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Abstract—The present work deals with localization of previously unknown polymerization sites of the fibrin DD-fragment.
D-dimer we obtained has a pronounced inhibitory effect on fibrin polymerization (ICs, = 0.06 uM). The inhibitory effect of
the D-fragment disappeared after reduction and carboxymethylation. However, polypeptide chains Bpp (BB134-461) and
YYop (Y63-411), of the DD-fragment, isolated by preparative electrophoresis, displayed their inhibitory activity. For instance,
the rates of fibrin protofibril lateral association were decreased twice in the presence of B and yypp chains at their molar
ratios to fibrin of 0.40 and 0.15, respectively. The 1Cs, values for Bpp and yypp were 0.24 and 0.10 pM, respectively. Highly
specific inhibition of protofibril lateral association suggests that the protofibril lateral association sites are located in B3134-
461 and y63-411 regions of the fibrin D-domain. Our data confirm those reported by Doolittle et al. regarding the y-chain
and a hypothesis about -chain of fibrin D-domain (Yang, Z., Mochalkin, 1., and Doolittle, R. E. (2000) Biochemistry, 97,

14156-14161).
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When fibrinogen is cleaved by thrombin, two fib-
rinopeptides A are released and the fibrinogen turns into
desAA fibrin, which is capable of spontaneous polymer-
ization. At the intermediate polymerization phase of
protofibril formation, two fibrinopeptides B are released
from of desAA fibrin and, under sufficient amounts of
thrombin, it turns into desAABB fibrin, with enhanced
polymerization activity. The main mechanism of
protofibril formation is the interaction of central E-
domain of the fibrin molecule with two peripheral D-
domains of two other fibrin molecules. A double-strand-
ed protofibril is formed, where one strand is half mole-
cule-staggered in relation to the other strand, while D-
domains of the fibrin molecules in each strand are in
intermolecular contact. Spontaneous fibrin self-assembly
is performed via the interaction between two pairs of spe-
cific polymerization sites “A”—“a” and “B”—“b”. “A” and
“B” sites are located in the E-domain, whereas the com-
plementary “a” and “b” sites are located in the fibrin D-
domain [1].

It has been known that the main structural part of the
“A”-site is located in the Aa.17-19 amino acid sequence
[2], and that of the “a”-site is in the C-terminal region of
the D-domain y-chain [3, 4]. The greatest challenge was
to reveal the locations of the sites “B” and “b”. Several
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active sites BB15-18 [4, 5], BB20-25 [6], Bp43-47 [7],
and BB40-49 [8] were found in the N-terminal sequence
of BP-chain. Furthermore, there is proline enriched
hydrophobic region BB27-33 containing five proline
residues, which usually plays an important role in the pro-
tein—protein interactions [9]. It can be assumed that the
active sites of the E domain named above have the corre-
sponding complementary sites in the D domain. Doolittle
et al. have only localized two polymerization sites in the
D-domain using X-ray analysis: “a”-site (a.-“hole”) and
a site in the PB-chain C-terminal sequence of the D-
domain (3-“hole”) [4], which is complementary to the
BB 15-18 site in the E-domain.

There are also two Ca’* binding sites in C-terminal
regions of the B- and y-chains of the D-domain [4], and
amino acid residues of the y-chain C-terminal region,
involved in non-covalent intermolecular D—D interac-
tion [10].

According to the X-ray data for the fibrin DD-frag-
ment [4], modified bovine fibrinogen [11], and chicken
fibrinogen [12], the recent work of Doolittle et al. shows
a computer modeling of protofibril structure and their lat-
eral association [13]. The conclusion is made that there
are protofibril lateral association sites in the fibrin D-
domains. There is also information available [14] that
suggests the emergence of new polymerization sites dur-
ing the various phases of the process. For instance, the
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release of fibrinopeptide B is followed by the structural
stabilization of the D-domain and increase of fibrin poly-
merization activity. There are also data about the increase
of D-domain mutual affinity after the interaction of B—b
sites [15].

Thus, this suggests the existence of multiple active
but not localized sites in the D-domain. The present
investigation reports an attempt to discover those sites.
The polypeptide constituents of DD-fragment of human
fibrin were isolated and their influence on fibrin polymer-
ization was studied for this purpose.

D-dimer was used instead of monomer D-fragment
for two reasons. First, - and y-chains of D-fragment
monomer are difficult to separate due to very similar
molecular weight and a high degree of homology. Second,
the formation of an additional polymerization site after y-
y-cross-linking with factor XIII* cannot be excluded.

MATERIALS AND METHODS

Fibrinogen was isolated from human plasma by salt-
ing out with sodium sulfate [16] and stored in 0.15 M
NaCl solution at —18°C. The product was electrophoret-
ically and chromatographically pure and had the standard
set and molar ratio of N-terminal amino acid residues as
determined by the method described by us earlier [17].
Plasminogen was obtained according to a previously
described method [18]. Plasmin was obtained by activa-
tion of plasminogen with streptokinase (Varidase N.,
Lederle, Germany). Proteolytic activity of plasmin was
expressed in casein units (c. u.) [19].

Fibrin desAABB was obtained by thrombin treat-
ment of fibrinogen followed by dissolution of the clot in
0.02 M acetic acid [20]. The absence of fibrinopeptides B
was proved by the value of the molar ratio of N-terminal
fibrin amino acid residues (4G/2Y) [17].

DD-fragment was obtained by plasmin cleavage of
fibrin stabilized with XIII*-factor [21]. Factor XIII* was
obtained as described earlier [22].

The mixture of a.pp-, Bpp-, and yypp-chains consti-
tuting the D-dimer was obtained by its reduction and car-
boxymethylation [23]. The material was purified by gel
filtration using a Sephadex G-25 column, then concen-
trated and stored in 6 M urea. An aliquot of the material
was used for obtaining isolated chains by preparative elec-
trophoresis.

Fibrin polymerization was performed in standard
cuvettes (1 x 1 cm) at 37°C. The buffer solution consisted
of 0.05 M ammonium acetate buffer, pH 7.4, containing
0.1 M NaCl and 10™* M CaCl,. An amount of 0.05 ml of
the examined protein inhibitors, dissolved in 6 M urea
(the control sample contained the corresponding volume
of 6 M urea) was placed in the cuvette, and then 0.90 ml
of buffer solution was added. This mixture was ther-
mostatted for 5 min. The reaction was initiated by addi-
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tion of 0.05 ml of 12 uM desAABB fibrin solution in
0.15% acetic acid under vigorous stirring, and the
absorbance at 350 nm was immediately measured. The
curve illustrating the increase of turbidity during the poly-
merization was used to determine the length of the lag-
period of the reaction (¢), tangent of slope angles of tan-
gent lines to the curve (tana), and the clot optical densi-
ty in 5 min after the reaction started (Ah) [24].

Electrophoresis was carried out in 10.5% polyacryl-
amide gel with 0.1% SDS [25]. The same method in our
modification was used for the separation of Bpp- and
YYpp-chains. Plate thickness was 2 mm, electric current
50 mA, voltage 180 V. For detection of protein bands the
gel edges were cut out and treated with Coomassie R-
250, and later the corresponding lanes were cut out of
the untreated gel. After they were crushed, the protein
was extracted with 0.05 M sodium phosphate buffer,
pH 7.4, containing 4 M urea and 0.15 M NaCl. To
remove the SDS, the proteins were precipitated twice
with a mixture of 76.5% acetone and 12.9 mM HCI.
Isolated Bpp- and yypp-chains were stored in 6 M urea
solution.

RESULTS AND DISCUSSION

The D-fragment of human fibrin consists of three
polypeptide chains, ap, Bp, and yp, with molecular
weights of 12, 42, and 39 kD, respectively [23]. They cor-
respond to the chain fragments Aa105-197, BB134-461,
and y63-411 [26]. Each monomer unit of D-dimer fully
corresponds to the monomer D-fragment. C-termini of
two D-monomer y-chains are held together by two
isopeptide bonds by factor XIII?.

After the reduction and carboxymethylation of D-
dimer using the preparative electrophoresis, the single
Bpp- and yypp-peptide constituents of the D-dimer were
obtained.

Figure 1 shows electrophoregrams of D-dimer and
Bpp- and yypp-isolated chains alone. Inhibitory activity
of these chains on fibrin desAABB polymerization was
further investigated. One of these experiments for Bpp-
and yypp-chains at their molar ratio to fibrin 0.2 is pre-
sented in Fig. 2. As can be seen in this figure, the materi-
al exhibited a significant inhibitory activity, with yypp-
chain influencing desAABB fibrin polymerization much
more efficiently. These curves were obtained at varied
molar ratios of polypeptide chains to fibrin. The lag-peri-
ods and tangents of slope angles of tangent lines to tur-
bidity were determined from the turbidity curves. As pre-
viously shown from the comparative turbodimetric and
electron microscopy investigations of fibrin polymeriza-
tion, the lag phase corresponds to the phase of fibrin
monomer units self-assembling into protofibrils, and the
slope of the curve of turbidity increase corresponds to the
rate of protofibril lateral association [27]. As seen in Fig.
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Fig. 1. Electrophoresis in 10.5% polyacrylamide gel with 0.1%
SDS: 1) molecular weight standards; 2) DD-fragment after the
reduction and carboxymethylation; 3) single yy-chain of DD-
fragment; 4) single B-chain of DD-fragment.

3, the effects of the chains displayed in the increase of
self-assembling rate of monomer molecules into protofib-
rils (Fig. 3a), also in the decrease of protofibril lateral
association rate (Fig. 3b) and maximum optical density of
the clot (Fig. 3c). With Bpp- and yypp-fragments to fibrin
molar ratios of 0.40 and 0.15, respectively, the rate of
protofibril lateral association decreased twice.

Along with the inhibition of protofibril lateral associ-
ation, the presence of Bp and yypp chains in fibrin poly-
merization medium leads to a certain decrease of lag peri-
od, i.e., to the acceleration of protofibril formation from
the monomer fibrin molecules (Fig. 3a). Considering the
decreased turbidity of the clot (Fig. 3c), the fact of the
lag-period decrease is evidence for the acceleration of the
first phase of the reaction, with formation of elongated
protofibrils. The interaction of fibrin monomers with By
and yypp polypeptide chains probably increases the mutu-
al affinity of fibrin monomers, as results from the acceler-
ation of polymerization first phase.

The most interesting fact was a strong inhibitory
influence of Bpp and yypp chains constituting the D-
dimer on the fibrin protofibril lateral association phase.
The inhibitory effect of yypp-chain determined via tgo
was approximately 2.5-fold greater than that of B-chain:
1Cs, values for yypp- and for Bpp-chains were equal to
0.10 and 0.24 uM, respectively (the ICs, value for the
intact DD-fragment was 0.06 uM).

It is well known that the denaturation of D- and
DD-fragments leads to the loss of their anti-polymerizing
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Fig. 2. Variations in optical density during the fibrin desAABB
polymerization in the absence (/) and in the presence of Bpp-
(2) and yypp-chains (3) at their molar ratio to fibrin equal to
0.2.

activity [23]. Because of this, the inhibitory activity of D-
fragment is usually attributed to the functioning of con-
formation-dependent polymerization sites “a” and “b”
[28]. Therefore, the presence of inhibitory properties in
the denatured samples of isolated Bpp- and yypp-chains,
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Fig. 3. Dependence of the main parameters of fibrin desAABB
polymerization on molar ratio of Bpp- (/) and yypp-con-
stituents (2) of D-dimer to fibrin: a) lag period of fibrin poly-
merization (t); b) rate of protofibril lateral association (tana.);
¢) clot turbidity (#). Control parameters (fibrin polymerization
rates in the absence of the inhibitor) are taken as 100%.
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in which “a” and “b” sites cannot display any functional
activity, was not expected.

Based on the data, it can be assumed that polypep-
tide chains Bpp and yypp, constituents of the fibrin DD-
fragment, contain the sites of fibrin protofibril lateral
association. Supposed sites exist in the native fibrin mol-
ecule and in the D- and DD-fragments. Obviously they
are not dependent on native conformation and are pre-
served in D-dimer polypeptide chains after reduction and
carboxymethylation of the DD-fragment. The functional
activity of these sites is apparently displayed in the fibrin
polymerization and inhibitory activity of isolated Bpp-
and yypp-chains.

Reduced and carboxymethylated D-dimer, which is
a mixture of app, Bpp, and Yypp polypeptide chains, has
no anti-polymerizing activity (Fig. 4). Considering that
isolated Bpp- and yypp-chains of DD-fragment displayed
an inhibitory activity, the assumption was made that the
active sites of these denatured chains are inter-comple-
mentary and, therefore, are mutually blocked in the sam-
ples containing their equal amounts (denatured D-frag-
ment or a mixture of chains). (DD)E-complex released
from the plasmin stabilized fibrin can be taken as an
example. D-dimer involved in the complex formation is a
strong inhibitor and E-fragment is a mild inhibitor of fib-
rin polymerization. (DD)E-complex, however, having its
polymerization sites mutually blocked, is completely
inert [29].

The lack of the inhibitory activity in the combined
mixture of polypeptide chains opp, Bpp, and yypp, which
are the components of DD-fragment, is taken in this case
to be a negative control for a pronounced inhibitory effect
of the isolated Bpp- and yypp-chains.

Earlier an assumption was made by Blomback that
the lateral association of fibrin protofibrils is performed
through inter-protofibrillar bonds between “B”—“b” sites
[30]. Based on fibrinogen complexes with desAA, desBB,
and desAABB fibrins formation, Shainoff and Dadrik,
however, proposed that “B”—“b” interactions are realized
within a protofibril and are not directly involved in the
lateral association. These interactions lead to the
increased stability of protofibril structure and, hence, to
reinforcement of the lateral association [31]. Fowler et al.
also assumed that all possible D—E contacts are realized
in a protofibril, and the protofibril lateral association is
carried out via the D-domain pairs of different protofib-
rils brought close together [32].

Based on the previously reported X-ray data,
Doolittle et al. in their recent work performed a com-
puter modeling of protofibril structure and lateral asso-
ciation. The conclusion is that the protofibril primary
lateral association is accomplished via the intermolecu-
lar interaction between yC-subdomains of fibrin D-
domain, and the site of the primary lateral association of
fibrin protofibrils is located in the fragments y350-360
and y370-380 [13]. The results permitted the authors to
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Fig. 4. Variations in optical density during the polymerization
process: /) fibrin desAABB; 2) fibrin desAABB in the presence
of DD-fragment; 3) fibrin desAABB in the presence of a
reduced DD-fragment (molar ratio of original DD-fragment
and reduced DD-fragment to fibrin desAABB is 0.1).

propose the existence of a secondary auxiliary site of fib-
rin protofibrils lateral association, which is located in
the BB330-375 region of BC-subdomain of fibrin D-
domain.

In the present work we have obtained an experimen-
tal proof that the sites of fibrin protofibril lateral associa-
tion are located in the carboxy-terminal regions of 3- and
y-chains which are the constituents of D-domain. In our
opinion, the most valuable is the detection of functional
activity of the protofibril lateral association site in B-con-
stituent of D-domain, the existence of which was pro-
posed by Doolittle et al.

The real situation may be more complex than it
appears from the X-ray data. For instance, there are data
indicating the possibility for protofibril lateral association
sites to exist in a D-domain fragment different from those
suggested by Doolittle et al. It was recently reported that
the substitution BBR166—C in fibrinogen Longmont
results in a significant decrease of fibrin protofibril lateral
association [33]. On the other hand, the substitution of
BBN160—S in fibrinogen Nigata leads to the additional
glycosylation of BBN158 amino acid residue and there-
fore to the inhibition of protofibril lateral association
[34]. These facts obviously prove that one of the protofib-
ril lateral association sites is damaged, which results in the
inhibition of this polymerization phase.

Thus, our conclusion that protofibril lateral associa-
tion sites are located in the 3- and y-chains of the fibrin
D-domain are in accordance with X-ray data and experi-
ments with defective fibrinogens.
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