Coexisting conformations of fibronectin in cell culture
imaged using fluorescence resonance energy transfer

Gretchen Baneyx, Loren Baugh, and Viola Vogel*

Department of Bioengineering, University of Washington, Seattle, WA 98195

Edited by Erkki Ruoslahti, The Burnham Institute, La Jolla, CA, and approved September 27, 2001 (received for review August 10, 2001)

Fluorescence resonance energy transfer (FRET) between fluoro-
phores attached to single proteins provides a tool to study the
conformation of proteins in solution and in cell culture. As a protein
unfolds, nanometer-scale increases in distance between donor and
acceptor fluorophores cause decreases in FRET. Here we demon-
strate the application of FRET to imaging coexisting conformations
of fibronectin (Fn) in cell culture. Fn is a flexible 440-kDa extracel-
lular matrix protein, with functional sites that are regulated by
unfolding events. Fn was labeled with multiple donor and acceptor
fluorophores such that intramolecular FRET could be used to
distinguish a range of Fn conformations. The sensitivity of FRET to
unfolding was tested by progressively denaturing labeled Fn using
guanidium chloride. To investigate Fn conformation changes dur-
ing cell binding and matrix assembly, we added labeled Fn to the
culture medium of NIH 3T3 fibroblasts. Coexisting conformations
of Fn were visualized using fluorescence microscopy, and spectra
from specific features were measured with an attached spectrom-
eter. Using FRET as an indicator of Fn conformation, Fn diffusely
bound to cells was in a compact state, whereas Fn in matrix fibrils
was highly extended. Matrix fibrils exhibited a range of FRET that
suggested some degree of unfolding of Fn’s globular modules. Fn
in cell-associated clusters that preceded fibril formation appeared
more extended than diffuse cell-bound Fn but less extended than
fibrillar Fn, suggesting that Fn undergoes extension after cell
binding and before polymerization. FRET thus provides an ap-
proach to gain insight into the integrin-mediated pathway of Fn
fibrillogenesis.

maging tools that discriminate between protein conformations

in cell culture are essential for insight into how changes in
protein structure modulate cell signaling. Fluorescence reso-
nance energy transfer (FRET) has emerged to fill a void in
techniques that provide high-resolution structural information
on proteins adsorbed to surfaces or in cell culture. FRET is the
nonradiative transfer of excitation energy from a fluorescent
molecule, called the donor, to another molecule, called the
acceptor (1, 2). It is generally detected as an increase in acceptor
emission with a concomitant decrease in donor emission. Energy
transfer from donor to acceptor fluorophore decays rapidly with
increasing distance (the rate is inversely proportional to the sixth
power of the separation), resulting in nanometer-scale sensitivity
for distances up to 10 nm. By using fluorescently labeled
proteins, FRET has been applied to detect protein—protein
association on cell surfaces (3, 4) as well as unfolding transitions
of proteins in solution (5, 6). Here we demonstrate FRET
applied to imaging coexisting protein conformations in cell
culture.

Fibronectin (Fn) was chosen as a model protein because it
undergoes dramatic conformational changes that control its
biological activity, yet the underlying molecular mechanisms are
largely unknown. In blood and when secreted by cells such as
fibroblasts, Fn is a soluble dimer. The dimer arms are connected
at their carboxyl termini by a pair of disulfide bonds and consist
of globular modules linearly connected by short linkers of
variable flexibility. In soluble form, van der Waals and electro-
static interactions between modules stabilize Fn in a compact
conformation, unreactive to other extracellular matrix proteins
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and to self-assembly. After binding cell integrins via its two
arginine-glycine-aspartic acid sequences, Fn assembles into high
molecular weight fibrils that constitute the primitive extracellu-
lar matrix before collagen deposition in wound healing and
development (7). The mechanism controlling polymerization is
unclear, although it is likely that cryptic sites required for
self-assembly are exposed by integrin-mediated stretching of Fn
(8-10). In fibrils, Fn is thought to exist with its dimer arms
extended in an antiparallel orientation (11). Further extension by
the unfolding of individual Fn modules has been proposed to
account for the high degree of elasticity of Fn fibrils observed in
cultures of Chinese hamster ovary cells expressing Fn chimeric
with green fluorescent protein (12).

Our objective when labeling Fn was to place donor and
acceptor fluorophores along the protein such that energy trans-
fer between them would be sensitive to Fn unfolding. The Fn
dimer is ~160-nm long when linearly extended (13), whereas
FRET occurs over a range of only 1-10 nm. As a result, a single
donor-acceptor pair would give limited information about the
unfolding of compact Fn to an extended state. We labeled Fn
with multiple donor and acceptor fluorophores per protein such
that a range of Fn conformations could be detected by gradual
changes in the level of FRET.

We tested the sensitivity of intramolecular FRET to confor-
mational change by unfolding labeled Fn in solution using
guanidium chloride (GdnHCI). Under denaturing conditions
sufficient to disrupt interactions between modules but too mild
to unfold them (1-2 M GdnHCI), Fn undergoes a transition to
a more extended conformation thought to be similar to that
observed by electron microscopy when Fn is adsorbed to surfaces
with its arms extended (13). Higher concentrations of denaturant
(>2 M GdnHQl) result in progressive unfolding of Fn’s globular
modules (14). We used the known unfolding behavior of Fn in
solution to correlate the level of FRET to the degree of Fn
unfolding. We then added labeled Fn to the culture medium of
fibroblasts and allowed the cells to incorporate it into their
fibrillar matrix. In this report we describe the use of epifluores-
cence microscopy and spectroscopy to study the conformational
transitions of Fn as it is bound to cells from solution, clustered
by cell membrane integrins, and assembled into fibrils.

Materials and Methods

Fn Labeling. Human plasma Fn (>95% purity, Life Technologies,
Rockville, MD) at 2 mg/ml in PBS (0.02 M sodium phosphate
buffer/0.15 M NaCl, pH 7.2) was denatured with 4 M GdnHCI
(Sigma) for 15 min to expose the four free sulfhydryl groups per
Fn dimer (15). The sulfhydryl-reactive fluorescent probe, tetra-
methylrhodamine-5-maleimide (TMR, Molecular Probes), was
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added at a 20-fold molar excess and incubated for 2 h with gentle
mixing. The resulting Fn-fluorophore conjugate was separated
from unbound fluorophores and GdnHCI by size-exclusion
chromatography using a Sephadex G-25 gel filtration column
(Amersham Pharmacia). The labeling ratio (average number of
fluorophores per Fn dimer) was calculated from the solution
absorbance at 280 and 556 nm. In the second labeling step, the
amine-reactive fluorescent probe, Oregon green 488 carboxylic
acid-succinimidyl ester-6-isomer (OG, Molecular Probes), was
reacted to the Fn-TMR conjugate according to standard amine-
labeling protocol (16). The resulting Fn labeled with donors and
acceptors (Fn-D/A) was separated from unbound fluorophores
as described before, and labeling ratios were calculated from the
solution absorbance at 280, 496, and 556 nm. Extinction coef-
ficients for TMR and OG were measured in PBS buffer, whereas
a literature value of 1.28 cm'mg~!-ml~! was used for Fn (17). The
two-step labeling process resulted in an average of 7.2 = 0.8 OG
donors and 3.2 £ 0.5 TMR acceptors per Fn dimer (n = 5
batches). A single batch of Fn labeled with an average of 7.0 OG
donors and 3.7 TMR acceptors per dimer was used in the
experiments presented here.

Fluorescence Spectroscopy of Labeled Fn in Solution. FRET associ-
ated with labeled Fn in PBS was measured using a standard
fluorescence spectrophotometer (Hitachi F-4500) with excita-
tion at 488 nm. The sensitivity of FRET to unfolding was
evaluated by progressively denaturing Fn-D/A in PBS using a
series of GdnHCI concentrations from 0 to 8 M. A mixture of
unbound donor and acceptor fluorophores in solution was used
as a control for direct excitation of the acceptor. Dilution of
Fn-D/A with PBS had no effect on the ratio of donor and
acceptor emission, indicating the absence of energy transfer
between adjacent proteins in solution. Measurement of FRET
over a range of denaturant concentrations was repeated using an
epifluorescence microscope with an attached spectrometer (see
below). The resulting curve allowed correlation of FRET effi-
ciency and degree of Fn unfolding.

Incorporation of Labeled Fn into Cell Matrix Fibrils. Sterile glass
coverslips were coated with unlabeled Fn by adsorption from a
25 ug/ml Fn solution in PBS for 1 h at 25°C. NIH 3T3 fibroblasts
(American Type Culture Collection) were plated at a density of
5 X 103 cells per cm? in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum. Unbound cells were removed by
rinsing at 1 h, and a mixture of Fn-D/A with a 10-fold excess of
unlabeled Fn was added to the culture medium to give a final Fn
concentration of 100 ug/ml. Excess unlabeled Fn was used to
prevent energy transfer between adjacent proteins. Samples
were incubated for 24 h to allow cells to incorporate labeled Fn
into well developed matrix fibrils, or 1-4 h to examine earlier
stages of matrix assembly. Cells were fixed with 4% paraformal-
dehyde in PBS for 30 min and mounted on glass slides with
Pro-Long anti-fade reagent (Molecular Probes).

Fluorescence Microscopy and Spectroscopy of Labeled Fn in Cell
Culture. Fluorescence imaging and spectroscopy were performed
using an inverted epifluorescence microscope (Nikon TE 200)
with a 512 X 512 pixel, back-illuminated, liquid nitrogen-cooled
charge-coupled device (CCD) camera (TEKS512, Princeton In-
struments, Trenton, NJ). Spectroscopy was accomplished by
placing a spectrometer (Acton 150, Acton Research Corpora-
tion, Acton, MA) in the emitted light path between microscope
and camera. For direct visualization (through the oculars), we
selected filters that allowed donor excitation and transmitted
both donor and acceptor emission: an FITC filter cube [460—
500-nm (blue) excitation filter and 510-nm cutoff dichroic
mirror] modified with a 510-nm high-pass emission filter. This
filter combination resulted in samples with features that ap-
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peared green, yellow, and red. For collection of emission spectra
from isolated features in the samples, we used the same filter
combination but inserted a slit and a diffraction grating into the
emitted light path. The slit restricted the emitted light to a thin
section of the sample, and the grating (300 lines per mm, 500-nm
blaze) separated the emitted light into a range of wavelengths
before reaching the CCD chip. METAMORPH software (Universal
Imaging, Media, PA) was used to convert imaged light into
spectral intensities at each wavelength, from 500 to 700 nm along
the image horizontal axis, and at the region of interest along the
vertical axis. Background spectra were taken from a region in the
same image without features and subtracted. IGOR PRO (Wave-
Metrics, Lake Oswego, OR) was used for normalization of
spectra and for graphing.

For imaging using a black and white CCD (higher sensitivity
than color CCDs), it was necessary to collect donor and acceptor
images separately, assign false colors to each (green and red,
respectively), and overlay the images. Donor fluorescence was
collected with a standard fluorescein filter set: 460-500-nm
(blue) excitation filter, 510-nm cutoff dichroic mirror, and
510-560-nm (green) emission filter. Acceptor fluorescence
caused by FRET was collected with the same excitation filter and
dichroic mirror but with a 590-650-nm (red) emission filter.
Acceptor fluorescence caused by direct acceptor excitation was
collected as well, using a standard rhodamine filter set: 500—
550-nm (green) excitation filter, 560-nm cutoff dichroic mirror,
and 590-650-nm (red) emission filter. Images and spectra were
collected with an X100 oil immersion objective (Plan Fluor, 1.30
numerical aperture, Nikon).

Results

Fn was labeled with donor and acceptor fluorophores, and the
sensitivity of intramolecular FRET to changes in Fn conforma-
tion was confirmed. Labeling was performed using two simple
reaction chemistries: the conjugation of fluorophores to cysteine
and amine residues. There are two free cysteines on each arm of
the Fn dimer, one on the Fnlll; module and the other on Fnlll;s,
and they become accessible after denaturing with 4 M GdnHCl
(15). However, when only the two cysteine residues were labeled,
FRET between donor-acceptor pairs was sensitive only to initial
Fn unfolding at a low denaturant concentration (<2 M GdnHCl)
and insensitive to further unfolding at a higher concentration
(2-8 M GdnHClI). This behavior is consistent with changes in Fn
conformation after denaturing shown by Khan et al. (14). When
we labeled the cysteines with acceptors and amines with donors,
FRET varied over the entire range of GdnHCI concentrations,
indicating sensitivity to a larger range of unfolding events. Fig.
1 shows the decrease in FRET after denaturation of Fn in 1 and
4 M GdnHCI in PBS. Energy transfer yields an increase in
acceptor emission accompanied by a decrease in donor emission
(Fig. 1, Inset); spectra have been normalized to the donor peak.
Thus, changes in energy transfer are reflected only by changes
in the acceptor emission peak. The energy transfer remaining at
high denaturant concentration (4 M GdnHCI) was likely caused
by close proximity of donors and acceptors along the protein or
to bending of labeled Fn (Fn-D/A) in solution bringing two
fluorophores close together.

When Fn-D/A was diluted 50-fold with PBS, from 0.5 to 0.01
mg/ml, there was no effect on the relative intensity of the donor
and acceptor peaks. A second control using a 50-50 mixture of
Fn labeled with either all donors or all acceptors showed no
energy transfer. These results confirmed that FRET was caused
by intra- rather than intermolecular interactions.

For an accurate comparison of FRET between Fn-D/A in
solution and in cell culture, solution spectra were measured
again, this time using an epifluorescence microscope with an
attached spectrometer (see Materials and Methods). Changes in
FRET associated with Fn-D/A unfolding were measured over a
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Fig. 1. Fluorescence emission spectra of Fn-D/A in PBS solution measured

with a standard fluorescence spectrophotometer. The sensitivity of energy
transfer to Fn unfolding was tested by denaturing Fn-D/A with GdnHCl at 0
(solid black), 1 (dark gray), and 4 M (light gray) in PBS. A 50-50 mixture of Fn
labeled with either donor or acceptor fluorophore at the same total Fn
concentration is shown for comparison (dashes). Spectra are normalized to the
donor emission peak (520 nm) such that changes in energy transfer are
reflected only by changes in the acceptor peak (570 nm). (Inset) Spectra before
normalization.

range of GdnHCI concentrations (0-8 M) in PBS (Fig. 2). The
change in spectral shape from Fig. 1 to Fig. 2 is caused by a
reduction of the low-wavelength portion of the 520-nm donor
emission peak by the dichroic and emission filters in the micro-
scope, a tradeoff for minimizing direct excitation of the acceptor
fluorophore. The dramatic decrease in FRET from 0 to 2 M
GdnHCl was caused by extension of Fn due to disruption of ionic
interactions that stabilize the globular state. At higher denatur-
ant concentrations (>2 M GdnHCI) Fn modules progressively
unfold (14, 18). Thus, the decreases in FRET observed in >2 M
GdnHCI were likely the result of increasing donor-acceptor

100 = 10
i § oo
- S o8
S S o
5 08
% g 05
c 60 0.4
2’. 012345678
k= GdnHCI concentration (M)
O 404
=
©
e 20
04
500 550 600 650 700
Wavelength (nm)
Fig. 2.  Fluorescence emission spectra of Fn-D/A in PBS solution measured

with a spectrometer attached to an epifluorescence microscope. The differ-
ence in spectral shape (compare with Fig. 1) is caused by a reduction of the
low-wavelength fraction of donor emission by the microscope dichroic mirror
(510-nm cutoff), a tradeoff for minimizing direct excitation of the acceptor
fluorophore. FRET was measured over a range of GdnHCI concentrations: 0
(black, upper curve), 0.5 (dark gray), 1 (gray), 2 (light gray), 3 (dashed), 4 (black,
lower curve), and 8 M (indistinguishable from 4 M). A mixture of unbound
donor and acceptor fluorophores in PBS is indistinguishable from 4 and 8 M
GdnHCl spectra. (Inset) FRET (acceptor peak intensity divided by donor peak)
as a function of GdnHCI concentration.
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separations caused by module unfolding. Fn-D/A in 4 and 8 M
GdnHCI exhibited spectra indistinguishable from that of un-
bound fluorophores in solution, indicating that complete dena-
turing of Fn-D/A eliminated FRET. The fluorescence remain-
ing at 570 nm even at 8 M GdnHCI was caused by the spectral
tail of the donor emission and by direct excitation of the
acceptor.

Having tested the sensitivity of intramolecular FRET to
known Fn unfolding behavior, we applied the technique to study
Fn conformation in cell culture. Fn-D/A mixed with a 10-fold
excess of unlabeled Fn was added to the growth medium of newly
adherent NIH 3T3 fibroblasts on glass. Cells were allowed to
incorporate the exogenous Fn into their extracellular matrix for
1, 2, 4, or 24 h. By using epifluorescence microscopy to excite
donor fluorophores and transmit both donor and acceptor
emission, we were able to directly visualize coexisting protein
conformations. Regions of the sample at which Fn-D/A exhib-
ited high levels of FRET appeared red, and regions with low
levels of FRET appeared green. Because high FRET is caused
by a smaller average separation of donors and acceptors, red
indicated Fn in a more compact state, and green indicated Fn in
a more extended state.

Fig. 3 shows the variation in FRET associated with Fn-D/A
in fibroblast cultures after 24 h. Dramatic differences between
populations of labeled Fn are apparent immediately. The most
striking difference was observed between Fn-D/A diffusely
bound to cells, which appeared red, and Fn-D/A in the fibrillar
matrix, which appeared green (Fig. 34). A 10-fold excess of
unlabeled Fn was used to prevent intermolecular energy transfer
in these experiments; when a 50-fold excess of unlabeled Fn was
used as a control, no significant differences in the shape of FRET
spectra were observed.

For spatially resolved FRET measurements, we switched from
an imaging to a spectroscopic mode (see Materials and Methods).
A microscopic feature of interest was centered on the CCD, and
a slit was inserted to block fluorescence from the rest of the
sample. Fig. 3B shows typical emission spectra from different
cellular features. Fn-D/A diffusely bound to cells exhibited
higher FRET than Fn-D/A in matrix fibrils, as was visible in the
images. Fn-D/A bound to cells showed an emission spectrum
nearly identical to Fn-D/A in PBS with no denaturant, whereas
matrix fibrils exhibited FRET that ranged between that of
Fn-D/A in 1 and 4 M GdnHCl solutions (hatched region in Fig.
3B). All spectra were obtained from fibrils that were distinctly
separate from cell membranes to prevent superposition of
spectra from the two protein populations.

One of the outstanding questions regarding Fn—cell interac-
tions concerns how soluble Fn dimers are polymerized into a
multimeric fibrillar matrix. Although the molecular pathway is
unknown, conformation changes in Fn are thought to play an
integral role (see Discussion). To examine Fn conformational
changes during matrix assembly, we analyzed samples fixed at 1,
2,4, or 24 h after plating fibroblasts with Fn-D/A. Typical results
are shown in Fig. 4.

At 1 h, most of the cell-bound Fn-D/A shows red emission
while a bright green ring begins to form around the cell. Fn-D/A
in this ring exhibits sharply reduced FRET comparable to that
of Fn-D/A in 3-4 M GdnHCl solutions, indicating conversion to
a more extended state. At 2 h the green ring becomes filamen-
tous with small fibrils radiating from the cell edge. By 4 h, long
fibrils are associated with cell lamellopodia, and by 24 h many
cells are confluent and coexist in various states of matrix
assembly. In many samples we observed clusters of Fn-D/A on
the surfaces of cells (Fig. 4, arrows). The clusters were brighter
than the diffuse, cell surface-bound Fn-D/A and appeared
yellow. FRET from the clusters was comparable to Fn-D/A in
1-2 M GdnHCI, suggesting that Fn in clusters is on average
extended relative to the diffuse, cell-bound Fn but not as
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Fig. 3. Coexisting conformations of Fn in cell culture. (A) Superposition of
donor and acceptor emission images after donor excitation. Fn-D/A diffusely
bound to the cell appears red because of a high level of FRET, indicating a
compact Fn conformation. Fn-D/A in the fibrillar matrix appears green be-
cause of low FRET, which suggests that Fn is in a more extended conformation.
(Scale bar, 10 um.) (B) Fluorescence emission spectra from Fn-D/A in cell
culture. Diffuse cell-bound Fn-D/A (red) shows higher FRET than Fn-D/Ain the
fibrillar matrix (green). Fibrillar Fn-D/A exhibits a range of FRET (indicated by
the hatched region). Shown in black are solution spectra of Fn, indicated by
numbered lines: 1, 0 M GdnHCI; 2, 1 M GdnHCI; 3, 4 M GdnHCl.

extended as Fn in the fibrillar matrix. The clusters were not
caused by precipitation of Fn aggregates because they were
absent from the sample background.

Discussion

In this study we used FRET to identify different Fn conforma-
tions in solution and in cell culture, illustrating that intramolec-
ular energy transfer can be used as an indicator of protein
conformation. Labeling Fn with multiple donor and acceptor
fluorophores rather than a single donor-acceptor pair resulted in
sensitivity to a range of Fn conformations. Fn unfolding from
globular to fully denatured led to an increase in the average
donor-acceptor separation and thus a decrease in energy trans-
fer. Differences in FRET between populations of labeled Fn in
cell culture were apparent immediately in fluorescence micros-
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Fig. 4. Conformational transitions of Fn-D/A during matrix assembly. The
transition of Fn-D/A from a more compact (red, high FRET) state to a more
extended (green, low FRET) state is visible around the cell periphery before
fibril formation (1 and 2 h). Yellow clusters of Fn-D/A were observed on
regions of cells where fibrils did not yet exist (1, 4, and 24 h; arrows). (Scale
bars, 10 um in the 1-, 2-, and 4-h images and 25 um in the 24-h image.)

copy by the color of fluorescence emission. Images provide a
conformational map in which red indicated Fn in a compact
state, green a more extended state, and yellow an intermediate
degree of unfolding. Spectroscopy allowed comparison of more
subtle differences in FRET within and between samples. If
conformational changes of Fn-D/A produce consistent changes
in the donor-acceptor separation, then FRET can be used to
provide a spectral “fingerprint” that identifies a particular
protein conformation.

The experimental method was validated by comparing FRET
results to the known behavior of Fn in solution. Based on
sedimentation velocities (18) and electron microscopy (19), Fn
is thought to assume a compact, globular conformation in
solution at physiological pH and ionic strength. By disrupting
electrostatic interactions between Fn domains, denaturants such
as GdnHCI have been used to progressively extend and unfold
Fn in solution (14). We applied this technique to calibrate the
level of intramolecular FRET to Fn unfolding (Fig. 2).

During development, wound healing, and other processes
involving extracellular matrix remodeling, fibroblasts secrete
soluble Fn and assemble it into insoluble fibrils. The process
involves Fn binding to cells, mechanical coupling of Fn to the
cytoskeleton by integrins, exposure of self-assembly sites via
contractile cell forces, and elongation of fibrils by Fn polymer-
ization (20). The initial cell attachment, exposure of the integrin-
binding arginine-glycine-aspartic acid loop, and availability of
self-assembly sites are all likely regulated by Fn conformation
(10, 11, 21). To study the conformation changes during cell
binding and matrix assembly, we allowed NIH 3T3 fibroblasts to
incorporate Fn-D/A into their extracellular matrices.

Several significant observations were made using FRET to
study Fn conformation during matrix assembly. First, Fn-D/A
diffusely bound to cell surfaces showed FRET that was indis-
tinguishable from Fn-D/A in PBS with no denaturant (Fig. 3).
This cell-bound population probably represents the initial inter-
action of soluble Fn with the cell surface, because it could be
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displaced by exchanging medium containing Fn-D/A with nor-
mal growth medium for 1 h. The initial interaction of Fn with
cells may involve integrins or other receptors or the insertion of
hydrophobic domains of Fn into the hydrophobic chains of the
cell’s phospholipid bilayer. Our results suggest that soluble Fn
anchored to the cell is highly compact compared with fibrillar Fn.

Fig. 3 suggests that Fn-D/A in cell matrix fibrils is significantly
more extended than Fn-D/A in physiological solution or dif-
fusely bound to cells. This result supports the idea that Fn in
fibrils exists with its two arms extended in an anti-parallel
orientation (12). Fn fibrils are subject to tension generated by
cytoskeletal contractility, and an ~4-fold elasticity of fibrils has
been observed by using Chinese hamster ovary cells that secrete
Fn-green fluorescent protein (13). One mechanism proposed to
explain fibrillar elasticity is the unraveling and refolding of
individual modules (10, 22). The fact that FRET from many
fibrils was reduced to the level found in completely denatured
Fn-D/A implies that some of the type III domains that surround
the acceptor-labeled cysteine residues on Falll;, and Fnlll;s
were unfolded. Further work such as introducing fluorophore-
labeling sites at the edges of the least stable Fn modules could
reveal the specific location of module unraveling via changes in
energy transfer.

A second observation was the development of cell-associated
clusters of Fn-D/A that appeared yellow and were brighter than
the diffuse surface-bound protein (Fig. 4, arrows). Clusters were
found on cells that were not spread and had not formed fibrils
and on spread cells where fibrils were absent. FRET levels in
clusters were intermediate between those of Fn-D/A diffusely
bound to the cell surface and in fibrils, suggesting that Fn in
clusters was extended relative to the diffuse, cell-bound Fn but
not as extended as Fn in fibrils.

In the earliest visible stages of matrix assembly there was a
dramatic conversion of diffusely bound Fn-D/A from a compact
high-FRET state to an extended state in which FRET was nearly
eliminated (Fig. 4, 1 h). This conversion occurred in a narrow
ring around many cells within 1 h after plating. The ring evolved
into small fibrils radiating from the cell periphery and by 4 h
developed into longer and thicker fibrils associated with cell
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lamellopodia. The intermediate FRET levels observed in the
clusters, comparable to Fn-D/A in 1-2 M GdnHClI, suggest that,
before formation of mature fibrils, cell-bound Fn-D/A is con-
verted to a state of intermediate extension.

These results support a model of Fn fibril assembly in which
the binding and clustering of Fn by integrins cause extension of
the protein, which exposes self-assembly sites leading to Fn
polymerization and fibril formation (20). The causes for the
initial extension of Fn are unknown, although it is possible that
a Fn dimer bound to two integrins experiences a force from small
movements of the integrins or from tension applied by the actin
cytoskeleton transmitted by the integrins. The results also sup-
port a mechanism of fibril elasticity involving the unfolding and
refolding of type III modules.

Conclusions

By using FRET, we have observed several distinct degrees of Fn
extension associated with the following states (in order of
increasing extension): in physiological buffer, diffusely bound to
cells, in cell-associated clusters, in matrix fibrils, and denatured
with GdnHCI. The observed range of Fn conformations opposes
the bimodal model, “globular” versus “extended” or biologically
“active” versus “inactive,” commonly applied to Fn behavior. In
this study we used FRET to obtain insight into Fn’s unfolding
transitions in cell culture. Using FRET between multiple donors
and acceptors as an indicator of conformation is a promising
method to study the mechanism by which mechanical forces alter
Fn’s conformation, control the exposure of its cryptic sites, and
ultimately regulate cell signaling. Although we demonstrate the
use of FRET to study Fn in cell culture, a similar approach can
be used to investigate other proteins. FRET thus may serve as
a versatile tool to investigate the processes by which cells control
the conformation and activity of extracellular matrix proteins
and assemble them into a complex and ordered fabric.
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