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ABSTRACT. Direct measurements of the structure and function of the COOH-terminal portion ofethe A
chain (residues 220610) of human fibrinogen have been hampered by the difficulty of isolating intact
fragments derived from this protease-sensitive region. Here, we overcame this problem by expressing
two fragmentspC45K (Aa221-610) and a truncated version of C30K (Aa368—610), inEscherichia

coli. Both proteins were purified to homogeneous state, and their integrity was confirmed at protein
level by sequencing. Upon treatment with factor Xllla, &@45K fragment but not the C30K fragment
formed polymers similar to those derived from fibrin clots. Sequence analysis of cross-tiakdsK
polymers revealed involvement in the cross-linking reaction of at least three Gin residues (221, 237, 328)
in the NH-terminal region of the fragment and four Lys residues (539, 556, 580, 601) located in the
COOH-terminal part of the molecule. In addition, a fractionad€45K fragment was found in an
intramolecular cross-linked form, suggesting a high level of flexibility of its polypeptide chain and consistent
with the location of its donor and acceptor residues in clusters near the ends of the molecuteC30ie
fragment, lacking the NHterminal GIn residues, was not able to form polymers or internally cross-
linked monomers. Thus, the C-terminal part of the Ahain comprises an autonomous, functionally
active, and flexible region that plays a key roledrpolymer formation and stabilization of fibrin clots

by factor Xllla.

Fibrinogen is a multidomain protein involved in blood 1981) and serve subsequently as its substrate, becoming
coagulation, fibrinolysis, and other important aspects of cross-linked to each other and to fibronectizantiplasmin,
hemostasis. It consists of three pair of nonidentical polypep- thrombospondin, and von Willebrand factor (Mosher, 1976;
tide chains, A, Bj, andy, forming two identical subunits.  Sakata & Aoki, 1980, 1982; Hada et al., 1982; Bale et al.,
Both the subunits and the chains are linked together by 1985).
disulfide bonds to form a symmetrical trinodular structure Although the importance of the.C domains is well

(Doolittle, 1973, 1984, 1994). Each subunit comprises a ggtaplished, not much is known about the mechanism of
number of structural and functional domains which determine polymer formation and its structure. It is also not known

the multifunctional character_of this complicated mole.cule. whether fXllla-catalyzedr polymer formation requires the
Among them are the.C domains formed by the C-terminal  esence of the rest of the fibrin(ogen) molecule ou@
two-thirds of each A& chain which are situated on the surface y,maing could act as independent units. Very limited
of the molecule and are involved in fibrin assembly and other_ information is available about the number and exact location
processes (Mose_sson etal., 1967; Medved et aI.,_1985). Theitt reactive Lys residues participating in fXllla-catalyzed
importance is evident from the fact that congenital defects cross-linking. The fact that the COOH-terminal portions of

in this region including single amino acid substitutions in A chains are easily degraded by proteases (Kirschbaum &

fibrinogens Caracas Il and Dusart (Maekawa et al., 1991; : ; ,
X . ' Budzynski, 1990) was a major obstacle for preparation and
Koopman etal., 1993) or deletion of thexA61—-610 region investigation of this very important fragment of fibrinogen.

in fibrinogen Marburg (Koopman et al., 1992) are associated Thus, most of what we know about structure and functions

s e raen i powmessaton . 0 domain hasbeen dectuced by comparg hebehavir
9 poly of intact fibrin(ogen) with proteolytic derivatives lacking this

ceite;?ctglgelgr;)v ' ”.?;2%?:2?%:: c(:'c\)ﬂnaneekc;at\ggvi%tﬁl.t’higi?nl;osrg:]ie portion of the Ax chains (X fragments). In the present study,
N ; P we overcame this problem by expressindescherichia coli

of € domains for enhancing the activation of plasminogen two recombinant fragments from the C-terminal portion of

by tPA on the fibrin surface (!.unen et "’?'-' 1984). Th€ . human fibrinogen A& chain, theaC45K fragment (GI##*
domains are also known to interact with thrombospondin through Valé9) and its truncated versionC30K fragment
(Tuszynski et al., 1985) and integrin-type platelet and (His%% through Val®'%). We have showmn thatC45?< but
endothelial cell receptors (Cheresh et al., 1989). In addition, ot aC30K cguld be eﬁectively cross-linked by factor Xllla
these regions control activation of factor XllII (Credo et al., with formation of polymers. Upon treatment@€45K with
Xllla, a significant fraction was found to be internally cross-
*?uwﬁfted by U.S. gationalhlnslt(ijni)tes 8; Healtg Gﬁnltl Hbzygl. linked. Direct analysis of fXllla-stabilizedC45K polymers
* To whom correspondence snou e addressed at Hollan apbora- i i
fory, 15601 Crabbs Branch Way, Rockville, MD 20855. Phone: (301) 'cvealed the involvement at least three Gin residues (221,
738-0731. Fax: (301) 738-0794. 237, and 328) an(_j f(_)UI' LyS I'_eSIdUES (539, 556, 580, and
601) in the cross-linking reaction.
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a.C30K Table 1: Definition of Primers used in This Study
Q0000 QOO QOOQY OO0
368 ! 1 610 aC45K Fwd: GG ATC CAT_ATG CAG CTT CAG AAG GTA CCC CCA
(Gln 221-Val 610)" Nde 1
Bam HI
Rev compl:  AAG CTT TCA GAC AGG GCG AGA TTT AGC AT
aC45K Hind 111
294 V‘VO oY ovYy OO0 COOO  QOOOY 0003 610 fnﬂ(.:,\}?(w};v,.x oor Fwd: GG ATC (‘»\TI'd.”A';ﬁ CAC TCT GAA TCT GGA AGT TTT
I_I Bam HI
Rev compl:  AAG CTT TCA GAC AGG GCG AGA TTT AGC AT
Hind 111
aForward (Fwd) and reverse complement (Rev compl) DNA
kDa sequences are indicatétBoth expressed fragments contain an extra
97.4 NH.-terminal fMet residue (see text).
- - 66.2
- - W — —— 450 . . .
Y 31.0 The resulting plasmids were used for transformation of
o5 DH5a and then BL21E. coli host cells. Both cDNA
- — 144 fragments were sequenced in both directions to confirm the

integrity of the entire coding sequence. For expression of
theaC fragments, BL21 cells were grown at 3Z in Luria

Ficure 1: (Top) Schematic representation of the recombimetit broth medium containing ampicillin (5@g/mL). Overnight
fragmenis and the location of GIn and Lys residues within them. cultures were diluted 1:100 with fresh Luria broth medium,

The bold line depicts the single disulfide bond. GIn residues are grown for 2 h at 37°C (mid-log phase), induced with
indicated by dark arrows and Lys residues by open diamonds. isopropyl-1-thiog-p-galactopyranoside (0.4 mM) for-2

(Bottom) SDS-PAGE (8-25% gel) of the expressed fragments  h, harvested by centrifugation, and lysed by the freeze/thaw
aC30K (lanes 2 and 3) andC45K (lanes 4 and 5) in nonreduced  yethod.

(lanes 2 and 4) and reduced (lanes 3 and 5) conditions. Lanes 1

1 2 3 4 5 6

and 6 contain molecular mass standards as indicated. Purification of the Recombinant Fragment$he aC45K
fragment was purified from the insoluble pellet of the
MATERIALS AND METHODS bacterial lysate. The pellet was washed three times with
Expression of RecombinaaC Fragments Two recom-  1BS, pH 7.4, containing 5 mM EDTA and 0.5% Triton
binant fragments comprising residues 210 @C45K X-100, resulting in significant purification fronk. coli

fragment) and 368610 (C30K fragment) of the fibrinogen membrane proteins. The pellet was then solubilized at room
Aa. chain (Figure 1) were produced coli using the pET-  {emperature during 20 min in TBS, pH 7.4, containing 8 M
20b expression vector (Novagen Inc.). To clone the desig- Uréa. Residual insoluble material was removed by centrifu-
nated regions, we designed polymerase chain reaction (PCRPaton, and the soluble protein was further purified and the
primers shown in detail in Table 1. The forward and reverse Urearemoved by size exclusion chromatography on a column
primers contained 21 and 20 bases, respectively, correspond®f Superdex 75 (Pharmacia) equilibrated in TBS, pH 7.4.
ing to the % and 3-terminal sequences of the desired coding  The aC30K fragment was prepared from the soluble
segment. The forward primer incorporated Migd restric- fraction of the bacterial lysate. After precipitation with 30%
tion site immediately before the coding region; the final three @mmonium sulfate, the pellet was dissolved in 20 mM Tris,
bases of theNdd site, ATG, code for the fMet initiation ~ PH 8.0, containing 25 mM NaCl, and applied on a Q-
residue. Because of the difficulties with direct cloning of Sepharose ion exchange column (Pharmacia) equilibrated
PCR products into the pET-20b vector usidd —Hindlll with the same buffer. The material that eluted from the
sites, we added BanH| site immediately before thaldd column at 170 mM NaCl represented mainly th€30K
site, which allowed the corresponding cDNA segment to be fragment with variable amounts of its degradation products
cloned into the pUC19 plasmid for amplification. The as revealed SDSPAGE and NH-terminal sequence analy-
reverse primers included a TGA stop codon immediately after Sis. These were mostly removed by size exclusion chroma-
the coding segment, followed byHindlll site. Not shown  tography on the Superdex 75 column equilibrated with TBS,
in Table 1 is the presence of six additional bases at the freePH 7.4. BothaC30K andaC45K fragments were concen-
5 or 3 ends of each restriction site to facilitate binding of trated and stored frozen &t70 °C.
the restriction enzymes. Protein concentrationsvere determined spectrophoto-
The specific cDNA fragments were generated by PCR metrically using extinction coefficients calculated from the
using Pfu DNA polymerase (Stratagene) and a template amino acid composition by the following equatioBso,10
consisting of full-length cDNA encoding the human fibrino- = (5690W + 1280Y + 120S-S)/0.1M, where W, Y, and
gen Aa chain kindly provided by Dr. S. Lord (Binnie et al., S—S represent the number of Trp and Tyr residues and
1993). The reaction was cycled 15 times with denaturation disulfide bonds, respectively, and M represents molecular
at 94°C, annealing at 50C, and extension at 72C. The mass (Edelhoch, 1967; Gill & vonHipple, 1989; Pace et al
amplified cDNA fragments were purified by electrophoresis 1995). The following values oEzso,10, Were obtained for
in agarose gel, digested witBanHI—HindIll restriction recombinant fragmentsaC45K, 11.6; andxC30K, 3.9.
enzymes and ligated into the pUC19 vector. Aftewrivo Factor Xllla Mediated Cross-Linking aiC Fragments
amplification, the resultant plasmids were digested Wit Cross-linking of the recombinantC fragments was initiated
andHindlll, and the 1.17- and 0.73-kilobase pair fragments by addition of 1 unit/mL of thrombin (Sigma) to a solution
were purified by agarose gel electrophoresis. These cDNA containing 0.6 mg/mL fragment and 2@/mL recombinant
fragments were ligated into the pET-20b expression vector. factor Xl obtained from Dr. Paul Bishop of ZymoGenetics
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B

(Bishop et al., 1990). The reaction was carried out in TBS,
pH 7.4 containing 10 mM Cagfor varying times at 25C.
The incubation mixture was then transferred into a solution
containing 2% SDS and 10%-mercaptoethanol at 95C
and analyzed by SDSPAGE. Alternatively, the reaction
mixture was fractionated on Superose 12 (Pharmacia), andkDa
the polymeric or internally cross-linked fractions were g74 _ _
subjected to Nktterminal sequencing. 6.2
Cyanogen Bromide and Enzymatic Clage Approxi-
mately 0.1 mg of protein was dissolved in 0.5 mL of 70%
formic acid, and 1 mg of CNBr was added to this solution.
The reaction was allowed to proceed for 4 h at°’@7in the
dark. Samples were ther\ dried down us!ng a Savant B) with factor Xllla analyzed by reduced SB®AGE (4-15%
SpeedVac concentrator, diluted to 1 mL with® and gel). Lanes 1 contain the starting material. Laness 2epresent
redried. The acceptor GIn and donor Lys residues involved increasing times of incubation (10, 30, 60, 120, and 360 min) with
in cross-linking were identified by isolation and sequencing factor Xllla as described in Materials and Methods.
of peptides from endoproteinase Lys-C or endoproteinase(Studier et al., 1995). The«C45K fragment was found
Glu-C (Boehringer-Mannheim) digests of the cross-linked predominantly in the insoluble fraction. It was recovered

kDa
200.0
- 1163
--—974
- — 66.2
- — 450
L& & 2 % = 3

b

L AR R

S fepeatsa

-

215
14.4

123456 1234586
Ficure 2: Treatment of thexC45K (panelA) andaC30K (panel

aC45K fragment. Endoproteinase Lys-C digestion was
performed in 50 mM TBS, pH 8.2, containing 5 mM EDTA,

after solubilization in 8 M urea. Solubility was retained after
removal of urea, and size-exclusion chromatography revealed

at 37°C overnight; enzyme/substrate ratio was 1/60 (mass/ no sign of aggregation. Attempts to recowe€45K from

mass). Glu-C digestion was performed in 50 mM ME0;
buffer, pH 7.8, at room temperature overnight; enzyme/
substrate ratio was 1/60 (mass/mass).

Peptide Separatian The digested fragments were frac-

the soluble fraction resulted in extraction of highly degraded
material (not shown).aC30K was purified intact from the
soluble fraction. The final yield of purified fragments varied
between 4 and 7 mg/L of bacterial culture.

tionated on a RP300 Brownlee C-18 reverse-phase cartridge The homogeneity of the fragments was checked by-SDS
(30 x 2.1 mm) using a Waters HPLC system equipped with PAGE. Both exhibited a major band whose mobility was
two model 510 pumps, a 490E variable wavelength detector, slightly decreased upon reduction indicating that the single
and a 712 WISP autoinjector. Data were collected at 220 disulfide bond was intact in both recombinant fragments
and 280 nm and analyzed using Maxima 820 software. The (Figure 1). Several minor bands with higher mobility were
column was equilibrated in solvent A (0.1% by volume of sometimes observed suggesting impurities or proteolytic
trifluoroacetic acid in HO) and eluted with various gradients degradation of the fragments upon preparation. However,
of solvent B (0.1% by volume of trifluoroacetic acid in both fragments consistently displayed a single N-terminal
acetonitrile). A linear gradient from-610% B over 5 min  sequence starting at Gffor aC45K and Hig® for aC30K,
followed by 10-50% B over 50 min was used for the both preceded by variable yields of Met. This suggests that
endoproteinase Lys-C digest. For the CNBr digests, the the minor bands represent the same fragments with partially
gradient was from 0 to 50% B over 100 min. For the degraded COOH termini. To check this suggestion, a 27-
separation of the endoproteinase Glu-C digests, a concavekDa contaminant otxC30K (see Figure 2B) was isolated
gradient from 6-10% B over 20 min followed by a linear ~ during further purification of thexC30K fragment by size
gradient from 16-15% B over 40 min followed by 15 exclusion chromatography, and its cyanogen bromide digest
40% B over 40 min was used. was compared with that @C30K by reverse-phase HPLC

Sequence AnalysisNH-terminal sequence analysis was (ot shown). The digest of theC30K fragment exhibited
performed with a Hewlett-Packard model G1000S sequena-an extra peak that was missing in the digest of the 27-kDa
tor. The NH, termini were determined by direct sequencing fragment. The material from this peak was sequenced
for several cycles. To determine the COOH termini, the through the end and identified as the complete COOH-
corresponding material was digested with CNBr and sepa- terminal CNBr fragment of the A chain. Sequence analysis
rated by reverse-phase HPLC, and individual fragments were©f & total CNBr digest otxC45K showed the presence of
sequenced through the end. When analyzing various frac-all five expected CNBr fragments. Thus sequence analysis
tions from the proteolytic digests of cross-linked material, Cléarly indicated that, after purification, the Neind COOH
multiple residues were often found in each cycle indicating t€rmini in both fragments were mainly preserved and that
heterogeneity of the fractions from HPLC. Computer- the minorimpurities revealed in some preparations by SDS
assisted comparison of the residues in each cycle against th& AGE occurred due to partial degradation of their COOH
known sequence aiC45K allowed specific sequences to termini.

be identified. Factor Xllla Catalyzed Cross-Linking of theC Frag-
ments Since the NH-terminal portion ofa C45K contains
RESULTS reactive GIn residues previously identified by Doolittle and

co-workers (Cottrell et al., 1979) as well as the718—
584 region, where potential donor Lys residue(s) were
predicted to occur (Doolittle et al., 1977), we checked if it
comprising residues Gi#t through Vat'®and Hig®®through  could be cross-linked by factor Xllla into polymeric struc-
Val®!f, respectively, were directly producedn coliusing  tures similarly to those observed in cross-linked fibrin. Upon
the pET-20b expression vector. Both fragments containedincubation ofaC45K with factor Xllla, the major band on
one extra NH-terminal fMet residue that initiated translation  SDS-PAGE corresponding to the monomeric fragment was

Preparation and Characterization of Recombinan®
Fragments The recombinant fragmentsC45K andoC30K
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Ficure 3: Repetitive yields of successive residues during;NH
terminal sequencing of untreatedC45K (paneld), the internally
cross-linked monomeric form ofttC45K (panel B), and the
polymeric fraction ofa C45K (panelC). Numbers above panel A
indicate the position of the residues in thet&hain sequence. An
extra fMet is denoted by the asterisk.

Ficure 4: HPLC separation of cross-linked peptides obtained from
o C45K polymers after Glu-C digestion. The numbers designate
peaks that are observed in digest of the polymers but not the
monomers.

depressed yield of GHt would be expected if it were

rapidly depleted (Figure 2A). This was accompanied by the involved in cross-linking since it would not be liberated
appearance of new slower m0b|||ty bands whose apparen[fO”OWing Edman degradation. The results seem to indicate
molecular mass was consistent with the formation of dimers, that this residue can participate in cross-linking not only
trimers, tetramers, and, most prominently, large polymers intermolecularly to fornoC multimers but intramolecularly
which failed to enter the gel (bands b, ¢, d, and e, to form a more compact structure which migrates faster
respectively). In addition, some of the material in the through the gel. The intramolecular cross-linking may also
incubation mixture precipitated, suggesting the formation of occur in some of the dimers and multimers and could account
even higher molecular mass polymers. The results clearly for the diffuse nature of bands b, ¢, and d and their tendency
indicate that cross-linking of theC45K fragment by factor ~ to shift downward with increasing time of cross-linking
Xllla results in the rapid formation of multimers and (Figure 2A). These results suggest a high level of flexibility
polymers. By contrast, theC30K fragment, when incubated in the aC45K polypeptide chain which allows fXllla to
with factor Xllla under identical conditions, was unaffected introduce intramolecular amide bonds and increase the
(Figure 2B), consistent with what was suggested about themobility on SDS-PAGE.
distribution of donors and acceptors in different parts of the Identification of Cross-Linked Residuesd€45K Poly-
fibrinogen Aa chain (Doolittle et al., 1977, 1979). mers Both untreatedC45K monomers and the cross-linked

Figure 2A also reveals that incubation with factor Xllla polymer fractions were treated with protease Glu-C or
results in the gradual accumulation of an additional mono- protease Lys-C, and HPLC profiles of their digests were
meric band (band a) with higher mobility than the original compared to identify the regions involved in cross-linking.
aC45K fragment. One possible explanation would be An example of a Glu-C digest is provided in Figure 4 where
proteolytic degradation of the fragment. However, the several new peaks designated as 1, 2, 3, and 4 are visible in
appearance of higher mobility products was observed neitherthe HPLC profile of the cross-linked polymeric fraction but
with the aC30K fragment, which was incubated with factor absent in that of the untreated monomeric fragment. Some
Xllla under identical conditions (Figure 2B), nor with a of the new peaks were shown to arise merely from changes
separate sample afiC45K to which only thrombin was in the digestion pattern as a result of the cross-linking
added, omitting factor XllII (not shown). If degradation with reaction, presumably because of changes in the steric
some other protease is responsible for the increased mobilityaccessibility of cleavable bonds or, in the case of Lys-C
of a portion of thenC45K fragment, this degradation should digests, failure of the enzyme to recognize a Lys residue

involve its NH-terminal part, the part missing inC30K that was cross-linked to a GIn. Other peaks represented
which does not show the effect. To check this suggestion, cross-linked peptides whose retention times were increased
the fraction which exhibited higher mobility on SB®AGE because of the larger size. Upon sequencing, most peaks

after 360 min of cross-linking (band a, Figure 2A) was produced multiple residues in each cycle, indicating hetero-
separated from soluble multimers by size exclusion chro- geneity of the HPLC fractions or the presence of several
matography and sequenced through seven cycles. Thepeptides in a given cross-linked species. Comparison of the
untreated fragment and the soluble multimer fraction were residues in each cycle against the known sequenc€46K
also sequenced for comparison. The analysis revealed thellowed several individual sequences to be identified. Figure
same single Nkiterminal sequence in all three cases 5 presents repetitive yield data for several peptides that
indicating that the Nktterminal part oimC45K is preserved  appeared to be involved in cross-linking as evidenced by
during incubation with factor Xllla. However, unlike the much lower than expected yields of either GIn or Lys in a
untreated material (Figure 3A), both band a (Figure 3B) and given cycle. Some of the same peptides were also identified
the multimer fraction (Figure 3C) exhibited a depressed yield in peaks from a digest of untreatedC45K, in which case

of GIn?2! (cycle 2) compared to G} (cycle 4). The the yields of the corresponding GIn and Lys residues were
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FIGURE5: Repetitive yields of successive residues during N-terminal sequencing of peptides isolated from proteolytic digests of the polymeric
fraction of cross-linkedxC45K fragment of fibrinogen. Left-hand panels present data from peptides in which reactive GIn residues were
identified, as indicated inside each panel. Right-hand panels correspond to peptides in which reactive Lys residues were identified. The
amino acid sequence of each peptide is indicated along the ordinate of each panel.

not depressed. Thus, the panels on the left of Figure 5product (results not shown). The use of the pET-20b
identify three different Gin residues at positions 221, 237, expression system seems to abolish that problem. We
and 328. The panels on the right identify four Lys residues attribute this success at least partially to the strong T7

at positions 539, 556, 580, and 601. promotor in the pET expression vector and to the lack of
the Lon andompT proteases in the BL2E. coli host cell
DISCUSSION strain which was used for expression of the recombinght

Localization of functionally important regions of fibrino- fragments.
gen oC domains has been hampered by the difficulty of = One of the major functions of the C-terminal portions of
iso'ating intact homogeneous fragments Containing this ﬁbrin(ogen)a Chain iS to Stabilize flbl’ln C|0tS by formation
domain, primarily because of its vulnerability to proteolysis. Of fXllla cross-linked polymers. Cross-linking of chains
Previous attempts to prepare full lengii€ domain from alters the mechanical properties of the clot and enhances a
bovine fibrinogen by limited proteolysis resulted in low clot's resistance to lysis by plasmin (Henschen & McDonagh,
yields of a 40-kDaaC-fragment which had heterogenous 1986). When recombinaintC45K fragment was incubated
NH2 termini and was missing a Signiﬁcant portion from its in the presence of fX”la, the formation of dimers, trimerS,
C-terminus (Ax582—610) which is thought to be important ~ tetramers, and higher molecular weight polymers was
for the intramolecular association of these domains in observed. Such polymerization upon treatment of the
fibrinogen (Veklich et al., 1993; Gorkun et al., 1994). One ®C45K fragment with fXIlla indicates that COOH-terminal
goal of the present study was to express intact homogeneougegions of fibrin(ogen) & chains are autonomously func-
recombinanio.C fragments in amounts sufficient for their tioning domains with a tendency to form self-associated type
characterization and functional study. structures. Recently published electron microscopy data

Two Recombinant Fragments Were Expressed with High indicate that naturakC fragments of_bovine fibrinogen have
Yield using the pET-20b Expression Vectdhese fragments & téndency to self-associate (Veklich et al., 1993). Such a
wereaC45K fragment including the sequence:221—610 tendency could explain the high efficiency@€45K cross-

and its truncated versioaC30K fragment (A368-610). linking upon its treatment with fXllla. Factor Xllla intro-
It should be noted that our first attempts to produce duces covalentisopeptide bonds that stabilize the associated

maltose-binding protein using the pMAL-p2 expression  Treatment of theaC45K fragment with factor Xllla
vector failed due to extremely high degradation of the final resulted not only in the formation of polymers but also in a



Cross-Linking of Recombinant FibrinogerC Domains Biochemistry, Vol. 35, No. 18, 1996815

significant fraction of an internally cross-linked monomeric 221237 328 539 556 580 601
derivative whose mobility on SDSPAGE was greater than NH QQ a Q KK KK
that of the starting material. Such intramolecular cross- 2
linking occurred also with some oligomeric species, retarding fXllla

their further polymerization. Intramolecular cross-linking

was shown to involve at least Gf and unidentified Lys / N

residue(s) presumably located in the COOH-terminal portion

as presented schematically in Figure 6. The possibility that @l‘ 0 — 0]
other GIn residues also participate in this reaction can not
be excluded and is in fact suggested by the presence of at
least one additional band at a position intermediate between

COOH

the starting material and the highest-mobility band (Figure o Q= Y

2A). This phenomenon was not detected with the truncated

aC30K fragment, which also failed to show any evidence

for intermolecular cross-linking. ﬂ
Reactive Gln residues that can serve as substrates for factor

Xllla and other transglutaminases are often identified through

their ability to incorporate low molecular weight amine

donors. For example, reactive GIn at positions 237, 328,

and 366 in the A chain were identified by incorporation of 0 —= o
labeled Lys analogues into fibrin (Cottrell et al., 1979; Fretto @l:"

et al., 1978; Henshen & McDonagh, 1986). More recently,

a similar approach has been used to |ncorporate Gln_F|GURE6: Schematic I’epl’esentation of the results 0fCI’OSS-|inking

o : ; : f recombinantiC45K fragment of fibrinogen with factor Xllla.
containing peptides into several proteins (Parameswaran e€&eactive GIn residues identified in this study are located in the

al., 1990; Bendixen et al., 1993). However, the specificity N-terminal portion and Lys residues in the C-terminal portion.
of this approach may be compromised by the high (mM) Intramolecular cross-linking competes with intermolecular cross-
concentrations of the low molecular weight probes that are linking and also serves to impede the growth of polymers.
used. The present study provides the first direct identification
of specific GIn and Lys residues in the fibrinogen.ghain

that are actually involved in proteirprotein cross-linking

as opposed to merely serving as substrates for the incorpora
tion of low molecular weight probes. Two of the three
identified GIn residues, 237 and 328, are the same as thos
previously reported to be reactive; the third at position 221
was not previously identified. TheC45K fragment contains

a total of six GIn residues, five of which are located in the
N-terminal 25% of the polypeptide chain (Figure 1). Three
of the six were identified as reactive in our experiments. We A ckNOWLEDGMENT

cannot exclude the possible involvement of additional GIn-

(s), e.g., GI® (Cotrell et al., 1979), since we did not We thank Dr. Susan Lord for providing full-length cDNA
sequence every HPLC peak. However, the factd@80K, of the Ao chain of human fibrinogen. Thanks also to Dr.
for which GIrf3 is the only one, did not undergo cross- Igor Kurochkin for helpful discussions.

linking suggests that G¥? is not reactive toward factor
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