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Abstract. The structure of human plasma fibronectin 
in 50 m M Tris-HC1 buffer, pH 7.4, containing varying 
concentrations of NaC1, has been investigated using 
the small-angle X-ray method. 

Below 0.3 M NaC1 the overall structure of the mol- 
ecule is disc-shaped; at 0 M NaC1 the axial ratio of the 
disc is about  1:7 and between 0.1 M to 0.3 M it is 
slightly more asymmetric, with an axial ratio of 1:10. 

At about  0.3 M NaC1 there is a reversible transi- 
tion to a more open structure, and, from 0.3 M up to 
1.1 M NaC1 the small-angle X-ray data can be ex- 
plained by models consisting of ensembles of flexible, 
non-overlapping, bead-chains generated by a Monte 
Carlo procedure. Within this concentration range 
there is a gradual increase in the stiffness of the chains, 
as well as a decrease in bead radius, which indicates 
that the molecule becomes more open when the NaC1 
concentration is increased. 

The transition to a more open structure is also 
demonstrated by the average radius of gyration which 
increases gradually from 8.26 nm at 0 M NaC1 to 
8.75 nm at physiological or near-physiological condi- 
tions, and up to 16.2 nm at 1.1 M NaC1. 
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Introduction 

Human plasma fibronectin (hpFN) is an adhesive gly- 
coprotein of molecular weight about 520,000. It has 
affinity for many types of ligands, such as collagen, 
fibrin, fibrinogen, DNA and certain cell surfaces. This 
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affinity is the basis for the functions attributed to 
hpFN, e.g. cell-cell and cell-substrate adhesion, cell 
spreading, embryogenesis, wound healing, nerve re- 
generation and phagocytosis (for reviews, see Yamada 
1983; McDonagh 1985; Akiyama and Yamada 1986). 

The molecule consists of two, nearly identical, 
subunits connected covalently close to their carboxy 
termini by disulfide bonds. It is a rather unique protein 
in the sense that it is made up of structural, and func- 
tional, domains; the primary structure mostly consists 
of three different types of repeats (homologies I, II and 
III), varying in size from about 40 to 90 amino acids 
(Kornblihtt  et al. 1985; Skorstengaard et al. 1986), and 
each of the structural domains contains one or more of 
the repeats. Such a structure opens the possibility for 
a molecule with very flexible properties, and h pFN is 
probably one of the most versatile proteins investi- 
gated so far. For  instance, the structure of h p FN has 
been found to depend very much on solution condi- 
tions. The knowledge of the structural behaviour of 
this multifunctional molecule would greatly help to 
understand its reactions and biological functions. 

In solution at physiological, or near-physiological, 
conditions hpFN maintains a compact, but still rather 
asymmetric, shape. By using the small-angle X-ray and 
neutron scattering techniques it was found that the 
overall shape of the molecule can be approximated as 
a disc with an axial ratio of 1:10 (Sj6berg et al. 1987). 
A result which can also fully explain the rather extreme 
hydrodynamic properties reported for hpFN, under 
these conditions. 

The compact form is transformed to a more open 
structure upon increasing the ionic strength and/or 
when changing the pH, indicating that electrostatic 
interactions play a major role in the folding of the 
molecule. Data  obtained by several different experi- 
mental methods indicate that the molecule retains its 
major regions of tertiary structure upon transition to 
the more open structure (McDonagh 1985; Lai et al. 
1984). 



Electron micrographs of hpFN have shown the 
molecule both as a compact, globular particle (Kote- 
liansky et al. 1981) and as a slender strand (Engel et al. 
1981; Odermatt et al. 1982; Erickson and Carrell 
1983). It has been shown that the results obtained by 
electron microscopy depend on the technique used for 
preparing the samples (Price et al. 1982). The electron 
micrographs of the slender strand, however, show 
some interesting features: there is a bend in the middle 
forming an average angle of 70 °, and the molecule is 
flexible; it can indeed be visualised as a flexible string 
of beads. In fact, flexible bead-chain models, of varying 
stiffness, have been used successfully by Rocco et al. to 
explain both the hydrodynamic properties (1983) and 
the radius of gyration determined by light scattering 
(1987). 

The solution structure of hpFN has already been 
investigated under physiological conditions using the 
small-angle X-ray and neutron scattering techniques 
(Sj6berg et al. 1987). In this work we use the small- 
angle X-ray technique to follow the change in struc- 
ture of the hpFN molecule upon increasing the NaC1 
concentration from 0 to 1.1 M. The main results indi- 
cate that the disc shaped particle exists up to about 
0.3 M NaC1. Above this concentration the data can be 
explained by ensembles of flexible bead-chain models 
generated by a Monte Carlo procedure; at increasing 
NaC1 concentration there is a gradual increase in the 
stiffness of the chain, as well as a decrease in the bead 
radius. There is also a small structural change of hpFN 
which occurs at very low NaC1 concentrations; at 0 M 
NaC1 the axial ratio is about 1:7, whereas after addi- 
tion of NaC1 it increases to about 1:10. 

Materials and methods 

Preparation of the hpFN-samples 

reduction of disulfide bonds using DTT, a closely 
spaced doublet was seen in the position expected for 
the subunits. No lower molecular weight bands was 
seen even when developed with a sensitive silver stain 
(Bio-Rad Laboratories, Richmond, CA). 

Before the SAXS-measurements hpFN was dia- 
lysed against a buffer containing 50 mM Tris-HC1, 
pH 7.4. Protein concentration was determined spec- 
trophotometrically at 280nm using ~lcm~l°/° _--12.8 
(Mosesson et al. 1975). Samples containing NaC1 were 
prepared by mixing the dialysed protein solution with 
either solid NaC1, or with a stock solution of high 
NaC1 concentration. Background solutions were pre- 
pared by using the same procedure, except that dialy- 
sis buffer was used instead of the protein solution. 
Electron densities of the solvents, at the different NaC1 
concentrations used, were calculated from the solution 
densities determined using a digital densitometer 
(Kratky et al. 1969). The main part of the scattering 
data were recorded for protein concentrations in the 
range from 4 to 10 mg/cm 3. 

Small-angle X-ray scattering measurements 

The SAXS-data were recorded with the monitor type 
of small-angle X-ray camera developed by Kratky et 
al. (1971) which was set up in a room thermostatted at 
21.0°C. The sample container was an ordinary thin- 
walled Debye-Sherrer glass capillary. Monochromati- 
zation of the copper radiation from a sealed-tube X- 
ray source was made with a nickel filter and a 
pulse-height selector, together with a proportional 
counter. Absolute intensities for the molecular weight 
calculations were obtained using a calibrated Lupolen 
sample (Kratky et al. 1966). Intensity data were re- 
corded with an on-line Commodore PC 10 computer. 

hpFN was purified using a modification of the method 
described by Vuento and Vaheri (1979). Fresh blood 
was taken from healthy volunteers directly to 3.8% 
(w/v) sodium citrate containing 25 mM BA and 5 mM 
PMSF (four parts blood and one part citrate solution). 
All buffers used for the chromatography on Sepharose 
and gelatin-Sepharose also contained 5 m M B A  and 
1 mM PMSF to inhibit possible protease activity. 
hpFN was eluted from the arginine-Sepharose column 
by a buffer containing 0.5 M NaC1, 0.02% NAN3, 
50 mM Tris-HC1 pH 7.5. The purified hpFN showed a 
single line on immunoelectrophoresis, and Ouchter- 
lony double immunodiffusion, when developed 
against anti-whole human serum and anti-hpFN pre- 
pared in rabbits. On sodium dodecylsulfate poly- 
acrylamide gel electrophoresis a single band was seen 
in the position expected for intact hpFN and, after 

Methods of computation 

Three different types of models have been used in this 
work. At low NaC1 concentrations the data can be 
explained by ellipsoids of revolution; the scattering 
from such a particle is easily calculated (Guinier and 
Fournet 1955). At higher NaC1 concentrations we ob- 
tained a fairly good fit by using the equation (Debye 
1947) 

I(Q)=(2/x2) • { e x p ( - x ) + x - 1 } ;  x=  (R. Q)2, (1) 

which assumes a flexible chain molecule. In Eq. (1) R 
is the radius of gyration and Q = (4 rc/2) sin 3. The X- 
ray wavelength is denoted by 2 and ~ is half the scatter- 
ing angle. This indicates that the hpFN molecule, at 
higher NaC1 concentrations, behaves like a flexible 
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Fig. 1. Definition of the bead-chain model used in the Monte 
Carlo simulations. Successive, non-overlapping, beads are gen- 
erated from a starting bead (drawn with the heavy line) in two 
directions forming an angle c¢. The longitudinal angles qS~ assume 
any value between 0 and 2n with equal probability. Stiffness of 
the chain is introduced by generating random latitudinal angles 
0 i from a distribution which assumes an energy of bending qua- 
dratic in 0 i. All the total N beads per molecule are assumed to 
have the same radius r 

chain molecule. The Debye equation, Eq. (1), however, 
fails to explain the whole scattering curve, especially at 
higher Q-values. A much better fit was obtained using 
a Monte  Carlo approach where we try to simulate the 
behaviour of the hpFN molecule in more detail. This 
method will be described below. 

The M o n t e  Carlo approach 

Here we calculate the average scattering curve which 
will be obtained from an ensemble of random bead- 
chains. The generation of each individual molecule 
starts with a central bead (drawn with a heavy line in 
Fig. 1). Next the two arms, of identical length, are gen- 
erated by starting in two directions which form a kink 
angle c¢ with each other. Randomness of consecutive 
beads is introduced by assuming that the longitudinal 
angles (~i assume any value between 0 and 2n with 
equal probability (the random qS-model, Schellman 
1974). The stiffness of the chain is considered by as- 
suming an energy of bending quadratic in the latitudi- 
nal angles 0~. This corresponds to a restoring force 
proport ional  to 0~. Thus the probability distribution 
function takes the form (Schellman 1974) 

P(O) = C . exp { - 0 2 / ( 2 a 2 ) }  • sin0, (2) 

where C is a normalisation constant, the exponential 
function corresponds to the Bolzmann distribution 
function and sin 0 is the latitudinal weighting function. 

The parameter a determines the stiffness of the chain; 
small a corresponds to a stiff, extended, chain and 
large o- to a coiled chain. 

Individual random chains were constructed by 
successive applications of the rotational matrix 
(Goldstein 1959) 

cos 0i - sin Oi 0 ] 

Ai = sin0i,  cosqS¿ cos0i,  cosq~i -sinqSi] (3) 

ksin0i sinqSi cos0i ,  sinq5 i cosqSi 

Thus the coordinates of the i th bead are transformed 
to the coordinate frame of the bead number i -  1 by 
multiplication with the matrix Ai. Uniformly distribut- 
ed random values of q5 i between 0 and 2n were generat- 
ed by using the subroutine G 0 5 CA F from the NAG- 
For t ran library (1983). Latitudinal angles 0~ were 
obtained by generating random numbers from the dis- 
tribution function (2) by using the acceptance- 
rejection technique suggested by von Neumann (1951). 
That  is, first P (0) is scaled to be <_ 0 . . . .  and then a pair 
of uniformly distributed random numbers 01 and 02 
are generated from the interval (0, 0max). If 02--< P (0,) 
we accept 01 as a random number from the distribu- 
tion (2), if that condition is not fullfilled, we reject the 
pair and generate a new pair of random numbers. The 
procedure was tested, and found to work well, by gen- 
erating sets of 10 s random numbers and comparing 
them with the true curve predicted by Eq. (2). 

During the successive generation of the chains a 
check for overlapping beads was made; if overlapping 
occurred new random numbers were generated until 
chains completely free from overlapping were ob- 
tained. 

After the coordinates of all the beads of one indi- 
vidual chain were generated, as described above, the 
corresponding scattering curve was calculated by us- 
ing the formula (Debye 1915) 

I(Q)=q52(r) • N + 2i~,  _ sin(Q, dij)/(Q . dij) , (4) 
j = i + l  

where q>2 (r) is the scattering from a spherical bead of 
radius r; it was assumed that all the beads have the 
same radius; d~j is the distance between beads i and j. 
The total number of beads per molecule, N, was ob- 
tained simply by dividing the total volume of the 
hpFN molecule with the bead volume. The whole pro- 
cess was repeated and, for the final calculations, one 
thousand individual scattering curves were averaged, 
in order to obtain the scattering for the total assembly 
of particles. 

The number of individual scattering curves used in 
the averaging process was chosen as a compromise 
between accuracy and computer time. As a practical 
test, to see whether the number of individual chains 
was enough, we simply repeated the calculations and 



checked for deviations in the final results. We found 
that the generation of one thousand chains was 
enough to obtain convergence to a unique result with- 
in the accuracy of our experimental data. This was also 
a check for systematic biases arising from nonrandom- 
hess in the pseudorandom numbers. 

The parameters describing the system (e, a, r, and 
N), were obtained directly from the slit-smeared inten- 
sity data by using a general non-linear least-squares 
method (Sj6berg 1978). In these calculations we found 
it most practical to keep the kink angle c~ fixed, equal 
to 70 °, which is the angle seen on electron micrographs 
of hpFN. Also, the total number of beads per molecule 
N, was obtained by assuming the total volume of the 
h p F N  molecule to be approximately equal 1,100 nm 3, 
which is the average volume obtained at low NaC1 
concentrations. Thus only the parameters a and r were 
refined. 

Results and discussion 

From the results summarised in Table 1 it follows that 
the structural transition of the hpFN molecule from a 
compact to a more open structure occurs at about 
0.3 M NaC1. Below that value the experimental small- 
angle X-ray data can be explained by ellipsoid-of- 
revolution-shaped compact bodies. Above 0.3 M 
NaC1 we have to assume ensembles of bead-chains in 
order to be able to explain the data. Figure 2 shows the 
experimentalcX-ray intensity points together with the- 
oretical curves calculated using the parameters given 
in Table 1. 

In fact, there is also a small, but distinct, structural 
transition which occurs at very low NaC1 concentra- 
tions; the molecule is slightly less asymmetric at 0 M as 
compared with 0.1 M NaC1. The semiaxes reported at 
0 M NaC1 are taken as averages of six different deter- 
minations and they are clearly different from the val- 
ues given at higher NaC1 concentrations. From 0.1 M 
up to 0.22 M NaC1 the dimensions seem to be indepen- 
dent of the NaC1 concentrations; the apparent varia- 
tions in the semiaxes given in Table 1, for this NaC1 
region, cannot be considered as significant since they 
are within the accuracy of the method. The larger rela- 
tive variations of the c-axis compared with the a- and 
b-axes are due to the fact that the short dimension is 
mainly determined by the outer part of the scattering 

Table 1. Summary of the results obtained by the least-squares 
refinement. At NaC1 concentrations below, or equal to, 0.221 M 
the data can be explained by ellipsoids of revolution with 
semiaxes a =b and c. Above 0.3 M NaC1 we have to assume 
flexible bead-chain Monte Carlo models defined by the stiffness 
parameter • and bead radius r. The kink angle ~ was kept 
constant at 70 ° and the number of beads per molecule N, was 
chosen to give a total volume equal to about 1,100 nm 3. At 
0.315 M NaC1 we obtained the result that 75% of the population 
of the hpFN molecules are present as ellipsoids, and the remain- 
ing 25% as bead-chains, with the parameters indicated. The 
average radii of gyration, ~ ,  were calculated from the 
geometrical dimensions of the models 

[NaC1] a = b c r7 r N <xf~  5 > 
[M] [nm] [nm] [rad] [nm] [nm] 

0 13.0 1.79 8.26 
0.100 ") 13.8 1.44 8.75 
0.152 13.9 1.27 8.81 
0.1998) 13.8 1.36 8.75 
0.221 13.8 1.39 8.75 
0.315 13.8 1.39 1.50 2.58 15 9.42 
0.416 1.50 2.58 15 11.2 
0.556 1.10 1.92 37 14.9 
0.815 1.07 1.85 41 15.6 
1.064 0.99 1.76 47 16.2 

a) from Sj6berg et al. (1987) 
b) not shown in Fig. 2 

curve where the errors are larger due to the smaller 
difference in scattering between the buffer and the pro- 
tein solution. 

Thus, below about 0.3 M NaC1 the X-ray data are 
consistent with a condensed, but rather asymmetric, 
molecule. A result which can also explain the rather 
abnormal hydrodynamic parameters reported for 
hpFN (Sj6berg et al. 1987). 

At 0.315 M NaC1 we simply assumed the solution 
to contain a mixture of ellipsoids and bead-chains with 
the parameters given in Table 1, and we only refined 
their relative concentrations using the least-squares 
computer program (Sj6berg 1978). We obtained the 
result that 75 % of the total population of hpFN mole- 
cules are present as ellipsoids, and the remaining 25% 
as bead-chains. As can be seen from Fig. 2 the experi- 
mental data can be well explained by this model. We 
cannot, however, judge from the present data, if that is 
the true situation or if the structural changes occur in 
very small steps so that the solution contains ellipsoids 
which are just starting to unfold. 

Fig. 2. Experimental, slit-smeared small-angle X-ray intensity points, I, after normalizing with protein concentration, compared with 
theoretical model curves calculated on the basis of the parameters given in Table 1. At 0 M NaC1 intensity data are given for the 
following concentrations of hpFN: 7.5 mg/cm 3 (open circles) and 4.5 mg/cm 3 (crosses); at 1.064 M NaCI: 6.6 mg/cm 3 (open circles) and 
9.7 mg/cm 3 (crosses). All other intensity data shown were recorded with protein concentrations within the range from 6 to 10 mg/cm 3. 
The intensities are drawn only on a relative scale, owing to the difference in contrast, and difference in scattering power, as a function 
of NaC1 concentration 



9 P, " ,- 

O° 416 M NaC 

i i i 

0 . 5  1 0 ( 1 / n m )  1 . 5  

N a g l  

- o o o o o o o o O r - ~  
I I I 

o 

aCl 

I I I 

6 M NaC1 

I I I 

1 ° 0 6 4  M NaCl  

i I 

0.5 1 Q (I/nm) 1.5 



10 

Fig. 3. Some typical examples of random bead-chains generated 
as described in the text for a=0.99 rad, r= 1.76 nm and N=47. 
During the Monte Carlo simulation average small-angle X-ray 
scattering curves for ensembles of one thousand such random 
chains were calculated 

Above 0.3 M NaC1 we were unable to explain the 
data with simple three-axial bodies. Relatively good 
fits were obtained with Eq. (1), which assumes a flexi- 
ble Gaussian coil. This indicates that the molecule is 
flexible, and has some similarity with a Gaussian coil. 
Much better fits were, however, obtained with the en- 
sembles of bead-chains generated by the Monte Carlo 
procedure. This is also in agreement with the results 
obtained by Rocco et al. in their studies using hydro- 
dynamic techniques (1983) and light scattering (1987), 
where similar types of bead-chains were used to ex- 
plain the data. 

It might be argued that the observed effect is an 
indication of aggregation of the hpFN molecule rather 
than a change in conformation. In order to check for 
aggregation we have calculated the molecular weight 
at each NaC1 concentration using Eq. (1) in Sj6berg et 
al. (1987). The forward scattering, I(0), was obtained 
from the least-squares program (Sj6berg 1978) and the 
scattering densities of the solvents, Qs, were calculated 
from the densities of the solvents, at each NaC1 con- 
centration. For all the data, recorded at the different 
NaC1 and hpFN concentrations, we obtained the aver- 
age values 530,000 + 30,000 which is in excellent agree- 
ment with previous determinations using X-ray and 
neutron-scattering (Sj6berg et al. 1987) and light 
scattering (Rocco et al. 1987); 510,000, 530,000 and 
533,000, respectively. 

In a previous investigation of hpFN at 0.10 M 
NaC1 (Sj6berg et al. 1987) it was found that inter- 
particle scattering effects are negligible within the con- 
centration range up to 11 mg/cm 3. A check for inter- 
particle scattering was performed also in this work by 
recording scattering data at several different protein 

concentrations. In Fig. 2 we show the result only for 
0 M and 1.064 M NaC1. After normalizing for the con- 
centration we obtain coinciding curves which means 
that interparticle scattering can be neglected. This is 
also a check for protein-concentration dependent ag- 
gregation of hpFN. 

The bead-chain model is, of course, a mathemati- 
cal simplification of the real situation. We also refine 
only the stiffness parameter a and the bead radius r. 
The kink angle ~ is kept constant at 70 °, which is the 
angle seen on the electron micrographs of hpFN. The 
number of beads N per molecule is obtained from the 
condition that the volume of the molecule is equal to 
about 1,100 nm 3 and the beads of our model should 
not be confused with the functional domains of the 
molecule. 

The model does, however, explain the experimen- 
tal SAXS-data (Fig. 2) and it also demonstrates some 
of the properties of the molecule. For instance, the 
increase in stiffness, with increasing NaC1 concentra- 
tion is shown by the decrease in a (Table 1). From the 
decrease in bead radius r it follows that the structure 
gradually becomes more open and elongated when the 
NaC1 concentration is increased. Examples of some 
typical bead-chains are shown in Fig. 3. 

The structural transition from a condensed to a 
gradually more open structure is also demonstrated by 
the average radius of gyration (Table 1). This parame- 
ter increases from 8.26 nm at 0 M NaC1 to 8.75 nm at 
physiological or near-physiological conditions, and up 
to 16.2 nm at 1.1 M NaC1. The values of the radii of 
gyration obtained by SAXS are slightly lower than the 
corresponding values obtained by light scattering, 
10.7nm at 0.16M and 17.5nm at 1.01 M ionic 
strength (Rocco et al. 1987). 

The structural transition from a condensed to a 
more open structure has been found to be reversible 
when studied by hydrodynamic and spectroscopic 
techniques (Markovic et al. 1983). We have also tested 
for reversibility by dialysing a sample of hpFN ex- 
posed to 1 M NaC1 against the 50 mM Tris-HC1 
buffer; also within the resolution of the small-angle 
X-ray technique the reaction was found to be fully 
reversible. Reversibility can, of course, also be ex- 
pected from the fact that hpFN is exposed to 1 M 
NaC1 during the preparation (Vuento and Vaheri 
1979) although it might be argued that the protein is 
protected when it is bound to the gelatin-Sepharose 
column. 

The continuous transition of hpFN from a con- 
densed to an open structure, over a large NaC1 range, 
is rather uncommon compared with many other 
(smaller) proteins (Creighton 1984). Usually such a 
transition is a cooperative process which occurs over 
a sharp range in the disturbing parameter, and there 
are only two molecular forms dominating. One expla- 
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n a t i o n  for the odd  b e h a v i o u r  of  h p F N  m a y  be tha t  it  
is c o m p o s e d  of doma ins ,  and  each  d o m a i n  acts rela-  
t ively i n d e p e n d e n t  of  o ther  domains .  
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