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Abstract

In response to growing needs for quantitative biochemical and cellular assays that address whether 

the extracellular matrix (ECM) acts as a mechanochemical signal converter to co-regulate cellular 

mechanotransduction processes, a new assay is presented where plasma fibronectin fibers are 

manually deposited onto elastic sheets, while force-induced changes in protein conformation are 

monitored by fluorescence resonance energy transfer (FRET). Fully relaxed assay fibers can be 

stretched at least 5–6 fold, which involves Fn domain unfolding, before the fibers break. In native 

fibroblast ECM, this full range of stretch-regulated conformations coexists in every field of view 

confirming that the assay fibers are physiologically relevant model systems. Since alterations of 

protein function will directly correlate with their extension in response to force, the FRET vs. 

strain curves presented herein enable the mapping of fibronectin strain distributions in 2D and 3D 

cell cultures with high spatial resolution. Finally, cryptic sites for fibronectin’s N-terminal 70-kD 

fragment were found to be exposed at relatively low strain, demonstrating the assay’s potential to 

analyze stretch-regulated protein-rotein interactions.
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1. Introduction

In addition to soluble biochemical cues such as growth factors and cytokines, cells are also 

known to sense and respond to physical factors, including the mechanical properties of their 

environment (as reviewed in Discher et al., 2005; Ingber, 2006; Vogel and Sheetz, 2006) and 

the local topography of their substrates (Dalby et al., 2004; Dalby et al., 2005). Differences 

in substrate rigidity (Engler et al., 2006; Galbraith et al., 2002; Giannone and Sheetz, 2006; 

Kostic and Sheetz, 2006; Yeung et al., 2005) as well as micro- and nanoscale features (Dalby 

et al., 2005) have been correlated with profound effects on cell adhesion, morphology, 

proliferation, and gene regulation. The rigidity of a substrate, for example, determines 

whether or not mammary epithelial cells up-regulate integrin expression and differentiate 
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into a malignant phenotype (Paszek et al., 2005), and also dictates whether mesenchymal 

stem cells differentiate into bone, muscle, or neuronic tissue (Engler et al., 2006). Yet, the 

underlying molecular mechanisms by which physical factors, including force and the 

mechanical properties of matrices, are converted into biochemical signals that ultimately 

regulate protein expression are only beginning to be explored (Kostic and Sheetz, 2006). 

One focus is to identify proteins whose structure/function relationship can be altered by 

mechanical forces, causing for example the opening of ion channels, a change in the spatial 

presentation of binding sites, or the exposure of otherwise cryptic binding sites (for reviews 

see Bustamante et al., 2004; Kung, 2005; Vogel, 2006; Vogel and Sheetz, 2006; Arcangeli 

and Becchetti, 2006).

On the intracellular side, mechanochemical signal conversion through protein unfolding has 

been demonstrated. The phosphorylation sites of p130Cas become exposed by tensile force 

(Sawada et al., 2006) which leads to the downstream activation of Rap1 upon stretch 

(Tamada et al., 2004). Also, two isoforms of the cytoskeletal protein spectrin within red 

blood cells showed enhanced exposure of otherwise cryptic cysteines as a function of shear 

stress and time, as did nonmuscle myosin IIA and vimentin within mesenchymal stem cells 

(Johnson et al., 2007).

On the extracellular side, fibronectin (Fn) can be unfolded by cell generated tension which 

causes at least a partial loss of secondary structure of its domains (Baneyx et al., 2002; 

Smith et al., 2007). Fn exists in a broad range of conformations, once it is harvested by cells 

from solution and incorporated into their own matrix as revealed by fluorescence resonance 

energy transfer (FRET) (Baneyx et al., 2002; Barker et al., 2005; Smith et al., 2007).

Deciphering the physiological significance of force-induced unfolding events of Fn and 

whether any of Fn’s versatile functions are up- or down-regulated in a mechanoresponsive 

manner has been hampered due to the lack of well suited assays. Fn plays a critical role in a 

wide variety of processes including embryogenesis and wound healing (Hynes, 1990; 

Midwood et al., 2006; Pankov and Yamada, 2002; Sechler and Schwarzbauer, 1998), and its 

fibrillogenesis into matrix fibers is tightly regulated (for reviews see Mao and Schwarzbauer, 

2005; Wierzbicka-Patynowski and Schwarzbauer, 2003). This large 440 kD multimodular 

dimeric protein contains multiple surface-exposed molecular recognition sites and cryptic 

binding sites buried in the fully folded module that regulate fibrillogenesis and mediate cell 

adhesion, as well as interactions with other ECM proteins, and proteolytic activity 

(Magnusson and Mosher, 1998; Mao and Schwarzbauer, 2005; Pankov and Yamada, 2002; 

Romberger, 1997; Vogel, 2006). First indications also exist that downstream cell signaling is 

impacted by the conformation of Fn (Keselowsky et al., 2005; Lan et al., 2005). When 

adsorbed from solution to biomaterial surfaces, its conformation is for example impacted by 

the underlying surface chemistry (Altroff et al., 2003; Antia et al., 2006; Baugh and Vogel, 

2004; Garcia et al., 1999; Halter et al., 2005) which can then alter integrin binding 

(Keselowsky et al., 2005). The conformations Fn assumes on synthetic surfaces, however, 

are rather distinct from those of native Fn in soluble and fibrillar forms (reviewed in Antia et 

al., 2006; Baugh and Vogel, 2004; Halter et al., 2005). Fn polymerization into fibers is 

thought to proceed as cryptic self-assembly sites are exposed by cell contractility (Baneyx 

and Vogel, 1999; Mao and Schwarzbauer, 2005; Ohashi et al., 1999; Zhong et al., 1998).
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Single-molecule force-spectroscopy experiments provided the first indications that Fn might 

serve as a mechanochemical signal converter. Major insights into force-induced unfolding 

pathways are available (Oberhauser et al., 2002; Samori et al., 2005; Wang et al., 2001), as 

well as high-resolution structural models relating unfolding of FnIII modules to altered 

protein functions as derived from steered molecular dynamics simulations (Craig et al., 

2004a; Craig et al., 2004b; Craig et al., 2001; Vogel, 2006).

Native, cell-derived Fn matrices, however, are not ideal systems for investigating force-

induced potentially altered structure–function relationships. A key complication is the 

complex and interwoven nature of ECM fibers, where the conformation of Fn can vary from 

fiber to fiber and even within fibers as they are not freely suspended (Baneyx et al., 2001; 

Baneyx et al., 2002; Chen et al., 1997; Peters et al., 1998).

Our aim was thus to develop a mechanical strain assay where the conformation of Fn can be 

adjusted externally on demand and force-induced Fn extensions can be optically measured. 

To probe how the alterations of the structure of stretched Fn impact the displayed 

biochemistry and cellular behavior, such a strain assay needs to be amenable to cell culture 

environments. To tune the conformation of Fn, Fn fibers were drawn from a concentrated Fn 

solution (Ahmed and Brown, 1999; Ejim et al., 1993; Wojciak-Stothard et al., 1997) and 

were deposited onto a stretchable substrate which was mounted onto a custom-built, one-

dimensional strain device.

2. Results and discussion

2.1. Manually deposited Fn fibers bundle into fiber cables similar to cell-derived fibers and 
promote cell adhesion and guidance

While it has been reported previously that manually deposited fibers pulled from 

concentrated solutions of soluble Fn resemble in vivo Fn fibers in diameter and composition 

(Wojciak-Stothard et al., 1997), the latter was difficult to confirm because the exact 

conformation and the nature of the lateral interactions between adjacent Fn molecules in 

fibers is unknown (Mao and Schwarzbauer, 2005). To briefly characterize the morphology of 

our deposited fibers, it should be noted that the average diameter (3.7± 1.0 µm) of fibers 

deposited from a 0.76 mg/mL Fn solution, as observed via fluorescence confocal 

microscopy, is similar to that of the thickest fibers and branching areas found in cell culture 

matrices (Chen et al., 1978). The average fiber diameter can be moderately adjusted via the 

pulling procedure. Our fibers were typically between 2 and 5 µm in diameter when the fibers 

were deposited out of 0.2 mg/mL or 2.6 mg/mL Fn solutions, respectively. Also the length of 

a fiber can be controlled by drawing it out of a solution to a desired length before bringing it 

in contact with the PDMS substrate. Fibers used in this study were generally 1 to 2 cm long. 

Fibronectin fibers in 24-h Fn matrix produced by NIH-3T3 fibroblasts in cell culture form a 

mesh-like network where smaller fibrils merge to form bundles and later branched again 

(Chen et al., 1978).

Similarly, fluorescence images of manually deposited fibers (Fig. 1) show that submicron 

fibers emerge from the surface of the drop and bundle together to form larger cables of 

fibrils (Fig. 1B,C), in agreement with previously published images of such artificial Fn fibers 
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(Ejim et al., 1993; Wojciak-Stothard et al., 1997). Indeed, cryo-scanning electron 

microscopic images suggest that Fn fibers exist as ‘cables’ comprised of individual fibrous 

strands of ~5–15 nm in diameter and larger (Chen et al., 1978; Dzamba and Peters, 1991; 

Peters et al., 1998; Singer, 1979) which are proposed to be held together by hydrogen bonds, 

intermolecular beta-strand swapping (Briknarova et al., 2003; Litvinovich et al., 1998), 

disulfide bonds which are potentially formed by cryptic disulfide isomerase activity 

(Langenbach and Sottile, 1999), and other weak electrostatic interactions (Chen and Mosher, 

1996; Morla et al., 1994). Although the exact location and properties of these bonds are 

unknown, it has been observed that they are strong enough to render cell-derived Fn fibers 

irreversibly insoluble in 1% de-oxycholate (McKeown-Longo and Mosher, 1983), which is a 

phenomenon we observed with manually deposited Fn fibers as well (data not shown).

Furthermore, Human Foreskin Fibroblasts (HFFs) and Human Umbilical Vein Endothelial 

Cells (HUVECs) were observed to adhere and polarize along the axis of the manually 

deposited fibers (Fig. 1E,F), a phenomenon shown previously by others (Ahmed and Brown, 

1999; Ahmed et al., 2000; Wojciak-Stothard et al., 1997), confirming that cell adhesion sites 

are exposed on the surface of the fibers.

2.2. Establishing a quantitative FRET vs. strain curve to read out Fn extensions in 2D and 
3D matrices

To conduct a conformational FRET analysis of manually deposited Fn fibers, plasma Fn 

dimers were chemically denatured and site-specifically labeled with acceptors on the four 

native and free cysteines (buried within type III7 and III15 domains of the Fn dimer (Lai et 

al., 1984; Mosher and Johnson, 1983; Smith et al., 1982)) and randomly labeled with donors 

on free lysines (Fn-d/a, see Materials and methods). Circular dichroism spectroscopy of 

FRET-labeled Fn confirmed that refolding occurs in physiological buffer (Smith et al., 

2007).

Ratiometric FRET images of manually deposited fibers show little color change along a 

single fiber (visualized as false colors in Fig. 2B), whereas fibers from a 24-h cell-derived 

matrix (Fig. 2C) show more locally heterogeneous conformations (Fig. 2D). The frequency 

at which a given ratio between the intensity of the acceptor channel and the donor channel 

(IA/ID ratio) is found within a field of view containing a total number of pixels (640 

pixel×640 pixel) is displayed in the FRET histograms (Fig. 2E). The histogram for the 

manually deposited fibers peaks at an IA/ID of 0.62, which corresponds to the mean value 

recorded from Fn in solution at ~1 M GdnHCl. Histograms for each of 11 different pulled 

fibers are provided in Supplementary Fig. S1B. Variations of the pulling rate by which the 

fibers were drawn out of solution, from 1.0 mm/s to 0.2 mm/s, had no major impact on the 

conformational distribution (data not shown). The width of the histogram originates from the 

pixel-to-pixel variations of the local averaged Fn conformation and from instrument noise 

(as further discussed in Smith et al., 2007). The widths of the histograms taken from Fn-d/a 

in solution (1 M GdnHCl; data not shown) and in manually deposited fibers (Fig. 2E) were 

similar.

To stretch Fn fibers, a one-dimensional strain device was constructed to hold a thin 

rectangular silicone sheet and stretch it over four times its length (Fig. S2A–E, see Materials 
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and methods). Fibers are first deposited onto the silicone sheet (Fig. S2A), rinsed and 

incubated with a PBS or BSA solution, and then stretched to a desired length (Fig. S2B). A 

holding chamber is then used to sandwich and capture the strained substrate (Fig. S2D) 

before it is removed from the strain device. Finally, the bottom half of the chamber is 

removed after the ends of the substrate are fastened to the side (Fig. S2E) in order to allow a 

microscope objective to reach the substrate for imaging. Fibers can also be first deposited on 

pre-strained substrates such as in Fig. S2B and relaxed to a position such as in Fig. S2A to 

remove any residual tension that may exist as they are originally deposited from solution. 

Shown in Fig. 3A is the resulting IA/ID histograms from relaxed, strained, and control fibers 

as they compare to cell-derived 24-h Fn matrices, and Fig. 3B shows the corresponding color 

and relative length-changes that are possible to achieve with the strain device.

Thus, in order to begin establishing an absolute IA/ID vs. strain curve, we first deposited Fn 

fibers on silicone sheets that were pre-strained to 4×. Subsequent relaxation of the fibers led 

to a uniform increase of their IA/ID ratios which indicated progressively more refolding of 

fibronectin until the sheet has been relaxed to about 1/3 of its initial length (Fig. 3C). With 

further sheet relaxation, the fibers began to bulge which likely explains the slightly lower 

IA/ID values observed at 1/4 the substrate length (Fig. 3C).

The 1/3× relaxation point shown in Fig. 3C represented the amount of strain release leading 

to maximal FRET recovery.

After having determined that the drawing process by which the fibers are pulled out of the 

droplet causes considerable pre-straining of fibronectin, for which we have to compensate by 

relaxing the substrate, we can now establish an absolute extension versus FRET curve for 

fibronectin fibrils (Fig. 3E). This is significant because it allows us to read out the strain and 

thus the conformation of fibronectin by optical means, whether the cells are cultured in two 

or three dimensions.

2.3. Fully relaxed fibers do not contain the globular Fn conformation found in solution

When the Fn fibers are fully relaxed, the average IA/ID ratio is 0.74±0.02, which lies 

between the 0 M (0.98) and 1 M (0.64) GdnHCL calibration points, indicating that fully 

relaxed fibrillar Fn does not return to its globular solution conformation where its two dimer 

arms are folded upon themselves. These results confirm previous data obtained with fully 

relaxed cell-derived fibronectin matrices which also do not contain the tightly folded 

quaternary structure otherwise seen in solution (Smith et al., 2007). These findings thus 

invalidate a recent model postulating that relaxed fibronectin fibers are composed of arrays 

of compactly folded fibronectins in which the opposing dimeric arms cross each other (Abu-

Lail et al., 2005; Erickson, 2002).

2.4. Fn fibers show signs of breakage only when stretched over 5–6 times their resting 
length

To establish the extension and the associated optical signature at which the fibers begin to 

rupture, Fn fibers were deposited onto unstrained silicone sheets (Fig. S2A). After applying 

uniaxial strain, the observed IA/ID ratios decreased as expected (Fig. 3C), and beginning at a 

1.8× length increase, the fibers began to fracture at a few sites into randomly distributed 
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large segments, each hundreds of micrometers long. In the 2× strain field of the view shown 

in Fig. 4A (as calibrated using data shown in Fig. 3C and Fig. 4B), a magnified image of one 

of the breaks (Fig. 4C,D) and a contrast-enhanced fluorescence image (Fig. 4E), shows that 

a small amount of Fn is left attached to the substrate. Since the IA/ID values continued to 

decrease along the length of the fiber segments when further strained until the limit of the 

strain device was reached at 4× (Fig. 3C), this may indicate that the adhesion strength of the 

fiber bundle to the silicone substrate is considerable and does not allow for major slippage 

between the strained fiber and the silicone sheet once the first breakages have occurred. 

Atomic force microscopy (AFM) images of fiber breakage areas reveal two kinds of breaks; 

one where a small layer of fibronectin remains attached to the underlying silicone sheet and 

the broken fiber ends appear tapered (Fig. 4F), and another where the break results in 

relatively blunt fibers and the fibronectin layer left behind exists closer to the fractured ends 

(Fig. 4G). Finally, the IA/ID values continued to decrease homogenously along the length of 

the fibrous segments upon further strain until the limit of the strain device was reached at 4× 

(Fig. 3C).

Bringing the fiber strain and relaxation data together, mechanically stretched Fn-fibers began 

to show signs of breakage at a relative length increase of 1.8× compared to fibers deposited 

onto unstrained silicone sheets, and can thus be strained at least 5–6 times with respect to 

their resting state (5.4=1.8 / 0.333). It is currently believed that Fn fibers can be stretched 

three- to four-fold beyond their resting length (Ohashi et al., 1999). This conclusion was 

derived from various cell culture measurements of the lengths of chimeric GFP or YFP-Fn 

fibers before and after breakage or detachment of fibers under cell-dependent strain, from 

fiber rupture from laser damage, or after inhibition of cell contractility with cyto-chalasin B. 

Since physisorption to a substrate might have an impact on strain at which the fibers break, 

future work is needed to determine the extension at which freely suspended fibers rupture. 

The FRET ratios seen at the onset of fiber fracture, however, are also seen in native cell-

made matrix (see Fig. 2D).

2.5. High extensions of Fn fibers involve module unfolding

These data on the total range of extensibility of manually deposited Fn fibers further support 

recent conclusions that native, cell-derived Fn matrices are unfolded by cell traction forces 

(Baneyx et al., 2001; Baneyx et al., 2002; Smith et al., 2007). FRET measurements of dual-

labeled Fn matrices supported a model whereby Fn fiber elasticity involves unfolding of 

typeIII modules (Baneyx et al., 2001; Baneyx et al., 2002). The possibility of force-induced 

unfolding of Fn modules was initially suggested based on purely theoretical calculations 

(Erickson, 1994). The model assumed that Fn exists with a compactly folded quaternary 

structure in resting fibers, and that fibril elasticity originates from a separation of the 

overlapping dimer arms (quaternary structure) followed by an extension into a straight string 

of modules (loss of quaternary but not of secondary structure) (Abu-Lail et al., 2005). If one 

assumes that module unfolding does not occur prior to fiber breakage, this quaternary 

structural model only allows for a maximum 4-fold extension from compactly folded (~40 

nm) to extended (~130 nm; Erickson, 2002).We show here, however, that manually 

deposited Fn fibers can be stretched 5- to 6-fold prior to the onset of fiber breakage. 

Furthermore, fully relaxed manually deposited Fn fibers do not contain a measurable 
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population of Fn in the fully compact conformation (Fig. 3C and Smith et al., 2007). 

Therefore, Fn module unfolding must contribute to the extraordinary extensibility of Fn 

fibers. While our measurements cannot directly determine the IA/ID ratio below which 

mechanically stretched fibers unfold, CD measurements from Fn in solution indicate that Fn 

unfolding occurs at concentrations of GdnHCl well below 2 M. Khan et al. 1990 reported a 

26% loss in secondary structure for the central cell binding fragment of Fn (modules 

FnIII1–11) from a baseline of 5 (0 to 1.2 M GdnHCl) to ~3.7×102 deg×cm2×dmol−1 (2 M 

GdnHCl). A 26% loss of secondary structure within the FnIII1–11 fragment would roughly 

correspond to complete unfolding of three FnIII modules. If a FnIII module is unfolded 

mechanically (not chemically), it lengthens from ~3.2 nm to a contour length of ~28.5 nm 

(Oberhauser et al., 2002). If three modules are unfolded mechanically, an extended Fn 

molecule which is estimated to be 130 nm in length prior unfolding (Engel et al., 1981), 

would thus increase in length to 206 nm (130+3 * (28.5–3.2)), or 1.6-fold. Interestingly, Fig. 

3 shows that the average end-to-end distance of Fn increases roughly by a factor of 2 due to 

mechanical stretching at IA/ID ratios that correspond to those measured at 1.5 (0.58) and 2 M 

GdnHCl in solution (0.52), and are thus in agreement with our results derived from this 

strain. Since publishing 360 our first paper on using FRET to probe conformational 

alterations of Fn (Baneyx et al., 2001), the FRET signature of each batch of progressively 

denatured Fn in solution was determined. This allows for a comparison between batch to 

batch variations of labelled Fn, and for other groups to see whether their labelling protocols 

lead to comparable results. Certainly, Fn has different conformations in solution and in the 

fibrillar states. However, if the two dimeric Fn arms are separated by breaking stabilizing 

electrostatic interactions, the labelled domains do not have to move far to completely 

eliminate inter-arm FRET. Similarly, if two FRET probes are on adjacent domains, domain 

unfolding whether induced by force or chemically, rapidly leads to a distance increase that 

exceeds the Förster radius. Experiments are underway to identify the exact point at which 

fibrillar Fn starts to lose secondary structure by force-induced unfolding.

Data from these assay fibers also indicate that the fully relaxed state of fibrils is not 

composed of Fn dimers whose arms are already extended into a straight string of folded 

modules. Instead, some arms partially fold back upon themselves (intramonomer) as 

indicated by the finding that the fully relaxed fibers have IA/ID ratios which lie roughly half-

way between the average IA/ID value of compact Fn found in solution at 0 M GdnHCl (0.98) 

and the IA/ID value of extended Fn found at 1.5 M GdnHCl (0.58) (Figs. 2A, 3C). This 

conclusion agrees with other spectroscopic observations (Smith et al., 2007) and high-

resolution Cryo-scanning electron microscopy images showing that nodules decorate the 

otherwise smooth surface of the fibers (Chen et al., 1997; Peters et al., 1998). From the 

observed nodule sizes, itwas suggested that each nodule can contain ~4 FnIII modules. 

These nodules are shown in the Cryo-SEM studies to essentially disappear within fibers 

extended between cells, presumably because such fibers are under mechanical tension (Chen 

et al., 1997; Peters et al., 1998). Therefore, Fn fibrils upon stretch transition from a nodular 

to a smooth fibril structure where the nodules gradually disappear and their content 

integrates into the smooth fibers as the end-to-end distance of the fiber is increased. Future 

research must address whether the nodules completely disappear before the first Fn modules 

unfold as the fibers are strained, or if nodules and module unfolded can coexist at 
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intermediate strains. If straightening of the nodules takes less energy than breaking 

secondary structure, fiber extensibility might have two regimes: one associated with the loss 

of quaternary structure resulting from the backfolding of a few Fn modules into nodules and 

a second from loss of secondary structure at higher tensions.

2.6. The range of conformations observed from relaxed to highly strained manually 
deposited Fn fibers simultaneously exists within one field of view within ECM of living 
fibroblasts

In addition to the microscopic structural similarities and similar average IA/ID ratios of cell-

derived and manually deposited Fn fibers (0.59±0.09 vs. 0.62±0.06, respectively), further 

evidence that the assay fibers can serve as physiologically relevant and useful model systems 

lies in the observation that they can be strained or relaxed to yield IA/ ID ratios that span the 

range of IA/ID ratios found in single fields of view of ECM (Fig. 2E). When strained or 

relaxed, manually deposited fibers maintain a relatively narrow conformational distribution 

(Fig. 3C); the data points in the resulting FRET vs. strain curve for both relaxed and strained 

fibers had an average IA/ID standard deviation of only 0.018 (Fig. 3C), compared to 0.089 

found within cell-derived fibers (Fig. 2E). On absolute scales, cellular fibers had IA/ID ratios 

between 0.42 and 0.81 (from 4 M to 0.5 M GdnHCL equivalents) and a few particularly long 

and thin fibrils (Fig. 2D) showed IA/ID ratios between 0.42 and 0.58 (similar to Fn in 1.5–4 

M GdnHCL).

2.7. Fn fibers can be manually deposited in various orientations and curves to generate a 
variety of molecular conformations in one field of view after simultaneous one-
dimensional strain and relaxation

An advantageous property of a 1D stretch assay is that when a rectangular sheet is stretched 

3× their length in one dimension the width compresses ~0.59× in the orthogonal direction. 

Therefore, depositing “grids” of fibers onto 3× pre-strained sheet followed by a full 

relaxation of the sheet results in horizontal fibers relaxed 1/3× and vertical fibers stretched 

1.7× their end-to-end length, corresponding to the fully relaxed conformation and near-

breakage point on the IA/ID vs. strain calibration curve, respectively (Fig. 3C). Therefore, 

this method of pre-straining the sheet before depositing fibers in various angles and curves 

and subsequently relaxing it renders the highest possible range in homogeneous fibrillar Fn 

conformations existing in a single field of view without fiber breakage.

2.8. Mechanically strained Fn fibers expose cryptic binding sites for the N-terminal 70 kD 
Fn fragment at early extensions

A number of studies have demonstrated previously that either proteolytic cleavage or heat-, 

chemical-, or substrate-induced unfolding of soluble Fn reveals a variety of cryptic protein 

binding sites (for reviews see Pankov and Yamada, 2002; Vogel, 2006). However, to our 

knowledge only one study has investigated how protein binding relates to mechanically 

induced changes in fibrillar Fn conformation (Zhong et al., 1998) showing that the binding 

of Fn, the N-terminal 70 kD Fn fragment, and the L8 monoclonal antibody to cell-made Fn 

fibers was decreased when cells were treated with Rho inhibitors. Since Rho stimulates cell 

contractility, the authors concluded that cell-generated tension is needed to expose Fn’s 

binding sites for these proteins. Fig. 5C now shows that the binding of the 70 kD fragment to 
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Fn is indeed highly dependent on the Fn conformation. While the Rho inhibition studies 

only relaxed a native cell matrix which is, as we now know, composed of a broad range of 

conformations, we therefore used the assay presented above to generate fibers of defined 

conformations to examine how the binding of the 70-kd fragment relates to the conformation 

of Fn fibers as detected via FRET. Fig. 5C shows a representative field of view of the far-red 

channel (645 nm–745 nm) after Fn-d/a labeled-fibers were coated with Alexa Flour® 633-

labeled 70-kd fragment (See Materials and methods). In agreement with the results by 

Zhong et al. (1998), horizontal fibers strained 1.7× clearly bound more of the 70-kd 

fragment than the 1/ 3×-relaxed vertical fibers. Interestingly, the curved fiber in the image 

contains both vertical and more horizontal areas along its length as well as the transitional 

conformations between them. The 70 kDa Fn fragment appeared to begin binding to the 

curved fiber as the conformation of the Fn molecules within transitioned early in their 

extensibility range from a red to a yellow color, corresponding to IA/ID values calibrated to 

the ~1 M GdnHCL point, which as discussed above likely represents the transition between 

the resting to the extended conformation prior to the loss of major secondary structure. In 

the broader context, the 70 kD binding studies show that the assay is well suited for the 

study of strain-dependent protein–protein interactions.

3. Conclusions

A new strain assay is presented which is well suited for biochemical and cellular assays 

aimed at investigating if Fn within the extracellular matrix can act as a mechanotransducer. 

Essential features of the assay are the ability of tuning the conformational distribution of Fn 

by the application of external strain, and of probing the strain-induced protein 

conformational changes within a large number of parallel fibers or fiber grids. This assay has 

the capability to detect strain-dependent protein–protein interactions.

Future studies need to examine whether integrins or other proteins involved in outside-in cell 

signaling might bind to ECM fibers in a stretch-dependent manner which could then result in 

a stretch-dependent regulation of signaling pathways. Since it has been shown so far only 

that most cell types are capable of probing the rigidity of their environment (Discher et al., 

2005; Engler et al., 2006; Galbraith et al., 2002; Giannone and Sheetz, 2006; Ingber, 2006; 

Kostic and Sheetz, 2006; Vogel and Sheetz, 2006; Yeung et al., 2005), the assay introduced 

here could play a key role in the design of experiments that might distinguish between the 

force-induced functional changes of ECM molecules and of fiber rigidity on cell function.

4. Materials and methods

4.1. Isolation of Fn

Human plasma Fn was isolated from human plasma (Swiss Red Cross) via a previously 

described procedure involving the use of gelatin-sepharose chromatography (Engvall and 

Ruoslahti, 1977). Briefly, the serum was first centrifuged at 2000 RPM for 10 min to ensure 

the removal of all blood cells. The supernatant was then supplied with 10 mM 

ethylenediami-netetraacetic acid (EDTA) and 2 mM phenylmethylsulfonyl fluoride (PMSF) 

and centrifuged at 10,000 RPM for 15 min. The resulting supernatant was then passed 

through a sepharose 4B column (Sigma) and then through a gelatin-sepharose 4B column 
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until the eluant contained no detectable proteins (absorbance at 280 nm)—washing buffer 

was PBS with 10 mM EDTA and 2 mM PMSF. The column was then washed with 1 M 

NaCl followed by 1 M urea. Finally, the Fn was eluted using 6 M urea and its purity was 

confirmed using western blotting and silver staining (not shown).

4.2. Cell culture and fluorescent cell labeling

NIH-3T3 mouse fibroblasts were obtained from ATCC and cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with 10% Fetal Calf Serum (FCS) (Gibco). Human Umbilical 

Vein Endothelial Cells (HUVECs) were obtained from PromoCell and cultured in 

endothelial cell growth medium plus supplement (PromoCell). Both cell types were 

incubated in a humidified 37 °C chamber with 5% CO2. Only cells below passage 15 were 

used for the experiments described in this report. For Fig. 1E, HUVECs were fluorescently 

labeled with CellTrace™ Far Red DDAO-SE (Invitrogen) via the manufacturer’s protocol.

4.3. Fluorophore conjugation of Fn

Fn was dual-labeled with Alexa Fluor® 488 succinimidyl ester and Alexa Fluor® 546 

maleimide for FRET experiments via a modified procedure previously described (Baneyx et 

al., 2001). Plasma Fn contains two free sulfhydryls per subunit (Smith et al., 1982) which 

are buried within the tertiary structure of the Fn III7 and III15 modules (Mosher and Johnson, 

1983), which requires that they be exposed by denaturant for fluorophore conjugation. 

Briefly, Fn in 6 M urea taken from the final step of the isolation procedure was further 

denatured by the addition of guanidine hydrochloride (GdnHCL, 4 M final concentration) 

and incubated at room temperature for 5 min. A 25-fold molar excess of Alexa Fluor® 546 

maleimide was then added to the denatured Fn solution, mixed by gentle pipetting, and 

incubated at room temperature for 2 h with gentle rocking. Free dye from the solution was 

removed via size-exclusion chromatography with phosphate buffered saline (PBS, pH 7.4) 

through a PD10 column and the concentration of remaining Fn was determined via a 

spectrophotometer (MBA2000, PerkinElmer Instruments). At this point the free cysteine 

residues located within modules FnIII7 and FnIII15 (4 total per Fn dimer) are specifically 

labeled with dye.

Next, sodium bicarbonate was added to the solution to a final concentration of 0.1 M at pH 

8.7 for amine labeling. A 110-fold molar excess of Alexa Fluor® 488 succinimidyl ester was 

then added to the solution and allowed to incubate for 1 h at room temperature with gentle 

rocking to randomly label amine residues. Free dye was again removed from the solution via 

size-exclusion chromatography and the eluant solution was determined via 

spectrophotography to have Fn labeled on average with 6.7 donors (Alexa Fluor® 488) and 

3.7 acceptors (Alexa Fluor® 546). The point at which fragments contaminated the eluant 

was determined via Western blotting (not shown) and only the volume before this point was 

collected for experiments. The Fn solution was stored in frozen 10 µl aliquots and only used 

when thawed for less than 5 days. This batch of dual-labeled Fn (Fn-d/a) was used to collect 

all the FRET data in Figs. 2–4 presented in this report. The batch used for Fig. 5 was 

prepared by the same methods and had on average 6.0 donors and 3.6 acceptors.
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4.4. Chemical denaturing curve, microscopy, and FRET analysis

To calibrate how FRET relates to the loss of quaternary (separation of the dimer arms) and 

tertiary structure, the IA/ID ratios were determined for Fn in denaturing solutions of 0 M, 1 

M, 2 M, and 4 M GdnHCL. Bovine Serum Albumin (BSA)-coated glass coverslips and glass 

microscope slides were used to create 2 mm wide chambers to house the GdnHCL-Fn-d/a 

solutions and to prevent adsorption to the glass surfaces. 200 µm-thick silicone sheets (SMI, 

Saginaw, MI) were used for the chamber walls and spacer for the coverslip and slide. The 

Fn-d/a solution (~2 µL) was drawn into the chamber via capillary forces and each solution 

was imaged via scanning laser confocal microscopy (Olympus FV-1000). The samples were 

excited at 488 nm and the two emission detection windows were set at 514–526 nm (donor 

channel) and 566–578 nm (acceptor channel) to capture their peak emissions.

Spatially resolved FRET analysis (by pixel) was then performed using a custom script 

written in PHP (Php Hypertext Preprocessor, www.php.net) or Ruby (www.ruby-lang.org) 

together with image analysis software (GD graphics library, www.boutell.com/gd—

ImageMagick Software Suite, www.imagemagick.org). The script first subtracted a dark 

current background from each channel (acquired from each experiment), then applied a 1-

pixel radius Gaussian blur (with a 1-pixel standard deviation) to each channel to smooth 

errant intensity values. The intensity of the 12-bit acceptor channel (values from 0–4095) for 

each pixel was then divided by the intensity of the corresponding 12-bit donor channel (as 

long as each channel’s intensity value was above a threshold of at least 100 and not saturated 

at 4095) to yield IA/ID ratios. Decreasing IA/ID ratios indicate increased nodule extension 

and domain unfolding. To generate spatially resolved FRET maps, the IA/ID ratio for each 

pixel (0.33 µm×0.33 µm) was mapped to a false color, with red and blue representing 

compact and unfolded conformations, respectively.

4.5. Cell-derived Fn fibers

Fn-d/ -labeled cell-derived matrix was obtained by a modified procedure previously 

described (Baneyx et al., 2001). Briefly, a 10 µg/mL solution of unlabeled Fn (u-Fn) was 

first adsorbed onto a glass coverslip for 30 min at room temperature and before a near-

confluent layer of NIH-3T3 cells was cultured. Thirty minutes later the cells were rinsed 

with media and then incubated in media containing 45 µg/mL of u-Fn and 5 µg/mL of Fn-d/a 

in order to avoid intermolecular FRET (Baneyx et al., 2001). After 24 h, the sample was 

rinsed with PBS at 37 °C and then filled with a 2 mM 6-Hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox) solution in PBS for live imaging of the 

matrix.

4.6. Manually deposited Fn fibers

Manually deposited Fn fibers were generated by a modified procedure previously described 

(Ejim et al., 1993). In all fibrillar experiments, soluble Fn-d/a was diluted into 95% 

unlabeled Fn to prevent intermolecular FRET. At this dilution factor, the acceptor intensity 

divided by donor intensity (IA/ID) ratio was independent of the Fn concentration, ensuring 

that the signals reported here originate from intramolecular FRET (Fig. S3). Briefly, a 

plastic pipette tip was cut into a sharp point and dipped into a 0.76 mg/mL 5% Fn-d/a / 95% 

u-Fn droplet on a 200 µm-thick silicone sheet (SMI, Saginaw, MI) that was pre-cleaned by 
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immersion in ethanol for 10 min and gently drawn upward to induce Fn polymerization. The 

resulting fiber was then deposited onto the surface ~1–2 cm away from the droplet slightly 

pressing the tip into the elastic silicone sheet. Once the desired number and pattern of fibers 

were deposited, the droplet and sample would be allowed to dry for 5 min before rinsing 

four times with a 2% (w/v) bovine serum albumin (BSA) solution in PBS. Samples were left 

in this BSA solution at room temperature no longer than 2 h before use.

Once in contact with glass or silicone substrates, the fibers attach tightly along their full 

length, which was confirmed by using a microneedle to disrupt the fiber at various locations 

in both dry and aqueous environments. Instead of detaching and/or recoiling non-uniformly 

away from a break, the fiber stayed in place and only the immediate area around the 

microneedle was cut, independent of where the break occurred (not shown). This 

observation was also confirmed by the fact that the fibers did not detach from the silicone 

substrate when stretched and the spatially resolved IA/ID ratios were homogeneous when 

strain was applied or released (Fig. 3).

4.7. Fluorescent labeling and adsorption of the 70-kd Fn fragment

For adsorption studies, Alexa Fluor® 633 was used to fluorescently label the 70-kd N-

terminal Fn fragment (Sigma) per the manufacturer’s protocol. After depositing Fn fibers on 

3× strained silicone substrates as described above in various angles and curves, the substrate 

was fully relaxed resulting in a 1/3× relaxation of fibers in the direction of the one-

dimensional strain and a 1.7× extension of perpendicular fibers. A ~0.1 g/L solution of the 

labeled 70-kd fragment in PBS was introduced to the fibers for 10 min at room temperature 

then rinsed 4× with PBS before imaging.

4.8. AFM of manually deposited fibronectin fibers

Surface scans of Fn fibers (Fig. 4I, J) were obtained by first depositing the fibers onto 4× 

pre-strained silicone substrates in an orientation perpendicular to the direction of 1D strain 

and rinsing 4× with PBS. After full relaxation of the substrate in PBS the fibers resulted in 

being strained 2× to induce fracturing. AFM of dried samples was used in AC-mode 

(Asylum Research, MFP-3D). The cantilever was an Olympus silicon cantilever AC160TS, 

operating slightly below the resonance frequency of 292 kHz at a scan rate of 0.3 Hz.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ECM extracellular matrix

Fn Fibronectin

FRET fluorescence resonance energy transfer

Fn-d/a Fn labeled with donor and acceptor fluorophores

GdnHCL guanidine hydrochloride

IA/ID ratio of the acceptor intensity divided by the donor intensity

u-Fn unlabeled Fn
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Fig. 1. 
Fabrication and characterization of manually deposited fibronectin fibers. (A) A pipette tip is 

submersed slowly into a concentrated solution (0.76 mg/mL) of fibronectin (Fn) and 

removed to generate polymerized Fn fibers that were deposited onto stretchable silicone 

sheets. (B) Differential Interference Contrast (DIC) and (C) fluorescence images of a fiber as 

it extends away from the droplet (upper-left corner) reveal a bundling behavior that is 

confirmed via (D) a Scanning Electron Micrograph taken along the length of the fiber. (E) 

DIC image of Human Foreskin Fibroblasts (HFFs) adhered to and oriented along the length 
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of a fiber. (F) 3D-confocal microscopy reconstruction of a Human Umbilical Vein 

Endothelial Cell (HUVEC) spread on a manually deposited fiber: the cell is fluorescently 

labeled with a CellTrace™ Far Red dye (Invitrogen) and cultured for 1 h after seeding onto 

an Alexa Flour® 488-labeled fiber. A dual-channel z-stack and Imaris™ software (Bitplane) 

were used to render the image shown. Grid marks represent 10 µm. The image is 

representative of cells on manually deposited fibers and confirms that cell adhesion occurs 

on the top and sides of a fiber but not onto the underlying substrate.
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Fig. 2. 
Spatially resolved conformational mapping by Fluorescence Resonance Energy Transfer 

(FRET) and comparison of FRET histograms of manually deposited fibronectin and 

extracellular matrix fibers of living fibroblasts. (A) Plasma fibronectin, dual-labeled with 

donors and acceptors (Fn-d/a—see Materials and methods), is subjected to increasing 

concentrations of guanidine hydrochloride (GdnHCL) to calibrate a ratio of the acceptor 

intensity divided by the donor intensity (IA/ID) to known conformational states of fibronectin 

in solution. In concentrations greater than 1.5 M GdnHCL, circular dicroism indicates that 

fibronectin undergoes a rapid and significant loss of secondary structure causing the Fn 

modules to unfold (Alexander et al., 1979; Baugh and Vogel, 2004). (B) Reproducibility of 

conformational distribution: 11 manually deposited Fn fibers containing 5% Fn-d/a were 

laid onto a transparent sheet of silicone and the pixel-resolved IA/ID values were mapped to 

a color gradient representing module-unfolded (blue) or dimer-arm separated (red) Fn 

conformations. Images of individually deposited fibers here were mounted next to each other 

for presentation purposes (though it is possible manually, see Fig. 5). (C) A fluorescence 

image of a 24-h cell-derived Fn matrix derived from NIH-3T3 fibroblasts (Baneyx et al., 

2001) is shown beside the (D) corresponding false color FRET map. (E) The top histogram 

represents IA/ID data collected from every pixel analyzed from the eleven fibers shown in 

(B). The middle histogram shows the IA/ID data collected from the single fiber in (B) as 

denoted by the *. The bottom histogram shows the IA/ID data collected from the cell-derived 

Fn matrix image in (D). The absolute strain scale represents the average IA/ID values of Fn 

fibers, from fully relaxed (nodules of quatenary structure are present), to extended, to 

unfolded, to the point where they begin to break (5.4×), as described in the text and in Fig. 3. 

Scale bar in (B) is the same scale as the images in (C) and (D).
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Fig. 3. 
FRET vs. strain dependency of manually deposited fibronectin fibers probed by externally 

stretching a supporting silicone sheet. (A) Histograms of pixel-resolved acceptor channel / 

donor channel ratios (IA/ID) from representative fibers shown in (B) and cell-derived fibers 

from Fig. 2D,E containing 5% dual-labeled fibronectin. The absolute strain scale represents 

the average IA/ID values of Fn fibers that are fully relaxed or extended to the point where 

they begin to break (5.4×), as described in the text and shown in (C). The fibers are 

subjected to 1/4× release of strain (orange), no strain (green), or 4× applied strain (blue) and 

show that distinct and uniform conformational changes can be induced via mechanical strain 

and each mean IA/ID can be found within the histogram of cell-derived fibers. For 

presentation purposes, the fibers in (B) have been cropped to scale in order to demonstrate 

the length reductions and extensions achievable via the strain device. (C) A plot of the 

average IA/ID±standard deviation versus applied to or released strain from manually 

deposited Fn fibers (see Materials and methods). Average values were obtained from at least 

10 fibers to compute a single data point. Released strain is acquired by pre-straining the 

silicone substrate before pulling fibers and then relaxing the strain device. IA/ID values are 

calibrated to chemical denaturing data (Fig. 2A). The absolute scale of strain is shown as 

well, assuming that 1/3× is the point of full relaxation. Scale bar in (B)=50 µm.
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Fig. 4. 
Fn fiber breakage for fibers that are adherent to an elastic silicone substrate. (A) A spatially 

resolved FRET map of manually deposited Fn fibers subjected to a 2× increase in substrate 

length shows areas of fiber breakage and large areas of mechanically induced unfolded Fn 

Type III modules, as confirmed via (B) a histogram of every pixel’s acceptor intensity / 

donor intensity (IA/ID, see Materials and methods) and calibrated to a guanidinium 

hydrochloride (GdnHCL) denaturing curve. The absolute strain scale represents the average 

IA/ID values of Fn fibers that are fully relaxed or extended to the point where they begin to 

break (5–6×), as described in the text and in Fig. 3. (C) Zooming in on an example breakage 

location in a fiber as noted by the red box in (A). (D) A fluorescence image of the break, 

especially a (E) contrast-enhanced imaged, reveals that a small number of individual strands 

are being pulled apart and left behind in the breakage gap that are not detected in our FRET 

measurements due to the necessary analysis thresholding (see Materials and methods). (F) 

AFM image confirming the presence of a small amount of fibrillar Fn left on the substrate 

and a tapered end to the broken fiber. Inset zoomed-in image of a fractured fiber end shows 

the receding strands. (G) Some breaks also show only a small amount of Fn left behind on 

the substrate and show more blunted fibers ends. Scale bar in (A)=30 µm, Scale bar in 

(D)=15 µm and is the same scale as the images in (C) and (E).
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Fig. 5. 
Stretch-dependent adsorption of the 70-kd N-terminal Fn fragment to a wide range of 

fibrillar Fn conformations generated in a single field of view. (A) Fn fibers were manually 

deposited onto a 3× pre-strained silicone sheet in curves and anti-parallel orientations and 

then fully relaxed to simultaneously strain horizontally oriented fibers in (B) 1.7× and relax 

vertically oriented fibers in (B) 1/3×. A histogram of the resulting IA/ID for each pixel 

analyzed (see Materials and methods) is shown and color-coded so that the corresponding 

image map (B) can be used to easily identify highly strained fibers (blue) and fully relaxed 

fibers (red) and conformations in between. (C) A solution of Alexa Flour® 633-labeled 70-

kd Fn fragment was adsorbed to the substrate for 10 min, rinsed 4× with PBS, then imaged 

in a far-red channel (645 nm–745 nm). Stretched fibers (horizontal orientation) clearly bind 

more of the protein fragment than relaxed fibers (vertical orientation), and the curved fiber 

shows that the transition between relatively low and high binding occurs where the region of 

the fiber transitions between a vertical and horizontal alignment.
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