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ABSTRACT: Our recent study established the NMR structure of the recombinant bAa406—483 fragment
corresponding to the NH,-terminal half of the bovine fibrinogen aC-domain and revealed that at increasing
concentrations this fragment forms oligomers (self-associates). The major goals of the study presented here
were to determine the structure and self-association of the full-length human fibrinogen aC-domains. To
accomplish these goals, we prepared a recombinant human fragment, hAo425—503, homologous to bovine
bA0406—483, and demonstrated using NMR, CD, and size-exclusion chromatography that its overall fold
and ability to form oligomers are similar to those of bAa406—483. We also prepared recombinant
hA0392—610 and bAa374—568 fragments corresponding to the full-length human and bovine aC-domains,
respectively, and tested their structure, stability, and ability to self-associate. Size-exclusion chromatography
revealed that both fragments form reversible oligomers in a concentration-dependent manner. Their
oligomerization was confirmed in sedimentation equilibrium experiments, which also established the self-
association affinities of these fragments and revealed that the addition of each monomer to assembling aC-
oligomers substantially increases the stabilizing free energy. In agreement, unfolding experiments monitored
by CD established that self-association of both fragments results in a significant increase in their thermal
stability. Analysis of CD spectra of both fragments revealed that aC self-association results in an increase in
the level of regular structure, implying that the COOH-terminal half of the oC-domain adopts an ordered
conformation in aC-oligomers and that this domain contains two independently folded subdomains.
Altogether, these data further clarify the structure of the human and bovine aC-domains and the molecular

mechanism of their self-association into o.C-polymers in fibrin.

Fibrinogen is a polyfunctional plasma protein that plays a
prominent role in hemostasis and participates in wound healing,
inflammation, angiogenesis, atherosclerosis, thrombosis, and
other physiological and pathological processes. Fibrinogen is a
chemical dimer consisting of two identical subunits, each com-
posed of three nonidentical polypeptide chains, Aa, Bf, and
y (I). The chains assemble to form a number of structural and
functional domains that interact with various proteins and cell
types, thereby enabling fibrinogen to participate in the processes
mentioned above. The COOH-terminal portion of each fibrino-
gen Ao chain forms a compact aC-domain attached to the bulk
of the molecule with a flexible aC-connector (2—4). According to
the current view, in fibrinogen, two aC-domains interact intra-
molecularly with each other and with the central region of the
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molecule, while in fibrin, they switch to an intermolecular
interaction to form oC-polymers, which are reinforced by
covalent cross-linking with factor XIIla (4, 5). Besides their
contribution to the fibrin assembly process (3, 6), the aC-
domains are involved in the initiation of fibrinolysis through
their tPA- and plasminogen-binding sites (7, §) and promote cell
adhesion and migration through their RGD sequences (9, 10).
Although X-ray studies of fibrinogen crystals established the
three-dimensional structure of more than two-thirds of the
fibrinogen molecule, they failed to define any aC-domain
structure which resulted in a conclusion that the aC-domains
are disordered (//—13). Conversely, comparative studies of
fibrinogen and its proteolytically modified variant, fragment
X, through differential scanning calorimetry and electron micro-
scopy revealed the presence of a compact structure in the aC-
domains (2, 3, 14, 15). To directly test the structure of these
domains, we expressed an Aa392—610 fragment corresponding
to the human aC-domain in Escherichia coli (16). However, we
were able to find conditions for refolding of this fragment only
after we expressed and studied its bovine analogue containing
residues bAa374—568 and a truncated variant of this analogue,
bAa374—538 (17). After such conditions had been identified, we
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refolded all three recombinant fragments and demonstrated
that they all contain compact structures (/7). Since bovine
bAa374—538 was the smallest fragment with a compact struc-
ture, it was selected for further structural studies by NMR.
Analysis of the NMR data revealed a f-hairpin formed by the
Cys423—Cys453 linked loop and suggested that the region next
to this hairpin is also structured (/8). Subsequent NMR study of
a shorter bovine aC-fragment, bAa406—483, revealed a second
loose -hairpin in this region yielding a mixed parallel/antipar-
allel f-sheet structural motif (19). Since our ultimate goal is to
establish the structure of the human oC-domain, whose sequence
differs from that of the bovine aC-domain (17, 20), one of the
goals of this study was to characterize the structure of the
corresponding human aC-domain fragments.

Our study with bovine bAad406—483 established that this
fragment forms ordered oligomers in a concentration-dependent
and reversible manner (/9). The study also revealed that the
structure of this fragment in oligomers is stabilized and inter-
molecular interactions causing bAa406—483 oligomerization are
thermodynamically driven (18, 19). On the basis of these and
other findings, we hypothesized that the interaction between
monomeric units in bAod06—483 oligomers could be utilized for
formation of aC-polymers in fibrin and these oligomers may
mimic fibrin oC-polymers (/9). However, bA0o406—483 repre-
sents only approximately one-half of the bovine aC-domain.
Thus, to test these hypotheses, it is necessary to demonstrate that
the full-length bovine aC-domain, bAa374—568, as well as its
human counterpart, hAa392—610, can also form ordered oligo-
mers in a similar manner. This was another goal of this study.

EXPERIMENTAL PROCEDURES

Preparation of the Recombinant Fibrinogen o.C-Do-
mains and Their Truncated Variants. Recombinant
bAa374—568 and hAa392—610 fragments corresponding to
the full-length bovine and human aC-domains, respectively, were
expressed in E. coli and subsequently purified and refolded by the
procedures described previously (/7). A truncated variant of the
human aC-domain, hAa425—503 fragment, homologous to the
previously characterized bovine bAa406—483 fragment (19), was
expressed in E. coli using the pET-20b expression vector
(Novagen Inc.). The cDNA encoding this fragment was ampli-
fied by polymerase chain reaction using a plasmid carrying the
full-length human aC region sequence (16, 17). The following
oligonucleotides were used as primers: 5-AGAGACATAT-
GACTGGTAAAGAGAAGGTC-3 and 5Y-AGAGAAAGCT-
TTTACCAAGTGTCGAAGAAGGCAGC-3'. The forward
primer incorporated the Ndel restriction site immediately before
the coding region; the final three bases of the Ndel site, ATG,
encode the fMet residue that initiates translation. The reverse
primer included a TAA stop codon immediately after the coding
segment, followed by a HindIIl site. The amplified cDNA
fragment was purified by electrophoresis in an agarose gel,
digested with Ndel and Hind 111 restriction enzymes, and ligated
into the pET-20b expression vector. The resulting plasmid was
used for transformation of DHSa and then B834(DE3) pLysS E.
coli host cells. The cDNA fragment was sequenced in both
directions to confirm the integrity of the coding sequence. The
expressed hA0425—503 fragment was found in inclusion bodies,
from which it was purified by the procedure described pre-
viously (7). The purified fragment was refolded by slow dialysis
from urea at 4 °C using the protocol described in ref /7, and the
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unfolded material was removed by size-exclusion chromatogra-
phy performed at 4 °C on a Superdex 75 column equilibrated with
TBS' [20 mM Tris buffer (pH 7.4) with 150 mM NaCl] and 0.2
mM PMSF. The refolded fragments were concentrated to 1—2
mg/mL with a Centriprep 10 concentrator (Millipore), filtered
through a 0.2 um filter unit, and stored at 4 °C.

Human ""N-labeled hA0392—610 and hAa4d25—503 frag-
ments were expressed in E. coli in minimal medium supplemented
with '"NH,Cl. The [°N]hA0425—503 fragment was subse-
quently purified and refolded from inclusion bodies as described
above; the [*N]JhA0392—610 fragment was purified and refolded
as described previously (/7). Bovine '"N-labeled bAa374—538
and bAa406—483 fragments were prepared and refolded by
the procedures described previously (18, 19). All refolded
fragments were concentrated to ~3 mg/mL and dialyzed against
20 mM KH,PO, buffer (pH 6.5) containing 150 mM NaCl and
10% D,O.

Protein Concentration Determination. The concentration
of the recombinant hAo425—503 fragment was determined
spectrophotometrically using an extinction coefficient Esgg o,
of 6.32 calculated from the amino acid composition with the
equation Esgg 1o, = (56900 + 1280Y + 1205—S)/(0.1M), where
W, Y,and S— S represent the number of Trp and Tyr residues and
disulfide bonds, respectively, and M represents the molecular
mass (21, 22). A molecular mass of this fragment equal to 8704
Da was calculated on the basis of its amino acid composition.
Note that this value takes into account the NH,-terminal fMet
residue (see above) while the numbering of this fragment does
not. The molecular masses and Eygq ¢, values for the recombi-
nant hAa392—610 and bAa374—568 fragments were determined
previously (17).

NMR Data Collection and Structure Elucidation. NMR
data were recorded using the '"N-labeled hAa392-610,
hA0425—503, bAa374—538, and bA0406—483 fragments in
20 mM KH,PO, (pH 6.5) with 150 mM NaCl and 10% D,0.
The NMR experiments were performed at fragment concentra-
tions of ~3 mg/mL. All NMR spectra were recorded at 282 K on
a Bruker DRX-600 MHz spectrometer equipped with a triple-
resonance cryo-probe and Z-axis gradient as described pre-
viously (18, 19). Assignments were made by standard methods
utilizing combined data obtained from the following experi-
ments: °N HSQC, sensitivity-enhanced HNCO, C(CO)NH,
H(CO)NH, HCCH-TOCSY, HN(CO)CACB, HNCACB, and
HBHA(CO)NH (for a description, see ref 23). Because of the
large size of the disordered regions of the fragments and
aggregation at a protein concentration of >3 mg/mL, not all
peaks could be assigned. The human [°N]JhAa392—610 frag-
ment aggregated more rapidly and gave broader, weaker signals
than the corresponding bovine fragment, ['"N]bAa374—538.
Backbone '°N relaxation measurements of the [°NJhAa425—
503 fragment were performed at 282 K as described pre-
viously (18).

Circular Dichroism Study. Circular dichroism (CD) mea-
surements were taken with a Jasco-810 spectropolarimeter. CD
spectra of all recombinant aC-fragments under the indicated
conditions were recorded using a 0.01 cm path length quartz
cuvette 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

! Abbreviations: TBS, 20 mM Tris buffer (pH 7.4) with 150 mM NaCl;
PMSF, phenylmethanesulfonyl fluoride; CD, circular dichroism.
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method (24). Thermally induced unfolding curves were obtained
by monitoring the ellipticity at 225 nm while increasing the
temperature at a rate of 1 °C/min with a Peltier type PFD-425S
attachment. Unfolding experiments were performed in TBS using
a 0.1 cm path length quartz cuvette. All CD data were expressed
as the mean residue ellipticity, [f], in units of degrees square
centimeter per decimole.

Size-Exclusion Chromatography. Analytical size-exclusion
chromatography was used to analyze the aggregation state of the
prepared recombinant aC-domain fragments. The experiments
were performed with a fast protein liquid chromatography
system (FPLC, Pharmacia) on a Superdex 75 column at a flow
rate of 0.5 mL/min and 4 °C. Typically, 50 uL portions of the
fragment at different concentrations were loaded onto the
column equilibrated with TBS or another buffer and followed
by elution with the same buffer. Protein elution was monitored by
measuring the absorbance at 280 nm.

Analytical Ultracentrifugation. Samples for analytical ul-
tracentrifugation were prepared by overnight dialysis of the
hA0392—-610, hAod06—503, and bAa374—568 fragments at
the three indicated concentrations versus TBS. Sedimentation
equilibrium experiments were performed in a Beckman Optima
XL-A analytical ultracentrifuge (Beckman Instruments, Palo
Alto, CA) equipped with absorbance optics and an An60 Ti
rotor, as previously described (25, 26). Because of their increased
absorbance, samples of all three fragments at concentrations
higher that 2 mg/mL were monitored in double-sector cells with 3
mm centerpieces; standard 12 mm centerpiece cells were used for
samples at the concentrations of <2 mg/mL. Data for each
fragment concentration were collected at 6000 and 8000 rpm, as
three sequential scans at 3 h intervals following a 24 h equilibra-
tion period at 4 °C, and then at 2 h intervals following an 18 h
period at 4 °C at the higher rotor speed. Sedimentation equilib-
rium data were analyzed with HeteroAnalysis (version 1.1.28, J.
W. Cole and J. W. Lary, Analytical Ultracentrifugation Facility,
Biotechnology/Bioservices Center, University of Connecticut,
Storrs, CT) to obtain weight-average molecular weights (M.,)
and to characterize the self-association of each fragment with an
isodesmic model.

Molecular Modeling. The homology modeling of the three-
dimensional (3D) structure of the human fibrinogen hAo425—
503 fragment was conducted using the structure of the bovine
bAa406—483 fragment [Protein Data Bank (PDB) entry 2JOR]
as a template. Prior to the modeling, the sequences of the bovine
and human fibrinogen oC-domain were aligned to evaluate
the homology of the regions corresponding to the bAo406—
483 and hA0425—503 fragments. The alignment was computed
with the T-Coffee program package (27) running on the Tcof-
fee@igs server provided by Hewlett-Packard computers and
the Centre National de la Recherche Scientifique (28). The initial
raw model of the hAa425—503 fragment was built manually
on the computer graphics. After the substitution and preliminary
adjustment of nonmatching side chains, which was done using
a rotamer library approach with PROPAK (29), the model
was subjected to the refinement by two-step molecular dynamics
at a constant temperature with CNS (30). In the first step
of dynamics, the harmonic potential restraints were applied
to all atoms except for substituting side chains and the areas
around deletions within a two-residue margin. The second
step was performed with all the restraints removed and followed
by the final refinement via conjugate gradient energy minimiza-
tion.
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FIGURE 1: "H—'°N HSQC NMR spectra of the hAa392—610 (A),
bAa374—538 (B), hAa425—503 (C), and bAad406—483 (D) frag-
ments. Spectrum A was taken with a slightly smaller spectral width in
the >N dimension in an attempt to enhance peak resolution. Several
peaks assigned to the first disulfide-linked S-hairpin in bAa374—538
are circled in panel B; those occurring at similar positions in
hAa392—610 are circled in panel A.

RESULTS

NMR Study of the Human o.C-Domain Fragments. In
our previous NMR study (18), we identified a disulfide-linked f-
hairpin and an ordered region within the recombinant
bAa374—538 fragment corresponding to the bovine fibrinogen
aC-domain. However, the resonance ambiguity arising from the
disordered portions of this fragment precluded complete struc-
tural definition of the ordered region. We overcame this problem
by recombinantly removing the disordered portions and estab-
lishing the complete NMR structure of the resultant
bA0406—483 fragment (/9). In this study, we used the same
approach to investigate the structure of the human aC-domain.
Specifically, we prepared the '°N-labeled hAa392—610 fragment
corresponding to the full-length human aC-domain and a
truncated variant of this fragment, hAa425—503, homologous
to its bovine counterpart, bAa406—483, and examined their
structure by NMR techniques.

Analysis of the "N HSQC spectrum of the human
['"N]hA0392—610 fragment revealed a large number of sharp
intense signals between 7.9 and 8.5 ppm characteristic of a
random coil structure, as well as numerous broader signals
outside the random coil region indicating the presence of a
well-ordered conformation (Figure 1A). This spectrum resembles
that of the bovine [’N]bAa374—538 fragment (Figure 1B)
whose structure was previously characterized (18). In particular,
several isolated peaks of the [*"N]hA0392—610 fragment occur at
positions similar to those assigned in the ["N]bAa374—538
fragment to its first disulfide-linked p-hairpin (circled in
Figure 1A,B). This observation alone does not prove that the
two fragments adopt similar $-hairpin conformations because
HSQC resonance position is sensitive to local geometry as well as
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nearest neighbor amino acid residues. However, since the amino
acid sequences of these two fragments are highly conserved
around the S-hairpin stabilizing disulfide (/8), comparison of
these spectra suggests that the bovine and human oC-domains
may have similar structure.

The "N HSQC spectrum of the truncated human fragment,
[*NJhAo425—503, had the same general quality as that of the
bovine ['°N]bAa406—483 fragment (Figure 1C,D), whose NMR
solution structure was established previously (/9). Again, as in
the case with the larger fragments, the peak dispersions of the two
spectra are similar, suggesting that this human fragment has a
compact structure that may be similar to that of the bovine
fragment. To identify this structure, we prepared and analyzed
the '"N- and "’C-labeled hAa425—503 fragment. However,
because of the large disordered regions of the fragment (signal
overlap) and the low protein concentrations (weak signal in-
tensity) required to prevent aggregation, we were unable to
directly correlate many of the NMR spectral data to the
respective amino acid residues. The majority of unassigned
resonances are associated with side chain atoms; this lack of
inter-residue spatial data precluded the three-dimensional struc-
ture determination of the fragment. At the same time, closer
inspection of the spectra in Figure 1C,D shows that human
hAa425—503 has at least similar resonance dispersion in the
downfield 'H region, compared to the bovine counterpart. This
general feature suggests that structured regions are present in this
fragment.

To further characterize human hAa425—503, the dynamical
characteristics were then evaluated. '’N NMR backbone Ty,
relaxation experiments conducted on [ "NJhAa425—503 revealed
that most of its residues corresponding to the first S-hairpin in
bovine bAa406—483 have T, values of ~50—100 ms [Figure 2
(®)] indicating slow concerted motion. The human fragment
residues corresponding to the second S-hairpin in the bovine
fragment have higher 7', values, ~110—160 ms; at the same time,
these values are significantly lower than those for the residues at
the termini. These 7, values and thereby motion among the
residues of the hAa425—503 fragment can be correlated to the
distribution of T), values, according to the two p-hairpin
locations, in the previously studied bovine [*N]bAo406—483
fragment [Figure 2 (O)]. This finding further reinforces the
suggestion given above that the bovine and human fragments
may have similar structures. It should be noted that the average
T, value for residues 477—495 of human hAa425—503 is higher
than that for the corresponding residues of bovine bAa406—483
forming the second f-hairpin. This implies that residues corre-
sponding to the second S-hairpin in the human fragment are
more mobile and thus form a less stable conformation than that
in the bovine counterpart.

Altogether, the experiments described above suggest that the
overall fold of the human hAa425—503 and bovine bAa406—483
fragments is similar. This means that hAo425—503, like its
bovine counterpart bAa406—483 (19), should contain two
p-hairpins forming a mixed parallel/antiparallel S-sheet. How-
ever, the stability of the second -hairpin in hAa425—503 may be
lower than that in bA0406—483, precluding its structural deter-
mination in this study. To further test this speculation, we studied
the structure and stability of the hAa425—503 fragment by
circular dichroism (CD).

CD Study of the Structure and Stability of the Human
hAa425—503 Fragment. In our previous study, the bovine
bAa406—483 fragment at a concentration of 3 mg/mL, at which
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FIGURE 2: '°N backbone relaxation data demonstrating similarity in
relaxation and dynamics of the human hA0425—503 and bovine
bAa406—483 fragments. T, relaxation data for hAo425—503 and
bA0406—483 are shown with filled and empty circles, respectively;
vertical bars represent experimental errors. The regions correspond-
ing to the previously identified first and second S-hairpins in the
bovine bA0406—483 fragment (/9) are shaded in gray, and -strands
forming these fB-hairpins are shown as arrows; the NH,-terminal
region of slower motion in this fragment (/9) is shown with a cross-
hatched pattern.

the NMR experiments were performed, exhibited CD spectra
with a negative band at 213—217 nm, characteristic of -sheet
structures (19). In contrast, CD spectra of the human
hA0425—503 fragment at a similar concentration, 3.2 mg/mL,
contained a negative maximum at ~200 nm characteristic of
random coil and a slight shoulder at 210—220 nm (Figure 3, inset,
blue spectrum 1). Analysis of this spectrum using the secondary
structure prediction program supplied with the CD instrument
revealed 58% regular structures (44% [-sheets and 14% turns)
and 42% random coil. For the sake of comparison, the analysis
of the CD spectrum of bAa406—483 (Figure 3, inset, red
spectrum) revealed only 25% random coil. Thus, the shoulder
may reflect the presence of the first disulfide-linked S-hairpin,
while the negative maximum may be connected with the desta-
bilized and partially disordered second f-hairpin. When the
hA0425—503 fragment at 3.2 mg/mL was heated in the spectro-
polarimeter while the ellipticity at 225 nm was monitored, it
exhibited a weak sigmoidal transition with a midpoint (7;,) at
21.3 °C (Figure 3, blue curve 1). This is again in contrast to
bA0406—483, which in the previous study (/9) exhibited a well-
pronounced transition with a T}, of 26.8 °C. At the same time,
addition to the buffer of NaCl, which was previously found to
stabilize the oC-domain fragments (17), resulted in a dramatic
transformation of the CD spectrum of hAa425—503 (Figure 3,
inset). Namely, in 1 M NaCl, the intensity of its negative band
occurring at 200 nm decreased and that of the negative shoulder
at 210—220 nm increased (green spectrum 2); in 2 M NaCl (gray
and black spectra 3 and 4), the negative band disappeared, the
shoulder was transformed into a negative band with a maximum
at 217 nm, and the spectrum became very similar to that of
bA0406—483. In agreement, the secondary structure prediction
analysis of spectrum 4 revealed that the content of random
structures decreased and became similar to that determined for
bA0406—483. Further, when hAa425—503 at 3.4 mg/mL was
heated in 2 M NaCl, it exhibited well-pronounced sigmoidal
transitions with a T, of 33.9 °C; at a lower concentration, 1.6 mg/
mL, T, was shifted to 29.6 °C (Figure 3, curves 3 and 4, and
Table 1). Altogether, these results indicate that the human
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F1GURE 3: CD-detected thermal unfolding of the hAa425—503 frag-
ment. The unfolding experiments were performed in 20 mM Tris
buffer (pH 7.4) containing 0.15 M NaCl at 3.2 mg/mL hAa425—503
(blue curve 1) and in the same buffer containing either 1 M NaCl at
3.2 mg/mL hAa425—503 (green curve 2) or 2 M NaClat 1.6 and 3.4
mg/mL hAa425—503 (gray curve 3 and black curve 4, respectively).
The unfolding curves have been arbitrarily shifted along the vertical
axis to improve visibility; the dashed straight lines represent linear
extrapolations of the CD values before and after transitions to
highlight their sigmoidal character. The inset shows CD spectra of
the hA0425—503 fragment obtained under the conditions described
above; the numbering and color coding of these spectra correspond to
those of the unfolding curves. The CD spectrum of the bovine
bAa406—483 fragment at 3.0 mg/mL in Tris buffer (pH 7.4) contain-
ing 0.15 M NaClis colored red for the sake of comparison. All spectra
were recorded at 4 °C.

hAa425—503 fragment is less stable than its bovine counterpart,
bAa406—483, in agreement with the speculation given above,
and that increasing concentrations of NaCl stabilize its structure.

Oligomerization of the Human hAo425—503 Fragment.
Since the bovine bA0o406—483 fragment exhibited concentra-
tion-dependent and reversible oligomerization, we also tested
the ability of human hAa425—503 to form oligomers. Size-
exclusion chromatography experiments revealed that in TBS
the hA0425—503 fragment at concentrations of 3.2 and
6.3 mg/mL contained ~2 and ~7% oligomers, respectively
(Figure 4A,B and Table 1). The detected fractions of oligomers
were smaller than those observed earlier for its bovine counter-
part, bAa406—483, which exhibited at similar concentrations 8
and 13% oligomers, respectively (/9). Oligomers formed by
hAa425—503 eluted with a similar elution volume (~8 mL)
compared to those formed by bAa406—483 (19), suggesting the
same number of monomers, five to six. In 2 M NaCl, in which the
structure of hAo425—503 was stabilized, as mentioned above,
this fragment at 1.6 and 3.4 mg/mL exhibited higher contents of
oligomers, ~44 and ~60%, respectively (Figure 4C,D and
Table 1). Thus, the higher stability of hAa425—503 in 2 M NaCl
may be explained by the increase in its oligomeric fraction. This
suggests that the stabilizing effect of NaCl is connected with its
ability to promote formation of hAo425—503 oligomers.
Further, when hAa425—503 at 3.4 mg/mL in 2 M NaCl was
dialyzed overnight versus TBS and then analyzed by size-exclusion
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Table 1: CD-Detected Thermal Stability of the Recombinant aC-Domain
Fragments and Their Aggregation State Determined by Size-Exclusion
Chromatography

conditions
[fragment] oligomers
fragment* [NaCl] (M)  (mg/mL) T, (°C) (%)?

hAa425-503 0.15 3.2 213+1.2 1.74£0.6
0.15 6.3 244+ 1.0 6.6+0.4

1.0 32 284+ 1.1 26.2+0.1

2.0 1.6 29.6+1.3 43.6+1.0

2.0 34 339+1.8 60.0£0.5

hAa392—-610 0.15 1.9 39.6+0.8 154£0.8
0.15 3.8 42.7+£0.8 32.0+0.1

2.0 4.0 464+ 04 58.5+2.3

bAa374—568 0.15 1.8 30.4+0.9 9.5+0.8
0.15 3.7 33.2+0.1 272+£0.5

2.0 3.8 40.3+£0.3 54.4+0.6

“All fragments were in 20 mM Tris buffer (pH 7.4) containing the
indicated concentrations of NaCl. *Values are means + the standard
deviation of at least two independent experiments.

chromatography, the fraction of oligomers substantially de-
creased (not shown). Altogether, the results given above indicate
that, like the bovine bAa406—483 fragment, the human
hA0425—-503 fragment forms oligomers in a concentration-
dependent and reversible manner.

Structure, Stability, and Oligomerization of the Recom-
binant Full-Length Bovine and Human o.C-Domains. To
test the structure and stability of the full-length bovine and
human aC-domains and their ability to form oligomers, we
studied the recombinant bAa374—568 and hAa392—610 frag-
ments corresponding to these domains by CD and size-exclusion
chromatography. The thermally induced unfolding experiments
revealed that the stability of both fragments increased with
increasing concentrations or upon addition of 2 M NaCl.
Specifically, bAa374—568 in TBS at 1.8 and 3.7 mg/mL exhibited
unfolding transitions with 7, values of 30.4 and 33.2 °C,
respectively; in 2 M NaCl at 3.8 mg/mL, the T},, was shifted to
40.3 °C (Figure 5A and Table 1). Human hAa392—610 exhibited
similar unfolding transitions, although its thermal stability was
higher than that of its bovine counterpart (7}, values of 39.6 and
42.7°Cin TBS at 1.9 and 3.8 mg/mL, respectively, and 46.4 °C at
4 mg/mL in 2 M NaCl) (Figure 5B and Table 1). Size-exclusion
chromatography experiments (not shown) revealed that in TBS
bovine bAa374—568 contained ~10 and ~27% oligomers at 1.8
and 3.7 mg/mL, respectively; the amount of oligomers increased
to ~54% in 2 M NaCl (Table 1). When bAa374—568 in 2 M
NaCl was diluted to 1 mg/mL and dialyzed overnight versus
TBS, the amount of oligomers substantially decreased (to 14%),
suggesting that its oligomerization was reversible. The human
hAa392—-610 fragment exhibited a similar tendency for the con-
centration- and NaCl-induced oligomerization (Table 1), and this
oligomerization was also reversible. Thus, as in the case with the
smaller bA0a406—483 and hAa425—503 fragments, the observed
thermal stabilization of both bAa374—568 and hAa392—610
correlated well with the increase in their oligomeric fractions. This
further reinforces the suggestion that the stabilizing effect of NaCl
is connected with its ability to promote oligomer formation.

The bovine bAa374—568 fragment in TBS at 1.8 mg/mL
exhibited a CD spectrum with a negative maximum at ~200 nm
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FIGURE 4: Size-exclusion chromatography of the hAa425—503 frag-
ment performed under various conditions. Panels A and B show elution
profiles of hAad25—503 in Tris buffer (pH 7.4) containing 0.15 M NaCl
at 3.2 and 6.3 mg/mL, respectively. Panels C and D show elution profiles
of hAa425—503 in the same buffer containing 2 M NaCl at 1.6 and
3.4 mg/mL, respectively. All experiments were performed at 4 °C using
the Superdex 75 column; arrows indicate the free volume of the column.

and a slight shoulder at 210—225 nm; at a higher concentration,
3.7 mg/mL, the intensity of the negative maximum decreased
while that of the shoulder increased (Figure 5A, inset). The
spectrum further changed in 2 M NaCl, in which the negative
maximum disappeared and the shoulder at 210—225 nm was
transformed into a negative maximum at 217 nm characteristic of
p-sheet structures. A similar transformation of a CD spectrum
was observed with the human hAa392—610 fragment (Figure 5B,
inset). This transformation is reminiscent of that observed with
the human hAa425—503 fragment (Figure 3, inset); however, the
interpretation of these changes may be different. Namely, since in
the bovine bAa374—568 and bAad06—483 fragments both f-
hairpins are folded (18, 19), the negative maximum at 200 nm
may be connected with the unordered COOH-terminal half of
bAa374—568. The disappearance of this maximum and the
appearance of that at 217 nm may reflect formation of regular
structures (most probably f-sheets) by this half in concentration-
and NaCl-induced bAa374—568 oligomers. In agreement, ana-
lysis of the CD spectra of bAa374—568 obtained in TBS and 2 M
NaCl using the secondary structure prediction program revealed
that their transformation is accompanied by an increase in the

Tsurupa et al.

ha

o

A

1T bA0374-568

o

[6] x 10-3 (deg-cm-2-dmol")
o &

T —
L =

1 200 220 240
iy Wavelength (nm)

[6],,5 X 103 (deg-cm?-dmol-')

5 0
B 5 e
17 hAc392-610 5
?’—10
= 1
0r Z 15

1 200 220 240
N Wavelength (nm)

0 10 20 30 40 50 60 70 80
Temperature (°C)

FIGURE 5: CD-detected thermal unfolding of the full-length bovine
and human aC-domain fragments. The unfolding of the bovine
bAa374—568 fragment (A) was performed in 20 mM Tris buffer
(pH 7.4) containing 0.15 M NacCl, at fragment concentrations of 1.8
and 3.7 mg/mL (curves 1 and 2, respectively), and in the same buffer
containing 2 M NaCl at a fragment concentration of 3.8 mg/mL
(curve 3). The unfolding of the human hAa392—610 fragment (B)
was performed in Tris buffer (pH 7.4) containing 0.15 M NacCl, at
fragment concentrations of 1.9 and 3.8 mg/mL (curves 1 and 2,
respectively), and in the same buffer containing 2 M NaCl at a
fragment concentration of 4.0 mg/mL (curve 3). The unfolding curves
have been arbitrarily shifted along the vertical axis to improve
visibility; the dashed straight lines represent linear extrapolations of
the CD values before and after transitions to highlight their sigmoidal
character. Insets in both panels shows CD spectra of the corresponding
fragments obtained under the conditions described above at 4 °C; the
numbering of these spectra corresponds to that of the unfolding curves.

level of regular structures from 53 to 66%. Similarly, the analysis
of hA0392—610 CD spectra obtained in TBS and 2 M NaCl
revealed the increase in the level of regular structures from 47 to
61%. Altogether, these results suggest a significant increase in the
level of regular structures in the bAa374—568 and hAa392—610
fragments upon their oligomerization.

Sedimentation Equilibrium Study of the aC-Domain
Fragments. To further characterize oligomerization of the
full-length bovine and human aC-domain fragments, we per-
formed analytical ultracentrifugation. The results of sedimenta-
tion equilibrium experiments with the human hAa392—610
fragment are presented in Figure 6A—C, which depicts the
concentration gradients obtained during sedimentation equilib-
rium at three fragment concentrations, each at two rotor speeds.
Molecular weight determinations with HeteroAnalysis using
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FIGURE 6: Analysis of oligomerization of the human hAo392—610 (A—C) and bovine bAa374—568 (D—F) fragments by analytical
ultracentrifugation at 6000 (O) and 8000 rpm (). The experiments were performed in TBS at three fragment concentrations, 2.0, 4.1, and 8.1
mg/mL (panels A—C, respectively) and 1.8, 3.8, and 7.2 mg/mL (panels D—F, respectively). The data presented in panels A and D were obtained in
a 12 mm path length cell, whereas those presented in panels B, C, E, and F were obtained at higher concentrations in 3 mm path length cells.
Sedimentation equilibrium data for both fragments obtained at all three concentrations demonstrate oligomerization. HeteroAnalysis of the data
obtained for the hA0392—610 (A—C) and bAa374—568 (D—F) fragments yielded M, values of 266910 and 179029, respectively; the solid lines
describe an isodesmic self-association model with K, values of 8.32 x 10* and 2.61 x 10* M~ for hAa392—610 and bAa374—568, respectively.
This model accounts for both rotor speed and concentration dependence as evidenced by the correspondence between data and fitted lines in all
panels.

Table 2: Oligomerization Parameters of the Recombinant oC-Domain Fragments Determined by Analytical Ultracentrifugation®

fragment M, caled” M, obs®? Mo/M,, K, (M Ky (uM) AG? (kcal/mol)
hA®392—-610 23582 266910 £ 1504 11.3 8.32 x 10* 12.0 —6.69£0.01
bA374—568 21334 179029 + 1029 8.4 2.61 x 10* 38.3 —6.00+ 0.01
hAa425-503 8704 30162 42455 3.5 0.88 x 10° 1136 —4.00 £0.18
bA0406—483¢ 8960 52290 & 990 5.8 5.28 x 10° 188.7 —4.98 £0.04

“All experiments were performed in TBS at 4 °C. “Molecular weights of monomeric fragments calculated from their amino acid sequences that include an
NH,-terminal Met. “Experimentally observed molecular weights of oligomeric fractions. “Values are means = the standard deviation based on a global fit of

data obtained at two rotor speeds and three fragment concentrations. ‘Data for the bAa406—483 fragment at 4 °C were determined previously (79).

these data yielded a value of 266910. This value indicates that
hAa392—-610 forms oligomers consisting, on average, of 11
monomers (Table 2). These data were also used to determine
the equilibrium association constant (K,) for self-association
of hAa392—610 using the isodesmic association model M,,_; +
M = M,, where K, is the same for all speciesifn > 2 (31, 32). The
resultant K, of 8.32 x 10* M~ was utilized to calculate the
equilibrium dissociation constant (K4) and the free energy of self-
association (AG) using the equations Ky = 1/K, and AG = —RT
In K, respectively. The calculated values (Table 2) indicate that
the hAa392—610 fragment self-associates with a Ky of 12 uM and
that addition of each monomer to an assembling hAa392—610
oligomer may add as much as 6.7 kcal/mol of the stabilizing free
energy. The bovine bAa374—568 fragment exhibited similar
behavior during sedimentation equilibrium (Figure 6D—F),
although its oligomerization parameters were found to be slightly
different (Table 2).

Similar experiments were also performed with the smaller
human aC-fragment, hAa425—503. Analysis of the sedimenta-
tion equilibrium data obtained at three hAa425—503 concentra-
tions, 1.5, 3.0, and 6.3 mg/mL, each at two rotor speeds, 6000 and
8000 rpm (not shown), resulted in a K, of 0.88 x 10° M ™' and a
AG of —4.0 kcal/mol (Table 2). The much lower resultant values
of K, and AG for this fragment compared to those determined for
the larger hAa392—610 fragment correlate well with its lower
stability and tendency to self-associate (Table 1). It should be
noted that the previously determined AG and K, values for its
bovine counterpart, the bAad406—483 fragment (19), were also
lower than those for bAa374—568 (Table 2). Altogether, the
results given above indicate that both human and bovine full-
length aC-domain fragments, hAa392—610 and bAa374—568,
respectively, have higher self-association affinities and stronger
tendencies for oligomerization than their truncated variants,
hAa425—503 and bAa406—483, respectively.
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DISCUSSION

In our previous studies, we expressed various fragments of the
human and bovine fibrinogen aC-domains, tested their folding
status, determined the NMR solution structure of one of these
fragments, bA0406—483, and characterized its self-association
(oligomerization) (17—19). These studies confirmed the presence
of ordered structures in the NH,-terminal half of the aC-domains
and provided some clue about the mechanism of their self-
association; however, the structure and interaction of the full-
length aC-domain remained unclear. The major goals of this
study were to clarify the structure of the full-length human and
bovine aC-domains and the molecular mechanism of their
polymerization in fibrin.

Although human and bovine fibrinogens have a high degree of
sequence homology and their overall fold determined by X-ray
analysis is similar (13, 33), the degree of sequence homology of
their aC-domains, whose 3D structures have not been identified
by X-ray, is lower and their sizes are different due to a number of
deletions in the bovine species (17, 20) (Figure 7A). From this
arises a question of how the observed difference in the amino acid
sequence of the human and bovine aC-domains affects their 3D
structure. To address this question, we first expressed the human
hAa425—503 fragment and compared its structure and proper-
ties with those of the previously studied bovine bAa406—483
fragment (19). Although we were unable to identify the NMR
structure of hAa425—503 for the reasons described in the
previous section, the similarity of some of the resonances in its
SN’ HSQC spectrum and T 1o values to those of bovine
bA0406—483 (19) strongly suggests that their overall fold is
similar. In agreement, the hAa425—503 fragment formed oligo-
mers in a concentration-dependent and reversible manner, i.e.,
exhibited behavior similar to that of bAa406—483. Furthermore,
our CD experiments revealed that although monomeric
hAa425—503 is less stable and more disordered than bovine
bAa406—483, upon oligomerization its CD spectrum becomes
very similar to that of bAa406—483. Altogether, these data
strongly suggest that both hAa425—503 and bA0406—483 have
similar 3D structures.

To further test this suggestion, we analyzed the sequences of
the human hA0425—503 and bovine bA0o406—483 fragments
(highlighted in yellow in Figure 7A) and performed homology
modeling of the 3D structure of hAa425—503 using the structure
of the bAa406—483 fragment as a template. The sequences in the
area of the first S-hairpin restricted at the base by the disulfide
linkage (Cys423—Cys453 and Cys442—Cys472 in the bovine and
human species, respectively) display more than 90% homology,
implying unambiguously a nearly identical fold. The sequences in
the area of the second loose S-hairpin are less conserved, and
the human sequence contains two single-residue deletions
(Figure 7A). One of these deletions, Asp457 (bovine numbering),
is located before the second S-hairpin identified in the bovine
fragment (Figure 7B) and may result in shortening of the turn
between the disulfide bridge and the first 5-strand of this hairpin.
The second deletion, corresponding to bovine His461, shortens
this strand itself. Nevertheless, both deletions allow modeling of
the structure of the second S-hairpin in human hAo425—503
without introduction of significant distortions to the template.
The homology model of the hAa425—503 fragment built as
described in Experimental Procedures is presented in Figure 7C.
This model confirms the structural similarity between the bovine
and human fragments. It is also in agreement with the observed
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reduced structural stability of the human hAa425—503 fragment,
which may be connected with the deletions discussed above.
Namely, the deletion of His461 and shortening of the f-strand
should affect the previously identified interactions between
His461 and Val426 and between Ser466 and Thr432 (19)
(Figure 7B). Since these interactions are involved in stabilizing
the f-sheet in bovine bAad06—483 (19), their weakening or
elimination in human hAo425—503 may contribute to the
reduced stability of the latter.

Our finding that the bAad406—483 fragment, as well as
hAa425-503, is folded into a compact f(-sheet structure
suggests that the corresponding NH,-terminal portion in the
bovine and human aC-domain is folded independently, i.e.,
represents an independently folded structural unit or domain.
In contrast, our previous NMR study with the monomeric
bovine bAa374—538 fragment suggests that its COOH-term-
inal portion is disordered (/8). The similarity of the "N HSQC
spectrum of the monomeric human hAa392—610 fragment
with that of bovine bAa374—538 (Figure 1A,B), as well as
the similarity of their CD spectra (Figure 5, insets), implies that
in the monomeric human oC-domain this portion is also
disordered. At the same time, CD experiments also revealed
that formation of oligomers by both bAa374—568 and
hAa392—610 results in a dramatic transformation of their
CD spectra, indicating a decrease in the level of random coil
and formation of additional regular structures, most probably
p-sheets. Furthermore, analysis of these spectra suggests a
substantial increase in the level of regular structures, up to
66%. Such changes cannot be attributed to only the NH,-
terminal portion, which represents less than half of the aC-
domain, and therefore imply that the COOH-terminal portion
also adopts a regular conformation upon oligomerization and,
like the NH,-terminal portion, may also form an independently
folded domain. To reflect the presence of two domains in the
aC-domain while preserving the recommended fibrin(ogen)
nomenclature (34), we propose to denote them as N- and C-
terminal subdomains (Figure 7D).

The existence of two subdomains in the aC-domain is in
agreement with the results of proteolytic degradation of fibrin-
(ogen) by plasmin. It was reported that in spite of the presence of
more than 20 potential plasmin cleavage sites (Arg-X or Lys-X)
in the Aa392—610 region of human fibrinogen only four of them,
at Argd24, Argd91, Lys508, and Lys583 (shown by vertical
arrows in Figure 7A), are cleaved by this enzyme (/). Further-
more, two potential resulting fragments of plasminolysis,
Aad25-491 and Aa509—583, correspond to the major portions
of the NH,- and COOH-terminal halves of the aC-domain,
respectively, and the former includes practically all regular
structure identified in the N-terminal subdomain (Figure 7A).
Since proteolytic cleavage usually occurs between compact
protein domains and limited proteolysis is often used for testing
the domain structure of multidomain proteins, these observations
further support the presence of two subdomains in the aC-
domain. It should be noted that although this and the previous
study (/8) did not identify ordered structures in the C-terminal
subdomain of the monomeric oC-domain fragments, this does
not mean that this subdomain is unfolded in fibrinogen or fibrin.
Indeed, in fibrinogen, the aC-domains interact intramolecularly
to form a dimer, while in fibrin, they interact intermolecularly to
form aC-polymers (2, 4). Such interactions may increase their
stability and maintain the folded structure of their C-terminal
subdomains.
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FIGURE 7: Structural organization of the fibrinogen aC-domain. (A) Alignment of the human and bovine fibrinogen aC-domain sequences’
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mentioned in the text are shown as blue spheres. (C) Homology model of the human hAa425—503 fragment built based on the 3D structure of
bovine bAa406—483. (D) Schematic representation of the oC-domain consisting of the N-terminal subdomain, which includes the previously
identified S-sheet (79), and the C-terminal subdomain whose structure has not yet been established; interaction between these domains (see the
text) is denoted by three X’s. Panels B and C were prepared using PyMOL (38).

“Note that the numbering of the presented bovine aC-domain sequence is based on the bovine Aa chain sequence deposited by M. Murakawa
(UniProtKB/Swiss-Prot, accession number P02672, release 37.0); this numbering has been used in our previous publications (/7—19). The updated
sequence of this chain deposited later (UniProtKB/Swiss-Prot, accession number P02672, release 39.12) contains 13 extra residues in the connector
region. Thus, 13 residues should be added to correlate the presented sequence with the updated one.

JSecondary structure prediction was performed on the Jpred 3 prediction server (www.compbio.dundee.ac.uk/www-jpred/) utilizing the Jnet
algorithm (35).

The structural organization of the Aa chain region corre-
sponding to the aC-domain has long been a matter of dispute.
While some have suggested that this region is ordered and folded
into a compact structure (2—4, 14, 15), others have argued that
the region is mostly disordered and unfolded (117, 12, 20). The
data presented in our study, as well as our previous
studies (/7—19), clearly indicate that even in the isolated mon-
omeric alC-domain, which, as mentioned above, is less stable due

to the loss of interactions present in fibrinogen and fibrin,
approximately two-thirds of its NH,-terminal half are folded
into a compact N-terminal subdomain (Figure 7). One cannot
exclude the possibility that the remaining one-third may con-
tribute to the structure of this subdomain. In agreement, second-
ary structure prediction using the Jnet algorithm (35) suggests
that approximately half of this third may form two additional
p-strands (Figure 7A). It should be noted that this prediction also
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suggests that the region of slower motion, whose exact 3D
structure has not been determined in our previous study (/9),
may also adopt a p-strand conformation (Figure 7A). The
folding status of the C-terminal subdomain is less defined. Our
CD data discussed above suggest formation of regular structures
in this subdomain upon aC-domain self-assembly. However,
these data do not allow us to accurately evaluate the content of
these structures because the samples analyzed contained a
mixture of monomeric and oligomeric oC-domains. Thus, the
question of whether in fibrin(ogen) this subdomain is ordered
and compact or contains ordered and disordered regions remains
to be answered. Further investigation of aC-oligomers described
in this study may help to address this question.

Another important finding of this study is that hAa392—610
and bAa374—568 fragments form oligomers in a concentration-
dependent and reversible manner. It should be noted that the
oligomerization was observed both in TBS, which mimics
physiological conditions, and at high concentrations of NaCl,
which was used to increase the fraction of oligomers. Such
character of oligomerization suggests that the interaction be-
tween aC-domains is specific and most probably mimics the
interaction between the aC-domains upon formation of aC-
polymers in fibrin. This also implies that the structure of aC-
oligomers mimics that of fibrin aC-polymers. In our previous
study of the bA0406—483 fragment, we hypothesized that the
mechanism of its oligomerization, which may include S-hairpin
swapping, could be utilized for formation of aC-polymers in
fibrin (19). The observed similarity of the oligomerization process
of the full-length aC-domain fragments with that of
bAa406—483 supports this hypothesis and highlights the role
of the N-terminal subdomain in this process.

This study also demonstrates a significant contribution of the
C-terminal subdomain to the structure and stability of aC-
oligomers. Indeed, our results suggest that this subdomain adopts
an ordered conformation in aC-oligomers, as mentioned above,
and significantly increases the stability of both bovine and human
oC-domains upon their oligomerization. Namely, the addition of
each monomer to assembling bAa374—568 and hAa392—610
oligomers adds 6.0 and 6.7 kcal/mol of the stabilizing free energy,
respectively (Table 2). These values are much higher than those
determined for the smaller bAa406—483 and hAa425—503
fragments (5.0 and 4.0 kcal/mol, respectively) lacking this
subdomain. The thermal stability of bAa374—568 and hAo392—
610 is also much higher than that of the smaller fragments
(Table 1). Furthermore, the fact that unfolding of these frag-
ments starts at temperatures higher than that of the smaller
fragments (Figures 3 and 5) suggests that the folded C-terminal
subdomain interacts with the N-terminal subdomain and that
this interaction increases the overall stability of the aC-domain.

It should be noted that the thermal stability of the full-length
human aC-domain is higher than that of its bovine counterpart.
For example, heat-induced unfolding of the hAa392—610
and bAo374—568 fragments, both at similar low concentrations,
occurs with 7}, values of 39.6 and 30.4 °C, respectively (Table 1).
Such a difference cannot be explained by the higher fraction of
oligomers in the human species (~15% in human vs ~10% in
bovine) since bAa374—568 at higher concentrations, at which
~27% oligomers were detected, still unfolds at a lower tempera-
ture (T, = 33.2 °C). Since the stability of the human hAo425—
503 fragment was found to be lower than that of the bovine
bAa406—483 fragment, the higher overall stability of the full-
length human aC-domain over the bovine one may be explained
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by a more significant stabilizing effect of its C-terminal sub-
domain. In agreement, the bovine C-terminal subdomain is
shorter than its human counterpart because of the present
deletions (Figure 7A), and therefore, its own stability, as well
as its stabilizing effect, may be lower. This finding further
highlights the important role of the C-terminal subdomain in
the stabilization of the overall structure of the aC-domain.

Our data indicate that the C-terminal subdomain not only
significantly contributes to the overall stability of the aC-
domains but also increases their affinity for each other. Indeed,
the values of the equilibrium dissociation constants for self-
association of the full-length human and bovine aC-domain
fragments, hAa392—610 and bAa374—568, were found to be 12
and 38.3 uM, respectively. These Ky values are much lower than
those determined for self-association of the smaller hAa425—503
and bAa406—483 fragments (Table 2) and thus confirm the
contribution of the C-terminal subdomain to the increased
affinity of the full-length aC-domains. It should be noted that
the K4 of 12 uM for human hAa392—610 is comparable with
physiological concentrations of fibrinogen (6—12 uM). Such an
affinity may not be sufficient for two aC-domains to form a
stable dimer in the fibrinogen molecule, and therefore, additional
interactions with the central region through fibrinopeptides,
hypothesized long ago (36) and confirmed recently in direct
experiments (37), are required to stabilize their dimerization. This
implies that upon fibrin assembly thrombin-mediated removal of
fibrinopeptides should result in dissociation of the dimer and
destabilization of the monomeric aC-domains. However, the
monomeric state of the aC-domains is transient due to rapid
polymerization of fibrin monomers, and in polymeric fibrin, in
which the local concentration of the aC-domains dramatically
increases, this affinity should be sufficient for effective self-
association of these domains into aC-polymers, in which their
structure is stabilized. Thus, the switch of the oC-domains from
intra- to intermolecular interactions hypothesized previously
(4, 5) may be driven by their comparatively low affinity for each
other and the need to restore their stability.

In summary, this study established that the overall fold of
the hAa425—503 fragment corresponding to the NH,-term-
inal portion of the human aC-domain is similar to that of the
corresponding bovine fragment, whose NMR structure was
established previously (/9). The study suggests that the full-
length human and bovine aC-domains each consist of two
independently folded subdomains, the N-terminal subdomain
formed by the parallel/antiparallel 5-sheet and the less stable
C-terminal domain whose structure remains to be determined.
The study also revealed that the full-length oC-domains form
ordered oligomers in a concentration-dependent and reversi-
ble manner and that both subdomains contribute to the
affinity of aC-domains for each other and their higher stability
in oligomers. Such character of oligomerization implies that
this process mimics polymerization of the aC-domains in
fibrin, and the structure of aC-oligomers may mimic that of
fibrin aC-polymers. Finally, the results of this study further
clarify the molecular mechanism of the previously proposed
intra- to intermolecular switch of the aC-domains upon fibrin
assembly.
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