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ABSTRACT. We hypothesized that theC-domain of human fibrinogen (residues @4221—-610) and of

other species consists of a compact COOH-terminal regiom832—-610) and a flexible Nktterminal
connector region (h&221—-391) which may contain some regular structure [Weisel and Medved (2001)
Ann. N.Y. Acad. Sci. 93812—-327]. To test this hypothesis, we expresseH.igolirecombinant fragments
corresponding to the full-length humatC-domain and its Nk and COOH-terminal regions as well as

their bovine counterparts, @224-568, bAx224—373, and bA374—568(538), respectively, and tested

their folding status by fluorescence spectroscopy, circular dichroism (CD), and differential scanning
calorimetry (DSC). All three methods revealed heat-induced unfolding transitions in the full-length
bA0224—-568 and its two COOH-terminal fragments, indicating that the COOH-terminal portion of the
bovine aC-domain is folded into a compact cooperative structure. Similar results were obtained by CD
and DSC with the full-length and the COOH-terminal h3®%10 human fragments. The NHerminal
fragments of both species, b22373 and h22+392, did not exhibit any sign of a compact structure.
However, their heat capacity functions, CD spectra, and temperature dependence of ellipticity at 222 nm
were typical for peptides in the extended helical polgfoline) type Il conformation (PPII), suggesting

that they contain this type of regular structure. This is consistent with the presence of proline-rich tandem
repeats in the sequence of both bovine and human connector regions. These results indicate that both
bovine and human fibrinogemC-domains consist of a compact globular cooperative unit attached to the
bulk of the molecule by an extended Bhtérminal connector region with a PPII conformation.

Fibrinogen is a plasma protein that after thrombin- regions: the central E region, 2 identical terminal D regions,
mediated activation forms fibrin clots, preventing the loss and theoC-domains. The central E region is a chemical
of blood upon vascular injury or causing thrombosis in dimer formed by the Nkterminal portions of all six chains,
pathological states. In addition to its prominent role in while the distal D regions are formed by the COOH-terminal
hemostasis, fibrin(ogen) plays an important role in cell portions of the B andy chains and a portion of the A
adhesion, migration, and proliferation during wound healing, chains. The D-E-D arrangement corresponds to the three
inflammation, angiogenesis, and tumorigenesis. Such amajor nodules revealed by electron microscopy of intact
multifunctional character of fibrin(ogen) is connected with fibrinogen @); a fourth nodule observed in some molecules
its complex structure that accommodates multiple binding (7, 8 was suggested to correspond to two interacti;
sites providing its participation in the above-mentioned domains, each made up of the COOH-terminal two-thirds
processes. A comprehensive understanding of its biologicalof the Aa chain.
functions requires detailed knowledge of its structural  Plasmin and some other proteases cleave fibrinogen to
organization. produce two fragments D and one fragment E corresponding

The chemical structure of fibrinogen was established in to the D and E regions, respectively, while th€-domains
numerous biochemical studies. According to the current view, are cleaved into a smaller fragments @). The D and E
fibrinogen consists of two identical subunits, each of which fragments, which account for two-thirds of the molecule,
is formed by three nonidentical polypeptide chaing, Bf, preserve compact structure and proved to be extremely useful
andy (1, 2. Both the subunits and the chains are linked in elucidation of fibrin(ogen) structure and functions. Sig-
together by disulfide bonds, and assemble to form at leastnificant progress has been made recently in determining the
20 distinct domains3—>5) grouped into 4 major structural  three-dimensional structure of fibrinogen. First, high-resolu-

tion structures of human fibrinogen fragment D and its cross-
. . _ linked dimer from fibrin were establishe®,(10 followed
HLT_STQ(')SSXV%( ,‘_"_',?AS_)ISUpported by National Institutes of Health Grant by a high-resolution structure of bovine fibrinogen E
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and then at higher 2.7 A resolutiohd, 14. In these studies,  repeat in the connector region of theC-domain) was
the D regions and most of the E region were well-resolved, synthesized by SynPep (Dublin, CA).

making available a high-resolution structure of about two-  Expression and Purification of Recombinant 8w
thirds of the 340 kDa fibrinogen molecule. The structure of FibrinogenaC-FragmentsRecombinant bovine fibrinogen
two 40 kDao.C-domains comprising about one-fourth of the aC-fragments, b224568, b224-373, b374-538, and b374
mass of the molecule remains to be established. 568, corresponding to the full-length bovia€-domain and

Having established the crystal structure of the D and E its NHy-terminal portion and COOH-terminal truncated
fragments, it would be reasonable to attempt crystallization variants, respectively, were expressedeincoli using the
of theaC-domain for X-ray analysis. However, the question PET-20b expression vector (Novagen Inc.). A fragment of
whether this domain even contains compact structure is still cONA encoding bovine fibrinogen échain kindly provided
debated. On one hand, early calorimetric studies of bovine by Dr. Murakawa was used as a template to amplify by
fibrinogen and its fragment X lacking the COOH-terminal polymerase chain reaction a cDNA encoding bovir@-
region of the Ax chains revealed an extra heat absorption fragments. The following oligonucleotides were used as
peak in the endotherm of the former which was assigned to primers: -AGAGACATATGCAGCTCCAAGAGGCCCC-
melting of the two interactinganC-domains 8). These 3 and 3-AGAGAAAGCTTCTAGGCAGGACGAGCTT-
domains are thought to account for the extra nodule in TAGTATG-3' for the b224-568 fragment; 5SAGAGA-
electron micrographs of bovine and human fibrinogesis ( CATATGCAGCTCCAAGAGGCCCC-3 and 3-AGA-
7, 8, 15. Sequence analysis of the humarC-domain GAAAGCTTCTACCAGTCTGGACTGGAAGG-3for the
(residues A221-610) also predicted a high probability of 0224-373 fragment; SAGAGACATATGGGCACCTTTA-
compact structure in its COOH-terminal half and a low GAGAGGAAG-3 and 3-AGAGAAAGCTTCTAAAAGT-
probability in the NH-terminal half §). These studies ~GCTTGCTTTCAATCGC-3for the b374-538 fragment; 5
resulted in the hypothesis that eagB-domain consists of ~AGAGACATATGGGCACCTTTAGAGAGGAAG-3 and
a compact COOH-terminal half attached to the bulk of the 5-AGAGAAAGCTTCTAGGCAGGACGAGCTTTAGTA-
molecule via an unordered NHerminal half (connector TG-3 for the b374-568 fragment. The forward primers
region). However, the additional heat absorption peak was incorporated thédd restriction site immediately before the
not observed in the endotherm of human fibrinogéf),(  coding region; the final three bases of tRed site, ATG,
and there was no convincing evidence for the presence of acode for the fMet residue that initiates translatids)( The
compact structure in the recombinant human fibrinog€n reverse primers included a TAA stop codon immediately after
domain (7). Moreover, in a recent X-ray study of native the coding segment, following by &lindlll site. The
chicken fibrinogen, thexC-domains were not visible in ~ amplified cDNA fragments were purified by electrophoresis
electron density maps, leading to the conclusion that their in an agarose gel, digested witdd andHindlll restriction
structure is very disordered g, 14. enzymes, and ligated into the pET-20b expression vector.

To interpret the above-mentioned conflicting observations, 1€ resulting plasmids were used for transformation of
one should take into account that they were obtained with DH50 and then B834(DE3) pLys&. coli host cells. All
fibrinogens from different species in which the length and CONA fragments were sequenced in both directions to
the sequence of theC-domains vary substantially and thus €onfirm the integrity of the coding sequences. _
may have different structural organizations. In addition, none  All bovine aC-fragments were found in inclusion bodies
of those observations can be regarded as final evidence for"om which they were purified by the procedure described
the presence or absence of compact structure inodbe earlier for the hum_an-f_ragmentsIS)._Taklng into account
domain. To address this question, it is necessary to test thehat theaC-domain is highly susceptible to proteolysis, all
folding status of the isolatesiC-domains of different species Povine and human fragments were analyzed by SBSGE
in direct experiments. In this study, we expressed both bovine@nd sequenced for six cycles after purification to confirm
and human fibrinogenC-domains as well as their truncated  their integrity. NH-terminal sequence analysis was per-
variants and investigated their folding properties by various formed with a Hewlett-Packard model G1000A protein
methods. The results provide direct evidence for the presence>®quencer. _
of compact cooperative structure in th€-domain of both Refolding of the Recombinant Fragmem¢hen tested by
species and suggest that the connector region may contairPPS~PAGE, the recombinant bovine fragments containing
some ordered noncooperative structure. They also identifytwo Cys residues had slightly decreased mobility upon

a minimal region in thexC-domain that is folded into a  reduction (not shown), indicating that their C¥s-Cys'’®
compact structure and could be a good candidate fordisulfide bond was intact, as with the recombinant human

crystallization. oC-fragments described earlietd). Therefore, the purified
fragments were refolded by slow dialysis from urea without
EXPERIMENTAL PROCEDURES any reducing agent. In the case of the full-length b228@8

and h221610 fragments, and their connector fragments,

Human Fibrinogen Fragments and Peptidéne recom-  p224-373 and h221391, the proteinsni 6 M urea were
binant human fibrinogen.C-fragments, h221610, h221 diluted 10-fold wih 8 M urea to a final concentration of 10
391, and h392610, corresponding to the full-length human ;M and dialyzed against a 4-fold volumé ® M urea at 4
aC-domain and its Nkt and COOH-terminal portions,  °C for several hours. Then the concentration of urea in the
respectively, were produced . coli using the pET-20b  container was slowly reduced to 0.8 M by addition of 20
expression vector as described earlEr,(18. mM Tris buffer, pH 8.0, containing 2 M NaCl, over a period

A synthetic peptide, NPGSPRPGSTGT, corresponding to of 18 h at 4°C. The subsequent 10-fold reduction of urea
residues 329340 of the human fibrinogendchain (sixth concentration was performed in the same manner using 20
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mM Tris buffer, pH 8.0, with 0.15 M NaCl, followed by 2.5 mg/mL. Proteins were dissolved in 20 mM Tris buffer,
extensive dialysis of the proteins versus the same buffer. InpH 7.4, with 0.15 M NacCl, or in 10 mM phosphate buffer,
the case of COOH-terminal variants, the b3'B88, b374- pH 7.4.
568, and h392610 fragments, slow dialysis was done in  Determination of Apparentan’t Hoff Enthalpy.Values
one step. The concentration of urea in the container wasof the apparent van't Hoff enthalpy\fH,u) were estimated
slowly reduced from 8 to 0.08 M by addition of 20 mM  from the heat-induced melting curves registered by fluores-
Tris buffer, pH 8.0, containi;p 2 M NacCl, over a period of  cence or CD as follows. Data in the pre- and post-transition
36 h at 4°C followed by extensive dialysis of the fragments  regions of the denaturation curves were fit to straight lines
versus the same buffer. Residual insoluble material observedpy linear regression. The resulting parameters were used to
in some samples was removed by centrifugation. All refolded predict the values of the fluorescence ratio or ellipticity for
fragments were concentrated to 280 mg/mL with @  the native and denatured states in the transition region. The
Centriprep 10 concentrator (Millipore), filtered through 0.2 apparent fraction denaturefj,at any point in the transition
um filter unit, and stored at 4C. region was then calculated by interpolation. This allowed
Protein Concentration Determinatioi@oncentrations of  the calculation of an apparent equilibrium consténts f/(1
the recombinant fragments were determined spectrophoto-— f), whose logarithm was then plotted against the inverse
metrically using extinction coefficientEfgo 10 calculated temperature (K). The resulting van't Hoff plots were fitted
from the amino acid composition with the equatidgiso, 19 by linear regression, and the apparét,; was calculated
= (5690V + 1280y + 1205-9)/(0.1 M), whereW, Y, and from the slope. Such analysis is based on the assumption
S-S represent the number of Trp and Tyr residues and that the change in fluorescence ratio or ellipticity is directly
disulfide bonds, respectively, airepresents the molecular  proportional to the fraction of the entire protein that has been
mass 20, 21). Molecular masses of the recombinant frag- converted from the fully native to the fully denatured state.
ments were calculated based on their amino acid composition.  cajorimetric Study. Differential scanning calorimetry

The following values of molecular masses dfdo,1%Were  (DSC) measurements were made with DASM-4M calorim-
Obta'ned 366 kDa and 128 fOI‘ the b%S fragment, eter QZ) |n the temperature range 1.0_00 OC at a scan rate
15.4 kDa and 26.6 for the b224873 fragment; 18.1 kDa  of 1 °C/min and protein concentrations of 2:8.5 mg/mL.

and 3.2 for the b374538 fragment; 21.3 kDa and 2.7 for  The DSC curves were corrected for an instrumental baseline
610 fragment; 17.4 kDa and 26.9 for the h22B1 fragment,  an the calorimetric and van't Hoff enthalpies of denaturation
these values take into account the Nrminal fMet residue  provided by Dr. V. Filimonov (Institute of Protein Research,
present in all recombinant fragments (see above) while the pyshchino, Russia). Deconvolution analysis was performed
numbering of the fragments does not. according to 22, 23 using the same software. The values

~ Fluorescence Studyluorescence spectra were recorded of the theoretical heat capacities of the unfolded fragments
in an SLM 8000-C fluorometer. Fluorescence measurementsyere calculated as ireg, 25.

of thermal- or chemical-induced unfolding were performed

by monitoring the ratio of the intensity at 370 nm to that at RESULTS

330 nm with excitation at 280 nm in the same fluorometer. . )

Temperature was controlled with a circulating water bath ~ Preparation and Refolding of theC-Fragments.The

programmed to raise the temperature &CImin. Protein ~ human fibrinogeruC-domain (Ax221-610) consists of the

concentrations were 0.69.1 mg/mL. Urea-induced unfold-  NHz-terminal connector region including residues 2301

ing was accomplished in the same instrument at room followed by the COOH-terminal half (residues 39210)

temperature by continuous addition with a motorized syringe Which was proposed to be compas}.(The bovine fibrino-

of a concentrated stock solution of the titrant (8 M urea) at 9enaC-domain (Ax224-568) is smaller due to deletion of

a rate of 2QuL/min to a stirred cuvette containing the protein S€veral regions as revealed by alignment of the human and

solution at 0.02-0.1 mg/mL while monitoring the fluores-  Povine sequences (Figure 1A). In this study the full-length

cence ratio as described above. Both the fluorometer andhuman and bovine.C-domains, h223610 and b224 568,

the syringe-driver were controlled by a computer, which réspectively, and their homologous kHand COOH-

automatically corrected the fluorescence intensity for dilution terminal halves, h221391, b224-373 and h392610,

assuming a linear dependence on protein concentration below?374-568, respectively (Figure 1B), were expressed in

0.15 mg/mL. bacteria, and their folding properties were tested by various
Circular Dichroism MeasurementCircular dichroism ~ Methods. In addition, the b37438 fragment lacking the 3

(CD)! spectra were continuously recorded on a Jasco-715KkDa COOH-terminal region was also expressed and analyzed.

spectropolarimeter while the temperature was simultaneously ~ Since all fragments except the human connector (k221
ramped between 0 and 10Q at a rate of PC/min using a 391) were found in inclusion bodies, their solubilization in
computer-controlled circulating water bath (Julabo, Ger- urea and subsequent refolding was a critical step in prepara-
many). All experiments were carried out in quartz cuvettes tion of the folded proteins. We first developed a refolding
of 0.02 or 0.5 cm path length for the far-UV or the near-Uv procedure for the full-length bovineC-fragment and its
range, respectively, and protein concentrations between 1 and=OOH-terminal variants since, in contrast to the human ones,
they contain a single Trp residue in their COOH-terminal

1 Abbreviations: CD, circular dichroism; DSC, differential scanning part, which allowed the .refoldlng FO be mgmtored by
calorimetry; PPII, extended left-handed helical potpfoline) type I fluorescence. Among various refolding conditions tested,
conformation;AH,u, apparent van't Hoff enthalpy. those described under Experimental Procedures yielded
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A

human 221 QLOKVPPEWKALTDMPOMRMELERPGGNEITRGGSTSYGTGSE -~
bovine 224 QLOEAPLEWKALLEMQQTKMVLETFGGDGHARGDSVSQGTGLAPG
dkk  k kkEkkk  k k  k Rk kX kk kokk kkx

human 264 | TESPRNPSSAGSW'NSGSSGPGSTGNR lNPGSSGTGGTATWI KPGSSGPGSTGSWINSGSSGTGSTGNQ ‘

bovine 269 | ————————————— | SPRKPGTSSIGNV | NPGSYGPGSSGTW I NPGRPEPGSAGTW l NPGRPEPGSAGTW |
* ok kk  kkkk k % *k ke kkk Kk ok * ok *k ok
human 329 | NPGSPRPGSTGTW } NPGSSERGSAGH’W[ TSESSVSGSTGQW-~~ | HSESGSFRPDSPG | SGNARPNNPDW |
bovine 321 ] NPGRPEPGSAGTW | NPGRPEPGSAGTW] ————————————— NTG | SSGSSSFRPDSSG [ HGNIRPSSPDW ‘
khkk Kk kkk kkk wkk ok Kkkk & * % kkkhkhk kK& kk Kk
P LVl TFEEVS GNVS PGTRREYHTEKLVTSKEGDKELRTGKEKVT SGSTTTTRRSCSKTVTKTVIGEPDGHKEVTIKE
P e V2 WG TERE - EGSVS SGTKQEFH TGKLVTTKGDKELLIDNEKVTSGHT TTTRRECSKVITKTVINADGRIETTKE
khkk Kk Kk kk hkk Kk Kk Kkkk Rkkkkk Tkkhkk KhkkRAARAEE  Hkhk kk Kk kkk
human 463 FEARISsIcE)
bovine 444 aANolerys)
kk kkKEkKE ok ** *
human 532 G 'TFESKSYPﬁL\QDEAASSEAD—»HEGTHS
bovine 496 P ettt TVNRE AIESKHFKMEDEAESLEDLGEKGAHG
* *k * k ok k  kkkk kkkx kkk k kkk Kx kkk ¥ ok * kk
human 600 539-540
bovine 558
[ EE T NN N NNUOU UM S |
224 LIS B I D B R 1568
1 1 (1 1 1 J } ] [}
224 T H ) T ¥ T Ll 1373 T’p460

374# 568
P

Ficure 1: Alignment of the human and bovine fibrinogex®-domain sequences and schematic representation of the recombinant bovine
oC-domain variants. Panel A: alignment of the sequences performed with the Vector NTI 6.0 program. Aligned identical residues are
depicted by stars; deletions are represented by dashed lines. The vertical bars in-tieenNital connector regions denote the 13-residue
tandem repeats. The COOH-terminal regions are presented on a black background, and Trp460, the only Trp residue in this region of
bovineaC-fragment, is indicated by the thick arrow. The thin arrows indicate plasmin cleavage sites in the extreme COOH-terminal region
of human and bovineeC-domains at residues 58384 and 539-540, respectively. Panel B: schematic representation of the recombinant
bovine full-lengtho.C-domain and its truncated variants expressed for this study. The COOH-terminal region is highlighted by the black-
and-gray box; the boundaries between the tandem repeats in theeNRnal connector region are presented by the vertical bars.

fragments whose fluorescence spectra in the final “native” denaturation experiments whose results are presented in
buffer had maxima at 347348 nm (vs 356-352 nm in 8 Figure 2B confirmed this finding.

M urea), suggesting the presence of a folded structure. Only  visual inspection of the thermally induced transitions
the fragments with such spectra were used for further shows that the b224568 and b374538 fragments have
structural studies. The refolding procedure developed for the similar stability and that the sharpness of these transitions,
bovineaC-fragments was then applied for refolding of the which reflects the cooperativity of the melting process, is

human counterparts. also similar. The transition in the b37#468 fragment seems
Fluorescence-Detected Denaturation of theyBe aC- 0 occur in the same temperature range, although its
Fragment and Its VariantsTo test the refolded bovineC- amplitude was almost 2-fold lower. The similarity becomes

fragments for compact structure, we performed a fluores- MOre evident when the data are transformed to yield the
cence study of their heat-induced unfolding. Figure 2A fraction denatured as shown in the inset in Figure 2A. The
presents melting curves obtained by heating the fragmentsm'dpo'nts ) of the transitions for all three fragments were

in glycine buffer while monitoring the ratio of fluorescence E)gfrf]gr:?hgf i\éiryl—? lose, lat f?'i ;rC.mTtme ;?pp:?rr(]agt”nva;n;t q
intensity at 370 nm to that at 330 nm as a measure of the pies AH,x) calculated fro € Iraction denature

; . . (see Experimental Procedures) were also similar, in the range
spectral shift that -accompanies unfolding. Under such of 33—40 kcal/mol. Such similarity suggests that the same
conditions, the full-length b224568 fragment and its ' y sugg

. . . structure unfolds in all three fragments, i.e., that this structure
_COOI_—|—term|naI variants, b3?£56i_3_and b3.74538’ exhib- . is formed by the COOH-terminal region of theC-
ited sigmoidal denaturation transitions while no such transi- domain
tion was observed in the NHerminal variant, b224373, '
corresponding to the connector region. These results indicate -
- i _ i - By cooperative structure, we mean a structure that is compact and
that .the full-length bovm_eaC fragment and It_S COOH independently folded as evidenced by the fact that it unfolds in a
terminal fragments contain compact cooperative struéture

_ ] cooperative all-or-none manner, giving rise to a sigmoidal transition
while the connector fragment does not. The urea-induced (56).
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5 Ficure 3: Fluorescence-detected thermal denaturation of the
(T b224-568 recombinant bovine.C-fragment and its COOH-terminal truncated
0.8 , , ' : : . variant at various concentrations of sodium chloride. Panels A and
0 i 2 3 4 5 6 7 B show melting curves obtained upon heating of the b2288
and b374-538 fragments, respectively. All experiments were
Urea (M) performed in 20 mM Gly buffer, pH 8.5, containing the indicated

. . . concentrations of NaCl. All curves were arbitrarily shifted along
Ficure 2: Fluorescence-detected denaturation of the recombinant o vertical axis to improve visibility.

bovine aC-fragment and its truncated variants. Panel A: melting

curves obtained upon heating of the b2268, b224-373, b374- ) .
538, and b374568 fragments in 20 mM Gly buffer, pH 8.5, out in buffer containing 0.15 M NaCl, although the latter

containing 150 mM NaCl. The curves for b22868 (1), b374 interfered with the CD signal, precluding the acquisition of
538 (2), and b374568 (3) which have been transformed to give ~data below 200 nm. While CD spectra in the far-UV region
the fraction denatured as a function of temperature (see EXpe”'gre connected with the presence of secondary structure, those

mental Procedures) are presented in the inset. Panel B: urea-induce h UV . hich v h h
denaturation curves of the sam€-fragments in the same buffer " theé near-UV region, which usually have much lower
as in panel A. All curves were arbitrarily shifted along the vertical amplitude, are connected with tertiary structure, reflecting

axis to improve visibility. an asymmetry in the environment of aromatic residues. In
the near-UV region, alblC-fragments at low temperature
Since the presence of NaCl was required for successfulexhibited CD spectra with positive maxima at 27678 nm
refolding of the bovineaC-fragments (see Experimental whose amplitudes were decreased at high temperature (see
Procedures), we studied thermal denaturation of the full- insets in Figure 4). This decrease occurred in a sigmoidal
lengthaC-fragment (b224568) and its compact truncated manner in the b224568, b374-568, and b374538 frag-
variant (b374-538) at different salt concentrations to evalu- ments, indicating cooperative unfolding of some tertiary
ate the influence on their stabilities. The results presentedstructure, while in the case of the connector (b23%3) the
in Figure 3 revealed that the stability of both fragments change of the CD signal was linear (Figure 4C), suggesting
increased with increasing concentration of NaCl up to 2 M. the absence of such structure.
At subphysiological salt concentration, the stability as well  In the far-UV region at low temperature, the full-length
as the amplitude of the transition was decreased. These results C-fragment and its COOH-terminal variants exhibited CD
show that NaCl stabilizes compact structure in both frag- spectra with a negative shoulder at 240 nm whose
ments. amplitude increased with increasing temperature (insets in
CD-Detected Thermal Denaturation of the Bwe oC- Figure 5A,B). When fragments were heated while monitoring
FragmentsTo further characterize the structure of the bovine ellipticity at 222 nm, a weak sigmoidal transition was
oC-fragments, we studied their heat-induced unfolding by observed with the full-lengtlwC-domain (Figure 5A). A
circular dichroism (CD). Based on the above finding of the similar transition but more pronounced was observed in the
stabilizing effect of salt, the CD measurements were carried case of the COOH-terminal b37438 and b374568
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Ficure 5: Thermal denaturation of the recombinant bovire-
60 ", 260 280 300 320 340 fragment and its truncated COOH-terminal variants detected by
] Wavelength (nm) circular dichroism in the far-UV region. Panel A: heat-induced
changes in ellipticity at 222 nm of the b22868 fragment. The
50 | dashed lines represent linear extrapolations of the CD values before
and after transition to highlight its sigmoidal character. Panel B:
2 changes in ellipticity at 222 nm of the b37868 and b374538
0 A S S S S T SO R R fragments. The CD spectra in the far-UV region of all these
0 10 20 30 40 50 60 70 80 90 100 fragments at 10°C (solid lines) and 9C°C (dotted lines) are
o presented in the corresponding insets; those for the-6388 and
Temperature ("C) b374-538 essentially coincide at 9TC. All experiments were

erformed in 20 mM Tris buffer, pH 8.0, with 150 mM NacCl.
Ficure 4: Thermal denaturation of the recombinant bovir@- P ! 'S bu P w

fragment and its truncated variants detected by circular dichroism . . . .
in the near-UV region. Panel A shows changes in ellipticity at 275 COOH-terminal region of theC-domain contains secondary

nm upon heating of the b224668 fragment in 20 mM Tris buffer, ~ and tertiary structure which unfolds in a cooperative manner,
pH 8.0, with 150 mM NacCl. Panel B shows the same for the 374  reinforcing the previous conclusion about the presence of
568 and b374538 fragments in the same buffer. Panel C refers to compact structure in this region based on fluorescence

the b224-373 fragment in 20 mM sodium phosphate buffer, pH s :
7.4. The CD spectra in the near-UV region of the fragments at 10 measurements. In addition, together with the fluorescence

°C (solid lines) and 9C°C (dotted lines) are presented in the data they suggest that thewB39-568 region missing in
corresponding insets. the b374-538 fragment does not contribute noticeably to

the stability of the compact structure in the bovia€-
fragments which do not contain the connector region (Figure domain and that the @374—538 region of the latter is
5B). These results clearly indicate unfolding of the secondary sufficient to form such structure.
structure that contributes at this wavelength. DSC-Detected Thermal Denaturation of the:B® oC-

In the near-UV region, the sigmoidal transitions for all Fragments.Differential scanning calorimetry allows mea-
three fragments that contain the COOH-terminal portion surement of integral heat absorbed upon denaturation and
(b224-568, b374-538, and b374568) occurred in the same  provides more information about the unfolding process.
temperature range with,s at 39-40 °C, close to those  However, because DSC requires higher concentration of
observed by fluorescence. The values of the apparent van'tproteins, we were able to apply this technique only to the
Hoff enthalpies calculated for each fragment (see Experi- COOH-terminal truncated b374638 fragment and the
mental Procedures) were found to be in the range ef&» b224-373 connector; the solubility of the full-length bovine
kcal/mol, close to those determined from the fluorescence- aC-fragment and the b374668 fragment was not sufficient
detected transitions. In the far-UV region, the transitions in to reach the concentration required for the calorimeter. When
all three fragments also occurred in the same temperatureheated in the calorimeter, the b37838 fragment exhibited
range although the values of tiigs were lower, 3436 °C. a prominent heat absorption peak whose stability and
The similarity inT,s and the apparent van't Hoff enthalpies amplitude increased at higher salt concentration (Figure 6A,
of denaturation for the studied fragments indicate that the middle and upper curves), in agreement with the fluorescence
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FIGURE 7: Thermal denaturation of the recombinant hunea®+
0 fragment and its truncated COOH-terminal variant detected by
Temperature ("C) circular dichroism. Panel A: heat-induced changes in ellipticity at

FiGURE 6: Thermal denaturation of the recombinant bovine and 275 nm of the h22+610 and h392610 fragments. Panel B:
human aC-fragment variants detected by differential scanning changes in ellipticity of the same fragments at 222 nm. The near-

calorimetry. Panel A: the solid uneven lines represent original DSC and far-UV CD spectra of these fragments at*fD(solid lines)
curves of the recombinant bovine b37838 fragment in 20 mM and 90°C (dotted lines) are shown in the corresponding insets.
Gly, pH 8.5, in the presencef @ M NaCl (curve 1) or 0.15 M The dashed lines represent linear extrapolations of the CD values

NaCl (curve 2), and the b224873 fragment in 20 mM Gly buffer, before and after transitions to highlight their sigmoidal character.
pH 8.5 (curve 3). The dotted lines indicate the manner in which All experiments were performed in 20 mM Tris buffer, pH 8.0,
the excess heat capacity function for each curve was determinedWith 150 mM NaCl.

to derive calorimetric enthalpy; the thin solid lines, which essentially i o )
coincide with the experimental uneven lines, represent the best fitsanalysis of the DSC-detected endotherms indicates unfolding

by a two-state transition. Panel B: the solid uneven lines representin the full-length bovinexC-domain of a single cooperative
original DSC curves of the recombinant human h3820 fragment unit which is formed by its COOH-terminal part.

in 20 mM Gly buffer, pH 8.5, with 0.5 M NaCl (curve 1), and the . .
h221-391 fragment in 20 mM Gly buffer, pH 8.5 (curve 2). The Thermal Denaturation of the HumarC-FragmentsSince

dashed lines in both panels represent the theoretical heat capacitfhe COOH-terminal half of the humamC-fragment does
functions for the unfolded fragments calculated as described undernot contain Trp, we utilized only CD and DSC to test its
Experimental Procedures. folding status. Similarly to the bovineC-fragments, the
data. In contrast, the connector fragment exhibited no suchhuman h22+610 and h392610 fragments both exhibited
peak (Figure 6A, lower curve). The transitions detected at sigmoidal thermal transitions in the far- and near-UV regions
low and high salt concentrations occurred at 39.6 and 46.1upon heating, indicating cooperative unfolding of the sec-
°C, respectively, and the calorimetric enthalpies of denatur- ondary and tertiary structures (Figure 7 A,B). In both near-
ation determined directly in the experiments were found to and far-UV regions, the transitions for the full-lengiic-

be respectively 24 and 32 kcal/mol. The van't Hoff enthalpies fragment and its COOH-terminal variant occurred in the same
determined from the shape of the curves were found to betemperature rangeT = 42—43 °C). The values of the
28 and 40 kcal/mol, close to the respective calorimetric apparent van't Hoff enthalpy for both fragments calculated
enthalpies and also to the apparent van't Hoff enthalpies from the fraction denatured were also similar. These values
determined from the fluorescence- and CD-obtained melting (AH,y = 36—37 kcal/mol) were comparable with those
curves (see above). This suggests that we are dealing withobtained for the corresponding bovio€-fragments.

the unfolding of one cooperative unit. In agreement, the  As in the case with the full-length bovineC-fragment,
endotherms obtained at low and high salt concentrations wereit was impossible to reach a concentration of the full-length
fitted well by one two-state transition with enthalpies of 25 humanaC-fragment sufficient for DSC measurements while
and 35 kcal/mol, respectively. Thus, the thermodynamic the COOH-terminal h392610 fragment and human con-
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nector were adequately soluble. When heated in the calo-
rimeter, the h392610 fragment exhibited a weak heat A
absorption peak, suggesting unfolding of a compact structure -3 4
(upper curve in Figure 6B). However, tfg, of this peak

(32 °C) and the experimentally determined calorimetric 0
enthalpy (16 kcal/mol) were substantially lower than those

determined for this fragment in the CD experiments, although 4 ;‘;\

the van't Hoff enthalpy determined from the shape of the
transition AH,4 = 31 kcal/mol) was comparable. Because '
of these discrepancies, no attempt was made to further
analyze this endotherm. A possible explanation for the low
heat effect and the discrepancy between calorimetric and ® 7 e
van't Hoff enthalpies could be that part of the protein was
not properly folded because the refolding procedure devel-
oped here for bovine fragments may not be optimal for the

-15 L I i
180 200 220 240 260

Wavelength (nm}

human ones. Alternatively, exothermic aggregation of the 3l % 2
unfolded fragment or some other fast nonequilibrium post- *H,% =10 4
denaturational processes that may accompany the unfolding hma:}% 15 10°

may compensate the endothermic denaturation effect and
shift the transition to a lower temperature. Nevertheless,
whatever the explanation is, this result together with the CD
data indicate the presence of compact structure in the COOH-
terminal region of the humamC-domain. As in the case of
the bovine connector, the human one also exhibited no heat
absorption peak (Figure 6B, lower curve), suggesting the C
absence of compact structure in this region. C

Structural Organization of the Connector Regiohl-
though fluorescence and near-UV CD measurements revealed
no compact structure in theC-domain connector, one cannot

1 1 1
%&’g 180 200 220 240 260

Wavelength (nm)

[0],,, X 10° (deg x cm”x dmol™)

exclude the possibility for the presence of some regular o

structures in this region. The most prominent feature of both e . . ‘
bovine and humanC-connectors is the presence of tandem h329-340 x\ 180 200 220 240 260
repeats of 13 amino acid residues enriched with Pro, Gly, -2 4 Wavelength (nm)
Ser, and Thr Z6). Taking into account that a number of \\

proline-rich polypeptides and proteins with repetitive se- ——

guences adopt the extended left-handed helical conformation M
known as poly(-proline) type Il (PPII) 27), we hypothesized , .\‘. L
earlier that such conformation may be present also in the 0 10 20 30 40 50 60 70 80 90 10
aC-connector 28). To test this hypothesis, we performed

detailed analysis of the recombinant human and bovine Temperature (°C)

connectors by CD and DSC’. te_chnlques that allow deteqtlon Ficure 8: Heat-induced changes in ellipticity of the bovine and
of some features characteristic for the PPIl conformation. y,man connector fragments and the synthetic peptide detected by
The far-UV CD spectra of the isolated bovine and human circular dichroism. Heat-induced changes in ellipticity at 222 nm
connectors exhibited a negative maximum at-1298 nm are shown for the bovine b224873 fragment (panel A), the human
and a shoulder at 23%35 nm (insets in Figure 8 A,B). In h221-391 fragment (panel B), and the synthetic peptide NPG-

. . . SPRPGSTGT mimicking the sixth repeat (residues-3240) of
both connectors, the amplitude of the negative maximum the humaro.C-connector (panel C). The insets represent CD spectra

decreased while that of the shoulder increased at highofthe corresponding fragments and the peptide &CL@olid lines)
temperature. When heated, both connectors exhibited a lineamnd 90°C (dotted lines). All experiments were performed in 20
increase in ellipticity at 222 nm without any hint of a MM sodium phosphate buffer, pH 7.4. The dashed lines represent
sigmoidal transition, but with a change of the slope at about linear extrapolations of the CD values to determine the inflection
50-55 °C (Figure 8A,B). Linear extrapolation of the data points.

before and after this region (dashed lines in Figure 8A,B) similar CD measurements (Figure 8C). Both the CD spectrum
revealed inflection points at 50 and 3& for the bovine and the temperature-induced change in the ellipticity at 222
and human connectors, respectively. Such CD spectra anchm in this peptide were similar to those observed with the
temperature-induced behavior of the CD signals at 222 nmisolated connectors, suggesting that contribution of the Trp
are reminiscent of those reported for PR®{31). However, residues in this spectral region is negligible. Thus, the above
in both connectors, most repeats contain a Trp residue whichCD data strongly suggest the presence of PPIl in both
may contribute to the same spectral region as PBL( connectors as well as in the synthetic repeat.

33), thus complicating correct interpretation of the CD data.  As mentioned above, when heated in the calorimeter, both
To address this, we synthesized a peptide (NPGSPRPG-connectors exhibited no heat absorption peak (lower curves
STGT) corresponding to the sixth repeat of the human in Figure 6A,B), indicating that they do not contain compact
connector without its COOH-terminal Trp and performed structure. At the same time, at low temperatures, the
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measured heat capacity functid@y) in both cases was lower  one is the presence of a single Trp460 in its COOH-terminal
than the theoreticaC, function for the unstructured con- region, which was hypothesized to be comp&kt This made
nectors (dashed curves) calculated from the amino acidpossible the use of fluorescence spectroscopy, a less protein-
composition (see Experimental Procedures). This differenceand time-consuming method, for fast screening of a wide
decreased with increasing temperature until the @ variety of refolding conditions and selecting those that
functions converged at 5660 °C, in the same temperature yielded recombinant fragments with fluorescence spectra
range where the change in linear slope of the CD signals atcharacteristic for a folded proteins.
222 nm was observed (Figure 8). Again, such behavior of While searching for better refolding conditions, we found
the C, function is characteristic for polypeptides in the PPIl that high concentrations of sodium chloride substantially
conformation 84), reinforcing the above suggestion that the improved the yield of the refolded full-length bovimeC-
PPII conformation is present in both connectors. fragment (b224568) and its COOH-terminal variants
(b374-568 and b374538). These fragments exhibited blue-
DISCUSSION shifted fluorescence spectra when compared to fully dena-

The fibrin(ogen) o.C-domains are involved in fibrin  tured proteins, suggesting the presence of a compact struc-
assembly $5—37), in controlling activation of factor XIll ture. More importantly, they exhibited fluorescence-detected
(38), and in cell adhesion via their 672—-574 RGD sigmoidal transitions in response to heat and urea, which is
sequence and via bound fibronecti89¢41). They also the best evidence for a folded structure. The occurrence of
contain binding sites for tPA and plasminogen and cross- the transition at higher temperature in higher salt concentra-
linking sites foroz-antiplasmin and PAI-218, 42, 43, which tion explained the enhancing effect of salt on refolding of
play a prominent role in regulation of fibrinolysis. It is not the recombinant fragments. Further CD experiments in the
surprising that the molecular defects in €-domains of near- and far-UV regions revealed similar heat-induced
several congenitally abnormal fibrinogens result in disfi- transitions connected with cooperative unfolding of the
brinogenemia associated with defective thrombolydi4, (  tertiary and secondary structures, respectively, reinforcing
45). It was also reported that several mutations in @it our conclusion about the presence of a compact structure in
domain result in hereditary renal amyloidosis, which is these fragments. More so, since the transitions in the full-
caused by deposition of the truncated-fragments in kidney  length aC-fragment and in the COOH-terminal truncated
(46, 47). Despite their functional importance and substantial variants had similar shape and enthalpy, we concluded that
progress in establishment of the high-resolution structure of the compact structure is located in the COOH-terminal region
fibrinogen, the structural organization of ta€-domains is of the aC-domain. In addition, thermodynamic analysis of
still unclear. On the one hand, it was hypothesized that the the DSC-obtained endotherms revealed that this region is
COOH-terminal half of thexC-domain forms a compact folded into a single cooperative unit (domain). CD and DSC
structure which is attached to the bulk of the molecule by measurements gave similar results with the full-length human
the flexible NH-terminal connector regiorb). On the other oC-fragment (h221£610) and its COOH-terminal variant
hand, a recent X-ray study of chicken fibrinogen crystals (h392-610) although the quality of the DSC data precluded
revealed no compact structure in this region of the molecule their accurate thermodynamic analysis. This proves unam-
(14). The present study was performed to resolve thesebiguously our previous hypothesi®)(that the COOH-
obvious contradictions and to clarify the structural organiza- terminal region of thexC-domain is folded into a compact
tion of the aC-domain. structure.

In contrast to the fibrinogen D and E fragments, which It is well established that the extreme 3 kDa COOH-
are highly resistant to proteolysis, th€-domains are easily  terminal portion of thexC-domain is easily removed upon
degraded into smaller fragmeng @6), creating difficulties proteolysis of fibrinogen by plasmi2,(36, 49). The cleavage
in preparation and investigation of this important fibrinogen in both human and bovineC-domains occurs in a homolo-
region. In our previous attempts to prepare the isolat€el gous position at residues 58384 and 539540, respec-
domain from plasmin digests of bovine fibrinogen, we faced tively (arrows in Figure 1A). To test the role of this portion
two problems: first, only the.C-fragment with the truncated in maintaining compact structure of theC-domain, we
COOH-terminus was purified; and, second, the yield of the compared the denaturation of the bovine b3388 fragment
fragment was not sufficient for extensive structural studies with that of its truncated variant b374638. The thermal
(15). Others faced similar problems upon preparation of the stabilities of both fragments were similar, suggesting that
oC-fragment from plasmin digests of human fibrinogé8)( the 3 kDa portion does not contribute noticeably to the
To overcome these problems, we expressed hum@n stability of the compact COOH-terminal region of th€-
domain and its variants i&. coli (17, 18. The yield of the domain and thus may be unordered. This finding suggests
recombinant fragments was comparatively high, and their that the truncated b374638 fragment may contain less
COOH-termini were preserved. However, a denaturation unordered structure and thus could be a better candidate for
study did not provide convincing evidence for the presence crystallization and further structural studies of t@-domain
of compact structure in those fragments (nonpublished by X-ray or by NMR.
results), suggesting either that the procedure used for their TheaC-domains in different species have different lengths,
refolding required further modifications or that theC- and their sequences vary significantly. This argument
domain may indeed be unordered. That is why in this study together with the high susceptibility of theC-domains to
we first focused on the refolding of the recombinant proteolysis was used in support of unordered character of
fragments. The expression of the bovim@-domain and its  the aC-domain (3). At the same time, previous alignment
variants facilitated solution of the refolding problem. The of the aC-domain sequences from several mammalian
major advantage of the bovireC-domain over the human  species §0) and that presented in Figure 1A revealed that
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the major variability in size is connected with the length of reasonable to refer to the compact part asd@domain
their NH-terminal connector region. In addition, although and the flexible part as theC-connector.

the alignment in Figure 1A gave only 46% identical residues
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