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(Gronenborn et al., 1991), some differences in both hydro- 
phobic packing and amide proton exchange characteristics are 
apparent. To further understand the differences in thermal 
stability and IgG binding between B1 and B2, a more detailed 
structure of the BZdomain using distance geometry methods 
is required. This work is currently in progress. 
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Complete Primary Structure of Bovine f12-Glycoprotein I: Localization of the 
Disulfide Bridges+,$ 
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ABSTRACT: The complete primary structure of bovine f12-glycoprotein I was determined by a combination 
of cDNA and peptide sequencing. Bovine f12-glycoprotein I was purified from citrated plasma, and by 
sequencing selected peptides, the complete disulfide bridge patterns of the 1 1  disulfide bridges were established 
as well as the positions of the five asparaginelinked carbohydrate groups. Bovine f12-glycoprotein I comprises 
five mutually homologous domains or Short Consensus Repeats, each containing two disulfide bridges, except 
for the fifth most C-terminal domain which diverges from the Short Consensus Repeat consensus by containing 
an additional disulfide bridge. In the four N-terminal domains, the first and third and the second and fourth 
half-cystines are disulfide-linked, while in the fifth domain the first and fourth, the second and fifth, and 
the third and sixth half-cystines are disulfide-linked. 

B2-Glycoprotein I is a perchloric acid soluble protein in 
normal human plasma, first purified in 1961 (Schultze et al., 
1961). Later, &glycoprotein I has been purified from rat 
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plasma (Polz et al., 1980). The complete amino acid sequence 
of human f12-glycoprotein I has been determined by peptide 
sequencing (Lozier et al., 1984) as well as by cDNA se- 
quencing (Steinkasserer et al., 1991), and it reveals that 
B2-glycoprotein I is a single-chain polypeptide, consisting of 
326 amino acid residues, with four or five asparagine-linked 
oligosaccharide groups. The calculated molecular mass of the 
polypeptide chain is 36 28 1 Da which is considerably less than 
the 54200 Da estimated by SDS-PAGE (Lozier et al., 1984). 
Sedimentation equilibrium studies of human B2-glycoprotein 
I indicate a molecular mass of 40000-48 OOO Da (Heimburger 
et al., 1964; Finlayson et al., 1967). Glycosylation could 
account for the discrepancy between the calculated and the 
estimated molecular mass values. The cDNA derived amino 
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acid sequence of rat @,-glycoprotein I was recently published 
(Aoyama et al., 1989). This sequence consists of 297 amino 
acid residues, and there are five potential N-glycosylation sites. 

The physiological role of @,-glycoprotein I is still unknown. 
It is, however, well-known that @,-glycoprotein I binds to 
negatively charged surfaces and molecules such as vesicles of 
negatively charged phospholipids, heparin, and DNA (Wurm, 
1984; Schousboe, 1983, 1988; Polz et al., 1979; Kr0ll et al., 
1976). It has been suggested that the binding of @,-glyco- 
protein I to anionic surfaces is responsible for its inhibition 
of the contact activation of blood coagulation in vitro 
(Schousboe, 1985, 1988; Henry et al., 1988). @,-Glycoprotein 
I has also been reported to bind to activated platelets, thereby 
repressing the platelet prothrombinase (Nimpf et al., 1986) 
and the adenylate cyclase activities (Schousboe, 1980). The 
affinity of /3,-glycoprotein I for platelets seems to depend on 
its ability to bind to the negatively charged phospholipids which 
appear on the outside of the membrane upon platelet activa- 
tion. 

&-Glycoprotein I is also known as apolipoprotein H as it 
is observed to comigrate with lipoproteins in sedimentation 
studies of normal human plasma (Polz et al., 1979; Lee et al., 
1983), and it was recently found that anti-phospholipid au- 
toantibodies recognize a complex antigen of @,-glycoprotein 
I bound to phospholipid (McNeil et al., 1990; Galli et al., 
1990). Bovine @2-glycoprotein I isolated from fetal calf serum 
has recently been shown to inhibit the thymidine uptake in 
bovine erythroid cells (Li et al., 1990). 

The amino acid sequence of p,-glycoprotein I can be ar- 
ranged into five mutually homologous domains, about 60 
amino acid residues each. The consensus framework of the 
domains within @2-glycoprotein I is based on the conservation 
of four half-cystine residues, two proline residues, two phe- 
nylalanine/tyrosine/histidine residues, two glycine residues, 
one leucine/valine residue, and one tryptophan residue, all in 
the same relative positions within each repeat. This type of 
domain, known as the Short Consensus Repeat (SCR), occurs 
frequently in a number of complement proteins and in a few 
noncomplement proteins as well [reviewed by Kristensen et 
al. (1 987a) and Reid and Day (1 989)]. 

Little information is available on the structural properties 
of SCRs in general. Lozier et al. (1984) have reported the 
location of 6 of the 11 disulfide bridges in human @,-glyco- 
protein I. On the basis of these results, it has been suggested 
that within each SCR Cys-1 forms a disulfide bridge with 
Cys-3 and Cys-2 with Cys-4. This disulfide bridge pattern 
in SCRs was confirmed by Janatova et al. (1989) in the 
a-chains of human C4b-binding protein and by Hess et al. 
(1991) for human complement component Cls. 

We present here the complete primary structure of bovine 
@,-glycoprotein I determined by cDNA and peptide se- 
quencing. We have determined the sites of N-linked glyco- 
sylation as well as the first complete disulfide bridge pattern 
of an SCR protein. In the first four SCR's from the N-ter- 
minus, the first and third and the second and fourth half- 
cystines are disulfide-linked, while in the fifth and most C- 
terminal SCR, the first and fourth, the second and fifth, and 
the third and sixth half-cystines are disulfide-linked. 

EXPERIMENTAL PROCEDURES 
Materials for Protein Chemistry Work. Trypsin and chy- 

motrypsin were from Boehringer Mannheim (Mannheim, 
Germany), Staphylococcus aureus V8 protease was from 
Worthington (Freehold, NJ), and thermolysin was from Sigma 
(St. Louis, MO). Heparin-Sepharose, DEAE-Sepharose 
CL-6B, and Sephadex G-50 SF were from Pharmacia 
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(Uppsala, Sweden). Vydac c18 (10 pm and 5 pm) was from 
The Separation Group (Hesperia, CA); Nucleosil cl8 ( 5  pm) 
was from Macherey-Nagel (Duren, Germany); Spherisorb 
ODS-2 (3 pm) was from Phase Separation (Deeside, U.K.); 
and Hypersil ODS (3 pm and 5 pm) was from Shandon 
(Cheshire, U.K.). Pth-C,, ( 5  pm) reversed-phase support, 
cartridge seals, and glass-fiber filters for the Applied Bio- 
systems protein sequencers were from Applied Biosystems Inc. 
(Foster City, CA). Chemicals for amino acid sequence 
analysis were from Applied Biosystems or Rathburn (Walk- 
erburn, Scotland, U.K.). Iod0[2-~~C]acetic acid was from 
Amersham International (Amersham, U.K.). 

Materials for cDNA Cloning and Sequencing. Restriction 
enzymes and a random primed DNA labeling kit were from 
Boehringer Mannheim. A Sequenase kit was purchased from 
U S .  Biochemical Corp. (Cleveland, OH). Nitrocellulose 
filters (BA85) were from Schleicher & Schuell (Dassel, 
Germany), and radiolabeled nucleotides ( [CY-~~PI~ATP and 
[a-3SS]dATParS) were from Amersham International. 

Purification of Bovine @,-Glycoprotein I .  Bovine plasma 
was obtained from fresh bovine blood collected in trisodium 
citrate (final concentration, 0.72% w/v). Perchloric acid was 
added to a final concentration of 0.15 M. After being stirred 
at 4 OC for 10 h, the @,-glycoprotein I-containing supernatant 
was collected after centrifugation. Following extensive dialysis 
against 10 mM Tris-HC1, pH 8.2, the supernatant was further 
separated on a heparin-Sepharose column equilibrated in 10 
mM Tris-HC1, pH 8.2. The heparin-Sepharose column was 
washed extensively in the equilibration buffer until Azso was 
below 0.01. The heparin binding proteins were eluted with 
a linear gradient of 0-0.4 M NaCl in 10 mM Tris-HC1, pH 
8.2. The fractions containing @,-glycoprotein I were identified 
by SDS-PAGE (Laemmli, 1970) followed by Western blotting 
(Towbin & Gordon, 1984) employing a rabbit anti-human 
@,-glycoprotein I antibody kindly provided by Dr. Inger 
Schousboe, Panum Institute, University of Copenhagen, and 
a peroxidase-conjugated porcine anti-rabbit IgG. The P2- 
glycoprotein I pool was dialyzed extensively against 10 mM 
Tris-HC1, pH 8.2, and further separated by anion-exchange 
chromatography on a DEAE-Sepharose column equilibrated 
with 10 mM Tris-HC1, pH 8.2, and eluted with a linear 
gradient of 04.35 M NaCl in 10 mM Tris-HC1, pH 8.2. The 
protein was judged to be pure by SDS-PAGE (Laemmli, 
1970) and by N-terminal amino acid sequencing where a single 
sequence was observed. The amino acid sequence of the 
N-terminal20 amino acid residues showed 95% identity with 
human p,-glycoprotein I. 

Proteolytic Cleavage of Bovine @,-Glycoprotein I .  Initially, 
parts of the amino acid sequence were determined from re- 
duced and alkylated protein. Reduction and S-[14C]- 
carboxymethylation of bovine @,-glycoprotein I was performed 
according to Hirs (1967b). A 100-mg portion of S-[14C]- 
carboxymethylated j3,-glycoprotein I was degraded with trypsin 
(150 w/w) in 0.1 M NH4HC03, pH 8.2, overnight at 37 OC. 
The peptides were separated initially on a Sephadex G-50 SF 
column (5  cm X 120 cm) in 0.1 M NH4HC03, pH 8.2. After 
being freeze-dried, all peptide pools were further separated 
by reversed-phase HPLC. 

For the determination of the disulfide bridge pattern, two 
20-mg portions of intact @,-glycoprotein I were degraded with 
trypsin (150 w/w) in 0.1 M NH4HC03, 2 M urea, pH 8.2, 
overnight at 37 OC. Although it is the general opinion that 
slightly alkaline conditions can result in disulfide exchanges, 
it is our experience during many years of research that this 
phenomenon rarely occurs in the absence of thio groups. 
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Titration of bovine P2-glycoprotein I with 5,5’-dithiobis(2- 
nitrobenzoic acid) under denaturing conditions showed the 
absence of thio groups in the molecule. The peptides from one 
20-mg portion were separated by Sephadex G-50 S F  gel 
chromatography in 0.1 M NH4HC03, pH 8.2 (recording at 
230 nm not shown; Figure 2), while the peptides from the other 
20-mg portion were directly separated by reversed-phase 
HPLC (Figure 2). Subdigests were carried out on isolated 
peptide fractions with the following enzymes and conditions: 
S .  aureus V8 protease or chymotrypsin in 0.1 M NH4HC03, 
pH 8.2, 4-24 h at 37 OC, or thermolysin in 100 mM pyridi- 
nium acetate, 1 mM CaC12, pH 6.5, 12 h at 65 OC. 

Peptide separations by HPLC on reversed-phase columns 
(Vydac CI8 or Nucleosil CIS; 4 X 250 mm) were carried out 
by employing a Hewlett-Packard 1084B liquid chromatograph 
eluting the material with linear gradients of increasing con- 
centrations of ethanol, methanol, or acetonitrile in aqueous 
0.1% TFA. 

Amino Acid Composition Analysis. Following hydrolysis 
in 6 M HCl at 110 OC for 20 h in vacuo, amino acid com- 
positions were determined using a Hewlett-Packard Amino 
Quant liquid chromatograph, equipped with an HP  1046 A 
programmable fluorescence detector. Cystine was determined 
as cysteic acid, obtained by performic acid oxidation (Hirs, 
1967a) before hydrolysis in 6 M hydrochloric acid. 

Amino Acid Sequence Analysis. Automated sequence 
analysis was performed using Applied Biosystems protein 
sequencers Models 470A and 477A according to the manu- 
facturer’s instructions. 

Isolation and Sequence Analysis of a Bovine P,-Glyco- 
protein I cDNA. An amplified cDNA library constructed from 
bovine liver poly(A+) RNA in the pBR322 plasmid vector was 
kindly made available to us by Dr. Ake B. Lundwall, Univ- 
ersity of Lund, Sweden. Fifteen thousand colonies were 
screened in duplicate on blotted nitrocellulose filters (Hanahan 
& Meselson, 1980) with a human P2-glycoprotein I cDNA 
probe (T. Kristensen et al., 1991) randomly labeled by using 
the Klenow enzyme, hexamer-oligodeoxynucleotides, and [a- 
32P]dATP as label. The prehybridization and hybridizations 
were in a solution of 5X SSC, 1OX Denhardt’s solution, 10 
pg/mL yeast RNA, and 0.5% sodium pyrophosphate at 65 
OC under the same conditions as described earlier (Kristensen 
et al., 1987b). A clone (pBB2I) estimated to contain a full- 
length insert as judged by restriction analysis of several pos- 
itives was chosen for sequencing. Selected restriction frag- 
ments covering the entire insert were subjected to sequencing 
by the dideoxynucleotide chain termination technique (Sanger 
et al., 1977) employing the Sequenase enzyme (Tabor & 
Richardson, 1987). The sequence results were aligned and 
compiled by using the DB programs of Staden (Staden, 1980, 
1982a,b). The nucleotide and derived amino acid sequences 
were compared to the GenEMBL (release 26) and MIPSX 
(release 28) Databases, respectively (Devereux et al., 1984). 

RESULTS 
P2-Glycoprotein I cDNA Cloning. Fifteen thousand re- 

combinant colonies of a bovine liver cDNA library constructed 
in the pBR322 plasmid vector were screened with a cDNA 
probe covering most of the coding sequence of human p2- 
glycoprotein I (T. Kristensen et al., 1991). Plasmid DNA from 
eight hybridizing clones were examined by restriction analysis, 
and the clone (pBB2I) estimated to contain the largest insert 
was sequenced. The clone was not full-length (Figure l), but 
it contained enough sequence to cover the 326 amino acid 
residues of mature j32-glycoprotein I necessary to establish the 
primary structure. All together the insert encompasses (1) 
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Table I: Amino Acid Sequences of Peptides Obtained from Reduced 
and S- [14ClCarbox~meth~lated B,-GlvcoDrotein I 

position in j3,- 
amino acid sequence glycoproteiil 

GRTCPKPDELPFSTVVPLKRO 1-20 
TYEPGEQIVFS€QPGYVSRb 
RFTCPLTGLWPINTLKb 

CMPRVCPFAGILENGTVRY TTFb 
CTEEGKWSPDLPVCAPITCPb 

t 

t 
FASLSVYKPLAGNN~ 

4 A 

21-39 
44-59 

60-8 1 
105-124 

13 1-1 44 

AMFGNDT(E/V)VTCTEHG& WTQLPECR~~C 160-182 
CPFPSRPDNGFVNb 186-198 
DTATFGCHETYSLDGPEEVECSKb 209-23 1 
ATVIY EGERb 
CSYTEDAOCIDGTIEIPKb 

252-260 
288-305 ~~. ~ . .  

N-Terminal sequence of S- [14C]carboxymethylated &glycoprotein 
I .  *Tryptic peptide from S-[’4C]carboxymethylated &-glycoprotein I. 
‘Qua! amounts of Pth-Glu and Pth-Val were observed in position 8 of 
this peptide. t, N-bound carbohydrate. 

48 bp encoding 16 amino acids of a hydrophobic signal peptide, 
lacking three amino acids when compared to the recently 
published rat (Aoyama et al., 1989) and human (Steinkasserer 
et al., 1991) P2-glycoprotein I cDNA-derived amino acid se- 
quence; (2) 978 bp encoding the mature protein; and (3) 
following the stop codon TAA, 100 bp of 3’-nontranslated 
sequence including the canonical polyadenylation signal se- 
quence AATAAA located 29 bp upstream from the poly(A) 
tail. Two potential polyadenylation signal sequences, AAT- 
TAA and ATTAAA, were seen starting at positions 1048 and 
1049, respectively. 

Amino Acid Sequence of Bovine /3,-Glycoprotein I. In order 
to confirm the amino acid sequence deduced from the cDNA 
sequence and in order to determine the sites of N-glycosylation 
and the locations of disulfide bridges, we have sequenced 
several peptides all together covering 242 of the 326 amino 
acid residues of bovine 0,-glycoprotein I (Tables I and 11; 
shown in bold italics in Figure 1). 

From the tryptic digest of reduced and S -  [14C]carboxy- 
methylated protein, eight pools were collected after gel fil- 
tration chromatography on a column of Sephadex G-50 SF. 
Each of these pools was subjected to further separation by 
reversed-phase HPLC, and a total of eleven peptides were 
isolated and sequenced (Table I). At position 167, Pth-Val 
and Pth-Glu (Table I and Figure 1) appeared in equal 
amounts, indicating heterogeneity at this position. 

N-Linked Carbohydrate Attachments. Peptides containing 
Asn-linked oligosaccharides were identified by observing 
N-acetylglucosamine in peptide hydrolysates. Sequence 
analysis of such peptides showed that Asn-linked oligo- 
saccharides are attached to the Asn residues in positions 73, 
143, 164, 174, and 234 (Figure 1). All attachment sites are 
located in the carbohydrate acceptor consensus sequence 
Asn-Xaa-Ser/Thr. In the cases of As11174 and Asn234, the 
second position of the consensus sequence was occupied by a 
Trp residue, which rarely occurs at this position (Gavel & von 
Heijne, 1990). Four of the attachment sites (Asn143, Asn164, 
Asn174, and Asn234) are identical to those found in both rat 
and human &-glycoprotein I (Aoyama et al., 1989; Lozier et 
al., 1984; Steinkasserer et al., 1991). 

Disulfide Bridge Pattern of Bovine P2-Glycoprotein I. The 
sequences of isolated disulfide-bonded peptides necessary to 
assign the 11 disulfide bridges of ,19~-glycoprotein I are sum- 
marized in Table 11. 

The amino acid sequences of disulfide-bonded peptides were 
determined by simultaneous Edman degradation of the two 
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- BCR-I 
-16 -1 +1 -~ 
P A L V L L L G F L C H V A I A G R T C P K P D E L P  
CCAGCGCTCGTCTTGCTGTTGGGGTTTCTCTGCCACGTTGCTATCGCAGGACGAACCTGCCCCAAGCCAGATGAGCTACCG 

F S T V V P L K R T Y E P G E Q I V F S C Q P G Y V S  
TTTTCCACGGTGGTTCCACTGAAACGGACCTATGAGCCCGGGGAGCAGATAGTCTT~CCTGCCAGCCGGGCTACGTGTCC 

-- SCR-11 
R G G I R R F T C P L T G L W P I N T L K C U P R V C  
CGGGGAGGGATCCGGCGGTTTACATGCCCGCTCACAGGACTCTGGCCCATCAACACGCTG~TGCATGCCCAGAGTATGT 

t 
P F A G I L E N G T V R Y T T P E Y P N T I S F S C H  

CCTTTTGCTGGGATCTTAGACGGAACGGTACGCTATACAACGTTTGAGTATCCCAACACCATCAGCTTTTCTTGCCAC 

+ 
T G F Y L K G A S S A K C T E E G K W S P D L P V C A  
ACGGGGTTTTATCTGAAAGGAGCTAG~CTGCAAAATGCACTGAGGAAGGGAAGTGGAGCCCAGACCTTCCTGTCTGTGCC 

SCR-I11 4 
P I T C P P P P I P K F A S L S V Y K P L A G N N S F  
CCTATAACCTGCCCTCCACCACCCATACCCAAGT~GCAAGTCTCAGCG~TAC~GCCGTTGGCTGGGAACAACTCCTTC 

t E 
Y G S K A V F K C L P H H A U F G N D T V T C T E H G  

TATGGCAGCAAGGCAGTCTTTAAGTGCTTGCCACACCACGCGATGT~GGAAATGACACCGTTACCTGCACGGAACATGGG 

4 + BCR-IV 
N W T Q L P B C R E V R C P F P S R P D N G F V N H P  

AACTGGACGCAGTTGCCAGATGCAGGGAAGTAAGATGCCCATTCCCATCAAGACCAGACAATGGGTTTGTGAACCATCCT 

A N P V L Y Y K D T A T F G C H E T Y S L D G P E E V  
GCAAATCCAGTGCTCTACTATAAGGACACCGCCACCTTTGGCTGCCATG~CGTATTCCTTGGATGGACCGGAAGAAGTA 

t n + SCR-V 
E C S K F G N W S A Q P S C K A S C K L S I K R A T V  
GATGCAGCAAATTCGGAAACTGGTCTGCACAGCCAAGCTGTAAAGCATCTTGTAAGTTATCTATT~GAGCTACTGTG 

I Y E G B R V A I Q N K F K N G M L H G Q K V S F F C  
ATATATGAAGGAGAGAGAGTAGCTATCCAGACAAATTTAAG~TGGAATGCTGCATGGCC~GGTTTCTTTCTTCTGC 

K H K B K K C S Y T B D A Q C I D G T I E I P K C F K  
AAGCATAAGGAGAAGTGCAGCTACACAGAAGATGCTCAGTGCATAGACGGCACCATCGAGATTCCCAAATGCTTCAAG 

+ 
E H S S L A F W K T D A S D V K P C *  

GAGCACAGTTCTTTAGCTTTCTGGACGGATGCATCTGACGTACCATGCTAAGCTGGTTTTCACACTG~ 

E T G T C A T G C T T A T A T G T G T C T G T C T G A G A A T ~ G A T G G ~ C G G ~ G A G A C T G A A T T T A C C G T G T C A A G ~  

11 
81 

38 
162 

65 
243 

92 
324 

119 
405 

146 
486 

173 
567 

200 
648 

227 
729 

254 
810 

281 
891 

308 
972 

326 
1053 

1134 

FIGURE 1: The nucleotide (cDNA) and derived amino acid sequences of bovine &glycoprotein I. Amino acid sequences also determined by 
sequencing selected peptides (see Tables I and 11) derived from proteolytically cleaved &-glycoprotein I are shown in bold italics. Sites of 
N-glycosylation are indicated by diamonds (+). The stop codon, TAA, is indicated with an asterisk, and the polyadenylation signal sequence, 
AATAAA, is underlined. Two overlapping potential polyadenylation signal sequences are underlined. The span of each Short Consensus Repeat 
is indicated by arrows. 

linked peptide chains. The position of the first half-cystine 
in a disulfide bridge is observed as a missing Pth derivative 
in the actual sequencing step, while the second half-cystine 
is released as Pth-cystine. This derivative is observed as a sharp 
peak eluting in front of Pth-Tyr in the standard HPLC sep- 
aration of Pth-amino acids. 

The disulfide bridges are designated I-XI in order of ap- 
pearance of the first Cys residue in each disulfide bridge. In 
Figure 2 are outlined the routes of purification of disulfide- 
bridged peptides covering all 11 disulfide bridges. One portion 
of P2-glycoprotein I (Figure 2) was degraded with trypsin as 
described in Experimental Procedures, and the resulting 
peptides were separated by gel filtration (not shown) into five 
fractions. Fractions 1-4 (numbered according to appearance 
from the gel filtration column) containing substantial amounts 
of cystine were further separated by HPLC. The peptides 
containing disulfide bridges I (derived from fraction 3), I1 
(from fraction 4), I11 (from fraction l), and VI11 (from 
fraction 2) were purified and directly sequenced (Table 11). 
Peptide material in a major cystine-containing peak from the 
HPLC purification was further degraded with S. aureus V8 
protease, and the peptides were separated by HPLC. Peptides 
containing disulfide bridges IX and X were identified (Table 
11). Another portion of &-glycoprotein I was also treated with 
trypsin (Figure 2), and the resulting peptides were directly 
fractionated by HPLC (not shown). A part of the material 
in one major, large cystine-containing peak was degraded with 

chymotrypsin before peptide separation by HPLC. The 
peptide containing disulfide bridge VI was isolated and se- 
quenced (Table 11). The rest of the material from this peak 
was treated with thermolysin, and the peptides were frac- 
tionated by HPLC. Peptides containing disulfide bridges IV, 
V, VII, and XI, respectively, were isolated and sequenced 
(Table 11). 

Primary Structure of Bovine &Glycoprotein I .  Figure 1 
shows the complete amino acid and nucleotide sequences of 
bovine &-glycoprotein I. The results of sequence analysis of 
peptides isolated from enzymatic digests of S- [ ''C]carboxy- 
methylated or intact bovine P2-glycoprotein I are shown in bold 
italic letters. Only one discrepancy was found between the 
amino acid sequence deduced from the  cDNA sequence and 
the amino acid sequence determined at the protein level. At 
position 238, the nucleotide sequence predicts a glutamine 
while a methionine was determined in the tryptic peptide 
containing disulfide bridge VI11 (Table I1 and Figure 1). The 
N-terminal 22 amino acid residues sequenced by Li et al. 
(1990) match with the sequence presented here. 

The most notable differences between the bovine (and rat) 
and human amino acid sequences were found at positions 102 
and 169, where a half-cystine and a glycosylated asparagine, 
respectively, were determined in the human amino acid se- 
quence (Lozier et al., 1984). In bovine &glycoprotein I, 
positions 102 and 169 are occupied by a serine and a half- 
cystine, respectively. It should be noted that the cDNA-de- 
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Table 11: Sequences of Disulfide Bridged Peptides from &Glycoprotein I 
amino acid sauences wsitions of half-cystines disulfide bridge no. enzvmes used for digest 

TCPKPDELPFS 
FTCPLTGLWPI 

4; 47 I tr 

TYEPGEQIVFSCQPGYVSR 32; 60 

VCPFAGILENGTVR 65; 105 

CMPR + 
CTEEGK 

FSC 
VCAP 

ITCPPP 
(E/V) TCTEHG' 

CLPHHAMFG 
TQLPEC 

VRCPFPSRPDNG 
VECSK 

DTATFGCHET 
FGNXSAMPSCK 

4 

ASCK 
DAQCIDGTI 

FCKHKEKK 
IEIPKC 

I1 

I11 

tr 

tr 

91; 118 IV tr + th 

123; 169 V tr + th 

155; 181 VI tr + ct 

186; 229 VI1 tr + th 

215; 241 VI11 tr 

245; 296 IX tr + sp 

281; 306 X tr + sp 

CSYTE 288; 326 XI tr + th 
TDASDVKPC 

"Equal amounts of Pth-Val and Pth-Glu were observed for position 167. tr, trypsin; ct, chymotrypsin; th, thermolysin; sp, Staphylococcus aureus 
V8 protease; +, N-bound carbohydrate. 

rpHPLC, sequencing 

sequencing 
- pool 1 DBIII 

DBVI I I 

sequencing 
DBX 

DBIX 

- pool 2 

rpHPLC, sequencing 

rpHPLC, sequencing 

pool 3 DBI 

pool 4 DBII 

02-Qlycoprotein I 

ct, rpHPLC, sequencing 
DBVI 

sequencing 
DBIV 

th, rpHPLC DBV 

sequencing 

FIGURE 2: Flow scheme indicating the routes of isolation of disulfidebridged peptides. Abbreviations: DB, disulfide bridge; rpHPLC, reversed-phase 
HPLC; gf, gel filtration; tr, trypsin; ct, chymotrypsin; sp. S. aureus V8 protease; th, thermolysin. 

rived amino acid sequences of rat and human &glycoprotein tensen et al., 1991) also predict a serine at position 102 and 
I (Aoyama et al., 1989; Steinkasserer et al., 1991; T. Kris- a cysteine at position 169. Another strong argument in favor 
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I s-s I 
I F F I S 
C - - P ................ Y - C - - G - Y ....... G . . .  C .... G - W T . . .  P - C - 
1 2 

I s-: '4 

FIGURE 3: The general consensus sequence of the Short Consensus Repeat. The intradomain disulfide bridges connecting Cys-1 and Cys-3 
and Cys-2 and Cys-4 are shown. The hyphen indicates a space corresponding to one amino acid residue. 

FIGURE 4: A schematic representation of bovine &glycoprotein I showing the organization of the molecule into five Short Consensus Repeats 
each with two intradomain disulfide bridges except for the C-terminal domain which contains three intradomain disulfide bridges. The N-linked 
glycosylation positions are indicated with diamonds (+). 

of a serine at position 102 and a half-cystine at position 169 
is that the Occurrences of these residues at these positions are 
consistent with the SCR consensus of four invariant half- 
cystines in each SCR (Figure 3). 

DISCUSSION 
We have identified the 11 disulfide bridges in bovine 18,- 

glycoprotein I. The amino acid sequence of &-glycoprotein 
I can be divided into five mutually homologous SCR domains, 
and this report confirms the suggestion that SCR domains 
contain only intradomain disulfide bridges. The four half- 
cystines within each of the N-terminal four SCR domains form 
disulfide bridges in a 1-3, 2-4 pattern. In the last and fifth 
SCR domain, three disulfide bridges are present, but the di- 
sulfide bridge pattern in the fifth domain is still consistent with 
the 1-3,2-4 pattern. The two additional half-cystines (Cys288 
and Cys326) forming disulfide bridge XI are not part of the 
SCR consensus sequence (Figure 3). 

In 1984, the complete amino acid sequence of human 0,- 
glycoprotein I was published, and 6 of the 11 disulfide bridges 
were identified (Lozier et al., 1984). Five of the disulfide 
bridges identified in human @,-glycoprotein I correspond to 
the disulfide bridges I, 11, 111, VI, and VI1 in bovine 8,- 
glycoprotein I, while the sixth disulfide bridge connecting 
Cys281 and Cys288 is inconsistent with our results. In bovine 
&-glycoprotein I, we find that Cys281 is forming a disulfide 
bond with Cys306 (disulfide bridge X), while Cys288 is con- 
nected to the C-terminal Cys326 (disulfide bridge XI). These 
results may indicate a difference in the disulfide bridge pattern 
of the fifth SCR between these two species. 

Recently, the positions of several of the disulfide bridges 
in the eight SCR domains of the human C4b-binding protein 
a-chains (Janatova et al., 1989) as well as those of all of the 
disulfide bridges of human complement Cls (Hess et al., 1991) 
were determined. The results that Cys- 1 is disulfide-bound 
to Cys-3 and Cys-2 to Cys-4 within each SCR are consistent 
with the results obtained for bovine and human &-glycoprotein 
I. 

Our results and the results of Lozier et al. (1984), Janatova 
et al. (1989), and Hess et al. (1991) together with an increasing 
knowledge about gene structures of SCR proteins [e.g., com- 
plement factor H, C4b-binding protein, complement receptors 
type 1 and 2, interleukin-2 receptor (Barnum et al., 1989; 
Fujisaku et al., 1989; Leonard et al., 1985; Vik et al., 1988; 

Wong et al., 1989)] strongly suggest that the SCR is a separate 
physical and genetical entity. 

In summary, we present here the first complete disulfide 
bridge pattern of a protein composed entirely of SCR domains. 
The results show that the amino acid sequence of P,-glyco- 
protein I is arranged into five mutually homologous domains 
with two disulfide bridges in each of the first four domains 
(Cys-1 to Cys-3 and Cys-2 to Cys-4), and three disulfide 
bridges in the last domain (Cys-1 to Cys-4, Cys-2 to Cys-5, 
and Cys-3 to Cys-6) as shown in the schematic representation 
of bovine @,-glycoprotein I in Figure 4. 

ADDED IN PROOF 
After submission of this paper, Kat0 and Enjyoji (1991) 

published the amino acid sequence and location of the disulfide 
bonds in bovine &glycoprotein I. The results of these authors 
are in agreement with the results presented here except for 
the assignment of amino acid residue 283. At this position 
we find a His residue, whereas Kat0 and Enjyoji find an Asn 
residue. 
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Stable Substructures of Eightfold pa-Barrel Proteins: Fragment Complementation 
of Phosphoribosylanthranilate Isomerase? 
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ABSTRACT: The (@a)s (or “TIM”)-barrel protein phosphoribosylanthranilate isomerase from Saccharomyces 
cerevisiae was cleaved between the sixth and seventh @a module to test the capacity of the resulting fragments 
to adopt native format autonomously. The fragments, which were expressed from separate coding sequences, 
were soluble and monomeric. The amino-terminal fragment p1 was compact, possessed an almost nativelike 
f a r - W  but a strongly reduced near-UV CD spectrum, and unfolded cooperatively with guanidinium chloride. 
In contrast, the carboxyl-terminal fragment p2 was less compact than fragment pl, possessed only a weak 
far-UV and no detectable near-UV CD spectrum, and unfolded noncooperatively. The fragments assembled 
stoichiometrically to a complex with Kd = 0.2 pM, which was enzymically almost fully active. The rate 
of assembly was limited by a first-order process, probably the isomerization of the carboxyl-terminal fragment 
p2 to an assembly-competent structure. These results support a folding mechanism that comprises an 
intermediate with the first six @a units folded in roughly native format and the last two @a units partially 
unfolded. The similar behavior of the analogous fragments of the a subunit of tryptophan synthase supports 
the hypothesis that these two (@a)8-barrel proteins have evolved from a common ancestor. 

Denatured  proteins refold in vitro by collapsing to a compact 
state that subsequently rearranges itself to the native structure. 
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This “molten globule” (Kuwajima, 1989) or “collapsed 
intermediate” (Kim & Baldwin, 1990) state can possess a 
circular dichroism spectrum in the peptide absorbance region 
that suggests a content of secondary structure similar to that 
of the stable folded state. Nativelike secondary and super- 
secondary structures of segments of the polypeptide chain could 
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