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ABSTRACT: According to the existing hypothesis, in fibrinogen, the COOH-terminal portions of two AR
chains are folded into compactRC-domains that interact intramolecularly with each other and with the
central region of the molecule; in fibrin, theRC-domains switch to an intermolecular interaction resulting
in RC-polymers. In agreement, our recent NMR study identified within the bovine fibrinogen AR374-
538 RC-domain fragment an ordered compact structure including aâ-hairpin restricted at the base by a
423-453 disulfide linkage. To establish the complete structure of theRC-domain and to further test the
hypothesis, we expressed a shorterRC-fragment, AR406-483, and performed detailed analysis of its
structure, stability, and interactions. NMR experiments on the AR406-483 fragment identified a second
looseâ-hairpin formed by residues 459-476, yielding a structure consisting of an intrinsically unstable
mixed parallel/antiparallelâ-sheet. Size-exclusion chromatography and sedimentation velocity experiments
revealed that the AR406-483 fragment forms soluble oligomers whose fraction increases with an increase
in concentration. This was confirmed by sedimentation equilibrium analysis, which also revealed that the
addition of each monomer to an assemblingRC-oligomer substantially increases its stabilizing free energy.
In agreement, unfolding experiments monitored by CD established that oligomerization of AR406-483
results in increased thermal stability. Altogether, these experiments establish the complete NMR solution
structure of the AR406-483RC-domain fragment, provide direct evidence for the intra- and intermolecular
interactions between theRC-domains, and confirm that these interactions are thermodynamically driven.

Fibrinogen is a multidomain plasma protein whose major
function is to form fibrin clots that prevent the loss of blood
upon vascular injury. In addition to its prominent role in
hemostasis, fibrinogen also contributes to wound healing and
participates in a number of other physiological and patho-
logical processes through the interaction of its multiple
regions and/or domains with various proteins and cell types.
The three-dimensional structure of most of these regions has
been established by crystallographic studies of proteolytically
derived and recombinant fragments of human and bovine
fibrinogen (1-4). The crystal structures of a proteolytically
truncated bovine fibrinogen and intact chicken fibrinogen
have also been determined (5, 6). However, the COOH-
terminal regions of two fibrin(ogen) AR chains, including
residues AR221-610 (RC regions), as well as the NH2-
terminal regions of the Bâ chains (BâN-domains), that

together account for approximately one-fourth of the mol-
ecule, were not identified in these structures.

The structure of theRC regions has been a controversial
issue for a long time. It was originally proposed, mainly on
the basis of the sequence analysis and the results of limited
proteolysis, that these regions represent “free swimming
appendages” devoid of any ordered structure (7, 8). In
contrast, microcalorimetry and electron microscopy data
suggested the presence of compact structures in these regions
(9-12). This suggestion was directly confirmed by the
unfolding study of the recombinant human and bovine
fibrinogenRC regions and their truncated variants (13). This
study also revealed that theRC region consists of two
structurally distinct portions, a compactRC-domain formed
by its COOH-terminal half (residues AR392-610 in human
fibrinogen) and a flexibleRC-connector formed by the
remaining residues, AR221-391, which attaches theRC-
domain to the bulk of the molecule. The presence of an
ordered structure in theRC-domain has been confirmed by
a recent NMR study of the recombinant bovineRC-domain
fragment, including residues AR374-538 (corresponding to
the human fibrinogen sequence AR392-582) (14). Further-
more, it was shown that this fragment contains a disulfide-
linked â-hairpin and a region of slower concerted motion
termed a collapsed hydrophobic region (14). Although
resonance ambiguity arising from the disordered portions of
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the fragment precluded further structural definition of this
region, the slower cooperative motion suggested the presence
of an ordered conformation. One of the goals of this study
was to establish the NMR structure of this region.

The RC-domains contain a number of binding sites that
mediate the interaction of fibrin(ogen) with several compo-
nents of the coagulation and fibrinolytic systems (factor XIII,
plasminogen, tPA, andR2-antiplasmin) (15-18) and other
proteins and cellular receptors [apolipoprotein(a) and inte-
grinsRIIbâ3, RVâ3, RVâ5, andR5â1] (19-21). These interac-
tions play an important role in the regulation of fibrin-
dependent processes such as fibrinolysis, atherogenesis,
angiogenesis, and tumorigenesis. The importance of theRC-
domains is highlighted by the fact that congenital defects in
them cause severe pathological consequences, including
familial recurrent thrombosis, pulmonary embolism, and renal
amyloidosis (22-27). It should be noted that in fibrinogen,
which is rather inert in the circulation, theRC-domain
binding sites seem to be cryptic, while in fibrin, they are
highly reactive. Because in fibrin theRC-domains form high-
molecular mass polymers covalently cross-linked by factor
XIIIa (28, 29), their activity appears to be connected with
polymerization.

According to the existing hypothesis, in fibrinogen theRC-
domains interact intramolecularly with each other and with
the central region containing fibrinopeptides B, while upon
fibrin assembly, they dissociate and switch from intra- to
intermolecular interaction to formRC-polymers in fibrin (29).
This hypothesis is based on several observations. First, near
the central region of fibrinogen, electron microscopy studies
revealed an extra nodule, which was suggested to be formed
by two COOH-terminal portions of the AR chains (11, 12).
Second, thermodynamic analysis of the thermal denaturation
of fibrinogen and its fragments revealed that this nodule
consists of two independently folded entities, denoted asRC-
domains, and suggested that these domains may interact with
each other (9, 10). Because theRC-domains may also interact
in fibrin, in which they form cross-linkedRC-polymers (28),
we hypothesized (30) that upon fibrin assembly they switch
from intra- to intermolecular interactions. Third, another
electron microscopy study revealed that theRC-domains may
interact with the central region of fibrinogen and may be
released upon removal of fibrinopeptide B (31, 32). Although
this “intra- to intermolecular switch” hypothesis coherently
explains the location of theRC-domains in fibrinogen and
fibrin and suggests a possible mechanism for the exposure
of their multiple binding sites upon conversion of fibrinogen
to fibrin, it is not widely accepted. The major reason for the
lack of consensus is that this hypothesis is based mainly on
low-resolution data obtained via electron microscopy. Direct
evidence of the interactions between theRC-domains and
between theRC-domains and the central region of fibrinogen
is absent, as well as the understanding of the nature of driving
forces for the “switch”. Another goal of this study was to
confirm the interaction between theRC-domains.

On the basis of the knowledge gained from our previous
study with the bovine AR374-538 RC-domain fragment
(14), we constructed, expressed, and characterized a shorter
fragment, AR406-483, which is devoid of most of the
previously observed disordered portions. NMR experiments
on this fragment revealed in addition to the previously

identified disulfide-linkedâ-hairpin (14) a second loose
â-hairpin in the collapsed hydrophobic region, yielding an
intrinsically unstable parallel/antiparallelâ-sheet. We also
observed a concentration-dependent oligomerization of this
fragment, in agreement with the intra- to intermolecular
switch hypothesis, and found that such oligomerization
results in a substantial increase in its stability.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant BoVine
FibrinogenRC-Fragments. The recombinant bovine fibrino-
gen AR374-538 fragment was expressed inEscherichia coli
and subsequently purified and refolded by the procedures
described previously (13). Recombinant bovine fibrinogen
AR406-503 and AR406-483 fragments were expressed in
E. coli using the pET-20b expression vector (Novagen Inc.).
The cDNAs encoding the AR406-503 and AR406-483
fragments were amplified by polymerase chain reaction using
a plasmid carrying the full-length bovineRC region sequence
(13). The following oligonucleotides were used as primers:
5′-AGAGACATATGATTGATAATGAGAAGGTC-3′ and
5′-AGAGAAAGCTTTTACCCTAAGGCTGCAAATTC-3′
for the AR406-503 fragment and 5′-AGAGACATATGAT-
TGATAATGAGAAGGTC-3′ and 5′-AGAGAAAGCTTT-
TAGGTGAAGAAATCATCCTT-3′ for the AR406-483
fragment. The forward primers, which were the same for
both constructs, incorporated theNdeI restriction site im-
mediately before the coding region; the final three bases of
the NdeI site, ATG, encode the fMet residue that initiates
translation. The reverse primers included a TAA stop codon
immediately after the coding segment, followed by aHindIII
site. The amplified cDNA fragments were purified by
electrophoresis in an agarose gel, digested withNdeI and
HindIII restriction enzymes, and ligated into the pET-20b
expression vector. The resulting plasmids were used for
transformation of DH5R and then B834(DE3) pLysSE. coli
host cells. The cDNA fragments were sequenced in both
directions to confirm the integrity of the coding sequences.

Both RC-fragments were found in inclusion bodies, from
which they were purified by the procedure described earlier
(18). The purified fragments were refolded at 4°C by slow
dialysis from urea without any reducing agent using the
protocol described in ref13. The fractions of unfolded
fragments were removed by size-exclusion chromatography
on a Superdex S-75 column equilibrated with TBS1 [20 mM
Tris buffer (pH 7.4) with 150 mM NaCl] and 0.2 mM PMSF.
All chromatography experiments were performed at 4°C.
The refolded fragments were concentrated to 1-2 mg/mL
with a Centriprep 10 concentrator (Millipore), filtered
through a 0.2µm filter unit, and stored at 4°C.

15N-labeled and15N- and 13C-labeled AR406-483 RC-
fragments were expressed inE. coli in minimal media
supplemented with either15NH4Cl or 15NH4Cl and [13C6]-
glucose and subsequently purified and refolded from inclu-
sion bodies as described above. The refolded fragments were
concentrated to 3-10 mg/mL and dialyzed against 10 mM
KPO4 buffer (pH 6.5) containing 150 mM NaCl and 10%
D2O.

1 Abbreviations: TBS, 20 mM Tris buffer (pH 7.4) with 150 mM
NaCl; PBS, 20 mM potassium phosphate buffer (pH 6.5) with 150 mM
NaCl; CSI, chemical shift indexing; RDC, residual dipolar coupling;
NOE, nuclear Overhauser effect; CD, circular dichroism.
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Protein Concentration Determination.Concentrations of
the recombinant AR406-483 and AR406-503 fragments
were determined spectrophotometrically using extinction
coefficients (E280,1%) calculated from the amino acid com-
position with the equationE280,1% ) (5690W + 1280Y +
120SS)/(0.1M), whereW, Y, and SS represent the number
of Trp and Tyr residues and disulfide bonds, respectively,
andM represents the molecular mass (33). Molecular masses
of these fragments were calculated on the basis of their amino
acid composition. The following values of molecular masses
andE280,1%were obtained: 8960 Da and 6.1 for the AR406-
483 fragment and 11060 Da and 5.0 for the AR406-503
fragment, respectively. The molecular mass andE280,1% for
the recombinant AR374-538 fragment (18123 Da and 3.2,
respectively) were determined previously (13). Note that
these values take into account the NH2-terminal fMet residue
present in all recombinant fragments (see above) while the
numbering of the fragments does not.

NMR Data Collection and Structure Elucidation.NMR
data were recorded using the15N-labeled or15N- and 13C-
labeled AR406-483RC-fragment in 20 mM KPO4 (pH 6.5)
with 150 mM NaCl and 10% D2O. The majority of NMR
experiments were performed at a fragment concentration of
<3 mg/mL, at which most of the peaks were sharp and well-
resolved. Aligned samples for determining the residual
dipolar couplings were prepared as described above with∼15
mg/mL Pf1 phage (ASLA biotec). All NMR spectra were
recorded at 282 K on a Bruker DRX-600 MHz spectrometer
with a triple-resonance cryoprobe and gradients in theZ-axis.
Backbone and side chain resonances and NOE cross-peaks
were determined and assigned as described previously (14),
resulting in approximately 90% assignment of N, HN, CR,
Câ, HR, and Hâ resonances. All spectra were processed with
NMRPipe (34) and analyzed with Sparky (T. D. Goddard
and D. G. Kneller, University of California, San Francisco).
Backbone 15N relaxation rates,T1 and T1F values, and
heteronuclear NOEs were recorded and determined as
described previously (14). NOE distance restraints, backbone
dihedral angle restraints from TALOS (35), and RDC
alignment restraints were incorporated into Xplor-NIH (36),
as also described previously (14). RDC values were deter-
mined by calculating the difference between the observed
JN-HN of the isotropic and anisotropic data sets obtained from
the 1H-15N HSQC/IPAP experiments. The original align-
ment tensor was determined from histogram analysis of the
RDC values and refined by energy minimization of the
structure while the magnitude and rhombicity of the align-
ment tensor were scanned. Hydrogen bond restraints were
only included for the already established hairpin (AR425-
445) based on NOE and CSI data. Of the 100 structures
initially calculated, the 20 lowest-energy representative
structures are discussed.

Fluorescence Study.Fluorescence measurements of ther-
mally induced unfolding of the recombinantRC-fragments
were performed in an SLM 8000-C fluorometer by monitor-
ing 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 spectrophotometrically were 0.04-0.1 mg/mL.
All experiments were performed in TBS.

Circular Dichroism Study.Circular dichroism (CD) mea-
surements were taken with a Jasco-810 spectropolarimeter.
CD spectra of the AR406-483 fragment in PBS [20 mM
potassium phosphate buffer (pH 6.5) and 150 mM NaCl] at
1.5, 3.0, and 6.2 mg/mL were recorded using a 0.01 cm path
length quartz cuvette. 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 FDCD 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,
[θ], in units of degrees square centimeters per decimole.

Size-Exclusion Chromatography.Analytical size-exclusion
chromatography was used to analyze the aggregation state
of the AR406-483 RC-domain fragment. 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, 50µL of the
fragment at different concentrations was loaded onto the
column equilibrated with TBS followed by elution with the
same buffer. Protein elution was monitored by measuring
the absorbance at 280 nm. To determine the molecular
masses of monomeric and oligomeric forms of the AR406-
483 fragment, the column was calibrated with the gel
filtration LMW calibration kit (Amersham Biosciences).

Analytical Ultracentrifugation.Samples for analytical
ultracentrifugation were prepared by overnight dialysis of
the AR406-483 fragment at 1.5, 3.0, and 6.2 mg/mL versus
TBS. Sedimentation velocity experiments at all three con-
centrations of AR406-483 were performed in a Beckman
Optima XL-A analytical ultracentrifuge (Beckman Instru-
ments, Palo Alto, CA) equipped with absorbance optics and
an An60 Ti rotor, as previously described (37, 38). Due to
their increased absorbance, samples of AR406-483 at 3.0
and 6.2 mg/mL were monitored in double-sector cells with
3 mm centerpieces; standard 12 mm centerpiece cells were
used for samples at 1.5 mg/mL.

Sedimentation velocity data were collected at 20°C at a
rotor speed of 45 000 rpm over a 10 h period. The data were
analyzed using both SVEDBERG [J. Philo, version 6.39 (39)]
and DCDT+ [J. Philo, version 2.07 (40)] to obtain the
weight-average sedimentation coefficient (Sw) and distribu-
tion of sedimenting species,g(s*), respectively (41-43). All
sedimentation coefficients have been corrected for solvent
density and viscosity to obtainS20,w values.

Sedimentation equilibrium experiments were performed
at the same concentrations of the AR406-483 fragment,
again using 3 mm centerpieces for the 3.0 and 6.3 mg/mL
samples. Data were collected at 6000 and 8000 rpm, as three
sequential scans at 3 h intervals following a 24 h equilibration
period at 4°C, and at 2 h intervals following an 18 h period
at 20°C. Sedimentation equilibrium data were analyzed with
HeteroAnalysis (version 1.1.28, J. W. Cole and J. W. Lary,
Analytical Ultracentrifugation Facility, Biotechnology/Bio-
services Center, University of Connecticut, Storrs, CT) to
obtain weight-average molecular weights (Mw) and to
characterize the self-association of the AR406-483 fragment
with an isodesmic model.

RESULTS

Preparation and Characterization of Recombinant Trun-
cated Variants of theRC-Domain.Our previous NMR study
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revealed that∼30 amino acid residues of the bovine
fibrinogen AR374-538 RC-domain fragment next to the
identifiedâ-hairpin may form a compact structure, described
as a hydrophobic collapsed region (14). However, resonance
ambiguity arising from the disordered portions of AR374-
538 precluded further structural definition of this region. To
address this problem, we recombinantly removed these
portions and constructed two truncatedRC-domain fragment
variants, AR406-503 and AR406-483, with the intent of
preserving the compact structure of the originally studied
AR374-538 fragment (14) while limiting the disordered
portions of the molecule. Both shorter fragments lack 32
residues at the NH2 termini and 35 or 55 residues at the
COOH termini (Figure 1A). Of these excluded residues, 33%

are Gly or Ser, which are known to have a relatively high
propensity for flexibility and lower propensity for structure
(44-46). Comparatively, the hydrophobic collapsed region
contains only 15% Gly and Ser residues. Furthermore, all
deleted regions of the constructs were shown previously to
have slower transverse NMR backbone relaxation rates and
narrow15N HSQC peak dispersion indicative of disorder and
noncooperative motion (14).

To test if the compact cooperative structure in the AR406-
503 and AR406-483 fragments is preserved, we compared
their folding status with that of AR374-538 by fluorescence
spectroscopy and circular dichroism (CD). 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, all three
fragments exhibited sigmoidal unfolding transitions (Figure
1B). A similar result was obtained by CD, in which the
ellipticity at 225 nm was monitored as a function of
temperature (Figure 1C). These experiments confirmed that
the AR406-503 and AR406-483 fragments contain compact
structure. They also revealed that both fragments unfolded
in the same temperature range. This becomes more obvious
when the fluorescence and CD data are plotted as fraction
denatured (insets in panels B and C of Figure 1). This finding
suggests that the presence of some extra residues in the
longer AR406-503 fragment does not contribute notably to
its stability; i.e., these residues are disordered. Therefore,
the shortest fragment, AR406-483, was selected for further
NMR studies. Another finding of these studies is that both
the AR406-503 and AR406-483 fragments are slightly less
stable than the AR374-538 fragment because their heat-
induced unfolding starts at a lower temperature. For that
reason, all NMR experiments with the AR406-483 fragment
were performed at a low temperature, 282 K (9°C), to
minimize the fraction of unfolded molecules.

Relaxation and Dynamics of the AR406-483 Fragment.
15N NMR backboneT1F relaxation experiments conducted
on the 15N-labeled AR406-483 fragment revealed that
slower concerted motion among its residues is comparable
to that for the corresponding residues of the AR374-538
fragment (Figure 2A). This implies that the ordered part of
the AR406-483 fragment covers residues similar to those
covered by the AR374-538 fragment and that its dynamics
behavior is not influenced by the missing truncated residues.
Further analysis of the relaxation data for the AR406-483
fragment revealed several distinct regions of motion. The
extreme NH2- and COOH-terminal residues, AR405-408
and AR481-483, exhibit the expected hallmark character-
istics of flexibility with 1H-15N heteronuclear NOE values
rapidly falling to 0 (Figure 2C) andT1F and T1 profiles
increasing in disorder toward the ends of the fragment (panels
A and B of Figure 2, respectively). The rest of the fragment
can be divided into three regions of slower concerted
motions, AR409-416, AR420-453, and AR454-477, on
the basis of the similarity of the individual relaxation
parameters whose averaging is represented by horizontal bars.
One of them, AR420-453, corresponds to the previously
identifiedâ-hairpin and bulge, while the other one, AR454-
477, includes most of the collapsed hydrophobic region. It
should be noted that the corresponding regions of the
AR374-538 fragment (14) may have similar discrete
motional characteristics; however, the higher acquisition

FIGURE 1: Thermally induced unfolding of the recombinant bovine
fibrinogenRC-domain fragments. Panel A represents a schematic
diagram of the AR406-483, AR406-503, and AR374-538 frag-
ments. The diagram shows the location of the disulfide bond
(S-S) linking the â-strands (two arrows) of the previously
establishedâ-hairpin (14) and the hydrophobic collapsed region
(denoted by the bar with a question mark) with the tryptophan
residue (Trp). Fluorescence- and CD-detected unfolding of all three
fragments is shown in panels B and C, respectively. The unfolding
curves in both panels have been arbitrarily shifted along the vertical
axis to improve visibility. The dashed straight lines in both panels
represent the results of fitting of pre- and post-transition data; they
provide the basis for estimating the fraction denatured for the
AR406-483, AR406-503, and AR374-538 fragments (curves
1-3, respectively) presented in the insets. Note that the fraction
denatured vs temperature profiles for AR406-503 and AR406-
483 essentially coincide in both insets.
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temperature and fewer overall data points due to ambiguity
and resonance overlap obfuscate the trends (Figure 2A).

NMR Solution Structure of the AR406-483 Fragment. The
NMR solution structure of the15N- and13C-labeled AR406-
483 fragment was determined using the NMR structural
restraints and statistics listed in Table 1. The atomic
coordinates and restraints for the 20 lowest-energy confor-
mations were deposited in the Protein Data Bank as entry
2JOR, and the chemical shift assignments were deposited
in the BioMagResBank (BMRB) under accession number
15192. In addition to the already determined disulfide-linked
â-hairpin and bulge formed by residues AR425-445 and
AR446-452, respectively (14), we identified a second
hairpinlike structure formed by residues AR457-476 of the
collapsed hydrophobic region (Figure 3). Due to instability
and conformational heterogeneity in this region, consistent
â-strand CSI values are lacking, and only 12 unambiguous
interstrand NOE restraints are observed. Therefore, we were
unable to unequivocally confirm hydrogen bonding patterns
and define the register of the hairpin. However, since the
potential forâ-hairpin structure is evident, we defined this
structure as a looseâ-hairpin. Weak15N NOESY HN-HN

cross-peaks observed between F458 and C423, between
H461 and V426, and between S466 and T432 suggest
interaction between these residues that provides formation
of a mixed parallel/antiparallel 2v1V3V4v â-sheet structure.

What was classified previously as a bulge (14) is clearly
seen in the structure as an extended loop formed by residues
AR448-457. This loop allows for parallel contact between
strands 1 and 3 of theâ-sheet.

The lack of extensive NOE and CSI (chemical shift index)
data and two15N HSQC peaks for residues S451, G454,
W460, H461, and R476 in the region of the looseâ-hairpin

FIGURE 2: 15N backbone relaxation data showing several areas of
cooperative motion in the AR406-483 fragment (b). T1F (A), T1
(B), and NOE (C) relaxation data are shown. TheT1F data for the
AR374-538 fragment (O in panel A) are shown for comparison.
Horizontal lines show the average values for the region corre-
sponding to the previously identified disulfide-linkedâ-hairpin
(blue) and the NH2-terminal (red) and hydrophobic collapsed (green)
regions shaded in gray. Vertical bars represent experimental errors.

Table 1: Solution NMR Restraints and Structural Statistics for the
20 Lowest-Energy Conformations of the Region of Residues
420-478 of the AR406-483 Fragment

restraint number average rmsd

NOE distance restraints 297 0.054( 0.004 Å
long-range NOEs 24
ambiguous NOEs 28
violations of>0.5 Å 0
backbone dihedral angle restraints 50 0.407( 0.026°
residual dipolar coupling restraints 71
hairpin 32 2.11( 0.197 Hz
othera 39 0.773( 0.139 Hz
hydrogen bonds (hairpin) 11 0.021( 0.003 Å

structural statisticsb

atomic
pairwise
rmsd (Å)

backbone (residues 420-478) 2.40
heavy (residues 420-478) 3.32
backbone (hairpin; residues 423-447) 0.78
backbone (loose hairpin; residues 455-478) 2.60

Ramachandran statistics
percent
of total

residues in favored regions 83.7
residues in generously allowed regions 10.4
residues in disallowed regions 5.9

a Using a half-open potential (58). b The backbone rmsd was
calculated on the basis of backbone amide N, CA, C′, and O atoms.
The heavy atom rmsd was calculated on the basis of all C, N, S, and
O atoms.

FIGURE 3: Overlay of the 20 lowest-energy conformations of the
bovine fibrinogen AR406-483RC-domain fragment (A). Molecules
were superimposed over residues 420-478 using backbone amide
C, CA, N, and O atoms. Panel B displays the ribbon diagram of
the average minimized conformation. For clarity, only the ordered
residues, 420-478, are shown. The locations of some residues
mentioned in the text, including C423 and C453 forming the
disulfide bond, are indicated.
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suggest the presence of alternative conformations. To ensure
a representative ensemble of the structures presented in
Figure 3, potential hydrogen bonds between residues W460
and D472 and between H462 and L470 of the loose
â-hairpin, which would restrict the structure and define the
register, were not included in the structure calculation and
refinement process. Despite the lack of an abundance of
restraints, the heavy atom backbone rmsd for the 20 lowest-
energy conformations of the looseâ-hairpin is 2.60 Å. It is
readily apparent that the majority of uncertainty in the
structure arises from the variability in conformation and
positioning of this hairpin since the rmsd of the entire
hydrophobic collapsed region is 2.40 Å and that of the
disulfide-linked hairpin, including the extended loop, is 0.78
Å.

Detection of Oligomers in Preparations of the AR406-
483 Fragment.To increase spectral quality, the initial NMR
data of the15N-labeled AR406-483 fragment were obtained
at 10 mg/mL. However, the15N HSQC spectrum revealed
that most of the peaks were weak and broad due to a decrease
in relaxation time, which is most probably connected with
the formation of larger complexes (soluble oligomers). The
presence of soluble oligomers at high concentrations of the
AR406-483 fragment was confirmed by size-exclusion
chromatography. When this fragment at 11.1 mg/mL was
applied to a column, it eluted in two well-separated peaks
(Figure 4A). The first peak, corresponding to oligomers,

contained∼20% of the total applied material. When the
AR406-483 fragment was applied at lower concentrations,
5.8 and 3.0 mg/mL, the fraction of oligomers was lower,
∼13 and 8%, respectively; this fraction was significantly
reduced when the fragment was applied at 1.5 mg/mL (Figure
4B-D). These results indicate that oligomerization of the
AR406-483 fragment is a concentration-dependent process.
It should be noted that when the fragment at 5.8 mg/mL,
containing 13% oligomers, was diluted to 3.0 mg/mL and
analyzed by size-exclusion chromatography, the amount of
oligomers decreased to 9%, suggesting that the oligomer-
ization process is reversible.

The apparent molecular masses of the material eluted in
the first and second peaks were∼10- and 2-fold higher,
respectively, than that expected for the monomeric fragment.
This suggests that the oligomers may consist of 10 mono-
mers, and the material eluted in the second peak may be
represented by dimers. At the same time, taking into account
the previously observed abnormal chromatographic mobility
for the larger AR374-568 fragment (47), one cannot exclude
the possibility that the mobility of AR406-483 is also
abnormal and therefore this suggestion may not be correct.
The fractions of oligomers determined at different concentra-
tions may also be less accurate because the samples were
diluted upon chromatography. Therefore, analytical ultra-
centrifugation was employed to further characterize the
oligomerization of the AR406-483 fragment.

Sedimentation Velocity Study of the AR406-483 Frag-
ment. To determine the oligomeric composition of the
AR406-483 fragment at different concentrations, we per-
formed sedimentation velocity experiments (Figure 5).
Analysis of sequential scans obtained at 1.5 mg/mL with
the DCDT+ algorithms (40) yielded a single species
characterized by 1.04( 0.05 S and a molecular mass of
8.56( 0.90 kDa, which was very close to that of monomeric
AR406-483. At higher concentrations, the AR406-483
fragment exhibited a second species with higher mobility,
which most probably represented oligomers. Sedimentation
coefficients of 3.6( 0.3 and 3.8( 0.3 S were then obtained
for AR406-483 oligomers at 3.0 and 6.2 mg/mL, respec-
tively. As illustrated in the inset of Figure 5C, applying time-
derivative analysis to sequential scans also enabled the
measurement of the quantities of oligomeric species: at 3.0
mg/mL, 16.5( 5.5%, and at 6.2 mg/mL, 27.0( 3.7%.

Analysis of the complete sedimentation velocity profile
at 1.5 mg/mL with SVEDBERG (39) yielded one species
with a sedimentation coefficient of 1.4 S and a molecular
mass of 8.1 kDa. Analysis of the data obtained at 3.0 and
6.2 mg/mL revealed two species with sedimentation coef-
ficients of 1.2 and 3.7 S, and 1.3 and 3.6 S, respectively.
The quantity of the∼4 S material increased from 13% at
3.0 mg/mL to 23% at 6.2 mg/mL (Figure 5C, inset). These
values are in agreement with those obtained by the time-
derivative analysis. Altogether, these results indicate that the
amount of oligomers formed by the AR406-483 fragment
increases with concentration.

Effect of Oligomerization of the AR406-483 Fragment
on Its Thermal Stability.Since oligomerization of proteins
is often accompanied by their stabilization, we tested the
stability of the AR406-483 fragment samples prepared for
analytical ultracentrifugation by CD. When the samples at
1.5, 3.0, and 6.2 mg/mL were heated in the spectropolarim-

FIGURE 4: Size-exclusion chromatography profiles of the AR406-
483 fragment applied at different concentrations: 11.1 (A), 5.8 (B),
3.0 (C), and 1.5 mg/mL (D). Arrows indicate the free volume of
the Superdex 75 column used in the experiments. The experiments
were performed in TBS at 4°C.
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eter while the ellipticity at 225 nM was monitored, they all
exhibited sigmoidal unfolding transitions (Figure 6). At 1.5
mg/mL, the all-monomeric AR406-483 fragment exhibited
a transition with a midpoint (Tm) of 24.9°C. At a concentra-
tion of 3 mg/mL, at which some oligomers were detected
(Figures 4 and 5), the transition was slightly more stable
(Tm ) 26.8 °C). Increasing the fragment concentration to
6.2 mg/mL, at which point oligomers accounted for 23-
27% of all material (Figure 5C, inset), resulted in further
stabilization of its transition (Tm ) 34.9°C). These experi-
ments indicate that oligomerization of the AR406-483
fragment significantly increases its thermal stability. The CD
spectra of this fragment obtained at all three concentrations
are presented in inset B of Figure 6. The presence in all
spectra of a negative band at 213-217 nm is in a good
agreement with the identifiedâ-sheet structure in AR406-
483. Moreover, the higher amplitudes of this band at 3.0
and 6.2 mg/mL and its shift to 217 nm suggest that

oligomerization of the AR406-483 fragment results in an
increased amount of this structure.

The unfolding experiments presented in Figure 6 also
revealed that at 20°C, at which the sedimentation velocity
studies had been performed, the AR406-483 fragment at
1.5 and 3 mg/mL contained a fraction of unfolded molecules
(∼25%), which could potentially influence its oligomeriza-
tion. Therefore, we also performed analytical ultracentrifu-
gation at 4°C, a temperature at which the AR406-483
fragment did not contain any unfolded material. Because
sedimentation velocity experiments at this temperature are
challenging, we analyzed the AR406-483 fragment by
sedimentation equilibrium.

Sedimentation Equilibrium Study of the AR406-483
Fragment. Sedimentation equilibrium experiments at 4°C
confirmed that the AR406-483 fragment exhibits concentra-
tion-dependent oligomerization, as illustrated in Figure 7.
This figure depicts the concentration gradients obtained
during a sedimentation equilibrium experiment that examined
three concentrations of AR406-483, each at two rotor
speeds. Molecular weight determinations with HeteroAnaly-
sis using data obtained at 1.5 mg/mL (Figure 7A) yielded a
value of 5940( 580. This value is lower than the monomer’s
calculated molecular weight of 8960 due to the shallow
concentration gradients which hampered accurate analyses.
At the same time, HeteroAnalysis of data obtained at 3.0
mg/mL (Figure 7B) and 6.2 mg/mL (Figure 7C) yielded an
Mw of ∼52290( 990 (Figure 7B,C). This result indicates

FIGURE 5: Distribution of AR406-483 monomers and oligomers
observed by analytical ultracentrifugation at 20°C. Sedimentation
velocity data obtained with AR406-483 at 1.5 mg/mL revealed a
single species sedimenting at 1.0 S [A (]); the solid line depicts
the weight fraction,g(S), vs S profile obtained by time-derivative
analysis with DCDT+]. At higher concentrations, 3.0 [B (O)] and
6.0 mg/mL [C (4)], both a 1 Scomponent and a 4 Scomponent
were present; the contributions of the faster and slower species are
shown by short-dashed and long-dashed lines, respectively, and the
solid lines depict the composite fit obtained with both terms.
Concentration-dependent increases in the quantity of oligomeric
species are presented in the inset of panel C, with data obtained by
DCDT+ shown with2; complementary data obtained by SVED-
BERG are shown withO.

FIGURE 6: CD-detected thermal unfolding of the AR406-483
fragment. The unfolding experiments were performed at 1.5, 3.0,
and 6.2 mg/mL AR406-483 (curves 1-3, respectively) in TBS.
The unfolding curves have been arbitrarily shifted along the vertical
axis to improve visibility and smoothed (colored curved lines) to
reduce the noise. The dashed straight lines represent the results of
fitting of pre- and post-transition data; they provide the basis for
estimating the fraction denatured at 1.5 (green curve, 1), 3.0 (red
curve, 2), and 6.2 mg/mL (blue curve, 3) presented in the insets of
panel A. The CD spectra presented in inset B were obtained at the
same three concentrations of AR406-483: 1.5 (green), 3.0 (red),
and 6.2 mg/mL (blue) in PBS at 4°C.
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that in this concentration range the AR406-483 fragment
forms oligomers consisting, on average, of five to six
monomers.

The sedimentation equilibrium data obtained at 3.0 and
6.2 mg/mL were also utilized to determine the association
constant (Ka) for self-association of the 8.96 kDa AR406-
483 fragment using the isodesmic association modelMn-1

+ M ) Mn, whereKa is the same for all species ifn > 2
(48, 49). As illustrated by the correspondence between data
and fitted lines in Figure 7, the resultantKa of (5.28( 0.03)
× 103 M-1 reliably describes both the concentration and rotor
speed dependence of these data. The quality of the fit is
further evidenced by the tight, nearly random distribution
of the residuals, as shown in the inset of Figure 7C. The

resultantKa was utilized to calculate the free energy of
association (∆G) using the equation∆G ) -RT ln Ka. The
∆G was found to be-4.98 ( 0.04 kcal/mol. This finding
indicates that addition of each monomer to an assembling
AR406-483 oligomer may add as much as 5 kcal/mol of
the stabilizing free energy. It should be noted that we also
performed a similar experiment at 20°C; however, only the
concentrated AR406-483 fragment (6.2 mg/mL), which at
this temperature contained practically no unfolded material
(Figure 6), was tested. Analysis of the sedimentation equi-
librium data resulted in aKa of (14.4 ( 0.43) × 103 M-1

and a∆G of -5.56( 0.06 kcal/mol, further reinforcing the
conclusion reached above. It should be noted that the
increasedKa at this temperature may suggest that oligomer-
ization is entropy-driven (50).

DISCUSSION

To establish the structure of the fibrinogenRC-domain,
we prepared recombinant human and bovineRC-fragments
(13); however, our crystallization attempts, as well as those
undertaken by others (51, 52), have been unsuccessful. The
reasoning became clear after our NMR study (14) confirmed
that one of these fragments, bovine AR374-538, contains a
high proportion of unordered conformation, which most
likely prevented crystallization and influenced the quality
of NMR data. In this study, we overcame this problem by
truncating the unordered regions of the AR374-538 fragment
and established the complete NMR structure of the resultant
AR406-483 fragment.

This study also revealed that the AR406-483 fragment,
which is preferentially monomeric at the concentration used
for the NMR study, forms soluble oligomers at higher
concentrations. Although this fragment includes only part
of theRC-domain, our previous experiments indicate that a
larger AR374-568 fragment corresponding to the complete
domain seems to also have a propensity to form oligomers.
Indeed, AR374-568 contained some oligomers at 2.4 mg/
mL, as revealed by analytical ultracentrifugation (47), and
precipitated upon its concentration above 5 mg/mL (results
not shown), most probably due to formation of larger
aggregates. The observed oligomerization of theRC-domain
fragments provides the first direct evidence of the previously
hypothesized homophilic interaction between theRC-
domains in fibrin(ogen) (10). It also indicates that the
presence of theRC-connector is not necessary for such
interaction to occur. The concentration dependence and
reversibility of the oligomerization process suggest that the
interaction between monomeric units in AR406-483 oligo-
mers is specific and therefore could be utilized for formation
of RC-polymers in fibrin. Our NMR and unfolding experi-
ments indicate that the AR406-483 fragment is intrinsically
unstable and at physiologic temperatures should be mostly
unfolded. Although the stability of the larger fragments
corresponding to the full-lengthRC-domain was found to
be higher (13, 14), it is still not sufficient to preserve compact
structure at physiologic temperatures. At the same time, our
previous studies revealed that in the parent molecule theRC-
domains are quite stable and their unfolding starts far above
37 °C (9, 10). To explain such a difference in stability, we
hypothesized that in fibrinogen and fibrin theRC-domains
are stabilized by the intra- and intermolecular interactions,
respectively, and that these interactions are thermodynami-

FIGURE 7: Analysis of AR406-483 oligomerization by analytical
ultracentrifugation performed at 4°C and 6000 (empty symbols)
and 8000 rpm (filled symbols). Sedimentation equilibrium data
demonstrate that AR406-408 remains monomeric at 1.5 mg/mL
(A). HeteroAnalysis of data obtained at 4°C yielded the solid lines
corresponding to anMw of ∼5940 using data at 6000 (]) and 8000
rpm ([, offset by 0.025 absorbance unit for clarity). The data
obtained at higher concentrations, 3.0 (B) and 6.2 mg/mL (C),
demonstrate oligomerization. HeteroAnalysis of these data yielded
an Mw of ∼52290; the solid lines describe an isodesmic self-
association model with aKa of 5.28 × 103 M-1. This model
accounts for both rotor speed and concentration dependence as
evidenced by the correspondence between data and fitted lines in
panels B and C, as well as the narrow distribution of residuals
presented in the inset of panel C. The data in panel A were obtained
in a 12 mm path length cell; hence, their absorbance values have
been divided by 4 to facilitate direct comparison to the data obtained
at higher concentrations in 3 mm path length cells (B and C).
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cally driven (14). The substantial increase in the thermal
stability of the AR406-483 fragment upon self-association
(oligomerization) observed in this study provides direct
evidence of this hypothesis. This is further reinforced by the
analysis of sedimentation equilibrium data, which suggests
that addition of a monomeric unit to an assembling AR406-
483 oligomer results in a substantial increase in the stabilizing
free energy.

Another important finding of this study is that the affinity
of AR406-483 molecules for each other upon self-associa-
tion is rather low. The association constant determined by
the analysis of sedimentation equilibrium data obtained at
20 °C was found to be 14.4× 103 M-1, giving a value for
the dissociation constant equal to 69µM. Such an affinity
suggests that at physiologic concentrations of fibrinogen (∼9
µM) the RC-domains should preferentially be monomeric
in the parent molecule. This is in agreement with the
hypothesis that in fibrinogen theRC-domains are kept
together by the interactions with each other and with the
central region of the molecule, preferentially through fibrin-
opeptide B, and that removal of the latter results in their
dissociation (29, 32). The low affinity also suggests that in
polymeric fibrin, in which the local concentration of theRC-
domains dramatically increases, theRC-domains should self-
associate to formRC-polymers. However, these suggestions
may be valid only if one assumes that the affinity of the
full-length RC-domains for each other is similar to that of
the AR406-483 fragment. Therefore, identification of condi-
tions under which the full-lengthRC-domain fragment forms
soluble oligomers and determination of the association
constant for its self-association are required to verify this
assumption.

Having established the lowest-energy conformation and
stability of the monomeric AR406-483 fragment, one can
speculate about a possible mechanism of its self-association.
The structure consists of a mixed four-stranded parallel/
antiparallel 2v1V3V4v â-sheet in which twoâ-hairpins interact
through parallelâ-strands. Such topology was proposed to
be generally unfavorable because it would require that the
two strands in the middle be involved in both parallel and
antiparallel hydrogen bonding, and therefore, accommodating
them in a short stretch ofâ-sheet may impose serious stress
on the geometry of theâ-sheet, rendering the whole structure
less stable (53). This is in agreement with the detected low
stability of the AR406-483 monomer and may also explain
why the structure of its looseâ-hairpin is so distorted. At
the same time, the oligomeric form of this fragment, which
according to the CD data (Figure 6, inset B) preserves the
â-sheet structure, is more stable. Although formation of an
extendedâ-sheet through a side-to-side interaction between
four-stranded AR406-483 â-sheet monomers is possible,
such an oligomer would still preserve the stress on the
geometry and thereby be less stable. A more stable structure
can be obtained if upon self-association of the monomers
the distortedâ-hairpin would switch its orientation to become
a part of an antiparallelâ-sheet. This can be achieved by
three-dimensional domain swapping, which was found in a
number of proteins, and was proposed as a mechanism for
formation of dimers or oligomers and polymerization of
soluble proteins into amyloid fibrils (54, 55). This mechanism
can easily explain how the monomericRC-domains form
both theRC-dimer in fibrinogen andRC-oligomers in fibrin

through swapping theirâ-hairpins, as presented schematically
in Figure 8. Further experiments are required to test whether
this mechanism is utilized by theRC-domains to form more
stable dimeric and polymeric structures.

It should be noted that the structured region determined
in this study (residues AR420-479) represents∼80% of the
studied AR406-483 fragment, which, in turn, includes
approximately three-quarters of the NH2-terminal half of the
RC-domain. The remaining 20% include several extreme
terminal residues, which are obviously unordered, and the
region of residues 406-419 of slower concerted motion
(Figure 2). Although the structure of this region has not been
determined here, there is a high probability that in the parent
molecule or inRC oligomers it is ordered. In addition to the
relaxation data, a more dense distribution of the conforma-
tions preceding this region in the larger AR374-538
fragment (14) supports this hypothesis. Furthermore, the
presence of a well-defined turn (residues AR420-422),
which connects this region with the firstâ-hairpin (Figure
3C), and the size of this region both suggest that it may
potentially form an additionalâ-strand antiparallel to the first
â-hairpin. This hypothesis is also in agreement with the CD
data (Figure 6, inset B) that suggest an increase inâ-structure
content upon oligomerization of the AR406-483 fragment.
It should also be mentioned that although the structure of
the COOH-terminal half of theRC-domain has not yet been

FIGURE 8: Schematic representation of a hypothetical dimerization
and oligomerization of the AR406-483 RC-domain fragment by
â-hairpin swapping. A ribbon diagram of the monomeric AR406-
483 fragment containing a mixed parallel/antiparallel 2v1V3V4v
â-sheet and its schematic representation are shown in panels A and
B, respectively; individualâ-strands are presented as arrows, and
a disulfide at the base of the firstâ-hairpin is colored orange. This
unstable structure (see the text) can be rearranged into a more stable
dimer by swapping the second looseâ-hairpin of the two mono-
meric units to form an antiparallelâ-sheet (C and D). Formation
of a more stable oligomer consisting of an extended antiparallel
â-sheet can also be carried out by the same mechanism (E).
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identified (14), one cannot exclude the possibility that it may
also formâ-structure, at least upon polymerization of the
RC-domains in fibrin. This prediction is based on the results
of the previous studies indicating that theâ-sheet structure
content increases significantly during the polymerization
process, presumably due to lateral contacts between fibrin
monomers through theRC-domains (56, 57). A putative
propensity of the COOH-terminal half to formâ-structures
is also supported by the fact that mutations of its Val526 to
Glu and Arg554 to Leu (human numbering) cause the
fragments derived from this half to form amyloid fibrils in
kidneys, resulting in renal amyloidosis (25, 26). Further
studies with fragments corresponding to the NH2- and
COOH-terminal halves of theRC-domain are required to test
the above hypotheses.

In summary, this study established that the conformation
of the AR406-483 fragment, corresponding to the NH2-
terminal half of the bovine fibrinogenRC-domain, consists
of an intrinsically unstable parallel/antiparallelâ-sheet, that
this fragment forms oligomers at increased concentrations,
which may mimic RC-polymers in fibrin, and that such
oligomerization substantially increases its stability, suggest-
ing that intra- and intermolecular interactions of theRC-
domains in fibrinogen and fibrin are thermodynamically
driven. Analysis of the structure and stability of both
AR406-483 monomers and oligomers suggests that in fibrin
RC-polymers may form extendedâ-sheets. Whether the
COOH-terminal half of theRC-domain, which may also have
a propensity to formâ-sheets, adopts ordered conformation
in fibrinogen and fibrin remains to be clarified.
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