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ABSTRACT: Several plasma and membrane proteins belong to a superfamily of structurally related proteins 
that contain internal homology of a variable number (2-30) of repeating units. Each SCR (short consensus 
repeat) unit is approximately 60 amino acid residues in length, with the positions of 1 Trp, 2 Pro, and 4 
Cys residues being conserved. The aim of this study was to provide experimental evidence that each SCR 
may exist as an independent structural domain maintained by disulfide bonds. The well-characterized 
C4b-binding protein (C4BP) with eight SCR units in each of its seven identical chains was chosen for this 
study. Analysis of the disulfide-bonding pattern indicated that intrachain disulfide bonds may be localized 
within each S C R  unit, with the first and third and the second and fourth half-cystines in each unit being 
linked. This pattern of disulfides may confer to C4BP (and to other structurally related proteins) a 
conformation which apparently allows the assembly of the SCR units (4-30) in a tandem fashion. Such 
an arrangement of the polypeptide chain@) may explain, in part, the elongated shape of these protein 
molecules. The structural motif of the SCR units of C4BP is discussed in relation to those previously described 
for the type I1 domain of fibronectin and the kringle structure present in various proteins of the coagulation 
system. 

Act ivat ion of ~ 3 ,  the central component of the complement 
system, is under the regulation of at least six proteins. These 
include plasma proteins factor H (Whaley & Ruddy, 1976) 
and C4b-binding protein (Fujita et al., 1978), and four mem- 
brane-bound proteins: receptor CR1 (Fearon, 1980; Medof 
et al., 1982), receptor CR2 (Moore et al., 1987; Weis et al., 
1988), decay accelerating factor (Nicholson-Weller et al., 
1982; Kinoshita et al., 1986), and membrane cofactor protein 
(Lublin et al., 1988). All six proteins are genetically linked 
in man, being under control of the RCA (regulator of com- 
plement activation) locus on human chromosome 1 (Rodriguez 
de Cordoba et al., 1985, 1988; Rey-Campos et al., 1988; 
Carroll et al., 1988; Lublin et al., 1988). They also share many 
features with respect to their biochemical modes of action 
(Holers et al., 1985). 
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Each of these proteins is largely composed of a varying 
number of short consensus repeat (SCR) units, approximately 
60 amino acid residues long, in which the positions of 1 
tryptophan, 2 prolines, 4 half-cystines, and some other residues 
are conserved (Reid et al., 1986). The SCR is found also in 
several other proteins (Table I), although it does not always 
constitute a large fraction of the total protein sequence. Data 
on factor B (Campbell et al., 1984), IL-2 receptor (Leonard 
et al., 1985), C4b-binding protein (Lintin et al., 1987), and 
factor H (Vik et al., 1988) suggest that each SCR unit is 

Abbreviations: SDS, sodium dodecyl sulfate; SDS-PAGE, SDS- 
polyacrylamide gel electrophoresis; NEM, N-ethylmaleimide; DTT, di- 
thiothreitol; MSH, 8-mercaptoethanol; TFA, trifluoroacetic acid; HPLC, 
high-pressure liquid chromatography; FPLC, fast protein liquid chro- 
matography; Gdn-HC1, guanidine hydrochloride; C4BP, C4b-binding 
protein, a cofactor for cleavage of the C4bcu-chain; factor H and/or CR1, 
cofactors for factor I mediated cleavages of the C3bn-chain; CRl, a C3b 
receptor on erythrocytes and other blood cells; CR2, a C3d receptor on 
B-lymphocytes; DAF, decay accelerating factor present on membranes 
of blood and tissue cells; MCP, membrane cofactor protein; B and C2, 
proenzymes in the complement system; Clr and Cls, subcomponents of 
the first component of complement; &I, j3z-glycoprotein I; IL-2(R), re- 
ceptor for interleukin 2; factor XIII, plasma transglutaminase; SCR, 
short consensus repeats in C4BP and other related proteins. 

0 1989 American Chemical Societv 



Localization of Disulfides within SCR Units of C4BP Biochemistry, Vol. 28, No. 11, 1989 4755 

particular, treatment of native C4BP with a-chymotrypsin can 
generate two major cleavage products, with separation of the 
disulfide-bonded core from the tentacle (Dahlback & 
Muller-Eberhard, 1984; Chung et al., 1985b). The tentacle 
is a polypeptide of MI 48K-50K from the N-terminal part of 
each of the seven identical chains and comprises SCR units 
I-VII. The core consists of seven disulfide-linked polypeptides 
of MI --OK, each comprising SCR unit VI11 and the non- 
SCR carboxy-terminal part of the chain. 

To determine the disulfide-bonding pattern, we generated 
the disulfide-bonded core and the large fragments of the 
tentacle with a-chymotrypsin. The purified large fragments 
were then digested with trypsin followed by V8 protease, and 
the generated peptides were resolved by reverse-phase HPLC. 
Isolation and characterization of several disulfide-bonded 
peptide pairs from the C4BP chain indicated that intrachain 
disulfide bonds may, indeed, be localized within each SCR unit 
with the first and third and the second and fourth half-cystines 
in each unit being linked. Preliminary reports of these studies 
in the form of abstracts have been presented (Janatova et al., 
1987, 1988). 

EXPERIMENTAL PROCEDURES 
Materials. All chemicals and reagents used were of the 

highest grade available, or as appropriate. Sources of the 
enzymes were as follows: 0-trypsin, TPCK-treated (Worth- 
ington Biochemical Corp.); Staphylococcus aureus protease 
V8 (Miles Laboratories, Ltd.); a-chymotrypsin from bovine 
pancreas, TLCK-treated (Sigma Chemical Co.). Gdn-HC1, 
Aristar grade from BDH, was used for dissolving peptides. 

Isolation of C4BP. Since C4BP coprecipitates with C1, 
IgM, properdin, and some other proteins during the euglobulin 
precipitation of serum, the procedure originally described by 
Gigli et al. (1976) for purification of C1 was used as the basis 
for the isolation of C4BP. 

To prepare serum, fresh-frozen plasma (CPD-A1) was 
thawed and made 20 mM in CaC12, and after 4 h at room 
temperature, the fibrin clot was separated at 4 OC by cen- 
trifugation at 12210g for 30 min. The serum was made 1.6 
mM in DFP, and the "euglobulin" proteins were precipitated 
in the cold (after a 5-fold dilution of serum with water) at pH 
7.4 in the presence of 5 mM CaC12, 2.5 mM iodoacetamide, 
and 0.2 mM phenanthroline. After 18 h at 4 OC, the pre- 
cipitate was washed at pH 5.5 with 40 mM sodium acetate/5 
mM CaC12. The proteins were then solubilized in the pH 5.5 
buffer (50 mM sodium acetate/5 mM CaC12/200 mM NaC1) 
and fractionated by gel filtration in the same pH 5.5 buffer 
on Sepharose 6B ( 5  X 81 cm; 46 mL/h; 11 mL/tube). The 
majority of C4BP was eluted before the C1 component and 
properdin. The C4BP-enriched pool was dialyzed and then 
fractionated at pH 7.4 (10 mM NaH2P04/47 mM 
Na2HP04/5 mM Na2EDTA) on a DEAE-Sephacel column 
(2.5 X 32 cm; 29 mL/h; 5 mL/tube) using a linear gradient 
of NaCl from 0 to 300 mM (300 mL of each). 

The C4BP-containing pools obtained by ion-exchange 
chromatography on DEAE-Sephacel were dialyzed against the 
pH 5.2 buffer (50 mM sodium acetate/l M NaCl/5 mM 
Na2EDTA) in order to promote the dissociation of C l r  
polymers and thus to enhance the separation of C l r  from 
C4BP by gel filtration on Sephacryl S-300 (2.5 X 85 cm; 25 
mL/h; 3.5 mL/tube). Next, immunoaffinity chromatography 
(IA-anti-IgM; 2.5 X 10.5 cm; 10 mL cm-2 h-'; 2.7 mL/tube) 
at pH 7.4 (50 mM sodium phosphate/250 mM NaCl/5 mM 
Na2EDTA) was used to separate the majority of IgM from 
C4BP. A small amount of IgM that remained associated with 
C4BP (Villiers et al., 1981) was removed after incubation of 

Table I: Superfamily of Structurally Related Proteins Containing 
Repeats of 60 Amino Acid Residues 

4 1  30 32 35 46 52 57 59 - - -Cys- -Pro- - - - - -Tyr.Cys- -Gly- - - - - -Cys- - - - -Trp- - - -Pro-Cys- 
Phe Ala 

no. of 
M, amino no. of 

protein (X acids repeats ref 
Complement Regulatory Proteins 

C4BP 70 X 7 549 X 7 8 Chung et al. (1985) 
H 155 1213 20 Kristensen & Tack 

( 1986) 

(1988) 
Ripoche et al. 

DAF 70 347 4 Medof et al. (1987) 
MCP 45-70 350 4 Lublin et al. (1988) 
CRl 190 

CR2 145 

B 92 

c2 108 
Clr 83 

Cls  83 

factor XI11 80 

821 50 
IL-2 (R) 55 

1998 30 Klickstein et al. 

1067 16 Moore et al. (1987) 
1012 15 Weis et al. (1988) 

(1988) 

Complement Enzymes 
739 3 Morley & 

Campbell (1984) 
732 3 Bentley (1986) 
705 2 Leytus et al. (1986) 

Journet & Tosi 
(1986) 

(1987) 
720 2 Mackinnon et al. 

Tosi et al. (1987) 

Noncomplement Proteins 
64 1 10 Ichinose et al. 

326 5 Lozier et al. (1984) 
247 2 Leonard et al. 

(1986) 

(1985) 

usually encoded by a separate exon. 
Disulfide bonds can contribute significantly to the specificity 

and stability of functional forms of proteins, and, in general, 
positions of half-cystine residues participating in inter- and 
intrachain bonds remain invariant in homologous proteins 
(Thornton, 1981; Richardson, 1981). It has been presumed 
that the cysteinyl residues in the complement regulatory 
protein factor H (DiScipio & Hugli, 1982), and other struc- 
turally related proteins (Reid et al., 1986), may be involved 
in a regular pattern of intrachain disulfide bonds. The aim 
of the present study was to test the hypothesis that in the 
complement regulatory proteins each SCR unit may exist as 
a distinct structural domain maintained by disulfide bonds. 

The C4b-binding protein (C4BP), that was chosen for the 
study, consists of seven identical chains (M, -70K) that are 
held together by interchain disulfide bonds at their C-termini 
(Dahlback et al., 1983; Dahlback & Muller-Eberhard, 1984; 
Chung & Reid, 1985). Each chain contains eight SCR units, 
which makes the assignment of disulfides reasonably ap- 
proachable. The whole chain (8 SCR units plus C-terminal 
non-SCR region) contains a total of 32 conserved and 4 
nonconserved cysteinyl residues (Chung et al., 1985a). Images 
obtained by electron microscopy suggest that the C4BP 
molecule has a spiderlike structure with seven flexible tentacles 
(approximately 330 A long) attached to a small central body, 
the core (DBhlback et al., 1983). Analysis of the C4BP protein 
in solution by X-ray scattering indicated, however, that the 
arms of the C4BP heptamer seem to be close together (Perkins 
et ai., 1986). 

A limited fragmentation of the C4BP molecule has been 
achieved with several enzymes (Chung & Reid, 1985). In 
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the C4BP sample with a-chymotrypsin by FPLC on a Supe- 
rose 12 column, since IgM is not cleaved by a-chymotrypsin 
under the given conditions (see Figure 1). Ultrafiltration over 
a PMlO Diaflo membrane was used for concentration of 
protein solutions. 

SDS-Polyacrylamide Gel Electrophoresis. Protein frac- 
tions obtained at various chromatographic steps during the 
isolation of C4BP, and the degree of C4BP fragmentation 
following the incubation with a-chymotrypsin, were evaluated 
by SDS-PAGE in a 10% (w/v) resolving gel under both 
nonreducing and reducing conditions. Buffers and gels were 
prepared as described by Laemmli (1970). Samples were 
prepared, and electrophoresis was carried out much as de- 
scribed by Janatova (1986). 

Two-dimensional SDS-polyacrylamide gel electrophoresis 
was used to establish the relationship between unreduced and 
reduced fragments of C4BP and was performed as described 
earlier (Janatova, 1986). 

Fragmentation of C4BP with a-Chymotrypsin. To establish 
the optimal conditions for generation of the core and fragments 
of the tentacle, C4BP (0.5 mg/mL; 50 mM Tris-HCl/ 150 mM 
NaCl/ 1 mM Na2EDTA) was incubated with a-chymotrypsin 
at two different substrate/enzyme ratios (100/1; 50/1; w/w) 
at pH 8.0 and 37 OC for 1, 2, 3, and 5 h. Aliquots (25 pL) 
were withdrawn at each time point, treated with 0.2 M DFP 
(1 pL), and analyzed by SDS-PAGE. The largest amount 
of a 50-kDa polypeptide (tentacle) was present after a 1-h 
incubation at a substrate/enzyme ratio = 100/1. At the higher 
enzyme concentration and 5 h at 37 OC, almost all of the 
tentacle was cleaved to smaller fragments. The latter con- 
ditions were employed for generation and isolation of the C4BP 
fragments. 

Purification of C4BP Fragments. The C4BP fragments 
generated by chymotrypsin cleavage (see above) were first 
fractionated by FPLC on a Superose 12 column (Figure 1). 
They were then characterized and purified by reverse-phase 
HPLC (Mahoney & Hermodson, 1980). Samples (200-500 
pL) from peaks 2, 5, 6, 7, 8, and 9 through 12, were applied 
directly to a CI8 column (3.9 X 300 mm; Partisil 10, ODS-3 
Whatman, 10 pm; end-capped) preequilibrated with 4% 
CH3CN in 0.1% TFA and connected to the Waters HPLC 
system. Peptides were eluted at a flow rate of 1 mL/min with 
a linear gradient of CH3CN from 4 to 72% in 0.1% TFA. The 
effluent was collected manually, and pools were made ac- 
cording to the optical density at 206 nm. 

Generation and isolation of Disulfide-Bonded Peptides and 
Their S-Carboxymethylated Constituents. A sample (2.5 mL) 
containing - 18 nmol of peptides from peak 6 (Figure 1B) 
in 0.2 M NH4HC03 was incubated with 46 pg of TPCK- 
trypsin in the presence of 0.25 mM iodoacetamide at 37 OC. 
After 4.25 h, a solution of V8 protease (55 pg in 138 pL) was 
added, and the second enzymatic digestion was allowed to 
proceed at 37 O C  for 12.75 h. Generated peptides were 
fractionated by reverse-phase HPLC (described above and in 
the legend to Figure 3) in three identical runs (850 pL/run). 
As controls, the same amounts of enzymes were incubated 
under the same conditions as above: either TPCK-trypsin 
alone, V8 alone, or V8 that was added to the TPCK-trypsin 
solution after 4.5 h. V8, which does not contain any disulfides 
(Drapeau et al., 1972; Houmard & Drapeau, 1972), yielded 
only one peak upon HPLC of any of the samples. All trypsin 
was autolyzed after 4.25 h; the level of tryptic peptides was 
low and did not interfere with the analysis of C4BP peptides. 

To detect the presence of cystine-containing peptides, ali- 
quots from each fraction (100-150 pL) were dried in glass 

tubes (acid-washed, furnaced) in a Speed-Vac (Savant In- 
struments). To dissolve peptides, 5 pL of CH30H and then 
25 pL of 99% formic acid were added, and samples were kept 
on ice. To oxidize cystines, 75 pL of performic acid (prepared 
by incubating 0.15 mL of 30% H202  with 2.85 mL of 99% 
formic acid, 2 h, 22 "C) was added to each tube, and the 
reaction was allowed to proceed for 2 h at -3 to -5 OC. Each 
sample was then diluted with 400 pL of cold water and dried 
down. To detect the presence of cysteic acid, samples were 
hydrolyzed with 200 pL of Pierce constant-boiling HCl in the 
presence of 2 pL of phenol, and hydrolysates were analyzed 
as phenylthiocarbamoyl derivatives (Heinrikson & Meredith, 
1984). 

The pools of cystine-containing fractions from three runs 
( N 18 nmol) were dried down and dissolved in 200 pL of 6 
M Gdn.HC1/0.4 M Tris-HC1/2 mM NazEDTA (pH 8.0). 
After 18 h at room temperature, each sample was reduced with 
20 mM DTT (25 pL of 180 mM DTT/sample) for 1.5 h at 
37 "C, and each reduced fraction was alkylated with 40 mM 
iodoacetic acid (25 pL of 400 mM iodoacetic acid/sample) 
for 1 h at room temperature in the dark. Reduced and al- 
kylated samples were either used immediately or kept frozen 
at -20 OC until used. 

To isolate S-carboxymethylated constituents from di- 
sulfide-bonded pairs, each reduced/alkylated sample (250 pL) 
was subjected to reverse-phase HPLC under the original 
conditions of separation (e.g., lower panel in Figure 3). After 
sample application, the column was washed with 16 mL of 4% 
CH,CN/O.l% TFA to remove the reagents. Peptides were 
then eluted with a linear gradient of CH,CN as described in 
the legend to Figure 3. 

N- Terminal Sequence Analysis. S-Carboxymethylated 
peptides were sequenced by using automated Edman degra- 
dation in an Applied Biosystems 470A protein gas-phase se- 
quencer (Hewick et al., 1981). 

Determination of Protein Concentrations. Concentration 
of protein solutions was determined by measuring the absor- 
bance at 280 nm, and using absorption coefficients of 9.3 for 
C4BP (Villiers et al., 1981), 14.3 for &trypsin (Decker, 1977), 
and 10.0 for a-chymotrypsin. In the absence of information 
(Drapeau et al., 1972), a value of 10.0 was also used for V8. 

RESULTS 
Isolation of C4BP Fragments Generated with a-Chymo- 

trypsin. The separation of the disulfide-bonded core from the 
tentacle and its fragments under nondissociating and nonre- 
ducing conditions was achieved on a Superose 12 column 
equilibrated with 0.2 M NH4HC03 using a Pharmacia FPLC 
system. Moreover, the separation of the C4BP fragments from 
contaminating IgM was also achieved in this step. Two ex- 
amples of such a fractionation are illustrated in Figure 1. 
Individual pools were characterized by SDS-PAGE, and pools 
from peak 2, 5, and 8 (Figure 1A) were subjected first to 
reverse-phase HPLC and then to N-terminal sequence analysis. 
Identification of the proteins or polypeptides isolated from the 
C4BP digest by FPLC (Figure 1) is described below and 
summarized in Figure 2. 

Characterization of C4BP Fragments by SDS-PAGE, 
HPLC, and N- Terminal Sequence Analyses. Sequence 
analysis of the pool from peak 2 (Figure 1A) containing the 
disulfide-bonded core yielded two sequences in equal yields. 
Since the analysis was performed on a nonreduced sample, 
these results suggested that a small peptide with the sequence 
KEEIIYECmDKGY is linked by a disulfide bond to the core 
that starts with the sequence of SAPAPQC432KALCRKPE.... 
The cysteinyl residues in these sequences represent the second 
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FIGURE 1: Isolation of C4BP fragments by FPLC. Human C4BP 
(1 mg/mL) was incubated at pH 8 (100 mM Tris-HC1/300 mM 
NaC1/2 mM Na2EDTA) with a-chymotrypsin ( S / E  = 50/1) at 37 
OC for either 5 h (panel A) or 14 h (panel B). The C4BP digest (0.5 
mg in 200 pL) was spun and applied to a Superose 12 column 
(equilibrated with freshly made 0.2 M NH4HC03) at a flow rate 0.2 
mL/min (panel A). A similar separation was obtained at 0.4 mL/min 
and 2.4-fold larger sample volume containing 1 mg of C4BP digest 
(panel B). The elution profile was monitored at 280 nm, and fractions 
of 1 mL ( O S  mL/tube at peaks) were collected. All pools from the 
individual peaks were analyzed by SDS-PAGE, and pools 2,5, and 
8 (profile A) were further purified by RP-HPLC and then subjected 
to N-terminal sequence analyses (see text). On prolonged incubation 
(14 h), polypeptides from peaks 3,4, and 5 were fragmented further, 
and the cleavage products were eluted within peak 6 (profile B). 
Results of further fragmentation of peak 6 with TPCK-trypsin, 
followed with V8 protease, are presented in Figure 3. Peptides from 
peak 7 (profile B), without any further enzyme treatment, were 
chromatographed on a Cl8 column. 

and fourth cysteines within the SCR unit VII, but it is not 
directly established that these two are bonded to each other. 

The peptide material from peak 5 (Figure 1A) yielded a 
single band of M, 20K using SDS-PAGE under nonreducing 
conditions. After reduction, the apparent size was increased 
to 24 kDa, and the presence of small peptide(s) at  the 
boundary was detected. One major peak was observed on 
purification of unreduced peptide by HPLC. Sequence 
analysis of this material identified two cleavage sites. The data 
showed that a small peptide, SClS$PRF, with the second Cys 
of the SCR unit 111 is attached to a polypeptide of 20/24 kDa 
(the middle of the C4BP chain). The latter one starts with 
the sequence RPSPPTC18,EKIT, which contains the fourth 
Cys of the same SCR unit. On a prolonged incubation of 
C4BP with a-chymotrypsin (14 h), cleavage products of the 
tentacle were eluted within the peak 6 from Superose 12 
(compare Figure 1A and Figure 1B). 

A relatively large number of peptides were present in peak 
7 and the adjacent earlier eluting peaks (Figure 1B). The 
majority of the peptides in this pool was assumed to have 
originated from the SCR units I and I1 of the C4BP chain. 
The peptide in peak 8 (Figure 1A) was identified, following 
the rechromatography by HPLC, as having the sequence 
KQSSSY that is located within the SCR unit VII. Thus, this 
sequence identified the fifth and the sixth of several cleavages 
by a-chymotrypsin occurring within the SCR unit VII, the 
area between the tentacle and the core. 

Isolation and Identification of Disulfide-Bonded Peptides. 
Further fragmentation of polypeptides from the middle section 
of the C4BP chain (peak 6 in Figure 1B) was achieved by 
employing two additional enzymes with different specificities, 

FIGURE 2: Schematic representation of C4BP and characterization 
of its fragments. Arrows denote sites of chymotryptic digestion. The 
proteins or polypeptides in the individual peaks obtained by FPLC 
from the C4BP digest (Figure 1) were identified as follows: peak 
1, contaminating IgM; peak 2, disulfide-bonded core [M, 140K/(7 
X 20K)l; peak 3, tentacle (M, 42K/49K); peak 4, fragments of the 
tentacle (M, 32K-34K/33K and 38K); peak 5 ,  middle of the C4BP 
chain (M, 20K/24K); peak 6, several fragments from peak 5,  ap- 
proximately 10-1 1 kDa; peak 7, small peptides, approximately 2 kDa; 
peak 8, KQSSSY, a peptide from the SCR unit VII; peaks 9-12, very 
small peptides, such as SFF or SHW from the SCR unit VII. Values 
for molecular weight are given for the nonreduced/reduced state. 
While each of the seven identical chains of C4BP is 330 A long and 
30 A in diameter, the length of the tentacle (peak 3) comprising 
approximately 6.5 SCR units was shown to be 290 A (Dahlback et 
al., 1983). 

TPCK-trypsin followed by protease V8 (Figure 3, top panel). 
The cystine-containing fractions were reduced, alkylated, and 
rechromatographed on the same column under the original 
elution conditions. The presence of S-carboxymethylated 
cysteinyl residues was confirmed by PICO-TAG amino acid 
analysis, and the S-carboxymethyl positive peptides were then 
subjected to N-terminal sequence analysis on a gas-phase 
sequencer. The result of one of the experiments is presented 
in the lower panel of Figure 3. As expected, each of the 
constituents from a disulfide-bonded peptide present in fraction 
2 eluted at  a different concentration of acetonitrile which was 
distinct from the concentration at  which the original peptide 
eluted. 

The results from the analyses of all the, so far, identified 
disulfide-bonded peptides are depicted in Figure 4 (the se- 
quence data obtained in the present study are underlined). A 
peptide pair from fraction 1 was identified as SC92SE- 
SHPLPQC122E, and it contains the second and fourth Cys 
from the SCR unit 11. Fraction 2 (lower panel in Figure 3) 
was shown to contain the peptide pair C127KPPPDIR- 
GHASISC,,,TVE, comprising the first and third Cys from 
the SCR unit 111. The peptide VVGTVLR (SCR unit V) was 
isolated from fraction 3 and sequenced, while the SCMC 
peptides were presumably blocked. During the analyses of 
some other Cys-positive samples (e.g., fraction 4), no sequence 
data were obtained possibly due to blocked N-termini. The 
peptides SAZC361QGDGTW and ALC316C317PEPK, com- 
prising the third and first Cys from the SCR unit VI, were 
separated after reduction and alkylation of peptides from 
fraction 5 .  The latter one was present in the same fraction 
as the peptide SRPANHC339W (SCR unit VI) which contains 
one of four nonconserved Cys in C4BP. Either the two pep- 
tides remained linked to each other or their elution conditions 
were identical. The data suggest that the residue C339 forms 
an extra disulfide bridge with c317.  Fraction 6 yielded the 
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duction and alkylation, three "new" peptides rather than two 
were observed. The peptide KRC,,RHPGL which contains 
the first Cys from the SCR unit I1 was linked to the peptide 
SRCIMEVQDRGV, that was predicted from the cDNA se- 
quence (Chung et al., 1985a), as well as to another peptide 
with a similar composition. Its sequence, SCIMDEVQDRGV, 
indicated that a double mutation had taken place: deletion 
of Arg before, and insertion of Asp after, CyslM. Other po- 
lymorphic sites in C4BP have also been identified (Chung et 
al., 1985b). 

A total of seven disulfide-bonded pairs were localized within 
the sequence of C4BP (Figure 4). In addition to a complete 
assignment of disulfide bridges in the SCR units I1 and 111, 
the identification of peptide pairs within the SCR units VI and 
VI1 further supports the original hypothesis that the first and 
third and the second and fourth cysteinyl residues within each 
SCR unit may be linked, as illustrated in Figure 5 .  

DISCUSSION 
Only recently has the existence of the superfamily of the 

functionally and/or structurally related proteins with high 
half-cystine and proline contents become apparent [reviewed 
in Holers et al. (1985) and Reid et al. (1986)]. These proteins 
contain internal homology of several repeating units (2-30), 
in which the positions of 2 Pro, 1 Trp, 4 Cys, and several other 
residues are conserved. It has been assumed that these re- 
peated cysteine sequences and corresponding disulfide bond 
interactions may play an important role in the secondary 
structure that would be common to all proteins of this su- 
perfamily (Table I), including C3b/C4b-binding proteins and 
several noncomplement proteins. 

&-Glycoprotein I is the first protein in which the existence 
of the 60 amino acid residue long repeating units has been 
recognized. Although it has been suggested "that certain 
homologous sets of cysteines are linked to other homologous 
sets of cysteines" in P2-I (Lozier et al., 1984), the point that 
the disulfide bonds exist within SCR units in a 1-3,2-4 pattern 
was not formally made. This report provides the experimental 
evidence for C4BP, one of the regulatory proteins of com- 
plement, that disulfide bonds may, indeed, be localized within 
each SCR unit with the first and third and the second and 
fourth half-cystines in each unit being linked (Figure 5). This 
finding is consistent with the observation that the SCR units 
can usually be defined by intron/exon boundaries with each 
SCR being encoded by a separate exon (Campbell et al., 1984; 
Leonard et al., 1985; Lintin et al., 1987; Vik et al., 1988). 
Thus, the SCR unit may represent a basic structural module 
that may be common to a number of extracytoplasmic proteins 
(Table I). 

The presence of an unusual secondary structure was already 
inferred from circular dichroism spectra for factor H (DiScipio 
& Hugli, 1982). It had also been shown that factor H (Sim 
& DiScipio, 1982) and C4BP (Dahlback et al., 1983) are 
elongated molecules. The elongated shape of these, and 
presumably of other structurally related proteins (Table I), 
may be explained by the assembly of the SCR units in tandem 
fashion, the length of the polypeptide chain being related to 
the function of a given protein. All these proteins apparently 
evolved by multiple duplication of an ancesteral SCR unit. 

The main structural features seen in the SCR units, Le., the 
double-loop amino acid sequence generated by the two con- 
served disulfide bonds [C4BP (Figure 5 of this paper) and D2-I 
(Figure 4 of Davie et al. (1986))], show resemblance to 
structures seen in the type 11 domain offibronectin (Holland 
et al., 1987), and also a part of the kringle observed in pro- 
thrombin (Magnusson et al., 1979, plasminogen (Magnusson 
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FIGURE 3: Isolation of disulfide-bonded peptides and their S- 
carboxymethylated constituents. A graph in the top panel represents 
an example of the peptide map obtained by reverse-phase HPLC of 
the pool from peak 6 (Figure 1B) after its incubation with TPCK- 
trypsin that was followed by V8. The digest was directly applied to 
a CI8 column equilibrated with 4% CH&N in 0.1% TFA, and the 
chromatogram was developed with a linear gradient of CH3CN from 
4 to 72% (containing 0.1% TFA) in 60 min at a flow rate of 1 mL/min. 
The presence of disulfides was detected by amino acid analysis fol- 
lowing the oxidation of cystines by performic acid. The cystine- 
containing fractions were dried down, dissolved in 6 M Gdn-HCI (pH 
8.0), reduced with 20 mM DTT, and alkylated with a 2-fold excess 
of iodoacetic acid. The elution profile in the lower panel shows the 
results of the rechromatography of fraction 2, one of the treated 
fractions. As expected, the two constituents from the disulfide-bonded 
peptide pair, CInKPPPDIR and GHASISC169WE, eluted at different 
concentrations of CH,CN, that also differed from the original eluting 
position. These peptides comprise the first and third Cys in SCR 111. 
The same methods were used to identify other cystine-containing 
peptide pairs in fraction 1, SC&E-SHPLPQCl@ (second and fourth 
Cys, SCR 11), and fraction 5,  SAIC~lQGDGTW-ALC316C317PEPK 
(third and first Cys, SCR VI). The latter peptide either remained 
linked to or just coeluted with SRPANHC339Wwhich contains one 
of four nonconserved Cys in C4BP. The residue C339 forms apparently 
with C317 an extra disulfide bridge in the C4BP chain. Fraction 6 
yielded the peptide TPSC374GDIC378NFPPK comprising the fourth 
Cys from the SCR VI and the first Cys from the SCR VII. 

peptide TPSC374GDIC37sNFPPK comprising the fourth Cys 
from the SCR unit VI and the first Cys from the SCR unit 
VII. There were technical problems with the recovery of the 
small peptides SC351HE (second Cys from SCR unit VI) and 
SC,&Y (third Cys from SCR unit VII). Our earlier sequence 
data on two nonreduced samples, the disulfide-bonded core 
(peak 2, Figure 1A) and the 20/24-kDa polypeptide (peak 5, 
Figure lA),  indicated a possibility of linkages between the 
second and fourth Cys in the SCR units VI1 and 111. 

Further investigation of the a-chymotrypsin-generated 
peptides from peak 7 (Figure 1B) by two-dimensional re- 
verse-phase HPLC revealed polymorphism in the sequence 
adjacent to the third Cys from the SCR unit 11. After re- 
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0 Q 
* *  * * * * 

1- 62 NCGPPPT-LSF-AAPMD-ITLTETR--FKTGTTLKYTCLPGY-~SHSTQTLTC---NS-DGE~YNT-FCIY 1 

65 * 92 106 * 122 
KRCRH-PGELRNGQV-E--I----KTDL-SFGSQIEFSCSGFFLIG-STTS-RCEV-QDRGVGWSHPLPQCEI I1 - 63-124 

127 * 155 169 * 186 
125-188 VKCKPPP-DIRNG----RH-SG-E-ENFYAYGFSVTYSCDPRFSLLGHAS--ISCTVENETIGVWRPSPPTCEK I11 - 

* *  * * * * 
18 9-24 8 ITCRK-P-DVSHGE--M--VSGFGP--IYNYKDTIVFKCQKGFVLRG-SSV-IHC----DADSKWNPSPPACEP IV 

* *  * * * 
24 9-31 3 NSCINLP-DIPH-ASWETYP-RPTKEDVYWGTVLRYRCHPGYKPTTDEPTTVIC---Q-KNLRWTPYQ-GCE- V 

316 * 339 351 361 * 374 
ALCCPEPK-LNNGEITQHRKSRPANHCVYFYGDEISFSCHE----TSRFSA-I-C---Q-GDGTWSPRTPSC-G VI - ----- - - -  314-375 

3-18 * 406 420 * 432 
376-433 DICNFPPK-IAHG----HYK-QSSSYS-F-FKEEIIYECDKGYILVGQ~--LSC----SY-SHWS~~QC-K VI1 

436 * * * * * 
434-492 ALCRK-P-ELVNG-----RLSV-DK-DQYVEPENVTIQCDSGYGWGPQS--ITC----SGNRTWYPEVPKCEW VI11 

4 98 510 
493-549 ETPEGCEQVLTGKRLMQCLPNPEDVKMALEVYKLSLEIEQLELQRDSARQSTLDKEL 

FIGURE 4: Localization of disulfide linkages within the C4BP amino acid sequence. Alignment of the proposed C4BP amino acid sequence 
(Chung et al., 1985a) to show eight SCR units (I-VIII) and the non-SCR carboxy-terminal region (493-549). The invariant amino acid residua 
(four Cys, one Pro, and one Trp) were used to align the internal homology regions (asterisks). Gaps have been introduced to improve homology 
(dashes). The identified pairs of disulfide-bonded peptides establish the first and third (underlined with a single line) and the second and fourth 
(underlined with a double line) linkages within the SCR units 11,111, VI, and VII. A peptide containing Cys339 (dashed line) within the SCR 
unit VI is apparently bound to CYS~~, .  These are two out of four nonconserved half-cystines within the C4BP chain. The other two (CYS,~~  
and Cysslo) from the C-terminal non-SCR region are presumed to be involved in the interchain linkages. The latter are missing, however, 
in the C4BP of mouse (Kristensen et al., 1987). 

et al., 1976), and some other proteins of the coagulation system 
(Holland & Blake, 1987). A kringle domain is one of the four 
different types of structural modules that are present within 
the regulatory regions of proenzymes from blood coagulation 
and fibrinolytic systems. The function of these noncatalytic 
segments is in determining the binding and substrate specif- 
icities of plasma serine proteases (Patthy, 1985; Holland & 
Blake, 1987). 

On the comparison of the double-loop sequence of C4BP 
with the triple-loop sequence of prothrombin fragment 1 
(Magnusson et al., 1975), there is a similarity between an SCR 
unit (58-64 residues long) and a part of the kringle (57 res- 
idues long) corresponding to the sequence between residues 
84 and 140 of prothrombin fragment 1 (Park & Tulinsky, 
1986), with respect to the positions of the two disulfide bridges, 
and the number of residues between the corresponding cys- 
teinyl residues (Figure 5 ) .  The short distance between the 
midpoints of the two disulfide bridges (-4.1 A), the two 
antiparallel strands of highly conserved &structure, and the 
stacking of some conserved aromatic residues form the nucleus 
of the unique chain folding seen in the kringle sequence (Park 
& Tulinsky, 1986) and type I1 domain of fibronectin (Holland 
et al., 1987). As judged by X-ray crystallography, the part 
of the kringle structure which may be similar in some respects 
to the SCR unit is folded into three loops. The existence of 
o-loops as a novel category of secondary structure has been 
recognized and defined only recently upon analyses of the 
three-dimensional structure of globular proteins (Leszczynski 
& Rose, 1986). It could be speculated that a structural motif 
of the SCR unit may also consist of three loops centered 
around the two disulfide bridges. The conserved aromatic 
residues, one Trp and three Tyr/Phe, within each SCR unit 
(marked in Figure 5 )  would be expected to play an important 
role in the overall folding of each SCR unit. The prothrombin 
sequences NFCRNPD and GPWCYT around Cysl15 and 

CysI2,, which are conserved in kringles and form antiparallel 
8-strands in crystal (Park & Tulinsky, 1986), do not seem to 
have the equivalent sequences in SCR units of C4BP. How- 
ever, it follows from the recent computer analyses of a total 
of 101 SCR sequences that the regions around the second and 
third cysteinyl residues within each SCR unit are very likely 
to assume &structure (Perkins et al., 1988). 

In conclusion, all the available data suggest the possibility 
of similar but not homologous protein fold(s) in the SCR units 
(Figure 5 )  when compared to prothrombin kringle 1 (Park & 
Tulinsky, 1986) or type I1 domain of fibronectin (Davie et al., 
1986; Holland et al., 1987). 

Many plasma and membrane proteins are known to consist 
of the assembly of several types of structural modules. This 
property is seen in the proenzymes of coagulation and fibri- 
nolytic systems (Holland & Blake, 1987) and also several 
complement proenzymes, such as Clr,  Cls, B, and C2 (Table 
I). However, the complement regulatory proteins C4BP, H, 
DAF, MCP, CR1, and CR2 and noncomplement proteins 
factor XI11 and B2-I seem to consist, with the exception of the 
C-terminal transmembrane and cytoplasmic regions, of only 
one type of structural module, the SCR unit. In addition to 
101 SCR sequences that were analyzed with the aim to predict 
the secondary structure of the SCR unit (Perkins et al., 1988), 
another 56 SCR sequences have been reported [6 in murine 
C4BP (Kristensen et al., 1987), 4 in DAF (Medof et al., 1987), 
4 in MCP (Lublin et al., 1988), 7 in CR1 (Klickstein et al., 
1988), 15 in CR2 (Weis et al., 1988), 16 in CR2 (Moore et 
al., 1987), and 4 in a 35-kDa secretory polypeptide of vaccinia 
virus (Kotwal & Moss, 1988)l. Thus, the SCR unit seems 
to be one of the structural modules that is often found encoded 
by a separate exon, and it is present in a large number of 
copies. The fact that the genes for CR1, CR2, DAF, MCP, 
C4BP, H, and factor XI11 (Table I) are all located within the 
human chromosome 1 provides further support for the notion 
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i D 

SCR unit 

90 

1 

A 

Krlngle 
FIGURE 5: Comparison of two structural modules: the SCR unit 
(C4BP) and the kringle (prothrombin fragment 1). On average, there 
are 28/29 amino acid residues present between the first and second 
half-cystines of the SCR unit (in C4BP, numbers range from 26 to 
34 residues). This part of the SCR unit corresponds to the B segment 
(28 residues) of the kringle present in prothrombin fragment 1 (Park 
& Tulinsky, 1986). The average numbers of 13 residues between the 
second and third and 12 amino acid residues between the third and 
fourth half-cystines in the SCR units agree well with the numbers 
of residues between the corresponding half-cystines in segments C 
(12 residues) and D (12 residues) of the kringle discussed above. In 
analogy with the kringle structure of prothrombin fragment 1 (Park 
& Tulinsky, 1986), it can be assumed that the interaction of two 
disulfide bridges in each SCR unit, together with the conserved 
aromatic residues (marked Trp, Tyr, Phe), and several other loop- 
favoring residues (marked Pro and Gly) may play an important role 
in the overall three-dimensional folding of SCR unit. See the text 
for further discussion. 

that all these proteins evolved from a common ancestral SCR 
unit. 
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