that cannot be answered with less-or-
dered cocrystals. It should be possible to
determine: (i) the precise contacts made
by the repressor, including contacts
made by the flexible NH,-terminal arm
and contacts that might be made via
bridging water molecules; (ii) whether
the conformation of the protein changes
as it binds to the operator; (iii) whether
the DNA bends or twists significantly;
and (iv) how the local structure of the
DNA differs from that of a uniform B-
DNA fiber (23, 24). Because the protein
structure was determined previously and
a detailed model for the complex was
proposed (8), this study should also help
evaluate the reliability of model-building
and the importance of cocrystals for fu-
ture studies of protein-DNA interac-
tions.

Although it is tedious, systematic
screening of crystallization conditions
with helices of different lengths or with
different ends may be a useful approach
for cocrystallization of other proteins.
Our results suggest that crystallization
conditions and crystal quality can vary
drastically as the length of the duplex
and the nature of the ends are changed.
Thus the 20-mer gave excellent cocrys-
tals when precipitated with 20 percent
PEG 400, but the best conditions with
the 21-mer (100 mM MgCl, and 9 percent
PEG 400) only gave microcrystals. Co-
crystals containing the 22-mer grew quite
readily from 15 mM Co(NH;)¢Cl3, but
these were poorly ordered.

Is it possible to predict which length of
DNA will be optimal for cocrystalliza-
tion? Anderson, Ptashne, and Harrison
predicted that a 21-mer would be particu-
larly useful for cocrystallization (14).
They assumed (i) that duplexes will stack
to form a pseudocontinuous helix, (ii)
that DNA fragments, like DNA frag-
ments in solution, will have 10.5 base
pairs per helical turn (25), and (iii) that a
small repeating unit is desirable. Presum-
ably our use of self-complementary ends
increases the chances of forming a pseu-
docontinuous helix in the crystal. If this
occurs, there will be exactly two helical
turns as the DNA traverses our unit cell,
but a 20-mer, rather than a 21-mer, yields
the best crystals. Our experience shows
that it may be necessary to try several
DNA fragments with any particular pro-
tein.
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Brain-Derived Acidic Fibroblast Growth Factor: Complete

Amino Acid Sequence and Homologies

Abstract. Bovine brain-derived acidic fibroblast growth factor (aFGF) is a protein
mitogen originally identified in partially purified preparations of whole brain. The
protein was purified to homogeneity and shown to be a potent vascular endothelial
cell mitogen in culture and angiogenic substance in vivo. The homology of aFGF to
human interleukin-1B was inferred from partial sequence data. The complete amino
acid sequence of aFGF has now been determined and observed to be similar to both
basic FGF and interleukin-1’s. A neuropeptide-like sequence, flanked by basic
dipeptides, was observed within the aFGF sequence.
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Brain has been recognized as a plenti-
ful source of mitogenic activity for pri-
mary fibroblasts for almost 50 years (/).
Two unique fibroblast growth factors
(FGF’s), one with an acidic (2) and the

other having a basic (3) pl, have been
purified to homogeneity from brain.
Both hypothalamus-derived endothelial
cell growth factor (ECGF) and eye-de-
rived growth factor II (EDGF II) appear
to be similar, or identical, to the acidic
mitogen (4). Brain-derived acidic fibro-
blast growth factor (aFGF) is purified as
a pair of microheterogeneous forms,
aFGF-1 and aFGF-2, differing in the
presence or absence of an amino termi-
nal hexapeptide (5). Their masses, as
estimated from sodium dodecyl sulfate
polyacrylamide gel electrophoresis, are
16,000 to 17,000 daltons and their iso-
electric points are from pH 5 to pH 7 (2).
We reported earlier the identification,
purification, amino acid composition,
and partial amino acid sequence of bo-
vine aFGF and its apparent homology to
human interleukin-18 (IL-1B) (2, 5, 6).
The acidic and basic FGF’s have about
the same mass, bind avidly to heparin
affinity columns (3, 7), and are active on
a wide variety of types of cells (5, 8, 9),
including vascular endothelial cells. The
acidic, and probably the basic, FGF’s
are potent angiogenic substances in vivo
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(5, 9). The physiological significance of
two unique FGF’s with similar spectra of
mitogenic activities is unknown.

The complete amino acid sequence of
bovine brain-derived aFGF and the mi-
crosequencing techniques used for its
determination are given in Fig. 1. The
140-residue sequence is well determined,

| arGF-2
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with most regions confirmed by overlap-
ping peptides. The amino acid composi-
tion calculated from the complete se-
quence agrees well with the composition
determined by hydrolysis when rescaled
to the slightly lower mass of 15,883 dal-
tons. No Asn glycosylation sequences
(Asn-X-Ser/Thr) are present; this is in
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agreement with (i) the lack of amino
sugars following acid hydrolysis, and (ii)
the failure to bind either to concanavalin
A or to wheat germ lectin affinity col-
umns (2).

Brain-derived basic FGF (bFGF) was
purified by a modification of the aFGF
purification protocol using heparin Seph-
arose and reversed-phase high-perform-
ance liquid chromatography (HPLC)
(10). The reduced and carboxymethylat-
ed protein was sequenced from the ami-
no terminus. Of the amino terminal 42
residues, 39 were unambiguously identi-
fied. Bovine brain, human brain, and
bovine pituitary bFGF’s are clearly
equivalent proteins, as judged by com-
parison of this extended sequence with
the amino-terminal 15 residues of human
brain and bovine pituitary bFGF’s (3).
Brain bFGF appears to have an amino
terminal 9-residue extension not present
on aFGF when aligned as shown in Fig.
2A. Beginning at residue 10 of bFGF, 20
of 30 identified amino acid residues are
identical with those of aFGF. The signifi-
cance of the homology is greater than 8
standard deviations from random resem-
blance (I1). This shows that the two
FGF’s descended from a common ances-
tral protein.

The originally proposed homology (5)
between the partial sequence of aFGF
and equivalent regions in the carboxyl
terminal 149 residues of IL-1f3 precursor
(12) is now extended to include the entire
aFGF molecule and the carboxyl termi-
nal halves of the precursors of both IL-
1B and IL-1a (Fig. 2B). The sequences
were aligned by a combination of the
Needleman and Wunsch algorithm (11),
hydropathicity (13, 14), residue exposure
calculations (15), and visual inspection.
A family of slightly different alignments
generated by small variations in the pa-
rameters of the Needleman and Wunsch
analysis all gave very similar statistical
significance. The best alignments found
between aFGF and both IL-1B and IL-1a
were 2.2 and 1.8 standard deviations
from random, respectively, compared to
5.5 standard deviations between the two
IL-1’s. The probabilities are less than 3
percent and 7 percent, respectively, that
the values 2.2 and 1.8 reflect zero corre-
lation of aFGF with the IL-1B and IL-1a
sequences. In the three-way alignment
shown in Fig. 2A, 25 percent of the
aFGF residues are identical to those of
IL-1B8, and 19 percent are identical to
those of IL-1a; 26 percent of the residues
common to the two IL-1’s are the same.

Evaluation of the similarities between
the patterns of side-chain hydropathici-
ties, a method of detecting common ter-
tiary structural patterns of solvent-ex-
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posed and buried residues in distantly
related proteins (I3, 14), also indicates
that aFGF and the IL-1’s are related.
The similarities between aFGF and the
two IL-I's were also evaluated, as

shown in Fig. 2B, by a measure of aver- .

age solvent exposure determined from
protein  crystallographic  coordinates
(15). Although both hydropathic and ex-
posure diagrams reveal substantial simi-
larities among these proteins, the mea-
sure of solvent exposure shows a some-
what greater agreement among the three
patterns. When the method and coeffi-
cients of Sweet and Eisenberg (/4) are
used to estimate the significance of this
similarity, the pairwise correlations
among the three proteins are each over
six standard deviations from random.
Post-translationally processed mature
aFGF, bFGF, IL-1a, and IL-1B are simi-
lar by both mass and sequence homolo-
gy. In addition, IL-1B8 (/6) and both
FGF’s are mitogenic for primary fibro-
blasts. As aligned, the amino termini of
aFGF and bFGF begin five residues after
and four residues before that of the pro-
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Residue number

Fig. 2. Homology among FGF’s and IL-1’s. (A) The complete
sequence of bovine aFGF is aligned with the amino terminal end of
bovine bFGF and the carboxyl terminal halves of the precursors of
both human IL-1B and IL-1a. The bFGF sequence is shown beginning
at residue 10 (the first nine residues are Pro-Ala-Leu-Pro-Glu-Asp-
Gly-Gly-Ser); unidentified residues are denoted as XXX. Common
aligned residues are enclosed in boxes. The numbers above the aFGF

sequence denote the aFGF residues, whereas those below the IL-1a
sequence refer to the numbering of residues that are common to aFGF

o

and the two IL-1’s. (B) The solvent exposure index [*‘1-f”* of Rose et
al. (15)] at each residue, taken as a running average with the preceding
and following three residues, is plotted for the common aligned

residues of aFGF (—), IL-18 (— —), and IL-1a (- - - - - ). Maxima

THRHHIS-PHE
THR4LYS-GLY:
PRO-
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LYS-ALA4ILE+LEU- PHE LEU—PRO PROTVAL-SER-SERYASP
RSP- ILE-THR-ASP~-PHE+THR-MET-GLN-PHE +VAL-SER-SER
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cessed form of IL-1B (I6). These data
support the proposal that both FGF’s
and IL-1’s are members of a new protein
family of homologous growth factors.
The amino terminal sequence of an inter-
feron releasing factor (17) places it, also,
within the same family.

A decapeptide (residues 102 to 111) is
contained within aFGF that is flanked on
each end by Lys-Lys dipeptides. Since
basic dipeptide sequences are signals for
proteolytic processing of many active
peptides from their longer precursor pro-
teins, we compared the decapeptide se-
quence to sequences of other known

and minima correspond to predicted exposed and buried regions. The
extent of divergence among the predicted solvent exposures along the
three sequences is emphasized by the stippling. The horizontal line is
the overall average of all three common sequences.

biologically active polypeptides. The
brain-derived aFGF decapeptide aligns
well with various biologically active
neuropeptides, especially in the carboxyl
terminal half of the sequence (Fig. 3), a
highly conserved region believed to par-
ticipate in receptor binding and much of
the biological activity of the neuropep-
tides (I8). Furthermore, at least some of
these peptides are mitogenic. The mam-
malian neuropeptides substance P (from
both central and peripheral nervous sys-
tem) and substance K (from spinal cord)
stimulate DNA synthesis in both cul-
tured arterial smooth muscle cells and

aFGF
Neuromedin C
Bombesin
Neuromedin K
Substance K
Substance P
Physalaemin
Eledoisin

HIS-ALAGLU{LYS-HIS-TRP—PHE-VAL-GLY~-

GLY-ASN HIS—TRPVFIL—GLYLEU-~MET—NH2
pGLU-GLN-ARG-LEU-GLY~-ASN-GLN{TRPJALALVAL-GLY+HISTLEULMET-NH,
ASP—MET—-HIS-ASP-PHE}PHE-VAL-GLY—
-LYS-THR-ASP-SERTPHE-VAL-GLY-
ARG-PRO-LYS—PRO-GLN-GLN{PHE{PHE]GLY-

pGLU ASP-PRO-ASN-LYS+PHE{TYRIGLY—
pGLU-PRO-SER{LYS}ASP-ALAPHE+ILE4GLY-

-LEU

~LEUTMET-NH,
~LEUMET-NH,
—LEUMET-NH,
—LEUTMET-NH,
—LEU+MET-NH,

Fig. 3. The sequence similarities of the aFGF neuropeptide-like amino acid

sequence with

known neuropeptides. The sequence of residues 102 to 111 of bovine aFGF is aligned with
neuropeptide sequences. Amino acid residues that are identical to those of aFGF are enclosed

in boxes.
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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



