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By combining single-molecule atomic force microscopy (AFM), proline
mutagenesis and steered molecular dynamics (SMD) simulations, we
investigated the mechanical unfolding dynamics and mechanical design of
the third fibronectin type III domain of tenascin-C (TNfn3) in detail. We
found that the mechanical stability of TNfn3 is similar to that of other
constituting FnIII domains of tenascin-C, and the unfolding process of
TNfn3 is an apparent two-state process. By employing proline mutagenesis
to block the formation of backbone hydrogen bonds and introduce structural
disruption in β sheet, we revealed that in addition to the important roles
played by hydrophobic core packing, backbone hydrogen bonds in β
hairpins are also responsible for the overall mechanical stability of TNfn3.
Furthermore, proline mutagenesis revealed that the mechanical design of
TNfn3 is robust and the mechanical stability of TNfn3 is very resistant to
structural disruptions caused by proline substitutions in β sheets. Proline
mutant F88P is one exception, as the proline mutation at position 88 reduced
the mechanical stability of TNfn3 significantly and led to unfolding forces of
b20 pN. This result suggests that Phe88 is a weak point of the mechanical
resistance for TNfn3.We used SMD simulations to understand themolecular
details underlying the mechanical unfolding of TNfn3. The comparison
between the AFM results and SMD simulations revealed similarities and
discrepancies between the two. We compared the mechanical unfolding and
design of TNfn3 and its structural homologue, the tenth FnIII domain from
fibronectin. These results revealed the complexity underlying the mechan-
ical design of FnIII domains and will serve as a starting point for
systematically analyzing the mechanical architecture of other FnIII domains
in tenascins-C, and will help to gain a better understanding of some of the
complex features observed for the stretching of native tenascin-C.
© 2009 Elsevier Ltd. All rights reserved.
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Introduction

It is well recognized that mechanotransduction is
a mechanism in which mechanical force acts on cells
to serve as a physiological signal that triggers a
variety of biological processes.1–3 In living tissues,
mechanical force is transmitted to cells through the
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extracellular matrix (ECM), which serves as a
mechanical scaffold for cells to adhere, migrate
and differentiate.4 ECM is linked to the intracellular
cytoskeleton through cell membrane receptors
integrins and establishes a mechanical continuum
that allows the mechanical force be transmitted as a
physiological signal between the interior and exter-
ior of cells. A wide variety of ECM proteins are
subject to mechanical tension in biological environ-
ments and many of them share a similar tandem
modular architecture.4 Mechanical tension alters the
conformational states of such mechanical proteins,
and may modulate biological functions via force-
modulated conformational changes. Therefore,
understanding the relationship between the struc-
d.



1328 Mechanical Design of TNfn3 Domain
ture andmechanical properties of these proteins is of
important biological significance. Tenascin-C, a
highly conserved oligomeric ECM glycoprotein,5–8

is one of the model systems for such studies.
Tenascin-C is an extracellular matrix protein with

important roles in regulating the cell-matrix inter-
actions.7 Tenascin-C is a tandemmodular protein and
consists of a tenascin-assembly domain, a stretch of
epidermal growth factor-like repeats, a fibronectin
type III (FnIII) domain region that is composed of a
series of FnIII domains, and a terminal knob domain
that is homologous to the globular domain of fibri-
nogen. Tenascins are expressedmainly in regions that
are subject to heavy tensile load9 or in tissues that
undergo extensive structural re-modeling during
processes such as tissue injury and tumorigenesis.10–12
As tenascins are subject to mechanical stretching
forces under physiological conditions, it is possible
that the force-induced unfolding/refolding reactions
of FnIII domains may be an important part of
tenascins dynamics in vivo.13

Single-molecule atomic force microscopy (AFM)
studies have provided insights into the mechanical
design and functions of tenascin-C. It was revealed
that tenascin-C is an elastic protein that can extend
to several times its resting length via force-induced
unfolding of FnIII domains.13,14 It has been
suggested that the mechanical unfolding of FnIII
domains serves as a shock-absorber to prolong the
lifetime of the tenascin-ligand bond.13 Recent
studies revealed that some FnIII domains display
weakly populated folded microstates in addition to
their native states, which may entail a possible
mechanism for these FnIII domains to recover their
mechanical resistance more rapidly after mechan-
ical unfolding.15 Since these studies were carried
out on native fragments of tenascin-C, the inherent
heterogeneity of the constituting FnIII domains in
native fragments makes it difficult to assign
mechanical features observed on native tenascin
fragments to specific FnIII domains, and makes
detailed molecular interpretation of the experimen-
tal results difficult.
To overcome these difficulties, detailed studies of

the mechanical unfolding dynamics of individual
FnIII domains become necessary. Using polypro-
teins made of identical tandem repeats of the protein
of interest has become the standard approach to
study their mechanical properties using single-
molecule AFM.16,17 Recently, mechanical ϕ value
analysis has been done on the third FnIII domain of
tenascin-C (TNfn3) via single-molecule AFM and
molecular dynamics simulation using an implicit
water model.18 However, this study was focused on
probing the role of hydrophobic core in the
mechanical unfolding of TNfn3. The role of back-
bone hydrogen bonds and β sheet stability, two
important factors for mechanical stability of pro-
teins, were not probed. Here, in order to address the
importance of backbone hydrogen bonds as well as
β sheet stability in the mechanical unfolding of
TNfn3, we combine single-molecule AFM, proline
mutagenesis and steeredmolecular dynamics (SMD)
simulations to investigate the mechanical unfolding
dynamics and mechanical design of TNfn3 in detail.
Our results revealed that the mechanical stability of
TNfn3 is similar to that of other FnIII domains of
tenascin-C,13,15 and the unfolding process of TNfn3
is an apparent two-state process. To probe the me-
chanical design of TNfn3, we used proline mutagen-
esis to block the formation of backbone hydrogen
bonds and introduce structural disruption in β sheet
in order to affect its mechanical stability and unfold-
ing kinetics. Our results revealed that hydrophobic
core packing is not the only factor that is important
for determining the mechanical stability of TNfn3,
and backbone hydrogen bonds in β hairpins are also
responsible for the overall mechanical stability of
TNfn3. Furthermore, proline mutagenesis revealed
the robust mechanical design of TNfn3, as the
mechanical stability of TNfn3 is resistant to dis-
ruptive proline mutations in β sheets of TNfn3. We
identified that residue Phe88 is a weak point in
TNfn3, and a single substitution of Phe88 with
proline results in the unfolding of TNfn3 at forces
that are lower than the detection limit in AFM. We
compared the AFM results with SMD simulations to
understand the molecular details underlying the
mechanical unfolding of TNfn3. A comparison
between the mechanical features of TNfn3 with the
tenth FnIII domain from fibronectin revealed the
significant differences in mechanical unfolding and
design of these two structurally homologous FnIII
domains. These results pave the way for systematic
analysis of the mechanical architecture of other FnIII
domains in tenascin-C and will help us to obtain a
better understanding of some of the complex
features observed for the stretching of native
tenascin-C.
Results

Themechanical unfolding of TNfn3 is an apparent
two-state process

TNfn3 is an all-β protein of 90 amino acid
residues. It has a typical immunoglobulin-like β-
sandwich structure, in which the two β sheets of
TNfn3 pack against each other (Fig. 1).19 The top
sheet consists of strands A-B-E and the bottom sheet
consists of C-C′-F-G. The two force-bearing terminal
β strands A and G are parallel with each other, and
the N- and C-termini point in opposite directions.
Such an arrangement of the two terminal strands
forms a shear topology upon stretching, which is a
common feature among proteins that are mechani-
cally stable.16,17,20–26 It is of note that the two terminal
force-bearing strands of TNfn3 are not bonded
directly by backbone hydrogen bonds like other
elastomeric proteins, such as I27 of the muscle
protein titin.17

Using protein engineering techniques, we engi-
neered a polyprotein (TNfn3)8, which consists of
eight identical tandem repeats of TNfn3. We then



Fig. 1. The three-dimensional
structure of the third fibronectin
type III domain of tenascin-C
(TNfn3). (a) TNfn3 has a typical β-
sandwich structure. The two force-
bearing β strands are parallel with
each other and are pointing in oppo-
site directions. The backbone hydro-
gen bonds associated with the two
force-bearingβ strands are indicated
by black bars. (b) The location of
amino acids that are substituted by
proline residues in this work.

Fig. 2. Typical force-extension curves of polyprotein
(TNfn3)8. Stretching polyprotein (TNfn3)8 results in force-
extension curves with the characteristic saw-tooth pattern.
The equally spaced force peaks result from the mechanical
unfolding of the individual TNfn3 domains in the
polyprotein chain. The last peak in force-extension curves
corresponds to the detachment of the protein from either
the AFM tip or the substrate. WLC fits (thin lines) to the
consecutive unfolding force peaks measure a contour
length increment ΔLc of ∼29.0±0.8 nm.
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used single-molecule AFM to stretch polyprotein
(TNfn3)8 and characterize its mechanical unfolding
behaviors. Stretching polyprotein (TNfn3)8 resulted
in force–extension relationships of the characteristic
sawtooth pattern appearance, where the individual
sawtooth peaks correspond to the mechanical un-
folding of each individual TNfn3 domain in the
polyprotein chain. The force–extension relationships
of (TNfn3)8 can be well described by the worm-like
chain (WLC) model of polymer elasticity,27 and there
is no apparent deviation from the WLC fits (Fig. 2).
WLC fits to consecutive unfolding force peaks mea-
sure an average contour length increment (ΔLc) of
29.0±0.8 nm (average±standard deviation). TNfn3 is
90 residues long and the distance between its N-, and
C- termini is 3.1 nm in the folded state.19 The contour
length of the unfolded and fully stretched TNfn3 is
32.4 nm (90 residues×0.36 nm/residue). Hence, a
complete unraveling of a TNfn3 domain should
result in a contour length incrementΔLc of∼29.3 nm,
which is in excellent agreement with the experimen-
tally determined ΔLc. This result suggests that the
mechanical unfolding of TNfn3 corresponds to the
complete unfolding of TNfn3 in an apparent two-
state fashion, and there is no visible intermediate
state along its mechanical unfolding pathway.
The amplitude of the unfolding force peaks varies

around ∼120 pN. A histogram of the unfolding
forces compiled from ∼4000 unfolding events at a
pulling speed of 400 nm/s measured an average
unfolding force of 125±14 pN (n=4198, Fig. 3a),
which is in agreement with previous measurements
on a similar TNfn3 polyprotein.18 The measured
mechanical stability of TNfn3 is similar to the
average mechanical unfolding force of all the 15
FnIII domains measured from a recombinant frag-
ment of tenascin-C containing all the 15 FnIII do-
mains, consistent with the previous conclusion that
all the FnIII domains of tenascin-C have similar
levels of mechanical stability.13,28

It was shown that extending the C-terminus of
TNfn3 by two residues can increase the thermody-
namic stability of TNfn3 significantly.29 However, we
found that such an extension of TNfn3 does not affect
themechanical stability of TNfn3 in anyway (data not
shown), indicating that the two additional residues at
the C-terminus of TNfn3 are already detached from
the folded TNfn3 before TNfn3 reaches the mechan-
ical unfolding transition state.
The mechanical unfolding of TNfn3 is
characterized by a long unfolding distance from
the native state to the transition state

To further characterize the mechanical unfolding
of TNfn3 in detail, we measured the pulling speed-
dependence of the unfolding forces of TNfn3 by
stretching (TNfn3)8 at different pulling speeds.
Similar to other elastomeric proteins, the mechanical
unfolding of TNfn3 is a non-equilibrium process and
its unfolding force depends on the pulling speed: the
higher the pulling speed is, the bigger the unfolding
force (Fig. 3b). It is of note that, as compared with Ig
domains from the muscle protein titin,17,30,31 the
pulling speed-dependence of the unfolding force of
TNfn3 is relatively weak: the unfolding force of
TNfn3 increases from 109 pN at a pulling speed of
50 nm/s to 154 pN at a pulling speed of 2700 nm/s.
To estimate the spontaneous unfolding rate constant
at zero force (α0) and the unfolding distance (Δxu)
between the folded state and the transition state



Fig. 3. Unfolding force of TNfn3 and its dependence on
the pulling speed. (a) Histogram of unfolding forces for
TNfn3. The unfolding force histogram spans a range of
∼100 pN (60 pN∼160 pN) with an average value of 125±
14 pN (n=4198). The red line corresponds to Monte Carlo
simulation of the mechanical unfolding of TNfn3 using α0
of 1.5×10−4 s−1 and Δxu of 0.42 nm. The pulling speed is
400 nm/s. (b) The pulling speed dependence of the
unfolding forces of TNfn3 (symbols). The pulling speed
dependence of the unfolding forces of TNfn3 can be re-
produced adequately byMonte Carlo simulations using α0
of 1.5×10−4 s−1 and Δxu of 0.42 nm (red line).
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along the reaction coordinate, two important para-
meters characterizing the mechanical unfolding free
energy diagram, we carried out Monte Carlo
simulations to reproduce the force-extension rela-
tionships of (TNfn3)8. In the Monte Carlo simula-
tion, we assumed that the unfolding of TNfn3 is a
two-state process and the force-dependent unfold-
ing rate constant follows the classical Bell model
a Fð Þ = a0exp FDxu

kBT

� �
, where kB is the Boltzmann cons-

tant and T is absolute temperature (in K). We found
that both the unfolding force histogram (Fig. 3a)
and the pulling speed-dependence of the unfolding
forces (Fig. 3b) are well described using an α0 of
1.5×10−4 s−1 and a Δxu of 0.42 nm. This result
suggests that the mechanical resistance to unfolding
is distributed over a distance of 0.42 nm. This
unfolding distance is notably longer than that for
other typical elastomeric proteins, such as I27,17
ubiquitin,22 and GB1 domains,23 suggesting that
the mechanical resistance of TNfn3 is distributed
along a longer distance, which is in contrast with the
highly localized mechanical resistance for other
elastomeric proteins. The molecular basis for the
observed long unfolding distance Δxu will be add-
ressed in Discussion. The measured α0 and Δxu are
comparable to those measured in previous studies
on tenascin-C fragment and TNfn3 polyprotein.13,18

The SMD simulations of themechanical unfolding
of TNfn3

The single-molecule AFM results suggest that the
mechanical unfolding of TNfn3 is an apparent two-
state process. In order to understand the molecular
events leading to the mechanical unfolding of
TNfn3, we carried out SMD simulations of the
mechanical unfolding of TNfn3. In contrast to
previous molecular dynamics simulation work
using an implicit water model,18 we used explicit
water model TIP3P in our simulation to explicitly
address the potential role of the solvent water
molecules during the mechanical unfolding process
of TNfn3. This strategy has been used extensively to
simulate the mechanical unfolding of proteins,
including FnIII domains from fibronectin and
TNfn3.32,33
In our SMD simulations, we simulated the

mechanical unfolding of TNfn3 using both constant
velocity and constant force protocols. Starting from
1 ns and 1.5 ns equilibrated conformations, TNfn3
was pulled at a constant force (500 pN) or at a
constant velocity (0.05 Å/ps). In total, we performed
16 constant force SMD and 17 constant velocity
SMD simulations with a total simulation time of
57 ns. Both constant velocity and constant force
trajectories revealed similar features of the mechan-
ical unfolding of TNfn3.
In constant force SMD simulations, TNfn3 was

stretched at a constant force of 500 pN from its N-
and C-termini, and the distance between the two
termini (RNC) was monitored as a function of time.
Representative RNC versus time curves from con-
stant force SMD simulations are shown in Fig. 4a.
The presence of multiple plateaus in RNC versus time
profiles is clearly visible, indicating the presence of
stable intermediates populated along the unfolding
trajectories. From the native state with RNC of
∼34 Å, TNfn3 elongates by ∼6 Å via straightening
the disordered N-terminal end of the protein and
enters into a stable intermediate state I1, in which
the tertiary structure of TNfn3 remains largely
intact. It is of note that the two backbone hydrogen
bonds between Ser6 and Phe23 are relatively weak
and break in state I1 during most of the trajectories.
The rupture of the backbone hydrogen bonds
between Ser6 and Phe23 leads to the detachment
of the first six residues of strand A from the folded
structure of TNfn3. In the second stage, TNfn3
elongates further by∼10 Å to reach the intermediate
state I2. During this process, the two β sheets, one
containing strands A–B –E (colored red) and the



Fig. 4. Constant force and con-
stant velocity SMD simulations of
the mechanical unfolding of TNfn3.
(a) Representative RNC versus time
profiles from constant force SMD
simulations at a stretching force of
500 pN. The presence of three
plateaus indicated kinetic inter-
mediates I1, I2 and I3. Trajectories
1–3 correspond to the A-strand
separates first pathway, and trajec-
tory 4 corresponds to the A-G
strands separate simultaneously
pathway. (b) Representative Force
versus RNC curves from constant
velocity SMD simulations. The pull-
ing velocity is 0.05 Å/ps. The first
force peak occurs at an RNC of
∼40 Å, corresponding to the transi-
tion from I1 to I2; the second peak
occurs at an RNC of ∼50 Å and
corresponds to the unraveling of
intermediate I2.
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other containing strands C′–C–F–G (colored blue),
rotate relative to each other and both align with the
pulling force (Fig. 5), leading to the so-called aligned
β sandwich intermediate I2. This alignment resulted
in partial solvation of the periphery of the hydro-
phobic core. In intermediate I2, the remaining
backbone hydrogen bonds in strands A-B between
Glu9–Trp21, Lys11–Leu19, Asp12–Leu19, and
Thr14–Thr17 remained intact, so do the backbone
hydrogen bonds in hairpin F-G.
Immediately following the transition from I1 to I2,

TNfn3 elongated further following two distinct
unfolding pathways (Fig. 5). The first pathway is
characterized by the presence of the partially un-
folded intermediate state I3 with RNC of ∼130 Å.
Along this pathway (the “A-strand separates first”
pathway), strand A of TNfn3 separates first from the
folded structure, followed by the subsequent unra-
veling of strands B and E. However, the overall
structure of the β sheet containing strands C′-C-F-G
remains largely intact. This unfolding pathway
was observed in ∼70% of the constant force SMD
simulation trajectories (11 out of 16) and three
representative trajectories of this type are shown in
Fig. 4a (trajectories 1–3). The second pathway is
characterized by simultaneous detachment of
strands A and G from the folded structure and is
termed “A-G strands separate simultaneously”.
After the simultaneous detachment of strands A
and G, TNfn3 unfolds readily without significant
barrier and hence intermediate state I3 is not
detected in this pathway. This type of pathway
was observed in ∼30% of the constant force SMD
simulations (5 out of 16) and trajectory 4 in Fig. 4a is
one example.
The dwell time of a given state along the unfolding

trajectory is a measure of the stability of the given
state. Constant force simulations revealed that the
dwell time of intermediate I1 is, on average, longer
than that of I2 and I3, as well as that of the native
state, suggesting that intermediate state I1 is the
most stable one at a force of 500 pN. This result
suggests that under a stretching force of 500 pN, the
native state of TNfn3 is transformed rapidly into
intermediate state I1, and the mechanical unfolding
of TNfn3 is not directly from its native state. Thus,
the intermediate I1 is the pseudo-native state for the
mechanical unfolding of TNfn3. It is important to
point out that the dwell time of individual inter-
mediate states does vary from trajectory to trajectory.
To reveal a more detailed picture of the transition

from mechanical unfolding of TNfn3, we monitored
the breakage of backbone hydrogen bonds in hair-
pins A-B and F-G by calculating hydrogen bond
energies along the SMD trajectories. Five backbone
hydrogen bonds between strands A and B,Glu9(H)–
Thr21(O), Glu9(O)–Thr21(H), Lys11(H)–Leu19(O),
Asp12(O)–Leu19(H), Thr14(H)–Thr17(O) and



Fig. 5. Snapshots of TNfn3 during its simulated mechanical unfolding. For all the snapshots, the N terminus (red ball) was
fixed and the C terminus (blue ball) was pulled during these simulations. From the native state, TNfn3 elongates by
straightening theN-terminus and enters into the so-called twist intermediate state I1; then the twoβ sheets rotate relative to each
other and alignwith the stretching force vector, leading to the so-called aligned intermediate state I2. After I2, TNfn3 unfolds via
two distinct pathways: the first is by separating A strand first from the folded structure, followed by subsequent unfolding of B
and E strands, leading to a partially unfolded intermediate state I3; the second pathway is via simultaneous unfolding and
detachment of A and G strands from the folded structure. After this event, TNfn3 unfolds readily and the existence of
intermediate state I3 is not detected. For the snapshot of I3, the N terminus is artificially shortened to fit into the figure.
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another five backbone hydrogen bonds between
strands F and G, Phe88(H)–Tyr68(O), Glu86(O)–
Val70(H), Glu86(H)–Val70(O), Ala84(O)–Leu72(H),
Ala 84(H)–Thr72(O) were selected for the hydrogen
bond energy calculation. Figure 6 shows the hydro-
gen bond energy as a function of time for these ten
backbone hydrogen bonds for the trajectories 2 and
4 shown in Fig. 4a. At the beginning of the unfolding
trajectories, these backbone hydrogen bonds are
stable and the hydrogen bond energies fluctuate
between approximately –5 kcal/mol and –3 kcal/
mol with an average value of approximately
–4.3 kcal/mol. Upon further stretching, β strands
will begin to separate and the strength of its
hydrogen bonds become weaker; accordingly, the
hydrogen bond energies gradually increase to zero,
at which point the hydrogen bonds are already
broken. In the “A-strand separates first” pathway
(Fig. 6a and b), after ∼1.8 ns, the hydrogen bond
energy of Glu9(H)–Thr21(O), Glu9(O)–Thr21(H),
Lys11(H)–Leu19(O), Asp12(O)–Leu19(H), Thr14(H)–
Thr17(O)increase to zero fairly rapidly accompany-
ing the transition from intermediate state I2 to I3,
indicating that these five backbone hydrogen bonds
in strands A and B break concurrently during this
process. In contrast, the hydrogen bonds in strands F
and G (Phe88(H) – Tyr68(O), Glu86(O) –Val70(H),
Glu86(H) –Val70(O), Ala84(O) – Leu72(H), Ala 84(H)
– Thr72(O)) remain steady during this process. After
2.6 ns, three hydrogen bonds, Phe88(H) – Tyr68(O),
Glu86(O) –Val70(H) and Glu86(H) –Val70(O), start to
break.
In the “A-G strands separate simultaneously”

pathway, the hydrogen bond energy for Glu9(H) –
Thr21(O), Glu9(O) –Thr21(H), Lys11(H)–Leu19(O),
Asp12(O) – Leu19(H), Thr14(H) – Thr17(O), Phe88
(H) – Tyr68(O), Glu86(O) –Val70(H), Glu86(H) –
Val70(O), Ala84(O) – Leu72(H), and Ala 84(H) –
Thr72(O) increases simultaneously after 2.7 ns,
indicating that these ten backbone hydrogen bonds
break concurrently during the “A-G strands sepa-
rate simultaneously” pathway (Fig. 6c and d).

Constant velocity SMD simulations

We also carried out constant velocity SMD simula-
tions of the mechanical unfolding of TNfn3 (17
trajectories in total). Figure 4b shows representative
force versus RNC curves. It is evident that there are
multiple force peaks along the unfolding pathway:
the first force peak occurs at an RNC of ∼40 Å, which
corresponds to the transition from I1 to I2; the second
peak occurs at an RNC of ∼50 Å and corresponds to
the unraveling of intermediate state I2. In all the
trajectories, the amplitudes of the first and second
peak show slight difference: in 13 trajectories, the first
unfolding force peak is higher than the second one
(∼1300 pN versus ∼1050 pN), while in four tra-
jectories, the second unfolding force peak in higher
than the first one (∼1200 pN versus 1100 pN). This



Fig. 6. Profiles of hydrogen bond
energy of inter-strand hydrogen
bond in A-B and F-G strands versus
time in two representative SMD
unfolding trajectories of TNfn3. (a
and b) The energy change of the
hydrogen bonds as a function of time
in the trajectory following the A-
strand separates first pathway. The
energywas calculated from trajectory
2 in Fig. 4a. (c and d) The energy
change of the hydrogen bonds as a
function of time in the trajectory
following the A-G strands separate
simultaneously pathway. The energy
was calculated from trajectory 4 in
Fig. 4a. The sudden increase in
hydrogen bond energy indicates the
breaking of hydrogen bonds. In both
unfolding pathways, the hydrogen
bonds in A-B and F-G break during
the unfolding of the intermediate
state I2.
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observation is consistent with the observed variation
in dwell time of the intermediates.

Using site-directed mutagenesis to probe the
nature of unfolding transition state observed in
single-molecule AFM

SMD simulations on TNfn3 revealed that the
mechanical unfolding of TNfn3 proceeds via several
intermediate states. However, single-molecule AFM
experiments indicate that the mechanical unfolding
of TNfn3 is an apparent two-state process. The
discrepancy between SMD simulations and AFM
experiments suggests that some of the intermediate
states observed in SMD simulations do not populate
on the time-scale of single-molecule AFM experi-
ments. Considering the large RNC of the inter-
mediate I3, we can easily rule out the possibility
that the intermediate I3 is a stable intermediate
state. Previous SMD simulations and mechanical
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ϕ-value analysis suggested that the transition from
the twist intermediate I1 to the aligned intermedi-
ate I2 is most likely to be the rate-limiting step for
the mechanical unfolding observed in AFM, and
that the energy barrier for the transition from
intermediate I2 to I3 is too low to be observed
experimentally.18,33 Our SMD simulation results
reveal that in majority of the unfolding trajec-
tories, the plateau of intermediate state I1 is the
longest in constant force SMD and the unfolding
force peak for the transition from I1 to I2 is the
highest in constant velocity SMD, supporting the
view that the transition from I1 to I2 is the rate-
limiting step, which corresponds to the mechanical
unfolding force peak observed in single-molecule
AFM experiments.
If this view is correct, it means that the rupture

events of the backbone hydrogen bonds (Fig. 5)
occur after the rate-limiting step. Thus, it is tempting
to conclude that the hydrogen bonds are not critical
for the mechanical stability of TNfn3. For example, a
previous single-molecule AFM study on TNfn3
singled out the importance of hydrophobic interac-
tions to the mechanical unfolding of TNfn3.18,34

However, the backbone hydrogen bonds are impor-
tant in protecting the hydrophobic core from the
attack by water molecules, especially the backbone
Fig. 7. Mechanical unfolding of proline mutants of TNfn
TNfn3⁎)4. TNfn3⁎ denotes the proline mutant of TNfn3. (b
chimera (GB1-TNfn3⁎)4 for each proline mutant. b, The force
strand were substituted by proline. (c) The force-extension curv
The mechanical unfolding events of the well characterized GB
∼18 nm and served as fingerprints to identify single-molecule
show clear mechanical unfolding events with ΔLc of ∼29 nm (
90∼120 pN, which is lower than that of wt TNfn3. Dotted lines
proline mutants, the unfolding of F88P does not result in cle
spacer is typically observed before the mechanical unfolding
domains unfold at forces that are below our detection limit (∼
unfolding events, as the one shown in curve b.
hydrogen bonds in hairpins A-B and F-G. It can be
imagined that destabilization of strands A-B or F-G
by deleting backbone hydrogen bonds and intro-
duction of a bulge would facilitate the attack of the
hydrophobic core by water molecules and lead to
reduced mechanical stability. To further explore
such scenarios, we used proline mutagenesis to
selectively disrupt strands A-B and F-G to directly
probe the role of backbone hydrogen bonds and β
sheet stability on the mechanical stability of TNfn3.

The design of proline mutants of TNfn3

It is well known that proline substitution in a β
sheet region can block the formation of backbone
hydrogen bonds, cause a bulge in the β strand and
disrupt hydrophobic packing.35 These combined
disruptive effects by proline substitution result in
the discontinuity of the β strand and lead to the
selective disruption of local β sheet structure. Such a
relatively large structural perturbation is ideal for
probing the mechanical unfolding pathway of
proteins, as such a large perturbation of the protein
structure generally cannot be compensated easily by
the structural rearrangement of the protein. There-
fore, the structural perturbation caused by proline
substitution can be located easily and its effect on
3. (a) An illustration of the polyprotein chimera (GB1-
and c) Typical force-extension curves of the polyprotein
-extension curves of mutants in which residues in the A
es of mutants involving proline mutations in the G-strand.
1 domains (colored red) occurred at ∼180 pN with ΔLcof
stretching events. Except for F88P, all the proline mutants
colored green), and their unfolding forces are in the range
are WLC fits to the experimental data. In contrast to other
ar mechanical unfolding events. Instead, long featureless
events of GB1 domains (curve a), suggesting that F88P
20 pN). Only a small fraction of F88P domains show clear
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mechanical unfolding pathway can be identified
readily.36,37

Since breaking the hydrogen bond between S6
and F23 occurs in intermediate state I1 and is the
first event during the mechanical unfolding process
of TNfn3, we engineered the S6P mutant to
specifically probe the mechanical unfolding inter-
mediate state I1. To probe the effect of backbone
hydrogen bonds in hairpin A-B during the mechan-
ical unfolding, we engineered mutants E9P, K11P
and T14P. Similarly, we introduced proline muta-
tions in strand G. To investigate the importance of
the C-terminus on the mechanical stability of TNfn3,
we engineered mutant T90P. We engineered proline
mutants A84P, E86P and F88P to further probe the
importance of strand G in the mechanical unfolding
of TNfn3. The locations of these proline probes in
TNfn3 are highlighted in Fig. 1b.

Phenotypic effects of proline mutations on
strand A of TNfn3

To investigate the phenotypic effects of proline
mutations in the region of strand A, we constructed
the four proline mutants S6P, E9P, K11P, and T14P. In
order to characterize unambiguously the mechan-
ical unfolding of proline mutants using single-
molecule AFM, we constructed heteropolyprotein
(GB1-ProlineMutant)4, in which TNfn3 mutants
alternate with GB1 domains (Fig. 7a). In the
polyprotein chimera, the well-characterized GB1
domains serve as fingerprints for identifying single-
molecule stretching events and discerning the
signatures of the mechanical unfolding of TNfn3
proline mutants.38–40 The mechanical unfolding of
GB1 is characterized by contour length increment
ΔLc of ∼18 nm and unfolding force of ∼180 pN at a
pulling speed of ∼400 nm/s.15,23 Typical force-
extension curves of the four heteropolyproteins
involving the proline mutations in strand A are
shown in Fig. 7b. Since TNfn3 alternates with GB1
domains in the heteropolyprotein, if we observed N
unfolding events of GB1 in a given force-extension
curve, we are certain that the force-extension curve
must contain the signature of the stretching and
unfolding of at least N–1 TNfn3 mutant domains.
Indeed, in the force-extension curves shown in Fig.
7b, the GB1 unfolding events withΔLc of∼18 nm (in
red) are preceded by the low force unfolding events
at ∼100-120 pN (colored green). It is evident that
Fig. 8. The unfolding force his-
tograms of TNfn3 proline mutants
as well as F88A. All the proline
mutants, except F88P, show well
defined mechanical unfolding
forces in the range 90 pN∼120 pN.
Most of F88P unfold at forces below
20 pN, and a small population of
F88P show clear unfolding events at
significant forces.
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these low force unfolding events correspond to the
mechanical unfolding of the proline mutants (S6P,
E9P, K11P, and T14P) in their respective hetero-
polyprotein. Indeed, WLC fits to these unfolding
events measure ΔLc of ∼28 nm, corroborating that
these events indeed correspond to the complete
mechanical unfolding of TNfn3 proline mutants.
The average ΔLc is 28.9 nm, 28.8 nm, 28.6 nm, and
28.8 nm for S6P, E9P, K11P, and T14P, respectively,
which is identical with that of wild type TNfn3
within the resolution of our experiments.
It is important to note that in some force-extension

curves, it appears that the unfolding events of some
TNfn3 mutant domains are “missing”. For example,
in the curve shown in Fig. 1S (Supplementary Data),
there are four GB1 unfolding events but only one
E9P unfolding event. The absence of at least two
additional E9P domains in this particular curve
suggests that at least two additional E9P domains
unfold at forces of less than 20 pN. This is a general
feature for all the proline mutants investigated here,
suggesting that a minute population of TNfn3
mutants are already “unfolded” before the stretch-
ing and there might be conformational heterogene-
ity in the native conformation of the proline
mutants. Nonetheless, the origin of this observation
will be investigated in detail elsewhere.
The unfolding force histograms of S6P, E9P, K11P,

and T14P are shown in Fig. 8a. It is noticeable that the
average unfolding force of S6P is ∼127 pN, almost
identical with that of wild type TNfn3, despite the
significant local structure disruption. This result is in
good agreement with the SMD simulation result.
SMD simulations showed that the first six residues
are detached from the rest of TNfn3 in the twist
intermediate state I1. Since the first six residues are
already disordered in the pseudo native state of
TNfn3, disrupting the interactions in this region
should not have any effect on the mechanical
unfolding kinetics as well as mechanical unfolding
force. Indeed, our results on S6P are consistent with
this picture.
In contrast, mutations E9P, K11Pm and T14P

reduce the average unfolding force of TNfn3 by an
average of ∼30 pN (see Table 1), reflecting the effect
of structural disruption on the mechanical stability
of TNfn3. Compared with the destabilization effect
Table 1. Unfolding force and kinetic parameters for the mech

Strand Mutant Unfolding force (pN)a

Wt 125±14
A S6P 127±22

E9P 96±21
K11P 103±16
T14P 94±18

G A84P 118±20
E86P 98±20
F88P b20 pN
F88A 115±23
T90P 110±17

a The data are given as average±standard deviation, and n indicat
measured at a pulling speed of 400 nm/s.
of more subtle alanine mutations in the same region,
for example L8A,18 proline mutations in the A
strand causes slightly bigger destabilization effects.
Considering that E9P, K11P, and T14P are mutations
from polar or charged residues to proline, these
results suggest that in addition to the hydrophobic
interaction, the overall stability of the β hairpin
plays important role in determining the mechanical
stability of TNfn3.

Phenotypic effects of prolinemutations on strand
G of TNfn3: F88 is the Achilles heel of TNfn3

Using similar strategies, we constructed four
proline mutants in the strand G region to weaken
hairpin F-G to investigate their effects on the
mechanical unfolding of TNfn3. Fig. 7c shows the
typical force-extension curves of the heteropolypro-
teins containing proline mutants. The force-exten-
sion curves of mutant A84P, E86P, and T90P show
clear mechanical unfolding events with ΔLc of
∼28 nm (colored green), corresponding to the
complete mechanical unfolding of these three pro-
line mutants. The unfolding force histograms for
these three proline mutants are shown in Fig. 8b. It is
evident that the average unfolding force for these
three proline mutants is slightly lower than that for
wild type TNfn3 by 10 – 20 pN, indicating that such
a large perturbation to the β sheet structure of
TNfn3 in strand G has a very mild effect on the
mechanical stability of TNfn3.
Compared with A84P, E86P, and T90P, mutant

F88P exhibits the strongest phenotypic effect in its
mechanical unfolding behavior. In contrast to other
proline mutants, the force-extension curves of (GB1-
F88P)4 are characterized by a long featureless spacer
followed by the GB1 unfolding events (colored red).
Clear unfolding events of ΔLc of ∼28 nm were
absent from the vast majority of the force-extension
curves of (GB1-F88P)4 (Fig. 7c, force-extension curve
a). Since GB1 alternates with F88P in the hetero-
polyprotein, the force-extension curves should con-
tain roughly the same number of the stretching and
unfolding events of the GB1 and F88P domains.
Therefore, the long featureless spacer must corre-
spond to the stretching and subsequent unfolding of
F88P domains, suggesting that F88P domains unfold
anical unfolding of TNfn3 and its mutants

n ΔLc (nm) α0 (s
-1) Δxu (nm)

4198 29.0±0.8 1.5×10-4 0.42
1053 28.9±1.2 1.0×10-4 0.44
1176 28.8±1.4 1.0×10-2 0.41
1499 28.6±1.2 5×10-3 0.42
879 28.8±1.4 8×10-3 0.42
959 28.7±1.0 7×10-4 0.44
678 28.0±1.2 4×10-2 0.44
– – – –

1121 28.9±1.1 1.5×10-3 0.42
1283 28.0±1.4 7×10-4 0.44

es the number of observations. All of these unfolding forces were
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at forcesb20 pN. This result indicates that mutation
F88P causes significant destabilization on TNfn3,
such that the mechanical unfolding of TNfn3 occurs
at very low forces. Occasionally, we observed that a
small number of F88P domains can unfold at
significant forces. For example, one F88P domain
in the force-extension curve b shown in Fig. 7c
unfolds at ∼68 pN with ΔLc of 27 nm, while the
other three F88P domains in the same chimera
polyprotein did not generate any unfolding event.
Unfolding force histogram of such rare unfolding
events for F88P (Fig. 8b) measures an average
unfolding force of 104±49 pN (n=320). Such high
unfolding forces are unlikely, due to the fluctuations
in unfolding forces from those that occurred at
b20 pN. Instead, the difference in unfolding forces
suggests that there are two distinct populations of
F88P that have different mechanical stability: the
majority of F88P is mechanically weak and unfolds
at forces b20 pN, and a small percentage of F88P can
unfold at forces of ∼100 pN. This observation is
suggestive of heterogeneity of the native state of
F88P, which deserves further experimental work in
the future to fully characterize the origin of such a
conformational heterogeneity of the native states of
F88P.
These results indicate that the phenotypic effect of

proline substitution in strand G is context-depen-
dent: at the N-terminal end of strand G, proline
substitution had little effect on the mechanical
stability. Proline substitutions at the C-terminal
end of strand G, with the exception of F88P, have
only a mild effect on the mechanical stability of
TNfn3. F88P has the strongest destabilization effect
on the mechanical stability of TNfn3 and seems to be
the Achilles heel for the mechanical unfolding of
TNfn3. These observations suggest that the C-
terminal end of TNfn3 can play important roles in
the mechanical unfolding of TNfn3. It is of note that
similar context-dependent phenotypic effect have
been observed in FNfn10 domain.37 Comparison
between the two FnIII domains is discussed in
Discussion.
It is of note that the F88P substitution blocks the

formation of backbone hydrogen bond between F88
and Y68 and significantly disrupts the hydrophobic
packing interactions of TNfn3 mediated by hydro-
phobic residue F88. To distinguish the contribution
of a hydrogen bond from that of hydrophobic
interactions to mechanical stability, we constructed
an alanine mutant F88A, which affects only hydro-
phobic interactions and not the backbone hydrogen
bond. Single-molecule AFM experiments on (GB1-
F88A)4 shows that the average unfolding force of
F88A is ∼115 pN, indicating that mutant F88A is
much more stable than F88P. This result suggests
that the backbone hydrogen bond between residues
88 and 68 is critical for the mechanical and
thermodynamic stability of TNfn3. Proline mutation
F88P will block the original backbone hydrogen
bond and introduce a bugle at the C-terminal end of
G-strand, which is likely to open the flood-gate for
water molecules to enter and solvate the hydro-
phobic core of TNfn3, leading to the significant
destabilization of TNfn3.

Proline substitutions do not affect the
mechanical unfolding distance of TNfn3

To investigate how the proline substitutions affect
the mechanical unfolding distance, we carried out
pulling experiments on TNfn3 proline mutants at
different pulling speeds. Similar to that of wild type
TNfn3, the average unfolding force for TNfn3
proline mutants also exhibits weak dependence on
the pulling speeds at which the polyprotein is being
stretched and unraveled (Fig. 9). The slope of the
pulling speed dependence of the unfolding force for
TNfn3 proline mutants is similar to that of the wild
type FNfn3, suggesting that proline mutations in
strands A and G do not have a significant effect on
the mechanical unfolding distance Δxu of TNfn3.
Therefore, the phenotypic effects of proline mutants
result from lowering the mechanical unfolding
energy barrier. Using Monte Carlo simulations, we
found that using the parameters given in Table 1 for
α0 and Δxu can adequately describe the unfolding
force histogram and the pulling speed dependence
of the unfolding forces for TNfn3 proline mutants.
These results corroborate that the phenotypic effect
observed on TNfn3 proline mutants are due to the
reduced mechanical unfolding energy barrier, rather
than the change in mechanical unfolding distance.

Discussion

Mechanical unfolding of TNfn3: an FnIII domain
of a robust mechanical design

Our single-molecule AFM experiments revealed
that TNfn3 is a mechanically stable protein, which
unfolds at an average force of ∼130 pN at a pulling
speed of 400 nm/s. The mechanical unfolding of
TNfn3 is an apparent two-state process without
any observable intermediate state populating along
its mechanical unfolding pathway. Using proline
mutagenesis, we demonstrated that disrupting the
A-B or F-G β hairpin by proline substitution can
lead to reduction of the mechanical stability of
TNfn3, and the amplitude of reduction of the me-
chanical stability depends on the location of the
proline substitution. Recent work downplayed the
role of backbone hydrogen bonds in the mechanical
unfolding of FnIII domains and suggested that the
hydrophobic packing is critical for the mecha-
nical stability of TNfn3,18 and this hypothesis was
the basis for swapping the hydrophobic cores
between different FnIII domains in order to inc-
rease the mechanical stability of engineered FnIII
domains.41 Our results with proline mutants clearly
demonstrate that hydrophobic packing is not the
only important factor in determining the me-
chanical stability of TNfn3. Backbone hydrogen
bonds as well as the structural integrity of force-
bearing β hairpins are important structural para-



Fig. 9. Pulling speed depen-
dence of the mechanical unfolding
force of TNfn3 mutants. For com-
parison, the data for wt TNfn3 is
also shown (black symbols). It is
evident that the slope of the pulling
speed dependence of the mechan-
ical unfolding force of TNfn3
mutants is similar to that for wt
TNfn3, indicating that the unfold-
ing distance Δxu of TNfn3 mutants
is similar to that of wt TNfn3. The
continuous lines are Monte Carlo
fits using the parameters given in
Table 1.
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meters in defining the mechanical stability of
TNfn3. Hence, the mechanical stability of TNfn3
carries both global and local structural attributes,
necessitating the synergetic consideration of both
hydrophobic core packing and backbone hydrogen
bonds in the force-bearing β hairpins when design-
ing novel FnIII domains with tailored mechanical
properties.
Although proline mutagenesis has helped to

reveal the importance of both hydrophobic core
packing and backbone hydrogen bonds in β hair-
pins in determining the mechanical stability of
TNfn3, it is not possible to estimate the relative
contributions of the two types of interactions to the
mechanical stability of TNfn3. This is because
proline mutation deletes the backbone hydrogen
bond, affects hydrophobic interaction, and intro-
duces local structural disruption. Amide to ester
mutation would be an ideal approach to evaluate
quantitatively the contribution of backbone hydro-
gen bonds to mechanical stability.42–44 Despite the
current challenge in applying the amide-to-ester
mutagenesis technique in protein mechanics, further
developments of amide-to-ester mutagenesis tech-
nique will make it feasible to address this question in
the future.
Our proline mutagenesis results also reveal the
robustness of the mechanical design of TNfn3,
which has been underestimated by conservative
side chain deletion approaches in some AFM
studies. Except for residue F88, introducing dis-
ruptive proline mutation into the β sheets of TNfn3
does not result in catastrophic effects on its me-
chanical stability. Instead, a mild reduction in
mechanical stability by 10∼30 pN was observed
for these proline mutants, an effect comparable to
that resulting from conservative side chain deletion
mutations in the same region of TNfn3.18 Such mild
effects are in contrast with the significant destabili-
zation effect of proline substitution on the native
state observed for the tenth FnIII domains of
fibronectin.37 These results highlight the global
nature of the mechanical resistance of TNfn3,
which is in sharp contrast to the rather local
attributes of the mechanical resistance observed for
other well-studied elastomeric proteins, such as
I27.17 Since the energy barrier for the transition
from twist state I1 to aligned state I2 is likely to be
the rate-limiting step for the mechanical unfolding
of TNfn3, proline substitution in AB and FG hairpins
in TNfn3 not only disrupts β hairpins, but also
facilitates the rotation and alignment of the two β
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sheets. However, the exact molecular mechanism
underlying such mechanical weakening effect on
TNfn3 still needs to be elucidated. Moreover, the
observation of a single weak point in TNfn3, the
Achilles heel F88, is quite surprising. It seems that
F88 is the key to protecting the hydrophobic core via
the combination of backbone hydrogen bonds and
hydrophobic interactions. Since the mechano-phe-
notype is context-dependent, the dramatic pheno-
type observed for F88P cannot be extended directly
to its neighboring residues 87 and 89. Since residues
87 and 89 do not involve the formation of backbone
hydrogen bonds, it will be of interest to examine
whether proline mutation on such residues leads to
a similar dramatic destabilization effect. Further-
more, since all the FnIII domains of tenascin-C share
similar mechanical stability,13,15,28 it will be inter-
esting to check whether the features observed here
for the mechanical design of TNfn3 will also apply
to other FnIII domains of tenascin-C.

Comparison of the mechanical unfolding of
TNfn3 versus FNfn10: similar structure but
different unfolding behaviors

The mechanical unfolding of the tenth FnIII
domain of fibronectin (FNfn10) has been character-
ized in detail using single-molecule AFM and SMD
simulations.32,33,37,45,46 Despite the highly homolo-
gous structures of FNfn10 and TNfn3, their me-
chanical unfolding behavior shows interesting
commonality as well as differences.
SMD simulations show strikingly similar signa-

tures in the mechanical unfolding of these two
domains.32,33,45,46 FNfn10 and TNfn3 follow very
similar sequences of molecular events: first, the pre-
detachment of the first few residues of the N-
terminal end of strand A leads to a slightly twisted
state I1; then the two β sheets rotate and align with
each other to enter the aligned state I2; after that, the
protein unfolds in two distinct pathways; e. g.
strand A separates first and strands A-G separate
simultaneously, and reach the partially unfolded
intermediate state I3 in the “A-strand separates
first” pathway; finally the domain unravels com-
pletely. The transition from the twisted state I1 to the
aligned state I2 has been indicated as the main
unfolding barrier.
Despite the similarity in the unfolding sequences,

a significant difference sets the two FnIII domains
apart: the presence of stable intermediate state I3
predicted in SMD simulations for FNfn10 was
observed experimentally in single-molecule AFM
experiments,37 while the similar intermediate state
I3 was not observed for TNfn3 in AFM experiments.
The similarity and difference between the two

FnIII domains reside in their response to proline
mutation. The phenotypic effect of proline muta-
tions in strand A is catastrophic for FNfn10, as
proline mutations in strand A destabilize the
protein so dramatically that the transition from the
aligned state I2 to I3 is abolished;37 and the FNfn10
proline mutant unfolds directly from the intermedi-
ate state I3. In contrast, the phenotypic effect of
proline mutations in strand A in TNfn3 is much
milder and the destabilization facilitates the transi-
tion from I1 to I2.
Compared with the difference in phenotypic effect

in strand A, proline mutations in strand G have
strikingly similar effects for FNfn10 and TNfn3.
Residue 88 seems to be the weak point for both
proteins, as proline substitution at this residue leads
to significant destabilization of both proteins: for
FNfn10, destabilization leads to the elimination of
the transition from I2 to I3, and FNfn10 unfolds
directly from intermediate state I3;37 for TNfn3,
since the intermediate state I3 is much less stable,
destabilization caused by substitution of residue 88
with proline leads to the complete unraveling of
TNfn3 at low forces. Proline substitution at the N-
terminal end of strand G shows a very similar
minute effect on the mechanical unfolding of both
proteins.
Understanding the relationship between sequence

variation andmechanical unfolding features of these
two proteins will be critical for future efforts to
engineer FnIII domains of tailored mechanical
properties. A recent study has made an encouraging
first step toward such purposes.41

Single-molecule AFM versus SMD: similarities
and discrepancies

Combining protein engineering, single-molecule
AFM and SMD simulation techniques, we have
characterized the mechanical unfolding pathways of
TNfn3 on two vastly different time-scales. Compar-
ing the single-molecule AFM results with SMD
predictions, some of the SMD predictions are
verified by the single-molecule AFM results, but
there are some important discrepancies between the
two, and the SMD simulation results cannot fully
explain the experimental findings in single-molecule
AFM experiments.
Similar to previous SMD simulations,18,33 our

SMD simulations of the mechanical unfolding of
TNfn3 using an explicit water model predicted that
the first step of the mechanical unfolding process of
TNfn3 is the disruption and detachment of the N-
terminus (residues 1–6), followed by the alignment
of the two β-sheets. Afterwards, the unfolding of the
aligned β-sheets is initiated by the rupture of AB β
hairpin followed by a mechanical unfolding inter-
mediate state I3 or by the simultaneous separation of
strands A-G from TNfn3. The unraveling of the I3
state will lead to a fully unfolded TNfn3. The three
on-pathway unfolding intermediate states observed
in SMD simulation have different stabilities. Analy-
sis of both the unfolding force (from the constant
velocity SMD) and dwell time (from the constant
force SMD) of the three intermediate states showed
that I1 is the most stable and I2 is the least stable.
Compared with the SMD simulation results, the

single-molecule AFM results confirm that the dis-
ruption and detachment of the N-terminus of TNfn3
is likely to be the very first step in the mechanical
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unfolding of TNfn3, as the S6P mutation does not
have any effect on the mechanical unfolding of
TNfn3. This agreement confirms that the mechanical
unfolding of TNfn3 observed in single-molecule
AFM is not the unraveling of TNfn3 from its native
state, but from a force-induced pseudo ground state,
in which the N-terminal end of strand A is already
detached. In addition, SMD simulations predict that
the transition from twisted intermediate state I1 to
the aligned state I2 is the rate-limiting step for the
unfolding of TNfn3. This transition involves the
rotation and alignment of the two β sheets, and is
accompanied by the extension of the distance
between the N- and C-termini by ∼10 Å. Therefore,
TNfn3 can be deformed over a longer distance before
it unfolds. This description provides a plausible
molecular level explanation for the observed longer
unfolding distance Δxu for TNfn3. In contrast,
unraveling I27-like elastomeric proteins requires
simultaneous rupture of multiple hydrogen bonds
holding the two force-bearing β strands together.
Therefore, I27-like proteins can be deformed only
over a shorter distance before they unfold, giving rise
to shorter unfolding distances.
Despite the agreements between SMD simulation

predictions with single-molecule AFM experiments,
some discrepancies exist between the two. In
contrast to the SMD prediction of the existence of
intermediate I3, the single-molecule AFM results
indicated that the mechanical unfolding of TNfn3 is
an apparent two-state process, and no intermediate
state is observed in single-molecule AFM experi-
ments. Although intermediate I3 was predicted to be
mechanically stable in both constant force and
constant velocity SMD simulations, intermediate
state I3 does not populate on the time-scale of single-
molecule AFM experiments. The origin of such a
discrepancy remains to be explored. This situation is
in sharp contrast to that for FNfn10, for which a very
good agreement was reached for the similar inter-
mediate state I3 between single-molecule AFM
experiments and SMD simulations.32,33,37,46 Despite
such limitations, it is clear that SMD has offered
valuable insights into the molecular mechanism of
mechanical unfolding of proteins. Improvements in
SMD methodology will continue to further our
understanding of the mechanical unfolding and
mechanical design of elastomeric proteins at an
unprecedented detail.
In summary, we have characterized the mechan-

ical unfolding of TNfn3 using a combination of
single-molecule AFM, SMD simulations, and proline
mutagenesis techniques. Our results have revealed
the robust mechanical design of TNfn3 that confers
the resistance of the protein to disruptive mutations
such as proline substitution. Moreover, both local
and global structural features are important for
determining the mechanical resistance of TNfn3. It
has become evident that the mechanical unfolding of
TNfn3 is much more complex than other typical
elastomeric proteins, such as I27,17,47 due to the
structural flexibility and deformability of TNfn3.
Therefore, the TNfn3 and FnIII domains, in general,
present further challenges for protein engineers to
enhance the mechanical stability of FnIII domain in a
systematic and rational fashion.
Materials and Methods

Protein engineering

The DNA sequence coding TNfn3, flanked with a 5′
BamHI restriction site and 3′ BglII, HindIII restriction
sites, was amplified by the polymerase chain reaction
(PCR) from the plasmid TNfnALL encoding all of the 15
FnIII domains. The plasmid TNfnALL was a generous gift
from Professor Harold Erickson (Duke Univeristy). Poly-
protein (TNfn3)8 was constructed using a consecutive
DNA concatamerization method based on the identity of
the sticky ends generated by the BamHI and BglII restric-
tion enzymes.17

To facilitate the identification of the mechanical unfold-
ing signatures of the proline mutants of TNfn3 using AFM,
we constructed heteropolyproteins consisting of alternating
GB1 domains and proline mutant TNfn3, where the well-
characterized GB1 domains serve as internal fingerprints
for identifying single-molecule stretching events. Since GB1
gene carries a 5′ BamHI restriction site and 3′ BglII, KpnI
restriction sites, we constructed a new version of TNfn3,
which carries a 5′ BamHI restriction site and 3′ BglII, KpnI
restriction sites, to facilitate the construction of the hetero-
polyprotein. Proline mutants were constructed using
standard site-directed mutagenesis methods. Genes encod-
ing heteropolyproteins were constructed using protocols
similar to those used for constructing polyprotein (TNfn3)8
based on the identity of the sticky ends generated by the
BamHI and BglII restriction enzymes.
Polyproteins were over-expressed in strain DH5α and

purified from supernatant using Ni2+-affinity chromato-
graphy. The polyproteins were kept at 4 °C at a concen-
tration of ∼200 μg/mL in PBS.
Single-molecule AFM experiments

Single-molecule AFM experiments were done with a
custom-built atomic force microscope, which was con-
structed as described.48 All the force-extension measure-
ments were carried out in PBS. In a typical experiment,
the polyprotein sample (1 μL) was deposited onto a clean
glass coverslip covered by PBS (50 μL), resulting in a 10–
20 nm thick layer of protein. The thickness of this protein
layer depends upon the amount of protein deposited onto
the glass coverslip; i.e., the more protein, the thicker the
layer. The thickness of the protein layer may contribute to
the apparent contour length of the polyprotein, some-
times resulting in an apparent contour length that is
greater than the theoretical contour length of the polypro-
tein.38 The spring constant of each individual cantilever
(Si3N4 cantilevers from Vecco, with a typical spring cons-
tant of 40 pN/nm) was calibrated in solution using the
equipartition theorem before and after each experiment.
SMD simulation

The crystal structure of TNfn3 (PDB accession code
1TEN) was used as the starting conformation of TNfn3 for
simulated equilibration. The protein was solvated in a
water box (length 107 Å, width 62 Å, height 53 Å) with a
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TIP3P water model.49 The whole protein–water system
contains 33,194 atoms. SMD simulations of the mechanical
unfolding of TNfn3 was done with the program NAMD
2.650 and with the CHARMM22 force field,51 as
described.39,52 The initial structure of TNfn3 was equili-
brated for 1.5 ns at 300 K. Compared to the crystal
structure, the equilibrated structures at 1 ns and 1.5 ns have
a backbone RMSD of 0.93 Å and 0.98 Å, respectively, and
were used as the starting conformation for the constant
force and constant velocity SMD simulations. During the
SMD simulations, the N-terminal Cα atom was fixed and
the C-terminal Cα atom was pulled. The pulling speed was
0.05 Å/ps in constant velocity SMD simulations and a
pulling force of 500 pNwas used in the constant force SMD
simulations. The simulation time was 57 ns in total. System
setup, structural analysis and calculation of hydrogen bond
energies were performed using VMD1.8653 and hydrogen
bond energies were calculated using custom written script
kindly provided by Hui Lu and Morten Kallberg.

Monte Carlo simulation

Monte Carlo simulations of the stretching and unfold-
ing of the polyproteins were done as described.20 The
unfolding rate constant at zero force α0 and the distance of
the native state to the transition state Δxu along the
reaction coordinate of the mechanical unfolding reaction
were estimated using Monte Carlo simulation procedures
in a trial-and-error fashion. Such a procedure is necessary
due to the lack of analytical solutions to the unfolding
force distribution obtained from force-extension measure-
ment for polyproteins. The accuracy of the fitting
parameters is exemplified in Supplementary Data Fig. 2S,
which plots the simulated unfolding force histogram and
the pulling speed dependence of the unfolding forces
using different sets of unfolding rate constant α0 and
unfolding distance Δxu. Typically, α0 is accurate within a
factor of 3 and the unfolding distance Δxu is accurate
within 0.05 nm.
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