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ABSTRACT: The NMR solution structure of the bovine fibrinogenRC-domain fragment, including residues
AR374-538, reveals a type-I′ â-hairpin, restricted at the base by a C423-C453 disulfide linkage and a
short turn preceding C423. Although both faces of the hairpin are formed mainly by hydrophilic residues,
one of them is uncharged while the other has a characteristic pattern of charged residues which are highly
conserved among vertebrate species. Chemical shift indexing and relaxation data indicate the presence of
a collapsed hydrophobic region next to the hairpin that includes approximately 30 residues with slower
concerted motion and higher content of nonpolar residues and, according to a previous study (Tsurupa,
G., Tsonev, L., and Medved, L. (2002)Biochemistry 41, 6449-6459), may cooperate with the hairpin to
form a compact cooperative unit (domain). Structure and relaxation data show that the region between
C423 and C453 is populated by both random coil andâ-structure, suggesting that the cooperative structure
in the isolatedRC-domain is intrinsically unstable. This observation is in agreement with a very low
energy of stabilization of the AR374-538 fragment determined in unfolding experiments. The low stability
of the RC-domain suggests a possible explanation for the previously observed intra- and intermolecular
interactions of these domains in fibrinogen and fibrin.

Fibrinogen is a 340 kDa plasma protein that plays a
prominent role in hemostasis, thrombosis, wound healing,
inflammation, angiogenesis, and tumorigenesis. This multi-
tude of fibrinogen functions is connected with its complex
multidomain structure that provides its homophilic interaction
upon fibrin assembly and its interactions with numerous
proteins and cell types in other processes. Fibrinogen consists
of two identical disulfide-linked subunits, each of which is
composed of three nonidentical polypeptide chains, AR, Bâ,
and γ (1, 2). These chains assemble to form at least 20
distinct domains grouped into several major structural regions
(3-6). The disulfide-linked NH2-terminal portions of all six
chains form the central E region; the COOH-terminal
portions of the Bâ andγ chains and the middle portion of
the AR chain form two distal D regions, and the remaining
COOH-terminal two-thirds of two AR chains form twoRC-
regions. The D-E-D regions account for three nodules
observed in numerous electron microscopy studies (7-10),
while the fourth nodule observed in some molecules near
the central nodule E corresponds to the two interactingRC-

regions, often referred to asRC-domains (9, 11, 12) (Figure
1A).

Activation of the coagulation cascade leads to the genera-
tion of thrombin which converts fibrinogen into fibrin by
cleavage of fibrinopeptides A and B (FPA and FPB,1

respectively) from its central region. This cleavage results
in spontaneous polymerization of individual fibrin molecules
into double-stranded protofibrils (Figure 1B), which then
aggregate laterally to produce thicker fibers composing fibrin
clots (1, 10). According to our current view, in fibrinogen,
the RC-domains interact intramolecularly with each other
and with the central E region, most probably via its FPB,
while upon fibrin assembly, they dissociate and switch from
intra- to intermolecular interaction, thus promoting lateral
aggregation of protofibrils (12-16). The functional role of
theRC-domains is not restricted to their participation in fibrin
assembly. They are involved in controlling activation of
plasma transglutaminase factor XIII (17), which subsequently
cross-links fibrin clots to increase their mechanical stability.
The human fibrinogenRC-domains promote cell adhesion
via their AR572-574 RGD sequence2 and via bound
fibronectin (18-21) and may contribute to the development
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tion of fibrinolysis via binding of plasminogen, its activator
tPA, its inhibitor R2-antiplasmin, and via modulating the
structure of fibrin clots (16, 23-25).

The fibrinogen D and E regions can be separated by
limited proteolysis, resulting in the D and E fragments,
respectively, while theRC-regions are vulnerable to pro-
teolytic enzymes, which degrade them into smaller pieces
(1, 2). The success in crystallization of these fragments
resulted in determination of the three-dimensional structure
of individual fibrinogen regions and promoted X-ray studies
of the entire molecule. Particularly, the X-ray structures have
been established for the human fibrinogen D fragment (26)
and for the bovine and human fibrinogen E fragments (6,
27). Further, a low resolution structure of most of the
fibrinogen molecule was obtained from a crystallographic
study of a proteolytically truncated bovine fibrinogen (28),
followed by a higher resolution structure of intact chicken
fibrinogen (29). Altogether, these studies have established
the three-dimensional structure of more than two-thirds of
the molecule, including the complete D regions and most of
the E region; that of theRC-domains remains to be
determined.

In the absence of the three-dimensional structure of the
RC-regions, the current view on their structural organization
is based on a number of studies performed in different
laboratories, mainly by electron microscopy, differential
scanning calorimetry (DSC), and sequence analysis (3, 4, 9,
11, 15). These studies revealed that in fibrin(ogen) eachRC-
region forms a compact globular entity,RC-domain, attached
to the bulk of the molecule with a flexible connector (15).
The full-lengthRC-region and its halves corresponding to
RC-connector and theRC-domain have been prepared by
recombinant technique (24, 30). A detailed analysis of their
folding status by several methods has confirmed that theRC-

domain contains a compact cooperative structure while the
connector is flexible (30). At the same time, there is also an
alternative view suggesting that theRC-domains represent
“free-swimming appendages” devoid of any ordered structure
(1, 8). This view was reinforced by an X-ray study of intact
chicken fibrinogen, in which theRC-domains were not
observed in electron density maps (29). Thus, the question
whether these domains contain compact ordered structure is
still debated (31, 32).

In this study, we report the NMR solution structure of the
recombinant bovine fibrinogenRC-domain fragment, includ-
ing residues AR374-538,3 which reveals a type I′ â-hairpin
and a collapsed hydrophobic cluster, and discuss a possible
role of such a structure in the previously observed intra- and
intermolecular interactions.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.15N- or 15N/13C-
labeled and -nonlabeled recombinant bovine fibrinogenRC-
fragment consisting of residues AR374-538 was expressed
in E. coli in minimal media supplemented with either15NH4-
Cl or 15NH4Cl and 13C6-glucose and subsequently purified
and refolded from inclusion bodies as described previously
(24, 30). The fragment was concentrated to 3-5 mg/mL,
dialyzed against 10 mM KPO4 buffer, pH 6.0, containing
150 mM NaCl, measured into 300µL aliquots, lyophilized,
and stored at-80 °C until needed.

NMR Data Collection.Lyophilized15N- or 15N/13C-labeled
fragment was resolubilized with 300µL of 10% D2O/H2O
to a final concentration of∼0.2-0.3 mM in 10 mM KPO4

buffer, pH 6.0, containing 150 mM NaCl. Aligned samples
for dipolar coupling experiments were prepared as above with
∼15 mg/mL Pf1 phage (ASLA biotec). All NMR spectra
were recorded at 298 K unless stated otherwise on a Bruker
DRX-600 MHz spectrometer equipped with a triple-
resonance cryo-probe with gradients in theZ axis.

Assignments were made by standard methods utilizing
combined data obtained from the following experiments:15N
HSQC, sensitivity enhanced HNCO, C-dipsi-(CO)NH, H-
dipsi-(CO)NH, HCCH-dipsi-CT, HN(CO)CACB, HNCACB,
and HBHA(CO)NH (for description, see ref33). Ap-
proximately 73% of the backbone and 62% of the side chain
resonances were assigned. NOE assignments were based on
peak intensities obtained from the15N HSQC NOESY,15N-
13C-edited NOESY, and13C-13C-edited NOESY. All NOE-
SY spectra were collected with 110 ms mixing times.1H-
15N backbone amide RDCs were measured using the1H-
15N IPAP-HSQC experiment on a15N-labeled sample with
and without alignment induced by Pf1 phage (34). All spectra
were processed with NMRPipe (35) and analyzed with
Sparky (T. D. Goddard and D. G. Kneller, University of
California, San Francisco) and PIPP (36).

Backbone15N Relaxation Measurements.All relaxation
spectra were obtained with 128× 512 complex data points
with zero filling to 256× 1024 data points.T1 spectra were
obtained using delay times of 8, 32, 96, 240, 480, 800, 1120,
and 1440 ms.T1F spectra were obtained using delay times
of 344.4, 382.8, 406.8, 30.8, 454.8, 478.8, 550.8, and 622.8
ms. 15N heteronuclear NOE values were recorded in inter-

3 Corresponds to the human fibrinogen sequence AR392-582.

FIGURE 1: Schematic representation of the interactingRC-domains
in fibrinogen and their dissociation upon its conversion to fibrin.
Panel A shows a fibrinogen molecule consisting of the D-E-D
nodules linked by coiled coil connectors and twoRC-domains
interacting with each other and with the central region of the
molecule via its fibrinopeptides B. Fibrinopeptides A and B are
indicated with asterisks; the approximate location of the AR374-
538 region corresponding to the recombinantRC-domain fragment
used in this study is indicated by arrows. Panel B shows a protofibril
in which theRC-domains dissociate after removal of FPB. Adapted
from (25).
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leaved fashion, with 80 scans using a1H presaturation pulse
of 3.76 s (37).

Hydrogen-Deuterium Exchange Experiments.Hydrogen-
deuterium exchange experiments were conducted at pH 6.0
and 288 K. Deuterated or protonated protein was lyophilized
and then resolubilized on ice in 10 or 100% D2O, and
consecutive15N HSQC spectra were recorded at 0, 10, 20,
and 40 min.

Structure Calculation.NOESY peak intensities were
converted to distance restraints using a continuous interproton
distance distribution and summation averaging, (Σr-6)-1/6,
with an added error of 25-35% to take into account possible
effects from spin diffusion. Xplor-NIH (38) was used for
structure calculation incorporating the distance restraints as
well as dihedral angle restraints as calculated by TALOS
(39) and dipolar coupling restraints. The initial alignment
tensor was extracted from the RDC histogram analysis and
optimized by a grid search minimizing the total energy of
the calculated structure. Hydrogen bonds were added based
upon secondary structure elements obtained from CSI and
NOE data.

Free Energy Determination. Measurements of urea-
induced unfolding were performed at 25°C in an SLM
8000-C fluorometer by continuous addition with a motorized
syringe of a concentrated stock solution of urea at a rate of
20 µL/min to a stirred cuvette containing the nonlabeled
AR374-538 fragment at 0.1 mg/mL, while monitoring the
ratio of the fluorescence intensity at 370 nm to that at 330
nm with excitation at 280 nm. Both the fluorometer and the
syringe-driver were controlled by a computer, which auto-
matically corrected the fluorescence intensity for dilution
assuming a linear dependence on protein concentration below
0.15 mg/mL. To determine the Gibbs free energy of
unfolding (∆G), the change in the fluorescence ratio was
converted to the fraction denatured and used to calculate the
equilibrium constant and free energy at any urea concentra-
tion as described previously (40). The free energy of
unfolding at different temperatures (T) was also calculated
as described (41) using the equation

where∆Ho and∆So ) ∆Ho/To are the enthalpy and entropy
of unfolding evaluated at the reference temperatureTo ) Tm,
and ∆Cp is the difference in heat capacity between folded
and unfolded states. The thermodynamic parameters of
unfolding of the AR374-538 fragment, melting temperature
(Tm), ∆Ho, and∆Cp were determined from the previously
obtained melting curves (30).

RESULTS

Solution Structure of theRC-Domain Fragment.The NMR
solution structure of the bovine fibrinogenRC-domain
fragment consisting of residues AR374-538 was determined
using the NMR structural restraints and statistics as shown
in Table 1. The atomic coordinates and restraints from the
calculations were deposited in the Protein Data Bank under
the accession code 2BAF, and the chemical shift assignment
was deposited in BioMagResBank (BMRB) under the
accession number 6893. The structure revealed that about
20% of the residues are involved in formation of two adjacent
antiparallel â-strands joined by a turn (â-hairpin) and

disulfide-linked at the base through C423-C453; there is
also another turn preceding the firstâ-strand (Figure 2).
Overlap and ambiguity due to narrow peak dispersion
precluded the unambiguous assignment of many peaks,
including those from residues S424, E439, and E443 of the
hairpin. The only region of the sequence to show persistent
structural content is circumscribed by the disulfide linkage
of C423 and C453. Consistent with this observation,
backbone amide proton peak dispersion as observed by1H-
15N HSQC indicates a generally disordered structure (42, 43).
Only 12 resonances have1H chemical shifts greater than 8.6
ppm, 11 of which arise from residues in the disulfide-linked
hairpin. The disappearance of these peaks in the presence
of the reducing agent dithiothreitol (data not shown) suggests
that the disulfide bridge is necessary to maintain the integrity
of the structure.

Ramachandran angles and residue-specific potentials for
the turn residues, D435 and G436, define a type I′ â-turn
(44). Cross-strand HN-HR and HN-HN NOEs define the
register and hydrogen bonding pattern in the hairpin, as well
as confirm the classification of the turn. Ten hydrogen bonds
between the main chain carbonyls and amides were defined
in the hairpin in this manner. Lack of dihedral, CSI, and
NOE restraints for the five residues preceding C453 yields
a short bulge at the COOH-terminus of the hairpin, while at
the NH2-terminus, another turn is confirmed by CSI of R420
and R421 and NOESY cross-peaks between R421 and V426/
I427 (Figure 2). Electrostatic interactions observed between
the side chains of R420, K425, E448, and D449 may help
to stabilize the base of the hairpin and the NH2-terminal turn
(Figure 3). Both faces of the hairpin are fairly hydrophilic,
yet one is composed mostly ofâ-branched residues, including
V426, T428, T430, T432, T438, T440, and V444, and is
uncharged except for one lysine residue (K442); the other
consists of several charged residues, including K425, K429,
R437, E439, and E443 (Figure 3).

Relaxation and Dynamics. T1, T1F, and 1H-15N hetero-
nuclear NOE data were used to estimate the dynamical
characteristics of the AR374-538 RC-domain fragment
(Figure 4).15N heteronuclear NOE relaxation data reveal that

Table 1: Restraints and Structural Statistics for the Refinement of
the AR420-453 Region

Restraints Root mean square
deviations (20 structures)

total NOE distance restraints 137 0.071( 0.005 (Å)
short-range (intraresidue) 35
medium-range (e4) 71
long-range (>4) 17
ambiguous 14
dihedral angle restraints (φ,ψ) 51 1.884( 1.89°
residual dipolar coupling restraints 87 3.576( 0.232 Hz
hydrogen bonds 7 0.0353( 0.006(Å)

Structural Statistics
atomic pairwise rmsd (Å)
(backbone; 49-75) 0.76
(heavy; 49-75) 1.05
(backbone; 49-81) 1.47
NOE violations> 0.3 Å 0

Ramachandran Statistics
residues in most favored regions 71.3%
allowed 24.6%
generously allowed 2.1%
disallowed 1.9%

∆G ) ∆Ho - T∆So + ∆Cp[T - To - T ln(T/To)] (1)
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the entire fragment is fairly flexible with all NOE values
less than 0. TheT1 values remain constant throughout,
indicating that the overall correlation time is approximately
the same for all residues. At the same time, an increase in
the NOE value to-0.5 and a concomitant decrease in the
T1F to 100 ms in the region flanked by the two cysteine
residues indicate slower concerted motion. This region of
slower correlation time extends the COOH-terminal to the
hairpin to include approximately 30 more residues, as
determined by the observation that the NOE andT1F values
begin to decrease and increase, respectively, roughly at T483.
This region also has an increased hydrophobicity since at
least 40% of its residues are nonpolar (12 out of 30). For
comparison, average content of nonpolar residues in the
remaining regions of the AR374-538 fragment, including

the hairpin, is about 32%. Although in Figure 2 this region
is presented as a set of different conformations since NOE
and RDC restraints are lacking due to ambiguity and overlap,
the relaxation data show it should be more compact than
those with faster motion and therefore was designated here
as a collapsed hydrophobic region.

Stability of theRC-Domain Fragment.It should be noted
that chemical shift indexing (CSI) of the CR, Câ, and HR

resonances (45, 46) reveals deviation from random coilæ/ψ
values towardâ-structure in the disulfide-linked region
(Figure 5). At the same time, small CSI shifts (∼1 ppm∆δ
CA and CB for the structured region on average) and lack
of HR â-strand periodicity (47) indicate that the structure at
25 °C is simultaneously populated by random coil. These
data are in agreement with the previous observation that the

FIGURE 2: Overlay of 20 lowest energy structures of the bovine fibrinogen AR374-538 RC-domain fragment (A) and ribbon diagram of
the â-hairpin between cysteine residues 423 and 453, with the disulfide bond shown in yellow (B). The hairpin and the hydrophobic
collapsed region (see text) are in red, while the remaining regions are in blue. Figures generated with MOLMOL (60).
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AR374-538 fragment at the concentration of salt used in
this study (0.15 M NaCl) has low thermal stability and starts
unfolding at room temperature (30). An increase in salt
concentration to 0.5 M, which was shown to slightly increase
thermal stability of this fragment (30), caused only a slight

shift in peak position (0.3 ppm maximum1H shift) and did
not show any significant effect on the relaxation data (not
shown). It should also be mentioned that at lower temperature
(15 °C), at which one could expect stabilization of the
structure, hydrogen-deuterium exchange occurred too rap-
idly to be observed (in less than 10 min; data not shown),

FIGURE 3: Surface charge representation of the lowest energy structure of the hairpin depicting the charged (A) and uncharged (B) surfaces.
Ribbon diagram depicting the distribution of residues on the charged (C) and uncharged (D) faces. The side chain of Lys442 is highly
mobile, and therefore, the surface in panel B should be viewed as relatively uncharged.

FIGURE 4: T1 (A), T1F (B), and NOE (C) relaxation data. The shaded
area indicates the region of the hairpin. Decreased flexibility is
observed in the shaded region as well as the∼30 residues COOH-
terminal to the hairpin.

FIGURE 5: Chemical shift index for CR (A), Câ (B), and HR (C)
resonances. Negative and positive deviations from random coil
values in CA and CB, respectively, and positive deviations from
random coil in HA indicateâ-strand. The shaded area indicates
the region of the hairpin.
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revealing that all amide hydrogen atoms are easily exposed
to bulk solvent. All these results suggest that the ordered
structure within the AR374-538 RC-domain fragment is
intrinsically unstable.

To test this suggestion, the Gibbs free energy of unfolding
(∆G), which is a direct measure of protein stability (48),
has been determined for the AR374-538 fragment in
different conditions. Figure 6A presents unfolding curves
obtained by titration of this fragment with urea at 25°C while
monitoring the ratio of fluorescence intensity at 370 nm to
that at 330 nm as a measure of the spectral shift that
accompanies unfolding. Analysis of these curves performed
as described in the Experimental Procedures yielded the
following values of∆G. For the fragment in buffer contain-

ing 0.15 M NaCl, the free energy was found to be very low,
only 1.8 kcal/mol. Increasing NaCl concentration to 1 M
increased∆G only slightly, to 2.2 kcal/mol. This is in
agreement with the small CSI shifts obtained at 0.15 and
0.5 M NaCl (see above). Although further increase in NaCl
concentration to 2.0 M stabilized the structure more sub-
stantially, increasing its∆G to 3.3 kcal/mol, the stability was
still lower than that determined for typical globular proteins
(48, 49). Similar values of the free energy have been obtained
from the ∆G versus temperature profiles (Figure 6B and
Table 2). These profiles, which actually represent the free
energy of unfolding of the AR374-538 fragment at any
temperature, have been generated as described in Experi-
mental Procedures using thermodynamic parameters of its
heat-induced unfolding, the temperature midpoint (Tm), the
enthalpy of unfolding (∆H), and the difference between the
heat capacities of the unfolded and folded states (∆Cp). The
Tm and ∆H (Table 2) have been determined from the
fluorescence-detected heat-induced unfolding curves pre-
sented previously (30). The value of the∆Cp ) 0.65 kcal/
K‚mol used for calculation of∆G has been determined from
the slope of the temperature dependence of the enthalpy (48)
presented in the inset of Figure 6B. It should be noted that
this value was very close to that determined previously by
DSC (30). Thus, the thermodynamic analysis of unfolding
of the AR374-538 fragment revealed that its∆G is low.
This is in agreement with the above suggestion that the
isolatedRC-domain fragment is intrinsically unstable.

DISCUSSION

The COOH-terminal portions of both fibrinogen AR chains
form two RC-domains, which are attached to the bulk of
the molecule with flexibleRC-connectors (4, 9, 11, 15).
Although the X-ray structure of intact chicken fibrinogen
has been established, theRC-domains were not observed in
electron density maps, and therefore, it was concluded that
they are disordered (29). At the same time, differential
scanning calorimetry (DSC) studies of bovine fibrinogen
suggested that they contain a compact cooperative structure
(3, 4). This suggestion was reinforced after the bovine and
humanRC-domain fragments (residues 374-568 and 392-
610, respectively) were expressed and the presence of a
compact cooperative structure was directly confirmed by
fluorescence spectroscopy, circular dichroism (CD), and DSC
(30). In the bovineRC-domain, this structure has been further
localized within its AR374-538 region (30). The recombi-
nant fragment corresponding to this region is thought to be
a good candidate for structural studies by X-ray and NMR
(30). While numerous attempts to crystallize this fragment
undertaken in our laboratory (results not shown) and by

FIGURE 6: Determination of the free energy of unfolding of the
AR374-538RC-domain fragment. Panel A shows the fluorescence-
detected unfolding of the fragment in 0.15, 1.0, and 2.0 M NaCl
(curves 1, 2, and 3, respectively) by titration with urea at 25°C.
The unfolding curves have been arbitrarily shifted along the vertical
axis to improve visibility. The dashed straight lines illustrate the
results of fitting of pre- and post-transition data; they provide the
basis for estimating the fraction denatured as a function of urea
concentration and calculating the equilibrium constant and∆G as
in (40). The inset represents linear free energy plots of the titration
data shown in the main panel. Panel B shows temperature
dependence of the free energy of unfolding of the fragment in 0.15,
0.5, 1.0, and 2.0 M NaCl (curves 1, 2, 3, and 4, respectively)
calculated as previously (41, 56), using the thermodynamic
parameters of unfolding,Tm and∆H, presented in Table 2, and the
∆Cp value equals to 0.65 kcal/K‚mol obtained from the slope of
the linear enthalpy plot presented in the inset.

Table 2: Thermodynamic Parameters of Unfolding of the
AR374-538 RC-Domain Fragment

[NaCl]
(M)

Tm

(°C)
∆Ho

(kcal/mol)
∆Ga

(kcal/mol)
∆Gb

(kcal/mol)

0.15 38.0 39 1.5 1.8
0.5 39.5 39 1.6
1.0 43.0 41 2.0 2.2
2.0 50.9 47 3.1 3.3

a Determined from the data presented in Figure 6B (see text).
b Determined from the urea-induced unfolding curves presented in
Figure 6A.
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others (31, 32) have been unsuccessful, the NMR studies
presented here resulted in the first set of 3D structural data
for the RC-domain of fibrinogen.

The most distinct feature of the structure of the AR374-
538RC-domain fragment is the presence of an ordered type-
I′ â-hairpin formed by the C423-C453 linked loop. The two
antiparallelâ-strands composing the hairpin are formed by
the residues AR425-433 and AR437-445, while the
remaining residues within the loop, AR434-436 and AR446-
452, form a turn between theâ-strands and a bulge,
respectively; there is also a short turn preceding C423 formed
by the residues AR420-422. The structure reveals that only
18 out of 164 residues composing the AR374-538 fragment
are involved in formation of regularâ-structure. This is in a
good agreement with the previously observed small changes
in far-UV ellipticity upon unfolding of this fragment (30).
It should be noted that, despite a substantial variation in
amino acid sequences of theRC-domains from different
vertebrate species, they all preserve a disulfide-linked loop
(Figure 7) (32, 50). In all analyzed mammalianRC-domains,
the loop consists of 31 residues (including two cysteine
residues) and has a relatively high conservation (about 60%
of identical residues). Even in such distant species as chicken,
frog (Xenopus), and Zebrafish, this loop has a very similar
size (32, 30, and 29 residues, respectively) and shares with
the mammalianRC-domains a substantial homology. This
suggests that the loop is an important structural/functional
element of theRC-domain and that in all these species it is
folded into a hairpin.

Another distinct feature of the NMR structure is the
existence of a collapsed hydrophobic region next to the
hairpin. This region includes approximately 30 residues and
has a higher content of nonpolar residues than the rest of
the AR374-538 fragment (40 versus 31%) (Figure 7). In
other species, the content of nonpolar residues in this region
is even higher, reaching 55% in human, 56% in monkey,
and 59% in hamster. This region is presented in Figure 2 in
multiple conformations only because no restraints were
obtainable due to ambiguity and overlap in the NMR data.
Therefore, this representation should not necessarily be
interpreted as flexible, only undefined. In fact, our previous
unfolding studies provide convincing evidences for the

presence of tertiary structure in this region (30). First, the
fluorescence data revealed that W460 located in this region
is partially buried in the native structure and becomes totally
exposed only upon its unfolding (30). This is in a good
agreement with the data on urea-induced unfolding presented
here in Figure 6A. Second, the near-UV CD spectra indicated
that this tryptophan residue and a few phenylalanine residues
present in this region are in a rigid environment, and that
they become flexible only after heat-induced unfolding (30).
In addition, the human analogue of this fragment, AR392-
610, which contains only phenylalanine residues in this
region (Figure 7), also exhibited a near-UV CD spectrum
characteristic for Phe in a rigid environment (30). Third, the
DSC study revealed a substantial change in the heat capacity
(∆Cp) of theRC-domain upon denaturation (4, 30) that was
confirmed in this study by an independent approach (see inset
in Figure 6B). Since such changes are usually connected with
the exposure of hydrophobic groups to a solvent upon
unfolding (48) and since there are only few hydrophobic
residues in the hairpin and they are already exposed, the only
explanation for the observed∆Cp is that it is connected
mainly with the unfolding of the hydrophobic collapsed
region. Thus, the NMR data and the thermodynamic analysis
presented here and in the previous studies (30) indicate that
the collapsed hydrophobic region of theRC-domain might
be folded into a compact structure. The 3D structure of this
region needs to be further determined.

Despite the presence of two distinct structural regions
identified in this study, theâ-hairpin and the collapsed
hydrophobic region, the isolatedRC-domain unfolds as a
single cooperative unit (domain) as revealed by our previous
DSC study (30). This suggests that the two regions cooperate
with each other to form a single folded unit. Indeed, the
hairpin is stabilized by only 10 hydrogen bonds and the
equivalent of two salt bridges. Such a small network of polar
contacts may not be sufficient to integrate all the elements
of this region into a stable cooperative unit (domain). In fact,
taking into account that the contribution of each hydrogen
bond to the enthalpy of unfolding is about 1 kcal/mol (51,
52) and that contribution of an electrostatic interaction is
even lower (53, 54), one can expect the total enthalpy of
unfolding of the hairpin to be about 10-12 kcal/mol, that

FIGURE 7: Amino acid sequence of the bovine fibrinogenRC-domain region involved in formation of a compact ordered structure and its
comparison with the homologous sequences from several vertebrate species. The arrows indicate bovine residues forming two antiparallel
â-strands of the hairpin, residues forming charged and uncharged faces of the hairpin are indicated by gray and white boxes, respectively;
those forming two turns and the bulge are denoted respectively by “t” and “b”, respectively. Asterisks indicate identical residues, while
conserved residues are indicated with crosses. Positively and negatively charged residues are in blue and red, respectively; nonpolar residues
are in green. The sequences were aligned with the MUSCLE program (61).
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is, more than twice lower than that measured for the
unfolding of the AR374-538 fragment (Figure 6B, inset)
(30). This means that the expected enthalpy of unfolding of
the hairpin does not account for all experimentally deter-
mined enthalpy of unfolding of theRC-domain, and there-
fore, additional interactions, most probably in the hydro-
phobic region, should contribute to stabilization of its
cooperative structure. Altogether, these data indicate that in
the isolated bovineRC-domain the central portion, including
residues AR421-483, is folded into a compact cooperative
structure, which consists of the hairpin and the collapsed
hydrophobic region while the remaining portions seem to
be flexible. Whether in the parent molecule these portions
remain flexible or they adopt folded conformation due to
the presence of neighboring structures and/or intramolecular
interactions remains to be clarified.

The small size of the compact region (domain) of the
AR374-538 fragment detected here (approximately 60-65
residues) is in good agreement with the relatively low
enthalpy of unfolding for this fragment (Table 2). The free
energy of unfolding of this domain (∆G), which is a more
fundamental measure of protein stability (48), is also low.
In fact, under near-physiological conditions (0.15 M NaCl),
the value of∆G at room temperature determined by two
independent approaches (from the urea- and heat-induced
unfolding) was found to be 1.5-1.8 kcal/mol (Figure 6 and
Table 2). This value is much lower than that determined for
a typical globular protein, 12( 5 kcal/mol (48), and is also
lower than those found for small domains consisting of 45-
60 amino acid residues (41, 55, 56). This value exceeds that
of thermal energy (RT) only about 3 times, while in a typical
stable protein∆G exceeds RT more than 10-fold (48). This
suggests that the cooperative structure in the isolatedRC-
domain is at the edge of its stability. There are a number of
examples indicating that in multidomain proteins even more
stable small domains have a tendency to cooperate with
neighbors through interactions to increase their stability (55-
58). Therefore, it is not surprising that in fibrinogen theRC-
domains are involved in intramolecular interactions with each
other and with the central region of the molecule (4, 11, 14,
15). In fact, because the cooperative structure of the
individual RC-domain is relatively small and has a very low
energy of stabilization, such interactions may be driven by
the need to achieve a higher stability which is necessary for
the native structure to withstand thermal motion in a wide
range of conditions.

Although in fibrinogen theRC-domains interact with each
other (4, 11, 14, 15), the NMR data suggest that the isolated
RC-domains do not form a dimer because the relaxation data
of the structured regions (NOE< 0; T1 ∼ 650 ms) are more
congruent with an 18 kDa monomer than a 36 kDa dimer.
Also, no dimer formation was observed previously by light
scattering and ultracentrifugation (59). The most probable
explanation for these observations is that the interaction
between theRC-domains is too weak and that to keep them
together additional interactions with the bulk of the molecule
are required. Such interactions with the fibrinogen central
region were detected by electron microscopy (12). Further-
more, it was shown that they occur mainly through fibrin-
opeptides B, whose removal with thrombin resulted in
dissociation of theRC-domains (14). However, in fibrin, the
RC-domains again interact with each other intermolecularly

forming RC-polymers (15). The mechanism underlying the
intra- to intermolecular switch is not established yet. One
can only speculate that the intermolecular interactions
between theRC-domains may be driven by the same factors
as the intramolecular ones, that is, by the need to achieve a
higher stability, and that some additional interactions with
the newly formed fibrin conformation may also be required
to reinforce their stability. Thus, the NMR data presented
here in combination with the thermodynamic analysis of
unfolding of the RC-domains revealed that the compact
portion of theRC-domain is relatively small and unstable
and suggest that they may cooperate with each other and
with the neighboring structures to increase their stability. This
may be a reason for intramolecular interactions of theRC-
domains in fibrinogen and for their switch to intermolecular
interactions in fibrin.

Analysis of the structure of the hairpin revealed several
interesting features. First, the disulfide-linked loop forming
the hairpin has the following sequence motif, C423-X-(K/
R425)-X-K429-X-(V/I431)-X-(D/E435)-G436-X-E439-X-
E443-X-S447-X-G450-X-C453 (bovine numbering), which
is highly conserved among the species (Figure 7). Among
the residues of this motif, the positively charged K425 and
K429 as well as V431 are located in the NH2-terminal
â-strand, D435-G436 are in the turn, the negatively charged
E439 and E443 are in the otherâ-strand, and S447 and G450
are in the bulge. Second, while one side of the hairpin is
formed by mainly uncharged residues, the other side is highly
charged (Figures 3 and 7). Remarkably, all conserved
residues of theâ-strands are located on this side; in addition,
the conserved negatively charged D435 of the turn is also
facing the same direction. Further, this side contains at the
base of the hairpin two clusters of negatively and positively
charged residues brought together by the disulfide linkage
and a chain of charged residues, which are arranged from
the top to the base of the hairpin in almost linear manner.
The negatively charged cluster is formed by E448-D449 and
D452 of the bulge, and the positively charged cluster is
formed by R420-R421 of the turn preceding C423 and by
K425 and K429 of the firstâ-strand. The chain includes
negatively charged E449 at the top of the hairpin followed
by positively charged R437 and negatively charged E439
and E443. Both clusters and the linearly arranged charged
residues make a characteristic charged pattern. This pattern
is highly conserved in the analyzed mammalianRC-domains
and is also partially preserved in more evolutionary distant
vertebrate species, suggesting its structural/functional im-
portance. Although its exact role is not clear, it is tempting
to speculate that such pattern may be involved in the intra-
and/or intermolecular interactions of theRC-domains. The
previously suggested involvement of charged residues in
interaction of theRC-domains with themselves and with the
central region of the molecule through negatively charged
fibrinopeptides B (12, 14) is in good agreement with this
speculation.

In summary, the NMR solution structure of the bovine
fibrinogen AR374-538 RC-domain fragment revealed that
about 40% of its residues (approximately AR420-483) are
involved in formation of a compact structure represented by
theâ-hairpin and collapsed hydrophobic region. The previous
analysis of unfolding of this fragment suggests that the
hairpin and the collapsed region form together an indepen-
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dently folded compact cooperative unit (domain). The NMR
data and the thermodynamic analysis of unfolding of this
fragment presented in this study also revealed that this unit
is intrinsically unstable, suggesting that in the parent
molecule theRC-domains may cooperate with each other
and with the neighboring structures to increase their stability.
This implies that the suggested intra- to intermolecular switch
of the RC-domains upon fibrin assembly (13-15) may be
thermodynamically driven.
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