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Various physico-chemical methods are used to determine the configurations of 
protein molecules. It is important to recognize that  these methods differ with respect 
to the information which they provide. For example, electron microscopy gives in- 
formation about the anhydrous molecule whereas light-scattering data depend on the 
configuration of the solvated molecule in solution. Further, as has been pointed out 
recently 1, hydrodynamic measurements obtained from sedimentation, viscosity and flow 
birefringence may be interpreted in terms of an equivalent hydrodynamic ellipsoid, 
which may differ from the configuration of the molecule in solution. The extent of 
permeation of the molecule by the solvent, deviations of the configuration from ellip- 
soidal shape, electrostriction, selective adsorption in multicomponent systems, etc. will 
all enter into the determination of the equivalent ellipsoid for the solvated molecule 
and will determine how closely it corresponds to the actual configuration in solution. 

In the work reported here a comparative study has been made of the results of 
several methods applied to the protein fibrinogen and to its intermediate polymers which 
are formed during the early stages of the thrombin-catalyzed fibrinogen-fibrin con- 
version z. Hydrodynamic 2-7 and light-scattering s data are available for bovine fibrinogen 
and its intermediate polymers, and recently developed techniques of electron micros- 
copy have been successfully applied here to this protein. Thus, it is possible to compare 
the kinds of information obtainable from these various methods for the protein con- 
sidered here. 

Electron microscope observations on fibrinogen and on the early stages of fibrin 
formation have been reported 9, lo but satisfactory observations on the configuration of 
the fibrinogen molecule were not forthcoming. In the work presented here, it has been 
possible to obtain highly dispersed systems so that  isolated particles could be observed 
and measured, and to avoid the formation of close packed monolayer films, the factor 
which made it impossible to give a definitive interpretation to the previous electron 
microscope observations. In the preparation of specimens the spray technique n, lz was 
applied with several attendant advantages. The highly dilute solution sprayed in very 
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small droplets (5-2o microns in diameter) allowed the particles to deposit without 
aggregation n. The rapid evaporation of solvent (~-~ o.I sec) minimized the effects of the 
great increase in salt concentration and pH change on drying, and the use of a volatile 
buffer 12 eliminated the necessity of washing the protein to remove salt. 

EXPERIMENTAL 

Materials. Armour bovine  fraction I was  refractionated according to LAKI'S procedure is, altered 
by dissolving the  a m m o n i u m  sulfate-precipitated fibrinogen in o.3 M a m m o n i u m  acetate  (instead 
of in 0. 3 M KC1), and dia lyz ing  against  this same solution at 2 ° C. This  procedure y ie lded solutions 
conta ining  4-6 mg/ml  of fibrinogen as determined by MORRISON'S method 14. Parke,  Dav i s  bovine  
thrombin (18 #/mg) was  used to effect clott ing.  

Methods. To invest igate  the  unpolymer ized  fibrinogen, various dilutions up to ioo ,ooo  × were 
carried out  on samples  of the  purified fibrinogen solution and the  material  was  sprayed from a 
modified BACKUS AND V~ILLIAMS 12 gun on to s tandard collodion covered spec imen screens. 

To invest igate  the  po lymer ized  material ,  thrombin,  dissolved in 0.3 M a m m o n i u m  acetate ,  was  
added to solutions of fibrinogen in 0. 3 M a m m o n i u m  acetate  and the  mixture  al lowed to react at  
25 ° C. The clott ing condit ions used throughout  were:  fibrinogen concentrat ion,  2- 3 mg/ml;  thrombin  
concentrat ion,  o.oi /~/ml; p H  7.o; ionic strength,  0.3o. Under  these  condit ions  the  c lot t ing  t ime  
was  about  25 minutes .  I m m e d i a t e l y  before the  gel point ,  samples  were withdrawn,  diluted,  and 
sprayed in the same manner  as was  used for the  unpolymer ized  material .  All di lutions of the  react ing 
mixture  were  made  wi th  0.3 M a m m o n i u m  acetate.  On some spec imens  po lys tyrene  la tex  (Dow 
Chemical)  was  introduced for an internal  cal ibration s tandard b y  spraying  a di lute suspension of 
ti le particles  (approx imate ly  o.o 4 g/ml) after the  fibrinogen solution droplets  had dried. 

Control  spec imens  were  prepared with  only  po ly s t yrene  and with  salt  solut ion of the  same 
compos i t ion  as the  react ing mixtures .  

All spec imens  were shadowed with  uranium in calculated th icknesses  of 3-5 A at shadowing  
angles of arc tan about  z : 6. Electron micrographs were taken  with  an RCA t y p e  E M U - 2 B  microscope.  

RESULTS 

Observations on purified fibrinogen 

Figs. I and 2 are typical electron micrographs showing areas near the drying edge 
of the droplet. In these preparations the purified fibrinogen solutions containing 2 to 3 
mg/ml were diluted io,ooo × with 0.3 M ammonium acetate and sprayed immediately. 
If the concentration were higher before spraying, the material tended to deposit on the 
collodion surface in aggregates, making resolution of individual particles very difficult 
to achieve (greater dilution gave droplets that were extremely difficult to locate). Fig. I 
has the drying edge in the field and a direct comparison is obtained between the collodion 
substrate structure and the fibrinogen on the substrate. Fig. 2 shows at a higher magni- 
fication a section of a droplet closer to its center with increasing concentration of particles 
as the center of the droplet (upper left hand corner) is approached. The upper left hand 
area shows a close-packed film of fibrinogen similar to that reported by both HALL 9 
and PORTER AND HAWN 1°. Even in this close-packed area it is still possible to pick out 
the nodose particles of the fibrinogen molecule as previously reported. On the other 
hand, in the center of Fig. 2 the discrete fibrinogen molecules are observable. 

The dried unpolymerized fibrinogen molecules, as observed in the electron micro- 
graphs, are nodose particles approximately 60-80 A in width at the widest point, and 
of varying length. The actual width can certainly not be determined to better than 25 A 
in these shadowed preparations. Since measurements must be made on slightly "under 
focus" pictures to obtain good contrast, and "contamination" from the solutions or by 
oil from the diffusion pump used in shadowing is probably present, the measured values 
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l:igs, m and 2. Na t ive  l~ovine l ; ibrinogen. Sprayed from solut ions di lu ted to apt~roximate ly  o.2 3,/ml 
of fibrinogen in 0.3 31 a m m o n i u m  aceta te .  Shadowed w i t h  uran ium.  

l;ig. 1. Mag. 40,000 × .  Dry ing  edge of drop is visible in field; Fig. 2. Mag. ioo,ooo ×.  
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Figs. 3 and  4. l~artially I)()IY merized Bovine  Fibr no,t in.  I) ihl tcd ~o,ooo ;< and spr,'tyed jus t  lmfor~ 
gel point .  Shadowed  wi th  urai f ium.  

Fig. 3' Mag. 4o,ooo × ; Fig. 4. Mag. 1oo,ooo X 
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are undoubtedly on the high side. The predominant length appears to be four "beads"  
somewhat widely spaced to give a total length of 500 A. However, a fewer longer and 
many  shorter lengths are found, including many  that  appear as almost spherical particles 
8o-Ioo A in diameter. 

Observations on polymerized fibrinogen 

Figs. 3 and 4 are observations on the fibrinogen-thrombin reaction in which the 
samples were diluted IO,OOO × with 0. 3 M ammonium acetate just before the gel point 
and sprayed. The polymerization of the fibrinogen into filaments several thousand 
Angstroms long is readily apparent.  The filaments are still approximately 60-80 A in 
width and exhibit the same nodose character of the shorter unpolymerized fibrinogen. 
Much of the shorter-length fibrinogen and some spherical particles are still in evidence. 
A study of the distribution of lengths of the intermediate polymers was not deemed 
meaningful since several factors in the preparative procedure influence the polymeri- 
zation kinetics. Dilution of the solution just before spraying will cause depolymeri- 
zation~, s while during the drying of the droplet the concentrating effects will cause the 
polymerization reaction to proceed again for an uncontrolled interval. Other effects in 
the drying of the droplet such as the great increase in salt concentration and the decrease 
in pH to about 5.0 TM will also alter the polymerization. Thus the point at which the 
electron microscope observations are made cannot be correlated with that  obtaining 
in the flow birefringence or light scattering measurements made on the more concen- 
t ra ted solutions. 

Observations on control specimens 

Observations were carried out on uranium-shadowed specimens containing am- 
monium acetate and polystyrene but  no protein. From these observations it can be 
concluded that  none of the effects described herein can be at tr ibuted to salt or poly- 
styrene, but, in fact, are characteristic of the protein. Actually the most satisfactory 
control is the observation of the drying edge of the droplet for here a direct comparison 
between the substrate and the protein is obtained and only contaminants introduced 
in the same solutions could interfere. 

DISCUSSION 

Sedimentation and viscosity measurements on purified fibrinogen indicate that  in 
0.3 M KC1 and pH 6.8 the system is monodispersed, and the equivalent ellipsoid is 
prolate and has an axial ratio of about 5:13, assuming a molecular weight of 350,000 
as given by  light scattering*. Flow birefringence measurements also indicate a mono- 
dispersed system and the rotary diffusion constant gives a length of 560 A s for an axial 
ratio of 5:1. This would give a value of 112 A for the minor axis of the equivalent 
ellipsoid. 

In considering light-scattering data, it should be kept in mind that  the inter- 
pretation of such data (plotted in the usual manner as the reciprocal of scattering 
intensity vs. sin s 0/2, where 0 is the angle between the incident beam and the scattered 
one) requires several assumptions15; these data can be used to obtain particle dimensions 
(for an assumed model) in solution only if the model used is characterized by a single 
parameter,  such as the length of an infinitesimally thin rod or the radius of a sphere. 
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If  an ellipsoid of revolution (either prolate or oblate) of semi-axes a, a, c is used as a 
model, the axes are not determinable from the light-scattering data. In fact, a given 
experimental scattering curve would correspond to an infinite set of values of a and c, 
given by the equation 

c 2 + 2 a 2 = K 

where K is a constant which depends on the initial slope of the scattering curve, plotted 
as indicated above. Thus, one can obtain any value for c from zero up to K ~ depending 
on the arbi trary choice of a. Because of this ambiguity in the configuration of the 
solvated molecule in solution from light-scattering data, an irrefutable comparison 
cannot be made with the equivalent hydrodynamic ellipsoid in order to determine the 
relative importance of the factors 1 entering into the determination of the equivalent 
ellipsoid. The light-scattering data quoted here have been interpreted 8 by assuming 
a value for the a-axis. Thus, a choice of a equal to zero (i.e. the infinitesimally thin rod 
approximation), or at least equal to a very small value s, gave lengths from 500 to over 
600 A for the axis 2 c. In this narrow range of assumed a-values, c does not vary signi- 
ficantly from K ~. I t  is seen that  these assumptions* lead to a length which is similar 
to that  obtained for the equivalent hydrodynamic ellipsoid. 

The electron microscope pictures indicate that  dried fibrinogen is nodose in character 
and polydispersed, The most frequent length consisted of four "beads"  with a total  length 
of 500 A and a thickness of 60 to 80 A at the widest part  of the "beads".  If  we assume 
that  this four "bead",  500 A particle is the molecular unit in solution (despite the fact 
that  a /ew 5-bead particles are visible), then the dried protein particle is a fair approxi- 
mation to the actual configuration as determined by light scattering (with the values 
assumed for a), which, as we have seen, has approximately the same length as the 
equivalent ellipsoid. Since the a-values were assumed, no conclusions can be drawn 
about swelling of the protein in going from the anhydrous to the hydrated state. I t  
should also be noted that,  in contradistinction to solution measurements, the electron 
microscope indicates a wide dispersion of observed lengths. I t  seems evident that  the 
fibrinogen, as it exists in a solution of 0. 3 M KC1 at pH 6.8, must break into small 
unit particles as the fibrinogen is subjected to the rapidly changing environment in the 
drying process. This would indicate a relatively weak bonding between the spherical 
particles that  string together to form the fibrinogen "molecule" observed in solution. 

The interpretation of hydrodynamic data on the partially polymerized material  
involves some additional limitations (besides those indicated above) which make the 
conclusions based on such studies only qualitative at best. First of all, an average length 
is used to characterize the system which is actually polydispersed with an unknown 
distribution of sizes of intermediate polymers. Secondly, the particles are larger than 
IOOO A, the upper limit of validity of the quasi-static theory for propagation of light 
in dispersed media, upon which the PETERLIN-STOART theory of flow birefringence is 
based. The limitation of polydispersity also applies to the interpretation of light-scatter- 
ing measurements.  

* The  dens i ty  or vo l ume  of t he  molecule  in solution is no t  de t e rminab le  since, as p rev ious ly  
po in t ed  ou t  1, t he  vo lume  is, in general ,  ne i the r  t he  par t i a l  specific v o l u m e  nor  t he  effective hydro -  
d y n a m i c  vo lume.  Choosing pa r t i cu la r  a -va lues  for f ibr inogen s is equ iva l en t  to  the  a rb i t r a ry  a s s u m p t i o n  
t h a t  t he  dens i ty  is close to t h a t  of the  solid p ro te in  or, in o the r  words,  t h a t  the re  is no s ignif icant  
a m o u n t  of swell ing in solut ion to lower the  dens i t y  of t he  protein.  
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With these limitations in mind, the general picture from hydrodynamic and light 
scattering measurements made before the gel point is that a highly elongated "inter- 
mediate polymer" appears after some time (but before the gel point) in a system con- 
taining fibrinogen and thrombin ~. The average length has been roughly estimated as 
5000 A4, 5. This "intermediate polymer" appears to be a distribution of particles of 
various sizes, the size distribution depending on the p i l l  Further, it has been demon- 
strated that  the formation of these polymers is reversible upon dilution with the 
solvent 5, s. 

The electron microscope photographs of the polymerized material demonstrate 
clearly the existence of these elongated polymers in the anhydrous condition. These 
structures would appear to be fairly rigid, for light scattering indicates that their con- 
figuration in solution is highly elongated, and flow birefringence indicates that  the 
phenomenon is predominantly an orientation effect4-L The electron microscope also 
shows that the polymerization of activated fibrinogen to form these intermediate 
polymers is predominantly an end-to-end interaction since the thickness of the polymer 
is that  of the monomer with the same nodose character. Since the width cannot be 
specified precisely, and drying effects are involved, this does not rule out a certain 
amount of overlapping of monomers rather than strictly end-to-end aggregation in 
forming the elongated polymer. 

Our observations give no indication as to how the periodicity of 23o A observed 
in fibrin clots by both HALL 9 and PORTER AND HAWN 1° arises. HALL noted the nodose 
character of fibrinogen but could not correlate it with the periodicity in the fibrin 
strands. PORTER AND HAWN were led to postulate oblate ellipsoids for the fibrinogen 
which they believed would stack to give the elementary filaments of fibrin. However 
the hydrodynamic data can distinguish between a prolate and oblate equivalent el- 
lipsoid 1, a prolate one being obtained for native fibrinogen ~. From the similarity found 
between the light-scattering configuration and the equivalent ellipsoid (within the 
limitations imposed by the assumption introduced in the interpretation of the light 
scattering data), and also from the electron microscope observations reported here, it 
is possible to rule out the oblate ellipsoid configuration for the molecule in solution. 
While the fibrinogen molecule is probably thus an elongated one, it appears to have 
a substructure of weakly-bonded spheroidal units, the initial polymerization occurring 
by end-to-end bonding of the thrombin-aetivated molecule. The nature of the cross- 
linking aggregation that must occur to give the three dimensional fibrin gel is still to 
be determined. 

SUMMARY 

The configuration of dried specimens of fibrinogen and its intermediate polymers have been 
determined by electron microscopy. These observatiolv, have been compared with those reported 
on the  basis of hydrodynamic  and light-scattering methods.  Reference has been made to the dis- 
t inction between the equivalent  hydrodynamic  ellipsoid and the molecular configuration in solution. 
Further,  it has been pointed out t ha t  the configuration of the solvated protein in solution cannot  
be determined from light scattering without  the introduction of an assumpt ion about  the thickness 
of the molecule. Assumed values of the thickness of fibrinogen have been reported s which lead to 
a similarity in lengths between the l ight-scattering configuration and the equivalent hydrodynamic 
ellipsoid; there is also a similarity between the lengths oi these ellipsoids and the predominant  
length observed in electron micrographs reported here. 

Electron microscopy reveals a polydispersity of the anhydrous  fibrinogen in contradistinction 
to the  monodispersity indicated by the solution data, suggesting the existence of weakly-bonded 
sub-uni ts  in the fibrinogen molecule. 
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The  obse rva t ions  of t he  pa r t i a l ly  po lymer ized  f ibrinogen in solut ion have ,  wi th in  t he  l imi ta t ions  
of a compar i son  of h y d r a t e d  and  a n h y d r o u s  prote ins ,  been conf i rmed by  electron microscopy.  Speci- 
fically t he  a s y m m e t r i c a l  n a t u r e  and  a p p r o x i m a t e  size r ange  of t he  i n t e rmed ia t e  po lymer s  have  been 
d e m o n s t r a t e d .  

R ~ S U M £  

La  conf igura t ion  de spdcim~nes  s~chds de fibrinog~ne et de ses po lym~res  in te rmddia i res  a dtd 
~tudide au microscope ~lectronique.  Les  r6su l t a t s  de cet te  d tude  on t  dtd compards  ~ ceux  ob t enus  
pa r  les md thodes  h y d r o d y n a m i q u e  et  de dispersion.  L a  diffdrence en t re  l 'ell ipsolde h y d r o d y n a m i q u e  
6qu iva len t  et  la conf igura t ion  moldculaire  en solut ion a 6td ment ionnde .  De plus,  il a dtd signal6 
que la conf igura t ion  de la protdine solvatde  en solut ion ne p e u t  pas  ~tre ddterminde  A par t i r  de la 
d ispers ion de la lumi~re sans .  que l 'on  n ' i n t rodu i se  une  suppos i t ion  au  su je t  de l 'dpa isseur  de la 
molecule.  Des va leurs  supposdes  de l 'dpaisseur  du fibrinog~ne ont  dtd rappor tdes  prdalablementS;  
elles condu i sen t  5~ une  s imi l i tude  en t re  la longueur  de la conf igura t ion  dtablie p a r  la md thode  de 
les longueurs  de ces ellipsoides et  la longueur  p rddomi nan t e  observde au microscope dlec t ronique 
et  rappor tde  dans  ce m6moire .  Le  microscope  dlectronique rdv~le l 'd ta t  polydispersd du fibrinog~ne 
anhydre ,  s ' o p p o s a n t  ~ l ' d t a t  monodispersd  indiqud pa r  l 'd tude  des solut ions,  ce qui  sugg~re l ' ex is tenee  
de subun i tds  f a ib l emen t  lides d a n s  la moldcule de fibrinog~ne. 

La  microscopic d lec t ronique confirme,  dans  les l imites  d ' u n e  compara i son  en t re  les protdines  
a n h y d r e s  et hydra tdes ,  les obse rva t ions  sur  le fibrinog~ne pa r t i e l l emen t  polylndrisd en solution.  En  
par t icul ier ,  elle ddmon t re  l ' a symdt r i e  des po lym~res  in termddia i res  et  p e r m e t  d 'd tabl i r  l 'ordre  de 
g r a n d e u r  de leur taille. 

Z U S A M M E N F A S S U N G  

Die Konf igura t ion  von ge t rockne t en  P roben  von F ibr inogen  und  seinen Zwischenpo lymeren  
wurde  e lek t ronenmikroskop i sch  b e s t i m m t .  Diese B e o b a c h t u n g e n  wurden  mi t  j enen  vergl ichen,  die 
au f  Grund  yon  h y d r o d y n a m i s c h e n  und  L i c h t s t r e u u n g s m e t h o d e n  e rha l t en  wurden .  Es  wurde  der 
Un te r sch ied  zwischen d e m / i q u i v a l e n t e n  h y d r o d y n a m i s c h e n  Ellipsoid und  der  Molekularkonf igura t ion  
in L 6 s u n g  erw~thnt. Wei te r  wurde  d a r a u f  h ingewiesen,  dass  die Konf igura t ion  des so lvat i s ier ten  
P ro te ins  in L 6 s u n g  n ich t  aus  der  L i c h t s t r e u u n g  b e s t i m m t  werden  kann ,  ohne  dass  eine A n n a h m e  
ftir die Dicke des Molekfils eing.e.fiihrt wird.  A n g e n o l n m e n e  W e r t e  fiir die Dicke des Fibr inogen 
w u r d e n  ber ich te t  s, die zu einer  Ahn l i chke i t  in den L~tngen zwischen  der  du rch  L i c h t s t r e u u n g  er- 
m i t t e l t en  Konf igu ra t ion  und  d e m  ~tquivalenten h y d r o d y n a m i s c h e n  Ellipsoid f i ihr ten;  es bes teh t  
ebenfal ls  eine Ahn l i chke i t  der  L~ingen dieser Ell ipsoide und  der  vo rhe r r schenden  Liinge, die in den 
h ier  be r i ch te t en  E lek t ronenn l ik rob i lde rn  beobach te t  wurde.  

Die E lek t ronenmik roskop ie  zeigt  eine Polydispers i t / i t  des wasserfre ien Fibr inogens  im s t a rken  
Gegensa tz  zur  Monodispersit/~t,  wie sic sich aus  den  W e r t e n  in L 6 s u n g  ergibt,  was  die Ex i s t enz  yon 
s chwach  g e b u n d e n e n  Un t e r e i nhe i t en  im Fibr inogenmolekt i l  v e r m u t e n  1/isst. 

Die B e o b a c h t u n g e n  yon  teilweise po lymer i s i e r t em F ibr inogen  in L 6 s u n g  wurden  innerha lb  der 
Grenzen  eines Vergleichs zwischen  hyd ra t i s i e r t en  u n d  wasserf re ien  P ro te inen  du rch  e lektronen-  
mikroskop i sche  U n t e r s u c h u n g e n  best / i t igt .  Es  wurde  besonders  au f  die a s y m m e t r i s c h e  N a t u r  u n d  
den angen/~her ten Gr0ssenbere ich  der Zwischenpo lymeren  hingewiesen.  
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