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ABSTRACT: Affinity chromatography of active site inhibited thrombin on immobilized fragments derived 
from the central (desAB-NDSK) and terminal (D1) globular domains of fibrinogen revealed that the site 
responsible for the binding of thrombin at  its secondary fibrin binding site is located in the central domain. 
Chromatography of various domains of the central nodule (desAB-NDSK, fibrinogen E, and fibrin E) having 
nonidentical amino acid sequences showed that all of these fragments are capable of binding to PMSF- 
thrombin-Sepharose, suggesting that the thrombin binding site resides within the peptide regions common 
to all of these fragments: a ( G l ~ , ~ - M e t ~ ~ ) ,  P(Val55-Metllg), and y(Tyr1-LysS3). Competitive affinity 
chromatography of the same binding domains revealed that there is no detectable difference in their binding 
constants to PMSF-thrombin-Sepharose, indicating that the cx(Lys52-Lys7g), P(Gly15-Lys54)/(Tyrl ,9-Lys,22), 
and y(ThrS4-Met7*) peptide segments do not contribute significantly to the binding of thrombin. Chro- 
matography of the isolated chains of fibrinogen E showed that the c x ( G l ~ ~ ~ - L y s ~ ~ )  peptide region itself contains 
a strong binding site for PMSF-thrombin-Sepharose. The location of the binding site suggests that the 
secondary site interaction may play an important role in determining the cleavage specificity of thrombin 
on fibrinogen and can affect the rate of release of the fibrinopeptides. Affinity chromatography of fragments 
prepared from polymerized fibrin showed that cross-linked DD (DxD) itself does not bind to thrombin, whereas 
the DxDE complex remained attached to the column, suggesting that the binding site on fragment E for 
thrombin is distinct from its binding site for DxD. Thus, the interaction between DxD and E during 
polymerization is not likely to release thrombin from fibrin. The possible consequences of the fibrin-thrombin 
interaction on the mechanism of fibrin polymerization and factor XI11 activation are discussed. 

x r o m b i n  performs a regulatory function in thrombosis and 
hemostasis. In addition to its proteolytic action on fibrinogen, 
thrombin also activates factor V, factor VIII, factor XIII, and, 

in the presence of thrombomodulin, protein C. In each of these 
cases, activation involves limited proteolysis of the polypeptide 
chain by thrombin. 

The major event in a series of controlled reactions is the 

Health. the conversion of fibrinogen to fibrin, thrombin is removed 
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nochemical studies showed that long-range interactions play 
an important role in defining the conformation of the N-ter- 
minal part of the Aa  and BP chains (Nagy et al., 1982, 1985). 
Kinetic and NMR studies on synthetic peptides suggested that 
catalysis might be facilitated by a @-bend conformation in the 
region of the A a  chain near the hydrolyzable Arg-Gly bond 
(Marsh et al., 1982, 1983, 1985). 

An additional mechanism that might contribute to the 
specific cleavages of the fibrinopeptides and account for the 
increased K M  for the binding of the synthetic peptides as 
compared to the native chains is the interaction of thrombin 
with fibrinogen at this secondary binding site. There have been 
no reports as to which region(s) of the fibrin(ogen) molecule 
is (are) responsible for the binding of thrombin at its secondary 
binding site. The location of this site may indicate whether 
such an interaction could play a role in determining the spe- 
cificity of thrombin for fibrinogen or whether it serves only 
as a trap for active thrombin during clot formation. 

In the present work, we localized the thrombin binding site 
to the central domain of fibrin(ogen). We obtained different 
fragments of this domain by proteolysis and compared their 
affinities to Sepharose-bound PMSF-thrombin in order to 
establish the structural requirements for thrombin binding. 
We also showed that the a ( G l ~ ~ ~ - L y s ~ ~ )  segment isolated from 
fibrinogen E contains a strong thrombin binding site. Our 
results suggest that, in addition to binding active thrombin 
during clot formation, the interaction between fibrin(ogen) 
and thrombin might be an important determinant in thrombin 
specificity and in the rate of release of the fibrinopeptides. It 
may also affect the mechanism of fibrin polymerization and 
factor XI11 activation. 

EXPERIMENTAL PROCEDURES 
Preparation of Bovine Thrombin and PMSF-Inactivated 

Thrombin. Prothrombin from barium citrate eluate from 
bovine plasma (Sigma) was activated with Echis carinatus 
venom (Sigma) as described by Ghosh and Seegers (1980). 
The activation mixture was then gel filtered into 0.025 M 
sodium phosphate-0.1% PEG, pH 6.5, buffer. Purification 
of thrombin was carried out by FPLC (Spectra Physics Model 
8700) on a Mono S HR 10/10 (Pharmacia) cation-exchange 
column equilibrated with the above buffer. The separation 
was carried out with a linear gradient of 0-0.5 M NaCl in 60 
min at a flow rate of 2 mL/min. The pool containing bovine 
thrombin was shown to be homogeneous by SDS-PAGE. 
Specific activity of the preparations was determined by 
measuring the rate of release of FpA from fibrinogen with 
RP-HPLC detection (Martinelli & Scheraga, 1979). Specific 
activity of the preparations was between 2800 and 3100 NIH 
units. The concentration of the thrombin solutions was de- 
termined by its absorbance with the value of = 19.5 
(Winzor & Scheraga, 1964). 

The thrombin preparation was inactivated with PMSF (final 
concentration 0.2 mM). PMSF-thrombin proved to be inactive 
in two different assays: release of FpA and clotting time of 
fibrinogen. 

Preparation of Fibrinogen Fragments. Plasmic Digestion 
of Fibrinogen. Human fibrinogen (grade L, Kabi) was di- 
gested in 0.05 M Tris-HCl/O.lS M NaCl, pH 7.4, buffer at 
a final concentration of 15 mg/mL and dialyzed exhaustively 
against the same buffer. The concentration of the solution 
was adjusted to 10 mg/mL, and CaC12 was added to a final 
concentration of 5 mM. The fibrinogen solution was digested 
with 0.1 mg/mL plasminogen (a gift from Laszlo Patthy, 
Institute of Enzymology, Hungarian Academy of Sciences) 
and 100 CTA units/mL urokinase (Abbokinase, Abbot) at 

from the solution (Eagle, 1935; Seegers et al., 1945; Liu et 
al., 1979a, 1980; Wilner et al., 1981). Many different aspects 
of the interaction between a-thrombin and fibrin have been 
characterized. Liu et al. (1979a) studied the diffusion of 
'Z51-thrombin into fibrin clots and found two classes of binding 
sites with association constants K ,  of 5.8 X lo5 M-' and 6.8 
X lo4 M-l, respectively; from an analysis of the binding of 
thrombin to fibrin monomer-Sepharose, Kaminski and 
McDonagh (1983) found a similar value of K,  of 4.9 X lo5 
M-' but observed only one class of sites. Plasmin dissolution 
of fibrin clots leads to the recovery of active thrombin (Bloom, 
1962; Liu et al., 1979a; Francis et al., 1983). It has been 
shown that the catalytic site of thrombin is not involved in the 
binding to fibrin (Liu et al., 1979a; Fenton et al., 1981; Wilner 
et al., 1981; Berliner et al., 1985; Kaminski & McDonagh, 
1983, 1987). The mechanism by which bound thrombin is 
released from fibrin is not known. Kaminski and McDonagh 
(1983) suggested that thrombin is released during the polym- 
erization process, whereas other workers found evidence that 
thrombin binds to the fibrin clot and is released during plasmic 
dissolution of the clot (Bloom, 1962; Liu et al., 1979a; Francis 
et al., 1983). The contradictory results reported for the 
number of binding sites present on fibrin, and the effect of 
Ca2+ ions on the fibrin-thrombin interaction, are probably due 
to the different experimental conditions and assay systems used 
by the investigators. However, all studies lead to the con- 
clusions that a-thrombin binds to fibrin at a secondary site 
distinct from its catalytic center, that the interaction is ionic 
in nature, and that it is abolished at increased ionic strength. 

The thrombin-fibrin interaction has many important 
physiological consequences. It has been noted that, by binding 
active thrombin, fibrin acts as an anti-thrombin, thereby lim- 
iting thrombosis (Liu et al., 1979a). Lack of such binding 
constitutes a physiological disorder. About 20 cases of dys- 
fibrinogenaemia associated with arterial or venous thrombosis 
have been reported (Henschen et al., 1983a,b). In some of 
these cases, the structural defect in the fibrinogen molecule 
has been characterized. In the cases of fibrinogen New York 
I (Liu et al., 1979b) and fibrinogen Milano I1 (Haverkate et 
al., 1986), the underlying cause of thrombosis was associated 
with defective binding of thrombin to the fibrin formed from 
the abnormal fibrinogen. Although binding of thrombin to 
fibrin may serve as a trap for active thrombin during clot 
formation, interaction of a secondary site with the substrate 
can affect the specificity and kinetic properties of the enzyme 
considerably. 

Thrombin is a serine protease that is homologous to trypsin 
and chymotrypsin. Its proteolytic action is strictly restricted 
to a very limited number of peptide bonds in its protein sub- 
strates. In fibrinogen, thrombin specifically cleaves FpA' and 
FpB from the amino terminus of the A a  and BP chains. 
Restriction of the action of thrombin to these sites has been 
thought to be due to a unique active site geometry on thrombin 
and to a specific favorable conformation of the A a  and BO 
chains for binding to this active site. In this respect, immu- 

Abbreviations: EDTA, ethylenediaminetetraacetic acid; PEG, 
poly(ethy1ene glycol) 6000; PMSF, phenylmethanesulfonyl fluoride; 
PMSF-thrombin, thrombin inactivated by PMSF; TFA, trifluoroacetic 
acid; Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride; FpA 
and FpB, fibrinopeptides A and B, respectively; NDSK, amino-terminal 
cyanogen bromide fragment of fibrinogen; desAB-NDSK, amino-ter- 
minal cyanogen bromide fragment of fibrinogen lacking both fibrino- 
peptides; CTA, Committee on Thrombolytic Agents; KIU, kallikrein 
inhibitor unit(s); SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; RP-HPLC, reverse-phase high-performance liquid 
chromatography; FPLC, fast protein liquid chromatography. 
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37 OC for 180 min. Proteolysis was arrested by the addition 
of 200 KIU of Trasylol (Bayer), and the solution was dialyzed 
against 0.02 M Tris-HCl/O.OS M NaCl, pH 7.4, buffer. 

Preparation and Characterization of Fragments D1 and E. 
Fragment D1 was separated from small amounts of contam- 
inating D2 and D3 and from fibrinogen E by FPLC on a Mono 
Q HR lo/ 10 (Pharmacia) anion-exchange column equilibrated 
with 0.02 M Tris-HCl/O.OS M NaCl, pH 7.4, buffer with a 
linear gradient of 0.05-0.5 M NaCl in 60 min at a flow rate 
of 2 mL/min. Fractions collected from the mono Q column 
were analyzed by SDS-7% PAGE under both reducing and 
nonreducing conditions. The sample containing fragment D1 
(a M, 12 000; p M, 42 000; y M, 39 000) was further analyzed 
to prove the intactness of the C-terminal part of the y-chain, 
which is susceptible to plasmic hydrolysis. An aliquot of the 
protein (5 mg/mL) was further digested with 0.02 mg/mL 
plasminogen and 50 CTA units/mL urokinase in the presence 
of 10 mM EDTA at 37 "C for 60 min. Digestion was ter- 
minated by keeping the sample at 100 OC for 5 min. The 
peptides remaining in solution were separated by RP-HPLC 
(Spectra Physics 8000 instrument equipped with a Model 770 
UV-visible variable-wavelength detector) on a Radial-PAK 
CI8  (Waters) cartridge. An eluent system of 0.09% TFA/ 
water (A) and 0.09% TFA/acetonitrile (B) was used, and a 
linear gradient of 2-60% B in 60 min was applied. The sep- 
arated peptides were identified quantitatively by amino acid 
analysis. The practically identical molar recovery of the three 
C-terminal peptides, y(303-356), y(357-373), and y(374- 
406), proved that the D, preparation contained intact y-chains. 

The protein pool containing fibrinogen E was characterized 
by its chain composition. An aliquot of the fragment was 
reduced and sulfonated according to the method of Thann- 
hauser and Scheraga (1985). S-Sulfonated chains were sep- 
arated by RP-HPLC in an eluent system of 0.09% TFA/water 
(A) and 0.09% TFA/acetonitrile (B) with a linear gradient 
of 2-60% B in 60 min on a Radial-PAK C18 (Waters) car- 
tridge. The peptides were identified by amino acid analysis. 
Thus, the fibrinogen E preparation can be characterized by 
the following chain composition: a( 17-78), p(55-122), y(  1- 
53)/(1-58). 

Preparation of DesAB-NDSK. NDSK was prepared by 
CNBr cleavage of fibrinogen according to the method of 
Blomback et al. (1968) as modified by Olexa and Budzynski 
(1979b). FpA and FpB were cleaved off by treatment with 
thrombin (10 NIH units/mL, 60 min). Complete removal of 
the fibrinopeptides was detected by following the course of 
peptide release by RP-HPLC. Active thrombin was inacti- 
vated with PMSF (0.2 mM final concentration), and desAB- 
NDSK was separated from inactivated thrombin and from the 
fibrinopeptides by gel filtration on a Superose 12 (Pharmacia) 
FPLC medium in 0.05 M Tris-HCl/l M NaCI, pH 7.4, 
buffer. The protein was dialyzed against 0.05 M NH4HC03 
buffer and lyophilized. 

Preparation of Plasmic Fragments of Cross-Linked Fibrin. 
Fibrinogen used for these preparations was kindly supplied by 
Laszlo Patthy (Institute of Enzymology, Hungarian Academy 
of Sciences) and was obtained from plasminogen-depleted 
human plasma by the procedure of Chen and Mosesson 
(1977). This preparation contained a sufficient amount of 
factor XI11 to form cross-linked fibrin when treated with 
thrombin. This fibrinogen preparation was clotted and 
freeze-dried as described by Olexa and Budzynski (1979a). 

Homogeneous DxDE 
complex was obtained by following a procedure described by 
Olexa and Budzynski (1979a). Samples were analyzed by 

Preparation of DxDE Complex. 

V A L 1  A N D  S C H E R A G A  

SDS-PAGE and Tris-glycine gel electrophoresis, and the pool 
containing the DxDE complex was dialyzed against 0.05 M 
Tris-HCl/O.OS M NaCl, pH 7.4, buffer and kept frozen at 

Preparation of Cross-Linked DD and Fibrin E from DxDE 
Complex. The complex was dissociated by incubation at 37 
OC for 120 min in 0.05 M Tris-HC1/6 M urea, pH 7.4, buffer. 
DxD was separated from fibrin E by FPLC on a Mono Q HR 
1 O/ 10 anion-exchange column equilibrated with the above 
buffer and developed with a linear salt gradient from 0 to 0.5 
M NaCl in 60 min at a flow rate of 2 mL/min. Samples were 
analyzed by SDS-PAGE, and the pooled fragments were 
dialyzed against 0.05 M NH4HC03 and lyophilized. 

Cross-linked DD was also prepared from a late digest of 
cross-linked fibrin (Olexa & Budzynski, 1979a) and was 
isolated as described above. 

Detection of Complex Formation between Cross-Linked DD 
and Fibrin E. The ability of our DxD and E preparations to 
form a strong noncovalent complex was demonstrated by the 
procedure described by Olexa and Budzynski (1979a) using 
the nondissociating Tris-glycine gel electrophoresis system 
(Davis, 1964). 

Isolation of the Polypeptide Chains of Fibrinogen E .  Fi- 
brinogen E (5 mg/mL) was reduced and sulfonated (Thann- 
hauser & Scheraga, 1985). The peptides were separated by 
RP-HPLC as described earlier under the characterization of 
fibrinogen E. All peptides were identified by amino acid 
analysis. 

Preparation of Immobilized Proteins. Fragment D1, des- 
AB-NDSK, PMSF-thrombin, and bovine serum albumin were 
each coupled to CNBr-activated Sepharose 4B (Pharmacia) 
according to the instructions of the manufacturer. Fibrin 
monomer-Sepharose was prepared by the method of Heene 
and Matthias (1973). 

Affinity Chromatography. Interactions between PMSF- 
thrombin and fibrin(ogen) fragments were studied by affinity 
chromatography. In these experiments, the amount of protein 
applied onto the column did not exceed 50% of the column 
capacity for that particular fragment. Chromatography was 
performed in 0.05 M Tris-HCl/O.O5 M NaCl-O.l% PEG, pH 
7.4, buffer, and the bound protein was eluted with the same 
buffer containing 0.3 M NaCl. (Preliminary studies showed 
that the ionic strength of this buffer was adequate to eliminate 
interactions between the proteins studied.) Washing the 
columns with 1 M NaCl, 6 M urea, or 6 M guanidine hy- 
drochloride did not result in the elution of additional protein 
material. Concentrations of the proteins in the unbound and 
bound fractions were determined by their absorbance at 280 
nm, with the following values for 20.8 for fragment D 
and DxD (Marder et al., 1969); 12.0 for fragment E (Davis, 
1964); 12.0 for NDSK (Marder et al., 1972). Recovery of 
all proteins from the affinity columns was between 85 and 95% 
for both bovine a-thrombin and the fibrinogen fragments. 

Competitive Affinity Chromatography. The relative binding 
constants of fragments derived from the central domain of 
fibrin(ogen) were determined by competitive affinity chro- 
matography on PMSF-thrombin-Sepharose. In this method, 
all sites on the immobile phase are saturated by applying a 
high concentration of an equimolar mixture of the two ligand 
components being compared. After removal of excess solution 
from the column, the bound protein is eluted. The ratio of 
the concentrations of the two eluted ligands is equal to the ratio 
of their binding constants. 

In our experiments, the PMSF-thrombin-Sepharose column 
was overloaded with an equimolar mixture of fibrinogen E and 

-70 OC. 
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FIGURE 1: Elution profiles of PMSF-thrombin from fibrin-, des- 
AB-NDSK-, D,-, and BSA-Sepharose. Columns (1-mL bed vol- 
umes) were equilibrated with 0.05 M Tris-HCl/O.OS M NaC1, pH 
7.4, buffer. After the sample was passed through the column, it was 
washed with 6 bed volumes of buffer, and the bound protein was eluted 
with buffer containing 0.3 M NaCl. (a) Binding of PMSF-thrombin 
to BSA-Sepharose (0) and to fibrin monomer-Sepharose (0). (b) 
Binding of PMSF-thrombin to desAB-NDSK-Sepharose (0) and to 
D ,-Sepharose (0). 

fibrin E, or fibrinogen E and desAB-NDSK. The column was 
washed free of unbound proteins, and the bound fraction was 
eluted with buffer containing 0.3 M NaCl. The compositions 
of the applied sample, the effluent, and the bound fraction were 
determined by SDS-PAGE. 

Gel Electrophoresis. Protein samples were analyzed by 
SDS-PAGE on 7% and 10% gels under reducing or nonre- 
ducing conditions (Laemmli, 1970). The DxDE complex was 
detected in a nondissociating medium with 9% Tris-glycine- 
PAGE gels prepared by the method of Davis (1964). 

Amino Acid Analysis. Amino acid analysis was performed 
on a Technicon TSM autoanalyzer. The samples were hy- 
drolyzed according to the method of Swadesh et al. (1984). 

RESULTS 
Assignment of the Thrombin Binding Site to the N-Ter- 

minal Domain of Fibrin. It is known that active site inhibited 
thrombin binds to fibrin monomer-Sepharose and is eluted 
at  increased ionic strength (Berliner et al., 1985). We used 
this property of the thrombin-fibrin interaction to specify the 
conditions for the affinity chromatographic experiments (see 
Experimental Procedures). We showed that PMSF-thrombin 
binds to fibrin monomer-Sepharose and can be eluted with 
the same buffer at  higher ionic strength (Figure 1). Further 
washing of the column with 1 M NaCl, 6 M urea, and 6 M 
guanidine hydrochloride did not release additional protein 
material. The amount of protein bound to the column under 
these conditions was independent of the extent of washing. In 
contrast to its binding to fibrin monomer-Sepharose, PMSF- 
thrombin did not bind to bovine serum albumin immobilized 
on Sepharose or to the CNBr-activated Sepharose matrix that 
had been treated by the same procedure used for protein im- 
mobilization. 

To determine which region of the fibrin monomer molecule 
is responsible for the binding of thrombin, we attached the two 
nonoverlapping fragments (NDSK and D1) of fibrin to the 

elution-(bed-) volumes (ml) 

2 4 . 0  H 

elution-(bed-) volumes (ml )  

FIGURE 2: Elution profiles of fibrin(ogen) fragments from PMSF- 
thrombin-Sepharose. The columns (1-mL bed volumes) were 
equilibrated with 0.05 M Tris-HCl/O.OS M NaCI, pH 7.4, buffer. 
After application of the samples (7 pmol of protein), the columns were 
washed free of unbound protein with 5 bed volumes of buffer and the 
bound fractions were eluted with the same buffer containing 0.3 M 
NaC1. (a) Binding of bovine serum albumin (0) and fragment D1 
(0). (b) Binding of fragments fibrinogen E (O) ,  fibrin E (O) ,  and 
desAB-NDSK (A). 

Sepharose matrix (the D1 domain represents the C-terminal 
and NDSK the N-terminal globular domains of the molecule). 
To rule out a possible interaction between active site inhibited 
thrombin and the sites that are cleaved by active thrombin at 
the N-terminus of the A a  and BP chains, both fibrinopeptides 
(FpA and FpB) were removed from NDSK prior to immo- 
bilization. As shown in Figure 1, PMSF-thrombin binds to 
desAB-NDSK-Sepharose whereas no binding to immobilized 
D, could be detected. 

Thus, we can conclude that the structures involved in the 
binding of active site inhibited thrombin reside in the N-ter- 
minal domain of fibrin. 

Comparison of the Affinity of the Various N-Terminal 
Domains of Fibrin(ogen) to PMSF- Thrombin-Sepharose. 
Two subspecies of fragment E can be derived from the central 
nodule of fibrinogen by limited plasmic digestion, fibrinogen 
E from fibrinogen and fibrin E from cross-linked fibrin. Fibrin 
E shows affinity for fragment DD whereas fibrinogen E pre- 
pared from a terminal digest of fibrinogen has lost the peptide 
regions essential for interaction with DD (Olexa & Budzynski, 
1979a,b). We found that both purified fibrinogen E and fibrin 
E bind to PMSF-thrombin immobilized on the Sepharose 
matrix (Figure 2). As expected from the results presented 
in Figure 1, desAB-NDSK also bound to the column, whereas 
D, did not show any interaction with immobilized thrombin 
and passed through the column unretarded, similar to the 
control protein (bovine serum albumin) (Figure 2). Table I 
summarizes the amino acid sequences of fibrinogen E, fibrin 
E, and desAB-NDSK. The a(G1y,,-MetSI), P(Va155-Met,,8), 
and T(Tyr1-Lys53) peptide chain segments are present in all 
three fragments. This leads to the conclusion that the regions 
essential for the binding of PMSF-thrombin lie within these 
boundaries. 

If the additional peptide segments that distinguish between 
these fragments are involved in thrombin binding, these 
fragments would bind to PMSF-thrombin-Sepharose with 
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Table I: Comparison of the Peptide Segments of 
Thrombin-Sepharose-Bound Fragments Derived from the Central 
Domain of Fibrin(ogen) 

fragment a-chain &chain y-chain 
desAB-NDSK' Gly17-Mets, Gly15-Metl,s Tyrl-Met78 
fibrinogen E*.' GIY17-LYS78 Valss-Lys122 TYrrLYss3 

TYrl-LYsSs 
fibrin Ed G ~ Y  17-LYs78 G l Y i d Y s m  Tyrl-Lys62 
sequence common to all Gly17-Metsl Va15s-Metlls Tyrl-Lyss3 

sequence differences LYSs2-LYS78 GIYIS-LYSS~ T h r ~ ~ M e t 7 s  
fragments 

between the fragments Tvrl l ~ - L ~ s I , ,  
"Kowalska-Loth et al. (1973). bTakagi and Doolittle (1975a,b). 

CSequence confirmed in the present work. dOlexa et al. (1981). 

different affinities. Therefore, we compared the relative 
binding constants of the various fragments derived from the 
central nodule of fibrinogen to PMSF-thrombin-Sepharose 
by competitive affinity chromatography. PMSF-thrombin- 
Sepharose was overloaded with a 1:l mixture of fibrinogen 
E and fibrin E. The column was washed free of unbound 
protein, the bound fraction was eluted, and its composition was 
determined by gel electrophoresis (see Experimental Proce- 
dures). Comparison of the protein composition of the applied 
sample with that of the bound fraction showed no shift in the 
relative amount of the two fragments. The same experiment 
carried out with a 1:l mixture of fibrinogen E and desAB- 
NDSK revealed no detectable difference in their binding to 
the resin (data not shown). This indicates that there is no 
significant difference in their binding constants to PMSF- 
thrombin-Sepharose. These data suggest that the ( ~ ( L y s ~ ~ -  

peptide segments do not contribute significantly to the binding 
of the central domain to thrombin (Table I). 

Binding of the Isolated Chains of Fibrinogen E to PMSF- 
Thrombin-Sepharose. We have addressed the question as to 
whether the individual chains of the N-terminal domain 
themselves can bind to PMSF-thrombin-Sepharose. Reduced, 
S-sulfonated chains of fibrinogen E were chromatographed 
on the thrombin-Sepharose column, and the peptides present 
in the unbound and bound fractions were separated by RP- 
HPLC (Experimental Procedures). Three peptides were iso- 
lated from the unbound fraction, and one peptide was isolated 
from the bound fraction. Identification of these peptides on 
the basis of amino acid analysis is presented in Table 11. The 
a ( G l ~ ~ ~ - L y s ~ ~ )  peptide chain was recovered from the bound 
fraction, showing that this chain itself can bind to thrombin- 
Sepharose, whereas neither the P(Va155-Lysl,2) nor the y- 
(Tyrl-Lys5,) or the y(Tyrl-Lyss8) peptide bound to PMSF- 
thrombin-Sepharose under the given conditions. 

Binding of Fragments Derived from Polymerized Cross- 
Linked Fibrin to PMSF- Thrombin-Sepharose. It has been 
suggested that thrombin bound to fibrin monomer is released 
during the polymerization process (Kaminski & McDonagh, 
1983). The major structural event of polymerization is the 
interaction of fibrin E with properly aligned D domains, 
leading to the formation of the strong noncovalent complex 
DDE. Subsequently, the D domains are cross-linked by factor 
XI11 to form the DxDE complex. 

We tested the hypothesis that the binding of cross-linked 
DD (DxD) to fibrin E would abolish the interaction between 
thrombin and fibrin E. DxD and fibrin E fragments were 
prepared from the DxDE complex obtained from cross-linked 
fibrin. Chromatography of these fragments on PMSF- 
thrombin-Sepharose showed that, although fibrin E was bound 
to the column, the DxD fragment passed through the matrix 
unretarded (Table 111). Then we prepared the DxDE complex 

LYs78)~ ~ ( ~ ~ ~ 1 5 - ~ ~ s 5 ~ ) / ( T ~ r l 1 9 - L ~ s 1 2 Z ) i  and Y(Thr54-Met78) 

Table 11: Amino Acid Composition of Peptides Isolated from the 
Thrombin-Sepharose-Unbound and -Bound Samples by RP-HPLC' 

recovered 
from the 

peptides recovered from the bound 
unbound fraction fraction 

P-1, P-3, P-4, P-2, 
p(55-122) ~(1-53) ~(1-58) a(17-78) 

Asxb 8.2 (8)d 8.3 (8) 8.2 (8) 11.9 (11) 
GlxC 11.3 (11) 6.4 (6) 7.5 (7) 7.7 (7) 
Ser 6.0 (6) 3.5 (3) 4.0 (4) 5.1 (5) 
Gly 4.0 (4) 2.3 (2) 2.1 (2) 2.8 (3) 
His 1.0 (1) 1.0 (1) 1.0 ( I )  0.9 (1) 
Arg 3.4 (3) 2.5 (2) 2.3 (2) 4.2 (4) 
Thr 2.1 (2) 4.2 (5) 5.2 (6) 1.1 ( I )  
Ala 4.9 (5) 2.1 (2) 2.1 (2) 1.4 (1) 
Pro 4.0 (4) 1.2 (1) 1.1 (1 )  2.8 (3) 
TYr 2.5 (2) 2.3 (3) 2.8 (3) 2.5 (2) 
Val 4.7 (5) 2.8 (3) 3.5 (4) 2.4 (3) 
Met 1.0 ( I )  0.2 (0) 0.2 (0) 0.9 ( I )  
c y s  3.5 (3) 3.1 (4) 3.2 (4) 4.5 (4) 
Ile 0.9 (1) 2.6 (3) 3.3 (3) 1.7 (2) 
Leu 8.5 (9) 4.5 (5) 5.3 (5) 3.0 (3) 
Phe 1.3 (1) 2.0 (2) 1.9 (2) 2.8 (3) 
LYS 1.9 (2) 3.4 (3) 4.1 (4) 6.1 (6) 
Trp nd'(0) nd (0) nd (0) nd (2) 

"The composition is expressed as number of moles per mole of pep- 
tide. bAsp + Asn. 'Glu + Gln. dTheoretical values (Henschen et al., 
1983) are aiven in Darentheses. 'nd. not determined. 

Table 111: Binding of Fibrin(ogen) Fragments to 
Thrombin-Sepharose 

detected in detected in 
fragment unbound fraction bound fraction 

desAB-NDSK - 
fibrinogen E - 
fibrin E - 
D1 + 
DxD + 
DxDE - 

from these same components by incubating an equimolar 
mixture of DxD and fibrin E at room temperature for 60 min. 
Formation of the complex was followed by analyzing aliquots 
of the sample in the Tris-glycine-polyacrylamide gel elec- 
trophoretic system (Experimental Procedures). The DxDE 
complex formed was chromatographed on PMSF-thrombin- 
Sepharose under the same conditions as the separated and 
purified DxD and fibrin E. The DxDE complex was recovered 
from the bound fraction (Table 111). 

These results indicate that the interaction of fibrin E with 
PMSF-thrombin-Sepharose can lead to the binding of DxD 
to immobilized thrombin. This suggests that fibrin E has a 
separate binding site for DxD and thrombin. 

DISCUSSION 
Specificity of Affinity Chromatography To Detect Inter- 

actions between Fibrin(ogen) Fragments and Thrombin. In 
the present work, we used affinity chromatography to detect 
interactions between active site inhibited thrombin and fib- 
rin(ogen) fragments. We showed that PMSF-thrombin binds 
to fibrin monomer-Sepharose and is eluted at increased ionic 
strength. In control experiments, we found that the same 
thrombin preparation did not show any binding to CNBr- 
activated Sepharose or immobilized bovine serum albumin. 
Chromatography of PMSF-thrombin on fragments of fibrin- 
(ogen) was carried out under the same conditions (Figure 1 ) .  
We used the same conditions in the reverse experiments, when 
PMSF-thrombin was immobilized on the Sepharose matrix. 
Bovine serum albumin did not bind to this matrix (Figure 2). 
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Although we cannot exclude the possibility that the proteins 
undergo conformational changes during immobilization, the 
characteristic sensitivity of the interactions to high ionic 
strength that had been reported for both the in vivo and in vitro 
systems (Liu et al., 1979a; Berliner et al., 1985) and the 
compatible results obtained for the different types of immo- 
bilized ligands suggest that a specific ionic interaction between 
the secondary binding site of thrombin and fibrin fragments 
is operative in all cases (compare Figures 1 and 2). 

Assignment of the Thrombin Binding Site to the Central 
Domain of Fibrin. We studied the binding of active site 
inhibited thrombin (PMSF-thrombin) to the largest fragment 
derived from the terminal globular domain of fibrinogen, D1, 
and to desAB-NDSK, which corresponds to the central nodule 
of the molecule. We found that PMSF-thrombin bound 
stoichiometrically to immobilized desAB-NDSK whereas no 
interaction with D1-Sepharose was detected. Thus, the site 
that is responsible for binding to the secondary binding site 
in active site inhibited thrombin is located in the N-terminal 
(or central) domain of fibrinogen. 

We used competitive affinity chromatography to detect 
differences in binding strength between the three bound species 
(desAB-NDSK, fibrinogen E, and fibrin E). This method is 
very sensitive to small differences in the relative binding 
constants of the bound proteins (Varadi & Patthy, 1983). We 
did not find any difference in binding affinity of fibrin E, 
fibrinogen E, or desAB-NDSK to thrombin-Sepharose. Thus, 
we conclude that the a ( L y ~ ~ ~ - L y s ~ ~ ) ,  P (G~~ , , -LYs ,~ ) /  
(Tyrl19-Lyslz2), and y(Thr,,-Met,,) peptide segments do not 
alter the secondary thrombin binding site on the central domain 
of fibrinogen. 
On the basis of their finding that the thrombin-fibrin in- 

teraction is sensitive to the presence of Ca2+ ions and that 
thrombin is released at some stage of fibrin polymerization, 
Kaminski and McDonagh (1983) speculated that it might be 
the D domain of fibrinogen that carries an extended thrombin 
binding site, since this domain contains both polymerization 
sites (Olexa & Budzynski, 1981; Varadi & Scheraga, 1986) 
and CaZ+ binding sites (Nieuwenhuizen et al., 1979; Varadi 
& Scheraga, 1986). However, at present it is not known when 
thrombin is released from fibrin (see later section). Since the 
central domain is also involved in polymerization (Olexa & 
Budzynski, 1981) and contains a Ca2+ binding site (Nieu- 
wenhuizen et al., 1983), our finding that the thrombin binding 
site is on the central domain does not contradict their ex- 
perimental results. 

Affinity of the Isolated Chains of the Central Domain for 
PMSF- Thrombin-Sepharose. Affinity chromatography of 
reduced and S-sulfonated chains of fibrinogen E showed that 
the isolated a-chain itself is capable of binding to PMSF- 
thrombin-Sepharose (Table 11). Since weak binding would 
go undetected during affinity chromatography, our results do 
not exclude a possible interaction between the PMSF- 
thrombin-Sepharose and the p- and/or the y-chains nor rule 
out the contribution of these chains to thrombin binding but 
show that the ( ~ ( G l y ~ ~ - L y s ~ ~ )  peptide segment itself carries 
a strong thrombin binding site. 

The importance of the a(Gly, , -Ly~~~) peptide sequence in 
binding thrombin is in accordance with earlier results reported 
from this and other laboratories on the kinetic constants for 
the hydrolysis of the thrombin-sensitive Arg-Gly bond in the 
A a  chain. Active site mapping experiments suggested that 
the A a  chain derived from NDSK is as good a substrate for 
thrombin as the intact A a  chain of fibrinogen (Hagemann & 
Scheraga, 1974). Martinelli and Scheraga (1980) reached 

the same conclusion after determining KM and k,, for the 
cleavage of FpA from intact fibrinogen. They pointed out that 
NDSK A a  probably contains all the amino acids required for 
interaction with thrombin and that the small difference in the 
specificity constant (kat/KM) between the two structures might 
be caused by slight perturbation of the three-dimensional 
structure in the NDSK A a  chain due to the harsh conditions 
used during CNBr cleavage. 

On the other hand, numerous studies on the kinetic constants 
of the thrombin-catalyzed hydrolysis of synthetic peptides with 
sequences identical with that of A a  around the cleaved Arg- 
Gly bond revealed that KM for the hydrolysis of these peptides 
is considerably higher than that measured for fibrinogen A a  
or NDSK A a  [Marsh et al. (1983) and references cited 
therein]. 

Two different mechanisms can account for the higher KM 
measured for the small synthetic peptides. One is that a 
favorable conformation of the A a  chain is needed for the 
interaction with the active site of thrombin. Immunochemical 
studies indicated that long-range interactions in fibrinogen 
stabilize the domain around the scissile bond in a conformation 
that is different from what is observed for the synthetic pep- 
tides (Nagy et al., 1982). NMR studies suggested that ca- 
talysis may be facilitated by a &bend conformation of the 
N-terminus of the A a  chain that places Phe, in close proximity 
to the cleaved Arg16-Gly,, bond (Marsh et al., 1985; Ni et 
al., 1988). This p-bend has been proposed to be stabilized by 
a salt bridge between Asp, and Arg,, to account for the smaller 
KM measured for the peptide containing Asp, as the HNz- 
terminal residue (Marsh et al., 1983). 

A second mechanism that could account for the larger KM 
measured for the synthetic peptide substrates is that the fi- 
brinogen Aa  chain may contain an additional binding site that 
interacts with thrombin at a secondary site that is distinct from 
its active center whereas this region is missing from the syn- 
thetic peptides. Blomback et al. (1976) reported that the 
peptides Aa(Ala,-Arg,,) and (Ala,-Trp,,), are cleaved at a 
rate of only about 6% of the rate measured for NDSK Aa. 
Moreover, the hydrolysis rate for these peptides was found to 
be much smaller than for residues Alal-Lysu, and this was 
still lower than the value obtained for Ala,-Met,, (Hogg & 
Blomback, 1978). The authors suggested that the sequences 
between residues Trp,, and Lys, and probably between Cys4, 
and Met,, are important for thrombin-fibrinogen interaction. 
However, since they were studying the rate of release of FpA 
from these peptides, their data do not provide information 
about the mechanism of the observed enhancement of the 
hydrolysis rate. The effect of the additional peptide segments 
can be due to their ability to stabilize a favorable conformation 
of the A a  chain for thrombin cleavage, and/or they can 
constitute an independent site that can interact with thrombin 
at a site other than its active center. 

From our results, we can conclude that the a(Gly17-Ly~78) 
and probably the a(Glyl,-MetS1) sequences play an important 
role in the interaction with the secondary binding site of 
thrombin and that this binding does not require the presence 
of FpA. 

The interaction of thrombin with fibrin(ogen) at this sec- 
ondary site may also affect the release of FpB. In contrast 
to the NDSK A a  chain, NDSK BP is a poor substrate for 
thrombin as compared to intact fibrinogen (Hagemann & 
Scheraga, 1977), and the difference can be attributed to the 
larger value of KM obtained for NDSK B/3 (Hagemann & 
Scheraga, 1977; Martinelli & Scheraga, 1980; Hanna et al., 
1984). These authors speculated that the NDSK BO may 
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contain all the residues that interact directly with thrombin 
but, once removed from the intact molecule, it may no longer 
retain the proper conformation required for hydrolysis by 
thrombin. 

Our results show that, in contrast to the NDSK A a  chain, 
NDSK BO does not contain all sequence information required 
for thrombin recognition. Binding of thrombin at the sec- 
ondary site can considerably alter the kinetics of release of 
FpB. It would be of interest to determine the rate of release 
of FpA and FpB from fibrinogen under conditions where the 
secondary site interaction is inhibited and characterize the 
effect of polymerization on the release of FpB under such 
conditions. 

Effect of Polymerization on Thrombin Binding. The fate 
of fibrin-bound thrombin has been the subject of some con- 
troversy. Liu et al. (1979) presented evidence that thrombin 
is specifically adsorbed to the fibrin clot. Francis et al. (1981) 
reported that active enzyme is recovered from fibrin-bound 
thrombin after plasmic dissolution of the clot. In contrast to 
these findings, others presented evidence that the thrombin- 
fibrin interaction occurs mainly with fibrin monomers (Carney 
et al., 1979; Wilner et al., 1981; Liu et al., 1985). Kaminski 
and McDonagh (1983) speculated that bound thrombin might 
be released during polymerization. 

The major structural event in the formation of fibrin 
polymer from monomers is the binding of the N-terminal E 
domain to the C-terminal domain (D) of fibrinogen, leading 
to the assembly into two-stranded protofibrils, followed by a 
lateral aggregation of the protofibrils to fibers. Two properly 
aligned D domains are then cross-linked by factor XI11 to 
produce covalently linked DxD dimers. 

We tested the hypothesis that these structural events could 
lead to the release of thrombin from fibrin because of a com- 
petition of binding the E domain by thrombin and DxD. We 
studied the binding of fibrin-E, DxD, and the DxDE complex 
to PMSF-thrombin-Sepharose. Fibrin E prepared from the 
DxDE complex was found to bind to thrombin, whereas 
cross-linked DD did not show any interaction with the im- 
mobilized protein (Table 111). On the other hand, fibrin E 
could mediate the binding of DxD to PMSF-thrombin-Se- 
pharose, indicating that the interaction between E and DxD 
does not inhibit the binding of E to thrombin. This suggests 
that the binding site in E for thrombin is distinct from its 
binding site for DxD. The consequence of the existence of a 
separate binding site is discussed in the next section. Our result 
does not rule out the possibility that other structural events 
(e.g., conformational changes) that probably occur during 
polymerization can lead to the release of fibrin-bound throm- 
bin. 

Physiological Importance of the Secondary Site Interaction 
between Thrombin and Fibrin. Our findings that the thrombin 
binding site in fibrin is present on the N-terminal domain of 
the molecule and that the a(Gly17-Lys7B) peptide segment itself 
carries a strong thrombin binding site suggest that the binding 
of thrombin to this site may play an important role in deter- 
mining the specificity of thrombin action on fibrinogen (of the 
14 Arg-Gly bonds present in fibrinogen, only 4 are cleaved 
by thrombin). This interaction can also affect the kinetic 
parameters for the release of FpA and FpB significantly. 

In addition to clotting fibrinogen, thrombin plays a central 
role in the regulation of haemostasis by acting on a large 
number of protein substrates and zymogens, leading to their 
activation. Fibrinogen and fibrin are not passive protease 
substrates in the coagulation cascade either. They regulate 
the enzymes that act upon them (thrombin, factor XIII, 

plasminogen, plasmingen activator), and they interact with 
a large number of proteins to modulate the lifetime, strength, 
adhesiveness, and location of the fibrin clot. Some of the 
proteins that bind to fibrin(ogen) are also substrates for 
thrombin (e.g., fibrinogen and factor XIII). Since fibrin-bound 
thrombin has a free active site (Liu et al., 1979a; Fenton et 
al., 1981; Wilner et al., 1981; Berliner et al., 1985; Kaminski 
& McDonagh, 1983, 1987), it may display distinct catalytic 
properties toward some of its substrates. Such binding can 
affect the mechanism of fibrin polymerization. After the 
release of the fibrinopeptides, the enzyme remains bound to 
fibrin monomer, forming fibrin monomer-thrombin complex 
(FMxThr), in which the polymerization sites in the E domain 
are available for interaction with the complementary sites on 
the D fragment. (Our results show that the E fragment has 
separate binding sites for DxD and thrombin.) This leads to 
the formation of fibrinogen-FMxThr- and fibrinogen- 
FMxThr-fibrinogen-type dimers and trimers. The weak 
binding of thrombin to fibrin monomer allows its dissociation 
and binding to a nearby fibrinogen molecule without being 
released into the blood stream. This mechanism can consid- 
erably increase the speed of fibrin polymerization by localizing 
the enzyme to its site of action with the formation of fibri- 
nogen-FM-FMxThr-fibrinogen-type polymers. 

Activation of factor XI11 is increased dramatically in the 
presence of fibrin (Janus et al., 1983; Lewis et al., 1985). 
Kinetic analysis suggested that both polymeric fibrin I and 
fibrin I1 (but not fibrinogen or fibrin monomer) are promoters 
for factor XI11 activation (Lewis et al., 1985). It is not known 
where the binding site for factor XI11 is localized in fibrin, 
but it is tempting to speculate that thrombin bound to fragment 
E at its secondary binding site could be the catalytically active 
form for this activation and the mechanism of promotion of 
the release of the activation peptide is the formation of a 
ternary complex between the E domain of fibrin, thrombin, 
and factor XIII. 
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