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ABSTRACT: Numerous experiments have demonstrated that the C-terminal domain of the fibrinagen A
chain, theaC domain, has a role in polymerization. To further examine the role of this domain, we
synthesized a recombinant fibrinogenp261 fibrinogen, that lacks theeC domain. We examined
thrombin-catalyzed fibrinopeptide release and found that the rate of FpB release @251 Aibrinogen

was 2.5-fold slower than FpB release from normal fibrinogen, while the rate of FpA release was the same
for both proteins. We examined thrombin-catalyzed polymerization and found that the rates of protofibril
formation and lateral aggregation were similar for both proteins, although discernible differences in lateral
aggregation were clear. The rate of protofibril formation fat251 fibrinogen was never less than 85%

of normal fibrinogen, while the rate of lateral aggregation far251 fibrinogen varied from 64 to 74%

of normal. We examined polymerization of fibrin monomers and found that polymerizatiom®51A

fibrin was similar to normal fibrin at 0.4 M NaCl, but clearly different from normal at 0.05 M NaCl.
These results indicate that te&C domain has a role in lateral aggregation, but this role is more subtle
than anticipated from previous experiments, particularly those with fibrinogen fragment X. We interpret
this unanticipated finding as indicative of an important contribution from the N-terminus @-thain,

such that protein heterogeneity that includes small amounts of fibrin lacking that N-terminugSeditiaé

leads to markedly altered lateral aggregation.

Fibrinogen is a soluble plasma glycoprotein that has During coagulation fibrinogen is converted to fibrin by
significant roles in hemostasis and wound heatingibrino- thrombin-catalyzed cleavage of four peptide bonds, produc-
gen is composed of six polypeptides, two copies each of threeing two fibrinopeptides A (FpA, & 1—16), two fibrinopep-
nonidentical chains calledd B, andy. A model, derived tides B (FpB, B1—14), and fibrin monomer7, 8). Fibrin
from biochemical and electron microscopy data, shows monomers polymerize to form insoluble fibrin fibers. The
fibrinogen as a multidomain protein, with a single central assembly of monomers is thought to occur in two stages,
domain and a pair of symmetric peripheral domains, linked the formation of double-stranded protofibrils and the lateral
by rodlike connectorslj. The central domain contains the aggregation of these protofibrils into fibers. Both stages are
N-termini of all six chains and can be isolated as a plasmin influenced by solution conditions such as pH, salt concentra-
fragment called E. The C-termini of each set of three chains tion, and the presence of calciur®<14). It is generally
extend in opposite directions from the center, each chainaccepted that protofibrils form by interactions between the
terminating as an independent globular domain. The globular N-terminus of thex-chain of one monomer, exposed upon
domains of the B- andy-chains are closely associate?) (  FpA release, and the C-terminal globular domain of the
and can be isolated together from a plasmin digest as they-chain of a second monomef5 16). Because fibrin
fragment called D. The &-chains pass through the periph- molecules are symmetric, the two N-terminal sites in the
eral D domains and fold back toward the center of the central domain of one molecule can interact with C-terminal
molecule g, 3), such that the globular C-terminal domains, y-chain domains on two other fibrin molecules, forming a
calledaC, interact with one another and associate with the half-staggered, double-stranded protofibtif The interac-
center of the molecule4(-6). tions that promote lateral aggregation of protofibrils are not

clearly defined.
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absence of the.C domain alone. The best studies utilized
fragment X monomers prepared by several cycles of po-
lymerization, and even these relatively homogeneous frag-
ment preparations contained up to 15% of degragtietains
(23). Experiments with these fragment X monomers led to

Xhol Xhol

the conclusions thakC domains enhance fibrin polymeri- Nhel Nhel
zation, may effect the final clot structure, and probably have

a significant role in lateral aggregation. These conclusions Cleaved with Nhel; Cleaved with Xhol;

are supported by other studies. For example, well-character-  Siaaeq s ear 2 v uith Sa e
ized aC domain fragments inhibit polymerization of fibrin

monomersZ2, 23). Studies with several naturally occurring
fibrinogen variants with A-chain truncations28—30) imply
thataC domains are important for polymerization, although

the heterogeneity of the variant molecules complicates T,ligase
interpretation of these results. Finally, monoclonal antibod-
ies, which react with epitopes in theC domain, interfere J/

with fibrinogen polymerization41, 31).

To further examine the role of this domain in fibrin
polymerization, we synthesized a recombinant fibrinogen,
Aa251 fibrinogen, that lacks theC domain. This protein,
which contains normal B- andy-chains but only the first
251 residues of A-chain, is analogous to fragment X;
however, unlike fragment X, the six chains in these molecules FIGURE 1. Construction of the A-chain expression vector pMLP-
are homogeneous. Further, internal proteolytic breaks are’{k_ngsé'\gT”ﬂé%r)?;tﬁﬁ“&rﬁ'fsé\? gg;ﬁgﬁ%ﬁﬁg%&?;ﬁ g
less likely as the recombinant protein is not subjected 10 aming acid sequences (with corresponding numbers) at the new
proteolysis, as is required for fragment X preparation. We junction in pMLP-A0251 are depicted on the right.
examined thrombin-catalyzed fibrinopeptide release and
fibrin polymerization, as well as fibrin monomer polymer- strand ends were filled using vent polymerase and the DNA
ization. We were surprised to find that polymerization of was then cleaved witBal. The ~4230 bp vector fragment
Aa251 fibrinogen was remarkably like that of normal Wwas isolated by electroelution. The encoding fragment was
fibrinogen, although differences were seen at low salt prepared by cleaving pMLP&L—610 with Xhd; the single
concentration. Because changes in salt concentration arestrand ends were removed with mung bean nuclease, and
associated with changes in lateral aggregat@nip), we the DNA was then cleaved withal. The~820 bp fragment
also examined monomer polymerization as a function of Was isolated by electroelution. The vector fragment and the

Sall

Ile Thr
250 251 Stop

TAA TGG ATC GGGCCCAAG
ATT ACC TAG CCCGGGTTC.

NaCl concentration. encoding fragment were ligated and the products transformed
into competent DH& cells. Plasmid DNAs from individual
EXPERIMENTAL PROCEDURES colonies were screened by restriction enzyme analysis, and

the DNA encoding the 4251 fragment was sequenced as

Materials. All chemicals were of reagent grade and, described34). Cloning procedures were as describ@g)(
unless specified, were purchased from Sigma. Monoclonal using enzymes from New England Biolabs, Beverly, MA,
antibody IF-1 (MoAb IF-1) was a generous gift from Dr. o Promega, Madison, WI.
Michio Matsuda, Institute of Hematology, Jichi Medical ~ Recombinant Fibrinogen ExpressioNormal recombinant
School, Japan. Humaxrthrombin was a generous gift from  fiprinogen was synthesized in CHO cell culture as previously
Dr. Frank Church, Department of Pathology and Laboratory described §3—36). CHO cell lines that express normal
Medicine, University of North Carolina at Chapel Hill. The human fibrinogenB-chain, CHO-B3, were obtained by
plasmid VeCtorS, CHO Ce”S, and culture medium for normal transfecting the previous'y described p|asmids pML/P%d
recombinant fibrinogen have been previously descriB&1 (  pRSVneo into CHO cells, using described procedusds. (

Vector Construction. The plasmid that encodes thewA  One cell line that synthesized a high level gf-Bhain was
1-251 fibrinogen chain (pMLP-4251) was constructed  selected for further transfections. The vectors encoding the
from the expression vector (bMLRA—610), which encodes  Aa 1—251 chain, pMLPA1—-251, andy 1—-411 chain,
the Aol—610 fibrinogen chain, as outlined in Figure 1. The pMLP-y, were cotransfected along with the histidinol selec-
plasmid pMLPAx1—610 was constructed from pMLPeA tion plasmid (pMSVhis) into the CHO{Bcells, and histi-
(34), which encodes the &1—625 fibrinogen chain. To  dinol resistant colonies were selected. Selected colonies were
generate pMLPA1—-610, pMLP-Ao was used as a template expanded, and culture medium was analyzed for fibrinogen
for PCR with a forward primer containing the unigGal concentration by ELISA 34). Cell lines producing the
site and a reverse primer that introduced a TGA stop codonhighest amounts of fibrinogen were used for large-scale
after amino acid 610 and added unidsm@d and Nhd sites cultures, which were grown in roller bottles supplemented
after the TGA. The PCR product was cleaved vt and with microcarrier beads3g). Serum-free medium containing
Sma and cloned into the expression vector p284) cleaved recombinant fibrinogen was harvested once or twice a week
with Sal andSma. Two fragments from pMLP&1—610 from several roller bottles, the individual harvests were
were used to generate pMLPe251. The vector was pooled, PMSF was added to 0.15 mM, and pooled samples
prepared by cleaving pMLP#&L—610 withNhd; the single were stored at-20 °C.
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Purification of Fibrinogen. Both recombinant fibrinogens
were purified on IF-1 MoAb conjugated Sepharose 4B
column as described36, 37). Purified fibrinogen, eluted
from the column, was dialyzed against 20 mM HEPES, pH
7.4, and 0.15 M NaCl at*4C, centrifuged at 130@pfor 15

Gorkun et al.

of protofibrils 41). The polymerization experiments were
done three times for each NaCl concentration used, and
standard deviation was calculated for the parameters.
SDS-PAGE and Western BlotReduced samples of both
fibrinogens were run on 10% gels and nonreduced samples

min (4> C), and the supernatant was stored in aliquots at on 6% gels and stained with Coomassie Blue G-250. In

—70° C.
Clottability. Fibrinogen (0.3 mg/mL) was incubated with
thrombin (1 units/mL) fo 2 h asdescribed §6). Fibrinogen

addition, reduced samples of fibrinogen separated by 10%
SDS-PAGE were transferred onto 0.48n nitrocellulose
(Bio-Rad, Hercules, CA) for Western blotting. The blots

clottability was determined based on the residual absorptionyere developed as describe84) with either an anti-

of the supernatant, at 280 nm, after the fibrin clot was
removed by centrifugation. The clottabilities of both re-
combinant fibrinogens were about 97%.

Fibrin Monomer Preparation. Fibrin monomer was
prepared by clotting fibrinogen with thrombin and dissolving
the clot in 0.125% acetic acid as describe®B)( with
modifications 86). We monitored cleavage of fibrinopep-
tides by HPLC to ensure that 100% of fibrinopeptide A and
B was cleaved from both normal andu®51 recombinant
fibrin monomers. Both fibrin monomers were prepared and
treated in the same way. Fibrin monomer was stored at 4
C and used within 1 month of preparation.

Release of Fibrinopeptidesiliquots of purified fibrino-
gens were thawed at 37T and dialyzed against 20 mM
HEPES, pH 7.4, 0.15 M NaCl, 5 mMACA, and 1 mM
CaCyp at 4 °C. Humana-thrombin (4300 units/mL) was
diluted to 0.1 units/mL with the same buffer immediately
prior to the reaction and was kept on ice. Fibrinogen of
particular concentration was prepared, assumingethat=
15.06 for a 10 mg/mL solution of normaWi¢ = 340 kDa)
recombinant fibrinogen3Q), ande,go = 16.0 for a 10 mg/
mL solution of Ax251 (M, = 260 kDa) recombinant
fibrinogen. The final concentrations of fibrinogen and
thrombin in the reaction mixture were Q.81 and 0.11 nM
(0.01 units/mL), respectively. The reactions were performed
as described3@). Fibrinopeptides were detected by reversed-

phase HPLC on an ISCO chromatography system directed

fibrinogen polyclonal antibody (DAKO, Carpinteria, CA),
monoclonal antibody Y18, which recognizes the N terminus
of the Aa-chain of human fibrinogend@), or a monoclonal
antibody against residues 421 of the B3-chain @3).
Immunoreactive bands were visualized using alkaline phos-
phatase conjugated goat anti-rabbit (Pierce, Rockford, IL)
or goat anti-mouse antiserum (Promega, Madison, WI).

Protein Characterization.The two recombinant fibrino-
gens and plasma fibrinogen (KabiVitrum, Stockholm, Swe-
den) were analyzed in parallel. About 0.3 mg of each protein
was dissolved in 0.7 mL of a 10% solution of cyanogen
bromide (w/v) in 80% formic acid (v/v) and left f@ h at
room temperature. Fragments in the sample were fraction-
ated using the Sephadex G-50SF (Pharmacia, Uppsala,
Sweden) column (& 100 cm) at the flow rate of 6 mL/h.
The elution buffer was 0.2% trifluoroacetic acid in water
(v/v). Fractions from each chromatogram were pooled and
subjected to N-terminal amino acid sequence analysis for
5—12 cycles in a Hewlett-Packard model G1005A Protein
Sequencer (Palo Alto, CA). The fractions, known to contain
the N-terminal disulfide knot, were also treated with thrombin
and sequenced. The pool containing the C-terminal fragment
of the Aa251 chain was analyzed by matrix-assisted laser-
desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry (Voyager-DE, PerSeptive Biosystems, Framing-
ham, MA).

by ISCO Chemresearch 2.4 software, using a Vydak C-18 ResyLTS

column (4.6 x 250 mm) with an acetonitrile gradient as
previously described4(). The quantity of fibrinopeptide

Characterization of 4251 Fibrinogen Structure.We

was calculated from the areas under the HPLC peak, andcharacterized the purified recombinant fibrinogens by SDS

the data were fit to first-order equations, using the software
ENZFITTER (Biosoft), as describe®3®). All experiments
were performed four times.

Polymerization Turbidity Cures. Polymerization was
measured by monitoring turbidity changes with time at 350
nm using a Shimadzu BioSpec 1601 BVis spectropho-

PAGE (Figure 2, panels A and B) and immunoblot analysis
(Figure 2C). As shown in Figure 2A, under nonreducing
conditions, each fibrinogen appeared as a single band
demonstrating that these proteins are pure and that the
polypeptide chains are assembled into a single molecule.
Further, the mobility of each band is consistent with the

tometer equipped with a thermostatic cuvette holder. Prior anticipated molecular mass of 340 kDa for normal fibrinogen

to polymerization, both fibrinogens were dialyzed against
20 mM HEPES, pH 7.4, 5 mMACA, and 1 mM Cad{
buffer. To 90uL of fibrinogen in a 100uL microcuvette
(Starna Cells, Inc, Alscadero, CA) was added /0 of
thrombin at the zero time point. The final concentrations
were 0.7, 0.3, and 0.0iZM for fibrinogen and 0.1 unit/mL
for thrombin. Fibrin monomer polymerization was initiated
by adding 1QuL of 0.59uM fibrin monomer to 9QuL of 20
mM HEPES, pH 7.4, 5 mMACA, and 1 mM Cad] buffer,
with NaCl concentration as indicated. All experiments were
performed at 25C. Polymerization curves were character-
ized by two parametersthe lag period, which is the time
required for protofibrils to form, and the maximum rate of
assembly Ymay Which is the rate of the lateral aggregation

and 265 kDa for A251 fibrinogen. Under reducing
conditions, each fibrinogen appeared as three bands, two of
which were the same for both proteins and ran with the
mobility expected for the normal/B andy-chains (Figure
2B, lanes 1 and 2). For normal fibrinogen, the third band
ran as expected for thecAchain, while for Ax251 fibrinogen

the third band ran alongside the 30 kDa marker protein,
consistent with the calculated mass, 28.95 kDa, for this
truncated chain. To confirm the chain identities, we
examined immunoblots of reduced SBBAGE developed
with several antibodies. All the polypeptides seen by SDS
PAGE reacted with a polyclonal antibody to human fibrino-
gen (Figure 2C, lanes 1 and 2). Immunoblots developed with
a monoclonal antibody to theBchain (Figure 2C, lanes 3
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A. 1 2 B. 1 2 3 4 Table 1: Specificity Constant&e./Km, for FpA and FpB Release
T 3 by Thrombir?
- W substrate FpA F
-96- p pB
- Ao | —67-| == < normal fibrinogen 8.1 0.8 5.8+ 0.5
-200 Bfp g == - =$ Ao251 fibrinogen 6.2:0.8 2.3+0.9
! -43- aValues arex 10° M1 st + standard deviation3@).
-116
_g7 Au251’ —-30- w— 4Ol251
Table 2: Polymerization Paramet&rs
-20- normal fibrinogen A251 fibrinogen
_'66 | J concn lag-period maximum rate lag-period maximum rate
(mg/mL) (s) (x 105s™ (s) (x 105s™Y
C. 0.2 165 78 186 51
1 2 3 4 5 6 0.1 192 35 194 26
-200 0.02 270 3.6 300 2.3
-925 @Data are calculated as described in the Experimental Procedures

from the curves shown in Figure 4.

Aa, s -69
Bf» = — e
5» = -46

Table 3: Comparison of Polypeptide Chain Compositions

Aczs>| S5 = = Aa251 X, X,
fiborinogen monomet  monomet

Ao-chain and derivatives 41251 17609 17219

Ficure 2: (A) Coomassie stained 6% SB®AGE run under 17-262

nonreducing conditions; lane 1, normal fibrinogen; lane @281 Bf-chain and derivatives 4461 15-461 15-461
fibrinogen. Size markers are indicated on the right. (B) Coomassie 43-461° 43—-461°
stained 10% SDSPAGE run under reducing conditions; lane 1, y-chain and derivatives 1411 1-411 1-411
normal fibrinogen; lane 2, 4251 fibrinogen; lane 3, normal fibrin; 1-419 1-419

lane 4 Ax251 fibrin. Size markers are indicated between the panels; ~ a From Gorkun et al.Z3). ® This form is 4% of the total B-chain.
Fibrinogen Ax-, BS-, y-, and Ax251-chains are indicated on the ¢ This form is 15% of the total B-chain.

left and fibrina-, 3-, v-, anda251-chains are indicated on the right.
(C) Western blot of 10% SDSPAGE of normal (lanes 1, 3, and
5) and An251 fibrinogen (lanes 2, 4, and 6) under reducing ments were partially purified by gel-filtration chromatogra-

conditions. The primary antibodies for lane 1 and 2 was polyclonal phy. Both plasma and normal recombinant fibrinogens

antiserum raised against human fibrinogen (DAKO, Carpinteria, . . .
CA), for lanes 3 and 4, a monoclonal antiserum specific for the diSPlayed the same pattern of elution during chromatography

N-terminus of the B-chain @3), and for lanes 5 ah6 a monoclonal ~ While the pattern of &251 fibrinogen was different. With
antiserum specific for the N-terminus ofiéchain @2). The position both recombinant proteins, thrombin digestion exposed the

of Aa-, Bf-, y-, and Au251-chains are indicated on the left and sagme sequences of the corresponding fibrin chains. Se-
the size markers are indicated on the right. quences from 25 fragments were identified in normal
recombinant fibrinogen, and sequences from 31 fragments
were identified in the 4251 fibrinogen. All data were in

and 4) or the A-chain (Figure 2C, lanes 5 and 6) showed
that the B-chain of Ax251 fibrinogen was indistinguishable agreement with the anticipated sequences at the expected

g'(f)fm né) rfmal, wivle tlhe ,(;&-chain from Ao25 dl fir?rirgog%n ith ratios. Mass-spectrometric analysis of the fractions con-
Iitered from normal and was, as ex.pecte » the band with 1,6 the presence of the fragments with the predicted mass.
the 30 kDa relative mobility. The immunoblots further e gata summarized in Table 3 demonstrate that the correct

demonstrated that the individ_ual chains_ 0251 ﬁb“F‘Oge” reading frames have been maintained throughout all peptide
were homogeneous. In particular, while normal fibrinogen .piins of both recombinant proteins.

displayed the usual heterogeneity imAtwo bands which Thrombin-Catalyzed Fibrinopeptide Clesge. The throm-

run cIosc_—z t(.) 67 kDa and one at 54 kDa), the-ghain ffom bin-catalyzed release of fibrinopeptides was monitored by
Aa251 fibrinogen was a single band. The homogeneity of p) ¢ a5 described3@, 40), and % peptide released was

all three chains in recombinanta51 fibrinogen is in @ piotted as a function of time. The average data from four
marked contrast to fragments X prepared from plasma g, neriments were fitted assuming that the release of both
fibrinogen, where heterogeneity is present in both the A fibrinopeptides is first order and that the release of FpB

and the B-chains £3). We also examined fibrin monomers, ¢4 ows the release of FpA3G, 44). As shown in Figure 3,
prepared by treating fibrinogen with thrombin and dissolving he release of FpA was similar for both fibrinogens as
the resulting clot in the 0.125% acetic acid. As expected, gxpected from previous experiments. In contrast, the release
the mobility of o, azs;, and f-chains increased after o FpB from Ax251 fibrinogen was slower than FpB release
fibrinopeptide cleavage (Figure 2B, lanes 3 and 4). from normal fibrinogen. We determined the specificity

To confirm that the individual chains of the two recom- constants for each reaction as described in the Experimental
binant fibrinogens were those predicted from the transfected Procedures; the data are presented in Table 1. The data
cDNAs, we examined by amino acid sequence analysis all showed that the rate of FpB release from251 fibrinogen
amino-terminal and carboxyl-terminal fragments of all chains was 2.5-fold slower than FpB release from normal fibrinogen,
as well as a large number of internal fragments obtained afterwhile the rates of FpA release were essentially the same for
cyanogen bromide cleavage. Before sequencing, the frag-both proteins.
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Ficure 3: Progress curves for fibrinopeptide release. Thrombin

catalyzed fibrinopeptide release of normal fibrinogen, solid lines,
FpA (m) and FpB @), and of Ax251 fibrinogen, dashed lines, FpA
(O) and FpB Q). Curves represent the best fit of average data (
= 4) to first-order rate equations, assuming FpA release before FpB
release, as describe84( 44).

Ficure 5: Fibrin monomer polymerization. Polymerization of
normal @) and Ax251 (O) fibrin monomers at 0.4 M (solid line)
and 0.05 M (dotted line) concentration of NaCl. Fibrin monomers
(0.59 uM) were diluted 10-fold into neutral buffer at time 0 and
the changes in turbidity monitored at 350 nm with time. Repre-
sentative curves are shown.

0.25

64 to 74% of normal. These results indicated that the rate
of lateral aggregation was slower witha®51 fibrinogen
compared to normal fibrinogen.

Polymerization of Fibrin MonomersBecause the ordered
release of fibrinopeptides influences polymerization, the
thrombin-catalyzed polymerization of fibrinogen differs from
polymerization of fibrin monomer4f). To investigate
polymerization apart from catalysis, we prepared fibrin
monomers from normal ando®51 fibrinogens. We ex-
amined the polymerization of fibrin monomers at high and
low salt concentrations; representative curves are shown in
Figure 5. As others have found with normal plasma

Ficure 4: Thrombin-catalyzed polymerization. Representative fibrinogen (L2, 32), we found that fibrin monomer polym-

polymerization curves of norma®#) and o251 ©) fibrinogenat ~ €fization was slower at high salt (solid lines) than at low
concentrations: 0.2 mg/mL (solid line), 0.1 mg/mL (dashed line), salt (dotted lines) for both recombinant fibrinogens. Sig-
and 0.02 mg/mL (dotted line). Polymerization was initiated by the nificantly, monomer polymerization of @251 fibrinogen

addition of thrombin at time 0 (0.1 units/mL) and polymer formation \yas similar to normal fibrinogen at 0.4 M NaCl, but clearly

was measured as change in turbidity at 350 nm with time. different from normal fibrinogen at 0.05 M NaCl

Thrombin-Catalyzed Fibrin PolymerizatiorPolymeriza- To characterize the difference observed at low salt, we
tion was monitored as the change in turbidity at 350 A).( monitored .f|br|n monomer po!ymenzauon at _several NaCl
Representative data obtained at three concentrations offoncentrations. We determined the lag times and the
fibrinogen are shown in Figure 4. We were surprised that Maximum polymerization rates from these curves, and plotted
the curves for &251 fibrinogen were very similar to the (hese data as a function of NaCl concentration. As shown
curves for normal fibrinogen, as polymerization of fibrinogen N Figure 6A, the lag period increased with higher NaCl
fragment X differed markedly from normal fibrinoge23d). concentration, and the results witro®51 fibrin resemble
From the curves in Figure 4, we determined the lag time, those with normal fibrin. In contrast, as shown in Figure
which represents the time required to form protofibrils, and 6B the maximum rate of polymerization increased with
the maximum slope, which represents the rate of protofibril d€créasing of NaCl concentration, and more importantly,
assembly into fibers (the rate of lateral aggregation). The obvious differences betweern®51 fibrin and norr_nal fibrin
results, presented in Table 2, demonstrated that the lag periodvere detected at the lowest NaCl concentrations. These
for Aa251 fibrinogen was essentially the same, and the €XPeriments support the previous finding that fibril assembly
maximum rate was slightly smaller than for normal fibrino- Was slower with A251 fibrinogen in comparison with
gen. The rates of protofibril formation and protofibril normal fibrinogen.
assembly decreased significantly with lower fibrinogen
concentration, but the magnitude of these changes with
Ao251 fibrinogen mirrored those seen with normal fibrino- Earlier experiments showed that theC domains of
gen. At all concentrations tested, the lag period far2A1 fibrinogen have a significant role in fibrin polymerization.
fibrinogen was minimally different, less than 15% longer This conclusion is based largely on studies with fibrinogen
than normal fibrinogen. Thus, the rate of protofibril forma- fragments, in particular, fragments X isolated from plasmin
tion was basically the same for both proteins. The rates of digests. In the experiments presented here, we synthesized
fibril assembly for Ax251 fibrinogen were slower than those a recombinant fibrinogen molecule similar to fragment X,
for normal fibrinogen; A&251 fibrinogen rates varied from  Aa251 fibrinogen, and examined the biochemical properties

Time (min)

DISCUSSION
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Ficure 6: Effect of NaCl concentration on the lag-period (A) and
maximum rate of polymerizatiotVmayx (B) during polymerization
of normal fibrin monomer (dashed lin®) and Aa251 fibrin
monomer (dotted lined). Each data point is an average of three
determinations and bars represent standard deviation.

of this molecule. Surprisingly, we found thata®51
fibrinogen differed substantially from fibrinogen fragment
X. Nevertheless, our data suggest that ¢t domains of
fibrinogen have a role in fibrin polymerization, particularly
in promoting lateral aggregation.

With Ao251 fibrinogen, we found that the rate of FpB
release was reduced-3-fold relative to normal fibrinogen.

Biochemistry, Vol. 37, No. 44, 19985439

with fibrin monomer. Because FpB release is not relevant
to monomer polymerization, the model would predict that
polymerization of Ax251 monomers would be the same as
of normal fibrin monomers, yet at low salt concentration,
the polymerization profiles were significantly different. This
result indicates that theC domains of fibrinogen not only
facilitate the release of FpB, but also participate directly in
lateral aggregation.

We found that polymerization of fibrin monomers prepared
from Aa251 fibrinogen was comparable to polymerization
of fibrin monomers prepared from normal fibrinogen, when
measured at physiologic salt concentrations. When we
examined polymerization at lower salt concentrations, we
saw minor differences between the lag phases, but significant
differences in the rates of turbidity increase. Because the
maximum rate for &A4251 monomers was less sensitive to
changes in NaCl concentration, it follows that the loss of
theaC domain alters electrostatic interactions that participate
in lateral aggregation. We concluded that th& domain
has a more significant role in lateral aggregation than in
protofibril formation.

We were surprised that our data differed from published
data for fragment X &, 23, 46, 47). The differences may
be explained by the proteins per se, as our experiments used
proteins with the human sequence and the previous data were
obtained with fragments of bovine fibrinogen. This rationale
seems unlikely because fibrinogen is a highly conserved
molecule. Further, both bovine and human fibrinogens have
been extensively studied, and no significant differences in
polymerization have been noted. Therefore, we reexamined
the published data for fragment X in light of our data with
Aa251 fibrinogen. The proteolytic derivative of fibrinogen
has been extensively studied, and as reviewed in Gorkun et
al. (23), the data from these studies have been inconsistent.
Because both the plasma fibrinogen substrate and the
proteolytic cleavage sites are heterogeneous, it is likely that
no two fragment X preparations are exactly alike. Assuming
that the published inconsistencies arose from this molecular
heterogeneity, the author23) performed detailed analyses
on two carefully characterized fragments, ahd X, whose
purification included the selection of functionally active
molecules. Despite this selective purification, neither frag-
ment was homogeneous. The chain compositions for frag-

Because several previous studies indicate that FpB isments % and % are presented in Table 3. Fragment X
preferentially released from fibrin polymers, the delayed FpB \vas a mixture of six different chains, and Xas a mixture
release suggested that we should expect a significant delayf five, and thea-chains of X were entirely different from

in polymerization ¢, 8, 26). However, this delay in FpB

those of %. Polymerization of the two fragments differed

release occurred with only a slight delay in polymerization. from one another, likely reflecting the differences in chain
The lag periods were essentially the same and the rate ofcomposition. Nevertheless, the differences betweeand
fibril assembly for thrombin-catalyzed polymerization of x, were small relative to the differences between either X
Ao251 fibrinogen was about 70% of that of normal or X, and normal monomers. Comparing intact fibrinogen
fibrinogen. Taken together, these results suggest that theyg X, or X,, more significant differences in polymerization
C-terminal domain of the &-chain has a role in regulating  \were seen at low (0.09 mg/mL) compared to high (0.5 mg/
both the release of FpB and the lateral aggregation of m| ) concentrations of fibrin monomers. In contrast to these
protofibrils. results, we did not see significant differences in thrombin-

Our data are consistent with a model where the C-terminal catalyzed polymerization when comparing normal and
domains of the &-chain facilitate the release of FpB and Ao251 fibrinogens. The polymerization profiles were similar
thereby participate in the initiation of normal lateral ag- at both high (0.2 mg/mL) and low (0.02 mg/mL) concentra-
gregation. This model is also consistent with published tions. We conclude that the apparent contradiction between
results that have demonstrated a correlation between FpBour data and that reported by Gorkun et aB)(arises from
release and lateral aggregatiah 8, 26, 45). This model, the differences in the chain compositions of the proteolytic
however, does not explain the results from our experimentsfragments X and &251 fibrinogen.



15440 Biochemistry, Vol. 37, No. 44, 1998

It is reasonable to conclude that any or all of the chain
heterogeneities contribute to these differences. We favor an
important contribution from the N-terminal residues of the
p-chain @8—50). It is known that315—18 participates in
fibrin polymerization, so loss of these residues inaxd %
could have a dramatic effect. Further, polymerization of
fibrinogen lacking B1—42 is impaired. For example, with
100 mM NacCl and no added calcium, polymerization of des-
(BB1—42)-fibrin monomers was 20-fold slower than normal
fibrin monomers %1, 52). Thus, the N-terminus of the
f-chain appears to have a significant role in the lateral
aggregation of fibrin monomers. Although the N-terminal
shortened chain is present in small amounts ir{4%6) and
X2 (15%), previous experiments have demonstrated that small
amounts of nonclottable material can dramatically influence
clot structure 20, 23, 47). Specifically, fragment Xtreated
with thrombin forms a defective clot, but i Xmonomer
obtained after cycles of dissolution and polymerization of
the fragment X forms a normal gel47).

We should also emphasize the differences between the
C-termini of the a-chain of fragments X and X%, as
compared to &251. X has one complete-chain, and one
that ends at reside 268. This mix ofC domains with
different degrees of degradation complicates interpretation
of the data obtained with fragment;X X, has more
homogeneousn-chains that end at residue 219, so the
a-chains in fragment X are shorter than those in the
recombinant protein. Because thechain C-terminus for
Xz is homogeneous, Gorkun et a3} concluded that the
aC domains enhance polymerization, probably most signifi-
cantly during lateral aggregation. We found, however, that
polymerization of Ax251 was remarkably similar to polym-
erization of normal fibrinogen. We concluded that either
the loss of 15% 0ff15—-42, the loss ofx1219-251, or both
is the basis for the significantly abnormal polymerization of
fragment %. Alternate interpretations of our data are
reasonable. For example, the loss of th@ domains may
have two simultaneous, but opposite, effects on polymeri-
zation, such that the turbidity profiles were more normal than
expected. Currently, we favor our more direct interpretation.

In conclusion, the results from our experiments with
Aa251 fibrinogen suggest that theC domains have a role
in lateral aggregation, but this role is more subtle than that
anticipated from the published data obtained with fibrinogen
fragment X.
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