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ABSTRACT: We synthesized three fibrinogen variants, BâE397A, BâD398A, and BâD432A, with
substitutions at positions identified in crystallographic studies as critical for binding the “B” peptide,
Gly-His-Arg-Pro-amide (GHRPam), to the “b” polymerization site. We examined thrombin- and batroxobin-
catalyzed polymerization by turbidity measurements and found that BâE397A and BâD398A were impaired
while BâD432A was normal. Changes in polymerization as a function of calcium were similar for variant
and normal fibrinogens. We determined crystal structures of fragment D from the variant BâD398A in
the absence and presence of GHRPam. In the absence of peptide, the structure showed that the alanine
substitution altered only specific local interactions, as alignment of the variant structure with the analogous
normal structure resulted in an RMSD of 0.53 Å over all atoms. The structure also showed reduced
occupancy of theâ2 calcium-binding site that includes the side chain carbonyl of BâD398, suggesting
that calcium was not bound at this site in our polymerization studies. In the presence of peptide, the
structure showed that GHRPam was not bound in the “b” site and the conformational changes associated
with peptide binding to normal fragment D did not occur. This structure also showed GHRPam bound in
the “a” polymerization site, although in two different conformations. Calcium binding was associated
with only one of these conformations, suggesting that calcium binding to theγ2-site and an alternative
peptide conformation were induced by crystal packing. We conclude that BâE397 and BâD398 are essential
for the “B:b” interaction, while BâD432 is not.

Fibrinogen is a 340 kDa dimeric glycoprotein composed
of two copies of three nonidentical polypeptide chains, AR,
Bâ, and γ. The six chains fold to form an elongated
trinodular molecule in which two terminal nodules designated
D flank a central nodule, E (1, 2). The amino termini of all
six chains fold together into the central E nodule. Two coiled-
coil connectors, each composed of the three polypeptide
chains, extend in opposite directions from the center to link
the D and E nodules (3). The carboxyl termini of the Bâ-
andγ-chains fold independently into two globular modules
in the D nodule, while the carboxyl termini of the AR-chains
either fold back to associate noncovalently with the central
E nodule or extend freely in solution (4).

X-ray crystallography studies of the D nodule fragment
showed that theâ- and γ-chains share not only sequence
homology but also significant structural similarity (5). Four
calcium-binding sites were identified in the crystal structures,
two sites in theγ-module and two in theâ-module (5-9).

We have designated these sites asγ1, γ2, â1, andâ2, where
γ1 andâ1 are analogous sites butγ2 andâ2 are not. The
biochemically characterized, high-affinity calcium-binding
site, designatedγ1, is composed of the side chains of residues
γAsp318 andγAsp320, and the backbone carbonyls of
γPhe322 andγGly324. Theγ2-site, comprised of the side
chains ofγAsp294 andγAsp301 and backbone carbonyls
of γGly296 andγAsp298, is apparent in crystal structures
only when the peptide GHRPam is bound to theγ-chain
polymerization site (8). The â1-site, analogous to theγ1-
site, is formed by the side chains of BâAsp381 and
BâAsp383 and the backbone carbonyl of BâTrp385. The
â2-site, which is not analogous to theγ2-site, includes the
side chains of BâAsp261, BâAsp398, andγGlu132 and the
backbone carbonyl oxygen of BâGly263. Theâ2-site serves
as an anchor linking theâ-module and the coiled-coil
connector (8, 9). This anchor carries out a significant
biological function during polymerization (9).

The conversion of soluble fibrinogen to an insoluble fibrin
clot begins when thrombin cleaves fibrinopeptides A and B
(FpA and FpB)1 from the amino termini of the AR- and Bâ-
chains of fibrinogen, respectively. The removal of FpA
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exposes polymerization site “A” (Gly-Pro-Arg-Val se-
quence), while FpB removal uncovers polymerization site
“B” (Gly-His-Arg-Pro sequence) (10, 11). The newly formed
“A” and “B” polymerization sites of one fibrin molecule
interact with inherent polymerization sites “a” and “b”
located in theγ- and â-modules, respectively, of another
fibrin molecule. Fibrin monomers associate with one another
through “A” and “a” interactions (“A:a”) to form half-
staggered, double-stranded protofibrils that grow to a critical
length prior to their aggregation into thick, branching fibrin
fibers (12, 13). FpB release occurs predominantly during
protofibril formation, suggesting that “B:b” interactions
enhance the lateral aggregation of protofibrils (12, 14).
Nevertheless, the specific role of the “B:b” interaction
remains unclear. Indeed, analysis of polymerization initiated
with thrombin-like enzymes that cleave only FpA, such as
batroxobin, suggested that “A:a” interactions alone are
enough to form fibrin clots (12, 15). In support of this idea,
analysis of clot formation in whole blood showed only a
fraction of FpB was missing from a fibrin clot (16).
Conversely, recent analysis of variant fibrinogens with
weakened “A:a” interactions suggests that “B:b” interactions
can support protofibril formation (17).

The enigmatic role of the “B:b” interaction has hindered
researchers in their quest to fully characterize the steps of
fibrinogen polymerization. Early crystallography studies
defined the “A:a” interaction by showing a peptide mimic
of the “A” polymerization site (GPRPam) bound to a pocket
in the C-terminal region of theγ-module (5, 18). Shortly
thereafter the “B:b” interaction was seen in similar models
based on crystals grown with a peptide mimic of the “B”
polymerization site (GHRPam) (7, 8). The resulting structures
showed the peptide bound in a pocket located in the carboxyl
terminal region of theâ-module to form a “B:b” interaction
analogous to “A:a”. Substantive conformational changes
within the “b” polymerization site were seen with bound
GHRPam. Specifically, residues BâGlu397 and BâAsp398
flipped 180° from their original positions to interact with
the bound peptide in the “b” polymerization site (8). Further,
binding GHRPam to the “b” site also eliminated the nearby
â2 calcium-binding site (9). Although the crystallographic
data provide clear snapshots of the “B” peptide bound in
the “b” site, the true dynamics of “B:b” interactions in fibrin
polymerization remain hidden in conflicting biochemical
data. The “A:a” and “B:b” interactions were first studied in
equilibrium dialysis experiments with peptide mimics of the
“A” (GPRP) and “B” (GHRP) sites to measure binding
affinities (10, 19). These studies showed that “B:b” interac-
tions were substantially weaker than “A:a” interactions.
Further studies showed that GPRP could inhibit polymeri-
zation while GHRP could not, indicating that the “A:a”
interaction was essential while the “B:b” interaction was not.
Consistent with these observations, many dysfunctional
fibrinogens with mutations in the “a” site have been reported
(20), while no dysfunctional fibrinogens with “b” site
modifications have been discovered. A potential role for the
“B:b” interactions was seen in more recent studies with
variant fibrinogens that had weakened “A:a” interactions.
Polymerization of these variants was inhibited by GHRPam,
suggesting that “B:b” interactions do contribute to protofibril
formation (17). A multitude of studies have suggested that
“B:b” is involved in the lateral aggregation of protofibrils

(12-15). For example, when thrombin was added to batro-
xobin-generated fibrin, the fibers were thicker than with
batroxobin alone (21). We initiated the current studies to
better define the role of “B:b” interactions.

This manuscript describes the first account of experiments
that combine the techniques of protein engineering and X-ray
crystallography to synthesize and examine functional muta-
tions in fibrinogen. To investigate the role of the “b”
polymerization site in fibrin clot formation, we synthesized
three variant fibrinogens with single amino acid substitutions
at residues shown to interact with the peptide GHRPam. The
“b” site residues BâGlu397, BâAsp398, and BâAsp432 were
each replaced with alanine. One residue, BâAsp398, also
coordinates theâ2 calcium-binding site, though only when
GHRP is not bound in the “b” polymerization site. We
expected replacement of BâAsp398 with alanine would
disrupt both calcium and GHRP binding, while the other
single alanine replacements would disrupt only GHRP
binding. We used biochemical assays to determine the effects
of these changes on polymerization. To assess the affects of
our mutations on fibrinogen structure, we solved X-ray
crystal structures of recombinant fragment D from the
BâD398A variant (rfD-BâD398A) with and without the
peptide GHRPam. When taken together, our data indicate
that residues BâGlu397 and BâAsp398 are essential to “B:
b” interactions, while residue BâAsp432 is not.

MATERIALS AND METHODS

Reagents.All chemicals used in this study were analytical
grade and were purchased from Sigma (St. Louis, MO),
unless otherwise noted. Human thrombin was obtained from
Enzyme Research Laboratories, Inc. (South Bend, IN).
Batroxobin (Batroxobin moojeni) was purchased from Center-
Chem (Stamford, CT). The peptide GHRPam was synthe-
sized by the Protein Chemistry Lab of the University of North
Carolina (Chapel Hill, NC). Culture medium with normal
recombinant fibrinogen was obtained from the National Cell
Culture Center (Minneapolis, MN). Cyanogen bromide
activated Sepharose 4B resin was purchased from Amersham
Biosciences (Piscataway, NJ). Monoclonal antibody IF-1 was
purchased from Iatron Corp. (Tokyo, Japan).

Construction of Mutant Expression Vectors.The previ-
ously described Bâ-chain expression vector, pMLB-Bâ (22),
was altered by site-directed mutagenesis using the techniques
and materials as described (23) with slight modifications.
Transfections of competent cells were performed by heat
shock, and the plasmid DNA was purified from overnight
bacteria cultures using an alkaline lysis protocol.

Three mutant vectors were constructed using primers to
change BâGlu397 to Ala, BâAsp398 to Ala and BâAsp432
to Ala. The primer for BâGlu397 to Ala was 5′CCCAGAA-
AACAGTGTTCTAAAGC/AGACGGTGGTGGATGG3′, for
BâAsp398 to Ala 5′CCCAGAAAACAGTGTTCTAAAG-
AAG/CCGGTGGTGGATGG3′, and BâAsp432 to Ala
5′GCATGGCACAGC/TGATGGTGTAGTATGG3′, where
the / indicates the base substitution. To facilitate the
screening of potential mutant clones, each primer also
changed a restriction site: the vectors encoding BâAla397
and BâAla398 lost a BbsI site and the vector encoding
BâAla432 introduced an additional PvuII site. Clones with
the appropriate restriction site patterns were selected, and
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the complete Bâ-chain cDNA was sequenced to confirm the
modified codon and ensure that no unanticipated changes
were incorporated (data not shown). The new plasmids were
named pMLP BâE397A, pMLP BâD398A, and pMLP
BâD432A. DNAs for Chinese hamster ovary (CHO) cell
transfection were prepared with the Qiagen Plasmid Kit
(Qiagen, Valencia, CA).

Recombinant Fibrinogen Expression and Purification.
Recombinant fibrinogens were expressed essentially as
described (22). Briefly, each plasmid, pMLP BâE397A,
pMLP BâD398A, and pMLP BâD432A, was cotransfected
with pMSV His into cells previously transfected with
plasmids pMLP AR, pMLP γ, and pRSV-neo as described
(24). Clones were selected on the basis of neomycin and
histidinol resistance, and the culture medium was screened
for fibrinogen by enzyme-linked immunosorbent assay
(ELISA). Cell lines producing high levels of fibrinogen were
used for large-scale cultures grown in roller bottles supple-
mented with micro-carrier beads (22). Serum-free medium
containing recombinant fibrinogen was harvested twice a
week from several roller bottles and pooled, and phenyl-
methylsulfonyl fluoride was added to 0.15 mM. The medium
was stored at-20 °C until purification.

The normal and variant proteins were purified as described
(25). In brief, the medium was thawed at 37°C, fibrinogen
was precipitated with ammonium sulfate, and the precipitate
was dissolved in a buffer containing 10 mM CaCl2. The
sample was separated on Sepharose 4B coupled with the
calcium-dependent monoclonal antibody IF-1, and fibrinogen
was eluted with 5 mM EDTA. The purified protein was
dialyzed at 4°C first against 20 mM HEPES, pH 7.4, and
150 mM NaCl (HBS buffer) containing 1 mM calcium
chloride and, subsequently, against HBS buffer at 4°C. The
fibrinogen concentration was determined fromA280 using the
extinction coefficientε280 of 1.506 for a 1 mg/mL solution
(26). Purified fibrinogen was characterized on a 10% gel by
SDS-PAGE. The proteins were stored at-70 °C.

Kinetics of Fibrinopeptide Release.Fibrinopeptide release
was monitored essentially as described (22, 27). Fibrinogen
was diluted in HBS to 0.1 mg/mL; humanR-thrombin or
batroxobin was added to a final concentration of 0.005 U/mL.
The reactions were performed at ambient temperature and
were stopped at designated time points by boiling for 15
min. To measure the total fibrinopeptide A and B released,
fibrinogen was incubated with 10 U/mL thrombin or ba-
troxobin for 240 min. Samples were centrifuged (10 min;
Microfuge, Fisher), and the supernatants were immediately
analyzed by reversed-phase HPLC, using the Shimadzu
HPLC system (Shimadzu, Columbia, MD) with a Discovery
C18 column with dimensions 25 cm× 4.6 mm, 5 µm
(Supelco, Bellefonte, PA). The column was equilibrated with
buffer A (25 mM NaH2PO4/Na2HPO4, pH 6.0), and 200µL
of each sample was loaded onto the column with an
autosampler. The peptides were eluted with a linear gradient
from 15% to 36% buffer B (25 mM NaH2PO4/Na2HPO4, pH
6.0, with 50% acetonitrile). The elution of peptides was
monitored by absorbance at 210 nm. Peak areas were
determined using the accompanying software Class 5.0 VP
(Shimadzu). Fibrinopeptide release curves were constructed
from two experiments plotting the percent released, assuming
the total FpA release from normal fibrinogen was 100%.

Thrombin-Catalyzed Polymerization.Thrombin-induced
polymerization was monitored at 350 nm in a SpectraMax-
340PC Microplate reader at room temperature (Molecular
Devices, Sunnyvale, CA), essentially as described (28). At
least three separate experiments were performed for each
polymerization condition. The reactions were performed at
ambient temperature in 20 mM HBS with 10 mM, 1mM, or
no added CaCl2. The Cl- ion concentration was kept constant
at 150 mM by adjusting the concentration of NaCl. Each
reaction well contained 90µL of 0.22 mg/mL fibrinogen.
Polymerization was initiated by adding 10µL of 1 U/mL
R-thrombin with a multichannel pipet such that all reactions
began simultaneously. Immediately after addition of the
enzyme, the samples were mixed for 5 s with the automix
feature of the plate reader. Turbidity was monitored every
24 s for 3 h.

Batroxobin-Catalyzed Polymerization.Batroxobin-induced
polymerization was monitored at 350 nm for 40 min using
a BioSpec-1601 spectrophotometer (Shimadzu), essentially
as described (25). Polymerization was performed in a quartz
microcuvette, the reaction being initiated by the addition of
10 µL of 1 U/mL batroxobin to 90µL of 0.11 mg/mL
fibrinogen. The reactions were performed at ambient tem-
perature in 20 mM HBS with 1 mM or 1µM CaCl2. The
Cl- ion concentration was kept constant at 150 mM by
adjusting the concentration of NaCl.

Analysis of Polymerization Data.Lag time,Vmax, and final
turbidity were determined as described (29). The lag time
was measured as the time elapsed until an increase in
turbidity was seen,Vmax was measured as the slope at the
steepest part of the polymerization curve, and the final
absorbance at 350 nm was read at 40 min for the batroxobin
experiments and at 60 min for the thrombin experiments.
Statistical values comparing normal and variant recombinant
fibrinogens were determined using unpairedt-tests. A
difference was considered significant when thep value was
<0.05.

Preparation and Crystallization of D Fragment from
BâD398A Fibrinogen.Fragment D of variant BâD398A
(rfD-BâD398A) was generated by methods mirroring those
for normal fibrinogen fragment D (9). Crystals of rfD-
BâD398A were grown at 4°C by sitting-drop vapor
diffusion, and initial screening conditions were similar to
those previously reported (5, 7-9, 30). The crystals of rfD-
BâD398A were grown from drops made by mixing 5µL of
12 mg/mL protein in 50 mM Tris, pH 7.4, with an equal
volume of well solution. The sitting drop was equili-
brated by vapor diffusion against the well solution. The
well solution contained 50 mM Tris, pH 8.5, 70 mM CaCl2,
2 mM NaN3, and 14-15% PEG 3350 (wt/vol). Streak
seeding from crystals of normal rfD was performed to
maximize the growth of diffraction-quality crystals. Crys-
tals grew as clustered plates in a period of days. Single
crystals for X-ray diffraction were obtained by carefully
separating single crystals from the large clusters with a crystal
loop.

Recombinant fragment D of BâD398A was cocrystallized
with GHRPam (rfD-BâD398A+GH) in sitting drops at 4
°C prepared by mixing 5µL of protein solution, composed
of 10 mg/mL of rfD-BâD398A in 50 mM Tris, pH 7.4, and
4 mM GHRPam with 5µL of well solution containing 50
mM Tris, pH 8.5, 2 mM NaN3, 12.5 mM CaCl2, and 9%
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PEG 3350. Crystals appeared in days, following streak
seeding with crystals of normal rfD.

X-ray Diffraction Data Collection.Data collection for rfD-
BâD398A+GH was carried out at 100 K with a Rigaku
RUH3R rotating anode generator with Osmic confocal blue
multilayer optics and Rigaku R-AXIS IV2+ detector at the
University of North Carolina at Chapel Hill. Due to the small
size of rfD-BâD398A crystals, data were collected at 100 K
at the SER-CAT beamline 22-ID of Advanced Photon
Source. Crystals were prepared for low-temperature data
collection by cryoprotecting in a solution that contained 20%
glycerol in addition to the crystallant. The cryprotected
crystals in loops were flash frozen in liquid nitrogen and
stored under liquid nitrogen. X-ray diffraction data sets were
processed using DENZO and SCALEPACK (31).

Structure Determination.Because the unit cell dimensions
for rfD-BâD398A (Table 1) were isomorphous to those
reported for normal rfD (9), the structure of rfD-BâD398A
was refined by rigid body minimization followed by simu-
lated annealing using the rfD structure (PDB code) 1LT9)
as a starting model. The refinement was carried out using
the program CNS (32) and the aspartate at position Bâ398
in the starting model was substituted with an alanine. The
structure of rfD-BâD398A+GH was solved by molecular
replacement using AMoRe (33). The rotation search was
carried out using one molecule of the structure of plasma D
fragment with GHRPam bound (1FZG) in the resolution
range of 8.0-4.0 Å. Two separate solutions were found with
correlation coefficients of 72.7 andR-factors of 36.7 after
rigid-body fitting.

Least-squares minimization, simulated annealing, and
individual temperature factor refinement including the use
of an overall anisotropicB-factor and a bulk solvent
correction were used during refinement in CNS (32). Before
refinement, 5% of the observed data was reserved for cross-
validation using the freeR-factor statistic (34). After one
round of refinement in CNS, manual rebuilding was done

in the program O (35) utilizing σA-weighted|2Fo - Fc| and
|Fo - Fc| electron density maps (36) to guide fitting. The
models were improved by cycles of refinement and manual
fitting, using the workingR-factor and freeR-factor to guide
progress. In the final stages of refinement, 164 and 244
solvent molecules were added to the structures of rfD-
BâD398A and rfD-BâD398A+GH, respectively. In addition,
cis peptide bonds were added at positions Bâ407 andγ339.
In the rfD-BâD398A structure before the addition of water
molecules and the appropriate cis peptide bonds theR-factor
and freeR-factor were 23.7% and 28.7%, respectively, while
after these additions theR-factor and freeR-factor dropped
to 22.0% and 27.1%, respectively. In the rfD-BâD398A+GH
structure, the same revisions resulted in theR-factor and free
R-factor being reduced from 24.6% and 28.7%, respectively,
to 22.2% and 26.3%, respectively.

RESULTS

Characterization of Recombinant Fibrinogens.We syn-
thesized three variant fibrinogens with single amino acid
substitutions in the C-terminal region of the Bâ-chain:
Glu397 to Ala (BâE397A), Asp398 to Ala (BâD398A) and
Asp432 to Ala (BâD432A). The expression vectors were
made by oligonucleotide mutagenesis and transfected into
CHO-cell lines, and the clones that produced the highest
fibrinogen level for each variant were used for large-scale
production, as described in Materials and Methods. The
purity and proper polypeptide chain composition of the three
synthesized variant fibrinogens were analyzed with SDS-
PAGE (Figure 1).

The concentration of secreted fibrinogen varied consider-
ably; the pooled medium from the variants BâD398A and
BâD432A contained 2-4 µg/mL fibrinogen, while the
pooled medium from BâE397A line contained only 0.4-
0.7 µg/mL. We repeated the transfection and selection
procedure for variant BâE397A but were not able to identify
a cell line with a higher level of secretion. Antifibrinogen
western blot assays of cell lysate showed that the low yield
of BâE397A was likely due to insufficient synthesis and not
to impaired secretion of fibrinogen (data not shown). Because
we could purify only small amounts of BâE397A fibrinogen,

Table 1: X-ray Crystallography Data and Refinement Statistics

rfD-BâD398A rfD-BâD398A+GH

resolution (Å) 18-2.7 18-2.45
space group P212121 P212121

cell constants (Å) a ) 88.5 a ) 54.5
b ) 94.5 b ) 147.7
c ) 227.1 c ) 229.7

molecules/asymmetric unit 2 2
total observations 258983 440938
unique reflections 47513 68081
mean redundancy 5.5 6.5
Rsym

a (%; highest shell) 11.1 (48.2) 10.5 (55.5)
completeness (%; highest shell) 89.0 (91.3) 98.5 (91.4)
meanI/σ (highest shell) 8.8 (1.8) 17.5 (2.3)
Rcryst

b (%) 22.0 22.2
Rfree

c (%) 27.1 26.3
RMSD bond lengths (Å) 0.0066 0.0065
RMSD bond angles (deg) 1.22 1.28
averageB-factor 41.9 40.1
number of model atoms 10761 10799
number solvent sites 164 244

a Rsym ) ∑|I - 〈I〉| whereI is the observed intensity and〈I〉 is the
average intensity of multiple symmetry-related observations of that
reflection.b Rcryst ) ∑||Fobs| - |Fcalc||/∑|Fobs|, whereFobs andFcalc are
the observed and calculated structure factors, respectively.c Rfree )
∑||Fobs| - |Fcalc||/∑|Fobs| for 5% of the data withheld from structural
refinement.

FIGURE 1: SDS-PAGE gel of the recombinant fibrinogens.
Reduced samples of normal, BâE397A, BâD398A, and BâD432A
fibrinogens were run on a 10% gel. The position of the individual
polypeptide chains is indicated (right). The molecular mass markers
labeled (left) are in kDa.
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we were not able to prepare BâE397A fragment D for
crystallization.

Thrombin- or Batroxobin-Catalyzed Fibrinopeptide Re-
lease. Thrombin-catalyzed release of FpA and FpB and
batroxobin-catalyzed release of FpA were measured as peak
areas following separation by HPLC. FpB was not detected
in any reaction with batroxobin (data not shown). As shown
in Figure 2, release of FpA and FpB by thrombin (Figure
2A) and release of FpA by batroxobin (Figure 2B) from all
three variants was not significantly different from fibrino-
peptide release from normal fibrinogen. These data show that
the rate of fibrin monomer generation was similar for the
variants and for normal fibrinogen, therefore allowing direct
comparison of their polymerization profiles. These results
also showed that the mutations in the C-terminal part of the
Bâ-chain did not affect the catalytic activity of thrombin or
batroxobin and verified that batroxobin cleaved FpA, ex-
clusively.

Thrombin-Catalyzed Polymerization.Polymerization ex-
periments were performed with 0.2 mg/mL fibrinogen and
0.1 U/mL humanR-thrombin in a 96-well plate measuring
the change of turbidity at 350 nm, as described in Materials
and Methods. The reactions were performed at three CaCl2

concentrationsswithout added calcium, 1 mM, and 10 mMs
with the Cl- concentration held constant to exclude the
previously described variation due to chloride concentration
(37). Representative polymerization curves at 1 mM calcium
are shown in Figure 3A; averaged data from all conditions
are presented in Table 2. We found a prolonged lag time, a
reducedVmax, and a reduced final turbidity with the variants
BâE397A and BâD398A under all conditions, which is
indicative of delayed polymerization and altered final clot
structure. In contrast, the variant BâD432A polymerized
similarly to, or even slightly more rapidly than, normal
fibrinogen under all conditions. Although calcium concentra-
tion altered polymerization, as shown in Table 2, the changes
seen with each of the variants mimicked, in general, the
changes seen with normal fibrinogen.

Batroxobin-Catalyzed Fibrinogen Polymerization.Poly-
merization experiments were performed with 0.1 mg/mL
fibrinogen and 0.1 U/mL batroxobin at two CaCl2 concentra-
tions as described in Materials and Methods. Representative

curves at 1 mM calcium are shown in Figure 3B; averaged
data from all reactions are listed in Table 3. As with
thrombin, batroxobin-catalyzed polymerization data revealed
a prolonged lag time, a reducedVmax, and a reduced final
absorbance only with the variants BâE397A and BâD398A.
Polymerization of the variant BâD432A was very similar to
polymerization of normal fibrinogen. As in thrombin-
catalyzed polymerization experiments, the differences be-
tween normal and variant fibrinogens were not reduced or
eliminated by changing calcium concentrations. The extent
of impaired polymerization of BâE397A and BâD398A with
batroxobin was similar to the impairment observed for
polymerization with thrombin. These data show thatâ-chain
residues continue to influence polymerization when only the
“A” polymerization site is exposed.

Structures of rfD-BâD398A.We were able to solve 2.7 Å
and 2.45 Å X-ray crystal structures of rfD-BâD398A and
rfD-BâD398A+GH, respectively. In both structures, the
substitution of aspartic acid with alanine at position 398 in
the â-chain was evident in electron density maps. It is

FIGURE 2: Kinetics of FpA and FpB release. Panel A shows
thrombin-catalyzed release of FpA (filled symbols) and FpB (open
symbols) of normal (9,0), BâD398A (b,O), BâE397A (2,4), and
BâD432A (1,3) fibrinogen. Panel B shows batroxobin-catalyzed
release of FpA (solid symbols) of normal (9), BâD398A (b),
BâE397A (2), and BâD432A (1) fibrinogen. FpB was not detected
in the reactions with batroxobin. Reactions were initiated by adding
0.005 U/mL thrombin or batroxobin to 0.1 mg/mL fibrinogen as
outlined in the Materials and Methods.

FIGURE 3: Representative polymerization curves for normal (s),
BâD398A (- ‚ -), BâE397A (- - -), and BâD432A (‚‚‚)
fibrinogens with thrombin (panel A) and batroxobin (panel B).
Conditions for the reactions in panel A were ambient temperature,
0.2 mg/mL fibrinogen, 0.1 U/mL thrombin, and 1 mM CaCl2.
Conditions for batroxobin polymerization were ambient temperature,
0.1 mg/mL fibrinogen, 0.1 U/mL batroxobin, and 1 mM CaCl2.
Curves shown are of averaged data.

Table 2: Thrombin-Catalyzed Polymerization Parameters of
Normal, BâE397A, BâD398A, and BâD432A Fibrinogena

lag time
(s)

Vmax

(×10-4 s-1)
final ABS
at 350 nmb

Normal
no added CaCl2 167( 11 2.6( 0.17 0.151( 0.011
1 mM CaCl2 144( 12 3.0( 0.04 0.186( 0.039
10 mM CaCl2 173( 6 3.3( 0.26 0.204( 0.018

BâE397A
no added CaCl2 215( 14c 1.6( 0.17c 0.116( 0.021c

1 mM CaCl2 197( 6c 2.5( 0.4 0.137( 0.004
10 mM CaCl2 241( 18c 2.6( 0.25c 0.144( 0.014c

BâD398A
no added CaCl2 166( 13 1.6( 0.13c 0.116( 0.011c

1 mM CaCl2 167( 3c 2.5( 0.08c 0.126( 0.004c

10 mM CaCl2 220( 5c 2.1( 0.15c 0.140( 0.014c

BâD432A
no added CaCl2 130( 20 2.7( 0.56 0.158( 0.004
1 mM CaCl2 115( 11c 3.7( 0.22c 0.189( 0.014
10 mM CaCl2 161( 7 3.8( 0.33 0.211( 0.018

a n g 3 for each value.b Final ABS was determined as the absorbance
at 350 nm at the 60 min time point of a thrombin-catalyzed polymer-
ization reaction.c Signifies values found to be statistically different
when compared to normal fibrinogen by an unpairedt-test (p values
< 0.05).
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important to note that the global structure of rfD-BâD398A
was not changed by this substitution. In fact, the alignment
of rfD-BâD398A with normal rfD results in an RMSD of
0.53 Å over all atoms, showing that the structures are in
excellent agreement. Figure 4 shows the remarkable structural
similarity of rfD-BâD398A and rfD in the vicinity of the
mutation. The primary differences in the variant structures
when compared to normal rfD structures were apparent only
in specific local interactions that were altered by the alanine
substitution.

Peptide Binding in Crystal Structures.We synthesized the
variant BâD398A to disrupt the “B:b” interaction and gain
insight into role of “B:b” in polymerization. As previously

reported, a comparison of normal fragment D structures in
the absence and presence of the “B” peptide, GHRPam,
showed that BâGlu397 and BâAsp398 are repositioned upon
peptide binding (8, 9). In the absence of peptide, BâAsp398
coordinates calcium in theâ2-site; upon binding of peptide
at the “b” polymerization site, BâAsp398, along with
BâGlu397, flips 180° to interact with the arginine side chain
of GHRPam. Variant crystals were grown in the presence
of 4 mM GHRPam, which is a 40× molar excess over
protein concentration. The structure of rfD-BâD398A+GH
showed peptide was not present in the “b” site, Figure 5A.
No difference electron density corresponding to the peptide
was found, Figure 5A, in contrast with corresponding
difference electron density of the peptide bound to the “b”
site in normal rfD (1LTJ), Figure 5B. Indeed, neither
BâGlu397 nor the altered residue BâAla398 flipped toward
the “b” site, so these residues were not seen in Figure 5A.
Rather these residues remained in their original positions,
such that a comparison of theâ-chain residues 261-263 and
397-399 in rfD-BâD398A+GH and rfD-BâD398A gave an
overall root-mean-square deviation (RMSD) of only 0.54 Å.
These data confirmed that the substitution of alanine at
residue Bâ398 eliminated the “B:b” interaction and the
associated changes in the positions of residues Bâ397 and
Bâ398.

As has been seen with plasma fibrinogen fragment D (8),
the structure of rfD-BâD398A+GH showed the peptide
GHRPam bound in the “a” polymerization site of the variant
fibrinogen. GHRPam was bound to the “a” site of both
molecules in the asymmetric unit of our crystal, although,
as shown in Figure 6, the conformation of the peptide in
one molecule differed from that in the second. In one
molecule of the asymmetric unit, Figure 6A, the conforma-
tion of the peptide resembled the structure of GHRPam
bound to the “b” polymerization site of normal fibrinogen
(Figure 6C), while in the second molecule of the asymmetric
unit (Figure 6B), the histidine side chain pointed in the
opposite direction. Figure 6D shows an alignment of these
three conformations to demonstrate the movement of the
histidine side chain of bound GHRPam. As described in the
following paragraphs, theγ2 calcium-binding site, which
appeared concomitant with GHRPam binding to the “a” site,
was also asymmetric in the rfD-BâD398A+GH structure.
When GHRPam was bound to the “a” site in the conforma-
tion that resembled the structure in the “b” site, calcium was
not present (Figure 6A), while in the alternate conformation
(Figure 6B) calcium was present at theγ2-site. We attribute
these differences in structure to the unique constraints of
crystal packing interactions occurring with each of the two
molecules in the asymmetric unit.

Calcium Binding in Crystal Structures. X-ray crystal
structure data of rfD-BâD398A and rfD-BâD398A+GH
showed impaired calcium binding at theâ2-site. As previ-
ously mentioned, theâ2-site is located adjacent to the “b”
polymerization site and is comprised of the side chain
carbonyls of residues BâAsp398, BâAsp261, andγGlu132
and the backbone carbonyl oxygen of residue BâGly263.
Thus, the substitution of alanine for aspartic acid Bâ398
eliminated one coordinating oxygen in theâ2-site. The
electron density for the rfD-BâD398A structure, determined
from crystals grown at 70 mM CaCl2, showed theâ2-site
was reduced to 50% occupancy. The reduced occupancy in

Table 3: Batroxobin-Catalyzed Polymerization Parameters of
Normal, BâE397A, BâD398A, and BâD432A Fibrinogena

lag time
(s)

Vmax

(×10-4 s-1)
final ABS
at 350 nmb

Normal
1 µM CaCl2 361( 24 2.1( 0.1 0.130( 0.009
1 mM CaCl2 240( 62 2.8( 0.5 0.135( 0.005

BâE397A
1 µM CaCl2 565( 56c 0.9( 0.1c 0.060( 0.01c

1 mM CaCl2 370( 8c 1.3( 0.1c 0.074( 0.008c

BâD398A
1 µM CaCl2 423( 38 1.2( 0.1c 0.073( 0.004c

1 mM CaCl2 279( 44 1.7( 0.1c 0.079( 0.008c

BâD432A
1 µM CaCl2 308( 51 2.1( 0.4 0.133( 0.008
1 mM CaCl2 183( 47 3.0( 0.3 0.128( 0.008
a n g 3 for each value.b Final ABS was determined as the absorbance

at 350 nm at the 40 min time point of a batroxobin-catalyzed
polymerization reaction.c Signifies values found to be statistically
different when compared to normal fibrinogen by an unpairedt-test (p
values< 0.05).

FIGURE 4: Comparison of theâ2 calcium-binding site in rfD-
BâD398A versus normal rfD (1LT9). The structure represented in
gray is rfD, while the structure represented in blue is rfD-BâD398A.
The purple residue is the alanine substituted residue at position
Bâ398 in the rfD-BâD398A structure. A sphere represents the
position of the calcium atom for both structures. The structures
show remarkable overlap, indicating little change in the variant
compared to normal. It must be noted that the calcium atom
modeled in theâ2-site of the rfD-BâD398A structure is only 50%
occupied whereas in the rfD structure it is 100% occupied.
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the face of 35 times the physiologic calcium concentration
indicates that coordination by BâAsp398 is critical for
calcium binding at theâ2-site. In fact, the rfD-BâD398A+GH
structure, obtained with crystals grown at much lower
calcium, 12.5 mM, showed insufficient density for any
calcium at this site. Moreover, as shown in Figure 7, the
side chain carbonyl of a second coordinating residue,
γGlu132, has formed a new salt link with residueRLys157.
These data indicate that calcium will not be bound at the
â2-site in BâD398A fibrinogen at the calcium ion concentra-
tions used for our polymerization experiments.

The rfD-BâD398A+GH structure also showed calcium
bound to theγ2-site (Figure 6B), which is composed of the
side chains of residueγAsp294 andγAsp301 and the
backbone carbonyls ofγGly296 andγAsp298. As described
above, calcium has been observed in theγ2-site only when
GHRPam is bound in the “a” site. Our data are consistent in
this regard, with previous observations with plasma fragment
D and double D fragment crystals in the presence of
GHRPam (8). It must be noted, however, that in our rfD-
BâD398A+GH structure the calcium atom was present in
the γ2-site in only one of the two molecules in the
asymmetric unit.

DISCUSSION

This study examined three engineered variant fibrinogens
with alanine substitutions at residues BâGlu397, BâAsp398,

and BâAsp432. These changes targeted residues that ap-
peared to participate in the “B:b” interaction as shown in
several crystallographic structures (7, 8). Our goal was
2-fold: to identify residues that are critical for the “B:b”
interaction and to determine the impact of the “B:b”
interaction on polymerization. When considered together, our
experimental results support the following conclusions: (1)
residues BâGlu397 and BâAsp398 are essential to establish-
ing the “B:b” interaction, while residue BâAsp432 is not;
(2) the residue BâAsp398 is necessary for calcium-binding
at theâ2-site when calcium concentration ise12.5 mM; (3)
the “A:b” interaction is a part of normal batroxobin poly-
merization.

Thrombin-catalyzed polymerization experiments per-
formed at several calcium concentrations showed an in-
creased lag time, reducedVmax, and lower final turbidity for
BâE397A and BâD398A when compared to normal fibrino-
gen. The reduced rate of protofibril formation and lateral
aggregation of protofibrils demonstrates that BâGlu397 and
BâAsp398 are important for normal fibrin clot formation.
The 2.45 Å crystal structure of rfD-BâD398A+GH con-
firmed that BâAsp398 is essential for the “B:b” interaction,
as the peptide, GHRPam, was not bound in the “b”
polymerization site even when the crystals were grown in
the presence of a 40× molar excess of peptide. As expected,
the conformational change of residues Bâ397 and Bâ398,
which take place when GHRPam binds to the normal “b”

FIGURE 5: Stereodiagrams of the “b” polymerization site in rfD-BâD398A+GH (panel A) and rfD-BOTH (1LTJ, panel B). Difference
electron density (|Fo - Fc|) is contoured at 3.0σ and is shown in both panels A and B in shades of green. In panel A,|2Fo - Fc| electron
density at 1.0σ is shown in shades of orange-brown for residues lining the “b” site. Residues lining the pocket are labeled in each panel.
Carbohydrate is shown in light blue. Notice that strong difference electron density is seen in panel B for the presence of GHRPam in the
“b” site in rfD-BOTH, but strong difference density is not seen in variant structure in panel A, meaning that no peptide is present. In
addition, note that residues Bâ398 and Bâ397 are present in panel B and not in panel A, consistent with the lack of peptide in the “b”
polymerization site of rfD-BâD398A+GH (panel A).
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polymerization site, did not occur. These data clearly present
the case for the loss of the “B:b” interaction in the variant
BâD398A, and we conclude that this loss led to the impaired
polymerization of this variant. Because polymerization of

BâE397A was similarly or even more impaired, we infer
that BâGlu397 is also essential to a normal “B:b” interaction.
It is unfortunate that low protein production hindered our
ability to crystallize the BâE397A variant.

Batroxobin-catalyzed polymerization profiles for variants
BâE397A and BâD398A when compared to normal recom-
binant fibrinogen were impaired similarly to thrombin-
catalyzed polymerization. Initially, we expected to see no
difference in batroxobin-catalyzed polymerization of normal
and variant fibrinogens. We formed this hypothesis because
batroxobin cleaves FpA only and therefore we inferred that
polymerization would only be driven by “A:a” interactions.
The “B:b” interactions, which are not possible in BâE397A
and BâD398A variants, would be irrelevant during ba-
troxobin-catalyzed polymerization. Our expectations were
incorrect. Batroxobin-catalyzed polymerization of BâE397A
and BâD398A variants was impaired. Although we lack
direct evidence for the “A:b” interaction in fibrin, the
batroxobin experimental results suggest that in addition to
“A:a” interactions “A:b” interactions participate in ba-
troxobin-catalyzed polymerization. By inference, these data
also suggest that “A:b” interactions are a part of normal
thrombin-catalyzed fibrin polymerization. That is, the lack
of “A:b” interactions due to an impaired “b” site in BâE397A
and BâD398A fibrinogens is responsible for the differences
seen in batroxobin-catalyzed polymerization of BâE397A
and BâD398A fibrinogens compared to normal fibrinogen.
The possibility of “A:b” interactions has been proposed
previously to explain the finding that GPRPam can bind to
four sites in one fibrinogen molecule (38). We have also
seen the existence of “A:b” interactions in some of our
recombinant fibrinogen fragment D structures, in which
GPRPam is bound to the “b” polymerization site (manuscript
in preparation).

In contrast to BâE397A and BâD398A fibrinogens,
thrombin- and batroxobin-catalyzed polymerization of the
BâD432A variant was essentially normal, suggesting that
BâAsp432 is not critical to the function of the “b” poly-
merization site. We were surprised by this result because
crystallographic structures of plasma fibrinogen fragments
D and D-D in the presence of GHRPam suggested that
BâAsp432 is a key residue for the “B:b” interaction, forming
an ionic interaction between the negatively charged side chain
carbonyl and the positively charged amino terminus of the
peptide (7, 8). Moreover, substitutions at two residues in the
“a” polymerization site that interact analogously with the
charged amino terminus of the peptide GPRPam,γAsp330
andγAsp364, have profound effects on polymerization (23,
39-42). Two different substitutions at residueγAsp330,
D330V and D330Y, have been identified in people, the
former in both homozygous and heterozygous individuals
(fibrinogens Ales, Milano I, and Kyoto III) (39-41).
Polymerization of fibrinogen isolated from these individuals
was impaired, as expected if critical “A:a” interactions were
compromised. Fibrinogens with substitutions at residue
γAsp364 have been identified in people and synthesized by
recombinant techniques (fibrinogens Matsumoto I and Melun
I) (23, 42). Again, in all cases polymerization was markedly
impaired. We therefore expected that changing the charged
aspartate residue to alanine would weaken the “B:b” interac-
tion. Taking into account the structural homology of the “a”
and “b” polymerization sites, it is puzzling that the changes

FIGURE 6: Comparison of observed GHRPam conformations. Panel
A shows the conformation of GHRPam (purple) bound in the “a”
polymerization site of one molecule of the asymmetric unit of the
rfD-BâD398A+GH crystal. Panel B shows the conformation of
GHRPam (green) in the “a” polymerization site of the second
molecule in the asymmetric unit of the rfD-BâD398A+GH crystal
along with a calcium atom (sphere) bound in theγ2-site (blue).
Notice that no calcium is bound in panel A and the peptide’s
conformation in panel A is different than the conformation in panel
B. Panel C depicts GHRPam (gray) bound in the “b” polymerization
site. Note that the conformation of GHRPam in panels A and C is
similar. Panel D shows the GHRPam conformations aligned by CR
backbone, to clearly illustrate the different positions of the histidine
side chain between the conformation in panel B and those in panels
A and C.

FIGURE 7: Comparison of theâ2 calcium-binding site structure in
the crystal of rfD-BâD398A (shades of gray) and rfD-BâD398A+GH
(shades of blue). The calcium atom’s position in the rfD-BâD398A
structure is represented as a black cross, while there is no calcium
atom present in the rfD-BâD398A+GH structure (blue). Notice
the overlap between structures except for the residuesγGlu132 and
RLys157. ResidueγGlu132 participates in coordinating calcium
in the rfD-BâD398A structure, while in the rfD-BâD398A+GH
structure it moves away from that coordinating position to form a
salt link with residueRLys157 (indicated by arrows).
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in the “a” site variants do impact polymerization while the
analogous mutation in the “b” site does not. Perhaps this
difference reflects the number of interactions that support
“B:b” relative to “A:a” or that BâAsp432 is simply less
critical to “B:b” than eitherγAsp330 orγAsp364 is to “A:
a”. Alternatively, it is possible that a compensating confor-
mational change has occurred in variant BâD432A, such that
new interactions would be relevant to GHRPam binding. We
chose not to crystallize this variant because its polymerization
was normal; therefore, our data are not sufficient to
distinguish among these possibilities.

Analysis of the structures presented in Figure 4 revealed
that the structure of variant BâD398A in the region of the
substitution is essentially the same as the structure of normal
recombinant fibrinogen except that theâ2 calcium-binding
site was reduced to approximately 50% occupancy. The
reduced calcium binding was anticipated from the loss of
the carboxylate side chain of BâAsp398, which serves as a
calcium ligand. In fact, when crystals were grown under
conditions of lower calcium concentration, 12.5 mM,
which allowed crystal formation in the presence of peptide
GHRPam, this calcium-binding site was entirely unoccupied.
Under these crystallization conditions with recombinant
fragment D of BâD398A fibrinogen, neither calcium nor
GHRPam was bound to theâ2-site or “b” polymerization
site, respectively. In addition, residues Bâ398 and Bâ397
remained in the positions corresponding to the positions seen
in normal rfD with no peptide ligands bound (1LT9) (9). In
agreement with data from normal rfD, the loss of calcium
from the â2-site in the rfD-BâD398A+GH structure is
associated with the formation of a new salt link between the
side chains of residuesγGlu132 andRLys157 (9). This
conformational change is analogous to the one seen with
normal rfD in the presence of GHRPam (1LTJ) in that
BâAsp398 binds GHRPam, calcium is absent in theâ2-site.
and the salt link betweenγGlu132 andRLys157 is present
(9). Considered together, these results suggest that at 12.5
mM calcium concentration, the loss of the BâAsp398
carboxylate, either through alternate interactions with bound
peptide or through substitution to alanine, leads to the loss
of calcium binding and to the formation of the salt link
betweenγGlu132 andRLys157. This conformational change
removes the calcium anchor between the globular module
of the Bâ-chain and the coiled-coil, opening the possibility
for the â-module to move relative to the other parts of the
fibrin molecule (9).

The structural data imply that calcium will not be bound
at theâ2-site in variant fibrinogen BâD398A under any of
the conditions that we have used in our polymerization
experiments, while by inference calcium should be bound
at theâ2-site in BâE397A fibrinogen, because residue Bâ397
is not a calcium-coordinating residue of theâ2-site (9).
At the same time, the data from polymerization experi-
ments performed at different calcium concentrations suggest
that calcium affects BâD398A and BâE397A fibrinogens
in a similar way. That is, the differences in polymerization
seen when comparing BâD398A and BâE397A to normal
fibrinogen largely arise from the loss of normal “B:b”
interactions rather than the loss of calcium binding at the
â2-site. The implication of this is that the loss or impairment
of “B:b” interactions has a greater effect on polymerization
than the loss of the calcium anchor. In contrast, when the

â2-site is lost in another variant synthesized in our laboratory,
γE132A, that preserved “B:b” interactions, we found that
polymerization was markedly dependent on calcium in an
unusual manner relative to normal fibrinogen (see our second
paper in this issue). Thus, we do not conclude that theâ2-
site is insignificant in controlling polymerization.

In resolving the crystal structure of rfD-BâD398A+GH,
we were surprised to see two conformations of GHRPam
bound in the “a” site. One conformation resembled GHRPam
bound to the “b” site, while the other was a novel conforma-
tion with a shifted histidine side chain and appeared in
conjunction with calcium binding in theγ2-site. Since this
novel conformation was seen in only one of the two
molecules in the asymmetric unit, it is likely that both the
altered conformation and calcium binding in theγ2-site were
induced by crystal packing constraints. Data supporting this
conclusion were seen in the crystal structure of rfD-γE132A
in the presence of GHRPam (see our second paper in this
issue). These two conformations of GHRPam peptide bound
to the “a” site reveal an intrinsic flexibility of both the “a”
and “B” polymerization sites. Such flexibility probably
accounts for the variety of crystal forms for fragment D and
may be relevant to the molecular interactions that mediate
polymerization.

In summary, we have produced and studied three variant
fibrinogens with alanine substitutions in the “b” polymeri-
zation site with goals of defining critical residues in
mediating the “B:b” interaction and determining the impact
of “B:b” interactions on polymerization. We determined that
two residues, BâD398 and BâE397, are necessary to support
the binding of GHRPam to the “b” polymerization site, while
residue BâD432 is not. Variants BâD398A and BâE397A
reveal that residues BâD398 and BâE397 are involved in
both protofibril formation and lateral aggregation. In addition,
our structural data with variant BâD398A support previous
data showing that residue BâD398 is critical to controlling
calcium binding to theâ2-site. Furthermore, experiments
with batroxobin suggested that the “A:b” interactions are a
normal part of batroxobin polymerization. Finally our
structure data showed that theγ2 calcium-binding site was
asymmetric in our crystal of rfD-BâD398A+GH suggesting
that this site is a consequence of crystal packing interactions
and not of GHRPam binding to the “a” site.
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