skin fibroblasts, whereas the amphibian
neuropeptide bombesin stimulates Swiss
3T3 mitogenesis (19). If biologically ac-
tive, the aFGF decapeptide would repre-
sent a related but unique neuropeptide
since it would not contain the amidated
carboxyl-terminal methionine residue re-
quired for biological activity and recep-
tor binding of these neuropeptides.

Note added in proof. After we submit-
ted this report, the complete amino acid
sequence of the 146-residue pituitary-
derived bFGF was published (20). The
complete aFGF and bFGF sequences are
55 percent identical in the commonly
aligned regions.
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A Model for Fibrinogen: Domains and Sequence

Abstract. Electron microscopy of rotary-shadowed fibrinogen demonstrates that
the molecules modified for crystallization by limited cleavage with a bacterial
protease retain the major features of the native structure. This evidence, together
with image processing and x-ray analysis of the crystals and of fibrin, has been used
to develop a three-dimensional low resolution model for the molecule. The data
indicate that the two large end domains of the molecule would be composed of the
carboxyl-terminus of the BB chain (proximal) and v chain (distal), respectively; the
carboxyl-terminus of the Aa chain would fold back to form an additional central
domain. On this basis, the carboxyl-terminal region of each of the three chains of
fibrinogen is folded independently into a globular domain.
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The early trinodular Hall-Slayter mod-
el for fibrinogen (1), based on electron
microscope images of shadowed mole-
cules, has provided a valid, simplified

picture of the molecule despite a variety
of other conflicting proposals (2). De-
tailed information on the morphology
and dimensions of fibrinogen has been
derived from -analysis of crystalline ar-
rays (3-9). Native fibrinogen does not
crystallize, but crystals have been pro-
duced after limited cleavage of the mole-
cule by a bacterial protease. Image pro-
cessing of electron micrographs of these
ordered arrays had led to an improved
structure for the molecule, consisting of
a linear arrangement of seven domains,
termed the heptad model. This scheme
also accounts for the band pattern of
fibrin in the electron microscope (7, 9).
The heptad model differs in detail, how-
ever, from some recent electron micro-
scope images of individual molecules
(10-13). We now show that many of

Fig. 1. Electron mi-
croscope images of
individual, rotary-
shadowed bovine fi-
brinogen molecules.
(a and b) Native fi-
brinogen. (a) A gal-
lery of selected mole-
cules illustrating a
range of observed
morphologies. The in-
set (at a higher magni-
fication) shows a neg-
atively stained bovine
fibrinogen molecule
(23) displaying the
staggering of the ter-
minal domains. (b)
Typical field showing
molecules whose
overall shape is trino-
dular. Arrows point
to two molecules
showing an additional
central domain and a
subdivision of the end
region into two do-
mains. (c) Fibrinogen
modified by the Pseu-
domonas protease to
a point where crystals
are formed (5). The
molecules are similar
to native fibrinogen,
but the extra central

£

domain is not seen. The arrow points to a molecule with a distinguishable division of the end

domains. The lengths of all molecules average 460 + 25

A. Native and modified fibrinogen

samples were prepared for electron microscopy and photographed as described in Flicker et al.

(24); scale bar, 500 A.



these findings can be reconciled by ex-
tending the heptad model to three dimen-
sions. We derive this new model, using

Fig. 2. The evolution of models for the shape
of the modified fibrinogen molecule. (a) Trin-
odular, Hall-Slayter model (I). (b) Linear
heptad model (7). (c) Bent heptad model (8).
(d) and (e) Two perpendicular views of the
three-dimensional model described in this pa-
per. (d) A similar projection to that in (c). (e)
View showing lateral displacement of the end
domains. The twofold molecular symmetry
axis is vertical in the plane of (d) and perpen-
dicular to the page in (e). The proximal and
distal ends are shaded differently in (d) to
indicate the distance from the observer. The
new model in (d) and (¢) was deduced by
coordinated analysis of electron microscope
images (legend to Fig. 3) and 30-A x-ray data
from P2, crystals (4-8). Refinement of fibrino-
gen models against the x-ray data to 30 A (105
unique reflections) was carried out by an
iterative process with the use of constraints
from the image analysis of electron micro-
graphs of the P2, crystal. Model x-ray intensi-
ties were calculated from a simulated crystal
structure with trial heptad models expanded
to full hydrated volume and packing deter-
mined from the analysis of electron micro-
scope images (6-8). These data were scaled to
the observed x-ray intensities and the model
parameters refined to the best fit as judged by
the crystallographic R factor. Improvements
in the R factor for models which required the
introduction of additional parameters were
tested for significance at the 0.005 level by
Hamilton’s criteria (25). The refined model
was then used in computer simulations of
electron microscope images of the P2, crystal
form. Adjustments to the model, which im-
proved the fit to these images, were made by
hand, and the parameters were refined again
in the x-ray data. This process was repeated
until a satisfactory visual fit of the images was
obtained and a stable minimum in the R factor
for the x-ray data was reached.

both image processing of electron micro-
graphs and analysis of low resolution (30
A) x-ray crystallographic data. These
results, together with the findings of oth-
ers, provide a picture of the molecular
morphology of fibrinogen and allow us to
correlate the domains with specific re-
gions of the amino acid sequence in the
native fibrinogen molecule.

We have examined rotary-shadowed
individual fibrinogen molecules by elec-
tron microscopy in order to compare the
protease-modified molecule to native fi-
brinogen. Various images are seen in
preparations of native bovine fibrinogen
(Fig. 1, a and b), and all appear to be
closely related to the trinodular Hall-
Slayter model. More detailed substruc-
ture can also be seen in some of the
molecules in these fields. A significant
proportion of several thousand mole-
cules examined show some subdivision
(often lateral) of the outer domain, but
the appearance is variable (10). In addi-
tion, an extra central domain, first de-
scribed by Erickson and Fowler (11), is
displayed by about 25 percent of the
molecules.

We have also examined individual
molecules of fibrinogen that have been
modified by limited proteolysis with a
protease from Pseudomonas aeruginosa
to a point where they form microcrystals
and crystals (Fig. 1c). Samples of both
digested material before crystallization
and redissolved crystals were compared
with preparations of the native molecule.
In each case, the major difference be-
tween the modified and native fibrinogen
appears to be the loss of the extra central
domain. In the modified molecules, nei-
ther the appearance of the major central
domain and the outer domains nor the
molecular dimensions (460 = 25 A) dif-
fer substantially from those of native
fibrinogen. Subdivision of the outer do-
main of this modified fibrinogen is also
seen at about the same frequency as in
the native molecule. These results sup-
port our conclusion (5, 6) that the modi-
fied molecule retains in large part the
basic structure of native fibrinogen; they
also indicate that the observed mass loss
may consist primarily of the small extra
central domain.

Electron microscopy and image analy-
sis of negatively stained crystalline ar-
rays are more powerful techniques for
determination of macromolecular struc-
ture than visualization of individual mol-
ecules (8). An essential feature of the
heptad models derived from such studies
of modified fibrinogen is that the two end
domains must be located at different
distances along the molecular axis from
the central domain. In the early heptad
models these domains were all colinear,

but it was known that the molecule could
not be entirely straight since some im-
ages could not be fitted without a slight
bend at the center of the molecule (7). A

" small bend near the end domains of the

(3]

molecule (the ‘‘bent-hepta model),
rather than at the center, was subse-
quently found to give a better fit between
some of the microcrystal images and the
model simulations (8) (Fig. 2c). These
conclusions were supported by the re-
sults of refinements of the heptad models
against the x-ray data collected from P2,
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Fig. 3. Computer simulations of electron mi-
croscope images of negatively stained crystals
and microcrystals of modified fibrinogen.
Light areas are regions which are stain-ex-
cluding because of the presence of protein,
while darker areas allow more stain penetra-
tion because of lower protein density. At the
top in each case, is a computer-filtered elec-
tron microscope image (7). At the bottom, is a
simulated image of the same crystalline form
obtained with the model for fibrinogen shown
in Fig. 2, d and e. An inset consisting of one of
the molecules in the unit cell (of length 450 A)
is shown for each of the simulations simply to
illustrate the molecular orientations. A com-
plicated packing arrangement is required to
account for the features in these images (7).
(a) “‘Orthogonal sheet’’ microcrystal form. (b)
““Lace’’ microcrystal form. (c) P2, crystal
form used for x-ray crystallographic studies.
This view is along the unique b axis. The
molecules run in the [—3, 0, 1] direction (6, 7).
(d) The same crystal form as in (c), but viewed
in a near perpendicular direction which corre-
sponds to the major face of these crystals.
Techniques for the preparation of modified
fibrinogen crystals and microcrystals, their
analysis by electron microscopy, and the pro-
duction of computer simulations of the images
have been described (3-7).



Fig. 4. Computer simu-
lation of the band pat-
tern  of negatively
stained bovine fibrin.
At the top is an electron
micrograph of fibrin
with an axial repeat of
225 A. Below is a com-
puter simulation based
on the arrangement of
molecules shown in the
inset. The packing ar-
rangement is complex,
but an essential feature
is illustrated by a proto-
fibril made up of two
half-staggered filaments
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of molecules bonded end to end (9). The three-dimensional version of the model as well as
previous heptad models (Fig. 2, b to e) account for this image of fibrin.

crystals of modified fibrinogen (legend to
Fig. 2).

By contrast, recent electron micro-
graphs of individual fibrinogen mole-
cules visualized by rotary shadowing of-
ten show an apparent lateral division of
the outer domain as described above,
although some longitudinal separation is
also observed (Fig. 1) (10). In other
studies of individual molecules with neg-
ative staining or scanning transmission
electron microscopy, this longitudinal
displacement is more pronounced (I/0-
13) (see Fig. la, inset). These apparent
dissimilarities may be due in part to
differences in preparative techniques in-
cluding: in rotary shadowing, distortions
induced by high surface tension forces;
in negative staining, the effects of low
pH. But all of these images are two-
dimensional projections of three-dimen-
sional structures, so that some differ-
ences may also correspond to different
views of the same structure.

Using computer modeling programs
that allow independent placement of the
domains in three dimensions, we have
now reconciled these findings. The ar-
rangement of the domains was deter-
mined by coordinated modeling of both
the electron microscope images of crys-
talline forms and the 30-A x-ray data
without the requirement for linear con-
nectivity. With minimal assumptions, we
carried out a search using the 30-A x-ray
data to test a wide range of morpholo-
gies. We found a best fit from this class
of structures in which the two outer
domains are not colinear but are situated
off the molecular axis (Fig. 2, d and e).
This arrangement gives an overall R fac-
tor of 46 percent at 30 A resolution for
the x-ray data [compared with R = 86
percent for a linear heptad model (Fig.
2b) and R = 59 percent for bent heptad
models (Fig. 2c)], indicating that the
model is beginning to approach the cor-
rect structure.
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The correspondence between simula-
tions and electron microscope images is
also more convincing for this model than
for the linear heptad model. The fit is
improved for several crystalline arrays,
including the orthogonal sheet and lace
forms (Fig. 3, a and b), and is most
striking for the view of the major face of
the P2, crystal form (Fig. 3d) (7, 8). The
view of another face of the P2, crystal is
little affected by the changes in the mod-
el (Fig. 3c), since the structure is unal-
tered in this projection (see below).
Moreover, the projected structure still
accounts for the electron microscope
band pattern of fibrin (Fig. 4). As in
earlier studies, the presence of the small
domain interrupting the rod substantially
improves the fit of these images. A com-

Fig. 5. A schematic representation of the
folding of the polypeptide chains in native
fibrinogen based on the three-dimensional
model for the domains. Various segments of
the three pairs of chains in the molecule are
assigned to the observed domains. The Aa
chain is striped; B is black; v is light (gray).
The disulfide knot is shown at the center with
the two coiled-coil regions extending to either
side, interrupted by the small plasmin-sensi-
tive domain. The COOH-termini of the BB
and vy chains fold into globular B and <y do-
mains at the ends, while the COOH-termini of
the Aa chains fold back to form an additional
central a domain. Disulfide bonds are repre-
sented as thin wires holding the chains togeth-
er at the appropriate locations. Carbohydrate
chains bound to the BB and vy chains are
shown as black hexagons. This view of the
model is comparable to that shown in Fig. 2e:
the molecular twofold axis is perpendicular to
the page, although, for clarity, the COOH-
terminal a domain is displaced from the axis.
This domain is not seen in the proteolytically
modified fibrinogen shown in Fig. 2.

pelling aspect of these results is that
various different crystal forms, including
two views of one crystal, as well as
fibrin, can all be well simulated with the
same molecular model.

The three-dimensional fibrinogen model
can be seen in two perpendicular projec-
tions in Fig. 2, d and e. The appearance
in one projection is virtually identical to
the earlier two-dimensional bent heptad
model (Fig. 2¢). In the other projection,
the domains of the model have a stag-
gered appearance. Both views can be
seen in the electron micrographs of rota-
ry-shadowed fibrinogen molecules,
whereas negatively contrasted or un-
stained molecules tend to show the stag-
gered form (see inset, Fig. 1a) (10-13).
As pointed out by Erickson and Fowler
(11), the way in which fibrinogen mole-
cules adhere to the different substrates
used in these techniques may account in
part for these different images. In this
new version of the heptad model, the rod
portion now extends about 160 A from
the central globular region with an inter-
ruption for a small domain and termi-
nates in the two end domains, approxi-
mately 50 A in diameter each, both of
which are displaced from the molecular
axis. The twofold symmetry axis relating
the two halves of the molecule is in the
plane of Fig. 2d. This result can be
viewed as an extension of earlier models
to three dimensions and provides a more
accurate picture than previous models of
the topology of the end domains. Such a
picture fits with recent electron micro-
scope results (10-12), particularly those
of Williams (13).

Previous studies have related parts of
the amino acid sequence of fibrinogen to
the domains of the Hall-Slayter model,
including the central NH,-terminal ‘‘di-
sulfide knot” (2, 14) and the three-
stranded a-helical coiled-coil rod region
(15, 16). A major finding in this study
concerns the substructure of the outer
region of the fibrinogen molecule. The
homologous COOH-terminal regions of
the BB and vy chains have been pictured
(17) as folding independently into two
similar globular regions (displaced an
equal distance from the central domain)
which together comprise the end domain
in the Hall-Slayter model. In the various
heptad models, however, these two end
domains are displaced along the molecu-
lar axis at different distances from the
central domain; in the two-dimensional
heptad models (Fig. 2, b and c) this
colinear arrangement could imply that
each of the outer globular domains is
formed from all three chains. One of the
results of the modeling studies described
above is that the two end domains are
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also displaced laterally from the molecu-
lar axis. These findings may be account-
ed for simply when the two shortest
chains—Bp and y—terminate indepen-
dently in globular regions (8 and vy do-
mains). This assignment, as noted by
Williams (13), follows from the location
of the y-y cross-linking sites (/8) at the
end of the fibrinogen molecule and from
the binding sites involved in fibrin forma-
tion at the COOH-terminal end of the «y
chains (19-21). It is also consistent with
other aspects of the amino acid se-
quence. Although the COOH-terminal
sequences of these two chains are highly
homologous, there is an additional inter-
nal disulfide linkage in the B chains.
This linkage could shift the position of
the B domain closer to the center of the
molecule relative to that of the y domain.

Erickson and Fowler’s study (/1) also
indicated that the COOH-terminal por-
tion of the two longer Aa chains of
native fibrinogen folds back from the end
of the rod to form a small globular region
(an eighth, or o, domain) located near
the central region of the molecule. (Since
this eighth domain is the extra central
region we observe in images of shad-
owed native fibrinogen, but not in the
protease-modified molecules, this por-
tion of the molecule is not represented in
heptad models.) The finding that this
feature is seen in only some native mole-
cules could be due to superposition with
the central domain in some views, to the
susceptibility of the Aa chain to proteo-
lysis, or to some unfolding of the struc-
ture during preparation for microscopy.
Thus, the COOH-terminal region of each
of the three chains of fibrinogen appears
to be folded independently into a globu-
lar domain.

Our suggestion that the protease-mod-
ified molecule differs from the native
molecule chiefly in the loss of the
COOH-terminal portion of the Aa chains
is consistent with the fact that the modi-
fied molecule retains many biological
functions. Cleavage in these flexible sin-
gle chain regions by the enzyme from
Pseudomonas and a variety of other en-
zymes (4, 6, 8) appears at present to be a
necessary step in crystallizing fibrino-
gen.

A schematic representation of the
folding of the polypeptide chains in fi-
brinogen, based on the three-dimension-
al heptad model, is shown in Fig. 5. Here
the globular domains of the model are
viewed as in Fig. 2e. The central and end
domains are connected by a rodlike re-
gion shown as a three-chain «-helical
coiled coil, interrupted by a small ran-
domly folded, plasmin-sensitive domain
made up of all three chains. The g and v
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domains are shown for schematic pur-
poses as random coils, since optical rota-
tion studies indicate that the a-helical
content of the molecule [about 30 per-
cent (22)] can be accounted for by the
coiled-coil region. In addition to the sev-
en globular domains in the model, Fig. S
also depicts the a domain formed by the
COOH-termini of the Aa chains folding
back to interact at the center of the
molecule as would be seen in native
fibrinogen.
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Repression of the Immunoglobulin Heavy Chain Enhancer
by the Adenovirus-2 E1A Products

Abstract. The products of the adenovirus-2 (Ad2) immortalizing oncogene EIA
repress the activity of the SV40, polyoma virus and EIA enhancers. Evidence is
presented that Ad2 infection of MPC11 plasmocytoma cells results in an inhibition of
transcription of both the ¥2b heavy chain (IgH) and the kappa light chain immuno-
globulin genes. This inhibition is caused by the Ad2 El1A products. Furthermore, the
Ad2 EIlA products repress transcription activated by the immunoglobulin heavy
chain enhancer in chimeric recombinants, which are either stably integrated in the
genome of lymphoid cells or are present as episomes. The implications of negative
regulation of cellular enhancers are discussed.
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During adenovirus infection E1A is the
first gene expressed. Early in infection
it yields two messenger RNA’s (nRNA’s)
(128 and 13S) coding for proteins of
243 and 289 amino acids, respectively.
These proteins stimulate transcription of
the other early adenovirus genes (I, 2)
and of a number of cellular genes (3).
They can also repress the activity of the

SV40 and polyoma virus enhancers (4,
5). Enhancers are cis-acting promoter
elements that are required for efficient
transcription of some viral and cellular
genes and can also activate transcription
from heterologous promoters. The activ-
ity of some enhancers is restricted to
particular cell types or physiological
stages and therefore they may have a
role in the regulation of gene expression
in eukaryotes (6). In that expression of
the E1A proteins can lead to immortal-
ization of primary cultured cells (7), this
oncogenic property may possibly be me-
diated in part by the repression of some
cellular enhancers. We have therefore
studied the effect of the E1A products on
the activity of a well-characterized cellu-
lar enhancer, the immunoglobulin heavy
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