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ABSTRACT. Using a murine antibody (F7) specific for the C-terminal domain of Ahghain of human
fibrinogen combined with electron microscopy and image analysis, we show unequivocally that the epitopes
for F7 are at the distal nodules of fibrinogen, equidistant from the center of the molecule and arranged
not colinearly with the long axis of the molecule but at opposite sides of it, i.e., following twofold symmetry.
Thus, given the monoclonality of the immunochemical probe used and the dimeric nature of the fibrinogen
molecule, we can conclude that the distal domains of thewbains are arranged in the same manner

as these epitopes and, therefore, that the fibrinogen molecule has twofold symmetry. This symmetry
pattern found here for F7 is the same as that found recently for the platelet fibrinogen receptor binding
sites [Weisel, J. W., Nagaswami, C., Vilaire, G., & Bennett, J. S. (129Biol. Chem 23, 16637-
16643], located almost certainly at the C-terminal end ofith@hains, and gives further support to the
most accurate model of fibrinogen available so far. We discuss the consequences of this symmetry pattern
and of the molecular rigidity of fibrinogen in the actual models of fibrin polymerization and platelet
aggregation and adhesion.

Since the early trinodular Hall and Slayter model for C-terminal domain of the. chains, not normally visible, near
fibrinogen was proposed (Halls & Slayter, 1959), based on the N-terminal disulfide knot (Veklich et al., 1993). Another
electron microscopy images of metallically shadowed mol- feature of the model is the arrangement of the C-termpnal
ecules, the three-dimensional structure of fibrinogen has beerandy domains following a twofold symmetry axis through
controversial and will continue to be so, given the difficulties the center and perpendicular to the long axis of the molecule.
so far in crystallizing native fibrinogen and in obtaining This particular feature, which has not been unequivocally
suitable isomorphous derivative crystals (Rao et al., 1991). proved for fibrinogen in solution, together with the degree
The fibrinogen model had always been drawn with a bend of flexibility of the whole molecule (Montego et al., 1992)
(Doolittle, 1984) until Hoeprich and Doolittle (1983) found and of each domain, are bare essentials to understand the
that the twoy chains and, therefore, the dimeric halves of molecular mechanism of the hemostatic role of fibrinogen:
human fibrinogen are joined through their N-terminal dis- in blood coagulation (Hunziker et al., 1990; Rao et al., 1991)
ulfide bonds in an antiparallel orientation, contrary to what through the fibrin netwok formation, and in platelet adhesion
had been presumed. Since then, bent and linear models haveo subendothelium and platetgtlatelet aggregation (Hawiger
been used in the literature. Image processing of electronet al., 1989; Weisel et al., 1992) through the interaction with
micrographs of native fibrinogen and analysis of crystalline its receptor (the glycoprotein lIb/llla or integrim/f3s) at
arrays of proteolytically modified fibrinogen by coordinated the surface of blood platelets.
electron microscopy and X-ray crystallography have led to i, the present work, we use monoclonal antibodies specific
the development of the most accurate model of fibrinogen for the two distal nodules of fibrinogen combined with

so far (Wiesel etal., 1985; Rao et al., 1991). In this model, ejectron microscopy and image analysis to prove unequivo-
as before, the central nodule is associated with the N-terminalcq)y that the distal domains in fibrinogen are arranged

knot, the two rod-like regions joining the central nodule to  fgjiowing a twofold symmetry axis going through the center
the two distal nodules are associated withdhieelical coiled and perpendicular to the long axis of the molecule. We
coils, and the distal nodules are associated with the C-giscyss the consequences of this feature in the actual models

terminal domains of thé andy chains, which in this model  of fibrin polymerization and platelet aggregation and adhe-
are recognized individually as two distal domains. Immu- gjon.

noelectron microscopy has led to the location of the
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R?%’iﬁg%f%g‘x 34.1.564 2431. (A) Human fibrinogerf{Kabi, Stockholm) was fractionated
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heterodimer of glycoproteins Illo,) and Illa (83); 1gG, immunoglo- band were analyzed by SB®AGE under reduced and

bulin G. nonreduced conditions and subjected to thrombin coagula-
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tion, to assess the degree of purity, the integrity of its observation by rotary shadowing at very low angle as
constituent chains, and clottability 94%), before storage  described before (Rivas et al., 1991). About800f the
at —120 °C. The fibrinogen concentration was measured protein was sprayed at a 50 cm distance onto a A piate

spectrophotometrically using extinction coefficiefyg,*1”* of freshly cleaved mica, which was immediately transferred
= 1.51. into a BAE 300 Balzers unit and dried for 60 min at"£0
(B) Individual Fibrinogen Chains. Purified human fi- Torr. The dehydrated samples were further shadowed with

brinogen in 0.1 M Tris-HCI and 0.1% SDS, pH 8.5 buffer a 0.5-0.6 nm thick platinum/carbon film at & &ngle and
was reduced for 2 h with a 100-fold molar excess of backed with a 15 nm thick carbon layer. Replicas were
dithioerythritol over the theoretical content of cysteine in floated on water and mounted on grids. Observation was
fibrinogen, followed by alkylation for 2 h in the dark with ~ carried out in a Siemens Elmiskop 1A at 80 kV, and
a 1.5-fold molar excess of 4-vinylpyridine with respect to micrographs were taken at 4000@nagnification.
the dithioerythritol added. The sample was extensively (D) Analysis of the Electron Micrographsindividual
dialyzed against 50 mM Tris-HCI, 0.1% SDS, and 0.025% objects in photographic film were subjected to scanning
sodium azide, pH 7.4 buffer and finally subjected to reverse optical densitometry at am resolution for IgG and at 10
phase chromatography either on a Vydagpétein/peptide ~ «m resolution for fibrinogen and the fibrinogeantibody
RP column (5um, 250 x 4.6 mm) or on a column (10& complexes, using a Perkin Elmer microdensitometer model
5 mm) of modified polystyrenedivinylbenzene packing PDS and generating data matrices of 24@40 and 400x
POROS 20, to isolate the reduced and alkylated, andy 400, respectively. The digitized data corresponding to
chains of fibrinogen. several hundred individual objects of each class were
(C) Monoclonal AntibodiesMurine monoclonal antibod- ~ transferred to a DECpaXP 150 work station and analyzed
ies anti-human fibrinogen (F2, F5, F6, F7, F8, F9, and F12), using a software developed by ourselves based on programs
all of the IgG class, were prepared according to immunization to carry out all the operations indicated below, according to
and fusion protocols and screening assays described previthe procedure described by Frank (1989) with some modi-
ously (Melero & Gonzalez-Rodriguez, 1984). Antibodies fications. Briefly, after a Gaussian smoothing of the optical
were purified from ascitic fluids after sequential 25% and density data, subtraction of the mean value, and centering
50% saturated (N},SO, precipitation. The 50% saturated ©Of each individual image with respect to its center of mass,
(NH,)-S0Q, precipitates were subjected to affinity chroma- @ typical image is selected to align all the other images in
tography on protein ASepharose (Pharmacia, Sweden) the set with respect to it, using iterative translational and
according to the manufacturer’s instructions. The purifica- rotational cross-correlation of every individual image with
tion process was monitored by SBBAGE and enzyme the typical image selected. Once all the individual images
immunoassay, using fibrinogen adsorbed at the bottom of Were aligned, each individual image was cross-correlated
the wells and as second antibody a goat anti-(mouse IgG)With all the rest of images in the set by -a10 pixels
lgG. The antibody concentration was measured Spectro_translation and a10° rotation, obtaining image subsets for

photometrically using extinction coefficieBbs 1% = 1.36. a given cross-correlation function maximum (from now on,
called correlation coefficiertwith values from 0 to 1) for
Methods each individual image. This provides us with translations,

) ) ] o rotations, and correlation factors, which, together with those

(A) Preparation and Fractionation of the Fibrinogen obtained before and during alignment, let us average the
Monoclonal Antibody Complexegurified human fibrinogen  original images for each subset. Finally, the whole process
(6 uM) was mixed with a 2- to 4-fold molar excess of g yepeated with the original images, but now using as

monoclonal antibody in a final volume of 5@, and the  reference image the average image already obtained for each
mixture was incubated at 4C overnight. Then the super- ¢ pset.

natant after centrifugation at 13 000 rpm for 10 min was
loaded into a Sephacryl S-400 HR column X150 cm) RESULTS
equilibrated in 100 mM Tris-HCI and 0.025% sodium azide,
pH 7.4. The fractions along the elution profile were analyzed
by SDS-PAGE (Laemmli, 1970), and their protein concen- jsojated were of the IgG type, and their dissociation constants
tration was determined by the method of Markwell et al. ¢, fibrinogen binding were in the 0-11.0 nM range. Al
(1978). The identified fractions of the fibrinogemono- the selected antibodies (F2, F5, F6, F7, F8, F9, and F12)
clonal antibody complexes were used for electron micro- ¢aemed to recognize the reduced and alkyl@ethain of
Scopy. o o fibrinogen in blotting. All of the antibodies selected were
(B) Characterization of the Monoclonal Antibodie$he  gijrected to the distal nodules of the fibrinogen molecule, as
affinity of the antibodies for fibrinogen was measured by opserved by electron microscopy, but not all of them were
enzyme immunoassay following the method of Friguet et equally useful for our purpose in the present work: to
al. (1985). The identification of the reduced and the reduced gemonstrate unequivocally the arrangement of the C-terminal
and alkylated fibrinogen chain recognized by each antibody g domain of one-half of the fibrinogen molecule with respect
was done by immunoelectl’oblotting (TOWb|n et al., 1979) to the same domain in the other half, based on the
The inhibition of fibrin formation was assessed by monoclonal character to the immunochemical probes used
measuring the fibrinogen clottability by thrombin at a and on the dimeric nature of the fibrinogen molecule. Thus,
fibrinogen/monoclonal antibody ratio of 1. F2, F5, and F8 produce mainly open or closed chains of
(C) Electron Microscopy of Metal Rotary Shadowed fibrinogen monomers cross-linked through their distal do-
Samples. Protein samples (520 ug/mL) in a 2/1 buffer/ mains at defined angles by the antibodies, which due to their
glycerol mixture were prepared for electron microscopy large and variable size are unsuitable for image analysis. F6,

Characterization of the Monoclonal Antibodies Specific
for the Fibrinogen Distal Domain.All murine antibodies
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Ficure 1: (A) Average image of the subset of IgG images with a Ficure 3: (A) Electron micrographs of the fibrinogeir7 mono-
correlation coefficient of 0.65, obtained by analysis of 200 clonal antibody heterotrimers after Pt/C rotary shadowing. Original
individual electron microscopic images of IgG, as described in the magnification 150008 (reproduced at 45% of original size). Bar
Methods section. (B) Average image of the subset of fibrinogen = 20 nm. (B) Average image of the subset of images with a
images with a correlation coefficient of 0.90, after analysis of 174 correlation coefficient of 0.85, obtained after analysis of 243
individual electron microscopic images of fibrinogen. individual electron microscopic images of heterotrimers.

would restrict very severely the orientation of the molecule
around its long axis, once it is laid down on the mica surface.
However, this is not apparent from the analysis of 370 images
of heterodimers. The prototypical image of the set (Figure
2B) correlates with the following: 370 images for &r=
0.80; 134 images for ah= 0.90; and 3 images for afn—=
0.95.

In the average image of the subset corresponding=o
0.90 (Figure 2B), it is apparent that the density at the

G antibody-free distal nodule appears asymmetrically distrib-
FIGURE 2: (A) Electron micrograph of the fibrinoger£7 mono- uted with respect to the long axis of fibrinogen, being slightly
clonal antibody heterodimers after Pt/C rotary shadowing performed displaced toward the same site as the antibody.
as described in the Methods section. Original magnification  |mages of Fibrinogen (F7), Heterotrimers. The hetero-

150000« (reproduced at 45% of original size). Bar20 nm. (B)  imers show one antibody bound at each distal nodule of
Average image of the subset of images of the heterodimers with a

correlation coefficient of 0.80, obtained after analysis of 370 fiorinogen, oriented equally with respect to the long axis, as
individual electron microscopic images of heterodimers. it is described above for the heterodimers, but at opposite

sites with respect to it (Figure 3A).

F9, and F12 produce mainly complex aggregates, also By the same reasons as for the heterodimers, it could be
unsuitable for image analysis. Finally, none of the antibodies expected that the two bound antibodies would restrict even
inhibited fibrin formation. more severely the orientation of fibrinogen around its long

Isolation of the FibrinogerAntibody Heterodimers and ~ axis. Again, however, this is not apparent from the image
Heterotrimers. The SDS-PAGE analysis of the fractions ~analysis of 243 individual heterotrimers. The prototypical
of the Sephacryl S-400 column showed that the fibrinegen image of the set (Figure 3B) correlates with the following:
antibody complexes eluted at the leading edge of the 200 images foff = 0.80; 78 images fof = 0.85; and 11
fibrinogen monomer fraction well separated from the free images forf = 0.90. Here again, the density at the distal
antibody fraction. domains is slightly but asymmetrically distributed with

Images of the Monomers of Indilual Monoclonal 1gG respect to the long axis of fibrinogen, opposite to the antibody
and Fibrinogen The analysis of 200 images of individual binding side at each domain.
IgG molecules taken at random shows a large morphological
variability among them, as expected due to their well-known DISCUSSION
flexibility (Yguerabide et al., 1970; Wade et al., 1989). Thus  Although not related with the main objective of the present
the prototypical image of the set (Figure 1A) correlates with work, it is remarkable how electron microscopy of metalli-
154 images for arf = 0.60; 80 images fof = 0.65; 27 cally shadowed macromolecules, a very low resolution
images for arf = 0.70; and 4 images for a= 0.75. On technique, when combined with image analysis is able to
the other hand, and as expected (Montejo et al., 1992), theindicate the degree of overall molecular flexibility, as is the
analysis of 174 images of individual fibrinogen molecules case here for IgG and fibrinogen, in good agreement with
taken at random indicates a much more conserved and rigidother techniques specially developed to assess molecular
morphology among them. Thus, the prototypical image of flexibility (Yguerabide et al., 1970; Montejo et al., 1992).
the set (Figure 1B) correlates with the following: all the  The relatively lower number of images in the subsets with
rest of the images with ai= 0.70; 168 images with af~= high correlation coefficients for the fibrinogeigG het-

o

0.80; 128 images with ah= 0.90; 25 images with ah= erodimers and heterotrimers, compared with the correspond-
0.95; and 8 images with an= 0.97. ing subsets for fibrinogen monomers, could be explained by
Images of FibrinogenF7 Heterodimers. In the het- the high flexibility introduced in the heterodimers and

erodimers the antibody is bound at one of the distal nodulesheterotrimers by the bound IgG molecules, making this
of fibrinogen at an angle of about 2%vith respect to the  contribution to the average images stronger than the severe
long axis of the molecule (Figure 2A). It could be expected restriction that bound IgG introduces in the orientation of
that the binding of a monoclonal antibody to fibrinogen fibrinogen around its long axis on the mica surface.



Twofold Symmetry of Fibrinogen Biochemistry, Vol. 35, No. 2, 199637

The main conclusion of the present work is that the further platelet-platelet aggregation and platelet adhesion
epitopes for monoclonal antibody F7, located at the C- to surfaces coated with fibrin or other adhesion proteins,
terminal end of thgg chains of fibrinogen, are at the distal cross-bridging neighbor receptors on the same platelet, and
nodules equidistant from the center of the molecule and arepromoting receptor clustering (Polley et al., 1981) and a
arranged not colinearly with the long axis of the molecule variety of other subsequent cellular phenomena.
but at opposite sides of it, i.e., following twofold symmetry.
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