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ABSTRACT. Human fibrinogeny-module comprising residuesl48—-411 was expressed iBscherichia

coli and refoldedn vitro. Differential scanning calorimetry revealed that in addition to the two previously
identified independently folded thermolabile domains, one in each half of the modulenioelule also
contains one or two thermostable domains that melt abovV€65To localize the latter, an NHterminal

6-kDa fragment was prepared by limited proteolysis of the recombipanbdule. 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 fragmentvizhich contains the natural--module.

Thus the NH-terminal half of they-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 recombipambdule 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 bouAt &al was stabilized by it against
denaturation and proteolysis. It inhibited fibrin polymerization and was efficiently cross-linked by factor
Xllla. The y-module supported adhesion of platelets via their GP lIblélggs) receptor in the same
manner as Pfragment. It also supported the adhesionogfs.- (Mac-1-) transfected cells and in the

fluid phase was more effective than Bs an inhibitor of that adhesion, suggesting that the Mac-1 binding
site is better exposed.

Fibrinogen is mainly known as a blood clotting protein (approximately 260 amino acid residues each) are homolo-
that, after activation by thrombin, undergoes polymerization gous to each other and to a number of sequences found in
to prevent the loss of blood upon vascular injury. In addition, other proteins, where they are referred to as the fibrinogen-
fibrinogen is involved in a number of important physiological  |ike module (Doolittle, 1992). They are functionally im-
and pathological processes including fibrinolysis, inflam- portant in fibrinogen since they contain aCainding site
mation, angiogenesis, wound healing, and atherogenesis. It$nq 5 number of interaction sites that are involved in fibrin

polyfunctional character is connected with its multidomain assembly, plasminogen activation, platelet aggregation, and

structl_Jre.and th‘? presence of mqupIe interaction sites thatinteraction with leukocytes and bacteria. Some of these sites
allow its interaction with other proteins and cells.

Fibrinogen (340 kDa) consists of two identical disulfide- were localized and partially characterized. In particular, the

bonded subunits, each of which is formed by three noniden- module formeq by the. 148411 region of thx chain -
tical polypeptide chains, & B, andy (Doolittle, 1984). module) contains a major polymerization site complementary

These chains form at least 14 compact domains, seven inl® the Gly-Pro-Arg-containing site in the central region

each subunit, whose borders and independent folding statugP00little, 1994). " Its exact location is still unknown. The
were established by calorimetric analysis (Privalov & C&'-binding site of they-module was proposed to be in
Medved, 1982; Medvedt al., 1983, 1986; Medved, 1990; the 4-kDa stretch starting a¢303 (Nieuwenhuizen &
Litvinovich et al, 1995). It was demonstrated that the Haverkate, 1983). The site that promotes activation of
COOH-terminal region of each subunit corresponding to the plasminogen by tPA was localized #311—379 (Yonekawa
proteolytic Db fragment (D region) contains at least five etal, 1992). The fibrinogen-dependent platelet aggregation
independently folded domains (Medvedal., 1986). One process involves an interaction between integrin libllla
is formed by the Nkterminal portion of all three chains in  (oy33) and a complementary site that was localized in the
a coiled-coil conformation (thermostable domain, TSD), COOH-terminal 397411 portion of the»-module (Niewiar-
while the COOH-terminal portions of thefBandy chains  owski et al, 1983). This portion also interacts with
each form at least two thermolabile domains. These portions Staphylococcus aureyslawigeret al, 1983) and contains

reactive GIn398 and Lys406 residues that are cross-linked
T Supported by National Institutes of Health Grant HL21791 and by factor Xllla, resulting iny—y dimer formation and
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Table 1: Definition of PrimefsUsed in This Study and the
NH-Terminal Sequence of the Recombingavodule

fMet Hle Thr Gly Lys Asp Cys Gin

Fwd: AGG GAA GG ATC CAT ATG ATC ACT GGC AAA GAT TGT CAA
Nde 1
Bam HI
Rev compl: AGC TAG AAG CTT TCA AAC GTC TCC AGC CTG TTT GGC

Hind N1

aForward (Fwd) and reverse complement (Rev compl) DNA

sequences are indicated. The presence of six additional bases at the

free B or 3 ends of each restriction site to facilitate binding of the
restriction enzymes is also shown.

Given its functional importance, the availability of an
isolatedy-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
(D: fragment), including those between the domains of the
y- andfs-modules (Medveet 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 thenodule by limited
proteolysis of the Pfragment were unsuccessful since the
domains constituting this module were the first to be
destroyed upon digestion with various enzymes (Medsted
al., 1986; Litvinovichet al., 1995). Here we overcome this
problem by expressing the-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 inflagment,
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Ficure 1: Schematic representation of the fibrinogemodule
(top) and SDSPAGE analysis of different stages of its expression
and purification (bottom). The top scheme shows the location of
two disulfides and two integrin-binding sites (9202 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#-p-galactopyranoside) cell lysates (lanes 1 and 2, respec-
tively), supernatant (lane 3), first and third washings (lanes 4 and
5), pellet (lane 6), and refoldedmodule, nonreduced (lane 7) and
reduced (lane 8).

consisting of full-length cDNA encoding the human fibrino-

its major functional sites were essentially preserved and atgeny chain was provided by Dr. S. Lord (Bolyard & Lord,
least one of them was found to be more active than that in 1988). The amplified cDNA fragment was purified by

D;. A detailed calorimetric study of the recombinant
y-module in comparison with the,;dragment also revealed
that its domain structure is more complex than previously
recognized.

MATERIALS AND METHODS

Expression of Recombinant FibrinogenModule. A
fragment comprising residues 14811 of the human
fibrinogeny chain was produced iEBscherichia coliusing
the pET-20b expression vector (Novagen Inc.). To clone

the designated region we designed the polymerase chainmedium containing ampicillin (50ug/mL).

reaction (PCR) primers shown in Table 1. The forward and

electrophoresis in agarose gel, digested vBdarH| and
HindlIl 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. Afterin vivo amplification the resultant plasmid was
digested withNdd andHindlIl, 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 tnd
then BL21 Lys SE. coli host cells. For expression of the
y-module, the host cells were grown at 37 in Luria broth
Overnight
cultures were diluted 1:100 with the same medium, grown

reverse primers contained 21 bases corresponding td-the 5 for 2—2 5 h at 37°C (mid-log phase), and induced with 0.4

and 3-terminal sequences of the desired coding segment.

The forward primer incorporated tHédd restriction site

immediately before the coding region; the final three bases

of theNdd site, ATG, code for the fMet residue that initiates
translation (Studieet al., 1995). Because of difficulties with
direct cloning of PCR products into the pET-20b vector using
Ndd—Hindlll sites, we added &8anHI site immediately

mM isopropyl 1-thiof-p-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
y-module. The cells harvested by centrifugation were lysed

before theNdd site, which allowed the corresponding cDNA by the freeze/thaw method and centrifuged. The 30-kDa
segment to be cloned into the pUC19 plasmid for amplifica- Protein was found to be completely in the pellet (compare
tion. The reverse primers included a TGA stop codon lanes 6 and 3). The pellet was washed 5 times with washing
immediately after the coding segment, followed bitiadlll buffer (50 mM Tris-HCI buffer, pH 7.4, containing 0.15 M
site. The specific cDNA fragment was generated by PCR NaCl, 5 mM EDTA, and 0.5% Triton X-100), resulting in
using Pfu DNA polymerase (Stratagene). A template further purification (lanes 4 and 5). The pellet was then
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solubilized n 4 M guanidine hydrochloride (GdnHCl)JThe resuspended at ¥nL in Hanks' balanced salt solution
NH.-terminal sequence analysis at this stage was performedHBSS) supplemented with 1 mg/mL bovine serum albumin
with a Hewlett-Packard Model G1000S sequenator and and 1 mM C&" and Mg+.
confirmed that the 30-kDa protein corresponds to the The cells expressing wild-typew3. receptor were a
fibrinogeny-module with more than 95% purity. generous gift from Dr. L. Zhang (Cleveland Clinic Founda-
Refoldingwas accomplished by slow dialysis as follows. tion) and were prepared as described (Zhang & Plow, 1996).
The protein h 4 M GdnHCI was 16-fold diluted with 10 The cells were labeled with MACrO, (1 mCi for 1 h). After
M urea to a final concentration of 0-D.25 mg/mL and being washed, the cells were resuspended®tlOn HBSS
dialyzed against a 4-fold volumef 8 M urea at room  supplemented with 1 mg/mL BSA and 1 mMTand Mg".
temperature for several hours. Then the concentration of For adhesion assays, 1flatelets and 0oy S-expressing
urea in the container was slowly reduced to 0.125 M by cells were added in triplicate to individual wells of 48-well
addition with a peristaltic pump of 20 mM Tris buffer, pH tissue culture plates (Costar, Cambridge, MA) coated with
8.0, at 4°C over a peroid of 36 h followed by extensive different concentrations of Dfragment ory-module and
dialysis of the protein versus the same buffer. Sometimes apostcoated with 1% heat-denatured bovine serum albumin
slight pellet was observed that was removed by centrifuga- for platelets and with 0.05% poly(vinylpyrrolidone) fag5.-
tion. The protein was further dialyzed versus TBS (20 mM expressing cells. In some experiments the cells were mixed
Tris buffer, pH 7.4, with 0.15 M NacCl) containing 1 mM  with selected concentrations of competitor; (fPBagment,
Ca&*, resulting in the appearance of a large pellet. The latter y-module, or peptide P1). After 15 min at 22, the cells
was removed by centrifugation and the TBS-soluble protein were added to individual wells of the plate coated with 10
was concentrated to 1=2.0 mg/mL with a Centriprep 10  ug/mL (0.2 mL/well) of y-module. Cells were allowed to
concentrator (Amicon) and stored frozen-a20 °C. adhere fo 1 h at 37°C in 5% CQ humidified atmosphere.
Preparations of FragmentsFibrinogen fragments, human  The nonadherent cells were removed by three washes with
D, and bovine B, both containing the TSD domain plys 0.01 M phosphate buffer, pH 7.3, with 0.15 M NaCl. The
and $-modules, and bovine TSD were prepared by the adherent cells were solubilized with 2% SDS, and bound
procedures described earlier (Medvedal., 1982; Litvin- 51Cr was quantitated in A counter.
ovichet al,, 1995; Cierniewsket al., 1986). The P1 peptide Fluorescence measuremerds thermal unfolding were
(GWTVFQKRLDGSV), corresponding tp chain residues  performed by monitoring either intrinsic fluorescence inten-
190-202, was synthesized by solid-phase technology using sity at 370 nm or the ratio of the intensity at 370 nm to that
an Applied Biosystems Model 430 peptide synthesizer at 330 nm with excitation at 280 nm in an SLM 8000-C
(Foster City, CA). fluorometer. Changes in these parameters provide a sensitive
Factor Xllla-Mediated Cross-LinkingThe reaction was  method for detecting denaturation transitions. However,
carried out in TBS containing 1 mM CaCat 25°C. The these parameters are not directly proportional to the degree
cross-linking was initiated by addition of thrombin (Sigma) of unfolding, and the midpoint of the transitiofi.{) estimated

to a solution containing 4Q2g/mL recombinant factor Xl in this manner may be less accurate than those obtained by
and 1.3 mg/mLy-module or 3.6 mg/mL B fragment. other methods. Temperature was controlled with a circulat-
Recombinant factor XlII asubunit was obtained from Dr.  ing water bath programmed to raise the temperatueelat
Paul Bishop of ZymoGenetics (Bishagt al., 1990). °C/min. Protein concentration was 0:6@.05 mg/mL.
Turbidity Measurement Polymerization of fibrin was Calorimetric Study Differential scanning calorimetry

initiated by dilution of concentrated monomeric fibrin (kept (DSC) measurements were made with a DASM-4M calo-
at acidic pH) with 20 mM Tris-HCI, pH 7.4, 0.15 M NaCl, rimeter (Privalov & Potekhin, 1986) in the temperature range
and 1 mM CaGlto a final concentration of 0.05 mg/mL at 10—130°C at a scan rate of iC/min. Protein concentrations
room temperature. Fibrin monomer was prepared by the varied from 0.6 to 1.0 mg/mL. These were determined
procedures described earlier (Gorletral,, 1994). Turbidity spectrophotometrically using extinction coefficiertsg} 199
changes upon polymerization were recorded on a Perkin-equal to 20.0 and 24.8 for D fragment andmodule,
Elmer Lambda 5 spectrophotometer at 350 nm. The delayrespectively, andE;7s14, = 8.0 for TSD fragment. Those
in turbidity onset (lag time) and the maximum rate of for D and TSD fragments were determined earlier (Privalov
turbidity growth Vmay) were estimated from the turbidity & Medved, 1982; Medvecet al, 1982), while that for
curves as described earlier (Medvetal.,, 1985). y-module was calculated from the amino acid composition
Cell Adhesion Assay Platelets and human kidney 293 (Edelhoch, 1967; Gill & von Hippel, 1989). The DSC curves
cells expressing the wild-type recombinany3, receptor ~ were corrected for an instrumental baseline obtained by
were used to test the adhesive properties of the recombinanheating the solvent. Melting temperatureg,) and the
y-module. Fresh aspirin-free human blood, anticoagulated enthalpies of denaturation were determined from the DSC
with acid/citrate/dextrose and drawn into 2«81 prosta-  curves using software provided by Dr. V. Filimonov (Institute
glandin B, was used to isolate platelets. The platelets were of Protein Research, Pouschino, Russia). Deconvolution
labeled with Ng®*CrO, (1 mCi for 30 min) in platelet-rich analysis was performed according to Privalov and Potekhin
plasma and isolated by gel filtration on Sepharose 2B-CL (1986) and Filimonowet al. (1982) using the same software.

in divalent cation-free Tyrode buffer, pH 7.2. Platelets were
RESULTS

! Abbreviations: Cp, heat capacityACyexo €XCeESS heat capacity; Preparation of the Recombinant FibrinogenModule.

DSC, differential scanning calorimetry; GdnHCI, guanidine hydrochlo- ; _ i ;
ride; HBSS, Hanks’ balanced salt solution; TBS, Tris-buffered saline The recombinany-module comprising residues llel48

(20 mM Tris buffer, pH 7.4, with 0.15 M NaCl)T,,, midpoint of the Val411 was directly produced ié. coli host cells using the
denaturation. pPET-20b expression vector as described in Materials and
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Ficure 2: Fluorescence-detected thermal denaturation of the
recombinanty-module (solid curves) and human fibrinogen D
fragment (dotted curves). The experiments were performed in 100
mM Gly, pH 8.6, containing either 0.5 mM €a(curves C) or 1

mM EDTA (curves E).

Methods. Since the-module was the major insoluble 0 10 20 30 40 50 60 70 80 90 100 110 120 130
product of the cells (Figure 1, lane 2 in the gel), it was easily Temperature (C)
purified by repeated washing of the pellet (lanes6} and Ficure 3: Differential scanning calorimetry curves of the recom-
then solubilizedr 4 M GdnHCI at a yield of~140 mg/L of binant y-module (panels A and B) and the results of their

. : deconvolution analysis (panel C). The curves in panels A and B
bacterial culture. It was largely monomeric (lane 6) and were obtained in 20 mM Gly, pH 8.6, in the presence or absence

failed to react with the sulfhydryl-specific probe pyrenyl- of 0.5 mm C&*, respectively. First and second heatings are

maleimide, indicating that its four cysteine residues form two designated by solid curves 1 and broken curves 2, respectively.
intrachain disulfide bonds. To check if they are formed The curves in panel C represent the results of deconvolution analysis
correctly, they-module was digested with cyanogen bromide of the curve from panel B with alternatively selected baselines (see

' . o : - text). The broken lines in panel C indicate the manner in which
as described earlier (Litvinoviott al., 1995) and the digest 0" axcess heat capacities were determined; the dotted lines

was fractionated by HPLC. Sequence analysis of the represent the component two-state transitions, whose parameters
individual fractions revealed the presence of the internally are presented in Table 2, and the best fits obtained by deconvolution.
cleaved reducible fragment consisting of two portions starting
aty311 and 337, as expected if th826—339 disulfide is was shifted to lower temperature (solid curve E), reflecting
formed correctly (Figure 1, upper scheme), leaving another the well-known thermal stabilization upon binding of calcium
pair, y153-182, to form the other correct disulfide. This ions to they chain and indicating that the €abinding site
made it unnecessary to include redox reagents in the refoldingin the recombinany-module is preserved. Similar experi-
protocol. The protein was refolded by slow dialysis from ments were performed with the;Eyagment for comparison
urea as described in Materials and Methods. In spite of the (Figure 2, dotted curves). The denaturation of the D
fact that all protein was soluble after the dialysis vs 20 mM fragment was also C&dependent but occurred at higher
Tris, pH 8.0, the majority was pelleted after subsequent temperature than that of themodule indicating that the
dialysis versus TBS containing 1 mM €a reducing the latter is destabilized in comparison with its natural counter-
final yield of the refolded protein to about +20% that part in D.
produced by bacteria. When the pellet was recycled, i.e., Calorimetric Study.To examine the domain structure of
dissolved in 10 M urea and subjected to slow dialysis by the recombinant-module, we performed a study of its
the same procedure, an additional portion of the refolded denaturation by differential scanning calorimetry. When
protein was prepared, increasing the total yield. SBPAGE heated in the calorimeter in the presence of'Caecom-
of y-module revealed a single band in both nonreducing and binanty-module exhibited an endotherm with a heat absorp-
reducing conditions (lanes 7 and 8). Size-exclusion chro- tion peak at about 53C, followed by a downward turn in
matography on Superdex 75 also revealed a single peakthe heat capacityQy) function at higher temperature (see
corresponding to the monomeric form (not shown). typical example in Figure 3A, curve 1). The downward turn
Fluorescence StudyThe refoldedy-module exhibited a  was connected most probably with aggregation of the
fluorescence spectrum withyax at 343 nm consistent with  denatured protein since solutions become turbid after heating
the presence of a compact structure and similar to that ofup to 130°C. This distorted the high-temperature portion
the human fibrinogen Pfragment that contains this module of the endotherm, precluding its thermodynamic analysis.
(not shown). When it was heated in the fluorometer while At the same time, removal of €aprior to the experiment
the fluorescence intensity was monitored at 370 nm, the by extensive dialysis prevented aggregation and allowed one
y-module produced a sigmoidal transition in the presenceto observe, in addition to the lower temperature heat
of C&* indicating heat-induced cooperative unfolding (Fig- absorption peak that now occurs at®2 a high-temperature
ure 2, solid curve C). In the presence of EDTA the transition one withT, at about 100C (Figure 3B, curve 1). The latter
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Table 2: Summary of Thermodynamic Parameters of the Melting
Process of RecombinaptModule and Natural Proteolytic
Fragments of Human ({) and Bovine (I and TSD) Fibrinogeh

first peak second peak third peak

tr tr tr
protein pHno. Twm AH no. T, AH no. T, AH

y-module 86 1 43.0 47 P1102.1 55
2 522 69

110 keal/K mol

1> 845 37
2> 102.4 60
D;fragment 86 1 535 89 1 839 70
2 531 107 2 91.1 67
3 56.4 115
4 572 92
Dyfragment 8.0 1 549 82 1 900 56 1 1199 86
2 552 97 2 971 65
3 59.8 81
4 57.0 108
TSD fragment 8.0 1 100.6 87

a Experiments were performed in 20 mM Gly buffer. The enthalpies
of individual transitions AH) are given in kilocalories per mole;
transition temperatured () are given in degrees CelsiUsResults of
the deconvolution analysis determined with the different baselines
shown in the upper and lower curves of Figure 3C (see text).

Heat Capacity

0 10 20 30 40 50 60 70 80 90 100 110 120 130
peak becomes more obvious when the endotherm is com- Temperature (C)

pared with that obtained upon second heating (broken curvericure 4: Differential scanning calorimetry curves of the human
2), which represents thg, function of the denatured protein. ~ fibrinogen D fragment (curve 1) and bovinefand TSD fragments

The lower temperature peak was fitted well by two two- (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
state transitions (Figure 3C and Table 2), indicating the lines indicate the manner in which the excess heat capacities were

melting of two thermolabile domains. Similar results were getermined. The dotted lines represent the component two-state
obtained upon deconvolution of the corresponding peak transitions, whose parameters are presented in Table 2, and the best
obtained in the presence of €anot shown). The decon- fits obtained by deconvolution.
volution analysis of the high-temperature peak was less
definite due to the difficulties in the proper selection of the described above, and two in the tienodule as reported
baseline for determination of the area under the peak (exces€arlier (Medvedet al, 1986). The second peak in both
heat capacityACyex). TWO extreme cases corresponding fragments was fitted by two transitions, reflecting the melting
to the minimal and maximal area are shown in Figure 3C, of two additional thermostable domains, probably one in each
upper and lower curves, respectively, where either one or of the 8- andy-modules. The third peak was described well
two domains are inferred by deconvolution. In spite of the by a single transition and corresponds most probably to the
ambiguity it is clear that the recombingnimodule contains,  melting of the TSD domain since the latter, when isolated
in addition to the expected two thermolabile domains, at least by proteolysis, also melted in a single transition, albeit at a
one thermostable domain that was not revealed in ourlower temperature (curve 3). It should be noted that the
previous experiments with the natural protein (Privalov & above analysis reveals the minimal number of domains since
Medved, 1982; Medvedt al., 1986; Litvinovichet al.,, 1995). the denaturation process of D fragmentg may not be
To test if similar thermostable domains are present in completed at 130C and one cannot exclude the presence
natural fibrinogen, we examined the denaturation of bovine of additional thermostable domain(s) that melt beyond the
fibrinogen Oy and its human analogiDeach consisting of  studied temperature range. Thus the results indicate that in

a TSD domain, g-module, and the homologoyismodule.  aqdition to the previously identified thermostable domain
When melted in the calorimeter at pH 8.6, the same (Tsp), the natural D fragment contains at least two more
conditions as for the-module, human Pexhibited a low- thermostable domains, one in each of thand-modules,

temperature transi_tion Witﬁl;m at 56 °C and a higher g first revealed here in the recombinanimodule. This
temperature one witfi, at 88 C"I followed by a downward . discovery became possible due to the use of a calorimeter
turn (Figure 4, curve 1). A similar curve was obtained wit which registers endotherms up to 13C (Privalov &

bovine Dy in the same conditions (not shown). At pH 8.0 Potekhin, 1986) and whose greater sensitivity allows the use

the dowﬂwafd turn was less prominent i, @llowing the of lower protein concentration, thereby reducing undesirable
observation of a third peak that starts at about I Qcurve .
aggregation effects.

2) and was probably masked by aggregation at higher pH in
both bovine and human D fragments. The first peak in both ~ Proteolytic Fragmentation of the-Module. Digestion of
human and bovine D fragments that occurred in ap- they-module with chymotrypsin in the presence of EDTA
proximately the same temperature range as the correspondingiesulted in the appearance of several discrete fragments
peak in recombinant-module was fitted by four transitions ~ (Figure 5A). The degradation was much slower in the
(Figure 4 and Table 2), reflecting the melting of four presence of G4, indicating that calcium ions protect the
thermolabile domains. This is in good agreement with the y-module against proteolysis as reported for natural fibrino-
presence of two thermolabile domains in thenodule, as gen and its Dfragment (Nieuwenhuizen & Haverkate, 1983;
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FiIcure 5: SDS-PAGE analysis of the time course of chymotryptic digestion of the recombjnarddule (A) and factor Xllla-catalyzed
cross-linking of the recombinagtmodule (B) and fibrinogen fragment,[{C). Panel A represents themodule 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 Ca&" (lanes 4-6) at room temperature at 1 mg/mL pfmodule and an enzyme/substrate ratio equal to 1/100

(by mass). Panels B and C show, respectivehnodule and the Pfragment alone (lanes 1 in each panghmodule and B with factor

XIlI (lanes 2), andy-module and R with factor Xllla after 0.5, 1, 2, ah3 h ofincubation (lanes-36). 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-415% (panel C) polyacrylamide gradient gels. The samples containing tHe@mnent were 2-fold

diluted before the analysis.

1.0 about 50°C and was not completed at 9& (Figure 6);

i.e., it occurred in the temperature range higher than the low-
temperature transition in the parentmodule. 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
", 00 bl L observed in the-module by DSC corresponds to the melting
“a Wavelength (nm) of its NH-terminal 6-kDa portion, leaving the rest of the

module responsible for the other peak.

Functional Actiity of the y-Module. Since reactive
GIn398 and Lys406 are normally involved jn—y cross-
linking in fibrin polymers, the recombinaptmodule might
be expected to undergo factor Xllla-catalyzed cross-linking
if these residues are properly exposed. As shown in Figure
5B, SDS-PAGE of they-module that had been incubated
with factor Xllla revealed the accumulation of dimers; a
weak band corresponding to trimers also appeared. Similar

Temperature (C) results were obtained with the;Oragment (Figure 5C),
FiGURE 6: Fluorescence-detected denaturation of the 6-kDa-NH  indicating that the efficiency of cross-linking is similar in
terminal fragment of the recombinaptmodule. The fluorescence  the two species. Thus the reactive residues in the isolated

ratio was registered upon heating (solid line) and cooling (broken recombinant-module are exposed in the same manner as
line) of the fragment in 20 mM Gly, pH 8.6. The inset shows in the natural fragment

fluorescence spectra of the fragment before (solid curve) and after R L ) )

(broken curve) heating. The major fibrin polymerization site that is complementary

to the GPR sequence and has been localized in the C-terminal
Haverkate & Timan, 1977) and further reinforcing the above portion of they chain is known to be conformational; i.e., it
conclusion about the Ga-binding properties of the recom- is not functional in the denatured protein (Cierniewskal,,
binant protein. Among the fragments in the EDTA-contain- 1986). Thus one can expect that tiremodule should
ing digest, the smallest 6-kDa fragment was rather resistantinterfere with fibrin polymerization; i.e., it should exhibit
to proteolysis, suggesting that it may represent a compactantipolymerization activity as does the naturalfEagment,
domain. This fragment was purified to homogeneity in but only if properly folded. We checked the influence of
quantity sufficient for sequence analysis and fluorescencethe y-module on the polymerization process in a standard
study by ion-exchange chromatography of the 60-min digest antipolymerization assay that measures the change in turbid-
on a Mono-Q column with subsequent size-exclusion chro- ity upon polymerization of fibrin monomer in the presence
matography on Superdex 75. lts férminal sequence was  of different amounts of inhibitor (see Materials and Methods).
the same as that of themodule, indicating that it represents  The results presented in Figure 7 show that themodule
the NH-terminal portion of the latter. The fragment exhibits a dose-dependent inhibitory effect on the fibrin
exhibited a fluorescence maximum at 343 nm consistent with polymerization process causing a prolongation of the lag time
the presence of a compact structure with tryptophan partially and a sharp decrease in the maximum rate of turbidity
shielded from solvent (Figure 6, inset). When the fragment growth. The inhibitory effect of the’-module was about
was heated while the fluorescence ratio was monitored, thehalf that of the Q@ fragment. This is probably due to the
fragment exhibited a denaturation transition that started atpresence of an additional polymerization site infhmodule

09 - »

Fluorescence

0.8 4

Fluorescence Ratio (370/330 nm)
5

T T T

T T T T T T
0 10 20 30 4 50 60 70 80 90 100



Structure and Function of FibrinogenModule Biochemistry, Vol. 36, No. 15, 19974691

5 | A

Lag-time (min)

Platelets Attached (cpm x 107%)

T T T T
0 100 200 300 400

Protein concentration (nM)

‘N
o
; 200
c B
Q
)
T 150
£ Y
£
[inhibitor/fibrin] (M/M) <
100
Ficure 7: Inhibition of fibrin polymerization by the recombinant %
y-module (filled circles) and the fibrinogen;Oragment (open O
circles). The delays in polymerization (lag times in panel A) and o))
maximal rates of turbidity growtiMyaxin panel B) were determined % 50 |
from the polymerization curves obtained in the presence of different a D1
amounts of inhibitors as described in Materials and Methods. s
x
L
that increases the antipolymerization effect of. DWe < T 11—
conclude that those domains in themodule that form its 5 0 100 200 300 400 500 600 700 800

olymerization site are folded in a nativelike con- . .
?orrﬁlqation Protein concentration (nM)

It is well-established that fibrinogen SupportsiAs- Ficure 8: Adhesion of unstimulated platelets (A) amdif2-

. . - . expressing cells (B) to immobilized recombinarmodule and the
mediated adhesion of platelets amg3,-mediated adhesion  p, ‘tragment5iCr-labeled platelets an,3,-expressing cells were

of leucocytes via residuey400-411 and y190-202, allowed to attach to wells coated with different concentrations of
respectively (Cherestt al., 1989; Savage & Ruggeri, 1991; y-module (filled circles) or Rfragment (open circles) as described
Altieri et al, 1993; Tanget al, 1996). To examine the in Materials and Methods. The nonadherent cells were removed
adhesive functions of recombingnimodule and to compare gguvr\}’g;%?%;’;she adnerent cells were solubilized with SDS and
. . quantitated.
them with those of the naturgtmodule in the B fragment,
we performed adhesion assays with platelets and with the270uM. Thus, the cell adhesion properties of the recom-
cells that were transfected witiy/; receptor. The latter ~ binanty-module were fully preserved.
was shown to behave similarly to the naturally occurring
one as was reported previously (Zhang & Plow, 1996). As DISCUSSION
shown in Figure 8A, unstimulated platelets readily attached  One of the goals of this study was to express the fibrinogen
to they-module in a dose-dependent manner. The natural y-module and to check if its structural integrity and
D, fragment containing thg-module behaved similarly. The  functional properties are preserved in the absence of neigh-
maximal level of adhesion was similar for both substrates. boring domains. The choice of the pET-20b expression
In parallel experiments, solublemodule and R inhibited vector was based on our previous success with the use of
the adhesion of platelets to immobilizegdmodule. At 20 this system to express different variants of the fibrinogen
uM (maximal concentration tested) tiremodule was slightly oC domain (Matsukat al, 1996). In addition, a similar
more effective, causing 67% inhibition of adhesion versus pET-11 system was successfully used for the expression of
40% for Dy (not shown). Recombinaptmodule supported  several segments of tenascin, including its fibrinogen-like
the adhesion ofuuf2-expressing cells more efficiently than  module that is homologous to the fibrinogeamodule
D (Figure 8B). The maximal level of adhesion was 3 times (Aukhil et al., 1993). When refolding of the-module was
higher ony-module than on B Moreover, in inhibition first performed according to the protocol described for the
experiments, solubles-module at 20uM inhibited cell refolding of the tenascin module (Aukhet al., 1993), all
adhesion by 85%, while Dinhibited only by 30% (not protein was found in the pellet (results not presented).
shown). For comparison, only 5% of inhibition was achieved However, the protocol described here resulted in soluble and
by 20uM synthetic peptide P1y(190—202), whose Ig was functionally active protein. Although only about 20% of the
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expressed protein was correctly refolded and soluble in TBS, analysis of the heat-induced denaturation of fhmodule
the final yield was still high, about 2630 mg/L of the to establish its domain structure. Although the denaturation
bacterial culture. of the module was not reversible under the conditions
Since they-module was expressed in a bacterial system employed, it was still possible to analyze the process and to
and was subjected ta vitro refolding, it was important to  obtain reasonable data. Indeed, as was shown in multiple
characterize its folding status and stability in comparison to studies, protein unfolding is an equilibrium process and
the naturaly-module in fibrinogen or its D fragment. We irreversibility is caused usually by some secondary phenom-
obtained several lines of evidence for the presence of enon that prevents or drastically retards the back reaction
compact structure in the TBS-soluble fraction of henod- according to the following scheme:
ule. First, its fluorescence spectrum was similar to that of
D, 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 thewhere F represents the native (folded) state, U represents
recombinanty-module and the D fragment were Ta the reversibly denatured (unfolded) state, and PU represents
dependent, suggesting that the?Ghinding domain of the  the irreversibly denatured (postunfolded) statek; Eindk_;
former was properly folded. The importance of such a are both> k; and the sample is heated fast enough, the
thorough structural characterization is illustrated by the fact results can be analyzed in terms of equilibrium thermody-
that the initial preparation that was soluble at pH8.0, while namics, even though continued heating at or above the
exhibiting some properties of a folded proteiy4x at 343 transition temperature may lead to the completion of the
nm and sigmoidal transition), consisted mainly of soluble postunfolding process and consequent failure to reproduce
noncovalent oligomers by size-exclusion chromatography. the given transition in a second scan (Privalov & Potekhin,
Furthermore, it did not exhibit noticeable €adnduced 1986; Privalov & Medved, 1982; Manlgt al., 1985; Edge
stabilization, suggesting that its €abinding domain was et al., 1988; Sanchez-Ruit al., 1988). In this connection,
not folded properly and that the &abinding site is it can be pointed out that the denaturation of thenodule
conformational. Upon dialysis against TBS80% of the is in principle a reversible process since it was easily refolded
material precipitated and the soluble fraction was monomeric by dialysis from urea (see Results section) and that a 2-fold
and exhibited C# binding. All experiments described in  decrease in the rate of heating of themodule did not
this paper were performed with the TBS-soluble fraction. significantly affect the position and shape of the endotherm
The temperature-induced denaturation profiles of the (not shown). In addition, removal of €a prevented
y-module indicated that at least some of the domains areaggregation even upon heating of thenodule up to 130
less stable than are the same domains in the natural D°C and diminished substantially the distortion of the endo-
fragment, which also contains tlfemodule and the TSD  therm in the region following the first peak (Figure 3B).
domain. In addition, the melting of the two thermolabile These facts strengthen the validity of the deconvolution
domains in they-module occurred in a less cooperative analysis.
manner than in the Lfragment as evident from a comparison On the basis of the previous study with fibrinogen and its
of the sharpness of the low-temperature peaks presented irproteolytic fragments, we proposed that thremodule
Figures 3 and 4. This suggests an interaction between the(residues 148411) should contain two independently folded
four thermolabile domains in the ;Dfragment and is in  thermolabile domains, one in the Mterminal half and the
agreement with our previous conclusion about stabilizing other in the COOH-terminal half with a border at residues
interactions between domains in the D region of fibrinogen 302—303 (see upper scheme in Figure 1) (Medwetdl.,
(Medved et al, 1986, 1988; Litvinovichet al, 1995). 1986; Medved, 1990). The existence of two thermolabile
Nonetheless, the major functional sites of the recombinant domains was confirmed directly here in the DSC experiments
y-module were essentially intact. The module bound"Ca with the recombinant module. At the same time these
and was stabilized by it against denaturation and proteolysis.experiments revealed a new high-temperature transition,
Its polymerization site was functionally active, resulting in reflecting the presence of a thermostable structure that was
substantial antipolymerization activity. It was also efficiently also found in the/- and-modules of the natural D fragment.
cross-linked by factor Xllla and bound to platelets similarly Although the presence of the high-temperature peak on the
to the Oy fragment. The recombinamt-module also sup-  endotherm of the-module was obvious, we were unable to
ported the adhesion ofyf.-transfected cells and in the fluid  determine unambiguously how many thermostable domains,
phase was almost 3 times more effective thanas an one or two, melt in this peak. At this time we can conclude
inhibitor of that adhesion. This suggests that the binding definitely that they-module consists of at least three domains,
site that was localized in the 19@02 region of the-module two thermolabile and at least one thermostable. Additional
(Altieri et al, 1993) may be partially hidden in the;D  experiments with the 6-kDa proteolytic fragment of the
fragment by interaction with th8-module or TSD. These y-module allowed us to localize one thermostable domain
domain-domain interactions, absent in the recombinant in the NH-terminal portion. Taking into account the size

k. k
F=—=U—PU
k-1

y-module, may serve to regulate the expression obghye:- of this fragment, one can assume that this domain is formed
binding site in the natural protein during the fibrinogen- by approximately the 148200 portion of thes chain, which
dependent inflammatory response. may include thexyS2-binding site, and that the neighboring

Another goal of this study was to define the smallest 200—302 region comprises a separate thermolabile domain.
regions (domains) in thes-module that would adopt a The remaining portion ¥303—-411) contains the other
compact structure and preserve function if expressed inde-thermolabile domain and possibly an additional thermostable
pendently. For this purpose we performed thermodynamic domain. The presence of two domains in this portion would
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be consistent with evidence thatdinding occurs within

a ~4-kDa region beginning af303 and ending most
probably aty357 (Nieuwenhuizen & Haverkate, 1983;
Henschen & McDonagh, 1986). Taking into account that
the Dy fragment containing this region and lacking the
following COOH-terminal 9-kDa portion of-chain binds
Cat (Nieuwenhuizen & Haverkate, 1983) and given the
notion developed herein that €abinding 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
fibrinogen y-module confirmed its structural integrity and
revealed the presence of at least one thermostable domai
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, tw@ 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 the-module are preserved in the
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in fibrinogen. Moreover, the Mac-1 binding site was found
to be more active in thg-module than in B, suggesting a
possible role for domaindomain interactions in regulating
the activity of the fibrinogen D region.
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While this paper was in press, a three-dimensional structure
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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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