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ABSTRACT: Human fibrinogenγ-module comprising residuesγ148-411 was expressed inEscherichia
coli and refoldedin Vitro. Differential scanning calorimetry revealed that in addition to the two previously
identified independently folded thermolabile domains, one in each half of the module, theγ-module also
contains one or two thermostable domains that melt above 65°C. To localize the latter, an NH2-terminal
6-kDa fragment was prepared by limited proteolysis of the recombinantγ-module. It melted at high
temperature, indicating that this portion is folded into a compact structure that represents a thermostable
domain, also identified in the proteolytic fibrinogen fragment D1 which contains the naturalγ-module.
Thus the NH2-terminal half of theγ-module forms two domains, a thermostable one and a thermolabile
one, leaving the rest of the module to be responsible for the formation of the other one or two domains.
The thermal stability of some domains was lower in the recombinantγ-module than in its natural counterpart
in D1, reflecting most probably the loss of interactions with neighboring domains; however, the major
functional sites were essentially preserved. The module bound Ca2+ and was stabilized by it against
denaturation and proteolysis. It inhibited fibrin polymerization and was efficiently cross-linked by factor
XIIIa. The γ-module supported adhesion of platelets via their GP IIbIIIa (RIIbâ3) receptor in the same
manner as D1 fragment. It also supported the adhesion ofRMâ2- (Mac-1-) transfected cells and in the
fluid phase was more effective than D1 as an inhibitor of that adhesion, suggesting that the Mac-1 binding
site is better exposed.

Fibrinogen is mainly known as a blood clotting protein
that, after activation by thrombin, undergoes polymerization
to prevent the loss of blood upon vascular injury. In addition,
fibrinogen is involved in a number of important physiological
and pathological processes including fibrinolysis, inflam-
mation, angiogenesis, wound healing, and atherogenesis. Its
polyfunctional character is connected with its multidomain
structure and the presence of multiple interaction sites that
allow its interaction with other proteins and cells.
Fibrinogen (340 kDa) consists of two identical disulfide-

bonded subunits, each of which is formed by three noniden-
tical polypeptide chains, AR, Bâ, andγ (Doolittle, 1984).
These chains form at least 14 compact domains, seven in
each subunit, whose borders and independent folding status
were established by calorimetric analysis (Privalov &
Medved, 1982; Medvedet al., 1983, 1986; Medved, 1990;
Litvinovich et al., 1995). It was demonstrated that the
COOH-terminal region of each subunit corresponding to the
proteolytic D1 fragment (D region) contains at least five
independently folded domains (Medvedet al., 1986). One
is formed by the NH2-terminal portion of all three chains in
a coiled-coil conformation (thermostable domain, TSD),
while the COOH-terminal portions of the Bâ andγ chains
each form at least two thermolabile domains. These portions

(approximately 260 amino acid residues each) are homolo-
gous to each other and to a number of sequences found in
other proteins, where they are referred to as the fibrinogen-
like module (Doolittle, 1992). They are functionally im-
portant in fibrinogen since they contain a Ca2+-binding site
and a number of interaction sites that are involved in fibrin
assembly, plasminogen activation, platelet aggregation, and
interaction with leukocytes and bacteria. Some of these sites
were localized and partially characterized. In particular, the
module formed by the 148-411 region of theγ chain (γ-
module) contains a major polymerization site complementary
to the Gly-Pro-Arg-containing site in the central region
(Doolittle, 1994). Its exact location is still unknown. The
Ca2+-binding site of theγ-module was proposed to be in
the 4-kDa stretch starting atγ303 (Nieuwenhuizen &
Haverkate, 1983). The site that promotes activation of
plasminogen by tPA was localized inγ311-379 (Yonekawa
et al., 1992). The fibrinogen-dependent platelet aggregation
process involves an interaction between integrin IIbIIIa
(RIIbâ3) and a complementary site that was localized in the
COOH-terminal 397-411 portion of theγ-module (Niewiar-
owski et al., 1983). This portion also interacts with
Staphylococcus aureus(Hawigeret al., 1983) and contains
reactive Gln398 and Lys406 residues that are cross-linked
by factor XIIIa, resulting inγ-γ dimer formation and
stabilization of fibrin gels (Doolittle, 1994; Henschen &
McDonagh, 1986). The NH2-terminal portion of theγ-mod-
ule including residues 190-202 interacts with leukocyte
integrin Mac-1 (RMâ2) during the fibrinogen-dependent
inflammatory response (Altieriet al., 1993).
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Given its functional importance, the availability of an
isolatedγ-module is essential for better understanding of its
multiple interactions and might also provide an effective
inhibitor of different processes that involve these interactions.
At the same time, taking into account the documented
stabilizing interdomain interactions in the fibrinogen D region
(D1 fragment), including those between the domains of the
γ- andâ-modules (Medvedet al., 1986, 1988; Litvinovich
et al., 1995), it is not clear whether individual modules or
their constituent domains will preserve their stability and
activity when separated from interacting neighbors. In fact,
our previous attempts to prepare theγ-module by limited
proteolysis of the D1 fragment were unsuccessful since the
domains constituting this module were the first to be
destroyed upon digestion with various enzymes (Medvedet
al., 1986; Litvinovichet al., 1995). Here we overcome this
problem by expressing theγ-module in a bacterial system
and refolding it into a compact nativelike structure. Although
the thermal stability of the recombinant module was found
to be lower than that of its natural counterpart in D1 fragment,
its major functional sites were essentially preserved and at
least one of them was found to be more active than that in
D1. A detailed calorimetric study of the recombinant
γ-module in comparison with the D1 fragment also revealed
that its domain structure is more complex than previously
recognized.

MATERIALS AND METHODS

Expression of Recombinant Fibrinogenγ-Module. A
fragment comprising residues 148-411 of the human
fibrinogenγ chain was produced inEscherichia coliusing
the pET-20b expression vector (Novagen Inc.). To clone
the designated region we designed the polymerase chain
reaction (PCR) primers shown in Table 1. The forward and
reverse primers contained 21 bases corresponding to the 5′-
and 3′-terminal sequences of the desired coding segment.
The forward primer incorporated theNdeI restriction site
immediately before the coding region; the final three bases
of theNdeI site, ATG, code for the fMet residue that initiates
translation (Studieret al., 1995). Because of difficulties with
direct cloning of PCR products into the pET-20b vector using
NdeI-HindIII sites, we added aBamHI site immediately
before theNdeI site, which allowed the corresponding cDNA
segment to be cloned into the pUC19 plasmid for amplifica-
tion. The reverse primers included a TGA stop codon
immediately after the coding segment, followed by aHindIII
site. The specific cDNA fragment was generated by PCR
using Pfu DNA polymerase (Stratagene). A template

consisting of full-length cDNA encoding the human fibrino-
genγ chain was provided by Dr. S. Lord (Bolyard & Lord,
1988). The amplified cDNA fragment was purified by
electrophoresis in agarose gel, digested withBamHI and
HindIII restriction enzymes, and ligated into the pUC19
vector. The integrity of the coding sequence was confirmed
by sequencing of the entire cDNA fragment in both direc-
tions. After in ViVo amplification the resultant plasmid was
digested withNdeI andHindIII, and the 0.789-kilobase pair
fragment was purified by agarose gel electrophoresis and
then ligated into the pET-20b expression vector. The
resulting plasmid was used for transformation of DH5R and
then BL21 Lys SE. coli host cells. For expression of the
γ-module, the host cells were grown at 37°C in Luria broth
medium containing ampicillin (50µg/mL). Overnight
cultures were diluted 1:100 with the same medium, grown
for 2-2.5 h at 37°C (mid-log phase), and induced with 0.4
mM isopropyl 1-thio-â-D-galactopyranoside for 2.5 h. After
induction, the accumulation of large amounts of a 30-kDa
protein was revealed by SDS-PAGE (Figure 1, lane 2) and
was immunopositive with anti-fibrinogen polyclonal antibody
(Tran et al., 1995), suggesting that it represented the
γ-module. The cells harvested by centrifugation were lysed
by the freeze/thaw method and centrifuged. The 30-kDa
protein was found to be completely in the pellet (compare
lanes 6 and 3). The pellet was washed 5 times with washing
buffer (50 mM Tris-HCl buffer, pH 7.4, containing 0.15 M
NaCl, 5 mM EDTA, and 0.5% Triton X-100), resulting in
further purification (lanes 4 and 5). The pellet was then

Table 1: Definition of Primersa Used in This Study and the
NH2-Terminal Sequence of the Recombinantγ-Module

a Forward (Fwd) and reverse complement (Rev compl) DNA
sequences are indicated. The presence of six additional bases at the
free 5′ or 3′ ends of each restriction site to facilitate binding of the
restriction enzymes is also shown.

FIGURE 1: Schematic representation of the fibrinogenγ-module
(top) and SDS-PAGE analysis of different stages of its expression
and purification (bottom). The top scheme shows the location of
two disulfides and two integrin-binding sites (190-202 and 397-
411); small arrows indicate the position of Met residues whose
cleavage results in the reducible fragment (see text); large arrows
indicate plasmin cleavage sites (Henschen & McDonagh, 1986);
the bold arrow indicates approximate position of the COOH-
terminus of the 6-kDa fragment (see text); dotted boxes denote
independently folded domains predicted earlier (Medved, 1990).
The outer lanes in the gel contain molecular mass markers; the
other lanes represent the noninduced and induced (with isopropyl
1-thio-â-D-galactopyranoside) cell lysates (lanes 1 and 2, respec-
tively), supernatant (lane 3), first and third washings (lanes 4 and
5), pellet (lane 6), and refoldedγ-module, nonreduced (lane 7) and
reduced (lane 8).
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solubilized in 4 M guanidine hydrochloride (GdnHCl).1 The
NH2-terminal sequence analysis at this stage was performed
with a Hewlett-Packard Model G1000S sequenator and
confirmed that the 30-kDa protein corresponds to the
fibrinogenγ-module with more than 95% purity.
Refoldingwas accomplished by slow dialysis as follows.

The protein in 4 M GdnHCl was 10-fold diluted with 10
M urea to a final concentration of 0.2-0.25 mg/mL and
dialyzed against a 4-fold volume of 8 M urea at room
temperature for several hours. Then the concentration of
urea in the container was slowly reduced to 0.125 M by
addition with a peristaltic pump of 20 mM Tris buffer, pH
8.0, at 4°C over a peroid of 36 h followed by extensive
dialysis of the protein versus the same buffer. Sometimes a
slight pellet was observed that was removed by centrifuga-
tion. The protein was further dialyzed versus TBS (20 mM
Tris buffer, pH 7.4, with 0.15 M NaCl) containing 1 mM
Ca2+, resulting in the appearance of a large pellet. The latter
was removed by centrifugation and the TBS-soluble protein
was concentrated to 1.0-2.0 mg/mL with a Centriprep 10
concentrator (Amicon) and stored frozen at-20 °C.
Preparations of Fragments.Fibrinogen fragments, human

D1 and bovine DH, both containing the TSD domain plusγ-
and â-modules, and bovine TSD were prepared by the
procedures described earlier (Medvedet al., 1982; Litvin-
ovichet al., 1995; Cierniewskiet al., 1986). The P1 peptide
(GWTVFQKRLDGSV), corresponding toγ chain residues
190-202, was synthesized by solid-phase technology using
an Applied Biosystems Model 430 peptide synthesizer
(Foster City, CA).
Factor XIIIa-Mediated Cross-Linking.The reaction was

carried out in TBS containing 1 mM CaCl2 at 25°C. The
cross-linking was initiated by addition of thrombin (Sigma)
to a solution containing 40µg/mL recombinant factor XIII
and 1.3 mg/mLγ-module or 3.6 mg/mL D1 fragment.
Recombinant factor XIII a2 subunit was obtained from Dr.
Paul Bishop of ZymoGenetics (Bishopet al., 1990).
Turbidity Measurement. Polymerization of fibrin was

initiated by dilution of concentrated monomeric fibrin (kept
at acidic pH) with 20 mM Tris-HCl, pH 7.4, 0.15 M NaCl,
and 1 mM CaCl2 to a final concentration of 0.05 mg/mL at
room temperature. Fibrin monomer was prepared by the
procedures described earlier (Gorkunet al., 1994). Turbidity
changes upon polymerization were recorded on a Perkin-
Elmer Lambda 5 spectrophotometer at 350 nm. The delay
in turbidity onset (lag time) and the maximum rate of
turbidity growth (Vmax) were estimated from the turbidity
curves as described earlier (Medvedet al., 1985).
Cell Adhesion Assay. Platelets and human kidney 293

cells expressing the wild-type recombinantRMâ2 receptor
were used to test the adhesive properties of the recombinant
γ-module. Fresh aspirin-free human blood, anticoagulated
with acid/citrate/dextrose and drawn into 2.8µM prosta-
glandin E1, was used to isolate platelets. The platelets were
labeled with Na251CrO4 (1 mCi for 30 min) in platelet-rich
plasma and isolated by gel filtration on Sepharose 2B-CL
in divalent cation-free Tyrode buffer, pH 7.2. Platelets were

resuspended at 108/mL in Hanks’ balanced salt solution
(HBSS) supplemented with 1 mg/mL bovine serum albumin
and 1 mM Ca2+ and Mg2+.
The cells expressing wild-typeRMâ2 receptor were a

generous gift from Dr. L. Zhang (Cleveland Clinic Founda-
tion) and were prepared as described (Zhang & Plow, 1996).
The cells were labeled with Na251CrO4 (1 mCi for 1 h). After
being washed, the cells were resuspended at 106/mL in HBSS
supplemented with 1 mg/mL BSA and 1 mM Ca2+ and Mg2+.
For adhesion assays, 107 platelets and 105 RMâ2-expressing
cells were added in triplicate to individual wells of 48-well
tissue culture plates (Costar, Cambridge, MA) coated with
different concentrations of D1 fragment orγ-module and
postcoated with 1% heat-denatured bovine serum albumin
for platelets and with 0.05% poly(vinylpyrrolidone) forRMâ2-
expressing cells. In some experiments the cells were mixed
with selected concentrations of competitor (D1 fragment,
γ-module, or peptide P1). After 15 min at 22°C, the cells
were added to individual wells of the plate coated with 10
µg/mL (0.2 mL/well) ofγ-module. Cells were allowed to
adhere for 1 h at 37°C in 5% CO2 humidified atmosphere.
The nonadherent cells were removed by three washes with
0.01 M phosphate buffer, pH 7.3, with 0.15 M NaCl. The
adherent cells were solubilized with 2% SDS, and bound
51Cr was quantitated in aâ counter.
Fluorescence measurementsof thermal unfolding were

performed by monitoring either intrinsic fluorescence inten-
sity at 370 nm or the ratio of the intensity at 370 nm to that
at 330 nm with excitation at 280 nm in an SLM 8000-C
fluorometer. Changes in these parameters provide a sensitive
method for detecting denaturation transitions. However,
these parameters are not directly proportional to the degree
of unfolding, and the midpoint of the transition (Tm) estimated
in this manner may be less accurate than those obtained by
other methods. Temperature was controlled with a circulat-
ing water bath programmed to raise the temperature at=1
°C/min. Protein concentration was 0.04-0.05 mg/mL.
Calorimetric Study. Differential scanning calorimetry

(DSC) measurements were made with a DASM-4M calo-
rimeter (Privalov & Potekhin, 1986) in the temperature range
10-130°C at a scan rate of 1°C/min. Protein concentrations
varied from 0.6 to 1.0 mg/mL. These were determined
spectrophotometrically using extinction coefficients (E280,1%)
equal to 20.0 and 24.8 for D fragment andγ-module,
respectively, andE275,1% ) 8.0 for TSD fragment. Those
for D and TSD fragments were determined earlier (Privalov
& Medved, 1982; Medvedet al., 1982), while that for
γ-module was calculated from the amino acid composition
(Edelhoch, 1967; Gill & von Hippel, 1989). The DSC curves
were corrected for an instrumental baseline obtained by
heating the solvent. Melting temperatures (Tm) and the
enthalpies of denaturation were determined from the DSC
curves using software provided by Dr. V. Filimonov (Institute
of Protein Research, Pouschino, Russia). Deconvolution
analysis was performed according to Privalov and Potekhin
(1986) and Filimonovet al. (1982) using the same software.

RESULTS

Preparation of the Recombinant Fibrinogenγ-Module.
The recombinantγ-module comprising residues Ile148-
Val411 was directly produced inE. coli host cells using the
pET-20b expression vector as described in Materials and

1 Abbreviations: Cp, heat capacity;∆Cp,exc, excess heat capacity;
DSC, differential scanning calorimetry; GdnHCl, guanidine hydrochlo-
ride; HBSS, Hanks’ balanced salt solution; TBS, Tris-buffered saline
(20 mM Tris buffer, pH 7.4, with 0.15 M NaCl);Tm, midpoint of the
denaturation.
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Methods. Since theγ-module was the major insoluble
product of the cells (Figure 1, lane 2 in the gel), it was easily
purified by repeated washing of the pellet (lanes 4-6) and
then solubilized in 4 M GdnHCl at a yield of∼140 mg/L of
bacterial culture. It was largely monomeric (lane 6) and
failed to react with the sulfhydryl-specific probe pyrenyl-
maleimide, indicating that its four cysteine residues form two
intrachain disulfide bonds. To check if they are formed
correctly, theγ-module was digested with cyanogen bromide
as described earlier (Litvinovichet al., 1995) and the digest
was fractionated by HPLC. Sequence analysis of the
individual fractions revealed the presence of the internally
cleaved reducible fragment consisting of two portions starting
at γ311 and 337, as expected if theγ326-339 disulfide is
formed correctly (Figure 1, upper scheme), leaving another
pair, γ153-182, to form the other correct disulfide. This
made it unnecessary to include redox reagents in the refolding
protocol. The protein was refolded by slow dialysis from
urea as described in Materials and Methods. In spite of the
fact that all protein was soluble after the dialysis vs 20 mM
Tris, pH 8.0, the majority was pelleted after subsequent
dialysis versus TBS containing 1 mM Ca2+, reducing the
final yield of the refolded protein to about 15-20% that
produced by bacteria. When the pellet was recycled, i.e.,
dissolved in 10 M urea and subjected to slow dialysis by
the same procedure, an additional portion of the refolded
protein was prepared, increasing the total yield. SDS-PAGE
of γ-module revealed a single band in both nonreducing and
reducing conditions (lanes 7 and 8). Size-exclusion chro-
matography on Superdex 75 also revealed a single peak
corresponding to the monomeric form (not shown).
Fluorescence Study.The refoldedγ-module exhibited a

fluorescence spectrum withλmax at 343 nm consistent with
the presence of a compact structure and similar to that of
the human fibrinogen D1 fragment that contains this module
(not shown). When it was heated in the fluorometer while
the fluorescence intensity was monitored at 370 nm, the
γ-module produced a sigmoidal transition in the presence
of Ca2+ indicating heat-induced cooperative unfolding (Fig-
ure 2, solid curve C). In the presence of EDTA the transition

was shifted to lower temperature (solid curve E), reflecting
the well-known thermal stabilization upon binding of calcium
ions to theγ chain and indicating that the Ca2+-binding site
in the recombinantγ-module is preserved. Similar experi-
ments were performed with the D1 fragment for comparison
(Figure 2, dotted curves). The denaturation of the D1

fragment was also Ca2+-dependent but occurred at higher
temperature than that of theγ-module indicating that the
latter is destabilized in comparison with its natural counter-
part in D1.
Calorimetric Study.To examine the domain structure of

the recombinantγ-module, we performed a study of its
denaturation by differential scanning calorimetry. When
heated in the calorimeter in the presence of Ca2+, recom-
binantγ-module exhibited an endotherm with a heat absorp-
tion peak at about 55°C, followed by a downward turn in
the heat capacity (Cp) function at higher temperature (see
typical example in Figure 3A, curve 1). The downward turn
was connected most probably with aggregation of the
denatured protein since solutions become turbid after heating
up to 130°C. This distorted the high-temperature portion
of the endotherm, precluding its thermodynamic analysis.
At the same time, removal of Ca2+ prior to the experiment
by extensive dialysis prevented aggregation and allowed one
to observe, in addition to the lower temperature heat
absorption peak that now occurs at 52°C, a high-temperature
one withTm at about 100°C (Figure 3B, curve 1). The latter

FIGURE 2: Fluorescence-detected thermal denaturation of the
recombinantγ-module (solid curves) and human fibrinogen D1
fragment (dotted curves). The experiments were performed in 100
mM Gly, pH 8.6, containing either 0.5 mM Ca2+ (curves C) or 1
mM EDTA (curves E).

FIGURE 3: Differential scanning calorimetry curves of the recom-
binant γ-module (panels A and B) and the results of their
deconvolution analysis (panel C). The curves in panels A and B
were obtained in 20 mM Gly, pH 8.6, in the presence or absence
of 0.5 mM Ca2+, respectively. First and second heatings are
designated by solid curves 1 and broken curves 2, respectively.
The curves in panel C represent the results of deconvolution analysis
of the curve from panel B with alternatively selected baselines (see
text). The broken lines in panel C indicate the manner in which
the excess heat capacities were determined; the dotted lines
represent the component two-state transitions, whose parameters
are presented in Table 2, and the best fits obtained by deconvolution.
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peak becomes more obvious when the endotherm is com-
pared with that obtained upon second heating (broken curve
2), which represents theCp function of the denatured protein.
The lower temperature peak was fitted well by two two-
state transitions (Figure 3C and Table 2), indicating the
melting of two thermolabile domains. Similar results were
obtained upon deconvolution of the corresponding peak
obtained in the presence of Ca2+ (not shown). The decon-
volution analysis of the high-temperature peak was less
definite due to the difficulties in the proper selection of the
baseline for determination of the area under the peak (excess
heat capacity,∆Cp,exc). Two extreme cases corresponding
to the minimal and maximal area are shown in Figure 3C,
upper and lower curves, respectively, where either one or
two domains are inferred by deconvolution. In spite of the
ambiguity it is clear that the recombinantγ-module contains,
in addition to the expected two thermolabile domains, at least
one thermostable domain that was not revealed in our
previous experiments with the natural protein (Privalov &
Medved, 1982; Medvedet al., 1986; Litvinovichet al., 1995).
To test if similar thermostable domains are present in

natural fibrinogen, we examined the denaturation of bovine
fibrinogen DH and its human analog D1, each consisting of
a TSD domain, aγ-module, and the homologousâ-module.
When melted in the calorimeter at pH 8.6, the same
conditions as for theγ-module, human D1 exhibited a low-
temperature transition withTm at 56 °C and a higher
temperature one withTm at 88°C, followed by a downward
turn (Figure 4, curve 1). A similar curve was obtained with
bovine DH in the same conditions (not shown). At pH 8.0
the downward turn was less prominent in DH, allowing the
observation of a third peak that starts at about 110°C (curve
2) and was probably masked by aggregation at higher pH in
both bovine and human D fragments. The first peak in both
human and bovine D fragments that occurred in ap-
proximately the same temperature range as the corresponding
peak in recombinantγ-module was fitted by four transitions
(Figure 4 and Table 2), reflecting the melting of four
thermolabile domains. This is in good agreement with the
presence of two thermolabile domains in theγ-module, as

described above, and two in the theâ-module as reported
earlier (Medvedet al., 1986). The second peak in both
fragments was fitted by two transitions, reflecting the melting
of two additional thermostable domains, probably one in each
of theâ- andγ-modules. The third peak was described well
by a single transition and corresponds most probably to the
melting of the TSD domain since the latter, when isolated
by proteolysis, also melted in a single transition, albeit at a
lower temperature (curve 3). It should be noted that the
above analysis reveals the minimal number of domains since
the denaturation process of D fragments may not be
completed at 130°C and one cannot exclude the presence
of additional thermostable domain(s) that melt beyond the
studied temperature range. Thus the results indicate that in
addition to the previously identified thermostable domain
(TSD), the natural D fragment contains at least two more
thermostable domains, one in each of theγ- andâ-modules,
as first revealed here in the recombinantγ-module. This
discovery became possible due to the use of a calorimeter
which registers endotherms up to 130°C (Privalov &
Potekhin, 1986) and whose greater sensitivity allows the use
of lower protein concentration, thereby reducing undesirable
aggregation effects.

Proteolytic Fragmentation of theγ-Module. Digestion of
theγ-module with chymotrypsin in the presence of EDTA
resulted in the appearance of several discrete fragments
(Figure 5A). The degradation was much slower in the
presence of Ca2+, indicating that calcium ions protect the
γ-module against proteolysis as reported for natural fibrino-
gen and its D1 fragment (Nieuwenhuizen & Haverkate, 1983;

Table 2: Summary of Thermodynamic Parameters of the Melting
Process of Recombinantγ-Module and Natural Proteolytic
Fragments of Human (D1) and Bovine (DH and TSD) Fibrinogena

first peak second peak third peak

protein pH
tr
no. Tm ∆H

tr
no. Tm ∆H

tr
no. Tm ∆H

γ-module 8.6 1 43.0 47 1b 102.1 55
2 52.2 69

1b 84.5 37
2b 102.4 60

D1 fragment 8.6 1 53.5 89 1 83.9 70
2 53.1 107 2 91.1 67
3 56.4 115
4 57.2 92

DH fragment 8.0 1 54.9 82 1 90.0 56 1 119.9 86
2 55.2 97 2 97.1 65
3 59.8 81
4 57.0 108

TSD fragment 8.0 1 100.6 87
aExperiments were performed in 20 mM Gly buffer. The enthalpies

of individual transitions (∆H) are given in kilocalories per mole;
transition temperatures (Tm) are given in degrees Celsius.bResults of
the deconvolution analysis determined with the different baselines
shown in the upper and lower curves of Figure 3C (see text).

FIGURE 4: Differential scanning calorimetry curves of the human
fibrinogen D1 fragment (curve 1) and bovine DH and TSD fragments
(curves 2 and 3, respectively). The experiments were performed in
20 mM Gly, pH 8.6 (curve 1) and 8.0 (curves 2 and 3). The broken
lines indicate the manner in which the excess heat capacities were
determined. The dotted lines represent the component two-state
transitions, whose parameters are presented in Table 2, and the best
fits obtained by deconvolution.

Structure and Function of Fibrinogenγ-Module Biochemistry, Vol. 36, No. 15, 19974689



Haverkate & Timan, 1977) and further reinforcing the above
conclusion about the Ca2+-binding properties of the recom-
binant protein. Among the fragments in the EDTA-contain-
ing digest, the smallest 6-kDa fragment was rather resistant
to proteolysis, suggesting that it may represent a compact
domain. This fragment was purified to homogeneity in
quantity sufficient for sequence analysis and fluorescence
study by ion-exchange chromatography of the 60-min digest
on a Mono-Q column with subsequent size-exclusion chro-
matography on Superdex 75. Its NH2-terminal sequence was
the same as that of theγ-module, indicating that it represents
the NH2-terminal portion of the latter. The fragment
exhibited a fluorescence maximum at 343 nm consistent with
the presence of a compact structure with tryptophan partially
shielded from solvent (Figure 6, inset). When the fragment
was heated while the fluorescence ratio was monitored, the
fragment exhibited a denaturation transition that started at

about 50°C and was not completed at 95°C (Figure 6);
i.e., it occurred in the temperature range higher than the low-
temperature transition in the parentγ-module. The fluores-
cence spectrum was shifted upon denaturation to 348 nm
(see inset) and the transition was irreversible since the ratio
did not return to the original value upon cooling (dashed
line). These results suggest that the high-temperature peak
observed in theγ-module by DSC corresponds to the melting
of its NH2-terminal 6-kDa portion, leaving the rest of the
module responsible for the other peak.

Functional ActiVity of the γ-Module. Since reactive
Gln398 and Lys406 are normally involved inγ-γ cross-
linking in fibrin polymers, the recombinantγ-module might
be expected to undergo factor XIIIa-catalyzed cross-linking
if these residues are properly exposed. As shown in Figure
5B, SDS-PAGE of theγ-module that had been incubated
with factor XIIIa revealed the accumulation of dimers; a
weak band corresponding to trimers also appeared. Similar
results were obtained with the D1 fragment (Figure 5C),
indicating that the efficiency of cross-linking is similar in
the two species. Thus the reactive residues in the isolated
recombinantγ-module are exposed in the same manner as
in the natural fragment.

The major fibrin polymerization site that is complementary
to the GPR sequence and has been localized in the C-terminal
portion of theγ chain is known to be conformational; i.e., it
is not functional in the denatured protein (Cierniewskiet al.,
1986). Thus one can expect that theγ-module should
interfere with fibrin polymerization; i.e., it should exhibit
antipolymerization activity as does the natural D1 fragment,
but only if properly folded. We checked the influence of
the γ-module on the polymerization process in a standard
antipolymerization assay that measures the change in turbid-
ity upon polymerization of fibrin monomer in the presence
of different amounts of inhibitor (see Materials and Methods).
The results presented in Figure 7 show that theγ-module
exhibits a dose-dependent inhibitory effect on the fibrin
polymerization process causing a prolongation of the lag time
and a sharp decrease in the maximum rate of turbidity
growth. The inhibitory effect of theγ-module was about
half that of the D1 fragment. This is probably due to the
presence of an additional polymerization site in theâ-module

FIGURE 5: SDS-PAGE analysis of the time course of chymotryptic digestion of the recombinantγ-module (A) and factor XIIIa-catalyzed
cross-linking of the recombinantγ-module (B) and fibrinogen fragment D1 (C). Panel A represents theγ-module before (lanes 1 and 4) and
30 min (lanes 2 and 5) and 60 min (lanes 3 and 6) after addition of chymotrypsin. The digestion was performed in TBS containing 1 mM
EDTA (lanes 1-3) or 1 mM Ca2+ (lanes 4-6) at room temperature at 1 mg/mL ofγ-module and an enzyme/substrate ratio equal to 1/100
(by mass). Panels B and C show, respectively,γ-module and the D1 fragment alone (lanes 1 in each panel),γ-module and D1 with factor
XIII (lanes 2), andγ-module and D1 with factor XIIIa after 0.5, 1, 2, and 3 h of incubation (lanes 3-6). The left lanes in all panels contain
molecular mass markers. The cross-linking was performed as described in Materials and Methods. The electrophoretic analysis was performed
in 8-25% (panel A and B) and 4-15% (panel C) polyacrylamide gradient gels. The samples containing the D1 fragment were 2-fold
diluted before the analysis.

FIGURE 6: Fluorescence-detected denaturation of the 6-kDa NH2-
terminal fragment of the recombinantγ-module. The fluorescence
ratio was registered upon heating (solid line) and cooling (broken
line) of the fragment in 20 mM Gly, pH 8.6. The inset shows
fluorescence spectra of the fragment before (solid curve) and after
(broken curve) heating.
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that increases the antipolymerization effect of D1. We
conclude that those domains in theγ-module that form its
polymerization site are folded in a nativelike con-
formation.

It is well-established that fibrinogen supportsRIIbâ3-
mediated adhesion of platelets andRMâ2-mediated adhesion
of leucocytes via residuesγ400-411 and γ190-202,
respectively (Chereshet al., 1989; Savage & Ruggeri, 1991;
Altieri et al., 1993; Tanget al., 1996). To examine the
adhesive functions of recombinantγ-module and to compare
them with those of the naturalγ-module in the D1 fragment,
we performed adhesion assays with platelets and with the
cells that were transfected withRMâ2 receptor. The latter
was shown to behave similarly to the naturally occurring
one as was reported previously (Zhang & Plow, 1996). As
shown in Figure 8A, unstimulated platelets readily attached
to theγ-module in a dose-dependent manner. The natural
D1 fragment containing theγ-module behaved similarly. The
maximal level of adhesion was similar for both substrates.
In parallel experiments, solubleγ-module and D1 inhibited
the adhesion of platelets to immobilizedγ-module. At 20
µM (maximal concentration tested) theγ-module was slightly
more effective, causing 67% inhibition of adhesion versus
40% for D1 (not shown). Recombinantγ-module supported
the adhesion ofRMâ2-expressing cells more efficiently than
D1 (Figure 8B). The maximal level of adhesion was 3 times
higher onγ-module than on D1. Moreover, in inhibition
experiments, solubleγ-module at 20µM inhibited cell
adhesion by 85%, while D1 inhibited only by 30% (not
shown). For comparison, only 5% of inhibition was achieved
by 20µM synthetic peptide P1 (γ190-202), whose IC50was

270 µM. Thus, the cell adhesion properties of the recom-
binantγ-module were fully preserved.

DISCUSSION

One of the goals of this study was to express the fibrinogen
γ-module and to check if its structural integrity and
functional properties are preserved in the absence of neigh-
boring domains. The choice of the pET-20b expression
vector was based on our previous success with the use of
this system to express different variants of the fibrinogen
RC domain (Matsukaet al., 1996). In addition, a similar
pET-11 system was successfully used for the expression of
several segments of tenascin, including its fibrinogen-like
module that is homologous to the fibrinogenγ-module
(Aukhil et al., 1993). When refolding of theγ-module was
first performed according to the protocol described for the
refolding of the tenascin module (Aukhilet al., 1993), all
protein was found in the pellet (results not presented).
However, the protocol described here resulted in soluble and
functionally active protein. Although only about 20% of the

FIGURE 7: Inhibition of fibrin polymerization by the recombinant
γ-module (filled circles) and the fibrinogen D1 fragment (open
circles). The delays in polymerization (lag times in panel A) and
maximal rates of turbidity growth (Vmax in panel B) were determined
from the polymerization curves obtained in the presence of different
amounts of inhibitors as described in Materials and Methods.

FIGURE 8: Adhesion of unstimulated platelets (A) andRMâ2-
expressing cells (B) to immobilized recombinantγ-module and the
D1 fragment.51Cr-labeled platelets andRMâ2-expressing cells were
allowed to attach to wells coated with different concentrations of
γ-module (filled circles) or D1 fragment (open circles) as described
in Materials and Methods. The nonadherent cells were removed
by washing. The adherent cells were solubilized with SDS and
bound51Cr was quantitated.
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expressed protein was correctly refolded and soluble in TBS,
the final yield was still high, about 20-30 mg/L of the
bacterial culture.
Since theγ-module was expressed in a bacterial system

and was subjected toin Vitro refolding, it was important to
characterize its folding status and stability in comparison to
the naturalγ-module in fibrinogen or its D fragment. We
obtained several lines of evidence for the presence of
compact structure in the TBS-soluble fraction of theγ-mod-
ule. First, its fluorescence spectrum was similar to that of
D1 fragment. Second, the module exhibited a fluorescence-
detected sigmoidal transition upon heating in the fluorometer.
Third, multiple heat-induced transitions were also detected
by DSC. The fluorescence-detected transitions in both the
recombinantγ-module and the D fragment were Ca2+-
dependent, suggesting that the Ca2+-binding domain of the
former was properly folded. The importance of such a
thorough structural characterization is illustrated by the fact
that the initial preparation that was soluble at pHg 8.0, while
exhibiting some properties of a folded protein (λmax at 343
nm and sigmoidal transition), consisted mainly of soluble
noncovalent oligomers by size-exclusion chromatography.
Furthermore, it did not exhibit noticeable Ca2+-induced
stabilization, suggesting that its Ca2+-binding domain was
not folded properly and that the Ca2+-binding site is
conformational. Upon dialysis against TBS,∼80% of the
material precipitated and the soluble fraction was monomeric
and exhibited Ca2+ binding. All experiments described in
this paper were performed with the TBS-soluble fraction.
The temperature-induced denaturation profiles of the

γ-module indicated that at least some of the domains are
less stable than are the same domains in the natural D
fragment, which also contains theâ-module and the TSD
domain. In addition, the melting of the two thermolabile
domains in theγ-module occurred in a less cooperative
manner than in the D1 fragment as evident from a comparison
of the sharpness of the low-temperature peaks presented in
Figures 3 and 4. This suggests an interaction between the
four thermolabile domains in the D1 fragment and is in
agreement with our previous conclusion about stabilizing
interactions between domains in the D region of fibrinogen
(Medved et al., 1986, 1988; Litvinovichet al., 1995).
Nonetheless, the major functional sites of the recombinant
γ-module were essentially intact. The module bound Ca2+

and was stabilized by it against denaturation and proteolysis.
Its polymerization site was functionally active, resulting in
substantial antipolymerization activity. It was also efficiently
cross-linked by factor XIIIa and bound to platelets similarly
to the D1 fragment. The recombinantγ-module also sup-
ported the adhesion ofRMâ2-transfected cells and in the fluid
phase was almost 3 times more effective than D1 as an
inhibitor of that adhesion. This suggests that the binding
site that was localized in the 190-202 region of theγ-module
(Altieri et al., 1993) may be partially hidden in the D1
fragment by interaction with theâ-module or TSD. These
domain-domain interactions, absent in the recombinant
γ-module, may serve to regulate the expression of theRMâ2-
binding site in the natural protein during the fibrinogen-
dependent inflammatory response.
Another goal of this study was to define the smallest

regions (domains) in theγ-module that would adopt a
compact structure and preserve function if expressed inde-
pendently. For this purpose we performed thermodynamic

analysis of the heat-induced denaturation of theγ-module
to establish its domain structure. Although the denaturation
of the module was not reversible under the conditions
employed, it was still possible to analyze the process and to
obtain reasonable data. Indeed, as was shown in multiple
studies, protein unfolding is an equilibrium process and
irreversibility is caused usually by some secondary phenom-
enon that prevents or drastically retards the back reaction
according to the following scheme:

where F represents the native (folded) state, U represents
the reversibly denatured (unfolded) state, and PU represents
the irreversibly denatured (postunfolded) state. Ifk1 andk-1

are both. k2 and the sample is heated fast enough, the
results can be analyzed in terms of equilibrium thermody-
namics, even though continued heating at or above the
transition temperature may lead to the completion of the
postunfolding process and consequent failure to reproduce
the given transition in a second scan (Privalov & Potekhin,
1986; Privalov & Medved, 1982; Manlyet al., 1985; Edge
et al., 1988; Sanchez-Ruizet al., 1988). In this connection,
it can be pointed out that the denaturation of theγ-module
is in principle a reversible process since it was easily refolded
by dialysis from urea (see Results section) and that a 2-fold
decrease in the rate of heating of theγ-module did not
significantly affect the position and shape of the endotherm
(not shown). In addition, removal of Ca2+ prevented
aggregation even upon heating of theγ-module up to 130
°C and diminished substantially the distortion of the endo-
therm in the region following the first peak (Figure 3B).
These facts strengthen the validity of the deconvolution
analysis.
On the basis of the previous study with fibrinogen and its

proteolytic fragments, we proposed that theγ-module
(residues 148-411) should contain two independently folded
thermolabile domains, one in the NH2-terminal half and the
other in the COOH-terminal half with a border at residues
302-303 (see upper scheme in Figure 1) (Medvedet al.,
1986; Medved, 1990). The existence of two thermolabile
domains was confirmed directly here in the DSC experiments
with the recombinant module. At the same time these
experiments revealed a new high-temperature transition,
reflecting the presence of a thermostable structure that was
also found in theγ- andâ-modules of the natural D fragment.
Although the presence of the high-temperature peak on the
endotherm of theγ-module was obvious, we were unable to
determine unambiguously how many thermostable domains,
one or two, melt in this peak. At this time we can conclude
definitely that theγ-module consists of at least three domains,
two thermolabile and at least one thermostable. Additional
experiments with the 6-kDa proteolytic fragment of the
γ-module allowed us to localize one thermostable domain
in the NH2-terminal portion. Taking into account the size
of this fragment, one can assume that this domain is formed
by approximately the 148-200 portion of theγ chain, which
may include theRMâ2-binding site, and that the neighboring
200-302 region comprises a separate thermolabile domain.
The remaining portion (γ303-411) contains the other
thermolabile domain and possibly an additional thermostable
domain. The presence of two domains in this portion would

F {\}
k1

k-1
U98

k2
PU
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be consistent with evidence that Ca2+ binding occurs within
a ∼4-kDa region beginning atγ303 and ending most
probably at γ357 (Nieuwenhuizen & Haverkate, 1983;
Henschen & McDonagh, 1986). Taking into account that
the Dint fragment containing this region and lacking the
following COOH-terminal 9-kDa portion ofγ-chain binds
Ca2+ (Nieuwenhuizen & Haverkate, 1983) and given the
notion developed herein that Ca2+ binding requires proper
folding, one can speculate that this region folds independently
from the following∼9-kDa region, which would then be
available for a fourth domain.
In summary, detailed structural analysis of the recombinant

fibrinogenγ-module confirmed its structural integrity and
revealed the presence of at least one thermostable domain
in addition to the two thermolabile domains characterized
earlier. The results bring the number of the independently
folded domains in fibrinogen to at least 18, twoRC domains
(Medvedet al., 1983), two domains in the central region
(Privalov & Medved, 1982), and at least seven in each of
the two D regions (this study). Functional analysis revealed
that all binding sites of theγ-module are preserved in the
absence of the neighboring domains that stabilize its structure
in fibrinogen. Moreover, the Mac-1 binding site was found
to be more active in theγ-module than in D1, suggesting a
possible role for domain-domain interactions in regulating
the activity of the fibrinogen D region.

NOTE ADDED IN PROOF

While this paper was in press, a three-dimensional structure
of a similar recombinantγ-module was reported by Yeeet
al. (1997). The structure reveals three domains in agreement
with our conclusion. Furthermore, their third domain
(domain C) appears to comprise two lobes which could
ultimately prove to be independently folded as speculated
in the present paper.
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