
Solution and Surface Effects

on Plasma Fibronectin Structure

ABSTRACT

	

As assessed by electron microscopy, the reported shape of the plasma fibronectin
molecule ranges from that of a compact particle to an elongated, rod-like structure . In this
study, we evaluated the effects of solution and surface conditions on fibronectin shape .
Freeze-dried, unstained human plasma fibronectin molecules deposited at pH 7.0-7.4 onto
carbon films and examined by scanning transmission electron microscopy appeared relatively
compact and pleiomorphic, with approximate average dimensions of 24 nm x 16 nm .
Negatively stained molecules also had a similar shape but revealed greater detail in that we
observed irregular, yarn-like structures . Glutaraldehyde-induced intramolecular cross-linking
did not alter the appearance of plasma fibronectin . Molecules deposited at pH 2 .8, pH 9 .3,
or after succinylation were less compact than those deposited at neutral pH . In contrast,
fibronectin molecules sprayed onto mica surfaces at pH 7, rotary shadowed, and examined
by transmission electron microscopy were elongated and nodular with a contour length of
120-130 nm.
Sedimentation velocity experiments and electron microscopic observations indicate that

fibronectin unfolds when it is succinylated, when the ionic strength is raised at pH 7, or when
the pH is adjusted to 9 .3 or 2 .8 . Greater unfolding is observed at pH 2 .8 at low ionic strength
(<0.01) compared with material at that pH in 0.15 M NaCl solution . We conclude that (a) the
shape assumed by the fibronectin molecule can be strongly affected by solution conditions
and by deposition onto certain surfaces ; and that (b) the images of fibronectin seen by
scanning transmission electron microscopy at neutral pH on carbon film are representative of
molecules in physiologic solution .

`Fibronectin' is the term generally used to describe a family
of structurally and immunologically related high molecular
weight glycoproteins that are found on many cell surfaces, in
extracellular fluids, in connective tissues, and in most base-
ment membranes . One of the universal features of all fibro-
nectin molecules is the presence of distinct binding regions,
each typically having a selective affinity for one or another
of several different macromolecules such as collagen, fi-
brin(ogen), other fibronectin molecules, heparin, actin, DNA,
and others (1-4). Binding regions also exist for certain mam-
malian cells (e.g ., fibroblasts, monocytes) and for certain
bacteria (e .g ., Staphylococcus aureus) (1-4) . These multiple
binding sites on fibronectin evidently mediate several biologic
"adhesive" activities such as cell to cell adhesion, cell to
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substrate attachment and spreading, collagen attachment to
mononuclear phagocytes and/or to filamentous matrices dur-
ing formation, and remodeling of connective tissue .
The major circulating form of human plasma fibronectin

is a dimer of molecular weight 450,000 (5) . The two chains
are linked together by disulfide bridges near each carboxy
terminus (1-4, 6) . The far ultraviolet circular dichroism spec-
trum gives little evidence of highly ordered secondary struc-
ture (5, 7, 8) . Plasma fibronectin at neutral pH displays a
sedimentation constant (s20.H) in the range of 12-14S (5, 7,
9) . In contrast, another well characterized plasma protein,
fibrinogen (340,000 mol wt), has an axial ratio of 5-1 and a
s=0.�. ofonly 7-8S (10). This large difference in their sedimen-
tation coefficients indicates that fibronectin has a relatively
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lower frictional resistance, hence a smaller axial ratio . The
szo ,�. of plasma fibronectin falls markedly in the presence of
urea (5), as the pH is raised (7, 9), in the presence of heparin
at 4°C (11), or in high salt (12) . This behavior suggests an
increase in frictional resistance to sedimentation brought
about by unfolding and extension from a more compact
shape .
Evidence to corroborate the conformational state(s) of

plasma fibronectin molecules has been sought by electron
microscopy . Images obtained by Koteliansky et al . (13) of
freeze-dried, rotary-shadowed plasma fibronectin specimens
deposited at physiologic pH suggested moderately compact
ellipsoidal shapes (^-16 x 9 nm). Vuento et al . (14) reported
seeing irregularly shaped particles resembling pieces of"coiled
thread extending to a certain degree". In the presence of
polyamines, they could induce these molecules to form fila-
mentous polymers . These latter forms resemble the familiar
fibrillar network that is characteristic of extracellular fibro-
nectin matrices (15-17) .

In contrast to the results reported by Koteliansky et al ., the
images reported by Engel et al . (18), Odermatt et al . (8), and
Erickson et al . (19) indicate a considerably more extended
shape for the native molecule. These investigators observed
curvilinear flexible particles ^-120 nm in contour length and
-2 nm in diameter ; a small proportion ofthe images seen by
Erickson et al . (19) were reportedly more folded . Recently,
these investigators have suggested that ionic strength affects
the degree of unfolding (20) . Price et al . (21) reported that
tungsten-shadowed fibronectin molecules that had been
sprayed onto carbon films appeared as randomly coiled
strands with dimensions of -51 x 32 nm. In contrast, mol-
ecules deposited on polystyrene surfaces appeared to be nod-
ular, rod-like structures 130 nm long .
We have attempted to determine factors affecting the shape

ofthe fibronectin molecule in solution by comparing electron
microscope images of freeze-dried plasma fibronectin mole-
cules that had been deposited from drops on carbon films
under various aqueous solvent conditions with images of
samples sprayed from glycerol solutions onto mica . Ultracen-
trifugal behavior was also examined under selected solvent
conditions. Our results form the basis for this report .

MATERIALS AND METHODS

Preparation of Plasma Fibronectin:

	

Human plasma fibronectin
was purified from the heparin-precipitable fraction ofplasma (22). The protein
was stored at -70°C as a stock solution of 1-4 mg/ml in 0 .1 M Tris-phosphate
buffer, pH 7 .4 . For certain experiments, "Zone I" fibronectin dimers were
separated from lower molecular weight fibronectin by Sepharose 6B-CL chro-
matography as described by Amrani et al . (22) . Fibronectin prepared by elution
from gelatin-Sepharose with 8 M urea (23) was the gift ofDr . J. M . McDonald,
Washington University, St. Louis. Samples of fibronectin, prepared by adsorp-
tion of plasma cryoprecipitate on gelatin-Sepharose followed by elution with
potassium bromide, were the gift ofDr . B. Horowitz, New York Blood Center
(unpublished method).

Cross-linking of purified plasma fibronectin with glutaraldehyde was carried
out as previously described for fibrinogen (24) . The protein concentration was
0 .25-0 .5 mg/ml, while the glutaraldehyde concentration was varied from 0.1-
0 .25 % .

Succinylation (25) of fibronectin was carried out at pH 9 using a 10-fold
molar excess of succinic anhydride to lysine . These samples were dialyzed
against 0 .15 M NaCl, 0.02 M N-tris(hydroxymethyl)methyl-2-aminoethane
sulfonic acid (TES)', pH 7 .2, and stored .

'Abbreviations used in this paper:

	

STEM, scanning transmission
electron microscopy ; TES, N-tris(hydroxymethyl)methyl-2-amino-
ethane sulfonic acid .

Electrophoretic Analysis :

	

SDS PAGE (26) of unreduced plasma
fibronectin in 4 or 5% polyacrylamide gels displayed a main band, comprising
^-95% ofthe total material in a position corresponding to the fibronectin dimer
(molecular weight ^-450,000; reference 5). The remainder migrated mainly in
a position corresponding to smaller fibronectin polypeptide chains and molec-
ular fragments (molecular weight range of 190,000-235,000 ; references 27, 28) .
Most material migrated in a position corresponding to a monomer molecular
weight in the range of 220,000, as is characteristic of fibronectin after reduction
of disulfide bridges (5) .
Scanning Transmission Electron Microscopy :

	

High resolution
scanning transmission electron microscopy (STEM) was performed at the
Brookhaven STEM Biotechnology Resource using a 40 kV probe as previously
described (24). The preparation of thin carbon films and the method of
specimen application for freeze-drying or negative contrasting have been re-
ported (24). Final protein concentrations varied from 5 to 10 Ag/ml. Fibronectin
samples were diluted into ammonium acetate (pH 7 .0), ammonium carbonate
(pH 9 .3), 1% acetic acid (pH 2 .8), 0 .13 M NaCl, 0.02 M Tris buffer, pH 7 .4,
or 0.15 M NaCl, 0 .02 M TES buffer, pH 7 .2, for deposition on carbon films.
First, tobacco mosaic virus was deposited ongrids in 10 nM ammonium acetate
at a nominal concentration of 30 1Ag/ml . The grid was then washed with buffer
and the sample solution was injected into the buffer droplet . A 2% solution of
uranyl sulfate was used as a negative contrasting agent, as required.

Transmission Electron Microscopy:

	

A Philips 400 transmission
electron microscope operating at 60 or 80 kV was used with a 30 micron
objective aperture . Fibronectin samples were diluted into a solution prepared
by mixing I vol of glycerol with 1 vol of0.2 M ammonium acetate, pH 7 .0, to
concentrations of 30-50 Ag/ml and sprayed onto freshly cleaved mica surfaces .
Rotary shadowing was carried out in a Balzers high vacuum coating apparatus
(Balzers, Hudson, NH) using an electron beam gun with a platinum-carbon
electrode . The nominal shadowing anglewas - 10° . Specimens were then coated
with carbon at 90° and the films were floated off onto water and picked up on
copper grids.
Mass Analyses :

	

The mass analysis of freeze-dried, unstained molecules
was carried out according to Hainfeld et al. (29) . Molecular weight values are
expressed as the mean ± 1 SD .

Analytical Ultracentrifugation : Sedimentation velocity measure-
ments were carried out as previously described (5) using a Beckman Model E
analytical ultracentrifuge(Beckman Instruments, Inc . Palo Alto, CA) equipped
with schlieren optics. Fibronectin (1-7 mg/ml) wasdialyzed into0 .15 M NaCl,
0.02 M TES, pH 7.2, unless otherwise noted.

Isoelectric Point:

	

Solubility studies ofplasma Fibronectin were carried
out to determine its isoelectric point by dialyzing a solution of this protein (6 .8
mg/ml) in 0.1 M Tris-phosphate buffer, pH 7 .0, at 5°C against low ionic
strength (1 = 0.005-0.01) acetate or phosphate buffers (5 mM acetic acid
adjusted to pH 4-5 .4 with sodium hydroxide or 5 mM phosphoric acid adjusted
to pH 6.0-7 .0 with sodium hydroxide). The amount of material remaining in
the supernatant solution after centrifugation at 5°C was determined spectro-
photometrically at 280 nm assuming an absorbance of 12 .8 for a 1 % solution
in a 1-cm path-length cell (30) .

RESULTS
Plasma Fibronectin at Physiological pH
As determined by STEM analysis, plasma fibronectin, de-

posited at pH 7.0-7 .4 in the presence or absence of glycerol
on glow-discharged thin carbon films and subsequently freeze
dried, revealed relatively compact, pleiomorphic shapes. The
particles appeared irregular in shape and were ^-16 nm in
their shortest dimension and up to 24 nm in the longest
dimension (Fig . 1, a-c) . Fig. 1 c shows the pleiomorphic nature
of the images . We obtained the same results with several
different fibronectin specimens that had been prepared by
different methods (see Materials and Methods) . Most human
plasma fibronectin (95%) consists of dimeric molecules,
450,000 mol wt, whereas about 5% circulates as smaller
molecular weight polypeptides, 190,000-235,000 (27) . To
obtain a population consisting only of dimeric 450,000-mol-
wt molecules (i .e ., Zone I fibronectin) some samples were
subfractionated by Sepharose 6B-CL chromatography (22) .

Plasma fibronectin is precipitated in the cold in the presence
ofheparin or fibrinogen/fibrin complexes (31, 32), suggesting
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FIGURE 1

	

STEM Images of freeze-dried fibronectin . All samples were deposited on grids at ambient temperature, except where
noted . The rod-like forms are TMV, included for purposes of mass calibration (24, 27) . Image intensities are directly related to
mass distribution . (a) Fibronectin was deposited in 0.13 M NaCl, 0.02 M Tris buffer, pH 7 .4, onto thin carbon films at ambient
temperature under conditions described in reference 21 . The arrow points to a typical particle of molecular weight

	

440,000,
as evaluated by a "circle" program (24, 27) . The average dimensions for such images were 16 x 24 nm, but there was considerable
variability in shape . Dimensions as short as 12 nm and as long as 32 nm were occasionally seen for these images . x 125,000 . (b)
Fibronectin deposited at 2°C under conditions described in a . No effect of low temperature was observed under these conditions .
The arrow indicates a typical particle . x 125,000. (c) Selected images of fibronectin deposited at ambient temperature using
conditions described in a . Note the relatively compact, pleiomorphic shape . x 251,000. (d and e) Fibronectin deposited in 0 .2 M
ammonium carbonate buffer, pH 9 .3, under conditions described for a and b . The arrows show typical 440,000-mol-wt particles,
determined with the "user-defined boundaries" program . The particles are more expanded and extended than those in a-c. x
125,000 . (f) Selected images of fibronectin deposited under conditions described in d and e. Note that the images are more
expanded and extended than those in c . x 251,000 . (g) Succinylated fibronectin deposition in 0 .2 M ammonium acetate, pH 7.0 .
Unmodified fibronectin (not shown) applied under these conditions gave images indistinguishable from those shown in a-c. The
arrow points to an image of an individual molecule, as judged by mass analysis . (h) Fibronectin deposited in 1% acetic acid, pH
2 .8, as described in a . Note the similarity to images obtained at pH 9.3 . x 125,000. (i) Fibronectin deposited as described in h .
The arrow shows an unfolded single molecule, as judged by mass analysis . x 251,000 .
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that the fibronectin molecule may undergo temperature-de-
pendent shape changes. To determine whether such changes
were observable by STEM techniques, samples were deposited
on grids at room temperature or at 2°C before freeze drying.
No changes were observed in the images obtained (compare
Fig. 1, a and b) .
Mass measurements on plasma fibronectin were initially

made with a "circle" program, where the background is
subtracted from the integrated intensity within a circle and
tobacco mosaic virus is used as a mass calibration standard
(29). More recently, a program for tracing "user-defined
boundaries" has also been used (29) so that the boundaries of
molecules could be followed more closely. The mass of Zone
I fibronectin molecules, as assessed by the "circle" program,
was 460,000 ± 120,000 mol wt (n = 301) . Data from the
analysis of fibronectin molecules, prepared either by the hep-
arin precipitation method or by either ofthe gelatin-Sepharose
affinity methods showed no significant difference from this
value (i .e ., 434,000 ± 103,000 mol wt [n = 100]) . The rela-
tively large standard deviation (-25%) for these measure-
ments may be related to using a circle for defining the mass
ofirregularly shaped particles, a procedure that includes excess
background area . A smaller sample (n = 11) of fibronectin
molecules was measured with the "user-defined boundaries"
program . The mean value obtained was 450,000 ± 50,000
mol wt (1I%) . These values suggest that careful application
of user-defined contouring may give more precise results than
the circle program, although this procedure is considerably
more tedious to carry out.

In contrast to the shapes obtained for fibronectin molecules
deposited on glow-discharged carbon films, samples of fibro-
nectin sprayed onto mica surfaces produced molecules that
were more extended and elongated (Fig . 2) . The length of
these molecules, 120-130 nm, is similar to that reported by
other investigators under comparable conditions (8, 18, 19,
21) .

Several investigators have correlated solution properties of
plasma fibronectin with electron microscopic observations,
chiefly using sedimentation velocity measurements . Odermatt
et al . (8) calculated that if plasma fibronectin were a hydro-
dynamically compact sphere, its s2o. �. value would be in excess
of 20S . The experimentally observed s2o. � is in the range of
13S for solutions at physiological ionic strength and pH,
suggesting that the molecule either is not fully compact or is
somewhat asymmetric . We observed no major changes in s2o.
when it was evaluated as a function of temperature (Fig . 3) ;
the extrapolated s2o. � at 37°C is essentially the same as that at
4°C, namely 13.5S. At any given protein concentration, s2o. �
values were slightly greater at 4°C than at 37°C . The slope of
s2o, � versus concentration at 37°C was slightly negative
(-0.18), as has been reported at ambient temperature (7) ;
whereas, at 4°C, the slope was slightly positive (+0.18), sug-
gesting that the molecules may have a tendency to self-
aggregate at this temperature.

Plasma Fibronectin at pH 9.3 or 2 .8
STEM (Fig. 1, d-f, h, and i) and sedimentation velocity

measurements (Table I) were used to evaluate the effects of
pH and ionic strength on the molecule measured above and
below the isoelectric point (pH 5.2 ± 0.2, Table II). STEM
images of samples in 0.2 M ammonium carbonate, pH 9.3,
were clearly less compact than samples deposited at pH 7.4
(Fig . 1, df), as is clearly seen by comparing individual

FIGURE 2

	

Transmission electron microscopy images of fibronectin .
Samples were diluted into a solution containing one part glycerol
and one part 0.2 M ammonium acetate, pH 7 (vol/vol), sprayed
onto freshly cleaved mica, and rotary shadowed with platinum-
carbon . The molecules prepared in this manner are more extended
than those prepared at pH 7 shown in Fig. 1, a-c . x 100,000 .

0

0

mg/ml

0

FIGURE 3 The sedimentation coefficient of fibronectin . Samples
were dialyzed into 0.15 M NaCl, 0.02 M TES buffer, pH 7.2 . The
slopes and intercepts of the lines were determined by regression
analysis . O, 4°C; X, 37°C .

molecules in Fig. 1,fand c. This unfolding effect was revers-
ible, as judged from images of samples exposed to buffer at
pH 9.3 and then dialyzed back into pH 7.2 buffer. Consistent
with the unfolding seen by STEM (Fig . 1, d-f) and with
previous reports on reduction of s2o .� at alkaline pH (7, 9),
the s2o. ., of plasma fibronectin (6 mg/ml) at pH 9.3 fell to
7.6S (Table I) . Furthermore, the boundary ofthe sedimenting
peak at pH 9.3 was much sharper than that forming at pH
7.2, indicating that the molecule at pH 9.3 had undergone a
change in shape resulting in slower diffusion .
STEM images of samples prepared in dilute acetic acid, pH

2.8, were even more unfolded and extended than the images
obtained at pH 9.3 (Fig . l, h and i) . Such unfolding was also
documented by the observed reduction in the s2o. � to 4.8
(Table I) . In the presence of 0.15 M NaCl, the change at low
pH was less dramatic in that the s 2o , � . was 10.35, and the
STEM images (not shown) resembled those observed at pH
9.3 . This change in s2o. � . also was reversible by dialyzing the
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TABLE I

Sedimentation Coefficient of Fibronectin

Ionic
Conditions'

	

strength s20,w

* The sample concentrations were ^-2 mg/ml except for the pH 9.3 sample,
which was measured at a concentration of 6 mg/ml . Buffers were generally
selected to duplicate conditions used for electron microscopy .

TABLE II

Estimation of the Isoelectric Point of Fibronectin by Solubility
Measurement

Fibronectin (6 .8 mg/ml) in 0.1 M Tris phosphate buffer, pH 7.0, was dialyzed
at 5'C against 5 mM acetate or phosphate buffers of pH 4-7.0. The concen-
tration of material remaining in solution at each pH is indicated . Based upon
the observed solubilities, we estimate the isoelectric point of plasma fibro-
nectin to be pH 5.2 ± 0.2 .

pH 2.8 sample back into pH 7.2 buffer. STEM images of such
dialyzed material were indistinguishable from those obtained
by direct application ofsamples at pH 7 .2 .

Plasma Fibronectin at High Ionic Strength
The sedimentation coefficient ofplasma fibronectin in TES

buffer decreased from 13.5 to 6.7 when the sodium chloride
concentration was increased from 0.15 M to 0.75 M (Table
I) . These findings are consistent with the changes in S20,,, and
D20 .�. reported by Williams et al . (12) .

Chemically Modified Plasma Fibronectin
GLUTARALDEHYDE FIXATION : As assessed by SDS

PAGE, untreated dimeric fibronectin samples are converted
to monomeric subjects after disulfide bridge reduction (Fig.
4, b and d) . That is, the molecular weight is reduced from
450,000 to 220,000 . In contrast, samples that had been
glutaraldehyde-fixed showed' no change in mobility after re-
duction and only a small proportion of the sample appeared
multimeric (Fig . 4, a and c) . Thus, reaction of plasma fibro-
nectin with glutaraldehyde evidently results in internal fixa-
tion of the polypeptide chains comprising each dimeric fibro-
nectin molecule without extensive intermolecular covalent
bridging .
STEM images of glutaraldehyde-treated, unreduced sam-

ples deposited at pH 7.2 did not differ significantly from
untreated material . Negatively contrasted images of control
or glutaraldehyde-treated samples confirmed the loosely
folded shape observed for freeze-dried specimens, but showed
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somewhat greater structural detail, in that we observed a
knobby, yarn-like image (Fig. 5, a and b) .
SUCCINYLATED PLASMA FIBRONECTIN : The S20,. Of

succinylated fibronectin in 0.15 M NaCl, 0.02 M TES buffer,
pH 7.2, was 7.5S (Table I) and the observed peak was hyper-
sharp . Under these conditions, there was little, if any, change
in the circular dichroism spectrum as a consequence of suc-
cinylation (data not shown), suggesting that the secondary
structure of the molecule was largely unchanged by this
treatment . However, STEM images of this freeze-dried ma-
terial deposited at pH 7.2 (Fig. 1 g) indicate that the introduc-
tion of negative charges destabilizes the folding of the mole-
cule. That is, the molecules of succinylated fibronectin ap-
peared much more extended and rope-like than did unsucci-
nylated samples at the same pH.

DISCUSSION
Our STEM images of plasma fibronectin obtained from
freeze-dried solutions deposited at physiological ionic strength
and pH show that the molecule tends to be relatively compact
and pleiomorphic in shape . STEM images differ from con-
ventional transmission electron microscopy images in that
there is no enhancement ofcontrast by staining or shadowing.
Hence, image intensity is directly related to mass distribution .
Negatively contrasted STEM images show greater molecular
detail, with a loosely folded, knobby, yarn-like structure. The
average dimensions of freeze-dried molecules, roughly 16 x
24 nm, are greater than those reported by Koteliansky et al .
(16 x 9 nm, reference 10), but smaller than those reported by
Price et al. (51 x 32 nm, reference 21) . Koteliansky et al .
prepared specimens from 0.05 M ammonium acetate, pH
7.5, at relatively high protein concentration (13). It is difficult

FIGURE 4 SIDS PAGE of plasma fibronectin and glutaraldehyde-
treated fibronectin . (a) Glutaraldehyde-treated fibronectin, unre-
duced; (b) fibronectin, unreduced; (c) glutaraldehyde-treated fibro-
nectin, reduced ; (d) fibronectin, reduced.

0.02 M TES, 0.15 M sodium chloride, pH 7.4 0.17 13 .5
0.02 MTES, 0.75 M sodium chloride, pH 7 .4 0.77 6.7
0.2 M ammonium bicarbonate, pH 9.3 0.22 7.6
1%acetic acid, pH 2 .8 <0.01 4.8
0.02 M acetic acid, 0.15 M NaCl, pH 3 .0 0.15 10 .3
Succinylated, in 0.2 Mammonium bicarbon- 0.20 7.5

ate, pH 7.0

pH
Supernatant protein

concentration
mg/ml

4.0 3.44
4.5 2.63
5 .0 0.22
5 .4 0.22
5.9 1 .56
6.5 2.54
7.0 3.31
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FIGURE 5

	

STEM images of negatively contrasted plasma fibronec-
tin . (a) Unmodified ; (b) glutaraldehyde-treated . Arrows point to
typical molecules . Compare these images with those in Fig. 1 c . x
251,000 .

to discern discrete molecules in Koteliansky's micrographs
because of the dense packing of protein . Price et al, (21) used
samples diluted into ammonium formate (molarity not spec-
ified) or 0.1 M ammonium bicarbonate (pH unspecified),
sprayed onto carbon films, air-dried, and shadowed with
tungsten . These divergent results emphasize the sensitivity of
the fibronectin molecule to surfaces, solution conditions, and
air-liquid interfaces.

Images of molecules prepared by freeze-drying on carbon
films (Fig. 1, a-c) are considerably less extended than images
of molecules sprayed from glycerol solution onto mica (18,
19, and Fig. 2) . Under these conditions, the molecule evi-
dently unfolds or extends on contact with the polar mica
surface. Although glycerol did not markedly affect the ap-
pearance of molecules deposited on carbon surfaces (data not
shown) we cannot exclude the possibility that it might con-
tribute to the unfolding of the molecule on mica surfaces .

Mass analysis of freeze-dried fibronectin samples proves
that the folded forms shown in Fig . 1, a-c represent dimeric
fibronectin molecules, molecular weight 450,000 . The av-
erage mass value is in the molecular weight range determined
for samples in solution (8) . Our experiments using glutaral-
dehyde fixation of fibronectin (Figs . 4 and 5) also indicate
that plasma fibronectin molecules are folded in solution under
physiological conditions .

Flexibility of the fibronectin molecule as a function of pH
and ionic strength is shown both by STEM images and by
sedimentation velocity measurements. Shifting the pH to 9.2
or to 2 .8, two to three pH units on either side ofthe isoelectric
point (pH 5 .2 ± 0.2, Table II), promoted a significant shape
change, as did increasing sodium chloride concentration to
0.75 M. The shape change in acetic acid at pH 2.8 appears to
result from a combination of low ionic strength (<0.01) as
well as low pH . Fibronectin molecules at these pHs are less
compact than those observed at physiological pH (Fig. 1, d-
h) . Changes in the sedimentation coefficient observed under
these buffer conditions (Table I) are consistent with the con-
clusion that the electron microscopic images indicate molec-
ular expansion and extension, such as had been previously
reported for samples unfolded in urea or guanidinium hydro-
chloride solutions (5, 7) . Succinylation produces molecules
bearing more negative charges at physiological pH than do
unmodified molecules, and also results in molecular unfold-
ing, as assessed by sedimentation velocity experiments and
direct STEM observation . It is worth noting that the images
shown in Fig . l, a-i were all obtained using approximately
the same protein concentration . The comparison of a-c and
d-i leads us to infer that the molecule may be more self-
interactive and surface-interactive in its unfolded form .
No major effects oftemperature on the shape ofthe mole-

cule were observed for plasma fibronectin deposited at 2°C
on carbon films, compared with ambient temperature . We
also did not observe significant effects on the s*,o .�, at 2° or
37°C . We would anticipate that major, temperature-depend-
ent shape changes would occur at elevated temperatures (e .g .,
55 °C) where previous studies have indicated changes in both
the circular dichroism spectrum and fluorescence spectrum
(7) and melting determined by differential scanning calorim-
etry (33) . The slightly positive concentration-dependent slope
found at 4°C suggests that some self-aggregation may be
occurring at this temperature . This observation is consistent
with the data of Rocco et al . (34) whose measurements of
changes in diffusion properties were similarly interpreted .
We believe the folded structures that we, in this study, and

others (20, 21) have observed reflect a shape that is represent-
ative of molecules in solution . The two polypeptide chains of
plasma fibronectin are linked by disulfide bridges near the
carboxy terminal region (1-4, 6) . Thus, it is not surprising
that the molecule is flexible and can be affected by the nature
ofthe surface on which it is deposited . Folding and unfolding
of fibronectin may be important for the expression ofcertain
of its biological activities.
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