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Topological Arrangement of Four Functionally Distinct Domains in 
Hamster Plasma Fibronectin: A Study with Combination of S-Cyanylation 
and Limited Proteolysis? 

Kiyotoshi Sekiguchi and Sen-itiroh Hakomori* 

ABSTRACT: Hamster plasma fibronectin was shown previously 
to consist of four functionally distinct domains which were 
isolated as M, 150 000-1 40 000,40 000, 24 000, and 2 1 000 
fragments (1 50K-l40K, 40K, 24K, and 21K fragments) after 
mild thermolysin digestion [Sekiguchi, K., Fukuda, M., & 
Hakomori S .  (1981) J .  Biol. Chem. 256, 6452-64621. The 
alignment of these domains and the location of cysteine res- 
idues have been studied by S-cyanylation of cysteine residues 
with 2-nitro-5-thiocyanobenzoic acid. Hamster plasma fi- 
bronectin contained 1.1 mol of cysteine residue/mol of subunit 
chain. This cysteine residue was localized in the 150K-140K 
domain. Cleavage of intact fibronectin at the cysteine residue 
by S-cyanylation produced three major fragments, Le., scl55K, 
sc145K, and sc125K fragments (the prefix “SC” specifies the 
S-cyanylation-cleaved fragment). Only the scl45K fragment 
was heavily radiolabeled by factor XIIIa/ [3H]putrescine, as 
well as galactose oxidase/NaB3H, for carbohydrates, indi- 
cating that it contained 24K and 40K domains which were 
located at the “,-terminal side of the cysteine residue. The 

n 
& ibronectin is a multifunctional glycoprotein abundantly 
present in the pericellular matrix and in body fluids (Vaheri 
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sc145K fragment was separated from other fragments by 
gelatin-Sepharose chromatography, followed by gel filtration 
on Sephacryl S-200. Thermolysin digestion of the sc145K 
fragment produced 24K, 40K, and 55K fragments but did not 
produce the 21K fragment. The first two fragments represent 
“,-terminal 24K domain and a next adjacent carbohy- 
drate-rich 40K domain, respectively. The 55K fragment was 
considered to represent COOH-terminal region of the sc145K 
fragment and overlap with NH2-terminal portion of the 
150K-140K domain, because this portion was obtained as an 
sc58K fragment by S-cyanylation of the 150K-140K domain. 
In contrast, thermolysin digestion of the S-cyanylation frag- 
ments, which were nonadsorbed on gelatin columns and were 
considered to be derived from the COOH-terminal portion of 
intact fibronectin, produced 64K, 62K, and 21 K fragments, 
but not 24K or 40K. These results, taken together, indicate 
that the alignment of the four domains in the a subunit is 
NH2-24K-40K-1 50K(-140K)-2 1 K-COOH and that in the 
p subunit is NH2-24K-40K-( 150K-) 140K-COOH. 

& Mosher, 1978; Yamada & Olden, 1978; Mosesson & Am- 
rani, 1980; Pearlstein et al., 1980; Mosher, 1980; Ruoslahti 
et al., 1981a). A decrease or deletion of this protein associated 
on oncogenic transformation aroused a great deal of initial 
interest for the study of this protein (Gahmberg & Hakomori, 
1973a; Hynes, 1973). It is an adhesive protein which mediates 
in vitro cell attachment and spreading onto uncoated or col- 
lagen-coated plastic surfaces (Klebe, 1974; Pearlstein, 1976; 
Grinnell, 1978). In plasma, it modulates the phagocytic ac- 
tivity of the reticuloendothelial system as a nonspecific opsonin 
(Saba et al., 1978). It shows an affinity toward various 
substances, including collagen (or gelatin), fibrin, glycos- 
aminoglycans, bacterial surface components, actin, and de- 
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obtained from Eastman Kodak Co. (Rochester, NY) and re- 
crystallized from ethanol. Ultrapure urea and guanidine, hy- 
drochloride (Gdn.HC1) were purchased from Schwarz/Mann 
(Orangeburg, NY) and used without further purification. 
5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB), iodoacetamide, 
gelatin (from swine skin, type I), and thermolysin (protease, 
type X) were obtained from Sigma; ['Hlputrescine, K14CN, 
and NaB'H, were from Amersham (Arlington Heights, IL); 
iodo[14C]acetamide was from New England Nuclear; Se- 
phacryl S-200, Sepharose 4B, and Sephadex G-25 were from 
Pharmacia (Piscataway, NJ); DEAE-cellulose was from 
Whatman (Kent, England); galactose oxidase was from Kabi 
(Stockholm, Sweden); sialidase of Vibrio cholerae was from 
Behring Diagnostics (Somerville, NJ). Factor XI11 was a 
generous gift from Dr. S. I. Chung (Laboratory of Biochem- 
istry, National Institute of Dental Research). Highly purified 
bovine thrombin was provided by Dr. W. Kisiel (Department 
of Biochemistry, University of Washington). Gelatin-Se- 
pharose was prepared according to Cuatrecasas & Anfinsen 
(1971). 

Purification of Fibronectin. Fibronectin was purified from 
freshly drawn citrated hamster plasma by affinity chroma- 
tography on gelatin-Sepharose, as described previously 
(Sekiguchi et al., 1981). Carboxamidated fibronectin was 
prepared as follows: Fibronectin dissolved in buffer A (0.2 
M Tris-acetate1 mM EDTA, pH 8.0) containing 7.5 M 
GdnHCI was incubated with 5 mM iodoacetamide at  22 "C 
for 30 min in the dark. Modified protein was dialyzed against 
buffer B (10 mM Tris-HCI-0.5 mM EDTA-50 mM NaCI, 
pH 7.6) in the dark at  4 'C for 3 days and stored at  -80 'C. 

['HIPutrescine Labeling of Fibronectin by Factor Xll la .  
Factor XIIIa dependent putrescine labeling was performed 
essentially according to Mosher et al. (1980), with a slight 
modification (Sekiguchi et al., 1981). Fihronectin (0.82 
mg/mL) was dissolved in 10 mM Tris-HCI buffer (pH 7.6) 
containing 0.5 mM EDTA, 100 mM NaCI, 10 mM CaCI,, 
0.42 mM ['Hlputrescine (0.29 Ci/mmol), and factor XI11 (50 
& n L ) .  The reaction was started by adding thrombin (1 
unit/mL). After incubation at  22 "C for 1.5 h, EDTA (20 
mM) was added to terminate the reaction. The labeled protein 
was dialyzed against buffer B at 4 OC for 3 days. It contained 
1.8 mol of putrescine/mol of intact fibronectin. 

Labeling of Carbohydrate Units by Galactose Oxidase. 
Carbohydrate chains of intact fibronectin were labeled with 
galactose oxidase according to Gahmherg & Hakomori 
(1973h). as described previously (Sekiguchi et al., 1981). 
Briefly, fibronectin (1 mg/mL) was incubated with galactose 
oxidase (10 units/mL) and sialidase from V. cholerae ( 5  un- 
its/mL) at 22 'C for 3 h. It was reduced with NaB'H, (1 
mCi/mL) at  22 "C for 30 min, followed by incubation with 
NaBH, (1 mM) for 30 min. The labeled fibronectin was 
absorbed on gelatin-Sepharose to remove the enzymes. The 
labeled protein was eluted from the column with 6 M urea, 
dialyzed against buffer B a t  4 "C. The specific activity of the 
labeled protein was 4.5 X lo6 cpm/mg of protein. 

Purification of I50K-140K Thermolysin-Released Frag- 
menfs. Intact fibronectin (1-2 mg/mL) was digested with 
thermolysin (2.5 pg/mL) at  22 OC for 4 h in buffer B con- 
taining 2.5 mM CaCI,. The 150K-140K fragments were 
purified as described previously (Sekiguchi et al., 1981). 

Abbreviations: NTCB, 2-nitro-5-thiocyanobzoic acid; GdwHCI, 
guanidine hydrochloride: DTNB, 5,5'-dithiobis(2-"itrobenzoic acid); 
buffer A, 0.2 M Tris-acetatel mM EDTA, pH 8.0; buffer B, IO mM 
Tris-HC14.5 mM EDTA-50 mM NaCI, pH 7.6; NaDodSO,, sodium 
dodecyl sulfate; Tris. tris(hydronymethyl)aminomethane: EDTA, eth- 
ylenediaminetetraacetic acid. 
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FIGURE 1: Two possible models for the topological arrangement,of 
four structural domains of hamster plasma fibronectin. The pasitions 
of sulfiydryl groups are placed on the basis of the results obtained 
in the present investigation. For details, see the text. 

oxyribonucleic acid (Mosher, 1980; Ruoslahti et al., 1981a. 
and references therein). 

Fibronectin is composed of two identical or nonidentical 
subunit polypeptides with M, -230000, which are held to- 
gether by disulfide bonding. Several lines of evidence indicate 
that it is composed of several structural domains which are 
linked by flexible, protease-sensitive peptide segments (Alex- 
ander et al., 1978; Fukuda & Hakomori, 1979; Wagner & 
Hynes, 1979; Hahn & Yamada, 1979; Sekiguchi & Hakomori, 
1980; McDonald & Kelley, 1980). Recently, we reported that 
sequential digestion with trypsin and thermolysin or thermo- 
lysin digestion alone could separate these domains almost 
quantitatively (Sekiguchi & Hakomori, 1980; Sekiguchi et al., 
1981). Thus, fibronectin was found to be composed of four 
distinctive domains which were recovered as 150K-140K,1 
40K, 24K, and 21K thermolysin-released fragments. The first 
three domains (Le., 150K-140K. 40K, and 24K domains) are 
equally present in both the larger (a) and smaller (8) subunits, 
while the 21K domain seems to be present only in the a subunit 
(Sekiguchi et al., 1981). These domains were also functionally 
distinct from each other (Sekiguchi & Hakomori, 1980; 
Sekiguchi et al., 1981). 

The alignment of these domains, however, has not k e n  fully 
determined. There is some evidence (Furie & Riflcin, 1980; 
Balian et al., 1980; Wagner & Hynes, 1980) indicating that 
the 24K domain is located at  the NH2 terminus and the 40K 
gelatin-binding domain is adjacent to the 24K domain. Thus, 
we proposed two alternative models for the topological ar- 
rangement of the domains, depending on the location of the 
21K domain (Sekiguchi et al., 1981; Figure 1). In the present 
investigation, we attempted to determine the alignment of the 
domains by employing the chemical cleavage at  cysteine 
residues by S-cyanylation, which was further combined with 
limited proteolysis by thermolysin. The results obtained 
support the alignment of the domains shown in model A of 
Figure 1. 

Materials and Methods 
Materials. 2-Nitro-5-thiwyanohenzoic acid (NTCB), was 

I Proteolytic fragments with M, 15OoOC-140000 are designated as 
I5OK-140K fragments in the text. Other fragments are designated in 
the same manner. 
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Briefly, the digest was passed through a gelatin-Sepharose 
column (2.5 X 10 cm) to remove a gelatin-binding 40K 
fragment. The unbound fragments were chromatographed on 
a DEAE-cellulose column (2.5 X 10 cm). The column was 
washed with buffer B containing 80 mM NaCl, followed by 
elution of the 150K-140K fragments with the same buffer 
containing 200 mM NaCl. 

Determination of Cysteine Residue. Cysteine residues were 
quantitated by either DTNB (Ellman, 1959) or iodo[I4C]- 
acetamide in the presence or absence of 7.5 M Gdn.HC1. In 
some experiments, 7.5 M Gdn-HC1 was replaced by 8 M urea. 
Both procedures gave almost the same results. 

Cleavage by S-Cyanylation with NTCB. Cleavage of po- 
lypeptides at cysteine residues by one-step S-cyanylation with 
NTCB was carried out according to Jacobson et al. (1973), 
with a slight modification as follows. Two protocols (procedure 
1 and procedure 2) were employed for analytical and prepa- 
rative purposes, respectively. Both procedures gave essentially 
the same results. 

Procedure I. Intact fibronectin or its proteolytic fragments 
(1-2 mg/mL) were dissolved in 0.19 mL of buffer A con- 
taining 0.1% NaDodSO,. The protein solution was boiled for 
2-3 min to complete denaturation. To the denatured protein 
was added 0.1 mL of 10 mM NTCB dissolved in the same 
buffer. After 30-min incubation at 37 OC, the modified protein 
was dialyzed against the same buffer containing 0.1% Na- 
DodSO,, pH 9, at 37 “C  for 20 h. The cleaved protein was 
lyophilized and analyzed by NaDodS0,-polyacrylamide gel 
electrophoresis. 

Procedure 2. Fibronectin (2-4 mg/mL) dissolved in buffer 
A containing 8 M urea was reacted with 0.5 mM NTCB at 
37 OC for 30 min. The reaction was quenched by adjusting 
the pH to 4-5 with acetic acid. The modified protein was 
desalted by passage through Sephadex G-25 equilibrated with 
0.1% acetic acid and then lyophilized. For cleavage, it was 
dissolved in 0.2 M Tris-acetate buffer containing 8 M urea, 
pH 9, and incubated at 37 OC for 20 h. The cleavage products 
were dialyzed against buffer B at 4 OC for 3 days. 

Cleavage by Two-step S-Cyanylation with K14CN. Poly- 
peptides were cleaved by two-step S-cyanylation with KI4CN 
to label the newly formed NH2 termini. The 150K-140K 
thermolysin fragments were dissolved in 0.95 mL of buffer A 
containing 7.5 M Gdn-HC1, pH 8. To the sample was added 
0.025 mL of 40 mM DTNB dissolved in buffer A. After 
10-min incubation at 22 OC, 0.025 mL of 183 mM K14CN 
(27.3 mCi/mmol) was added and further incubated 15 min 
at 22 OC. The reaction was quenched by adding 0.04 mL of 
acetic acid. The sample was desalted by passage through a 
Sephadex G-25 column (1 X 25 cm) equilibrated with 0.1% 
acetic acid and lyophilized. For cleavage, the cyanylated 
fragments were dissolved in 0.2 M Tris-acetate buffer con- 
taining 7.5 M Gdn-HC1, pH 9, and incubated for 20 h at 37 
OC. 

Isolation of S-Cyanylation-Cleaved I45K (sc145K) Frag- 
ment. Fibronectin (40 mg) was cleaved by one-step cyany- 
lation with procedure 2. After extensive dialysis against buffer 
B at 4 OC, the cleavage products were fractionated with a 
gelatin-Sepharose column (2.5 X 10 cm). After the column 
was washed with buffer B, the bound fragments were eluted 
with buffer B containing 4 M urea, dialyzed against buffer 
B at 4 OC for 3 days, and then concentrated by vacuum dialysis 
with Micro-ProDiCon (BioMolecular Dynamics, Beaverton, 
OR). The sc145K3 fragment was further purified on Se- 

S-Cyanylation-cleaved fragments are distinguished from proteolytic 
fragments by adding a prefix “sc”, as in ‘sc145K fragment”. 

phacryl S-200 (2.5 X 110 cm) equilibrated with buffer B. 
Protein Determination. Protein was determined by the 

method of Lowry et al. (1951) with bovine serum albumin as 
a standard. 

NaDodS04-Polyacrylamide Gel Electrophoresis. Na- 
DodS04-polyacrylamide gel electrophoresis was performed 
according to Laemmli (1970) with 9.5% polyacrylamide gels. 
Samples were reduced with 2% (v/v) 2-mercaptoethanol. The 
apparent molecular weight was estimated by using the fol- 
lowing proteins as standards: skeletal muscle myosin, M ,  
200 000; P-galactosidase, M ,  1 16 000; phosphorylase B, M ,  
94 000; bovine serum albumin, M ,  68 000; ovalbumin, M, 
43 000; soybean trypsin inhibitor, M, 21 000; hemoglobin, M, 
16 000. Fluorography of slab gels was performed according 
to Bonner & Laskey (1974). 

Results 

Quantitation and Localization of Cysteine Residues. Fi- 
bronectin has been shown to contain one, or at most two, 
cysteine residues per subunit chain, which were barely de- 
tectable under nondenaturing conditions (Chen et al., 1977; 
Fukuda & Hakomori, 1979; McDonald & Kelley, 1980; 
Wagner & Hynes, 1980). We also quantitated the cysteine 
residues of hamster plasma fibronectin under denaturing and 
nondenaturing conditions. In the presence of 7.5 M Gdn-HC1 
or 8 M urea, 1.1 mol of cysteine residue was detected per mol 
of subunit chain., However, only 0.25 mol was detectable 
per mol of subunit chain under nondenaturing condition. This 
indicates that each subunit chain contains mostly one cysteine 
residue readily available by S H  reagents under the denaturing 
condition, and the cysteine residue is mostly cryptic under 
nondenaturing condition. Since slightly more than one cysteine 
residue was detectable per subunit chain, the second cysteine 
residue could be present in a minor population of hamster 
plasma fibronectin, or the second cysteine residue could be 
deeply cryptic (see also Discussion). 

Localization of the cysteine residue was investigated by 
labeling the fibronectin with iodo[ 14C]acetamide under the 
denaturing condition either before or after the thermolysin 
digestion (Figure 2). Thermolysin cleaved iodo[I4C]acet- 
amide-labeled fibronectin into four fragments (i.e., 140K, 40K, 
24K, and 21K fragments), among which the iodo[I4C]acet- 
amide was only localized in the 140K fragment, indicating that 
the cysteine residue is localized in the 150K-140K domain. 
This domain was normally recovered as 150K-140K fragments 
upon the thermolysin digestion of intact fibronectin (Figure 
2A, lane c). However, only the 140K fragment was generated 
from the SH-modified fibronectin. This could be due to an 
irreversible alteration of the protein conformation caused by 
the modification of the cysteine residue or by the exposure to 
a strong denaturant, Le., 8 M urea, during the modification. 

Localization of the cysteine residue in the 150K-140K 
domain was also confirmed by labeling the thermolysin digest 
of intact fibronectin with iod~[’~C]acetamide (Figure 2B). As 
expected, the major label was found in the 150K and 140K 
fragments but not in the 40K, 24K, or 21K. A minor label 
was found in an unexpected fragment which migrated slightly 
above the 24K band. On the Coomassie blue staining of the 
gel, the presence of a very minor band was detected in the same 
region. This fragment may contain the second cysteine residue 
which could be present only in the minor population of the 

Average of five separate determinations. The number of cysteine 
residues varied 0.8-1.7 mol/mol of subunit. 
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FIGURE 2 Localization of cysteine residues. (A) Cysteine residues 
of intact fibronectin were labeled by reacting with 1 mM iodo- 
("CJacetamide at 22 'C for 20 min in the presence of 8 M urea, as 
described under Materials and Methods. After extensive dialysis 
against buffer B, the labeled protein (1.2 X IO' cpm/mg of protein) 
was digested by thermolysin (2.5 rg/mL) at 22 "C for 4 h. (Lanes 
a and d) lodo["C]acetamide-labeIed fibronectin: (lanes b and e) 
themolysin digest of the labeled fibrondn; (lane c) themolysin digest 
of unlabeled intact fibronectin. (Lanes a-c) Protein staining with 
Cmmassie blue: (lanes d and e) fluorogram. (B) Cysteine residues 
of fibronectin were labeled by iodo["C]acetamide after thermolysin 
digestion. Intact fibronectin was digested by thermolysin (2.5 rg/mL) 
for 2 h at 22 "C. The digest was labeled by icdo[l'C]acetamide as 
described above. (Lane a)  Thennolysin digest stained by Coomassic 
blue; (lane b) fluorogram of lane a. 

fibronectin or could be highly cryptic even in the presence of 
a strong denaturant. 

Cleauage of Intact Fibronectin by One-Step S-Cyanylation. 
Polypeptide can be cleaved at cysteine residues by S- 
cyanylation (Jacobson et al., 1973; Degani & Patchornik, 
1974). Fibronectin, denatured in buffer A containing 0.1% 
NaDodSO,, was cyanylated by one-step reaction with 2- 
nitro-5-thiocyanobenzoic acid (NTCB), and the modified 
protein was cleaved by incubation in the same buffer of pH 
9 (for details, see Materials and Methods). The cleavage 
products contained sclSSK, scl45K. and sc125K fragments, 
as well as uncleaved a and 5 subunit polypeptides (Figure 3). 
The sc145K fragment gave a much denser band in a poly- 
acrylamide gel than sclSSK and sc125K. Another fragment 
with M, 35000 was also faintly detected in the cleavage 
prcducts. The presene of intact 01 and 5 subunit chains among 
the cleavage products indicates that the cleavage was not 
complete under the present conditions. Since increase of 
NTCB concentration up to 5 mM did not affect the cleavage 
profile (K. Sekiguchi and S. Hakomori, unpublished obser- 
vation), it could be due to @elimination of O-thiocyanoalanine 
residues or incomplete modification of cysteine residues 
(Degani & Patchornik, 1974; Stark, 1977). 

The sc145K fragment appears to be devoid of interchain 
disulfide bonding, because it showed the same mobility on the 
acrylamide gels both in the presence and in the absence of a 
reducing agent (Figure 3, lane c of right panel). In contrast, 
sc155K. sc125K. and sc35K fragments were significantly r e  
duced under nonreducing conditions, suggesting that these 
fragments are connected to other fragments or intact subunit 
chains through disulfide linkage. In addition, a fragment with 
M, -320000 was detected on the acrylamide gel under 
nonreducing conditions (as marked by an asterisk in Figure 
3, right panel). This may represent a 'hetero dimer" which 
consists of a fragment of a cleaved, sc145K-depleted subunit 

a b c d  a b c d  
FIGURE 3 Cleavage of intact fibronectin by one-step Ssyanylation. 
Intact fibronectin was cleaved at cysteine residues by one-step S- 
cyanylation with NTCB according to p r d u r e  I (for details, see 
Materials and Methods). Cleavage products were analyzed by Na- 
LkdS04-polyacrylamide gel electrophoresis under reducing (left) and 
nonreducing (right) conditions. (Lane a) Intact fibronectin; (lane 
b) carboxamidated fibronectin: (lane c) cyanylation-cleaved intact 
fibronectin; (lane d) cyanylationcleaved carboxamidated fibronectin. 
The asterisk in the right panel poinu to the band which may represent 
a hetero dimer wnsisting of an uncleaved and a cleaved subunit (for 
details. see text). A blockade of free sulfhvdrvl residues bv iodo- 
acetamide reprducibly caused partial cleavage oi interchain dhf ide  
bonds (see lane b of right panel). 

disulfide bonded to an uncleaved subunit. 
The cleavage by one-step S-cyanylation with NTCB appears 

to be specific for cysteine residues, because none of these 
fragments was generated when the sulfhydryl groups of fi- 
bronectin were blocked by iodoacetamide before cyanylation 
(Figure 3, lane d). On the other hand, two-step cyanylation 
with DTNB and KCN employed in the previous studies 
(Fukuda & Hakomori, 1979; Wagner & Hynes, 1980) was 
found to cause significant cleavage at cystine residues (Wagner 
& Hynes, 1980; K. Sekiguchi and S. Hakomori, unpublished 
observation). 

For correlation of these cyanylation-cleaved fragments with 
the four distinct structural domains, fibronectin was radio- 
labeled either by factor XIIIa and [3H]putrescine or by ga- 
lactose oxidase and NaB3H4 and then subjected to S- 
cyanylation. The NHz-terminal 24K domain was specifically 
labeled by the former, and the 40K carbohydrate rich domain 
was labeled by the latter (Sekiguchi et al., 1981). The ~ 1 4 5 K  
fragment was heavily radiolabeled by ['H]putrescine, while 
other fragments were only faintly labeled (Figure 4A). 
Similarly, galactose oxidase-NaB3H4 also heavily labeled the 
sc145K among the cleavage products, except uncleaved sub 
units (Figure 4B). These results clearly indicate that sc145K 
fragment contains both 24K and 40K domains and, therefore, 
it is derived from the ",terminal side of the cysteine residue 
which is located at the 150K-140K domain. The presence of 
the 40K domain in the sc145K fragment was further supported 
by the fact that this fragment could specifically bind to gelatin 
(see below). 

Isolation and Thermolysin Digestion of the scl45K Frag- 
ment. The sc145K fragment was isolated from whole cya- 
nylation cleavage products by gelatin-Sepharose chromatog- 
raphy, followed by gel filtration on Sephacryl S-200 (Figures 
5 and 6). Since 0.1% NaDodSO, caused irreversible dena- 
turation of fibronectin, S-cyanylation was performed in the 
presence of 8 M urea to this end (procedure 2; for details see 
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a b c d  a b  c d  
FIGURE 4 SCyanylation cleavage of ['Hlputrescine- and carbohy- 
drate-labeled fibronectin. (A) Fibronectin was labeled with ['HI- 
putrscine by factor Xllla, as described under Materials and Methods. 
Labeled fibronectin was cleaved by onestep Ssyanylation (procedure 
I )  and analyzed on NaDodS0,-polyacrylamide gel electrophoresis. 
The gel was first stained by Cwmassie blue (lanes a and b) and then 
subjected to fluorography (lanes c and d). (Lanes a and c) ['HI- 
Putresine-labeled fibronectin; (lanes band d) cleavage products. (B) 
Carbohydrate units were labeled by a galactose oxidase-NaB'H, 
method described under Materials and Methods. The labeled protein 
was cleaved by one-step S-cyanylation and analyzed in the same way. 
(Lanes a and b) Protein staining with Coomassie blue; (lanes c and 
d) fluorogram. (Lanes a and c) Labeled fibronectin; (lanes band 
d) cleavage products. 

FIGURE 6 Sephacryl S-200 column chromatography. Gelatin-bound 
S-cyanylation-cleaved fragments were further fractionated on a Se- 
phacryl S-200 column (2.5 X 100 cm). The first peak and a small 
second peak were separately pooled, concentrated, and analyzed by 
NaDodS0,-polyacrylamide gel electrophoresis. Fractions of 4.5 mL 
were collected. 

REDUCED NONREDUCED 

.. 
FRecT4N NUMBER 

FIGURE 5:  Gelatin-Sepharose chromatography of S-cyanylation- 
cleaved fragments of intact fibronectin. Intact fibronectin (40 mg) 
was cleaved by one-step S-cyanylation (procedure 2), as described 
under Materials and Methods. Cleavage products were fractionated 
on gelatin-Sepharose. Gelatin-bound fragments were eluted with 
buffer B containing 4 M urea. Unbound and bound fractions were 
pooled and dialyzed against buffer B (only bound fractions). For 
details, see Materials and Methods. Fractions of 3 mL were collected. 

Materials and Methods). The cleavage profile was almost the 
same as that of procedure 1 (Figure 7. lane b). Among the 
cleavage products, sc145K fragment was capable of binding 
to gelatin, while sc155K. sc125K, sc35K. and other minor 
fragments failed to bind to gelatin (Figure 7, lanes c and d). 
Although a small amount of sc155K. scl25K. and sc35K 
fragments were still present in the gelatin-bound fraction 
(Figure 7, lane d), they are considered to be connected to 
uncleaved subunit chains through which they were ahsorbed 
on gelatin-Sepharose. The gelatin-bound fragments were 
further separated into two fractions on Sephacryl S-200 
(Figure 6). The first peak mostly consisted of uncleaved and 
partially cleaved subunits held together by disulfide bonding 
(Figure 7, lane e), whereas the second peak consisted of 

43, 

21, 

a b c d e f  a b c d  e I 
ncme 7: Gel electrophordic pattern of gelatin-bound and unbound 
fraction of S-cyanylation cleavage products and purified sc145K 
fragment, The sc145K fragment was purified by gelatin-Sepharose 
chromatography and subsequent Sephacryl S-200 column chroma- 
tography. as described under Materials and Methods. Fragments 
obtained by each purification step were analyzed on NaDodS0,- 
polyacrylamide gels with (left) or without (right) prior reduction. 
(Lane a) Intact fibronectin; (lane b) Ssyanylation-cleaved fibronectin; 
(lane c) gelatin-unbound fragments; (lane d) gelatin-bound fragments; 
(lane e) fragments eluted at the first peak on Sephacryl S-200 
chromatography: (lane f) fragments eluted at the second peak on 
Sephacryl S-200 chromatography. 

sc145K and a trace of other fragments (Figure 7, lane 0. 
Both purified sc145K fragment, which was derived from the 

NH,-terminal side, and gelatin-unbound fragments, which 
were derived from the COOH-terminal side of the cysteine 
residue, were separately digested by thermolysin to examine 
their domain composition. The sc145K fragment was cleaved 
into three fragments, i.e., 24K, 40K, and 55K (Figure 8, lane 
c), among which the first two fragments were considered to 
be derived from NH,-terminal 24K domain and the adjacent 
40K domain as expected from the labeling experiments with 
factor XIIIa and galactose oxidase (Figure 4). No 21K 
fragment was detected. In contrast, thermolysin digestion of 
gelatin-unbound fragments produced 64K, 62K, and 21K 
fragments (Figure 8, lane b). These results clearly indicate 
that the 21K domain, which was previously identified as the 
fibrin-binding domain characteristic for 01 subunit, is present 
in the COOH-terminal side of the cysteine residue. The 55K 
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FIGURE 8: Thermolysin digestion of the purified r145K fragment. 
Intact fibronectin or its Scyanylalion.cleaved fragments were digested 
by thermolysin (2.5 & n L )  at 22 OC for 4 h. The digcst was analyzed 
by NaLhdS0,-polyacrylamide gel electrophoresis under reducing 
conditions. (Lane a) Thermolysin digest of intact fibronectin; (lane 
b) thermolysin digest of gelatin-unbound S-cyanylation-cleaved 
fragments; (lane c) thermolysin digest of purified sc145K fragment. 

fragment, derived from sc145K fragment, may represent the 
NH,-terminal portion of the 150K-140K domain, as well as 
the COOH-terminal region of the sc145K fragment. The 
64K-62K fragments, derived from gelatin-unbound fragments, 
are considered to be COOH-terminal portion of the 15OK- 
140K domain. 
S-Cyanylarion of the ISOK-140K Domain. For confirma- 

tion of the above possibility, the 150K-140K domain was 
isolated after thermolysin digestion of intact fibronectin, as 
described under Materials and Methods. S-Cyanylation of 
the 150K-140K thermolysin fragments produced three frag- 
ments with M, 88000,74000, and 58000  (Figure 9A). The 
sc58K fragment always gave a much denser band than that 
of sc88K and sc74K fragments, suggesting that the sc58K is 
derived from both 150K and 140K fragments, while sc88K 
and r 7 4 K  were derived from either ISOK or 140K. Since the 
r 5 8 K  fragment had almost the same size as the 55K fragment, 
which was produced from sc145K fragment by thermolysin 
digestion, it appears to be derived from NH,-terminal portion 
of the 150K-140K domain. 

NH,-Terminal location of the sc58K fragment in the 
150K-140K domain was confirmed by two-step S-cyanylation 
of 150K-140K fragments with DTNB and K"CN (Figure 
9B). Cleavage of polypeptides at cysteine residues produces 
new NH, termini which are blocked with an iminothiazolidine 
carboxylyl group (Jacobsen et al., 1973; Degani & Patchornik, 
1974). Cyanylation with DTNB and K"CN results in the 
incorporation of the I4CN group into an iminothiazolidine 
carboxylyl group. Thus, most of the cleavage products can 
be radiolabeled, except a fragment which contains an original 
NH, terminus. Two-step cyanylation of 150K-140K frag- 
ments with DTNB and K"CN produced sc88K. sc74K. and 
sc58K fragments, as was the case for one-step cyanylation 
(Figure 9B). However, the sc88K fragment was relatively 
decreased. while the sc74K was increased and apparently 
became heterogeneous (Figure 9B, lane b). Since it has been 
shown that two-step cyanylation always accompanies cleavage 
at cystine residues to some extent (Wagner & Hynes, 1980). 
this seems to be due to the additional cleavage a t  the cystine 
residue@). Among these three fragments, only sc58K frag- 
ment was not labeled by K W N ,  indicating that this fragment 
contained the original NH, terminus of the 150K-140K 

- 
a b  a b c  

FIGURE 9 Cleavage of 150K-140K thermolysin released fragments 
by S-cyanylation. (A) Purified 150K-140K thermolysin fragments 
were cleaved by one-step S-cyanylation with prccedure I .  (Lane a) 
Purified ISOK-140K thermolysin fragments: (lane b) cyanylation 
cleavage products. (9) 150K-140K thermolysin fragments were 
cleaved by two-step S-cyanylation with K"CN, as described under 
Materials and Methods. Cleavage products were analyzed by Na- 
DodSO,-polyacrylamide gel electrophoresis and subsequent fluorc- 
graphy. (Lane a) ISOK-140K thermolysin fragments (protein 
staining); (lane b) cleavage products (protein staining); (lane c) 
cleavage products (fluorogram). 

fragments. These results are in good agreement with model 
A of Figure 1. 

Discussion 
Fibronectin has been shown to consist of several structural 

domains which are connected through flexible, proteasesen- 
sitive peptide segments (Alexander et al., 1978; Hahn & 
Yamada, 1979: Sekiguchi & Hakomori, 1980 McDonald & 
Kelley, 1980; Engel et al., 1981). Much effort has been made 
in many laboratories to isolate such domains after limited 
proteolysis (Balian et al., 1979: Gold et al., 1979; Hahn & 
Yamada, 1979; Wagner & Hynes, 1979: Harmann & Seidl, 
1980; McDonald & Kelley, 1980; Sekiguchi & Hakomori, 
1980; Hayashi & Yamada, 1981; Isemura et al., 1981; Ke- 
ski-Oja & Yamada, 1981; Ruoslahti et al., 1981a.b; Sekiguchi 
et al., 1981). Recently, we found that hamster plasma fi- 
bronectin was almost quantitatively cleaved into four distinct 
domains by mild thermolysin treatment (Sekiguchi et al., 
1981). Thesedomains, represented by 150K-I40K,40K, 24Y 
and 21K thermolysin fragments, were also functionally distinct 
from each other (Sekiguchi et al., 1981). Similar set of 
fragments was also obtained after digestion by chymotrypsin 
(Hahn & Yamada, 1979), leukocyte elastase (McDonald & 
Kelley, 1980), and cathepsin B (Isemura et al., 1981). Several 
lines of evidence suggest that the 24K domain, which can  be 
obtained as a 29-32K fragment after mild trypsin, thrombin, 
or plasmin digestion, is located a t  the NH,-terminal region 
of intact subunit chains (Balian et al., 1980; Furie & Rifkin, 
1980; Wagner & Hynes, 1980). The 40K gelatin binding 
domain appears to be located adjacent to the 24K domain, 
because 24K and 40K domains were recovered in a single 
fragment with M, 70000 after cathepsin D digestion (Balian 
et al., 1980; Furie et al.. 1980). However, the location of the 
150K-140K and 21K domains has not yet been determined, 
although 21K, representing one of the fibrin-binding domains, 
is present characteristically in the 01 subunit (Sekiguchi et al., 
1981). Thus, two possible alignments of these domains, which 
differ in the location of the 21K domain (Figure I ) ,  remained 
to be studied. In model A of Figure I ,  the 21K domain is 
located at the COOH-terminal end of t hen  subunit, whereas 
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it is located between 40K and 150K-140K domains in the 
model B. 

In the present investigation, we attempted to determine the 
alignment of these domains. The strategy we employed was 
as follows: Fibronectin was found to contain predominantly 
one cysteine residue per subunit chain, which was located in 
the 150K-140K domain. The same result was also obtained 
by McDonald & Kelley (1980) with human plasma fibro- 
nectin, although a slightly higher number (e.g., 1.3-1.6) was 
obtained by others (Fukuda & Hakomori, 1979; Smith et al., 
1982). Therefore, cleavage at the cysteine residue by S-  
cyanylation releases a fragment which is derived from the 
",-terminal side of the cysteine from both a and @ subunits, 
while the COOH-terminal portions of these subunits are held 
together by disulfide bonding. Subsequent thermolysin di- 
gestion of either ",-terminal fragment or COOH-terminal 
fragments should clarify the domain composition of these 
fragments, through which we could determine the alignment 
of four functional domains. 

For cleavage at cysteine residue, we employed one-step 
S-cyanylation with NTCB rather than the two-step reaction 
with DTNB and KCN, because the latter always accompanied 
the partial cleavage at cystine residues (Wagner & Hynes, 
1980; also our unpublished observation). One-step cyanylation 
of fibronectin predominantly produced scl55K, sc145K, and 
sc125K fragments, among which the sc145K gave a much 
denser band than others in acrylamide gels. Besides these 
major fragments, some other fragments, including the sc35K 
fragment, were detectable. 

The number of free S H  groups per subunit chain was es- 
timated to be slightly more than one, and it fluctuated between 
0.8 and 1.7 among five separate determinations. The basis 
for such a partial expression of the second cysteine residue is 
not clearly understood. The following possibilities can be 
considered: (i) the second cysteine residue exists as a cryptic 
form and is partially exposed on extensive denaturation; (ii) 
hamster plasma fibronectin is heterogeneous, and the majority 
has one cysteine residue while the minority has two cysteine 
residues; (iii) the second cysteine is generated by a partial 
cleavage of cystine residue, i.e., the detection of the second 
cysteine is essentially an artifact. The domain bearing the 
second cysteine was recovered as a fragment which migrated 
slightly above the 24K fragment with very low yield by 
treatment of thermolysin digest of fibronectin with iodo- 
[14C]acetamide. The same fragment was not detectable when 
fibronectin was labeled with iod~['~C]acetamide followed by 
thermolysin digestion. This suggests that the second cysteine 
residue is present in highly cryptic locus which is exposed and 
partially digested by thermolysin. Thus, the first possibility 
is most likely to be supported although other possibilities 
cannot be denied. 

Recently, Smith et al. (1982) identified two SH-containing 
fragments, 31K and 80K, in the tryptic digest of human 
plasma fibronectin. Two monoclonal antibodies with different 
specificities showed that these fragments were derived from 
distinct regions of the intact protein, suggesting that human 
fibronectin contains two free S H  groups per subunit chain. 
However, only 1.3-1.6 sulfhydryl groups were detectable per 
subunit chain by titrating with 2,2'-dipyridyl disulfide and 
DTNB even under the denaturing condition. Thus, the second 
cysteine residue present in the 3 1 K fragment appears to be 
only partially reactive while the other in the 80K fragment 
is fully reactive. Since the cleavage at the possible second S H  
group of hamster fibronectin by one-step S-cyanylation was, 
even if it occurred, far less pronounced than the cleavage at 

the major S H  group, such minor cleavage would not conflict 
with the proposed topological arrangement of the four domains. 

Several lines of evidence indicate that the sc145K fragment 
is derived from the NH,-terminal side of the cysteine residue. 
First, labeling and binding property of this fragment indicates 
that it contains the domains located at the "*-terminal 
portion: (1) it contains 24K, for it was labeled by factor 
XIIIa-[3H]putrescine; (2) it contains 40K, for it bound to 
gelatin and labeled by galactose oxidase-NaB3H4; (3) it gave 
on thermolysin digestion 24K and 40K fragments. Second, 
the sc145K fragment is devoid of an interchain disulfide bond, 
which was shown to be located at the COOH-terminal region 
(Furie & Rifkin, 1980; Wagner & Hynes, 1980). In addition 
to 24K and 40K fragments, the thermolysin digestion of the 
sc145K fragment produced also the 55K fragment. The 55K 
fragment may represent the ",-terminal half of the 150K- 
140K domain, as well as the COOH-terminal half of the 
sc145K fragment, because the ",-terminal portion of the 
150K-140K domain was obtained as the sc58K fragment after 
S-cyanylation of this domain. Significantly, thermolysin di- 
gestion of the sc145K fragment did not produce the 21K 
fragment. Instead, it was generated from gelatin-unbound 
fragments, which are considered to be derived from the 
COOH-terminal portion of fibronectin. All these findings are 
in good agreement with model A of Figure 1, but do not 
support model B. 

Although model A of Figure 1 is consistent with most of 
the experimental data so far obtained, exact domain structure 
of the COOH-terminal region remained to be elucidated. 
S-Cyanylation of intact fibronectin predominantly produced 
three fragments, Le., sc155K, sc145K, and sc125K, and there 
is much evidence indicating that the sc145K fragment is de- 
rived from NH2-terminal portion of both a and @ subunits, 
as described above. It is reasonable to assume that sc155K 
and sc125K fragments represent the COOH-terminal half of 
the subunit chains. Indeed, this is supported by the following 
observations: (1) These fragments do not contain 24K or 40K 
domain, which is located in the ",-terminal portion. (2) 
These fragments must be connected to each other or to un- 
cleaved subunit chains by disulfide bonding(s), which has been 
shown to be located at the COOH-terminal end. Further 
studies are in progress to settle these domain structures by 
using specific antibodies directed to these regions and is the 
subject of the subsequent paper. 

Previously, cleavage of cellular fibronectin of hamster fi- 
broblasts by two-step cyanylation was reported from this 
laboratory (Fukuda & Hakomori, 1979). This paper tenta- 
tively proposed a model in which two cysteine residues were 
located at 95 OOO and 180000 daltons from one of the terminals 
of the subunit chain. Later, however, we found that the 
two-step cleavage by DTNB and KCN accompanied signifi- 
cant cleavage at cystine. Therefore, the previous model has 
to be revised with data obtained by one-step cleavage of the 
same material. Similarly, Wagner & Hynes (1980) also ap- 
plied the two-step procedure to locate the cysteine residues of 
hamster cellular fibronectin. They observed that the two-step 
method cleaved both cysteine and cystine residues, but the 
former was more readily cleaved. Thus, they found that 
fragments with M, 170000 and M, 30000 were selectively 
produced in the early stage of the cleavage, although the 30K 
fragment gave a much fainter band on an acrylamide gel. 
These fragments seem to correspond to the sc145K and sc35K 
in the present report. They also detected several fragments 
with M ,  150 000, 130 000, and 1 10 000, two of which may 
correspond to the sc155K and scl25K fragments of the present 
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investigation, although they assumed that these fragments were 
derived by gradual cleavage of the 170K fragment at cystine 
residues. The size difference between these fragments obtained 
by Wagner and Hynes and by us may reflect the structural 
difference between plasma and cellular fibronectin. 
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