN for 10 s to let the protein fold to its native state. Mul-
tiple cycles can be done to collect enough data for analysis.
Figure 2(a) exhibits the unfolding processes at 17.5 pN. Dur-
ing the folding process, we initially applied 24 pN to unfold
the protein, then reduced the force to a lower value to wait for
the folding event. Figure 2(b) shows the folding processes at
5 pN.
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Fig. 2. Folding and unfolding rates obtained from the force-jump experiment. (a) The raw data of unfolding process at 17.5 pN. (b) Folding process
at 5 pN. (c) The unfolding step size as a function of force agrees with the theoretical curve. (d) The survival probabilities of the native state at
3–22 pN are fitted with single-exponential curves to get the unfolding rates. (e) The survival probabilities of unfolded state at 2.5–5 pN are fitted
with single-exponential curves to get the folding rates. The numbers of data points are given in the legend. (f) The mean folding and unfolding rates
from three independent protein tethers. The error bars of rate are smaller than the symbol and the force uncertainty is estimated to be 5%.

The force-dependent step sizes are shown in Fig. 2(c).
The extension of the unfolded peptide along the force direc-
tion, xchain, can be modeled by a worm-like chain (WLC)

FA
kBT

=
xchain

L
+

1
4

(
1− xchain

L

)−2
− 1

4
, (1)

where F denotes the applied force, A is the persistence length
of the protein, kB represents the Boltzmann constant, T is the
absolute temperature, L means the contour length of the pro-
tein, calculated by L = Nb = 38.2 nm, and N means the num-
ber of the amino acids and b is the average length of each
amino acid set to 0.39 nm from fitting the relationship be-
tween the force and step size. At low forces, the deformation

of the folded native state can be ignored, and only the orienta-
tion fluctuation will affect its extension. Therefore, the native
structure of the protein can be modeled as a rigid body and its
force-dependent extension follows

xN(F) = lN coth
(

FlN
kBT

)
− kBT

F
, (2)

where lN represents the N–C distance of the native state of the
protein. Thereby, Fig. 2(c) presents the force-dependent step
size ∆x(F) = xchain− xN which agrees with the theoretical re-
sult.

Besides the step size results, we also collected dwell
times of the folded or unfolded states at different constant
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forces, and fitted the survival probabilities of the native state
(Fig. 2(d)) and the unfolded state (Fig. 2(e)) using single-
exponential functions to obtain unfolding rates and folding
rates, respectively. Figure 2(f) shows the force-dependent
folding rates obtained from 2.5 pN to 5 pN and unfolding rates
from 3 pN to 22 pN. All data were collected from three inde-
pendent protein tethers. The logarithm of the folding rate is
almost a linear function of force. On the other hand, the loga-
rithm of the unfolding rate shows non-linear force dependence,
with the slope decreasing with decreasing force.

3.3. Equilibrium constant force experiment

The critical force, at which folding rate is equal to un-
folding rate, is∼ 5 pN. When stretching force is maintained at
constant value close to the critical force, both folding and un-
folding transition can be recorded. The left panel of Fig. 3(a)

presents the time course of bead height at forces of 4.0 pN,
4.5 pN, and 5.0 pN, and the right panel is the relative frequency
of bead height obtained from the histogram of the smoothed
data. The relative frequency can be fitted by a two-peak Gaus-
sian function with each peak corresponding to folded or un-
folded state. The probability of the unfolded state increases
with increasing force.

Figure 3(b) illustrates the single exponential fitting of the
survival probabilities of the unfolded state and native state
to obtain the folding and unfolding rates shown in Fig. 3(c),
which are consistent with the results obtained from the force-
jump experiment. From the critical force Fc = 4.8 pN based
on the equilibrium constant force experiment and the force-
dependent step size (Fig. 2(c)), the folding free energy ∆G0

can be determined by ∆G0 =
∫ Fc

0 ∆x( f )d f = 8.2 kBT .
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Fig. 3. Folding and unfolding rates obtained from the equilibrium constant force experiment. (a) The raw data (black) are recorded for 10000 s at
4 pN, 4.5 pN, 5 pN and smoothed by a 0.1-s time window (red). The right panel shows the relative frequencies of smoothed data which are fitted by
two-peak Gaussian functions. (b) The survival probabilities of unfolded state (top panel) and native state (lower panel) at 4–5 pN. Single-exponential
fittings give the folding and unfolding rates. (c) The force-dependent folding and unfolding rates obtained from the equilibrium measurement. The
force is estimated to have 5% uncertainty.

3.4. Analysis of nonlinear unfolding dynamics

Besides the R16 domain of α-spectrin, the nonlinear
force-dependent unfolding rate has also been observed in the
β -spectrin 12th–15th domains.[28] Therefore, similar super-
exponential unfolding rate might be prevalent in the spectrin
super family, which deserves a systematic modeling study to
understand this phenomenon.

The energy landscape is an important tool for under-
standing dynamic properties of proteins. In single-molecule
force spectroscopy experiment, the molecule extension x along
the stretching force direction is usually used as a reaction
coordinate to depict the free energy landscape G(x).[29,30]

Whereas, this one-dimensional free energy landscape is in-
sufficient to describe the dynamic behavior of biomolecules
especially when the energy landscape is frustrated. There is a
criterion[31] to determine whether a one-dimensional free en-
ergy landscape is enough to give force-dependent unfolding

rate ku(F). If ku(F) satisfies both of the following conditions:

d
dF

logku(F)≥ 0,
d2

dF2 logku(F)≤ 0, (3)

the underlying free energy landscape could be described in
one-dimensional space, otherwise it must be multidimen-
sional.

As for the case of R16, the unfolding rate scenario fails
to satisfy the latter of Eq. (3), so the underlying free energy
landscape of R16 should be multidimensional. There are sev-
eral methods to address the complexities of the multidimen-
sional landscape dynamics, like 2D model,[9] structural-elastic
model,[10] and two-pathway model.[11,32] Subsequently, we
employ the empirical formula to build the relationship be-
tween the zero-force unfolding rate k0

u and activation energy
barrier ∆G‡ in all three models: k0

u = k∗ exp
(
−β∆G‡

)
, where

k∗ = 106 s−1 is the empirical intrinsic transition rate and
β = 1/(kBT ).
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3.4.1. Two-dimensional model

The minimal multidimensional model is a 2D model
which provides a general approach to depict the protein un-
folding dynamics by incorporating the influence of a slow co-
ordinate Q:[27]

G(x,Q) = G0(Q)+
1
2

k(Q)[x− x0(Q)]2−Fx, (4)

where G0(Q) denotes the free energy at zero force, k(Q) is the
molecule’s spring constant along the extension direction, and
x0(Q) is the most probable value of the extension at a given
Q and zero force. When Q is the reaction coordinate with the
slowest dynamics, the 2D model in Eq. (4) generates a confor-
mation transition dynamics which can be described by a dif-
fusion process crossing the free energy barrier. Thereby, the
relationship between applied force and unfolding rate is given
by[9,33]

ku(F) = k∗∆q(F)e−β∆G‡∆q3(F), (5)

with ∆q(F) = ∆Q‡(F)/∆Q‡
0, where ∆Q‡(F) represents the

distance between the folded state and the transition state along
the reaction coordinate Q and ∆Q‡

0 = ∆Q‡(0).
Our experimental data show that the slope of the loga-

rithm of force-dependent unfolding rates tends to zero when
the force decreases, which indicates that the unfolding dis-
tance at zero force along extension can be set as zero. There-
fore, the expression for ∆q(F) can be simplified as[9]

∆q2(F) = 1− ∆k‡/(3∆G‡k02
∪ )

1−∆k‡/k0
∪

F2 (6)

= 1− F2

k∆G‡ , (7)

where k0
∪ is the stiffness of the folded molecule in the ab-

sence of force, ∆k‡ = k0
∪ − k0

∩ represents the difference be-
tween k0

∪ and the stiffness of the transition state k0
∩, k =

3k02
∪ (1−∆k‡/k0

∪)/∆k‡ is a parameter derived from k0
∪ and k0

∩.
Consequently, the fitting of experimental data with Eq. (5)

yields two parameters ∆G‡ = 20.5± 0.1 kBT and k = 22.4±
0.7 pN/nm. As ku(F) depends only on ∆q(F) which is the
normalized value of ∆Q‡(F), the exact value of ∆Q‡

0 cannot
be determined.

3.4.2. Structural-elastic model

Another physical model, based on the structural-elastic
properties of the native state and transition state, was proposed
to illustrate the abnormal unfolding scenario.[5,10] The origi-
nal model assumes that the transition state has a well-defined
structure with a folded core and a flexible peptide, and ku(F)

follows the equation

ku(F) = k∗ exp
[
−β

(
∆G‡ +ηF

1
2 −σF− αF2

2

)]
, (8)

where η , σ , and α are parameters determined by the exten-
sions and elasticities of the native state and transition state.
η = L∗

√
kBT/A, where L∗ denotes the contour length of

the flexible peptide. σ ∼ L∗ + (b∗ − b0) with b0 and b∗ as
the lengths of native state and transition state, respectively.
α = b∗/γ∗−b0/γ0, where γ∗ and γ0 are the stretching modu-
lus of native state and transition state, respectively.

Here we suppose that the same equation applies to other
proteins as long as the elastic deformations of native state and
transition state play an important role in the unfolding pro-
cess. The fitting of ku(F) of spectrin R16 domain gives α =

0.17± 0.03 nm/pN, ∆G‡ = 20± 1 kBT , and η and σ around
zero with large relative uncertainty. Therefore, we set zero val-
ues for η and σ and obtained a fitting curve which agrees with
experimental data very well with α = 0.123± 0.003 nm/pN
and ∆G‡ = 20.4± 0.1 kBT . The result is consistent with the
hypothesis of zero unfolding distance at zero force in the 2D
model.
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Fig. 4. (a) The force-dependent unfolding rates are fitting with 2D
model, two-pathway model, and the structural-elastic model. (b) The
free energy landscape of pathway-1 and pathway-2 in two-pathway
model at zero force and 15 pN.

3.4.3. Two-pathway model

Affected by the roughness of the 2D free energy
landscape,[34] the protein may unfold through more than one
pathway. The two-pathway model was used to explain the
unfolding dynamics of src SH3 protein.[6,35] The unfolding
dynamics of R16 can be modeled by a similar two-pathway
model which gives unfolding rate as summation of the unfold-
ing rate of each pathway

ku(F) = k0
L eβFxL + k0

H eβFxH (9)
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= k∗
[

e−β (G‡
L−FxL)+ e−β (G‡

H−FxH)
]
, (10)

where k0
L and k0

H are extrapolated zero-force unfolding rates,
xL and xH are unfolding distances, ∆G‡

L and ∆G‡
H are zero-

force unfolding barriers of the pathways which dominate at
low force and high force, respectively.

Fitting of experimental data with this two-pathway model
Eqs. (9) and (10) gives k0

L = (1.2± 0.4)× 10−3 s−1, k0
H =

(2± 2)× 10−6 s−1, xL = 0.5± 0.1 nm, xH = 2.6± 0.1 nm,
∆G‡

L = 20.5± 0.1 kBT and ∆G‡
H = 27.0± 0.5 kBT . No-

tably, the k0
L is about three orders of magnitude faster than

k0
H, and is consistent with the previous bulk experimental re-

sult ∼ 3×10−3 s−1.[22] The unfolding distance xL is only one
fifth of xH. Based on these fitting results, we construct the
free energy landscape in Fig. 4(b). We designate the dominant
pathway in the low force regime as pathway-1 and the other
pathway as pathway-2.

4. Discussion and conclusion
In summary, we measured the folding and unfolding

rates of R16 domain with MT. Our findings reveal an un-
usual characteristic in spectrin’s unfolding dynamics: it is rel-
atively insensitive to force in the low-force regime (< 15 pN)
but becomes more force-sensitive in the high-force regime
(> 15 pN). This characteristic indicates that spectrin can sus-
tain tension within a threshold and respond to tension above
this threshold, thus playing an essential role as an endothelial
mechanosensor.[17]

To explain the non-linear force-dependent unfolding rate,
three models which have been proposed previously in studies
of different proteins are used to fit our data. The fitting re-
sults, as shown in Fig. 4(a), demonstrate that all fitting curves
closely align with the experimental data. In our study, the
analysis uses an empirical formula to establish the relation-
ship between zero-force unfolding rate and activation energy
barrier, facilitating a clearer comparison between these mod-
els. The three models yield similar values of the activation en-
ergy barrier, consistent with the previous bulk experiment.[22]

Our results indicate that the linear extrapolation of unfolding
rate measured in bulk experiment to zero concentration of de-
naturant is valid in the case of spectrin R16.

We explain the unfolding scenario within the multidimen-
sional energy landscape framework intrigued by the criterion
Eq. (3). In these models, the extension of molecule x alone
is insufficient to depict the protein dynamics. For the 2D
model, an additional slow reaction coordinate Q orthogonal
to the molecule extension x is introduced to capture the mul-
tidimensional unfolding characteristics. The structural-elastic
model considers that the native state and the transition state
have the same zero-force extension but different stretching
moduli. Therefore, both the extension of the native state and

the transition state are force-dependent variables, and their dif-
ference determines the force-dependent barrier height. With
a given extension, whether the conformation belongs to na-
tive state or transition state is not determined. Therefore, the
structural-elastic model is intrinsically not a one-dimensional
model, though only extension x appears in the model. In the
two-pathway model, the pathway index (1 and 2) serves as a
second parameter in addition to the extension x to describe the
pathway-switching phenomenon. Therefore, the two-pathway
model is also a 2D model.[36]

Though all three models are intrinsically multidimen-
sional, the two-pathway model postulates two pathways with
two distinct transition states. The other two models assume
only one pathway with one single transition state whose exten-
sion might change with force. The reason why all three models
explain the experimental data of R16 domain very well must
be that they all grasp the same essential property of the transi-
tion dynamics. Comparing the hypothesis and fitting parame-
ters of each model, the essential properties should be that the
transition state has an extension very close to the native state
at small force. With increasing force, the transition state be-
comes longer or the pathway switches to the one with a longer
transition state. From our perspective, the 2D model is an ab-
stract one that does not define the slow reaction coordinate
specifically. In contrast, the other two models have strong as-
sumptions regarding the properties of the transition states or
transition pathways, which might be tested experimentally in
the future.

In conclusion, this study employs three different models
to explain the non-linear relationship between the logarithm
of the unfolding rates of the α-spectrin R16 domain and the
stretching force, offering new insights into the multidimen-
sional energy landscape of protein dynamics. Our current ex-
perimental results are not enough to distinguish which model
gives the true molecular mechanism of the unfolding dynamics
of α-spectrin R16 domain. New techniques which can detect
more dimensional signals are desired to reveal detailed mech-
anism of protein conformational transitions.
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