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Tenascin-X is an extracellular matrix protein and binds a variety of molecules
in extracellular matrix and on cell membrane. Tenascin-X plays important
roles in regulating the structure and mechanical properties of connective
tissues. Using single-molecule atomic force microscopy, we have investi-
gated the mechanical properties of bovine tenascin-X in detail. Our results
indicated that tenascin-X is an elastic protein and the fibronectin type III
(FnlIl) domains can unfold under a stretching force and refold to regain their
mechanical stability upon the removal of the stretching force. All the 30 FnllI
domains of tenascin-X show similar mechanical stability, mechanical
unfolding kinetics, and contour length increment upon domain unfolding,
despite their large sequence diversity. In contrast to the homogeneity in their
mechanical unfolding behaviors, Fnlll domains fold at different rates. Using
the 10th Fnlll domain of tenascin-X (TNXfn10) as a model system, we
constructed a polyprotein chimera composed of alternating TNXfn10 and
GB1 domains and used atomic force microscopy to confirm that the mecha-
nical properties of TNXfn10 are consistent with those of the FnIll domains of
tenascin-X. These results lay the foundation to further study the mechanical
properties of individual Fnlll domains and establish the relationship
between point mutations and mechanical phenotypic effect on tenascin-X.
Moreover, our results provided the opportunity to compare the mechanical
properties and design of different forms of tenascins. The comparison
between tenascin-X and tenascin-C revealed interesting common as well as
distinguishing features for mechanical unfolding and folding of tenascin-C
and tenascin-X and will open up new avenues to investigate the mechanical
functions and architectural design of different forms of tenascins.
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Introduction

Tenascins are a family of highly conserved
oligomeric glycoproteins in the extracellular matrix
(ECM) of vertebrate organisms.'™ Tenascins are
involved in the process of mechanotransduction and
play important roles in modulating cell adhesion as
well as cell-matrix interactions.?>® A wide range of

ECM molecules including proteins, glycosamino-
glycans, and proteoglycans are found to bind to
tenascins with high affinity.” These adhesive proper-
ties of tenascins help knit structural ECM proteins
with surrounding cells as well as other ECM com-
ponents to form an interacting network to provide
desired mechanical strength and elasticity to tissues.
Mechanical forces are constantly involved during
such processes. Thus, understanding how tenascins
respond to mechanical stretching force is important
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Abbreviations used: FnlII, fibronectin type III;
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WLC, worm-like chain.

to the understanding of biological and mechanical
roles of tenascins in such mechanotransduction
processes.

There are five known tenascins: tenascin-C, tenas-
cin-R, tenascin-W, tenascin-X, and tenascin-Y.” All
tenascins share the same tandem modular structure,
and the constituent domains can be divided into four

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematics of the structure of bovine tenascin-X. (a) Schematic structure of full-length bovine tenascin.
Tenascin-X is a tandem modular protein and consists of an N-terminal cysteine-rich domain, a stretch of 18.5 EGF
domains, an array of 30 Fnlll domains, and a C-terminal fibrinogen-like domain. (b) Schematic structure of truncated
tenascin-X (rTNXAEAF), which is composed of all the 30 FnlIl domains only.

structurally distinct classes: a tenascin-assembly do-
main, a stretch of epidermal-growth-factor (EGF)-like
repeats, a fibronectin type III (Fnlll) domain region
that is composed of a series of Fnlll domains, and a
terminal knob domain that is homologous to the
globular domain of fibrinogen. Tenascins typically
exist as oligomers assembled from tenascin mono-
mers via heptad repeats, further stabilized by
disulfide bridges in the tenascin-assembly domain.®?
Despite the importance of the mechanical properties
of tenascins in their biological functions, tenascin-C is
the only form of tenascin whose mechanical proper-
ties have been studied in detail using single-molecule
atomic force microscopy (AFM).10-14 Single-molecule
AFM studies revealed that tenascin-C is an elastic
protein, and its contour length can be extended to
several times its resting one by mechanically unfold-
ing 1ts constltutmg Fnlll domains under a stretching
force.'® However, the mechanical properties of other
forms of tenascins remain unexplored, and thus, it
has not been possible to investigate the mechanical
roles of other forms of tenascins or to directly
compare the mechanical properties and mechanical
design of different forms of tenascins. As a step
towards understanding the mechanical properties
and design of other forms of tenascins, here we use
single-molecule AFM to characterize the mechanical
properties of recombinant full-length bovine tenas-
cin-X as well as its fragment.

Tenascin-X is expressed in a wide range of tlssues
including skin, joints, heart, and blood vessels.'’
Tenascin-X binds a range of molecules in the ECM as
well as on the cell membrane'®'® including collagen
fibrils, decorin,” and glycosaminoglycans'’ and
plays important roles in regulating the structure
and mechanical properties of connective tissues.
Recently, a recessive form of Ehlers-Danlos syn-
drome (EDS), an inherited connective disorder, has
been found to result from def1c1ency as well as point
mutations in the tenascin-X gene.””?' The typical
symptoms of EDS are hypermobﬂe joints, hyper-

elastic skin, and easy bruising. Tenascin-X is the first
gene outside the collagen family that causes EDS,
highlighting the importance of tenascin-X in the
structure and mechanical properties of connective
tissues. Similar to other tenascins, bovine tenascin-X
has a modular structure (Fig. 1) and is composed of
an N-terminal domain, an EGF domain region
containing 18.5 EGF domains, an Fnlll domain
region containing 30 Fnlll domains, and a C-
terminal fibrinogen-like terminal domain.”* Using
single-molecule AFM, we have stretched bovine
tenascin-X molecules to measure their mechanical
properties. Our results demonstrate that tenascin-X
is an elastic protein, and its Fnlll domains can
unfold under a stretching force and refold to regain
their mechanical stability upon removal of the
stretching force. Our results show that tenascin-X
and tenascin-C not only share some similar mechan-
ical features but also exhibit distinguishing mechan-
ical properties that are unique to either tenascin-X or
tenascin-C. These results pave the way to investigat-
ing how the mechanical properties of tenascin-X
influence the biological functions of tenascin-X and
making it possible to carry out thorough compara-
tive studies among different forms of tenascins to
examine how the mechanical properties of tenascins
are finely regulated at a molecular level by their
similar yet distinctive modular design.

Results

Mechanical unfolding of the full-length tenascin-X
and all-Fnlll fragment (rTNXAEAF)

Using single-molecule AFM,'%** we have investi-
gated the mechanical properties of the full-length
bovine tenascin-X. The full-length tenascin-X was
deposited onto a clean glass coverslip and picked up
by the AFM tip randomly along its contour.
Stretching tenascin-X between the AFM tip and
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glass substrate resulted in force-extension curves
exhibiting characteristic sawtooth pattern appear-
ance (Fig. 2a), in which the individual force peaks
correspond to the mechanical unfolding events of
individually folded domains in tenascin-X and the
last peak corresponds to the stretching and subse-
quent detachment of the polypeptide chain from
either the AFM tip or substrate. The number of
unfolding force peaks in each individual force—
extension curve varies and can be up to 18, indicative
of tenascin-X fragment of different lengths being
picked up and stretched. The vast majority of the
unfolding force peaks are equally spaced with a
peak-to-peak spacing of ~24 nm, corresponding to a
contour length increment (AL) of ~28 nm measured
by the worm-like chain (WLC) model of polymer
elasticity fits (red lines). Many of the force-extension
curves also exhibit a long spacer, which can be up to
more than 200 nm long, prior to the observed
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Fig. 2. Force—extension relationships of the full-length
bovine tenascin-X (a) and fragment rTNXAEAF (b). The
force—extension relationships of full-length tenascin-X are
characterized by a typical sawtooth pattern appearance
with long spacers preceding the unfolding force peaks. The
force—extension curves contain varying number of unfold-
ing force peaks, which is up to 18. The vast majority of
sawtooth peaks are equally spaced, and WLC fits (red
lines) show that unfolding events are of contour length
increment (AL) of ~28 nm, corresponding to the mechan-
ical unfolding of FnIll domains of tenascin-X. The
amplitude of the unfolding force peaks of FnlIl domains
varies around an average value of ~150 pN. Compared
with full-length tenascin-X, the mechanical unfolding of
rTNXAEAF shows similar features. The average unfolding
force of Fnlll domains in rTNXAEAF is ~160 pN, and the
length of the spacers preceding the FnlIl unfolding events
are shorter on average than that of full-length tenascin-X.

sawtooth-like unfolding force peaks. The long spacer
can either be featureless or exhibit irregular unfold-
ing force peaks.

To pinpoint the molecular origin of the observed
mechanical features in the force-extension curves of
the full-length tenascin-X, we also examined the
mechanical properties of rTNXAEAF, a recombi-
nant fragment of tenascin-X, which only consists of
all the Fnlll domains of tenascin-X.!'® Stretching
rTNXAEAF resulted in characteristic sawtooth-like
force—extension curves of as many as 17 force peaks,
and two typical curves, which contain 12 and 15
equally spaced unfolding force peaks, are shown in
Fig. 2b. Since rTNXAEAF contains only FnlIl do-
mains, the observed unfolding force peaks in
rTNXAEAF can be ascribed to the mechanical
unfolding of Fnlll domains without any ambiguity.
It is of note that the characteristics of the unfolding
force peaks observed for -TNXAEAF are very similar
to those observed in the full-length tenascin-X, that
is, identical AL. and similar unfolding forces. Thus,
the unfolding events observed in the force-extension
curves of the full-length tenascin-X result from the
mechanical unfolding of Fnlll domains. In compar-
ison with the full-length tenascin-X, rTNXAEAF
typically shows shorter spacers preceding the
unfolding force peaks in their force—extension
curves. Such differences are likely to originate from
the contribution to the initial contour length by the
series of disulfide-bonded EGF domains as well as
other nonstructured amino acid sequences in the
full-length tenascin-X, since these domains are
highly disulfide bonded and cannot be mechanically
unraveled when the stretching force is only a few
hundred piconewtons. The unfolding of the terminal
fibrinogen-like domain may also contribute to the
initial spacer of the full-length tenascin-X.

Since the unfolding force peaks in the full-length
tenascin-X and recombinant fragment rTNXAEAF
correspond to the mechanical unfolding of FnlII
domains, here we focus on results from the full-
length tenascin-X only for the purpose of conve-
nience. Figure 3a shows the unfolding force histo-
gram of the FnlIll domains compiled from different
force-extension curves. Since tenascin-X is picked
up randomly along its contour, unfolding force
peaks of Fnlll domains in different force—extension
curves result from the unfolding of different FnllII
domains in tenascin-X. Considering all 30 FnlII
domains are different from each other, the unfolding
force histogram shown in Fig. 3a represents an
averaged picture of the mechanical stability of all 30
FnlIl domains in tenascin-X. The average unfolding
force is 148+26 (1=3100). It is of note that although
all the 30 Fnlll domains are different from each
other, the distribution of the unfolding forces of
Fnlll domains shows a narrow distribution with a
standard deviation of 26 pN, suggesting that the
majority of Fnlll domains unfold at similar unfold-
ing forces and are of similar mechanical stability in
their native settings. However, it is important to
point out that since different fragments of tenascin-X
are picked up during each individual force—exten-
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Fig. 3. Average mechanical properties of Fnlll
domains of tenascin-X under a stretching force. (a)
Unfolding force histogram of Fnlll domains. Despite the
heterogeneity in the sequences of all Fnlll domains, the
unfolding force histogram shows a narrow distribution
with an average unfolding force of 148+26pN. The
continuous line is the unfolding force histogram %enerated
by Monte Carlo simulations using o of 9x10 and
Ax, of 0.34 nm. (b) Histogram of contour length increment
of Fnlll domains shows a narrow distribution with an
average AL of 28.4+1.7 nm. (c) The mechanical unfolding
forces of Fnlll domains show a weak dependence on the
pullmg speed We found that, using a combination of oy of
9x10 Land Ax, of 0.34 nm, Monte Carlo simulations
can reproduce the pulling speed dependence of unfolding
forces as well as unfolding force histogram well, indicat-
ing that the mechanical unfolding behaviors of the
majority of Fnlll domains of tenascin-X can be described
adequately using an average behavior.

sion curve and that individual Fnlll domains may
have different probabilities of being picked up and
stretched, the mechanical unfolding forces of some

Fnlll domains may be underrepresented in the
narrowly distributed unfoldmg force histogram.

Fitting the WLC model** of polymer elasticity (red
lines) to consecutive unfolding events of Fnlll
domains measures the contour length increment
(AL.) of individual FnlIl domain upon its mechanical
unfolding (Fig. 2a). Although the length of an
individual Fnlll domain varies from 87 to 134 aa,”
AL, of individual Fnlll domain exhibits a narrow
distribution with an average value of 28.4+1.7 nm
(Fig. 3b), which is very similar to that for FnlIIl
domains in tenascin-C.111 If we assume that the dis-
tance between the N- and C-termini in the folded
structure of Fnlll domains is between 4 and 6 nm, AL,
of ~28 nm would indicate that the folded Fnlll
domains contain 89 to 94 aa on average [(28 nm+
4 nm)/0.36 nm/aa=89 aa]. Since there is large varia-
tion in the predicted length of Fnlll domains, it is
likely that the narrow distribution of AL, reflects that
the majority of Fnlll domains have folded structures
that are of a similar number of amino acids. Therefore,
the variation in the length of different FnlIl domains
largely reflects the variation in the length of linker
sequences between different Fnlll domains, rather
than the different number of amino acids in the folded
structure of Fnlll domains.

Pulling speed dependence of unfolding forces of
Fnlll domains

To characterize the mechanical unfolding kinetics
of FnIll domains of tenascin-X in detail, we carried
out the unfolding experiments of full-length tenas-
cin-X at different pulling speeds to measure the
pulling speed dependence of the mechanical unfold-
ing forces. As shown in Fig. 3¢, the unfolding forces
of Fnlll domains show a weak dependence on the
pulling speed: the unfolding force increases from
130 pN at a pulling speed of 50 nm/s to 170 pN at a
pulling speed of 2000 nm/s. Such a weak pulling
speed dependence is similar to that observed for the
FnIll domains of tenascin-C'*'' but is in sharp
contrast with the strong pulling speed dependence of
the unfoldlng forces for Fnlll domains of fibro-
nectin® as well as Ig domains from the giant muscle
protein titin ***° (Fig. 3b). Assuming that all the FnlIII
domains in tenascin-X share similar unfolding
kinetics and unfold in a two-state manner, we used
Monte Carlo simulations to estimate the sponta-
neous unfolding rate constant at zero force (o) and
the distance between the folded state and the mecha-
nical unfolding transition state (Ax,,). By carrying out
Monte Carlo simulations to reproduce the unfolding
force histogram as well as its pulling speed depen-
dence, we found that a combination of 0.34 nm for
Ax,and 9x10 > s ! for a can describe the unfolding
force distribution (Fig. 3a) as well as pulling speed
dependence of unfolding forces well (Fig. 3c).

Folding kinetics of Fnlll domains

By repeatedly stretching and relaxing the same
tenascin-X molecule, it is possible to directly mea-
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sure the folding kinetics of Fnlll domains at the
single-molecule level.” Figure 4a shows such a
representative stretching-relaxation experiment on
a tenascin-X molecule obtained using double-pulse
protocols. In the first pulse, we stretched and com-
pletely unfolded the Fnlll domains contained in the
tenascin-X fragment being picked up (trace 1). By
counting the number of unfolding force peaks of
Fnlll domains (Niuta1), we will know the number of
Fnlll domains in this particular tenascin-X frag-
ment. The completely unfolded polyprotein chain
was then quickly relaxed to zero extension (trace 2)
to allow the unfolded Fnlll domains to refold for a
fixed period of time At. We then stretched the
molecule again to measure its force—extension
profile (trace 3). The number of unfolding force
peaks that appeared in the subsequent force—
extension curve measures the number of Fnlll
domains (Nyefolq) that have managed to refold and
regain their mechanical stability within relaxation
time At. By changing the relaxation time At, we can
directly measure the folding kinetics by plotting the
probability of folding (Niotal/Nrefola) versus relaxa-
tion time At (Fig. 4b). It is evident that the longer
the relaxation time Af, the more Fnlll domains can
refold and regain their mechanical stability. Almost
all the FnlIll domains can refold after 2 s. The time
course of the folding of Fnlll domains of tenascin-X
can be described well by a double exponential
model, (Nrefold/Ntotal)=A(1767[31t)+(17A)(1fei[))2t)r
where Niefold/Niotar i the folding probability of
Fnlll domains at a relaxation time f and p; and P,
correspond to the folding rate constants. We found
that, on average, 60% of Fnlll domains fold with a
rate constant of 22 s and 40% of FnlIll domains
fold at a rate of 3 s~ '. Considering the heteroge-
neous nature of the Fnlll domains, we attribute the
biphasic folding kinetics to heterogeneity in folding
kinetics among the different Fnlll domains of
tenascin-X.
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Mechanical unfolding and folding dynamics of
the 10th Fnlll domain of tenascin-X

Although we have characterized the mechanical
unfolding and folding dynamics of the Fnlll
domains of tenascin-X using AFM, the information
we obtained is an averaged property of all the FnlII
domains of tenascin-X due to the inherent sequence
heterogeneity among the 30 different Fnlll domains
of tenascin-X. To obtain information about the
folding and unfolding dynamics of individual FnIII
domains in detail, one will need to investigate the
mechanical unfolding and folding dynamics of FnlII
domains one at a time. Here, we chose the 10th FnlIII
domain of tenascin-X (TNXfn10) as a model system
to illustrate some of the general features among the
FnlIlI domains. To facilitate the mechanical charac-
terization of TNXfn10 using single-molecule AFM,
we constructed a heteropolyprotein (GB1-TNXfn10),
(Fig. 5a), in which GB1 domains alternate with
TNXfn10 domains and the well-characterized GB1
domains, with AL of ~18 nm and unfolding force of
~180 pN, serve as a mechanical fingerprint”*® for
identifying the mechanical features of TNXfn10.
Stretching (GB1-TNXfn10), results in characteristic
sawtooth-like force—extension curves of two types of
unfolding events with clearly different AL, values
(Fig. 5b): unfolding events occurring at the beginning
of the force—extension curves tend to show AL. of
~28 nm (colored green), while those occurring
towards the end of the force—extension curves tend
to show AL, of ~18 nm (colored red). The unfolding
events of AL, of ~18 nm correspond to the
unfolding of GB1 domains in the heteropolyprotein,
while the unfolding events of AL. of ~28 nm cor-
respond to the unfolding of TNXfn10. Figure 5c
shows the unfolding force histogram of TNXfn10
with an average force of 170+ 22pN. It seems that the
average unfolding force of TNXfnl0 is slightly
higher than the average unfolding force of Fnlll

Fig. 4. Mechanical folding kine-
tics of FnlIl domains of tenascin-X.
(a) The folding kinetics of FnlIIl
domains can be measured using a
double-pulse protocol. In the first
pulse, tenascin-X was picked up
and stretched to unfold all the
FnIll domains in the fragment
being picked up. The number of un-
folding force peaks allows us to
count the number of FnlIl domains
present in the fragment (trace 1).
After complete unfolding, the

W = I : I
Jg 0.0 0.5 1.0

50 nm- At(s)

T 1
1.5 2.0

unfolded protein chain was quickly
relaxed to zero extension (trace 2)
and allowed to refold at zero exten-
sion for time At. Then, the protein

was stretched again and the number of unfolding force peaks in the resultant force—extension curve (trace 3) indicates the
number of Fnlll domains that managed to refold within relaxation time At. By varying the relaxation time At, the folding
kinetics of FnlIl domains of tenascin-X can be measured. (b) Folding kinetics of Fnlll domains. The profile of folding
probability of Fnlll domains (Nyefoid/Niota) versus relaxation time (Af) can be described by a double exponential
distribution with a folding rate constant of 22 s~ ' for the fast phase and 3 s~ ' for the slow phase.
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Fig. 5. Mechanical unfolding properties of TNXFn10. (a) Schematics of the heteropolyprotein (GB1-TNXFn10),. In the

heteropolyprotein, TNXFn10 alternates with the well-characterized GB1 domains, which serve as a fingerprint for
identifying single-molecule stretching events. (b) Typical force-extension curves of heteropolyprotein (GB1-TNXFn10),.
The unfolding force peaks exhibit two different kinds of AL.. The unfolding events with AL. of ~18 nm (colored red)
typically occur towards the end of the force—extension curves and correspond to the mechanical unfolding of GB1 domains;
the unfolding events with AL of ~28 nm (colored green) typically occur at the beginning of the force—extension curves and
correspond to the mechanical unfolding of TNXfn10 domains. Blue lines are WLC fits to the experimental data. (c)
Unfolding force histogram of TNXfn10 domains. The continuous line is the Monte Carlo simulation fit using o, of
9x10 °s 'and Ax, of 0.34 nm. (d) Pulling Speed dependence of the unfolding forces of TNXfn10. The continuous line is the
Monte Carlo simulation fit using the same parameters as in (c). (e) Folding kinetics of TNXfn10 domains at zero force. The

folding kinetics of TNXfn10 can be well described by a single exponential distribution with a folding rate constant of 3s™ .

domains measured in tenascin-X. Mechanical
unfolding force of proteins depends on the effective
loading rate. Compared with the full-length tenas-
cin-X, the contour length of heteropolyprotein (GB1-
TNXfn10), is much shorter, and thus, the effective
loading rate for (GB1-TNXfn10), is higher than that
for the full-length tenascin-X. Therefore, it is not
surprising that the unfolding force of TNXfn10 in a
shorter polyprotein is higher than the average
unfolding force of Fnlll domains in a much longer
tenascin-X at the same pulling speed. To determine
Ax, and ag for TNXf10, we also measured the
pulling speed dependence of the unfolding forces of
TNXm10 in (GB1-TNXfn10), (Fig. 5d). By fitting the
unfolding force distribution as well as its depen-
dence on pulling speed, we found that the para-
meters used to describe the average behaviors of
Fnlll domains in tenascin-X can also describe the
mechanical unfolding of TNXfn10 adequately. This
result is consistent with the conclusion that the
majority of Fnlll domains show similar mechanical
unfolding kinetics (similar oy and Ax,). Using a

similar double-pulse protocol, we also measured the
folding kinetics of TNXfn10 at zero force (Fig. 5e). It
is evident that the time course of the folding of
TNXfn10 can be readily described by a single expo-
nential distribution with a folding rate constant 3 of
3 s !, which is well within the range of the average
folding rate constants measured for all the Fnlll
domains in the full-length tenascin-X. From the
combined results on the mechanical unfolding and
folding dynamics of TNXfn10, it becomes evident
that TNXfnl0 can serve as a model system for
describing the average behavior of all the Fnlll
domains in tenascin-X.

Discussion

Tenascins are a family of elastic proteins

Using single-molecule AFM, we have character-
ized the mechanical unfolding and folding kinetics of
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tenascin-X in detail. Our results showed that
tenascin-X is an elastic protein and its constitutive
Fnlll domains can undergo reversible unfolding—
folding transitions under a stretching force to
effectively modulate the contour length of tenascin-
X molecules. These results provide a general and
average description of the mechanical properties of
tenascin-X and provide the possibility to compare the
mechanical behaviors of different forms of tenascins.

Tenascins are a family of highly conserved ECM
proteins. The five known tenascins (tenascin-C,
tenascin-R, tenascin-W, tenascin-X, and tenascin-Y)
are of similar architectures, despite their low se-
quence homology. Fnlll domains are major compo-
nents of tenascins and are the primary candidates
for providing unfolding-regulated elasticity. Tenas-
cin-C is the only tenascin whose elastic behaviors
have been investigated in detail previously.'*"?
Although the mechanical properties of tenascin-R,
tenascin-W, and tenascin-Y remain to be examined,
the AFM results on tenascin-C and tenascin-X
suggest that other tenascins are also likely to be
elastic proteins and the unfolding of their constitut-
ing Fnlll domains will be the primary source for
domain unfolding mediated elasticity. Since the EGF
domains are highly disulfide bonded, they are
unlikely to unfold by stretching forces of the
amplitude of a few hundreds piconewtons. Thus,
EGF domains will remain folded and contribute to
the initial contour length of tenascins. It was
proposed that the reversible unfolding of Fnlll
domains in tenascin-C may effectively extend the
lifetime of adhesion bonds mediated by tenascin-
C."? Tenascin-X and other forms of tenascins are also
involved in adhesive interactions with a wide range
of interacting partners; for example, tenascin-X can
bind heparin,?’ decorin,'’ and collagen fibrils®® and
help to provide desired mechanical strength and
elasticity to connective tissues as well as regulate the
fine structure of connective tissues. Hence, it is
possible that the mechanism proposed for tenascin-
C also applies to different tenascins, including
tenascin-X (e.g., the unfolding of Fnlll domains
can help to promote tenascin-involved adhesion
bonds). However, the general role of delicately
designed tenascin mechanics in biological functions
is yet to be elucidated. Single-molecule AFM studies
on tenascins provide fundamental knowledge of the
mechanical proprieties of tenascins, which will be
necessary for further studies.

Although our studies on the full-length tenascin-X
provide valuable information about the overall
behavior of tenascin-X, detailed information on
individual Fnlll domains can only be obtained by
investigating them individually. Our study on
TNXfn10 is such an effort. Continued experimental
efforts in investigating the mechanical properties of
other Fnlll domains will be critical to elucidating the
molecular determinants of the mechanical stability
of Fnlll domains and pave the way to evaluate the
mechano-phenotypic effect of disease-causing muta-
tions, such as those found in a few Fnlll domains
and linked to connective disorders.””*' Further-

more, these studies will also be of critical importance
to directly probe the effect of ligand binding, such as
the binding of heparin and decorin to tenascin-X, on
the mechanical properties of Fnlll domains as well
as full-length tenascin-X.

Comparison of the mechanical features of Fnllil
domains between tenascin-X and tenascin-C

Comparing the mechanical features of the Fnlll
domains from tenascin-X with those from tenascin-
C, we have observed some interesting common as
well as distinguishing features in their mechanical
properties. Fnlll domains from both tenascins
exhibit homogeneity in their mechanical unfolding
kinetics as well as heterogeneity in their folding
kinetics. Despite the sequence diversity across
different Fnlll domains in tenascin-C or tenascin-X,
Fnlll domains originating from the same tenascin
show surprisingly similar mechanical stability and
unfolding kinetics. This behavior is in sharp contrast
with the significantly different mechanical stability
observed in the constitutive Fnlll domains of
fibronectin.”> Since the homology among FnIII
domains in tenascin-X (or tenascin-C) is not that
different from that for Fnlll domains in fibronectin,
it is possible that similar mechanical stability among
Fnlll domains in tenascin-C (or tenascin-X) is a
unique feature evolved in Fnlll domains of tenas-
cins. Decoding secrets of the mechanical design of
Fnlll domains that lead to distinct mechanical
stability of Fnlll domains in tenascin-C and tenas-
cin-X will be critical for tailoring the mechanical
stability of Fnlll domains in a rational fashion.
Steered molecular dynamics simulations will be of
tremendous importance in this aspect, as evidenced
by the efforts in elucidating mechanical design of
Fnlll domains in fibronectin.”' * In contrast to the
homogeneity in their mechanical stability, indivi-
dual Fnlll domains from both tenascin-C and
tenascin-X exhibit diverse folding kinetics, which is
manifested in their double exponential folding
kinetics. It was proposed that different folding
kinetics is a mechanism used by nature to prevent
misfolding of tandem modular plroteins,34 and the
results we obtained here for tenascin-X seems to be
consistent with this hypothesis.

Despite the self-similarity in the mechanical
stability of the Fnlll domains within the same form
of tenascin (tenascin-C or tenascin-X), Fnlll domains
from tenascin-X are consistently stronger than FnlII
domains from tenascin-C: the average unfolding
force of Fnlll domains from tenascin-X is 148 pN,
while the average unfolding force of Fnlll domains
from tenascin-C is ~120-130 pN.'""® Considering
the low sequence homology among FnlIl domains
from either tenascin-C or tenascin-X, these results
imply that the FnIIl domains within the same type of
tenascin are likely to have evolved to achieve a self-
similarity in their mechanical stability and at the
same time to retain their distinct mechanical identity
between different types of tenascins. Based on the
results on tenascin-C and tenascin-X, we hypothe-
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size that Fnlll domains from different tenascins may
encode distinct mechanical stabilities and thus entail
different mechanical functions for different tenas-
cins. Understanding the underlying molecular
mechanism will shed light on the architectural
design of tenascins and make it possible to use
statistical analysis to understand how the mechan-
ical stability of FnIll domains is determined at the
molecular level and thus make it possible to tune the
mechanical stability of Fnlll domains rationally,
which will be key to bioengineering of artificial
tenascins with tailored mechanical properties.
Another notable difference between tenascin-X
and tenascin-C lies in their significant difference in
the misfolding frequency of Fnlll domains. It was
reported that,'335 after mechanical unfolding, 90%
of FnllI domains in tenascin-C were able to refold
correctly, while 10% of neighboring Fnlll domains
were observed to misfold into dimeric misfolded
states at a frequency of ~10%, giving rise to the so-
called “skip” in force—extension curves shown in
Fig. 6a with Askip of ~60 nm, which is slightly
bigger than twice of the AL of correctly folded FnlIII
domains.'®? In contrast, the folding of FnlII
domains in tenascin-X appears to be much more
robust (Fig. 6b): in more than 500 refolding events,
we only observed 2 putative misfolding events. The
sharp contrast in the folding fidelity of Fnlll

(a) -
Q.
ALe _Ig
- 20 nm~
=
=}
8
o Askip
w
Extension (nm)
(b)

ALdl

Force (pN)

Extension (nm)

Fig. 6. Fnlll domains of tenascin-X show high fidelity
in folding. (a) Refolding traces of tenascin-C show
misfolding events. After mechanical unfolding, about
10% of Fnlll domains of tenascin-C can refold with their
neighboring Fnlll domains to form a misfolded state,
which give rise to Askip of ~60 nm, which is slightly
bigger than twice the AL. observed for the individual
correctly folded Fnlll domains. (b) Typical refolding traces
of tenascin-X. After mechanical unfolding, FnIIl domains
refold to regain their mechanical stability and show AL,
that is identical with that of FnlIl domains upon their first
unfolding.

domains between tenascin-X and tenascin-C raises
the question how the folding fidelity of such similar
tandem modular proteins is controlled at the amino
acid sequence level. It was proposed that high
sequence homology is likely a cause for misfolding
and aggregation in tandem modular proteins.3* How-
ever, sequence homology between Fnlll domains in
tenascin-X is not different from that of tenascin-C,
suggesting that sequence homology or identity alone
is not sufficient to explain the folding fidelity. Hence,
FnlII domains from tenascin-C and tenascin-X may
represent valuable model systems to examine the
potential molecular determinants underlying the
folding fidelity of elastomeric proteins as well as
their potential biological significance.

Conclusion

We have used single-molecule AFM to characte-
rize the elastic behaviors of full-length tenascin-X as
well as its fragment comprising all the FnlIl domains.
Our results revealed that tenascin-X is an elastic
protein and its Fnlll domains can undergo reversible
unfolding—folding reactions. The folding and
unfolding behaviors of Fnlll domains exhibit intri-
guing similarities and distinct contrasts between
Fnlll domains from tenascin-C and tenascin-X. We
hypothesize that different tenascins encode distinct
mechanical stability necessary for their different
biological functions. These results will pave the
way for further studies to investigate how the
mechanical properties of tenascin-X regulate their
biological functions and how mechanical perfor-
mance of tenascin-X will respond to disease-causing
mutations found in tenascin-X.

Materials and Methods

Protein engineering

Recombinant full-length bovine tenascin-X and a trun-
cated form comprising all its FNIII domains (rTNXAEAF)
were prepared as described previously.'® Both proteins
were produced by HEK293 cells and secreted in the culture
medium. Purification was achieved by two chromato-
graphic steps, the first one by affinity with heparin and the
second one on Q-Sepharose.

TNXfn10 gene was amplified from a plasmid encoding
TNXfn9-11 via standard polymerase chain reaction using
sense primer (CGT GGA TCC CTG CTC TTT GGC ATC
CAA GAT) and antisense primer (CCC TCA AAA CCA
CGT CTG GGG AGATCT TAATAG GGT ACC GAG) and
confirmed by direct DNA sequencing. These primers were
designed to contain 5" BamHI site and 3’ Kpnl and BglII
restrictions and overlap 20 aa with neighboring TNXfn9
and TNXfn11 domains, according to the existing informa-
tion of domain boundaries.” This was done to erase any
ambiguity surrounding domain annotation, ensuring that
the entire 10th domain was represented within the gene
fragment, and to eliminate possible effects on the
mechanical properties of TNXfnl0 due to incorrectly
chosen domain boundaries. The gene of polyprotein
chimera (GB1-TNXfn10), was then constructed using a
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well-established method described elsewhere®” based on
the identity of the sticky ends generated by digesting
BamHI and BglII restriction sites. (GB1-TNXfn10), was
constructed in cloning vector pUC19 and then subcloned
into expression vector pQESOL. Overexpression of the
polyprotein chimera was carried out in DH5a strain and
purified by Co®" affinity chromatography. The polypro-
tein chimera was kept at 4 °C in phosphate-buffered
saline buffer at a concentration of 870 ng/ml.

Single-molecule AFM

Single-molecule AFM experiments were carried out on a
custom-built AFM, which was constructed as described
previously.”” Each individual AFM cantilever was cali-
brated using the equipartition theorem before and after
each AFM experiment. Protein samples were deposited
onto a clean glass coverslip covered by phosphate-buffered
saline buffer (~50 pl) and allowed to adsorb for approxi-
mately 5 min. During AFM experiments, the AFM tip was
first brought into contact with the glass coverslip with a
contact force of 5nN. Upon withdrawing the AFM tip from
the glass substrate, tenascin fragments or polyproteins
were picked up and stretched by the AFM tip due to the
nonspecific interactions between the protein and AFM tip.
Multiple molecules can be picked up and stretched at the
same time. Short molecules will detach first and give rise to
the low force peaks and irregular features as those shown
at the beginning of the force—extension curves in Fig. 2b.

The contour length increment AL, of FnlIl domains of
tenascin-X was measured by fitting the WLC model of
polymer elasticity to consecutive unfolding force peaks. A
persistence length of 0.4-0.9 nm was used during the
fitting. The length of the spacer measures the contour
length of the fully folded part of the tandem modular
protein. The unfolding of FnlIl domains was described as
a two-state process with force-dependent rate constants.
Monte Carlo simulations were carried out according to
published procedures.*®
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