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Contribution of Unfolding and Intermolecular Architecture to Fibronectin
Fiber Extensibility

Mark J. Bradshaw' and Michael L. Smith**
TDepartment of Mechanical Engineering and *Department of Biomedical Engineering, Boston University, Boston, Massachusetts

ABSTRACT The extracellular matrix contains components with remarkable mechanical properties, including fibronectin (Fn)
fibers with extensibilities of >700% strain. We utilized what we consider a novel technique to quantify the extent of molecular un-
folding that contributes to Fn fiber extension, and we compared this behavior with stochastic models of Fn fibers with different molec-
ular arrangements. In vitro unfolding as a function of strain was measured by fluorescently labeling cysteines in modules Fnlll7 and
11115 in artificial Fn fibers. A calibration technique we also consider novel made it possible to demonstrate that 44% of cysteines in
these modules were exposed in Fn fibers strained to 421% extension, up from 8% exposure without strain. In silico unfolding was
measured by applying a constant strain rate to a fiber represented by a network of wormlike chain springs, each representing an
individual Fn molecule. Unfolding rates were calculated with a tension-dependent stochastic model applied to Fnlll modules in
each molecule. A comparison of these approaches revealed that only a molecular arrangement permitting unequal mechanical
loading of Fn molecules recapitulates in vitro unfolding. These data have implications for Fn-dependent mechanotransduction

and give insight into how the molecular architecture of natural materials permits such remarkable extensibility.

INTRODUCTION

Cells are very sensitive to their mechanical environment,
which is defined by properties such as stiffness and the
density and spacing of adhesive molecules (1). In vivo, these
properties are often defined by the supermolecular fibrous
structures that constitute the extracellular matrix (ECM).
Based on its requirement in development and potential role
in processes such as cancer metastasis (2,3), fibronectin
(Fn) is one such ECM structure that may be critical in
defining the local microenvironmental properties of cells
in vivo. Using an artificial Fn fiber platform as a model of
native Fn matrix, it was shown that Fn fibers can be revers-
ibly extended beyond 700% strain and have a nonlinear
rigidity that increases from ~50 kPa in the fully relaxed state
to >1 MPa at breakage (4). These data support speculation
that strain-dependent alterations in molecular architecture
could impact cell behavior through a number of mechanisms
(5), including alterations in integrin binding (6), changes in
the density or topography of cell adhesion domains, and
direct cellular sensation of fiber rigidity. Indeed, the strain-
dependent bioactivity of Fn fibers was recently demonstrated
by the disruption of the binding of a bacterial adhesin to Fn
fibers (7), and binding of both albumin and the L8 mono-
clonal antibody to Fn fibers is strain-dependent (8,9).

Fn fiber properties could potentially be altered by strain
through a number of mechanisms. Fn is a large, dimeric
glycoprotein that has the form of a linear chain of modules
that have folded structures of type Fnl, Fnll, or FnlIl. Note
that 1), Fn fibers could extend through molecular chain exten-
sion into a reduced entropy state (10—12), and 2), Fnlll
modules are not stabilized by disulfide bonds and may be me-
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chanically unfolded (13—15). It has been shown in single-
molecule force spectroscopy experiments that the globular
Fnlll domains will unfold when given sufficient applied
load or time (10,16). The most direct evidence that Fn exten-
sion is concomitant with module unfolding utilized an adap-
tation of a published cysteine shotgun approach (17) to
fluorescently-label-exposed cysteines in Fnlll7 and III15
modules using maleimide chemistry (4). With this approach,
stretched Fn fibers became progressively labeled with malei-
mide-conjugated Alexa fluorophores with strain, indicating
labeling of the fluorophores to free cysteines within FnlIIl7
and IIT15 (4). However, a major limitation of this approach
was that it was not calibrated against the total amount of
available cysteines within the fiber. Thus, the increase in fluo-
rescent labeling resulting from cysteine exposure could have
been attributed to only a small fraction of the total cysteines.

Although it is ultimately necessary to determine how
the properties of single molecules affect the collective
mechanical behavior of supermolecular structures, it is
also necessary to understand how individual molecules
associate with adjacent partners in the fiber to form struc-
tures that are many micrometers long. In addition to control-
ling its mechanical properties, this molecular arrangement
would determine the topographical spacing of integrin
ligands and growth factor binding sites on the surface of
the Fn matrix—both properties that fundamentally influence
cell behavior (18,19). Much of our understanding of Fn/Fn
binding sites was derived from studies of Fn matrix as-
sembly (recently reviewed in Singh et al. (20)).

Here, a general model suggests that the 70-kDa amino-
terminal domains of separate dimeric molecules interact in
an antiparallel orientation, as has been suggested by labeling
Fn fibrils with colloidal gold (21). Fn/Fn binding sites in
modules FnllII1-2, I1I4-5, and III12-14 may also permit
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association of Fn fibrils with one another (20). A single mole-
cule of Fn in solution is stabilized into a compact con-
formation through interaction of FnlIl12-14 on one subunit
with FnllI2-3 of the other subunit (11), and it is thus logical
to speculate that these sites may also interact with one another
on adjacent molecules within an Fn fiber. However, the rela-
tive contribution of each of these Fn/Fn binding interactions
has not been determined within the context of Fn fibers.

The two objectives of this research were to quantify the
extent of FnlII7 and III15 module unfolding in stretched Fn
fibers both in vitro and in silico and use these data to infer
the molecular architecture of Fn molecules within the fiber.
Unfolding of Fn modules was investigated with what we
consider a novel calibration technique to convert Fnlll7 and
IIT115 fluorescence into a quantification of the total percentage
of these modules that have been disrupted to permit fluoro-
phore binding. This approach was then compared to a compu-
tational model of Fn fiber extension. The computational
model considers each Fn molecule as an entropic spring
composed of individual modules that may unfold according
to a Monte Carlo simulation. A comparison of these
approaches revealed that only a molecular arrangement
permitting unequal mechanical loading of Fn molecules reca-
pitulates the in vitro mechanical and biochemical properties
measured using stretched, artificial Fn fibers.

METHODS
Fn labeling

Fn was isolated from human serum using a previously published two-step
chromatography process (13). The ratiometric imaging used in this experi-
ment required two preparations of fluorescently-labeled Fn. One preparation
was labeled on amines with Alexa 488 succinimidyl ester (Alexa 488-SE;
Invitrogen, Carlsbad, CA) by incubating the Fn solution with a 70-fold molar
excess of Alexa 488-SE for 1 h and then separating the labeled Fn from free
dye using a size exclusion chromatography column (PD-10 column; GE
Healthcare, Waukesha, WI). The second Fn preparation was labeled on
the cryptic cysteines in modules FnlII7 and III15 with Alexa 633 maleimide
(Invitrogen) by incubating Fn for 1 h with a 30-fold molar excess of Alexa
633 maleimide in a 4 M GdmHCI solution to denature the folded modules,
followed by separation of free dye and denaturant from Fn with a PD-10
column (GE Healthcare). Fn labeling in the presence of Alexa 633 malei-
mide but without denaturant led to binding of <0.5 fluorophores per Fn
molecule (data not shown), indicating that the cysteines are not exposed
in solution in the absence of a denaturant. Fn concentrations and labeling
ratios were characterized with a spectrometer (NanoDrop 2000; Thermo
Fisher Scientific, Waltham, MA) using published methods (13).

A third Fn preparation was then generated for calibrating our ratiometric
technique by incubating Fn with 0.2 M iodoacetamide (Acros Organics,
Geel, Belgium) in 4 M GdmHCI for 2.5 h, followed by separation of iodoa-
cetamide and denaturant from Fn with a PD-10 column. Iodoacetamide
treatment has been shown to block cysteines in Fn from reacting with
maleimide-conjugated fluorophores (4).

Substrate preparation and Fn fiber deposition

Thin films of textured polydimethylsiloxane (PDMS) substrates with
20-um-tall ridges were prepared using soft lithography molding as described
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in Klotzsch et al. (4). A master mold was prepared by photolithography
using SU-8 20 resist (MicroChem, Newton, MA) on a silicon wafer.
PDMS (Sylgard 184; Dow Corning, Midland, MI) was cast over the master
mold to make a negative stamp of the desired 20-um ridge features. This
stamp was then made inert by plasma treatment (PDC-001; Harrick Plasma,
Ithaca, NY) at 30 W for 30 s immediately followed by exposure to tetrafluor-
osilane vapor (Alpha Aesar, Haverhill, MA) in a vacuum chamber for
30 min. A drop of PDMS was placed between this stamp and a thin
(0.005”) PDMS sheet (Specialty Manufacturing, http://www.specmfg.
com) to produce a thin film of ridges on a deformable substrate. Next, the
substrate was exposed to plasma at 30 W for 30 s, aminosilane vapor (Acros
Organics) in a vacuum chamber for 30 min, and finally 0.125% glutaralde-
hyde (Acros Organics) solution for 30 min before being washed three times
with distilled water and dried. The result of this preparation is a PDMS
surface that is reactive with amines, thus forming covalent bonds with Fn
fibers deposited on the surface as described in Klotzsch et al. (4).

The PDMS sheet with the thin film of microfabricated trenches was
placed in a previously described, custom one-dimensional strain device
(9,13) for deposition of artificial Fn fibers (9,22,23). A drop of Fn in phos-
phate-buffered saline (PBS) at a concentration of ~1 mg/ml was placed next
to the features. A needle was used to draw the Fn from the air/water inter-
face of the drop, and fibers ranging from 1 um to 5 um in diameter and up to
1 cm in length were then deposited and attached to the substrate on contact.
The Fn fibers and PDMS surface were then blocked with 0.5% bovine
serum albumin (BSA) in PBS for 15 min. Finally, fibers submerged under
a drop of PBS were stretched or relaxed before imaging. Because it has
been shown that deposited artificial Fn fibers are prestretched by 140%
strain (4), substrate stretch could be used to generate Fn fibers with 140-
550% strain. Alternatively, fibers were deposited on prestretched PDMS
sheets and then relaxed down to 0% strain.

Image acquisition and analysis

First, Fn fibers on ridge substrates were used to calibrate a ratio of fluores-
cence to the average cysteine exposure per Fn molecule within Fn fibers. To
do this, Fn fibers were pulled from drops of Fn solution that contained
0.02 mg/ml of Fn labeled with 16 Alexa-488 fluorophores per Fn molecule,
0-0.8 mg/ml unlabeled Fn, and 0-0.6 mg/ml iodoacetamide-treated Fn. The
amounts of unlabeled Fn and iodoacetamide-treated Fn were adjusted so that
the total ratio of Alexa-488 labeled amines per Fn molecule was constant at
0.5 in all fibers. The fluorescence intensity of Alexa 488 in each image could
therefore be used as an indication of the total Fn mass in each pixel, indepen-
dent of fiber diameter or strain. These fibers were then labeled with a solution
of 4 M GdmHCI and 0.06 mg/ml Alexa 633 maleimide for 1 h. Control
experiments using a wide range of incubation times and labeling concentra-
tions showed that this incubation time and Alexa 633 maleimide concentra-
tion were sufficient to saturate any available binding sites (data not shown).
The fibers were then thoroughly rinsed and incubated in a solution of 4 M
GdmHCI for 4 h to wash away nonspecifically bound dye.

Next, two fluorescent images were acquired of each fiber with
608-648 nm excitation and 672-712 nm emission (for Alexa 633) and
457-487 nm excitation and 510-540 nm emission (for Alexa 488) on
a model No. IX81 microscope (Olympus America, Melville, NY) with an
ORCA R2 camera (Hamamatsu, Hamamatsu City, Japan). The optical
system was characterized by creating a calibration curve relating the ratio
of pixel intensities of cysteine-bound Alexa 633 (I¢y,) to pixel intensities
of lysine-bound Alexa 488 (I,,,) using fibers of known Alexa 633 to Alexa
488 labeling ratios (Mcy/My,,) where Mcy, and M, are the average
number of fluorophores per Fn molecule bound to cysteines or lysines,
respectively. My, was derived based on the assumption that all free cyste-
ines were labeled by Alexa 633 maleimide in the presence of denaturant.
Note that these values were averages for the entire fiber (i.e., My, was
constant at 0.5 for all fibers and My, ranged from 0.12 to 4.0). A least-
squares fit of the calibration curve to Eq. 1 was used to find the calibration
parameters « and § according to
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After generating the calibration curve, Fn fibers were deposited from drops
that contained 0.02 mg/ml of Fn labeled with 16 Alexa-488 fluorophores
per Fn molecule and 0.8 mg/ml unlabeled Fn. After blocking the fibers
with BSA, the fibers were incubated with 0.06 mg/ml Alexa 633 maleimide
for 10 min. Excess dye was washed away and the fibers were imaged as
described above. This labeling procedure was then repeated for fibers
over a wide range of strains. The illumination intensity was fixed for all
fibers while exposure time was varied from 12.5 to 2000 ms to maximize
the intensity of fibers. Control experiments showed that fiber intensity is
a linear function of exposure time within this range (data not shown).

The resulting images were normalized by exposure time and analyzed
using custom software written in MATLAB (The MathWorks, Natick,
MA) to subtract the image background, threshold the image to pixels
brighter than the background plus 10 SDs, and divide the pixel intensities
of the cysteine-labeled images by the corresponding pixel intensities of
the lysine-labeled images in a region of interest drawn around each fiber.
In this way the cysteine intensity is normalized by the number of Fn mole-
cules in the pixel giving a quantitative measure of cysteines labeled per Fn
molecule, using Eq. 2 where My, is the labeling ratio of Alexa 488 on
lysines to Fn that was determined when making the drop:

My, = ML<1C - ﬁ) . ®)

o I Lys

Computational model of Fn fiber extension

A one-dimensional model of Fn fibers was written in MATLAB to relate
published single-molecule force spectroscopy data to the bulk properties
of Fn fibers. Individual molecules, connected to one another at nodes,
were modeled as wormlike chains (24,25). The force, f, being exerted on
each molecule was modeled using the equation

ksT\ | z 1 1
O | e i

where kg is the Boltzmann constant, T is temperature, A is the persistence
length of the molecule, L is the contour length, and z is the end-to-end
length. The potential energy, U, of each individual molecule as a function
of node positions was found by integrating Eq. 3 and then summing the
potential energy for all molecules i to generate
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At each strain position the equilibrium positions of the nodes connecting
Fn molecules were found by minimizing the potential energy of the
system with respect to node position using a built-in minimization func-
tion in MATLAB (fmincon) with an interior point algorithm. Stopping
tolerances were determined empirically by verifying convergence
(described below). The initial condition for the minimizer was the solution
of the node positions from the previous time step. After finding the equi-
librium position of the nodes, the tension of each molecule was found and
the probability of unfolding, P, as a function of force (26) was calculated
according to

P, = (K« A) <exp (f " :;)) 5)
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where £°, is the unfolding rate in the absence of force, and Ax,, is the pro-
jected bond displacement at rupture. These values were obtained or esti-
mated from published single-molecule experiments (16). Next, a random
number was generated to test each module for unfolding. Each molecule
was given a starting contour length of 120 nm (27); however, each unfold-
ing event increased the contour length by 28.5 nm, in accordance with the
difference in length of a 32-nm-long unfolded module (28) and the 3.5 nm
end-to-end length of the folded domain (29). The persistence length of this
newly unfolded domain was adjusted to 0.42 nm, in accordance with pub-
lished persistence length values of unfolded amino-acid chains (16).

The values for parameters k°, and Ax, were obtained from dynamic force
spectroscopy studies of FnllI1, 2, 10, and 13 (16). When the only available
data were the most likely unfolding force, the parameters were estimated to
maintain the hierarchy of FnIll module strength (modules II112 (16); T-FnIII3
(30)). Parameters for FnlIlIl7, 8, 9, and 14 were estimated from steered molec-
ular dynamics simulations that were scaled so the module strength hierarchy
is consistent with published dynamic force spectroscopy data (31). FnllI
modules for which no data exist on unfolding rate were not allowed to unfold
in the simulation. The fiber stretch was simulated with a constant extension
rate of 12 um/s in 20,000 steps of 0.582 nm/step (48.5 us/step) on a PC
with Dual 2.8 GHz Quad Core Intel Xeon processors (Intel, Santa Clara, CA).

RESULTS
Fn fiber stretch in vitro

To provide a quantitative description of the extent of
molecular unfolding in FnIIl domains as a function of fiber
stretch, we compared the unfolding behavior of these mod-
ules during fiber stretch both in vitro and in silico. To quan-
tify the extent of unfolding in modules FnllI7 and III15
in vitro, we utilized a previously described system for de-
positing artificial Fn fibers on stretchable surfaces that can
be used to tune fiber strain from 0 to >500% strain (9). Arti-
ficial Fn fibers were used because their axial strain can be
controlled precisely and the sample does not contain other
ECM or cell surface proteins that may contain free cysteines
that would complicate the analysis of Alexa 633 maleimide
binding (as in Sahaf et al. (32)). Furthermore, artificial Fn
fibers can be freely suspended across trenches that eliminate
the complications of fiber contact with a surface and surface
background fluorescence.

To quantify the percentage of FnlII7 and III15 modules
that become exposed within stretched Fn fibers, we devel-
oped a calibration technique to relate the ratio of fluores-
cence of cysteine-bound fluorophores versus amine-bound
fluorophores to the number of cysteines that were labeled
per Fn molecule. Fn fibers were drawn from drops of solu-
tion that contained a constant ratio of 0.5 mol Alexa 488 per
mole of Fn so that the Alexa 488 fluorescence was indicative
of the mass of Fn in each image pixel. Fn containing cyste-
ines that were blocked with iodoacetamide in denaturant
solution, and hence inaccessible to labeling with Alexa
633 maleimide, was also added to the drops, and hence to
the fibers, over a range of 0-97% iodoacetamide-treated
Fn. The remaining Fn in the solutions used to produce the
Fn fibers was unlabeled. These fibers were then labeled
with a solution of 4 M GdmHCI and 0.06 mg/ml Alexa
633 maleimide for 1 h.
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GdmHCI was included to denature Fn within the fiber and
thus expose and make available the free cysteines within
the Alexa-488 labeled Fn and unlabeled Fn for labeling
with Alexa 633 maleimide. By doping the fibers with the
different concentrations of iodoacetamide-treated Fn, we
were able to tune the amount of labeled cysteines per Fn
molecule over a wide range. Next, images of Alexa 488
(Fig. 1, A and C) and Alexa 633 fluorescence (Fig. 1, B
and D) were acquired for each fiber, and the mean ratio of
Alexa 633 to Alexa 488 fluorescence (I¢y/I1,s) was deter-
mined for all pixels in each fiber. I, /I, was plotted versus
the number of Alexa 633-labeled cysteines per Fn dimer
(Fig. 1 E). A linear fit to the data provides a calibration
factor that relates the total number of labeled cysteines
per Fn dimer to I¢y/I;,,. Control experiments measuring
Icysll;ys for the same fiber over a wide range of strains
showed that this ratio was independent of strain (data not
shown).

Next, Fn fibers were drawn from drops of Fn solution that
contained only Alexa 488-Fn and unlabeled Fn and depos-
ited across the textured strain device surface. After blocking

percentage of Cys labeled
100%

T ——
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EGO E %mean + standard deviation
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o
>20 1
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% Iabeled cystelnes per Fn dimer

FIGURE 1 Artificial Fn fibers were pulled from the air/water interface of
Fn solutions containing 0.5 mol Alexa 488 per mole Fn and a range from
97% (A and B) to 0% iodoacetamide-treated Fn and deposited across
microfabricated trenches. Fibers were next treated with Alexa 633 malei-
mide in 4 M GdmHCI to label all free cysteines that became exposed in
the presence of denaturant. Fluorescent images of Alexa 488 bound to
lysines (A and C) and cysteine-bound Alexa 633 emission (B and D)
were used to generate a mean ratio of Alexa 633 to Alexa 488 pixel inten-
sities (I¢ys/I1ys) for each fiber and plotted versus the total number of labeled
cysteines per Fn molecule (E). (Data points) Individual fibers (X) at each
of four different percentages of iodoacetamide treated preparations.
(Diamonds) Mean = SD for each fiber cysteine labeling ratio. (Line)
Least-squares linear regression to the data.
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fibers with BSA and stretching the fibers to the desired strain
level, the samples were incubated with Alexa 633 malei-
mide in PBS solution to label any exposed cysteines. After
rinsing the sample, the fibers were imaged and /¢y,/1;,s was
averaged over all pixels in each of 124 fibers. Fig. 2, A-D,
shows images of Alexa 488 (Fig. 2, A and C) and Alexa
633 (Fig. 2, B and D) intensities of two fibers at 0 and
515% strain. Icy/l;, was converted into the number of
labeled cysteines per Fn dimer and plotted versus Fn fiber
strain (Fig. 2 E), revealing an approximately linear increase
in cysteine exposure from 8 = 6% at 50% strain to 44 =+
17% at 421% strain, based on averages of the 20 fibers
with lowest and highest strains, respectively.

Fn fiber stretch in silico

We next developed a computational model of Fn fiber exten-
sion that links the statistical mechanical properties of single
molecules to the mechanical properties of supermolecular
fibers. Model fibers were created that consist of molecules
modeled as wormlike chains with starting contour lengths
of 120 nm. Each molecule attaches to adjacent molecules
through freely-jointed nodes that can be arranged into arbi-
trary configurations. Limited data are available on the
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FIGURE 2 Artificial Fn fibers were pulled from the air/water interface of
Fn solutions containing 0.5 mol Alexa 488 per mole Fn and either stretched
or relaxed to different strain levels using the textured PDMS substrate.
Portions of two fibers that are freely suspended above microfabricated
trenches are shown at 0% (A and B) and 515% strain (C and D). After incu-
bating with Alexa 633 maleimide to label cysteines in unfolded III7 and
IIT15 modules and rinsing to remove free dye, fluorescent images of Alexa
488 (A and C) and Alexa 633 emission (B and D) were used to generate
a mean ratio of Alexa 633 to Alexa 488 pixel intensities (/¢y/I1) for
each fiber and plotted versus Fn fiber strain (E). (Data points, shaded
diamonds) Individual fibers. (Open diamonds) Mean *+ SD for each
consecutive group of 20 fibers.
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persistence length of Fn molecules in the absence of unfold-
ing, so lengths of 7 and 14 nm were used. The ability of
modules constituting the molecules to unfold was accounted
for with the probability to unfold determined by single-
molecule force spectroscopy experiments and Eq. 5. If an
unfolding event occurred, a segment with a contour length
of 32 nm and persistence length of 0.42 nm, in accordance
with the persistence length of unfolded amino-acid chains,
is inserted in series with the original molecule in which
the contour length has been reduced by 3.5 nm (Fig. 3).
Fn type I and II modules and all Fnlll modules for which
no unfolding data are available contributed to the contour
length of the molecule, because it was assigned a value of
120 nm, but they were not allowed to unfold.

We first simulated the extension of a fiber composed of 20
molecules in series, which was in parallel with another 20
molecules in series (40 molecules total). A full simulation
took <1 computer hour. Convergence of the simulation
was checked in two ways (Fig. 4). The minimization of
the potential energy was verified by plotting the potential
energy versus minimizer iteration (Fig. 4 A) showing the
minimizer had converged. In addition, the variation in
tension along the simulated fiber was analyzed for every
iteration of the simulation. Because all the segments are
placed in series, the tension should be uniform along the
fiber and any variation in the tension represents solver error.
Fig. 4 B shows the difference between the maximum tension
for any one fiber segment (f;,,) and the mean tension for all
segments (f,,) at each point in the simulation of the dispa-
rate loading condition (from Fig. 5 D, below). Error in the
tension did not exceed 8 x 10~* pN. Because the model
is built upon the stochastic properties of single molecules,
the simulation was run multiple times. However, results
were not different between simulations, owing to the large
number of molecules that are considered in the model.

A=14 nm

A=14 nm
A=0.42 nm

FIGURE 3 Individual molecules were modeled as wormlike chains with
a persistence length, A, of 14 nm and a contour length of 120 nm. If the
stochastic model resulted in unfolding of one of the Fnlll modules consti-
tuting the molecule (red sphere), a segment with a contour length of 32 nm
and persistence length of 0.42 nm was added in series to the original mole-
cule. The contour length of the original molecule was reduced by 3.5 nm.
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The model fiber with 20 molecules in parallel with
another 20 molecules (Fig. 5 A) was stretched from a starting
end-to-end length of 90% of the contour length. No unfold-
ing was seen until end-to-end lengths >~90% of the contour
length were achieved, regardless of starting point, and thus
this starting point was established to match the unfolding
behavior found with in vitro fiber stretch. Two approxi-
mately linear regions of force versus displacement were
achieved with shallow and then steep slopes corresponding
to unfolding of weak and then stronger modules, respec-
tively, regardless of whether the folded Fn molecule was
given a persistence length of 14 (Fig. 5 B) or 7 nm (Fig. 5 C).

Because the mechanical properties of FnllII15 are not
known, we plotted the unfolding histograms of FnlIl7 and
1110 (green and blue bar plots in Fig. 5, B and C, respec-
tively). Although FnlIII10 is not a cysteine-containing
module, it is one of the weakest known FnlIl modules and
serves as a good reference point for initial module unfold-
ing. Because the Fn modules unfold with a hierarchy of
force (16,31), the histogram of unfolding demonstrates
sequential unfolding of FnllII10 followed by III7 at fiber
lengths >7 um. For comparison with the in vitro unfolding
data, the total percentage of Fnlll7 and 11110 unfolding was
also plotted versus length (Fig. 5 D). The in vitro cysteine
exposure averages (shaded diamonds from Fig. 2 E) were
plotted on top of the in silico unfolding curves for com-
parative purposes.

We next stretched a fiber that was intentionally organized
to result in disparate mechanical loading of molecules
constituting the fiber. With this organization, a single mole-
cule has double the end-to-end length of its two molecular
partners in each segment (Fig. 5 E). The fiber consisted of
20 such three-molecule segments connected in series (60
molecules total; 2.4 um end-to-end starting length). Due
to the more complicated molecular arrangement in this fiber,
~240 h of computer time were required for each simulation.
Again, results were similar between different simulations
due to the large number of molecules in each fiber. The
molecules were stretched from a starting end-to-end length
of 90% of the contour length of the single molecule (45% of
the contour length of the two molecules in the parallel
section of each unit). This resulted in a more gradual unfold-
ing of FnlIII10 modules, and greatly reduced the unfolding
of Fnlll7, again regardless of whether the folded Fn mole-
cules were given a persistence length of 14 (Fig. 5 F) or
7 nm (Fig. 5 G).

In the case of this configuration, the distinct hierarchy of
module unfolding as a function of force was retained, but
this unfolding behavior was distributed across a larger range
of strains because molecules had different levels of molec-
ular tension at each strain value depending upon their posi-
tion within the fiber. This is due to the redistribution of
tension as the fiber extends. In the arrangement presented
in Fig. 5 E, the lone molecules in each three-molecule seg-
ment have higher tension as the fiber begins to be stretched.
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553.9 8 FIGURE 4 Convergence of the minimization
— b A ? was checked by plotting the potential energy, U,
g 6? versus minimization iteration (A) showing the
2 553.7 I 4 5 function had reached a minimum before the routine
2 - i ended. (B) Convergence was also checked by plot-
) k 2 > ting .the magm.tude of the dlffefence between the

553.5 m— O'UL maximum tension for any one fiber segment (f;.,)
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minimization iteration

As modules unfold in the lone molecules, they increase in
contour length, leading to a progressive increase in the force
on the parallel segments composed of two molecules in
series. This causes unfolding of weak modules (e.g.,
FnIlI10) at low strains within the single molecules, but
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FIGURE 5 Two computational models of Fn fibers were generated that
consisted of either a linear series of 20 molecules in parallel with another
linear series of 20 molecules (A—D) or 20 units of three molecules per
unit, each with a molecule in parallel with a linear series of two molecules
(E-H). Fibers were stretched from a resting end-to-end length of 2.4 um to
a final length of 12 um. At each of 20,000 discrete steps during the strain
cycle, the node positions between each of the molecules were determined
by minimizing the potential energy of the system (Eq. 4). A random number
was used to determine whether modules unfolded. Force was plotted versus
fiber length (red curves) assuming the folded Fn molecule had a persistence
length of 14 (B and F) or 7 nm (C and G), and the total number of unfolded
Fnlll7 (blue boxes) and 11110 modules (green boxes) was tracked and
plotted within 0.667 um bins (B, C, F, and G). Cumulative histograms of
the total percentage of all FnIlI7 and III10 modules in each fiber were
plotted versus fiber length (D and H). The in vitro cysteine exposure aver-
ages (gray diamonds from Fig. 2 E) were plotted on top of the in silico un-
folding curves for comparative purposes.

6 8
length (um)

Because all the segments of the fiber are in series,
this number would be zero for a perfect solution
and represents error in the calculated forces on
the molecules. Panel B is shown for the disparate
loading configuration (see Fig. 5 D, below).

FnlII10 unfolding is delayed until higher strain values in
molecules in the parallel two-molecule strands of each
segment. The result is that the unfolding hierarchy of the
total population still occurs at similar molecular forces,
but not at similar fiber strain values as in the case of all
molecules being loaded equally.

Furthermore, the force-versus-length plot had a more
gradual increase in slope, similar to published force-
versus-length plots of artificial Fn fibers. Finally, a plot of
the percentage of Fnlll7 and FnlII10 that are unfolded re-
vealed that only 65% of these modules were unfolded at
500% strain (Fig. 5 H) after a linear increase from 0%
unfolding at the 2.4-um (0% strain) starting point. The
in vitro cysteine exposure averages (shaded diamonds
from Fig. 2 E) were plotted on top of the in silico unfolding
curves for comparative purposes.

See Table 1 for the set of probability values used in the
stretching experiments.

DISCUSSION

A major goal in biomaterials research is to link the pro-
babilistic properties of single molecules to the bulk mechan-
ical properties of the material. Of the numerous fibrous
structures that make up the ECM, Fn fibers have been

TABLE 1 Values used to describe the probability of Fnlll
module unfolding are listed for those modules that were
included in the in silico fiber-stretching experiment

Module K, s™hH Ax, (nm) Ref.
111 0.004 0.17 (16)
12 0.004 0.17 (16)
1110 0.02 0.38 (16)
1113 0.022 0.34 (16)
112 0.022 0.28 (16)
117 0.022 0.19 @31
18 0.02 0.32 @31
1119 0.02 0.3 @30
114 0.02 0.375 @3
T-FnllI3 0.022 0.29 (30)

Note that k%, and Ax, were given explicitly by Oberhauser et al. (16) for
III1, 12, 11110, and III13. The remaining values were estimated to match
published data on the most likely unfolding force with the mechanical
hierarchy in Craig et al. (31).
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particularly challenging to fully characterize because they
can be extended up to 700% strain (4). Here, we utilized a
combined in vitro and in silico approach to characterize
the contribution of FnlIl unfolding to fiber extension and
make an initial estimate of the molecular organization of
Fn within the fiber. The major findings are that molecular
unfolding increases progressively from a minimal value at
low strains up to a value of 44% exposure of cysteines in
modules FnlII7 and III15 at 421% strain and that this un-
folding profile was best matched by a model of Fn fiber
extension that loaded individual Fn molecules in the fiber
in an unequal manner. From these findings, we conclude
that 1), the mechanical hierarchy of unfolding is less impor-
tant if molecular tension is unequal in the fiber and 2),
the persistence length of the folded Fn molecule is less rele-
vant than the unfolding profile of FnlIl modules in deter-
mining the force-versus-extension profile of the fiber,
despite the fact that extension of the folded Fn molecules
contributes greatly to fiber extension. Whether unfolding
of Fnlll modules is responsible for the extensibility of
Fn fibers remains a contentious issue in ECM biology
(10,11,13,33,34). We have shown in a direct way, through a
what we consider a novel calibration of fluorescent labeling
of cysteines that become exposed after unfolding, that a
fraction of Fnlll modules unfold as Fn fibers are strained.
A recent report demonstrated that labeling of cysteines in
FnlII7 and III15 was low in cell-derived fibers (33). One
limitation of using cell-derived fibers is that fiber strain is
unknown, and indeed cysteine exposure in artificial fibers
with low strain is minimal (Fig. 2, B and E). These cell-
derived fibers may indeed have had low strain. Although
artificial Fn fibers were used here because of the ability to
tune the fibers to desired strain states and the lack of back-
ground material on the cell surface or from other ECM com-
ponents that may present free cysteine residues, future work
must elucidate the mechanical stabilities of Fnlll modules
in cell-derived fibers as a function of strain. Cell-derived
matrix is dynamically stretched to a variety of strain levels
(13), even to the point of mechanical failure (12,35,36),
and it seems likely that the force to break fibers exceeds
the force to unfold FnlIl modules.

Furthermore, the variable diameters of cell-derived Fn
fibers (as in Ohashi et al. (12)) would lead to disparate
strains along the length of the matrix, thus concentrating
strain and unfolding in the narrowest parts of each fiber.
One limitation of the artificial fiber system is the variability
of cysteine exposure at high strains, which may result from
the assumption that each fiber is deposited with 140% of
prestrain. This value of 140% was derived from an average
over many fibers (4); however, relaxation of fibers in this
previous study led to fiber buckling over a range of reduced
relative strains.

An assessment of the total percentage of all Fnlll
domains that are unfolded would require a thorough under-
standing of the mechanical stabilities of all FnIIl modules in
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the fiber because Fnlll modules have a hierarchy of mechan-
ical stability (16,30,31,37). Of the two cysteine-containing
modules per monomer, the strength of FnlIl7 was estimated
with steered molecular dynamics (31), whereas the other,
FnllI15, is unknown. Because Fnlll7 is known to be more
resistant to unfolding than seven other modules that have
been measured with either steered molecular dynamics or
single-molecule dynamic force spectroscopy (16,31), it is
highly likely that the measured 44% exposure in artificial
fibers results predominantly from unfolding of FnlIII15.
Unfortunately, our lack of knowledge of FnIII15 mechanical
properties makes it difficult to estimate the impact of exten-
sion on other modules in the Fn molecule. Nevertheless,
these data strongly support that both extension of the Fn
protein without unfolding and unfolding of FnIII modules
contribute to fiber extension, as has been suggested in pre-
vious studies (13,33).

The computational model of Fn fibers supports the
hypothesis that Fn fibers are arranged so that molecules are
unequally loaded during strain. The profile of cysteine expo-
sure in artificial fibers (Fig. 2 E) could not be replicated with
a computational model of a fiber assembled from Fn mole-
cules that were organized in series (Fig. 5, A-D). With a
linear arrangement of molecules that resulted in equal
loading, Fnlll modules unfolded progressively according
to their mechanical hierarchy. Considering that FnlII7 is
mechanically strong, an arrangement that permits equal
loading of Fn molecules in artificial fibers would be hypoth-
esized to lead to bulk unfolding of FnIll15 over a much
narrower strain range than was seen in vitro, but that was
seen in the simulation with equal loading (histograms in
Fig. 5, B and C). This suggests that Fn matrix fibers are
assembled with an organization that leads to disparate
loading of Fn molecules within the material. Indeed, the
exposure of the weakest Fnlll module in our simulation,
FnlII10, was spread over a wide range of strains using our
disparate loading model (Fig. 5, F and G).

Although a variety of architectural schemes could be
conceived that result in disparate loading of the molecules,
each of these would nevertheless suggest that unfolding of
a particular module in Fn occurs throughout the fiber strain
range. This has important implications for mechanobiology
because at least some modules with important biological
functions are mechanically weak—for example, FnIII10
due to its integrin-binding RGD motif—and would not be
completely unfolded in highly strained fibers.

One goal in this study was to make a comparison between
molecules that are loaded equally and unequally. Virtually
every published study makes an implicit assumption that
Fn molecules are equally loaded during stretch. However,
a vast number of Fn-Fn binding sites have been identified
from biochemical studies, and it is conceivable that Fn
molecules are arranged in such a way that molecules are
not equally loaded. Our model considers the fiber as a
one-dimensional structure, and it is thus not possible to
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account for steric interactions between molecules that
would prohibit complete molecular collapse. Nevertheless,
the ability to generate quantitative estimates of unfolding
behavior and force-versus-extension plots makes the model
highly useful in its ability to compare with available data on
artificial Fn fibers in vitro. In addition, the extension rate
was chosen to match as closely as possible the extension
rate of the single-molecule data on which our model relied
(kou, the unfolding rate in the absence of force, and Ax,,
the projected bond displacement at rupture). Thus, although
this extension rate is most appropriate given the model
parameters provided from single-molecule experiments,
the hierarchy of unfolding was unchanged over several
orders-of-magnitude difference in extension rate (16).

This suggests that changes in extension rate over several
orders of magnitude would not dramatically change the
results of the model. In addition, we had to estimate the
persistence length of the folded Fn molecule. Two persis-
tence length values for the folded portions of the Fn mole-
cules in the computational model were used in this study.
A persistence length of 7 nm was chosen because it is
approximately equal to the length of two FnlIIl modules in
series (29) and thus represents a reasonable estimation of
the lower bound for this value. We chose an upper bound
of 14 nm, or four Fnlll modules. Surprisingly, the force-
versus-strain and cysteine-exposure-versus-strain curves
were similar for both persistence length values (Fig. 5, D
and H). We conclude that the unfolding behavior of FnlII
modules is more important than the persistence length of
the folded Fn molecule in determining the bulk properties
of the Fn matrix.

In conclusion, we have presented a unique model to study
the importance of molecular arrangement in defining the
properties of Fn fibers. Future work estimating the number
of molecules present per unit volume within artificial and
cell-derived Fn matrix fibers as a function of strain would
allow us to convert the model parameters into stress-
versus-strain plots, thus permitting careful analysis of the
relationship between molecular organization and fiber
stiffness. Furthermore, the calibration technique that was
developed for quantifying the percentage of FnlIl7 and
III15 that unfolds could be used to estimate the refolding
rate of these modules after stretch and relaxation, which
would be useful to determine how molecular properties
derived from single-molecule studies translates to the
behavior of Fn in its native, fibrous context. Computational
models that link molecular properties to fiber properties
could also be linked into networks, thus translating molec-
ular mechanical properties into much larger length scales.
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