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Location of the Disulfide Bonds in Human Plasma Prekallikrein: The Presence of
Four Novel Apple Domains in the Amino-Terminal Portion of the Molecule'
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ABSTRACT: The location of 16 of the 18 disulfide bonds in human plasma prekallikrein was determined
by amino acid sequence analysis of cystinyl peptides produced by chemical and enzymatic digestions. A
unique structure, named the apple domain, was established for each of the four tandem repeats in the
amino-terminal portion of the molecule. The apple domains (90 or 91 amino acids) contain 3 highly conserved
disulfide bonds linking the first and sixth, second and fifth, and third and fourth half-cystine residues present
in each repeat. The fourth tandem repeat contains an extra disulfide bond that forms a second small loop
within the apple domain. The carboxyl-terminal portion of plasma prekallikrein containing the catalytic
region of the molecule was found to have disulfide bonds located in positions similar to those of other serine

proteases.

I)lasma prekallikrein, a precursor of plasma kallikrein, cir-
culates in blood as an equimolar complex with high molecular
weight kininogen (Mandle et al., 1976). It participates in the
generation of kinin (Werle, 1955; Margolis, 1958; Laake &
Vennerod, 1974) and may also play a role in the intrinsic
pathway of blood coagulation (Weupper, 1973; Saito et al.,
1974; Weiss et al., 1974) and fibrinolysis (Laake & Vennerod,
1974; Ogston et al., 1969; Mandle & Kaplan, 1977; Ichinose
et al., 1986). Plasma prekallikrein (M, 85000) is converted
to plasma kallikrein by factor XIIa by the cleavage of a single
internal Arg-lle peptide bond (Griffin & Cochrane, 1979;
Heimark et al., 1980). Plasma kallikrein is a serine protease
that is composed of a heavy chain (371 amino acids) and a
light chain (248 amino acids) held together by a disulfide
bond(s) (Chung et al., 1986).

' This work was supported in part by Grant HL 16919 from the Na-
tional Institutes of Health. A preliminary report was presented at the
Fourth Annual Symposium of the Protein Society held in San Diego, CA,
Aug 11-15, 1990.

The amino acid sequence of plasma prekallikrein is 58%
identical with factor XI, a plasma protein that is converted
to factor XIa in the early phase of the blood coagulation
cascade. The amino-terminal regions of both plasma pre-
kallikrein and factor XI also contain 4 tandem repeats of 90
(or 91) residues that show a high degree of amino acid se-
quence identity (Chung et al., 1986; Fujikawa et al., 1986).
Furthermore, each of the four tandem repeats contains six
half-cystine (Cys)! residues that are highly conserved, being
present in the same position in each of the four tandem repeats
in both proteins. Also, the positions of the six Cys residues
in the two proteins do not align with the Cys residues of any
known protein domain containing disulfide bonds. These data
suggest that plasma prekallikrein as well as factor XI may have
three unique disulfide bonds in each of their four tandem
repeats. Plasma prekallikrein contains two additional Cys
residues in the fourth repeat, while each of the first and fourth

! Abbreviations: Cys, half-cystine; PTH, phenylthiohydantoin.
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Apple Domains in Plasma Prekallikrein

repeats of factor XI have one additional Cys residue. These
additional Cys residues in each protein are also linked by
disulfide bonds since neither protein contains a free sulfhydryl
group.

The carboxyl-terminal region of plasma prekallikrein and
factor XI contains the serine protease portion of each protein.
This region in the two proteins also shows considerable amino
acid sequence identity and is homologous to pancreatic trypsin.

In this paper, the disulfide bonds in human plasma pre-
kallikrein have been examined. The data indicate the presence
of a novel disulfide bond structure in each of the four tandem
repeats in the protein. These structures have been called apple
domains for convenience since they can be drawn in the shape
of an apple. These same structures have also been identified
in human factor XI [see McMullen et al. (1991)].

EXPERIMENTAL PROCEDURES

Materials. Plasma prekallikrein was isolated as described
previously (Tait & Fujikawa, 1987) and was homogeneous by
SDS-polyacrylamide gel electrophoresis. Ammonium 7-
fluoro-2,1,3-benzoxadiazole-4-sulfonate was purchased from
Wako Pure Chemicals, Osaka, Japan. Tri-n-butylphosphine
was obtained from Aldrich. Trypsin treated with N-tosyl-L-
phenylalanine chloromethyl ketone and chymotrypsin treated
with V-tosyl-L-lysine chloromethyl ketone were purchased from
Worthington. Staphylococcus aureus V8 protease was ob-
tained from Miles. The TSK-G2000SW column (7.5 X 600
mm) was purchased from LKB-Produkter AB, Bromma,
Sweden, while the uBondapak C-18 (4.9 X 300 mm) and
Ultrapore C-3 columns (4.6 X 75 mm) were purchased from
Waters and Altex, respectively. Reagents for amino acid
sequence analysis were obtained from Applied Biosystems, Inc.
All other chemicals were of the highest grade commercially
available.

Chemical and Enzymatic Digestion. Cleavage of plasma
prekallikrein at methionyl bonds was performed by dissolving
1 mg of the pure protein in 500 uL of 70% formic acid con-
taining 1 mg of cyanogen bromide, and incubating the mixture
at room temperature for 24 h. The sample was then dried
under a stream of nitrogen prior to fractionation. Cleavage
at aspartyl bonds was carried out by heating the sample for
4 hat 110 °C in 500 uL of 2% formic acid under argon.
Digestions with trypsin and chymotrypsin were performed at
37 °Cin 0.1 M ammonium formate, pH 6.5, at an enzyme-
to-substrate weight ratio of 1/100 and 1/30, respectively.
Incubation time for the digestion with trypsin was 18 h, while
the incubation time with chymotrypsin was 4 h. Digestions
with Staphylococcus aureus V8 protease were performed in
0.1 M ammonium acetate, pH 4.5, at 37 °C for 18 h at en-
zyme-to-substrate weight ratio of 1/30. In total, 2 mg of
protein was used.

Purification of Peptides. Cyanogen bromide fragments were
first fractionated by gel filtration on two TSK-G2000SW
columns connected in tandem. The columns were previously
equilibrated with 6 M guanidine hydrochloride in 1% phos-
phoric acid, pH 3.2. After application of the sample, the
columns were eluted with the same solution at a flow rate of
1 mL/min. The effluent was monitored for peptides by the
absorbance at 226 nm. Further purification of the cyanogen
bromide fragments and peptides derived from enzymatic
cleavage was carried out by reverse-phase HPLC using either
a uBondapak C-18 column or an Ultrapore C-3 column con-
nected to a Waters HPLC system. The gradient employed
consisted of 0.1% trifluoroacetic acid as the mobile phase and
0.08% trifluoroacetic acid in 80% acetonitrile as the mobile
phase modifier. The flow rate was 1.5 mL/min, and the
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effluents were monitored by the absorbance at 214 nm.

Sequence Analysis and Detection of Cystinyl Peptides.
Amino acid sequence analysis of selected peptides was per-
formed with an Applied Biosystems Model 477A pulse-liquid
protein sequencer. The phenylthiohydantoin (PTH)-amino
acids were separated on a Model 120A analyzer connected to
the protein sequencer. DiPTH-cystine was identified as pre-
viously reported by Marti et al. (1987) and Hojrup and
Magnusson (1987), while cystinyl peptides were detected by
the procedure of Sueyoshi et al. (1985), and samples repre-
senting 2.5-20% of the total material were employed for assay.
Fluoresence intensities were measured at 520 nm by a Per-
kin-Elmer Model LS-5 fluorescence spectrophotometer with
excitation at 385 nm.

Peptide Nomenclature. The pooled fractions and peptides
were identified by letters to indicate the type of cleavage
performed. Numbers were employed to show the fraction or
peptide positions relative to the other peaks in the chroma-
tograms. The nomenclature used was as follows: CNB,
cyanogen bromide cleavage; D, acid cleavage at an aspartyl
peptide bond; T, trypsin digestion; E, S. aureus V8 protease
digestion; E/C, S. aureus V8 protease followed by chymo-
trypsin digestion.

RESULTS

Human plasma prekallikrein was cleaved at methionine
residues with cyanogen bromide, and the digest was separated
into three major peaks by gel filtration on the two TSK-
G2000SW columns connected in tandem. Two of the peaks,
CNBI1 and CNB2, were found to contain cystinyl peptides by
the fluorometric assay (left panel, Figure 1). CNB2 was
further fractionated by reverse-phase HPLC on a C-18 col-
umn, and three major peaks were obtained (middle panel,
Figure 1). CNB2-3 was found to contain Cys residues and
was subjected to amino acid sequence analysis. It was com-
pletely sequenced with the detection of a single PTH-amino
acid in each cycle, except for positions 2 and 8. The sequence
of CNB2-3 corresponds to amino acid residues 31-52 in the
first tandem repeat of plasma prekallikrein (Table I, Figure
2) (Chung et al., 1986). In the second cycle of the sequence
analysis, no PTH-amino acid was identified. DiPTH-cystine,
however, was found in the eighth cycle. These two positions
correspond to the Cys residues at positions 32 and 38 in the
amino acid sequence of plasma prekallikrein (Figure 2). Thus,
a disulfide bond forming a small loop of seven amino acid
residues was present in the first tandem repeat.

After CNB1 was desalted on a C-3 column, it was digested
with trypsin in 0.1 M ammonium acetate buffer, pH 6.5. This
slightly acidic buffer was used for the tryptic and chymotryptic
digestions to prevent possible rearrangements of the disulfide
bridges in the peptide fragments (Ryle & Sanger, 1955;
Spackman et al., 1960). The tryptic digest was then separated
on a C-3 column, and five fractions, CNBI1-T1, -T3, -T4, -T5,
and -T6, were pooled (right panel, Figure 1). Four of the
fractions, CNB1-T1, -T3, -T4, and -T6, were pooled and re-
chromatographed either on a C-18 or on a C-3 column (top
and bottom panels, Figure 3).

CNBI-T1-16 (top left panel, Figure 3) gave two complete
sequences in essentially equal amounts starting with Val;;; and
Asnyss. Only PTH-Ser was detected in the third cycle, and
diPTH-cystine was identified in the seventh cycle. These
results indicated that Cys;,s was linked to Cys,4; in the second
tandem repeat (Table I, Figure 2). Similarly, a double se-
quence of CNB1-T3-1 (top right panel, Figure 3) indicated
that Cyss,q was paired with Cyssy, in the catalytic region of
the protein (Table I, Figure 2). CNBI1-T3-2 also gave a double
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FIGURE |: Fractionation of peptides derived from human plasma prekallikrein. (Left panel) gel filtration of the cyanogen bromide digest of
the protein on two TSK-G2000SW columns connected in tandem. The effluent was monitored for peptides at 226 nm, and the fractions were
collected manually. The flow rate was 1 mL/min. Two of the peaks were labeled CNB1 and CNB2, since they contained Cys residues as
detected by the fluorescence assay. {Middle panel) separation of CNB2 on a C-18 column connected to a HPLC. After application of the
sample, the column was washed for 2 min with 0.1% trifluoroacetic acid, and then a linear gradient was employed, as described under Experimental
Procedures. The concentration of acetonitrile is indicated on the ordinate. Peptide CNB2-3 contained Cys residues, as detected by the fluorescence
assay. (Right panel) initial separation of the tryptic digest of CNB1. The CNB1 digest was fractionated on an Altex C-3 column by employing
the same conditions described for the middle panel. The five fractions indicated by solid bars were found to contain Cys residues by the fluorescence

assay and were pooled individually.
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FIGURE 2: Location of the disulfide bonds in human plasma prekallikrein. The four apple domains in the amino-terminal portion of the molecule
are labeled A, A,, A;, and A, The Arg;,,/lle;;, bond that is cleaved by factor XITa during the activation reaction is marked by a solid curved
arrow. The circled residues (Hisy; s, ASpsss, and Serssg) are members of the catalytic triad characteristic of serine proteases. The Asn residues
marked by solid diamonds (residues 108, 289, 377, 434, and 475) are attachment sites for carbohydrate chains. The amino- and carboxyl-terminal

residues are identified by -NH, and -COOH, respectively.
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FIGURE 3: Rechromatography of selected tryptic fragments (CNB1-T1, -T3, -T4, and -T6 shown in the right panel, Figure 1) on C-18 or C-3
columns. CNBI-T1 (top left panel), CNBI-T3 (top right panel) and CNBI-T6 (lower right panel) were separated on a C-18 column, and
CNBI-T4 was rerun on an Altex C-3 column (lower left panel). The peaks in each panel that are numbered contained Cys residues, as detected

by the fluorcscence assay.

sequence and established a disulfide bond between Cys,,, and
Cys,;s in the second repeat. The sequence analysis of
CNBI-T3-3 showed that Cys,q was paired with Cyssg in the
first repeat. A disulfide bridge between Cys,oq and Cys,sq in
the third repeat was found in the sequence of CNBI-T4-1
(lower left panel, Figure 3). Both CNB1-T6-1 and CNBI-
T6-2 (lower right panel, Figure 3) gave a single sequence and
established two disulfide bonds, one between Cys,y and Cysy¢
in the catalytic region and the other between Cys,;, and Cys; g
in the third tandem repeat (Figure 2).

CNBI1-T4-2 (lower left panel, Figure 3), which contained
three disulfide bonds, was shown to originate from the fourth
repeat. [t was sequenced completely and found to contain two
subpeptides connected by disulfide bonds. The two peptides
ran from Gly,gs to Lyssys and from Cys;ge to Argss, (Figure
2). Inspection of the sequence revealed the presence of four
Glu residues at positions 301, 319, 323, and 324 in the peptide.
Accordingly, a digestion of CNB1-T4-2 with S. qureus V8
protease was carried out. An analytical run of the digest on
a C-18 column showed that neither a new fragment nor a
change of the column retention time of the starting material
had occurred. Amino acid sequence analysis, however, showed
the presence of a new N-terminus starting at Thryy,. This
indicated that at least one peptide bond was cleaved. When
treated with chymotrypsin, CNB1-T4-2 was partially digested
and separated into four peaks on a C-18 column (top panel,
Figure 4). Sequence analysis of CNB1-T4-2-E/C2 gave a
double sequence and revealed a disulfide bond between Cysyg,
and Cys,g (Table 1, Figure 2). CNB1-T4-2-E/C3 contained
four Cys residues, but the precise location of the two disulfide
bonds in this peptide was not directly established. The two
disulfide bonds, however, were tentatively assigned by analogy
to the Cys residues in repeats 1, 2, and 3 (see Discussion).

CNBI-TS5 was digested further with S. aureus V8 protease,

and the resulting peptides were resolved on a C-18 column
(middle panel, Figure 4). CNB1-T5-E7 gave a double se-
quence that indicated a disulfide bond between Cysg, and
Cysygs in the third repeat (Table I, Figure 2). Three sequences
were observed in CNB1-TS-E8. Unlike the difficulty expe-
rienced with CNB1-T4-2-E/C3, it was readily possible to pair
Cys, with Cysgs in the first repeat and Cysg, and Cys; 45 in the
second repeat. Additional proof of the latter pairing was
provided by the analysis of a small fragment isolated by di-
gesting CNB1-T5-E9 with thermolysin (results not shown).
The small difference in the retention time on the C-18 column
of CNBI1-T5-E8 and CNB1-T5-E9 was attributed to the cy-
clization of the latter at the N-terminal Gln residue to form
a pyroglutaminyl residue.

The remaining disulfide bonds were found in the digest of
CNBI1-T5-El14. This peptide was treated with 2% formic acid,
and the products were separated on a C-18 column (lower
panel, Figure 4). Sequence analysis of CNB1-T5-E14-D2
showed that Cys,;, was linked to Cys.sg in the fourth repeat
(Table I, Figure 2). In the catalytic region, Cyssss was found
to be paired with Cyssgs by analyzing CNBI-TS5-E14-D3. A
double sequence that was found in CNB1-T5-E14-D7 (lower
panel, Figure 4) established a linkage between Cys,g and
Cyssgs in the catalytic domain. The interchain disulfide bond
(Cys;e4 to Cysygs) between the heavy chain and the light chain
of plasma kallikrein was finally found in the mixture of two
peptides, CNB1-T5-E14-D4/5 (lower panel, Figure 4). These
two peptides had the same amino acid sequence. A small
difference in their retention time is probably due to a partial
deglycosylation of the Asn-linked carbohydrate chain at
position 475 by the acid treatment.

DiSCUSSION
In the present experiments, the location of the disulfide
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Table I: Peptides Isolated and Sequenced for the Identification of
the Disulfide Bonds in Human Plasma Prekallikrein

Position of the
Peptide Amino Acid Sequence®
Disulfide Bond(e)

GILTQLYE 2-85%
Q

CNBL-T5-E8 GHQI s;_fun and
scrstxPkaLse 92-175
YTPNAQYYQHSer

CNB1-T3-3 rai_JFLx 28-58

CNB2-3 RETFHPRCLLFSFLPASSIND Hser 32-38

¥VSSYEECQEKR

CNB1-T1-16 NNELLK

118-147
TN/SNIR

Q F FSYATQTFHK 122-128

CNB1-T3-2 j

IG*HHSM’
TSESGTPSSSTPQENTISGYSLLT*K

VLTPDAFVER
CNB1-T4-1 KV * TLK 208-236

CNBL-T5-E7 182-265

CNBL-T6-2 TIfTYHPNCLFFTFYTNVWEK 212-218
TLPEPXHSK

CNBL-T5-E14-D2 LinTo 273-356
GYNVXQE or 299-326 ot 328

CHB1-T4-2-E/C3 and
SLLEEDXKEEK K}FLR 321-326 or 328

or

TCTK

CHB1-T4-2-E/C2 forrty 303-309
NSVITTK

=T5- -] -484

CHBL-TS-EL4=D4/5 | o ?f__—_)\r.(n)y TEFQRrIiLes 364-48:

CNB1-T6-1 HLXGGSLIGHQWVYLTAAHXFDGLPLQDV(IR 400-416
TSTIYTNCHMYV TCWCFS

CNB1-TS-E14-D7 scorrvix 498-565

YVNIPLVTINEECQKR
CNBL-T3-1 vi—_iAcY X 529-544
AXKG
LVGITSWGEGCAR 555-583

4Sequence analyses of 16 peptides containing disulfide bonds are
shown. The positions that were not identified that are known from the
published sequence to contain Cys residues are marked by “X”. Resi-
dues identified as diPTH-cystine are marked by “C”. The residues
shown in parentheses are known from the published sequence but were
not identificd.

CNB1~T5-E14-D3

bonds in human plasma prekallikrein was determined by se-
quence analysis of peptides produced by chemical and enzy-
matic digestions. Of the 18 disulfide bonds in plasma pre-
kallikrein, 16 were unequivocally determined (Figure 2). The
location of the two tentative disulfide bonds in the fourth
tandem repeat is also shown in Figure 2. The 4 tandem repeats
of 90 or 91 amino acids have characteristic disulfide bonds
linking the first and sixth, second and fifth, and third and
fourth Cys residues. These repeats have been called apple
domains for convenience since they can be drawn in the shape
of an apple.

Since each of the peptides that were used for the sequence
analysis contained only one disulfide bond, no alternative
pairing of disulfide bonds was possible in these peptides with
the exception of CNB1-T5-E8 and CNB1-T4-2-E/C3. The
determination of disulfide bonds in CNB1-TS-E8 was possible
even though it contained four Cys residues. The detection of
PTH-Gly and diPTH-cystine in the second cycle and PTH-Ala
and diPTH-cystine in the ninth cycle of this peptide made it
possible to establish the linkages between Cys, and Cysgs and
between Cysg, and Cys 45 (Table I).

The precise location of the two internal disulfide bonds in
the fourth apple domain in plasma prekallikrein remains to
be established. The peptide, CNB1-T4-2-E/C3, contained four
Cys residues forming two disulfide bonds. However, sequence
analysis was not successful in determining the exact linkage
of these four Cys residues. This analysis did show, however,
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FIGURE 4. Fractionation of tryptic peptides of plasma prekallikrein
on a C-18 column after digestion with S. aureus V8 protease, chy-
motrypsin, or acid. (Top panel) separation of peptides resulting from
the digestion of CNB1-T4-2 with S. aureus V8 protease and chy-
motrypsin. (Middle panel) separation of peptides resulting from the
digestion of CNBI1-T5 with S. gqureus V8 protease. (Lower panel)
separation of peptides obtained by acid cleavage of CNBI1-T5-E14.

that Cys,e was not linked to Cys,,, since no diPTH-cystine
was observed in the seventh turn of the Edman degradation
(see Table I). Unfortunately, the isolation of subfragments
of this peptide could not be made, since CNB-T4-2-E/C3 was
resistant to further digestion with trypsin and endopeptidase
Lys-C. However, it is highly likely that Cys,q is linked to
Cyssy since a disulfide bond is present in the three other apple
domains in the same position (Figure 2). This suggests that
the remaining two Cys residues at positions 321 and 326 form
a disulfide bond leading to the second small loop of six amino
acids in the fourth apple domain (Figure 2).

Recovery of the peptides was not quantitated in the present
study since plasma prekallikrein is a trace protein and only
small amounts of the purified protein were available for
analysis. All cystinyl peptides that were used for the sequence
analysis were major fragments, and no contradictory fragments
were isolated. Indeed, all amino acid sequence analyses gave
results that were in complete agreement with that previously
determined by a combination of cDNA cloning and partial
amino acid sequence analysis (Chung et al., 1986). This
included the polymorphic site at residue 124 which contained
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approximately 75% Asn and 25% Ser (CNB1-T3-2 in Table
D).

The location of four internal disulfide bonds in the serine
portion of plasma prekallikrein is very similar to those de-
termined in other serine proteases, such as trypsin (Kauffman,
1965) and the B-chain of plasmin (Wiman, 1977). The in-
terchain disulfide bond between positions 364 and 565 is also
typical of that in other serine proteases (Kauffman, 1965;
Wiman, 1977).

The amino-terminal chains of the various other serine
proteases involved in blood coagulation and fibrinolysis consist
of several different domains with characteristic disulfide bonds.
Factor XII, t-PA (tissue-type plasminogen activator), and
urokinase share common structures with disulfide bonds in the
same positions as those present in kringle and growth factor
domains (McMullen & Fujikawa, 1985). Factor XII also
contains the type | and type IT domains of fibronectin, while
t-PA includes the type I domain of fibronectin in addition to
two kringle domains. The vitamin K dependent plasma pro-
teins (factors VII, IX, and X, protein C and protein S) contain
two (or more) growth factor domains (Hedner & Davie, 1989).
The heavy chains of these serine proteases have domains with
binding functions that complement their enzyme activities.
However, each domain does not have a specific functional role.
For instance, the kringle structure was thought to be a binding
domain to fibrin because it was present in fibrin binding
proteins, such as plasminogen (Magnusson et al., 1976) and
t-PA (Pennica et al., 1983). This domain, however, is also
present in factor XII, urokinase, and prothrombin (Magnusson
et al, 1975) as well as the hepatocyte growth factor (Naka-
mura et al., 1989), and these proteins are not known to be
fibrin binding proteins.

Factor X1, which is highly homologous to plasma prekal-
likrein (Fujikawa et al., 1986), also has four apple domains
in the amino-terminal region of the protein, analogous to
plasma prekallikrein [see the following paper in this issue
(McMullen et al,, 1991)]. The two proteins also have other
common biological characteristics in that both are substrates
for factor Xlla (Griffin & Cochrane, 1979; Heimark et al.,
1980; Bouma & Griffin, 1977; Kurachi & Davie, 1977) and
bind to high molecular weight kininogen (Mandle et al., 1976).
Furthermore, the binding of each protein to high molecular
weight kininogen occurs through the amino-terminal portion
of their molecule (van der Graaf, 1982, 1983), indicating a
role for the apple domains in this reaction. Recently, Baglia
et al. (1990) reported that the binding site of factor XI to
HMW kininogen is located in the latter half of the first repeat
(Phesq to Sergq), suggesting that the first apple domain is
involved. The heavy chains of plasma kallikrein and factor
Xla may also be important in the recognition of their protein
substrates, i.e., factor XII, high molecular weight kininogen,
and factor IX, since the light chains of plasma kallikrein and
factor Xla retain their peptidase activity but lose their activity
toward protein substrates when they participate in the blood
coagulation cascade (van der Graf, 1982, 1983).
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Location of the Disulfide Bonds in Human Coagulation Factor XI: The Presence
of Tandem Apple Domains’
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ABSTRACT: Factor X1 is a plasma glycoprotein that participates in the blood coagulation cascade. Of the
19 disulfide bonds present in each of the subunits of the human protein, 16 were determined by amino acid
sequence analysis of peptide fragments produced by chemical and enzymatic digestion. Four apple domains
of 90 or 91 amino acids were identified in the tandem repeats present in the amino-terminal portion of each
subunit of factor XI. The disulfide bonds in the carboxyl-terminal portion of the molecule were similar
to those in the catalytic region of other serine proteases. The two identical subunits of factor XI were
connected by a single disulfide bond at Cys;,, linking each of the fourth apple domains while each of the
Cys residues at position 11 in the first apple domains forms a disulfide bond with another Cys residue.

Factor XI (M, 143000) is a zymogen of a plasma serine
protease (factor XTa) that participates in the early phase of
the blood coagulation cascade (Walsh, 1985; Schmaier et al.,
1987; Fujikawa & Saito, 1989). It circulates in blood as a
equimolar complex with high molecular weight (HMW) ki-
ninogen (Thompson et al., 1977). Factor XI is a unique
protease precursor in that it is composed of two identical
subunits held together by a disulfide bond(s). During the
conversion of factor XI to factor XIa, an internal Arg-Ile bond
in each subunit is cleaved to produce two amino-terminal heavy
chains and two carboxy-terminal light chains, and these four
chains are held together by disulfide bonds. Factor Xla
contains two catalytic sites, and each is inhibited by anti-
thrombin I (Kurachi & Davie, 1977).

The primary structure of factor X1 deduced by partial amino
acid sequence analysis and cDNA sequence analysis showed
that it is 58% identical with plasma prekallikrein (Fujikawa
et al., 1986; Chung et al., 1986). Like plasma prekallikrein,
the amino-terminal region of each subunit of factor XI contains
4 tandem repeats of 90 (or 91) amino acids while the car-
boxyl-terminal region contains the catalytic triad of His, Asp,
and Ser that is characteristic of serine proteases. The ami-
no-terminal region also contains the binding site to high mo-
lecular weight kininogen and its substrate, factor IX (van der
Graaf et al., 1983; Baglia et al., 1989; De La Cadena et al.,
1988). Recently, Baglia et al. (1990) reported that a synthetic
peptide comprising a region of factor XI between residues
Phesq and Sery, is important in the binding reaction since it
inhibited the interaction of HMW kininogen with factor XI.

Each of the four amino-terminal repeats in the subunits of
factor XI contain six half-cystine (Cys)' residues at highly
conserved positions. The first and the fourth repeats also

' This work was supported in part by Grant HL16919 from the Na-
tional Institutes of Health. A preliminary report was presented at the
Fourth Annual Symposium of the Protein Society held in San Diego, CA,
Aug 11-15, 1990.

contain an additional Cys residue, and these residues are
thought to be involved in interchain disulfide bonds linking
the two identical subunits (Fujikawa et al., 1986). In-order
to clarify the structure of the tandem repeats in the molecule
and the bonds holding the two subunits together, it was im-
portant to establish the location of the disulfide bonds present
in this plasma glycoprotein. In the present report, the positions
of 16 of the 19 disulfide bonds were established by amino acid
sequence analysis of various peptides isolated from enzymatic
and chemical digests of the protein.

EXPERIMENTAL PROCEDURES

Materials. Human factor XI was purified by a modified
method of Naito and Fujikawa (1991) using a high molecular
weight kininogen peptide affinity column. Thermolysis was
purchased from Boehringer Mannheim, and the TSK-
G3000SW column was from LKB-Produkter AB. All other
materials were the same as described in the preceding paper
(McMullen et al., 1991).

Chemical and Enzymatic Digestions. The conditions em-
ployed for the protein and peptide digestions were essentially
the same as those used in the preceding paper (McMullen et
al., 1991) except for the following modifications. Acid
cleavage at aspartyl bonds was conducted in 0.01 N HCI, pH
2.0, instead of 2% formic acid. Peptides were digested by
trypsin at mass ratios of 1/100 or 1/10. The digestion of
thermolysin was performed in 0.1 M ammonjum formate, pH
6.5, containing 2 mM CaCl,, by incubation at 60 °C for 1 h
at a mass ratio of 1/30.

Purification of Peptides. The cyanogen bromide digest of
factor XI was fractionated by using TSK-G3000SW columns
connected to an LKB HPLC system. Other peptides were
separated by a Waters uBondapak C-18 reverse-phase column
connected to a Waters HPLC system under the same condi-

! Abbreviations: Cys, half-cystine; PTH, phenylthiohydantoin.
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