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The tenth domain of type III fibronectin (FNIII10) mediates cell adhesion to the extracellular matrix.
Despite its structural similarity to immunoglobulin domains, FNIII10 exhibits unique unfolding behaviors.
We employed magnetic tweezers to investigate the unfolding and folding dynamics of FNIII10 under
physiological forces (4–50 pN). Our results showed that FNIII10 follows a consistent transition pathway
with an intermediate state characterized by detached A and G β strands. We determined the folding free
energies and all force-dependent transition rates of FNIII10 and found that both unfolding rates from the
native state to the intermediate state and from the intermediate state to the unfolded state deviate from Bell’s
model. We constructed a quantitative free energy landscape with well-defined traps and barriers that
exhibits a hierarchical symmetrical pattern. Our findings provide a comprehensive understanding of
FNIII10 conformational dynamics and demonstrate how free energy landscape of multistate biomolecules
can be precisely mapped, illuminating the relationship between thermal stability, intermediate states, and
folding rates in protein folding.
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Fibronectin (FN) is one of the crucial fibrous proteins in
the extracellular matrix (ECM). Cell adhesion to ECM is
mediated by the central cell-binding domain of FN, the
tenth type III FN domain (FNIII10), through the amino acid
triplet Arg-Gly-Asp (RGD) which binds to the transmem-
brane receptor integrins [1]. The functions of FN are
therefore essential for biological processes including cell
growth, migration and differentiation [2–4], and oncogenic
transformation [5–7]. There is increasing evidence indicat-
ing that the mechanical forces generated by the intracellular
contractile machinery to FN have an important role in the
regulation of FN fibrillogenesis and cell adhesion [8–10].
FNIII10 has a characteristic immunoglobulin (Ig) β-

sandwich native structure with seven β strands [11],
However, its thermodynamic properties are dramatically
different from typical Ig domains [12,13]. Bulk experi-
ments, single-molecule force spectroscopy (SMFS) experi-
ments [14], and computer simulations have been used to
study the properties of FNIII modules. Measurements by
scanning calorimetry and fluorescence spectroscopy dem-
onstrate that FNIII10 is one of the most thermostable FNIII
modules [15,16]. On the other hand, SMFS experiments
using atomic force microscope (AFM) have revealed
FNIII10 as one of the mechanically weakest FNIII modules
[17,18]. Molecular dynamics (MD) simulations gave the
unfolding pathways of FNIII10 involving several major
intermediate (I) states [19–22]. Further AFM experiments
indicated that FNIII10 unfolds in two possible pathways: an
apparent two-state unfolding transition as well as a majority

of unfolding pathways through two possible I states [23],
and the protein-substrate interactions may affect the un-
folding process [24].
Comprehensive understanding of these distinct proper-

ties of FNIII10 is still missing and needs further study.
Firstly, both simulations and AFM experiments were done
at high force regime greater than 50 pN. The force response
of FNIII10 to lower forces, particularly in physiological
conditions, has not been investigated. Furthermore, little
effort has been put on detailed force-dependent kinetics
measurements. As a result, the transition parameters
between different states of FNIII10 at physiological forces
need to be accurately quantified.
Here we measured the response of FNIII10 to mechanical

forces of 4–50 pN by magnetic tweezers (MT). A clear
intermediate state exists during the unfolding process of
FNIII10. From three different truncations of FNIII10 as the
candidates, we identified the unique intermediate state
which has A and G β strands detached from the native
structure of FNIII10. The equilibrium folding and unfolding
process of FNIII10 is recorded for the first time to determine
its folding free energy. All possible transition rates among
the native (N) state, the I state, and the unfolded (U) state
are determined as functions of stretching force. Further-
more, the free energy landscape of FNIII10 with detailed
knowledge of multiple traps and barriers is constructed.
Unfolding intermediate state identification.—In MT

experiments, the protein construct of ðbiotinÞ-AviTag-
2 × I27-FNIII10-2 × I27-SpyTag is conjugated between
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SpyCatcher-modified cover slip and streptavidin-coated
paramagnetic bead [Fig. 1(a)]. First of all, we carried
out force-ramp experiments from 1 to 80 pN with loading
rate of 0.5 pN=s. Single protein tether was confirmed by
the fingerprint signals of SpyTag–SpyCatcher and 4 × I27
[Fig. 1(b)] [25]. At about 10 pN, we observed unfolding
transition of FNIII10 with two consecutive steps, suggesting
the presence of I state.
MD simulations of FNIII10 indicate that the intermediate

state has three candidates with AB, AG, or FG β strands
peeled from the native structure, respectively [20,21]. To
identify the intermediate state, we constructed three trun-
cations of FNIII10: FNIIIΔAB10 , FNIIIΔAG10 , and FNIIIΔFG10 ,
corresponding to the protein constructs with AB, AG,
and FG β strands of FNIII10 removed, respectively
[Fig. S1(a) [26] ].
We employed similar force-ramp experiments on the

three truncations of FNIII10. It was found that only
FNIIIΔAG10 exhibited a clear unfolding step on the extension
time course [Fig. 1(c)]. In contrast, FNIIIΔAB10 and FNIIIΔFG10

did not show any additional unfolding steps except the
fingerprint signals of SpyTag-SpyCatcher and 4 × I27
[Figs. S1(b) and S1(c) [26] ]. Besides this, we constructed
a single domain of FNIII10 and three truncations without
4 × I27, AviTag, and SpyTag. The UVabsorption spectra of
the AKTA protein purification system suggests that only
FNIII10 and FNIIIΔAG10 have stable compact structures
[Fig. S1(d) [26] ]. Differential scanning calorimetry meas-
urement shows that the melting temperature of FNIIIΔAG10 is
approximately 10 K lower than FNIII10, indicating that
FNIIIΔAG10 has a well-defined structure with lower stability
than FNIII10 [Fig. S1(e) [26] ]. In force-ramp MT experi-
ments, after FNIII10 and FNIIIΔAG10 were unfolded, clear
folding steps were recorded during the force-decreasing
process (Fig. S2 [26]). Therefore, FNIIIΔAG10 is identified as
the unfolding intermediate state of FNIII10 observed in MT

experiments. It is noteworthy that the I state of FNIII10 can
fold back to the N state at times during the force-increasing
process [Fig. S2(a) [26] ].
Apparent two-state transitions of FNIII10 at low

forces.—Taking advantage of the intrinsic constant force
capability of MT, we measured the folding and unfolding
transitions at different constant forces. The left one-quarter
panel of Fig. 2(a) shows the typical folding process of
FNIII10 at forces smaller than 6.5 pN. Starting from the
U state which is held at 12 pN, we drop the force to smaller
values of 6 pN and record a one-step refolding transition of
FNIII10. The lifetime of the U state gives the folding rates
kUN in the force range of 4–6.5 pN [Fig. 2(c) herein and
Fig. S3 in Ref. [26] ].
When the protein is held by constant forces between

6.5 and 8 pN, we can observe multiple equilibrium folding
and unfolding transitions of FNIII10 in the timescale of about
an hour [Fig. 2(b)]. From the lifetimes of U and N states, the
folding rate kUN and unfolding rate kNU were determined
[Fig. 2(c) herein and Fig. S4 inRef. [26] ]. Critical forcewith
equal kUN and kNU,FNU

c ¼ 7.4 pN, which gives folding free
energy of 16.9kBT, where kB denotes Boltzmann constant
andT the absolute room temperature. Please note thatwe can
hardly observe the I state in the folding and unfolding
processes at forces below 8 pN, which might be due to its
short lifetime in this force range.
Unfolding transition with I state at high forces.—The

right three-fourths panel of Fig. 2(a) exhibits the represen-
tative unfolding process of FNIII10. Firstly, FNIII10 folded
to the N state at 1 pN. Then force was increased abruptly to
high forces (9, 15, and 40 pN). When the force is in the
range of 8–12 pN, reversible transition N⇄I can be
observed. Once the force is greater than 15 pN, the
transition I → N cannot be observed, while irreversible
transitions N → I, I → U, or apparent unfolding transition
directly N → U can be recorded.

FIG. 1. Single-molecule force spectroscopymeasurements withMT. (a) Schematic representation of protein construct inMT (not drawn
in proportion). The reference bead is used to remove the drift. (b) FNIII10 (amino acids (a.a.) 1–94, protein data bank:1ttf) and (c) FNIIIΔAG10

(a.a. 13–80) unfolding, SpyTag–SpyCatcher (un)zipping, and I27 unfolding events were recorded sequentially when force increases from
1 to 80 pNwith loading rate of 0.5 pN=s. Insets show the native structure of FNIII10 (b) and FNIIIΔAG10 (c). Raw data in (b) and (c) recorded
at a sampling rate of 200 Hz (gray) are smoothed using 50-ms time window (black). Uncertainty of force is estimated as 5%.
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In order to acquire all available transition rates among
the N, I, and U states of FNIII10 under constant forces, we
repeated the force-jump experiments with multiple cycles
to collect enough data for statistical analysis. The lifetimes
(τN and τI) were obtained by exponential fitting of the
survival probabilities of N and I states, respectively (Fig. S5
[26]). The transition rate from N to I (kNI) is the reciprocal
of τN, while the transition rates kIN and kIU can be obtained
from τI and the counts ratio of transitions I → N and I → U
(Fig. S6 [26]). In the entire measured force range, non-
monotonic force-dependent τI with a peak value of 0.21 s at
12 pN is due to the opposite force dependence of kIN and
kIU [Fig. S6(a) [26] ].
All measured force-dependent transition rates among the

N, I, and U states of FNIII10 are shown in Fig. 2(c). The
intersection of kNIðFÞ and kINðFÞ determines the critical
force FNI

c ∼ 11.1 pN, which gives the free energy differ-
ence between N and I states as 11.5kBT, which might come
partially from the hydrogen bonds involving AG β strands
(Table S1 of Ref. [26]). Considering the folding free energy
of 16.9kBT for FNIII10, I state has folding free energy of
5.4kBT. The 10 K lower melting temperature for FNIIIΔAG10

agrees with the smaller entropy cost to form I state than
N state (Fig. S7 [26]).
We found that both unfolding rates kNIðFÞ and kIUðFÞ

show nonlinear force dependence with different slopes at
different force ranges. From 12 to 50 pN, fitting of kNIðFÞ
using Bell’s model kðFÞ ¼ k0 expðFxu=kBTÞ gives
unfolding distance xNIu;1 ¼ 0.23� 0.04 nm and zero-force
unfolding rate kNI0;1 ¼ 0.33 s−1. While in the force range of
8–10 pN, the fitting yields xNIu;2 ¼ 2.7� 0.4 nm, which is
more than 10 times longer than xNIu;1, and kNI0;2 ¼
1.1 × 10−3 s−1. In the force range 30–50 pN, fitting of

kIUðFÞ gives xIUu;1 ¼ 0.23� 0.02 nm, while fitting in
8–20 pN gives xIUu;2 ¼ 0.65� 0.05 nm.
Unified unfolding pathway of FNIII10 through I state.—

Apparently FNIII10 unfolds directly from N to U at low
forces, and through I state at high forces. The connection of
these two seemingly contrary unfolding pathways at differ-
ent force ranges deserves further investigation.
To compare with results from equilibrium measure-

ments, we neglect intentionally the I state to get an apparent
unfolding rate (kappu ) at force greater than 8 pN, which is the
reciprocal of the apparent unfolding time (tappu ) defined as
the time spent from N to U (Fig. S8 [26]). The average
force-dependent apparent unfolding rates obtained from
both equilibrium measurements and force-jump experi-
ments are summarized in Fig. 2(c). The unfolding rates of
6.85–7.5 pN obtained in equilibrium measurements are on
the same line with the kappu of 8–10 pN acquired from the
force-jump experiments, which indicates that unfolding of
FNIII10 is going through the same pathway with I state
though it is not recorded directly due to its short lifetime at
forces lower than 8 pN [Fig. S6(a) [26] ]. Therefore, one
single unfolding pathway is sufficient to describe the
unfolding process over the entire experimental force range:

N⇄I → U: ð1Þ
The theoretical apparent unfolding rate (ktheoru ) from N to U
is given by [27]

ktheoru ðFÞ ¼ kNIðFÞkIUðFÞ
kNIðFÞ þ kIUðFÞ þ kINðFÞ : ð2Þ

We can calculate ktheoru on the basis of experimental data
kNI, kIU, and kIN. It is of no surprise that ktheoru ðFÞ is in
perfect agreement with kappu ðFÞ [Fig. 2(c)].

FIG. 2. Force-dependent folding and unfolding transitions of FNIII10. (a) Typical folding and unfolding processes of FNIII10 were
recorded by MT. Specifically, one-step folding processes of FNIII10 were observed when force dropped from 12 to 6 pN. Apparently,
different unfolding pathways were observed when force jumps from 1 pN to 9, 15, and 40 pN. (b) At constant forces of 7 and 7.5 pN,
extension traces show the equilibrium folding and unfolding transitions between N and U states of FNIII10. Raw data in (a) and (b) with a
sampling rate of 200 Hz (gray) are smoothed using 50-ms time window (black). (c) Average folding rates (kUN) at forces smaller than
6.5 pN, equilibrium folding and unfolding rates (kUN and kNU) from 6.85 to 7.5 pN (enlarged figure), and transition rates (kNI, kIN, kIU,
and kappu ) at forces greater than 8 pN of FNIII10 are acquired from more than four independent tethers. kNIðFÞ, kIUðFÞ, and kappu ðFÞ show
nonlinear behavior deviating from the prediction of Bell’s model. Theoretical unfolding rate from N to U (ktheoru ) calculated from Eq. (2)
agrees well with experimental kappu . The solid lines (the same color as corresponding symbols) are fitting results by Bell’s model in
different force ranges. Uncertainty of force is estimated as 5%.
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Beyond that, we extracted the extension step sizes for the
transitions N⇄I (NI) and I → U (IU) as well as for the
apparently full transition N → U (NUapp) from multiple
force-jump experiments (Fig. S9 [26]). The resulting force-
step size curves are well described by the wormlike chain
model [28] with a persistence length of 0.8 nm, yielding
contour length difference of 11.2� 0.2 nm between N and
I, 17.5� 0.2 nm between I and U, and 28.3� 0.3 nm
between N and U, respectively, which are consistent with
the number of unfolded amino acids.
Folding dynamics of FNIII10 revealed by FNIIIΔAG10 .—As

the reverse process of unfolding, folding of FNIII10 should
go through pathway U⇄I → N. But we cannot record the
folding transition from U to I on wild-type FNIII10. Given I
state is FNIIIΔAG10 , we measured the folding and un-
folding dynamics of FNIIIΔAG10 using protein construct:
ðbiotinÞ-AviTag-FH1-FNIIIΔAG10 -FH1-SpyTag, where FH1
is a flexible peptide linker with 35 residues from human
formin Mdia1 [29,30] [Fig. 3(a)].
In a typical force-jump measurement, the force jumped

from 1 pN to higher values of 8 and 10 pN at which clear
unfolding steps of FNIIIΔAG10 were recorded. Then force
was dropped to 5 and 6 pN to allow folding of FNIIIΔAG10

[Fig. 3(b)]. The folding rate at 4–6.5 pN and unfolding rate
at 4–15 pN of FNIIIΔAG10 were obtained [Fig. 3(c) herein and
Fig. S10 [26] ]. The consistent unfolding rates of FNIIIΔAG10

and kIU of FNIII10 from 4 to 20 pN can be fitted by Bell’s
model with xIUu;2 ¼ 0.73� 0.03 nm and kIU0;2 ¼ 0.39 s−1,
which are refinement of previous fitting results.
Based on the intersection of force-dependent unfolding

and folding rates of FNIIIΔAG10 [Fig. 3(c)], the critical force
of FNIIIΔAG10 is about 4.8 pN, which gives zero-force
folding free energy of ∼4.9kBT for FNIIIΔAG10 .

The theoretical apparent folding rate (ktheorf ) of FNIII10 is
given by [27]

ktheorf ðFÞ ¼ kUIðFÞkINðFÞ
kUIðFÞ þ kINðFÞ þ kIUðFÞ : ð3Þ

The measured folding rate of FNIII10 (kUN) agrees perfectly
with ktheorf based on experimental data of kUI, kIN, and kIU

[Fig. 3(c)]. Please note that kIN below 8 pN are acquired by
extrapolation, kUI and kIU of FNIII10 are obtained from the
folding and unfolding rates of FNIIIΔAG10 , respectively. kUN

from FNIII10 and kUI from FNIIIΔAG10 completely super-
impose each other at forces below 6.5 pN. At this force
range, kUI is much smaller than kIN by approximately 3
orders of magnitude. Therefore, the U → I transition is the
rate-limiting step of the folding process of FNIII10.
Furthermore, the step sizes of FNIIIΔAG10 agree well with

those of transition from I to U for FNIII10 (Fig. S11 [26]).
The consistent unfolding rates and step sizes for over-
lapping force ranges (8–15 pN) provide additional evidence
to confirm that FNIIIΔAG10 is the I state of FNIII10.
Free energy landscape of FNIII10.—The force responses

over large force range offer the essential information to
dissect the free energy landscape of FNIII10. Based on the
measured parameters of step size, critical force, and force-
dependent unfolding and folding rates of FNIII10 and
FNIIIΔAG10 , we constructed a detailed free energy landscape
of FNIII10 along the reaction coordinate of extension with
free energy of N state of FNIII10 as the reference (Fig. 4).
Firstly, the distance between N and C termini of FNIII10

is 3.14 nm in its native structure. From the critical force
(7.4 pN) and step size (∼16.3 nm) of transition between N
and U of FNIII10 in equilibrium measurements, U state has

FIG. 3. Force-dependent folding and unfolding dynamics of FNIIIΔAG10 and comparison with FNIII10. (a) Schematic representation of
protein construct of AviTag-FH1-FNIIIΔAG10 -FH1-SpyTag in MT. (b) Typical unfolding and folding processes of FNIIIΔAG10 were
recorded in force-jump experiments. High forces (8 and 10 pN) allow FNIIIΔAG10 to unfold, and low forces (5 and 6 pN) ensure to observe
folding transition of FNIIIΔAG10 . Raw data with a sampling rate of 200 Hz (gray) are smoothed using 250-ms time window (black).
(c) Force-dependent folding and unfolding rates of FNIIIΔAG10 were summarized from force-jump measurements. ku of FNIIIΔAG10 agrees
with kIU of FNIII10 in the force range from 8 to 15 pN. kf of FNIIIΔAG10 , kUNðFÞ of FNIII10, and ktheorf ðFÞ calculated from Eq. (3) are
consistent with each other. The solid lines (the same color as the corresponding experimental data points) are the fitting results based on
Bell’s model in different force ranges. Uncertainty of force is estimated to be 5%.
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free energy of 16.9kBT with extension of ∼19.4 nm.
Similarly, in terms of the critical force (11.1 pN) and step
size (∼7.6 nm) of transition between N and I of FNIII10, I
state has free energy of 11.5kBT with extension of
∼10.7 nm.
The information of transition barriers can be obtained

from the fitting results of force-dependent transition rates
kNI and kIU. Two distinct unfolding distances (xNIu;1 ¼
0.23 nm and xNIu;2 ¼ 2.7 nm) were acquired by fitting
kNIðFÞ of FNIII10 in high-force and low-force regimes,
which means that there are two energy barriers located at
extension of about 3.4, and 5.8 nm, respectively. If we
suppose the intrinsic transition rate (k�) of FNIII10 is
∼106 s−1 [31], then the energy barriers (ΔG‡) can be
estimated as 14.9kBT and 20.6kBT according to an empiri-
cal equation: k0 ¼ k� expð−ΔG‡=kBTÞ. Furthermore, the
fitting of kINðFÞ of FNIII10 suggests that the folding
distance from I state to N state (xINf ) of FNIII10 is
4.9 nm, which gives consistent step size between N and
I states at forces of 10–12 pN.
Similarly, the slopes of the two fitted lines for the

unfolding rates of FNIIIΔAG10 provide information of the
two barriers between I and U of FNIII10, which has
unfolding distances xIUu;1 ¼ 0.23 nm and xIUu;2 ¼ 0.73 nm,
respectively. These correspond to two energy barriers of
23.5kBT and 26.3kBT at extension of 10.9 and 11.4 nm,
respectively. The folding distance (xUIf ) obtained by fitting
the folding rates of FNIIIΔAG10 is 8.0 nm. xIUu;2 þ xUIf ∼
8.7 nm is consistent with the step size between I and U
states at ∼5 pN.
As the intermediate state of FNIII10 is just the native state

of FNIIIΔAG10 , the two free energy barriers between I and U
states is not surprising. Intriguingly, only two β strands of
FNIII10 are peeled off during the transition process from N
to I, but there are also two barriers between them. The
extension difference between these two barriers is about
2.5 nm, which is approximately the extension of one β

strand (A or G). Therefore, the obtained two barriers might
come from the peeling transition of each β strand sequen-
tially. This scenario is in agreement with previous coarse-
grained and all-atomic MD simulations [21,32].
In summary, we examined the response of FNIII10 to

stretching forces applied between its N and C termini over
physiological force range from 4 to 50 pN using MT. In the
unfolding process of FNIII10, there is a noticeable I state
which is identified as FNIIIΔAG10 from not only the step size,
but also the thermal stability and force-dependent transition
rates. Similar to some two-state proteins [33–35], overall
the unfolding rates of FNIII10 are more sensitive to low
forces than high forces, which indicates that there is more
than one barrier along the transition pathway. From the
nonlinear force-dependent transition rates between N and I,
and between I and U, quantitative free energy landscape
along extension coordinate is constructed. The free energy
landscape of FNIII10 shows hierarchical symmetric feature
with two barriers between N and I, and between I and U.
From a physical perspective, force and extension are
conjugate variables. Consequently, only low-force mea-
surements can provide information on the free energy
landscape across a broad range of extensions.
Fibronectin, as a main component of ECM, is subject to

fluctuating external forces. Its stability and fast-folding
property are crucial to maintain its biological function. The
distinct dynamic properties of FNIII10 compared to its
structurally homologous Ig domains warrant further analy-
sis. FNIII10 has a folding free energy of 16.9kBT, twice the
value for I27 (8.3kBT; see Table S2 [26]) [13]. The
substantial folding free energy of FNIII10 allows for the
presence of a stable partially folded intermediate state
FNIIIΔAG10 . Though FNIIIΔAG10 is not very stable, its stability
is enough to function as the folding core of FNIII10, upon
which the reunification of A and G β strands enhances the
stability of FNIII10. In contrast, a similar truncation of I27
is expected to have higher free energy than the fully
unfolded state, rendering it unable to assume an inter-
mediate state (Fig. S12 [26]). The folding process of
FNIII10 is consistent with the nucleation-growth mecha-
nism [36]. The transition of FNIII10 from U to I can be
interpreted as the nucleation process followed by a faster
transition from I to N, ensuring a rapid folding rate of
FNIII10 which is 3 orders of magnitude higher than I27 at
5 pN (Table S2 [26]) due to the small size of FNIIIΔAG10 [37].
Therefore, the characteristics of FNIII10 not only provide
profound insight into the interplay among stability, inter-
mediate state, and folding rate in protein folding problems,
but also suggest an efficient protein design strategy which
modifies a folding core with additional stability-enhancing
attachment to satisfy both stability and fast-folding require-
ments [38].

This work was supported by the National Natural Science
Foundation of China (11874309 and 12174322), 111 project
(B16029), and Research Fund of Wenzhou Institute
(WIUCASQD2021008 and WIUCASQD2021043).

FIG. 4. The free energy landscape of FNIII10 constructed by the
information of the force sensitivity of the transition rates. Insets
show the conformations of N, I, and U states of FNIII10,
respectively.
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