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ABSTRACT The crystal structure of a recombinant aEC
domain from human fibrinogen-420 has been determined at a
resolution of 2.1 Å. The protein, which corresponds to the
carboxyl domain of the aE chain, was expressed in and
purified from Pichia pastoris cells. Felicitously, during crys-
tallization an amino-terminal segment was removed, appar-
ently by a contaminating protease, allowing the 201-residue
remaining parent body to crystallize. An x-ray structure was
determined by molecular replacement. The electron density
was clearly defined, partly as a result of averaging made
possible by there being eight molecules in the asymmetric unit
related by noncrystallographic symmetry (P1 space group).
Virtually all of an asparagine-linked sugar cluster is present.
Comparison with structures of the b- and g-chain carboxyl
domains of human fibrinogen revealed that the binding cleft
is essentially neutral and should not bind Gly-Pro-Arg or
Gly-His-Arg peptides of the sort bound by those other do-
mains. Nonetheless, the cleft is clearly evident, and the
possibility of binding a carbohydrate ligand like sialic acid has
been considered.

Fibrinogen is a protein found in the blood plasma that is the
precursor of the fibrin clot. In all vertebrates examined, the
protein is composed of two copies each of a, b, and g subunits.
The b and g chains are homologous throughout their full
lengths, but ordinarily a chains are homologous with b and g
chains over the course of their first 200 residues only, their
carboxy-terminal regions having been displaced by some kind
of genetic exchange at an early point in vertebrate evolution
(1). There are minor forms of fibrinogen, however, in which a
chains have carboxyl-terminal domains that are homologous to
those found at the carboxyl-termini of b and g chains. In
humans, this minor form is referred to as fibrinogen-420, a
reflection of an increase in molecular weight from 340 kDa to
420 kDa as a function of the alternative extended a (aE) chains
(2).

These alternative forms of fibrinogen were first brought to
light by the discovery of a bipartite messenger RNA for the a
chain in chickens (3). Thus, a cDNA was isolated that encoded
the major form of the a chain but also included a second ORF
downstream; the second ORF was clearly homologous to the
carboxyl domains of b and g chains. A comparable situation
was found to exist in human a-chain transcripts, and it was
shown that alternative splicing led to an aE chain; the larger
molecular weight fibrinogen containing these aE chains was
found to be synthesized by hepatoma cells (4). Meanwhile, a
similar protein was uncovered in lampreys, except that the
major and minor forms were encoded by separate genes (5).

Sequence-based phylogenetic trees showed that the minor
form aEC domains diverged only slightly before the divergence
of b and g chain domains (5).§

The fact that in lamprey the two genes encode different
amino-terminal sequences made it possible to measure the
minor form in plasma simply by quantifying its unique fibri-
nopeptide; the minor form accounted for 5–10% of the
circulating fibrinogen molecules (7). In human plasma, fibrin-
ogen-420 was found to account for '1–2% of all fibrinogen
molecules (2). The function of these minor forms of fibrinogen
remains unknown, although in humans the relative concen-
tration is significantly elevated in cord blood (8).

In lampreys, incorporation of the alternative form into fibrin
is rapid, and the carboxyl domain has been implicated in fibrin
crosslinking (9). In contrast, the human equivalent, in the form
of a recombinant domain, is not crosslinked by factor XIII
(D.A., unpublished data). In lampreys, the intact domain is
easily removed from fibrinogen by light trypsin action, but the
isolated domain does not bind to Gly-Pro-Arg columns the way
g-chain domains do (9). The corresponding recombinant aEC
domain from humans does not bind to these columns either
(D.A. and G.G., unpublished data).

The successful expression of relatively large amounts of the
recombinant human protein in the yeast Pichia pastoris (D.A.
and G.G., unpublished data) made it feasible to consider
crystallization. It was hoped that a crystal structure might shed
light both on the function of the aEC domain in particular and
the evolution of fibrinogen in general, especially in light of
recently published structures of the gC domain (10) and
fragment D (11) from human fibrinogen.

EXPERIMENTAL PROCEDURES

Expression and Purification. The recombinant domain,
designated raEC, was expressed in the yeast P. pastoris and
purified by chromatography on a mono-Q column (Pharma-
cia). Full details and characterization are described elsewhere
(D.A. and G.G., unpublished data). Briefly put, a segment
encoding residues Val-610–Gln-847 of the human aE chain was
inserted into a pPIC9 vector and expressed according to the
manufacturer’s protocol (Invitrogen). The purified product
was homogeneous on SDS gels. Amino-terminal sequencing
revealed six residues of the vector upstream of Val-610,
increasing the calculated mass of the fusion protein to 27,653.
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Additional mass is contributed by a cluster of carbohydrate (2).
The final product was dialyzed against 0.02 M Tris buffer, pH
7.5 and shipped to San Diego for crystallization.

Crystallography. Crystals were obtained by vapor diffusion
from sitting drops at room temperature. A large range of
conditions were explored, including a partial factorial ap-
proach with precipitants from a Hampton Research screening
kit (12). After numerous attempts, the final conditions used in
the well were: 20% polyethylene glycol 3350, 0.15 M CaCl2, 0.1
M imidazole-acetate (pH 5.5), and 0.002 M sodium azide; the
concentration of the protein solution was 8 mgyml 0.02 M Tris,
pH 7.5. Drops were set with 5 ml of well solution and 5 ml of
protein solution. These drops were streak-seeded from a long
series of seedings with low-quality crystals, including needle
clusters, that had grown spontaneously. Some of these serial
seedings were conducted only after drops were set and pre-
incubated for 7–10 days. In the end, a number of good, small
crystals and two large crystals were obtained (Fig. 1).

Data were collected at Brookhaven National Synchrotron
Light Source beamline X12C. The crystals diffracted to a
minimum Bragg spacing of better than 2.1 Å at room temper-
ature (Table 1). Analysis of the data with Denzo and Scalepack
(13) showed that the crystals belong to space group P1 with
unit cell 71.40 Å, 105.71 Å, 71.35 Å, 104.63°, 108.91°, and
71.53°, although there was an aspect of pseudo-symmetry
reminiscent of the space group C2. When the postrefined unit
cell dimensions were analyzed by the Collaborative Computing
Project No. 4 program TRACER (14), no higher symmetry cell
compatible with the data was revealed. If a solvent content of
50% were assumed, this would amount to eight molecules in
the unit cell. A native Patterson synthesis of the reduced data
showed a large peak (50% of origin) at x 5 0.5, y 5 0.0, and
z 5 0.0 (in fractional coordinates). The Patterson suggested
that only four unique orientations needed to be derived, the
other four molecules being related to the first set by a
translation of one-half the unit cell in the x direction. Self-
rotation functions produced with POLARRFN (14) with an
integration radius of 20 Å on all data between 8.0 and 4.0 Å
showed large two-fold peaks around the x, y, and z axis,
respectively.

Molecular replacement was carried out with XPLOR (15)
with the coordinates of a gC domain taken from a 2.3 Å
structure of crosslinked fragments D (16) as a search model.
A rotation function followed by PC (Patterson Correlation)
refinement (17) on all data between 8.0 and 4.0 Å (integration
radius 20 Å) produced four peaks, each related by the self
rotation angles. The correlation coefficients of the four peaks
were 11.8%, 9.7%, 7.6%, and 7.7%. The highest rotational
solution was then used to fix the origin of the P1 cell; the other

three solutions were searched over the whole unit cell, pro-
ducing solutions with correlation coefficients of 18.3%, 14.7%,
and 14.5%, at 9.7, 6.5, and 6.5 SD above the mean, respectively.
A combination of all four solutions together produced a
correlation coefficient of 23.2% and an R factor of 0.552. The
four molecules were then translated by one-half a unit cell in

FIG. 1. Crystal of raEC domain used for x-ray diffraction study.
The crystal measured '0.5 mm on its longest edge.

FIG. 2. Average electron density map showing segment of chain
including asparagine aE667 and attached sugar residues; map calcu-
lated from DM coefficients and phases from the unrefined model
contoured at 1.5 s. Residue numbering based on aE chain from human
fibrinogen (4).

Table 1. Data collection and refinement statistics

Data statistics
Space group P1
Unit cell dimensions a 5 71.40, b 5 105.71, c 5 71.35,

a 5 104.63, b 5 108.91,
g 5 71.53

Moleculesyasym. unit 8
No. of crystals 3
Resolution, Å 2.1
Observations, N 1,169,328
Unique reflections, N 110,459
Mean redundancy 5.2
Completeness, % 91.2
Rsym (I), % 9.8

Refinement statistics
Resolution range, Å 20.0–2.1
No. of model atoms 12,896
No. water molecules 200
R-value† 0.195
Free R-value‡ 0.255

rmsd from ideals
Bond length, Å 0.013
Bond angle, + 2.5

Average B value 33.3

*Rsym 5 (SuI 2 ^I&u)y(SuIu).
†Crystallographic R-value (SiF(Obs)u 2 uF(Calc)i)y(SuF(Obs)u)) with 95%
of the native data for refinement.

‡Free R-value: R-value based on 5% of the native data withheld from
refinement.
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the x direction to account for the full volume in the unit cell,
and rigid body refinement carried out on the resulting eight
molecules. This resulted in a correlation coefficient of 35%
and an R factor of 0.50 on all data between 8.0 and 2.3 Å.

An analysis of packing of the eight molecules revealed that
the first 40–50 residues of each g domain molecule were
clashing severely. Accordingly, the first 50 residues were
removed from the model, and rigid body refinement was
carried out once more; this time the correlation coefficient
rose to 43% and the R factor dropped to 0.47. An initial model
was built based on residues 190–390 of the gC domain noted
above. Sequence differences between the g and aE domains
were represented by alanines, and loops containing deletions
or insertions were omitted. Structure factors for the model
were calculated using SFALL (14); figures of merit for the
phases were calculated by the SIGMAA-weighting technique of
Read (18). The resulting phases were improved by density
modification incorporating the 8-fold averaging, histogram
matching, and solvent flattening with the program DM (14).
The resultant map showed unambiguous electron density for

almost all loops, side chains, and glycosylated residues not
included in the initial model, indicating the correctness of the
molecular replacement solution (Fig. 2). The model was rebuilt
(19) with correct sidechains, 198 of the 201 residues in all, and
refined with REFMAC (20). Initially, strong noncrystallographic
restraints were applied, as well as phase restraints with the
starting DM phases. These were gradually removed as the
model improved. In the end, the working R factor dropped to
0.195 and the free R factor to 0.255.

RESULTS AND DISCUSSION

Crystals. The fact that the first 40–50 residues were missing
from the electron density map forced us to compare the
chemical makeup of the crystals with the starting protein
solutions. It was a fortuitous event that led to long incubations
at room temperature before streak-seeding because during
that period a 37-residue subdomain (plus six residues from the
vector) was proteolytically removed from the starting material.
Thus, when crystals were removed from drops, washed with

FIG. 3. Superimposed a-carbon stereo diagrams of aEC domain (green) and corresponding region of g chain (red), both from human fibrinogen.
The two views are 180° apart. The carbohydrate cluster shown is attached to the Asn at aE667. The peptide Gly-Pro-Arg-Pro-amide orientation
is shown as it binds to the gC domain in fragment double-D (11, 16). Note the equivalent position of calcium atoms (Upper, red and green balls
behind the ligand). Figure prepared with MOLSCRIPT (31), BOBSCRIPT (32), and RASTER3D (33, 34).
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well solution, and examined on SDS gels, the material was
significantly smaller (data not shown). Moreover, when har-
vested crystals themselves were redissolved and examined by
amino-terminal sequencing (University of California, San
Diego, Sequencing Facility), the sequence began with ETSLG-
GWLLI, which corresponds to aE residues 647–656, indicating

that 37 residues of the construct and the six-amino acid
residuum of the vector had been removed by incipient prote-
olysis.

Structure. As expected, the structure of the aEC domain
closely resembles those of the b and g domains (Fig. 3). The
rms deviation (rsmd) for Ca atoms from the aEC and gC

FIG. 4. GRASP (35) depictions of aEC (Left) and gC (Right) domains showing equivalent projections with binding clefts. The ball and stick model
is liganded Gly-Pro-Arg-Pro-amide. Note lack of negative charge (red) within the binding site of the aEC chains.

FIG. 5. Sequence alignment of regions from various fibrinogen b, g, and aE chains and the partial sequence of a lectin from the slug, Limax
flavus. (26). FBEH, human b; FBER, rat b; FBEC, chicken b; FBEL, lamprey b; FGAH, human g; FGAR, rat g; FGAC, chicken g; FGAL, lamprey
g; FAH2, human aE; FAR2, rat aE; FAC2, chicken aE; and FAL2, lamprey aE. Only the human sequences are numbered. Those residues in which
all 12 nonslug sequences are identical are emboldened, as are two key residues (pp) from the binding pocket in which the slug lectin is the same
as three of the aEC domains. The skein at aE809–818 in which the aEC differs significantly from b and g chains is denoted by pppppppppp. The
sequence of the remainder of the slug lectin has not yet been reported.
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domains is 1.26 (192 residues compared), and that of the aEC
and the bC domains is 0.96 (193 residues compared). The rmsd
for b–g comparison over the same region is 1.06 (189 residues
compared). Thus, in a structural sense, the three domains are
just about equally different. Some other expected features
included the calcium bound at residues 772–778, as predicted
(D.A. and G.G., unpublished data), and the carbohydrate
cluster at Asn-667 (6). Also as anticipated (6), there is no
evidence for carbohydrate at Asn-812, even though there is a
serine two residues further along. The absence of carbohydrate
is consistent with a recent report (21) that glycosylation does
not occur effectively when the residue after the obligatory
serine or threonine is a proline. In the present case, it may be
significant, also, that the proline is in the cis conformation. The
loop region that includes this Asn-Asn-Ser-Pro constellation
(res. 812–815) is somewhat disordered.

The most interesting feature of the structure is doubtless the
binding cleft. As expected on the basis of sequence compar-
isons, the cleft cannot possibly bind positively charged peptides
of the sort exemplified by Gly-Pro-Arg or Gly-His-Arg. None-
theless, the cleft remains well defined (Fig. 4) and, as discussed
below, is likely functional.

Evolution. It has long been supposed that the vertebrate
fibrinogen molecule was assembled during evolution from two
principal components found in other animal proteins: a three-
stranded a-helical-coiled coil and a globular carboxyl-terminal
domain. From the beginning, it was postulated that the pro-
totypic molecule was a homotrimer or homohexamer (1). That
the major type of a chain is homologous to the b and g chains
over the course of its first third only was attributed to the
original carboxyl-terminal domain of the chain having been
lost in some kind of genetic and evolutionary exchange (1),
doubtless a part of the specialization and differentiation that
accompanied the evolution of fibrin formation. All other
known proteins containing three-stranded coiled coils are
homotrimers or homohexamers (22). One natural advantage of
homopolymers is the amplification that accrues with weak
binding for repetitive ligands of the sort that occur on many
microbial surfaces (23). As such, the prototypic fibrinogen may
have evolved from entities involved in host defense. Whatever
the case, all vertebrate fibrinogens are now dimers of hetero-
trimers, the three constituent chains of which have differen-
tiated greatly from their common ancestor.

Previous sequence analysis had made it clear that the aEC
domain is not only homologous to the b and g carboxyl-
terminal domains of vertebrate fibrinogen and other proteins
(4) but that it also is more closely related to those two
fibrinogen domains than are any other known fibrinogen-
related structures (5). In a phylogenetic sense, then, the aE
represents a good candidate for a component of the prototypic
fibrinogen. Arguments based on function make an even more
compelling case that aE chains may represent the prototype
a-chain.

Function. That the ancient a-chain carboxyl domain has
survived throughout the vertebrate radiation is testimony to its
being essential, and yet the function of the extended fibrinogen
a chain and the role of its carboxyl-terminal domain remain

mysterious. Among the possibilities, however, are binding to
particular cell types or other macromolecules. It is significant
that the majority of other animal proteins that contain fibrin-
ogen-related carboxyl domains are involved in cell adhesion (4,
24). This observation is wholly consistent with suggestions that
fibrinogen evolved from a lectin-like molecule (10, 22, 24).
Indeed, there is circumstantial evidence that the potential
binding cleft on the aEC domain may be suitable for binding
some kind of sugar. In this regard, of all the fibrinogen-related
domains reported, only the bC and gC domains are known to
bind peptides. The key residues in ligand binding for the b and
g chains include b397–398 (11) and g329–330 (25), which are
Glu-Asp and Gln-Asp, respectively. The corresponding resi-
dues in aEC are a Val and Tyr at aE783–784. Exactly the same
residues occur in a sialic acid-binding lectin found in an
invertebrate, the slug Limax flavus (26). Coincidentally, also,
the aEC domains have a gap at the very same place as does the
slug lectin (Fig. 5), a deletion which involves a significant
shortening of one of the loops adjacent to the binding pocket.

Given these similarities, we would cautiously suggest that the
most likely role of the aEC domain involves carbohydrate
binding of some sort. Whether such binding would involve
other factors or cells involved in clotting or the extracellular
matrix remains to be determined. It will be of great interest to
find if raEC binds sialic acid or other sugars.

The aEC domain also contains a 10-residue segment
(aE809–818), the sequence of which is unchanged in all those
mammals examined and which appears unique among the
fibrinogen-related domains (Fig. 5). The segment forms a well
defined loop that could easily be involved in binding to other
macromolecules. The aEC domain is significantly more elec-
tronegative than the bC and gC domains (Table 2), a feature
that may bear on its attachments. The electronegative char-
acter is mainly attributable to a dearth of lysine sidechains,
rather than to a build-up of negative charges.

Finally, it should be mentioned that the carbohydrate at Asn
aE667 is located at a position where several other fibrinogen-
related domains have potential glycosylation sites (24). In
addition to all the other known aEC domains in mammals and
chicken and the equivalent domain in lamprey, putative car-
bohydrate-binding sites occur at this position in the Drosophila
scabrous protein (27), in the lamprey g chain (28), and in the
mammalian fibrinogen-related protein known as PT49 (29,
30).
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