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ABSTRACT: Our previous studies revealed that in fibrinogen the αC-
domains are not reactive with their ligands, suggesting that their binding
sites are cryptic and become exposed upon its conversion to fibrin, in
which these domains form αC polymers. On the basis of this finding,
we hypothesized that polymerization of the αC-domains in fibrin results
in the exposure of their binding sites and that these domains adopt the
physiologically active conformation only in αC-domain polymers. To
test this hypothesis, we prepared a recombinant αC region (residues Aα221−610) including the αC-domain (Aα392−610),
demonstrated that it forms soluble oligomers in a concentration-dependent and reversible manner, and stabilized such oligomers
by covalently cross-linking them with factor XIIIa. Cross-linked Aα221−610 oligomers were stable in solution and appeared as
ordered linear, branching filaments when analyzed by electron microscopy. Spectral studies revealed that the αC-domains in such
oligomers were folded into compact structures of high thermal stability with a significant amount of β-sheets. These findings
indicate that cross-linked Aα221−610 oligomers are highly ordered and mimic the structure of fibrin αC polymers. The
oligomers also exhibited functional properties of polymeric fibrin because, in contrast to the monomeric αC-domain, they bound
tPA and plasminogen and stimulated activation of the latter by the former. Altogether, the results obtained with cross-linked
Aα221−610 oligomers clarify the structure of the αC-domains in fibrin αC polymers and confirm our hypothesis that their
binding sites are exposed upon polymerization. Such oligomers represent a stable, soluble model of fibrin αC polymers that can
be used for further structure−function studies of fibrin αC-domains.

Conversion of fibrinogen into fibrin results in its
spontaneous polymerization and formation of a fibrin

clot that prevents the loss of blood by sealing the damaged
vasculature and subsequently contributes to wound healing by
promoting inflammation and angiogenesis. Polymerized fibrin
also significantly enhances activation of plasminogen into the
active fibrinolytic enzyme plasmin, thereby triggering fibrinol-
ysis and subsequently contributing to propagation of
fibrinolysis by keeping plasmin on the fibrin surface. This
multitude of fibrinogen functions is connected with the
presence in the fibrinogen molecule of multiple regions and/
or domains that allow its specific interactions with various
proteins and cell types and thereby its involvement in the
above-mentioned processes. Among these domains, a pair of
the αC-domains, by interacting with each other and with a
number of physiologically important proteins and cellular
receptors, promote fibrin polymerization, fibrinolysis, athero-
genesis, and angiogenesis.1−5

The fibrinogen molecule consists of five major structural
regions, central region E, two terminal D regions, and two αC
regions, each of which is folded into a number of compact
domains.6 Crystallographic studies of fibrinogen and its
fragments established the three-dimensional structure of more
than two-thirds of the molecule, including the D and E
regions;7−11 however, they failed to resolve the structure of the
αC regions. Each of these regions includes Aα chain amino acid
residues 221−610 that form the compact αC-domain (residues

392−610) and the flexible αC-connector (residues 221−391),
which tethers the former to the bulk of the molecule.2 Recent
studies with the recombinant αC-domain fragments established
that the αC-domain consists of two subdomains, N-terminal
and C-terminal, and the former is formed by a β-sheet
consisting of two β-hairpins.12−14

Numerous studies indicate that in fibrinogen two αC-
domains form a dimer through the interaction with each other
and with the central region of the molecule.1,15−19 The
arrangement of the αC-domains in polymeric fibrin seems to be
different. Analysis of cross-linked fibrin revealed that factor
XIIIa covalently cross-links fibrin’s α chains to produce α chain
polymers.20,21 Such cross-linking occurs between the αC-
domains and αC-connectors of different fibrin molecules,22

suggesting that the αC-domains are closely spaced in fibrin and
may interact with each other. In agreement, we have recently
found that the isolated αC-domain self-associates at increasing
concentrations to form soluble oligomers that may mimic the
structure and interactions of the αC-domains in fibrin.14 Thus,
although the structure of the isolated αC-domain has been
established,13,14 that of the αC-domains in fibrin remains to be
clarified.
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Our previous studies revealed that the isolated αC-domain
interacts with various plasma proteins, including fibronectin,23

apolipoprotein(a),4 plasminogen, tissue-type plasminogen
activator (tPA), and plasmin inhibitor α2-antiplasmin.2,24 At
the same time, in our experiments, none of these proteins
interacted with either fibrinogen or the αC-domain kept in
solution; their interactions were observed only when the αC-
domain or fibrinogen was adsorbed or immobilized onto a
surface or when fibrinogen was converted into fibrin.2,4,23,24 To
account for these observations, we hypothesized that the
binding sites of the αC-domains are cryptic in fibrinogen and
exposed in fibrin. This implies that the αC-domains undergo
conformational changes upon conversion of fibrinogen into
fibrin and only in fibrin, in which the αC-domains form
polymers, do they adopt the physiologically active conforma-
tion. The major goals of this study were to clarify the structure
of the αC-domains in fibrin αC polymers and to prove this
hypothesis by testing their interaction with some ligands.

■ EXPERIMENTAL PROCEDURES
Proteins, Enzymes, Antibodies, and Recombinant

Fragments. Plasminogen-depleted human fibrinogen, human
α-thrombin, human Glu-plasminogen, and human factor XIII
were from Enzyme Research Laboratories (South Bend, IN).
Bovine serum albumin was purchased from Pierce. Recombi-
nant single-chain tPA was a Genentech product. Monoclonal
antibody TF 359/1-1 directed against the αC region was a gift
from B. Kudryk (New York Blood Center, New York, NY).
The alkaline phosphatase-conjugated ExtrAvidin, aprotinin, and
carboxypeptidase B were from Sigma. The recombinant
Aα221−610 and Aα392−610 fragments corresponding to the
human fibrinogen αC region and αC-domain, respectively,
were expressed in Escherichia coli and subsequently purified and
refolded by the procedures described previously.25

Size-Exclusion Chromatography. Analytical size-exclu-
sion chromatography was used to analyze the aggregation state
of the prepared recombinant Aα221−610 fragment. The
experiments were performed with a fast protein liquid
chromatography system (FPLC, Pharmacia) on a Superdex
200 column at a flow rate of 0.5 mL/min at 4 °C. Typically, 100
μL of protein was loaded onto the column equilibrated with 20
mM Tris buffer (pH 7.4) containing 0.15 M NaCl (TBS) or 20
mM Tris buffer (pH 7.4) containing 2 M NaCl followed by
elution with the same buffer. Protein elution was monitored by
measuring the absorbance at 280 nm.
Transmission Electron Microscopy Study. Two prep-

arations of the first and second fractions of cross-linked
Aα221−610 oligomers and two preparations of Aα221−610
monomers were visualized by transmission electron micros-
copy. Samples at 0.1 mg/mL in 20 mM ammonium formate
buffer (pH 7.4) were diluted to ∼20 μg/mL in a buffer
containing 50 mM ammonium formate (pH 7.4) and 30% (v/
v) glycerol. Samples were then sprayed onto freshly cleaved
mica and rotary shadowed with tungsten in a vacuum
evaporator (Denton Vacuum Co., Cherry Hill, NJ) as
previously described.18 These samples were examined in a
FEI/Philips 400 electron microscope (FEI Co., Hillsboro, OR)
operating at 60 kV and a magnification of 60000×. The grids
were thoroughly examined to ensure that the structures
observed were representative.
Circular Dichroism Study. Circular dichroism (CD)

measurements were taken with a Jasco-810 spectropolarimeter.
CD spectra of the Aα221−610 monomer and cross-linked

Aα221−610 oligomers, both at 1 mg/mL, or Aα392−610
oligomers at 0.5 mg/mL were recorded using a 0.01 cm path
length quartz cuvette. The experiments were performed in TBS
at 4 °C. Analysis of the CD spectra was performed using the
secondary structure prediction program supplied with the
spectropolarimeter, which is based on the previously published
method.26 All CD data were expressed as the mean residue
ellipticity, [θ], in units of degrees square centimeter per
decimole.
Fluorescence Study. Fluorescence measurements of

thermally induced unfolding of the Aα221−610 oligomers
and cross-linked Aα221−610 oligomers in TBS or in 20 mM
Tris buffer (pH 7.4) containing 2 M NaCl were performed in
an SLM 8000-C fluorometer by monitoring the ratio of the
intensity at 370 nm to that at 330 nm with excitation at 280
nm. The temperature was controlled with a circulating water
bath programmed to increase the temperature at a rate of ∼1
°C/min. Fragment concentrations determined spectrophoto-
metrically were ∼0.05 mg/mL.
Solid Phase Binding Assay. Solid phase binding was

performed in plastic microtiter plates using an enzyme-linked
immunosorbent assay (ELISA) as described in ref 4 with some
modifications. Microtiter Immulon 2HB plate wells (Thermo)
were coated overnight with 100 μL of plasminogen or tPA per
well, both at 10 μg/mL in TBS containing 1 mM Ca2+ (TBS-
Ca), followed by washing with the same buffer. The wells were
then blocked with 2% bovine serum albumin in TBS-Ca
containing 0.01% Tween 20. Followed by washing with TBS-
Ca and 0.01% Tween 20, the Aα221−610 monomer, Aα221−
610 cross-linked oligomers, or fibrinogen, all at 1 μM, was
added to the wells and incubated for 1 h at 37 °C. Monoclonal
antibody TF 359/1-1 against the αC region was labeled with
biotin using the EZ-Link Sulfo-NHS-Biotinylation Kit (Pierce),
and bound protein was detected by reaction with the alkaline
phosphatase-conjugated avidin. A PPNP Microwell alkaline
phosphatase substrate (Kirkegaard & Perry Laboratories Inc.)
was added to the wells, and the amount of bound ligand was
measured spectrophotometrically at 405 nm.
Surface Plasmon Resonance. The interactions of the

Aα221−610 monomer, cross-linked Aα221−610 oligomers,
and fibrinogen with plasminogen and tPA were studied by
surface plasmon resonance (SPR) using the BIAcore 3000
biosensor (Biacore AB, Uppsala, Sweden), which measures
association and dissociation of proteins in real time.
Plasminogen or tPA at 5 μg/mL was immobilized to the
CM5 sensor chip using the amine coupling kit (BIAcore AB),
according to the manufacturer’s instructions. In another
experiment, the Aα221−610 monomer at 5 μg/mL or cross-
linked oligomers at 5 μg/mL were immobilized to the CM5
sensor chip using the amine coupling kit (BIAcore AB),
according to the manufacturer instructions. Binding experi-
ments were performed in 20 mM HEPES buffer (pH 7.4)
containing 150 mM NaCl, 1 mM Ca2+, and 0.01% Tween 20
(HBS-Ca) at a flow rate of 20 μL/min. The association
between the immobilized proteins and added ligands was
monitored as the change in the SPR response; the dissociation
was measured upon replacement of the ligand solution with
HBS-Ca (binding buffer). To regenerate the surface, complete
dissociation of the complex was achieved by adding 0.1 M ε-
aminocapronic acid in binding buffer for 30 s followed by re-
equilibration with the same buffer. Experimental data were
analyzed using BIAevaluation version 4.1 supplied with the
instrument. The dissociation equilibrium constant, Kd, was
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calculated with the formula Kd = kdiss/kass, where kass and kdiss
represent kinetic constants that were estimated by global
analysis of the association and dissociation data, respectively,
using the 1:1 Langmuirian interaction model (kinetic analysis).
To confirm the kinetic analysis, Kd was also estimated by
analysis of the association data using the steady-state affinity
model provided by the same software (equilibrium analysis).
Chromogenic Substrate Assay. The stimulating effect of

cross-linked Aα221−610 oligomers and other Aα221−610
fragment-containing species on the tPA-catalyzed conversion of
plasminogen into plasmin was evaluated by determination of
the amidolytic activity of the newly formed plasmin with
chromogenic substrate S-2251 (H-D-valyl-L-leucyl-L-lysine-p-
nitroanilide) (Chromogenix) as described in ref 27. The assay
system contained 0.2 μM Glu-plasminogen, 0.14 nM tPA, 0.3
mM S-2251, and 0.5 μM Aα221−610 fragment-containing
species or 1 μM fibrinogen in TBS with 0.05% Tween 80. The
assay was performed in the wells of a microtiter plate at 37 °C.
The amidolytic activity was determined by measuring the
absorbance at 405 nm using a VERSAmax 96-well plate reader
(Molecular Devices).

■ RESULTS

Preparation of a Soluble Model of Fibrin αC-Domain
Polymers. Our recent study revealed that the recombinant

human and bovine αC-domain fragments self-associate in
solution and at increasing concentrations form soluble
oligomers that may mimic the structure and properties of
fibrin αC polymers.14 Such αC-domain oligomers can be
separated from the monomeric fraction by size-exclusion
chromatography; however, they are unstable because of
dissociation when their concentration is lowered. It is known
that in fibrin αC polymers are stabilized by factor XIIIa, which
covalently cross-links αC-domains to αC-connectors through
their reactive Lys and Gln residues.22 Thus, we hypothesized
that if the recombinant αC region (Aα221−610), including the
αC-domain (Aα392−610) and αC-connector (Aα221−391),
would also form reversible oligomers, such oligomers could be
stabilized by factor XIIIa.
To test this hypothesis, we first prepared the recombinant

Aα221−610 fragment corresponding to the human αC region
and studied its aggregation state under different conditions.
Namely, when Aα221−610 was incubated in TBS for 2 days at
two concentrations, 1 and 3 mg/mL, and then analyzed by size-
exclusion chromatography on Superdex 200, the analysis
revealed that this fragment was preferentially monomeric at 1
mg/mL (only ∼5% oligomers were detected), while at 3 mg/
mL, ∼22% Aα221−610 formed oligomers (not shown). This
confirmed that Aα221−610 forms oligomers in a concen-
tration-dependent manner. To test if the observed oligomeriza-

Figure 1. Preparation of cross-linked Aα221−610 oligomers. Panel A and B represent time courses of cross-linking of Aα221−610 oligomers and
Aα221−610 monomer, respectively, by activated factor XIII in 20 mM Tris (pH 7.4) with 0.15 M NaCl (TBS) and 5 mM CaCl2 at room
temperature; b1 and b2 denote non-cross-linked and internally cross-linked Aα221−610, respectively (see the text). Panel C represents the time
course of cross-linking of Aα221−610 oligomers by activated factor XIII in 20 mM Tris (pH 7.4) with 2 M NaCl and 5 mM CaCl2, at room
temperature; the right outer lane contains protein markers of the indicated molecular masses. All lanes of each gel in panels A−C had the same
amount of total protein. Panel D shows the fractionation of cross-linked Aα221−610 oligomers and SDS−PAGE analysis of individual fractions. The
cross-linking was performed under the same conditions that were used for panel C; the cross-linking reaction was stopped after 30 min by addition of
EDTA to a final concentration of 10 mM, and the reaction mixture was immediately applied to a Superdex 200 column equilibrated with 20 mM Tris
(pH 7.4) and 2 M NaCl. The inset shows SDS−PAGE analysis of the reaction mixture applied to the column (lane R), and its individual fractions, fr-
1, fr-2, and fr-3 (lanes 1−3, respectively); the outer lanes contain protein markers of the indicated molecular masses.
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tion is reversible, the sample containing 22% oligomers was
diluted with TBS to 1 mg/mL and immediately analyzed by
size-exclusion chromatography. The experiment revealed that
the amount of oligomers in the diluted sample was reduced to
18% (not shown). Subsequent overnight incubation of this
sample resulted in further reduction of the oligomeric fraction
to 11%. In another experiment performed in the presence of 2
M NaCl, which was previously shown to enhance oligomeriza-
tion of the recombinant αC-domain and its truncated
fragments,14 the amount of oligomers in Aα221−610 incubated
at 3 mg/mL overnight was found to be ∼60%. When this
sample was diluted to 1 mg/mL, dialyzed versus TBS overnight,
and then analyzed by size-exclusion chromatography, the
amount of oligomers decreased to 15%. Altogether, these
experiments confirmed that Aα221−610 forms oligomers in a
concentration-dependent and reversible manner. They also
revealed that dissociation of such oligomers is a relatively slow
process.
Next, the oligomeric and monomeric fractions of Aα221−

610, which was incubated at 3 mg/mL in TBS, were separated
on a Superdex 200 column, concentrated to 0.9 mg/mL, and
incubated with factor XIIIa for 90 min, and the time course of
their cross-linking was analyzed by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) (Figure
1A,B). The analysis revealed that most Aα221−610 oligomers
(band 1 denoted b1 in panel A) were rapidly cross-linked
intermolecularly, resulting in dimers, trimers, tetramers, and
larger multimers. These species were also observed upon cross-
linking of the Aα221−610 monomer (panel B); however, its
cross-linking was slower. In addition, a large portion of the
monomer was converted into a species with higher mobility
(band 2 denoted b2 in panel B), which was previously
described as the intramolecularly cross-linked monomeric
Aα221−610 fragment,22 and the amount of the multimers
was much smaller.
Although SDS−PAGE analysis confirmed that Aα221−610

oligomers were cross-linked more efficiently than the
monomer, the final yield of the cross-linked multimers was
quite low, because the starting material incubated in TBS
contained only 22% oligomers. To increase the yield, we
increased the concentration of NaCl in TBS from 0.15 to 2 M.
At this NaCl concentration, the amount of oligomers formed by
Aα221−610 at 3 mg/mL was ∼60%, as mentioned above.
These oligomers were separated from Aα221−610 monomer
by size-exclusion chromatography on Superdex 200, concen-
trated to 0.5 mg/mL, and cross-linked with factor XIIIa. The
separation and cross-linking were performed in the presence of
2 M NaCl to maximally reduce the level of dissociation of the
oligomers. SDS−PAGE analysis of the cross-linking process
under these conditions (Figure 1C) revealed a cross-linking
pattern similar to that observed in TBS (Figure 1A). These
conditions were selected for large-scale preparation of cross-
linked Aα221−610 oligomers. The cross-linking reaction was
stopped after 30 min by the addition of 10 mM EDTA, and the
reaction mixture was immediately applied to a Superdex 200
column equilibrated with TBS and eluted with the same buffer.
The elution profile exhibited two poorly resolved peaks of
different intensity and a third well-resolved peak (Figure 1D).
Fractions corresponding to these peaks were collected and
analyzed by SDS−PAGE. The analysis revealed mostly high-
molecular mass multimers in the first fraction, a mixture of such
multimers and intermediate multimers in the second fraction,
and a mixture of the dimer and monomer in the third fraction

(Figure 1D, inset). The first and second fractions were used for
further structure−function analysis.
Electron Microscopy of the Cross-Linked Aα221−610

Oligomer Fractions. Preparations of the first and second
fractions of cross-linked Aα221−610 oligomers, as well as the
monomeric fraction of non-cross-linked Aα221−610, were
visualized by transmission electron microscopy after prepara-
tion by rotary shadowing with tungsten in a vacuum evaporator
(Figure 2). The monomer preparations used as controls

contained small globular structures with a diameter of 4.5 ± 0.7
nm (n = 1000) (panels D and E) that were similar to those
observed earlier with the proteolytically prepared and
recombinant αC-fragments.18,28 In addition, there were larger
structures approximately twice that size. Occasionally, a thin

Figure 2. Electron microscopy of rotary-shadowed samples of cross-
linked Aα221−610 oligomers and Aα221−610 monomers. Panels A
and B show polymeric structures observed for the fraction 1
preparation of cross-linked Aα221−610 oligomers. Two types of
branch points were observed, one with all three strands having the
same width and the other with one strand being approximately twice
as thick as the other two. The inset in panel A shows a schematic
diagram of the second type of branch point (indicated by the arrow),
where the strand on the left has twice the width of the two strands on
the right. A higher-magnification view of the second type of branch
point, showing details of the lateral aggregation of two filaments, is
presented in panel F; the strand at the bottom right is approximately
twice as thick as the other two strands. The inset in panel B shows a
schematic diagram of the first type of branch point (indicated by the
arrow), where all three strands have the same width. Panel C shows
four pictures of polymeric structures observed for the fraction 2
preparation of the cross-linked Aα221−610 fragment. These polymers
were smaller and less complex than those formed from fraction 1.
Panel D shows nonomeric and dimeric structures observed for the
Aα221−610 monomer. A higher-magnification view of a small portion
of panel D, showing more details of the monomeric and dimeric
structures, is presented in panel E. All magnification bars are 100 nm.
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appendage could be seen extending from the globular
structures (panel E). In rotary-shadowed preparations of the
first fraction of the cross-linked oligomers, long thin polymers
were observed, as well as some large, complex structures with
multiple branch points (panels A and B). It should be noted
that no such structures were ever seen in the monomer
preparations, in spite of extensive searching. The basic building
block of these polymers was a thin filament that was 7.8 ± 0.9
nm (n = 96) in width, i.e., slightly less than twice the diameter
of individual monomers. Often individual monomers can be
distinguished in these filaments. The globular regions of the
monomers sometimes appear to be arranged side by side but
slightly offset from each other longitudinally. In rotary-
shadowed preparations of the second fraction of the cross-
linked oligomers, similar long thin polymers were observed;
however, they were shorter and not as complex in structure as
with the first fraction (panel C). In addition, even shorter
polymers with no branching were observed in preparations of
both fractions (not shown); these polymers most probably
represent the aforementioned intermediate multimers identified
by SDS−PAGE. To quantify the frequency of different sizes of
polymers, they were grouped into structures of <350, 350−600,
and >600 nm: first fraction, 21.7% <350 nm, 17.4% 350−600
nm, and 60.9% >600 nm; second fraction, 83.7% <350 nm,
9.2% 350−600 nm, and 7.1% >600 nm.
Thorough examination of the branched polymers revealed

two types of branch points. The first consisted of three
filaments all with the same width (shown by an arrow in panel
B). The second type of branch point was formed by pairwise
lateral aggregation of two of the thin filaments (shown by an
arrow in panel A). In other words, each branch point consisted
of two 7.8 nm filaments and one filament that was 15.5 ± 1.0
nm (n = 36) in width, or approximately twice the diameter of
each individual filament (enlarged image of the second type of
branch points is shown in panel F). A histogram of filament
diameters showed two clearly separated peaks at 7.8 and 15.5
nm, with no peaks at the size of an Aα221−610 monomer or
trimer (data not shown). Thus, individual filaments can
aggregate laterally in this manner and diverge more than
once, producing very complex networks from such basic
interactions (panels A and B).
Spectral Study of the Structure and Stability of Cross-

Linked Aα221−610 Oligomers. To characterize the struc-
ture of cross-linked Aα221−610 oligomers, we used circular
dichroism (CD). Visual examination of the CD spectrum of
such oligomers revealed a well-pronounced negative band at
∼217 nm (Figure 3, red curve), suggesting the presence of a
significant amount of β-structure. Indeed, analysis of this
spectrum using the secondary structure prediction program
revealed 43% β-sheets, 12% β-turns, 10% α-helices, and only
35% random conformation. In contrast, the CD spectrum of
the non-cross-linked Aα221−610 monomer, which was purified
from the mixture of Aα221−610 monomer and oligomers using
a Superdex 200 column, exhibited a weaker band at 217 nm and
a dominant negative band at ∼200 nm (Figure 3, black curve),
suggesting the presence of a substantial amount of random
structures. Analysis of this spectrum using the same program
revealed 53% random conformation. Thus, as in the case with
the isolated αC-domain,14 oligomerization of Aα221−610
resulted in formation of additional regular structures. It should
be noted that the CD spectrum of cross-linked Aα221−610
oligomers is comparable with that of the preferentially (∼90%)
oligomeric Aα392−610 fragment (Figure 3, blue curve), which

was purified from the mixture of Aα392−610 monomers and
oligomers using the Superdex 75 column. This is in spite of the
fact that the Aα221−610 fragment, in addition to the αC-
domains (Aα392−610), contains the αC-connector (Aα221−
391), which is considered to be unordered.1,25

To test the folding status and stability of cross-linked
Aα221−610 oligomers, we used fluorescence spectroscopy.
When heated in the fluorometer while the ratio of fluorescence
intensity at 370 nm to that at 330 nm was monitored as a
measure of the spectral shift that accompanies unfolding, the
cross-linked oligomers in TBS exhibited a well-pronounced
unfolding transition with a midpoint (Tm) at 60.7 ± 0.2 °C (n =
2) (Figure 4A). In contrast, unfolding of the non-cross-linked
oligomeric fraction of Aα221−610, which was prepared by size-
exclusion chromatography of this fragment incubated overnight
at 3 mg/mL in TBS, was observed at a much lower Tm of 42.5
± 0.4 °C (n = 2). These results indicate that both non-cross-
linked and cross-linked Aα221−610 oligomers contained stable,
compact, cooperative structures; however, the thermal stability
of non-cross-linked Aα221−610 oligomers was much lower
than that of their cross-linked counterparts.
Because oligomerization of the Aα221−610 fragment is a

reversible process and dilution of the oligomeric fraction to a
concentration required for fluorescence study (∼0.05 mg/mL)
could result in oligomer dissociation, we tested the distribution
of oligomers and monomers in the diluted fraction by size-
exclusion chromatography. The experiment, in which the
oligomeric fraction of Aα221−610 was collected from the
Superdex 200 column, diluted to 0.05 mg/mL, incubated for 60
min at room temperature, and reapplied to the same column,
revealed a substantial amount of the monomer (∼60%). Thus,
one cannot exclude the possibility that, like in case with
Aα392−610 oligomers whose thermal stability was reduced
upon dissociation,14 the observed lower thermal stability of
non-cross-linked Aα221−610 oligomers could be connected
with their dissociation upon dilution. To test this possibility, we
compared the thermal stability of cross-linked and non-cross-
linked Aα221−610 oligomers in 2 M NaCl, in which we
expected more non-cross-linked oligomers to be preserved
from dissociation. Indeed, size-exclusion chromatography of

Figure 3. CD spectra of cross-linked Aα221−610 oligomers (red), the
monomeric Aα221−610 fragment (black), and Aα392−610 oligomers
(blue), all in 20 mM Tris (pH 7.4) containing 0.15 M NaCl. Fragment
concentrations were 0.5−1.0 mg/mL. All spectra were recorded in a
0.01 cm cuvette at 4 °C and are representative of at least two
experiments.
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such oligomers diluted to 0.05 mg/mL and incubated in 2 M
NaCl for 60 min revealed only ∼10% monomers in the mixture.
Under these conditions, the non-cross-linked and cross-linked
oligomers unfolded practically in the same temperature ranges
as in TBS with very similar Tm values, 42.2 ± 0.6 °C (n = 2)
and 60.7 ± 0.7 °C (n = 3) °C, respectively. These experiments
suggest that a connection between the lower thermal stability of
non-cross-linked Aα221−610 oligomers and their dissociation
is highly unlikely.
Altogether, the spectral studies described above indicate that

cross-linked Aα221−610 oligomers contain compact, cooper-
ative structures with a high β-sheet content whose thermal
stability is significantly higher than that in the non-cross-linked
oligomers. They also suggest that the increased thermal stability
of cross-linked Aα221−610 oligomers is connected with their
covalent cross-linking by factor XIIIa.
Interaction of the αC Monomer and Cross-Linked αC

Oligomers with Plasminogen and tPA. To test our
hypothesis that αC-domain cryptic binding sites are exposed
in cross-linked Aα221−610 oligomers, we studied the
interaction of these oligomers with two αC-domain ligands,
plasminogen and tPA, by ELISA and surface plasmon
resonance (SPR). Because it is known that adsorption of
fibrinogen or its fragments to a surface alters their
conformation and binding properties, the cross-linked
oligomers in ELISA experiments were kept in solution to
prevent such changes. When microtiter plate wells were coated
with plasminogen or tPA and cross-linked Aα221−610
oligomers at 2 μM (calculated per monomer) were added,
they exhibited a prominent binding to both ligands while no
binding was observed with the Aα221−610 monomer added at

the same concentration (Figure 5). Fibrinogen at 2 μM used as
a control also failed to bind, as expected. These results were

confirmed by SPR experiments in which plasminogen or tPA
was immobilized to the surface of a sensor chip, Aα221−610
monomer, cross-linked Aα221−610 oligomers, or fibrinogen,
all at 1 μM, was injected, and their association or dissociation
was measured in real time. Among these species, only the
oligomers exhibited prominent binding while Aα221−610
monomer and fibrinogen failed to bind (Figure 6). The
binding was dose-dependent because the magnitude of the SPR
signal increased when the oligomers were injected at a
concentration of 2 μM (Figure 6, dashed curves). We also
used SPR to test the interaction of tPA and plasminogen with
immobilized cross-linked Aα221−610 oligomers and Aα221−
610 monomer. It should be noted that in these experiments
immobilization was performed by chemical cross-linking of
Aα221−610 species to a dextran-coated surface of a sensor
chip. Because such immobilization, in contrast to that by
adsorption to a surface, does not usually perturb protein
conformation, we expected the immobilized cross-linked
oligomers or Aα221−610 monomer to have the same
conformation and binding properties as those in solution.
Indeed, in agreement with the results described above, when
tPA or plasminogen, each at 2 μM, was added to the
immobilized species, it exhibited a prominent binding only to
the cross-linked oligomers while the binding to the monomer
was negligible (Figure 7). To determine the equilibrium
dissociation constant (Kd) for these bindings, tPA or
plasminogen was injected at increasing concentrations (Figure
7, insets) and the binding data were analyzed as described in
Experimental Procedures. The analysis revealed Kd values of
440 ± 15 and 458 ± 9 nM for the binding of tPA and

Figure 4. Fluorescence-detected thermal unfolding of cross-linked
(XL) and non-cross-linked (n-XL) Aα221−610 oligomers in 20 mM
Tris (pH 7.4) containing 0.15 M NaCl (A) or in 20 mM Tris (pH 7.4)
containing 2 M NaCl (B). The unfolding curves have been arbitrarily
shifted along the vertical axis to improve visibility; the dashed straight
lines represent linear extrapolations of the values of the fluorescence
ratio at 370 nm to 330 nm before and after transitions to highlight
their sigmoidal character, and the dotted vertical lines show the
midpoint temperature (Tm) of the unfolding transitions. The curves
are representative of at least two independent experiments.

Figure 5. ELISA-detected binding of cross-linked Aα221−610
oligomers, Aα221−610 monomers, and fibrinogen to immobilized
plasminogen or tPA. Cross-linked Aα221−610 oligomers (αC-XL),
Aα221−610 monomer (αC-mon), or fibrinogen (Fg), each at 2 μM,
was added to surface-adsorbed plasminogen (A) or tPA (B). Bound
fragments were detected spectrophotometrically at 405 nm using
biotinylated avidin conjugated to alkaline phosphatase, as described in
Experimental Procedures. All results are means ± the standard
deviation of two independent experiments, each performed in
duplicate.
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plasminogen, respectively. Altogether, these experiments clearly
indicate that the tPA- and plasminogen-binding sites of the αC-
domain are cryptic in fibrinogen and Aα221−610 monomer
and exposed in cross-linked Aα221−610 oligomers.
Stimulating Effect of the Monomeric and Oligomeric

αC-Domains on Activation of Plasminogen by tPA.
Having established that tPA- and plasminogen-binding sites are
cryptic in the monomeric Aα221−610 fragment and exposed in
its cross-linked oligomers, we tested the stimulating effect of
these species on plasminogen activation using a chromogenic
substrate assay. In this assay, plasminogen was activated by tPA
and newly generated plasmin was detected by measuring its
proteolytic activity toward the specific chromogenic substrate
S-2251. The experiments revealed a very dramatic difference in
the activation of plasminogen in the presence of different
stimulators (Figure 8). The cross-linked oligomers exhibited a
prominent stimulating effect, while that of the monomer, as
well as fibrinogen that was used as a control, was very weak.
The cross-linked Aα221−610 monomer, which was prepared
by treatment of the monomeric Aα221−610 fragment with
factor XIIIa as described previously,2 stimulated plasminogen
activation; however, its effect was weaker than that of cross-
linked Aα221−610 oligomers. The observed superior stimulat-
ing effect of the cross-linked oligomers indicates that their αC-
domains adopt a physiologically active conformation only upon
oligomerization. This further confirms the hypothesis that
polymerization of the αC-domains results in the exposure of
their cryptic binding sites.

■ DISCUSSION
According to the current view, upon conversion of fibrinogen
into fibrin, its αC-domains switch from intra- to intermolecular
interaction to form αC-domain polymers.1 Numerous data
suggest that such a switch is connected with conformational

Figure 6. Surface plasmon resonance-detected binding of cross-linked
Aα221−610 oligomers and Aα221−610 monomer to immobilized
plasminogen or tPA. Cross-linked Aα221−610 oligomers (αC-XL),
Aα221−610 monomer (αC-mon), or fibrinogen (Fg), each at 1 μM,
was added to immobilized plasminogen (A) or tPA (B), and their
association or dissociation was monitored in real time. Dashed curves
in both panels show binding of cross-linked Aα221−610 oligomers
(αC-XL) or Aα221−610 monomer (αC-mon), each at 2 μM. Note
that the curves for Aα221−610 monomer at both concentrations and
for fibrinogen essentially coincide.

Figure 7. Analysis of the interaction of plasminogen and tPA with
immobilized Aα221−610 monomer and cross-linked Aα221−610
oligomers by surface plasmon resonance. Plasminogen (A) or tPA (B),
each at 2 μM, was added to immobilized cross-linked Aα221−610
oligomers (αC-XL) or Aα221−610 monomer (αC-mon), and their
association or dissociation was monitored in real time. The insets in
panels A and B show concentration-dependent binding of plasmi-
nogen and tPA, respectively, each added at 16, 32, 63, 125, 250, 500,
and 1000 nM, to immobilized cross-linked Aα221−610 oligomers; the
dotted curves in both insets that practically coincide with the solid
curves represent the best fit of the data using the kinetic analysis of the
association and dissociation data (see Experimental Procedures).

Figure 8. Stimulating effect of various αC-fragments on activation of
plasminogen by tPA. Stimulating effect of cross-linked Aα221−610
oligomers (●), cross-linked Aα221−610 monomer (▲), Aα221−610
monomer (▼), and fibrinogen (◆) measured by hydrolysis of
chromogenic substrate S-2251 with newly formed plasmin as described
in Experimental Procedures. The activation of plasminogen in the
absence of stimulators is shown with empty circles. Each point
represents the mean ± standard deviation of three independent
experiments.
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changes that result in physiologically active conformations of
the αC-domains in fibrin αC polymers.2,4,23,24,29 While the
structure of the individual fibrinogen αC-domain has been
established,13,14 little is known about its structure and function
in polymeric fibrin. The major problems in studying of fibrin
αC-domain polymers are the complexity of fibrin structure and
the presence of multiple domains, some of which duplicate the
activity of the αC-domain. In addition, αC-domain polymers
cannot be prepared, like some other fibrin(ogen) domains or
regions, by limited proteolysis of fibrin, because of their rapid
degradation into smaller fragments. In this study, we overcame
these problems by preparing a soluble model of αC-domain
polymers using the recombinant Aα221−610 fragment
corresponding to the fibrinogen αC region, which includes
the αC-domain (Aα392−610). The study revealed that in this
model, the Aα221−610 fragment forms ordered linear
oligomers that are stable in solution and contain compact
structure whose thermal stability is similar to that of the αC-
domains in fibrin(ogen). Furthermore, in contrast to the
monomeric αC-domain, such oligomers exhibit prominent
binding to plasminogen and tPA, supporting our hypothesis
that the αC-domain binding sites become exposed upon
formation of αC polymers in fibrin.
Our previous electron microscopy experiments revealed that

an Aα223−539 fragment containing the αC-connector and
truncated αC-domain, which was prepared by limited
proteolysis of bovine fibrinogen, may form ordered oligomers18

that could mimic the arrangement of the αC-domains in fibrin.
However, preparation of that fragment was complicated by a
very low yield due to high susceptibility of the αC-domains to
proteolysis, and the C-terminal portion of the αC-domain in
the resulting fragment was missing.18 To overcome those
problems, we prepared the recombinant bovine Aα224−568
fragment containing the full-length αC-domain and αC-
connector, as well as its human analogue, the Aα221−610
fragment.25 While such fragments exhibited some ordered
oligomers observed by electron microscopy, those oligomers
were unstable and, therefore, not detected in solution where the
fragments were preferentially monomeric.28 Subsequent treat-
ment of these fragments with factor XIIIa resulted in stable,
soluble oligomers; however, electron microscopy revealed that
they were neither linear nor ordered,28,30 suggesting that their
structure does not mimic that of αC polymers in fibrin. Thus,
although our previous attempts to prepare a soluble model of
fibrin αC polymers failed, they provided valuable information
that prompted us to further search for a more adequate soluble
model of fibrin αC polymers, which would be ordered and
stable in solution.
Our search for such a model was facilitated by our recent

finding that the recombinant αC-domain, as well as its N-
terminal subdomain, forms ordered oligomers in a concen-
tration-dependent and reversible manner.13,14 Another finding
that the αC-domain interacts with the αC-connector19

suggested that such interaction may further promote formation
of oligomers by the full-length αC region and provide a proper
alignment of these portions in such oligomers for their efficient
cross-linking with factor XIIIa. Therefore, in this study, we
prepared the recombinant Aα221−610 fragment corresponding
to this region, confirmed that it forms oligomers, purified such
oligomers, and then stabilized them by covalent cross-linking
with factor XIIIa to prevent their dissociation in solution.
Several lines of evidence indicate that the prepared cross-

linked Aα221−610 oligomers were highly ordered. First,

oligomerization of Aα221−610 was concentration-dependent
and reversible, indicating highly specific interactions between
the αC-domains in the oligomers. Second, the fact that their
cross-linking with factor XIIIa was much more rapid than that
of the Aα221−610 monomer further confirms the ordered
arrangement of the αC-connectors and αC-domains in the
oligomers before the cross-linking occurs. Third, electron
microscopy revealed that the oligomers appeared as well-
organized, almost linear arrays with a width of two monomeric
molecules. Finally, spectral studies confirmed that the αC-
domains in such oligomers were folded into compact
cooperative units having a high content of regular structures
and their thermal stability was comparable with that of the αC-
domains in fibrin.31,32 Thus, such highly ordered and reversible
oligomerization of isolated Aα221−610 suggests that in fibrin
the corresponding αC regions form αC polymers in a similar
manner. This implies that cross-linked Aα221−610 oligomers
mimic fibrin αC polymers.
Electron microscopy images of cross-linked Aα221−610

oligomers revealed linear arrays, or long, thin filaments. The
diameter of the filaments making up these polymers was slightly
less than twice the diameter of the monomers, and the globular
regions of each pair of side-by-side monomers were slightly
offset longitudinally. In addition, the un-cross-linked monomer
preparations also contained dimeric structures. These results
suggest that the filaments possibly consist of monomers
interacting end to end and side by side requiring at least
three interacting sites for each monomer (front, back, and side),
and common for long biological filaments.33 Electron micro-
graphs of the cross-linked oligomers demonstrate that besides
individual filaments, they also contain branched polymers.
Analysis of the width of the branched network revealed that
some of the polymers had the same thickness before branching
as the individual filaments (two monomers thick) while others
were twice as thick. This suggests at least two mechanisms of
branching. One mechanism may involve each of the two
monomers at the end of a single filament initiating a new
filament (see the inset of Figure 2B). These monomers could
be cross-linked to each other by factor XIIIa through
unoccupied reactive Gln and Lys residues. The other type of
branching points would occur through lateral association of two
individual filaments (see the inset of Figure 2A). This
mechanism may require specific lateral interactions between
individual αC filaments. The existence of any such specific
interactions to form such a uniform network of filaments in
vitro is evidence that they are intrinsic to the binding and cross-
linking sites of the αC region itself. Furthermore, the existence
of such regular interactions suggests that they could also occur
between αC polymers in fibrin, in which they are located close
to each other, although this remains to be demonstrated.
Our CD study indicates that individual αC-domains in cross-

linked Aα221−610 oligomers are also highly ordered. While
Aα221−610 monomer exhibited a substantial amount of
unordered structure (53%), the content of such structures in
the oligomers did not exceed 35%. The increase in regular
structure content upon oligomerization is, most probably,
connected with folding of the C-terminal subdomains, which
was shown earlier to adopt a folded conformation (preferen-
tially consisting of β-sheet structure) in oligomers.14 However,
this subdomain and the N-terminal subdomain together
represent only approximately half of the Aα221−610 fragment
(αC region) while another half belongs to the αC-connector,
which is considered to be flexible and unordered.1,25 These
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imply that the αC-connector or its portion(s) may also be
ordered in cross-linked Aα221−610 oligomers. This is in
agreement with the results of the fluorescence study that were
obtained by monitoring the fluorescence of Trp residues upon
unfolding of such oligomers. Although our previous experi-
ments with the Aα221−610 fragment performed by CD
confirmed the presence of a compact cooperative structure in
its αC-domain, in this study we did not observe any sigmoidal
transition when heat-induced unfolding of Aα221−610
monomer was monitored by fluorescence (not shown). This
is because the αC-domain of the Aα221−610 fragment does
not contain any Trp residues; all of them are located in the
unordered αC-connector34 and, therefore, completely exposed
to the solvent. In contrast, Trp residues were responsive to
unfolding in the oligomers (Figure 4), most probably because
they, or at least some of them, were in an ordered environment.
Thus, the results of this study suggest that the αC-connector or
a portion(s) of it adopts a regular conformation upon
formation of αC polymers. This is in agreement with the
previous finding that conversion of fibrinogen into fibrin is
accompanied by a significant increase in β-sheet structure
content, which was suggested to occur due to interactions
between the C-terminal parts of the α chains in polymeric
fibrin.35,36

Having developed a model mimicking fibrin αC polymers,
we used this model to test our hypothesis that polymerization
of the αC-domains in fibrin results in the exposure of their
multiple binding sites. Because it was established that the αC-
domains interact with plasminogen and tPA,2 these two ligands
were used as molecular probes for testing such exposure. Our
ELISA and SPR experiments revealed that these ligands did not
interact with the monomeric Aα221−610 fragments kept in
solution. In SPR, no interaction was observed with monomeric
Aα221−610 immobilized on the surface of a sensor chip. This
is in contrast to our previous SPR study that revealed a
significant binding of tPA and plasminogen to the immobilized
Aα221−610 fragment.2 One of the possible reasons for such a
discrepancy could be that in the previous study the aggregation
state of the Aα221−610 fragment was not tested, and we
cannot exclude the possibility that the immobilized fragment
was in an oligomeric state while in this study immobilized
Aα221−610 was monomeric. Whatever the reason for the
discrepancy, this study clearly indicates that the monomeric
Aα221−610 fragment including the αC-domain does not
interact with plasminogen or tPA. In contrast, these ligands
exhibited a prominent binding to cross-linked Aα221−610
oligomers, supporting the hypothesis described above. More-
over, these oligomers exhibited a prominent stimulating effect
on activation of plasminogen by tPA, while that of Aα221−610
monomer was very weak, further supporting our hypothesis.
Altogether, these results indicate that the αC-domains adopt a
physiologically active conformation only upon their polymer-
ization in fibrin.
In summary, in this study, we prepared soluble Aα221−610

oligomers containing fibrin(ogen) αC-domains and stabilized
their structure by covalent cross-linking with factor XIIIa.
Physicochemical and biochemical studies of these oligomers
revealed that their oligomerization occurs through highly
specific interactions between monomeric units and results in
the formation of compact, ordered, linear polymers that most
probably reflect the structure of αC polymers in fibrin. They
also confirmed our hypothesis that the αC-domains adopt a
physiologically active conformation in such polymers. Thus,

cross-linked Aα221−610 oligomers represent a simple model
that mimics structural and functional properties of the αC-
domain in fibrin αC polymers. This model can be used for
further studying the structure and function of fibrin αC-
domains.
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