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Proclotting enzyme is an intracellular serine pro-
tease zymogen closely associated with an endotoxin-
sensitive hemolymph coagulation system in limulus. Its
active form, clotting enzyme, catalyzes conversion of
coagulogen to insoluble coagulin gel. We present here
the cDNA and amino acid sequences, disulfide loca-
tions, and subcellular localization of proclotting en-
zyme. The isolated cDNA for proclotting enzyme con-
sists of 1,501 base pairs. The open reading frame of
1,125 base pairs encodes a sequence comprising 29
amino acid residues of prepro-sequence and 346 resi-
dues of the mature protein with a molecular mass of
38,194 Da. Three potential glycosylation sites for N-
linked carbohydrate chains were confirmed to be gly-
cosylated. Moreover, the zymogen contains six O-
linked carbohydrate chains in the amino-terminal light
chain generated after activation. The cleavage site that
accompanies activation catalyzed by trypsin-like ac-
tive factor B, proved to be an Arg-Ile bond. The re-
sulting carboxyl-terminal heavy chain is composed of
a typical serine protease domain, with a sequence sim-
ilar to that of human coagulation factor XIa (34.5%)
or factor Xa (34.1%). The light chain has a unique
disulfide-knotted domain which shows no significant
homology with any other known proteins. Thus, this
proclotting enzyme has a mammalian serine protease
domain and a structural domain not heretofore identi-
fied in coagulation and complement factors. Immuno-
histochemical studies showed that the proclotting en-
zyme is localized in large granules of hemocytes.

Limulus has a unique endotoxin (lipopolysaccharide,
LPS)*-sensitive hemolymph coagulation system thought to be
one defense system against invading microorganisms (1). The
Gram-negative bacteria contain in the outer membrane var-
ious LPS analogues. When limulus is infected by Gram-
negative bacteria, such as Vibrio cholerae, at the time of injury,
hemocytes circulating in the hemolymph recognize them and
responses rapidly occur, including cell adhesion, aggregation,
and degranulation (2). Following degranulation of the large
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granules in hemocytes, hemolymph coagulation is initiated by
the granular components (3). Several components associated
with this coagulation reaction have been purified, and recon-
stitution experiments using the purified clotting factors sug-
gested to us a cascade-type of reaction (4).

In the presence of LPS, a LPS-sensitive serine protease
zymogen, factor C, is autocatalytically activated (5). The
active factor C then activates zymogen factor B (6) to factor
B, which subsequently activates proclotting enzyme (7) to
clotting enzyme. The resulting clotting enzyme converts sol-
uble coagulogen (8), an invertebrate fibrinogen-like substance,
to an insoluble coagulin gel. Like the mammalian coagulation
and complement systems, this cascade reaction is propagated
by limited proteolysis. On the other hand, the hemocyte lysate
is known to respond to (1,3)-8-D-glucan as well as to LPS (9).
This (1,3)-8-D-glucan-sensitive system also activates the pro-
clotting enzyme through a glucan-sensitive factor(s), factor
G(s), resulting in the formation of coagulin gel. Because (1,3)-
B-D-glucan is a major cell wall constituent of yeast and other
fungi, this cascade reaction also seems to play an important
role in biological defense mechanisms.

In 1985, the proclotting enzyme from the Japanese horse-
shoe crab Tachypleus tridentatus was purified (7). This pro-
tein is a single chain glycoprotein with molecular mass of 54
kDa. Upon activation by factor B, it is converted to a two-
chain active form clotting enzyme composed of a light (L, 25
kDa) and a heavy (H, 31 kDa) chain (7). The clotting enzyme
cleaves two sites in coagulogen and forms a coagulin gel.
Thus, proclotting enzyme/clotting enzyme seems to be a
prothrombin/«-thrombin counterpart to invertebrates, since
both catalyze a final step for gelation. Interestingly, the
clotting enzyme has a substrate specificity similar to that of
mammalian coagulation factor Xa and can catalyze the con-
version of bovine prothrombin to a-thrombin at a reasonable
rate (10).

We cloned a cDNA for the serine protease zymogen, factor
C, an initiator of the coagulation cascade.? The structure of
this protein revealed it to be a novel type of mosaic protein,
hence a possible evolutionary relationship between the limu-
lus coagulation and mammalian complement systems would
have to be considered. We then investigated the structure of
the proclotting enzyme in an attempt to acquire further
information concerning the evolutionary origin of this protein
and its biological role in the horseshoe crab coagulation sys-
tem.

2T, Muta, T. Miyata, Y. Misumi, F. Tokunaga, T. Nakamura, Y.
Toh, Y. Ikehara, and S. Iwanaga, J. Biol. Chem., submitted for
publication.
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Invertebrate Proclotting Enzyme from Limulus

EXPERIMENTAL PROCEDURES®

RESULTS

Partial Amino Acid Sequence—To determine a partial
amino acid sequence, the S-pyridylethylated H and L chains
derived from the clotting enzyme were separated by gel filtra-
tion followed by reverse-phase HPLC, as described under
“Experimental Procedures.” The isolated H chain was sub-
jected to eyanogen bromide digestion, but the L chain was
digested with trypsin, since it did not contain a methionine
residue (7). The sequences of purified peptides derived from
both chains were analyzed, in addition to the amino-terminal
sequences of both chains. The sequences of these peptides are
summarized in Table MI.

When the purified proclotting enzyme was subjected to
amino acid sequence analysis, the recovery of the amino-
terminal PTH-derivative was very low, although the partial
amino-terminal sequence of the whole protein was identifia-
ble, as shown in Table MI. This result suggests that almost
all the amino-terminal residue of the intact protein is blocked.
To confirm these observations, we examined a masked amino-
terminal peptide in a trypsin digest of S-pyridylethylated
proclotting enzyme (Fig. M1A ). Among the 19 tryptic peptides
obtained, the peptide Pe-PC-T21 was thought to be derived
from the amino-terminal region, as its amino-terminal residue
did not react with phenylisothiocyanate. As the amino acid
composition (Table MII) indicated a 1 mol excess of glutamic
acid, it was further digested with pyroglutamylpeptidase and
the digest was fractionated by HPLC (Fig. M1B). The amino
acid composition of the resulting peptide showed 1 mol less
of glutamic acid (Table MII), and its amino-terminal sequence
was identical to that obtained from sequence data on the
intact protein (Table MIII). Based on these results, we con-
clude that the amino terminus of the intact protein is blocked
by pyroglutamic acid.

¢DNA Cloning—On screening 1.5 million clones of the
hemocyte ¢cDNA libraries with anti-clotting enzyme IgG, we
found 23 positive clones. After sequence analyses, one was
found to encode a partial amino acid sequence of the clotting
enzyme and was named APC 17 (Fig. M2). Since this clone
seemed to be derived from an EcoRI fragment of the cDNA,
another preparation of the library was screened using A\PC 17
as a probe. The longest clone composed of 1,501 bp, named
APC 11, was thus obtained (Fig. M2) and was then sequenced
(Fig. 1). Following 216 bp of 5’-noncoding region, there is a
long open reading frame encoding 375 amino acid residues,
followed by a TAG termination codon and 157 bp of 3'-
noncoding region, although both the poly(A) signal and
poly(A) tail were missing.

Northern blot analysis of the hemocyte poly(A)™ RNA
showed one band of about 1.5 kilobases that strongly hybrid-
ized with APC 17 (Fig. 2). Thus, the proclotting enzyme is
indeed synthesized in the hemocyte and APC 11 contains
almost the full length of the proclotting enzyme cDNA, apart
from the poly(A) tail.

The deduced amino acid sequence from the first ATG
initiation codon encoded all the partial amino acid sequences
noted in the protein-based study (Fig. 1). The amino-terminal

7 Portions of this paper (including “Experimental Procedures,”
Figs. M1-MS6, and Tables MI-MVIII) are presented in miniprint at
the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilm edition of the Journal that is available from Waverly Press.
The authors are also prepared to honor requests for copies of raw
data (including HPLC patterns, the yields, the amino acid composi-
tions, and the sequence data on all the peptides derived from proclot-
ting enzyme).
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Fi1G. 1. Nucleotide and deduced amino acid sequences of
proclotting enzyme. Nucleotide (upper) and deduced amino acid
sequences (lower) are shown. The amino acid sequences are numbered
from the amino terminus of the mature protein. The underlined
amino acid residues were confirmed by protein sequencing. The
cleavage sites accompanied by maturation and activation are shown
by arrowheads. The potential attachment sites for N-linked carbo-
hydrate chains are indicated by closed diamonds. The active triads of
the serine protease domain are circled.
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FiG. 2. Northern blot analysis of proclotting enzyme
mRNA. Five ug of poly(A)” RNA from the hemocytes was separated
by 1.0% agarose gel electrophoresis, transferred to a GVHP mem-
brane, and hybridized with the APC 17 insert. See “Experimental
Procedures” for details. kb, kilobase.

residue of the mature proclotting enzyme proved to be the
30th glutamine residue of the deduced sequence, in the form
of pyroglutamic acid. Thus, the mature protein is composed
of 346 amino acids, with calculated molecular mass of the
protein portion 38,194 Da. From the amino-terminal sequence
of the H chain (Table MI), the cleavage site for zymogen
activation was identified to be an Arg®-Ile®. Therefore, the
L chain is composed of 98 residues and the H chain of 248
residues. The amino acid composition of the proclotting en-
zyme, in addition to those of the L and H chains of clotting
enzyme, agreed well with the sum of the total residues deduced
from the cDNA sequence (Table MIV).

Three potential glycosylation sites, one in the L chain and
two in the H chain, for N-linked carbohydrate chains (Asn-
X-Ser/Thr) were present in the sequence. The carbohydrate
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chains attached to these three asparagine residues will be
described later.

Disulfide Locations—There are 14 cysteine residues in the
sequence of the mature protein. When this protein was S-
pyridylethylated, without reduction, S-pyridylethylcysteine
was not detected in the amino acid analysis (data not shown).
Thus, all these cysteines are linked by intramolecular disulfide
bridges. Although the locations of disulfide linkages in the H
chain could be assigned by analogy with those in trypsin, the
linkages of 7 cysteine residues in the L chain could not be
presumed, since there was no homologous protein. Thus, we
decided to determine the complete disulfide linkage locations
of this protein.

The purified proclotting enzyme and clotting enzyme were
first digested, respectively, with lysyl endopeptidase, without
reduction. All the procedures for the determination of disul-
fide locations, including enzyme digestions and separations of
peptides, were carried out below pH 6.5, to avoid disulfide-
exchange reactions. The digests were separated by reverse-
phase HPLC (Fig. M3, A-C), and the isolated peptides were
assigned based on the amino acid compositions (Table MV)
and the sequence data (Table MVI), referring to the entire
amino acid sequence predicted from the cDNA sequence for
proclotting enzyme. These peptides were termed K1 to K18
from the amino terminus of the entire protein, as shown in
Fig. 3.

Peptide K9 contains 2 cysteines, indicating a linkage be-
tween Cys'?® and Cys'*’. The disulfide containing peptides
K7-K10 and K14-K17 were also obtained, respectively, as a
single peptide. Thus, the results indicate a Cys® and Cys®*®
linkage in K7-K10, which holds together the L and H chains,
and a Cys® and Cys®*? linkage in K14-K17. Because the
sequence linked between K11 and K12 was identified to be
Lys-Pro, this bond was not cleaved by the enzyme. The
peptide K11-12-K13 was recovered as a single peptide, hence
the Cys?®® and Cys®? are linked to each other.

The other cysteine containing peptide derived from the L
chain, K1-K2-K4-K5, was isolated as a single peak, as shown
in Fig. 3, A and B. Three individual amino-terminal sequences
of K2, K4, and K5 could be detected in this peptide, as based
on the sequence data, since K1 has a masked amino-terminal
residue. This cystine-containing peptide was further digested
with trypsin, and the digest was separated by HPLC, and
sequenced. Through these procedures, K4 was identified to be
linked with the carboxyl-terminal part of K1 (K1-K2-K4-K5-
T1) (data not shown). Thus, a linkage between Cys*' and
Cys** was demonstrated. Among the remaining 4 cysteine
residues to be determined, two exist in peptide K5, sequence
-Cys-Cys-. A possible combination for the disulfide bridges is
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Fi1G. 3. Primary structure of the proclotting enzyme. Lysyl
endopeptidase peptides derived from clotting enzyme are numbered
K1 to K18 from the amino terminus. Underlined amino acid residues
were confirmed by protein sequencing. Half-cystines are shown by
circles and disulfides between them are indicated by solid lines. Active
site triads are shown by shadowed circles.

Invertebrate Proclotting Enzyme from Limulus

Cys''-Cys™ and Cys”-Cys® or Cys''-Cys®™ and Cys¥-Cys®.
To determine the correct combination, peptide K1-K2-K4-
K5 was digested with endoproteinase Asp-N. The digest was
separated by HPLC (data not shown), and peptide K1-K2-
K4-K5-D2 was subjected to sequence analysis (Table MVII).
Here, a relatively large amount of the sample was used to
identify PTH-cystine. In the possible linkages between Cys'!-
Cys® and between Cys*’-Cys®®, PTH-cystine would be iden-
tified at the third cycle, and in the other case, in the second
cycle. The results showed that only the third and not the
second cycle clearly yielded PTH-cystine (Fig. M4, A-D).
Thus, we conclude that the linkages are between Cys'' and
Cys® and between Cys®” and Cys®, respectively.

Carbohydrate Chains—Amino acid analyses of the lysyl
endopeptidase peptides indicated that three peptides, K6, K7-
K10, and K11-12-K13, contain hexosamines (Table MV). K6
was rich in galactosamine and had 1 serine and 5 threonine
residues that appeared to be modified by O-linked carbohy-
drate chains, since these PTH-derivatives could not be de-
tected in the sequence analyses (Tables MI and MIV). K11-
12-K13 had one potential N-linked glycosylation site, whereas
K7-K10 had two. In the sequence analyses, all cycles corre-
sponding to these 3 asparagines yielded no PTH derivative
(Tables MI and MIV), thereby indicating that these residues
are indeed glycosylated. K7-K10, which contained two gly-
cosylated asparagines, was digested with trypsin and the
resulting carbohydrate containing peptides were separated by
HPLC (data not shown). Two peptides, K7-K10-T4 and K7-
K10-T8, were isolated and both contained N-acetylglucosa-
mine and N-acetylgalactosamine (data not shown). Four car-
bohydrate-containing peptides, K6, K7-K10-T4, K7-K10-T8,
and K11-12-K13, were obtained. In the HPLC profile, K6 and
K7-K10-T4 were seen to have an apparent heterogeneity,
presumably due to the carbohydrate chains, although it has
been reported that the proclotting enzyme contains no sialic
acid (7). The component sugar compositions of the four pep-
tides were analyzed by derivatization with 2-aminopyridine.
Under the conditions used (in 4 M trifluoroacetic acid at
100 °C for 3 h), hexosamines could not be quantitatively
determined. However, all the peptides were confirmed to
contain both N-acetylglucosamine and N-acetylgalactosa-
mine (data not shown), in accord with the result of amino
acid analysis. Monosaccharides derived from the N-linked
carbohydrate chains in K7-K10-T4, K7-K10-T8, and K11-
12-K13 showed similar compositions rich in mannose and
fucose. Galactose was also detected in K7-K10-T4 and K7-
K10-T8. On the other hand, monosaccharides in K6 were
distinct. Galactose and fucose are the major monosaccharides
and K6 contains no mannose. A total of at least six O-linked
carbohydrate chains could be found in the entire protein.

Subcellular Localization—To investigate the subcellular lo-
calization of proclotting enzyme in the hemocytes, an immu-
nohistochemical technique was used. The hemocytes were
first fixed with a mixture of paraformaldehyde and glutaral-
dehyde and then sections of these cells were stained with the
purified anti-clotting enzyme IgG and gold particle-conju-
gated second antibody. When these preparations were ana-
lyzed by electron microscopy, numerous gold particles were
observed in the granules (Fig. 4). Although two types of
granules were apparent, large but less dense granules and
smaller but dense ones, the gold particles were exclusively
present in the former. This type of large granule is secreted
from cells by stimulation with LPS (2). Thus, the proclotting
enzyme is localized in the large granules and is apparently
released through exocytosis on LPS stimulation.
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FiG. 4. Localization of proclotting enzyme in the cell. Hem-
ocytes were fixed, stained with anti-clotting enzyme IgG and gold-
particle-conjugated second antibody, and then scanned. Numerous
gold particles are present in the larger but less dense granules. The
bars are 5 (A) and 1 um (B), respectively.

DISCUSSION

From the above cDNA and protein-based studies, the nu-
cleotide sequence and primary structure of proclotting enzyme
was deduced, as shown in Figs. 1 and 3. The isolated cDNA
consists of 1,501 bp, which is almost the full-length ¢cDNA
based on the results of Northern blotting. Although there is
no termination codon and two ATG codons exist in the same
frame of the upstream 5'-noncoding region, the first ATG
codon is presumed to be a translation initiation codon, based
on the following criteria; first, this clone has been shown to
involve a full-length cDNA sequence, and second, the amino
acid sequence from the first ATG codon shows characteristics
of a signal sequence. Thus, the 29-amino acid residues (—29
to —1 in Fig. 1) preceding the amino-terminal glutamine
residue of the mature protein seem to constitute a prepro-
sequence. Using a method for predicting a signal sequence
cleavage site (20), the most likely site cleaved by a signal
peptidase is between Ser™! and Val™"* and the second possi-
bility is between Ser™ and Arg™. The hydropathy profile
calculated by the method of Kyte and Doalittle (21) indicates
that this presequence region is highly hydrophobic (Fig. M5).
The sequence between the mature protein and the signal
peptide is assumed to consist of 12 (or 5) residues and appears
to represent a propeptide region of the immature protein. In
fact, the carboxyl-terminal sequence in this region shows the
sequence -Arg-X-Arg-Arg (amino acid —4 to —1), similar to
that found in mammalian serine protease zymogens, such as
prothrombin (22), factors VII (23), IX (24), X (25), protein C
(26), and complement factors C3 (27), C4 (28), and C5 (29).
The presence of this sequence strongly suggests that an en-
zyme which proteolytically processes the dibasic cleavage site
may also exist in the invertebrate hemocyte. The propeptide
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region mentioned above may function to prevent unexpected
activation of the proclotting enzyme, the result being clot
formation within the cell.

The mature protein is composed of 346 amino acid residues
with a molecular mass of 38,194. 85.5% of the total sequence
was confirmed by protein sequencing, in which all the residues
of the L chain were identified at the protein level, except for
the carbohydrate-linked amino acid residues. The amino-
terminal residue of the intact proclotting enzyme is masked
by the pyroglutamyl residue. The purified material, however,
contains a small amount of a molecular species with a second
phenylalanine at the amino terminus. This suggests that the
amino-terminal pyroglutamyl residue is partially removed
during purification procedures and that a pyroglutamylpep-
tidase-like enzyme is present in horseshoe crab hemocytes.

The cleavage site associated with zymogen activation is
Arg®-1le”, the sequence of which connects the L and H
chains. The sequence preceding this site has a unigue struc-
ture, -Thr-Thr-Thr-Thr-Arg. This sequence agrees well with
the fact that the horseshoe crab factor B shows an apparent
affinity for the hydroxy amino acid at the P, site and effi-
ciently hydrolyzes the synthetic peptide substrates N-tert-
butoxycarbonyl-Met-Thr-Arg-4-methylcoumaryl-7-amide
and benzoyl-Thr-Thr-Arg-4-methylcoumaryl-7-amide (6).
The hydropathy profile shown in Fig. M5 indicates that the
sequence around the cleavage site is relatively hydrophilic.
Furthermore, the asparagine residue at the P position found
in the carboxyl-terminal portion of the L chain is glycosylated,
which renders the region more hydrophilic (Fig. 1). Thus, the
proclotting enzyme can be readily activated by trypsin (7).

The H chain of the proclotting enzyme is composed of a
typical serine protease structure. To our knowledge, this is
the first example of an invertebrate serine protease for which
the disulfide locations have been determined (Fig. 3). The
locations of four disulfide linkages in the H chain are the
same as those in prothrombin (30) and factor IX (24). This
clotting enzyme shows a substrate specificity similar to that
of factor Xa (10). In fact, the entire sequence of the H chain
corresponding to the serine protease region shows a close
similarity to that of human factor Xa (34.1%), although the
closest identity with the H chain is found in factor Xla
(34.5%). It contains the His'*'-Asp'®-Ser®” triad known to be
the catalytic triad of serine proteases (Fig. M6). The substrate
binding site corresponding to Ser'™, in chymotrypsin num-
bering, is aspartic acid, thereby indicating that this clotting
enzyme has a typical trypsin-like specificity. Interestingly,
the residue before His'*" has serine replacing alanine. The
sequence around this histidine is strongly conserved in various
serine proteases. However, some of the serine proteases from
Streptomyces griseus are known to possess glycine at this
position (Fig. M6). It is noteworthy that this enzyme does not
contain the Ser-Trp-Gly sequence that is well conserved in
the serine proteases and stabilizes the backbone of the sub-
strate binding site. This sequence is replaced by Ser""’-Phe™*-
Gly*" in the clotting enzyme.

The L chain has no significant homology with any other
protein thus far examined. The amino-terminal portion of the
L chain consists of a novel disulfide-knotted structure, as
shown in Fig. 5. This structure forms a clip-like shape con-
sisting of a discrete domain. Actually, the clotting enzyme
prepared by trypsin activation does not contain this portion
and has Ser™ as its amino terminus (Table MI). This would
suggest that the carboxyl-terminal portion of the clip-like
structure forms a hinge region susceptible to trypsin. The
resulting smaller . chain may correspond to the L chain
derivative (7). It seems likely that the disulfide-knotted do-
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F16. 5. Disulfide-knotted domain in the L chain of proclot-
ting enzyme. The amino-terminal domain structure is schematically
illustrated, based on its disulfide locations. Disulfide bridges are
between Cys' and Cys®, Cys* and Cys*, and Cys? and Cys®.

main acts as a recognition site for factor B, factor G or for
coagulogen. Following this domain, a serine and threonine-
rich sequence is highly glycosylated with O-linked carbohy-
drate chains. Furthermore, a proline-proline dimer sequence
is conspicuously evident three times in the following region,
a finding which suggests that the region forms an anomalous
structure. The molecular mass of the L chain shows a large
discrepancy in comparison with that estimated on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and it is
stained less strongly with Coomassie Brilliant Blue (7). We
presume that these properties relate to the presence of car-
bohydrate chain clusters in the L chain.

As shown in Fig. 4, the proclotting enzyme is present in
large granules in hemocytes, an observation in good agreement
with findings that all the components required for coagulation
of the hemocyte lysate are present in the granules (3). Various
serine proteases in granules of mammalian mast cell and
cytotoxic T cells have been noted but their functions remain
to be clarified (31-33). These enzymes differ from the pro-
clotting enzyme described here in molecular mass and primary
structure.

Tai and Liu (34) reported the isolation of proclotting en-
zyme from the American horseshoe crab (Limulus polyphe-
mus). This zymogen has a molecular mass of 150,000 and
contains 43 y-carboxyglutamic acids. It is activated directly
by LPS, in a Ca®**-dependent manner. However, our proclot-
ting enzyme differs in terms of the apparent molecular mass,
the amino acid composition, and the mode of activation (7).
The present study confirms our reported data (7) and rules
out the possibility that the proclotting enzyme is proteolyti-
cally derived from such a large precursor. Moreover, the
propeptide region of this molecule does not contain the con-
served residues for vy-carboxylation found in vitamin K-de-
pendent clotting factors (35). A zymogen similar to the Tach-
ypleus proclotting enzyme seems to exist in the hemocytes of
L. polyphemus.
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Proclotting Enzyme from Horseshoe Crab Hemogytes: cDNA CLONING, DISULFIDE LOCATIONS, AND SUBCELLULAR
LOCALIZATION

by

T. Muta, R. Hashimoto, T. Miyata, H. Nishimura, Y. Toh, and S. Iwanaga

EXPERIMENTAL PROCEDURES

Maerials —— All DNA-modifying enzymes were obtained from Nippon Gene Co., (Toyama, Japan).
Toyobo Co., LTD., (Osaka), Takara Shuzo Co., (Kyot0) or Bethesda Research Laboratories Life Technologies, Inc.
(Gaithersburg, MD). [0-32P] dCTP and multi-prime labeling kit were from Amersham-Japan (Tokyo). Trypsin
purified by garose column (11) was a kind gift from Dr. K. Fujikawa. L-(tosylamido
3_phenyl) ethyl chloromethyl ketone treated trypsin (TPCK-trypsin) was from Worthington Biochemiczl Corp.
(Freehold, NJ). Lysyl endopeptidase from Achromobacter Iyticis M497-1 was obained from Wako Pure Chemicat
Industries, Lid., (Osaka). P from Bacilius and protei Asp-N from
Pseudomonas fragi mutant were from Nacalai Tesque, Inc. (Kyoto) and h GmbH (;

FRG), respectively. All other chemicals were of the highest quality com mercmlly available.

Proclotting enzyme was highly purified from the hemocyte lysates of Tachypleus tridentatus, as described (7).
The clotting enzyme activated by factor B or trypsin and anti-clotting enzyme 1gG were kindly provided by Dr. T.
Nakamura, Agt 11 cDNA libraries from hemocyte poly A* RNA from Tachypleus tridentatus were the same as that
previously used®.

Partial Amino Acid Sequence .~ The purified clotting enzyme was reduced and S-pyridylethylated as
described (12). The resulting $-| pyndylemy]awd L and H chains were separated by gel filtration on a Sephadex G-
100 (Pharmacia Fine Chemicals, Uppsala) column in 2.5 % of formic acid, followed by reversed-phase high
performance liquid chromatography (HPLC) on a column of Ultrapore™ RPSC (4.6 x 75 mm) (AUEX, Berkeley.
CA). The §-pyridylethylated H chain was dlgesled with cyanogen bromide (13) and the S-pyridylethylated L chain
was digested with trypsin followed by lysyl endopeptidase digestion. These digests were purified by reversed-phase
HPLC. An Ulirapore™ RPSC column (4.6 x 75 mm) was used for the cyanogen bromide digest of H chain and a

BondapakT™™ Cjg (4.9 x 300 mm) (Waters) column for the trypsin digest of L chain. The purified peptides were
&ubjeclod 0 amino-terminal sequence analyses.
inal Sequence of i ing Enzyme —— The S-pyridylethylated sample (2.4 nmoles)
punfled by reversed-phase HPLC on u column of Phenyl-SPW RP (4.6 x 75 mm) (Tosoh Corp., Tokyo) was
dlgeswd with TPCK-trypsin in 50 mM Tris-HCl, pH 8.0, with a molar ratio of enzyme 10 substrate of 1/100 a1 37 °C
¢ 18 h. The digest was separated on a column of YMC-PACK A-302 §-5 120A ODS (4.6 x 150 mm) (Yamamura
Chmucal Laboratories Co.. Lid., Kyoto). The amino-terminal tryptic peptide, Pe-PC-T21 (652 pmol), was digested
with pyroglutamylpeptidase (20 mU) in 0.1 M sodium phosphate, 10 mM EDTA and 10 mM §-mercaptoethanol, pH
8.0 at 37 °C for 18 h. The resulting peptide free from pyroglutamyl residue was purified on a column of Chemcosorb
7 ODS-H (2.1 x 150 mm) (Chemco Scientific Co., Ltd., Osaka) and subjected to amino acid and sequence analyses.

Screening ———From 1.5 million ctones screened with anti-clotting enzyme IgG, twenty-three positive
clones were obtained. Positive clones were sequenced after being subcloned into pUC 118 or 119 vectors. The insert
of the clone, APC 17, that encoded the partial sequences of clotting enzyme was labeled with [-32P] dCTP by multi-
prime labeling kit. Using this probe, 400,000 clones from the second libraries constructed with £coR1 adapter were
screened. The longest clone, APC 11, thus obtained was sequenced.

Nucleotide Sequencing ——— The inserts of positive clones were transferred into pUC 118 and 119
(Takara Shuzo Co.). Single swranded DNA templates were prepared using MV1184 as host celis and M13KO7 as
helper phages (14). sequence on an Applied 0 A DNA
sequencer usir i ide primers (15). TM from United States Biochemical Corp.
(Cleveland, OH) or Taq polymerase (Promega Corp.. Madison, WI) were used for extension reactions.

Northern Blotting Total RNA was extracted from the hemocytes (16) and poly A* RNA was
purified on an oligo dT cellulose column (17). Five ug of poly A* RNA was separated on 1.0 % agarose gel and
transferred 1o GVHP m:mbr:m: (Nippon Mlllxporc Kogyo K K., Yonczawa, Japan). Marker RNA (Bethesda
Research L Life Te Inc.) wi and stained with ethydium
bromide. The filter was hybridized with |31P]~XPC 17 insert in 5 x SSC (1 x $8C = 15 mM sodium citrate and 150
mM NaCl, pH 7.0), 5 x Denhard('s solution (1 x Denhardt's solution = 0.02 % polyvinylpyrrolidone, 0.02 % bovine
serum albumin, 0.02 % Ficoll), 50 mM sodium phosphate, pH 6.8, and 50 % formamide at 42°C overnight and then
washed in 0.1 x SSC containing 0.1 % sodium laurylsulfate at 65°C. The washed filter was subjected to
autoradiography.

Deiermination of Disulfide Linkages — . Proclotting enzyme (2.2 nmol) or clotting enzyme (12.8
namol) was digested with lysyl endopeptidase in 0.1 M Tris-HCl, pH 6.5, containing 4 M urea with a weight ratio of
enzyme to substrate of 1/100 at 37°C for 16 h. The digest was separated by reversed-phase HPLC on a column of
YMC-PACK A-302 S-5 120A ODS (4.6 x 150 mm). The purified peptdes were subjected to amino acid and
sequence analyses. The peaks containing more than one peptides (K11-12-K13 + K15) were rechromatographed on a
column of Chemcosorb 7 ODS-H (2.1 x 150 mm). Peptide, K1-K2-K4-K35, was further digested with TPCK-
trypsin in 50 mM ammonium formate, pH 6.5, containing 20 mM CaCi2 with a molar ratio of enzyme to substrate of
1/20 at 37 °C for 18 h or with endoproteinase Asp-N in 20 mM sodium phosphate, pH 6.5, with a weight ratio of
enzyme to substrate of 1/40 at 37 °C for 8 h. The digests were also separated by reversed-phase HPLC on a column
of Chemcosorb 7 ODS-H (2.1 x 150 mm)

Amino Acid and Sequence Analys Amino acid analysis was performed on a PICO-TAG system
(Waters, Millipore Corp., Milford, MA) or a Hitachi L-8500 automatic analyzer. Amino acid sequence analyses were
done using an Applied Biosysiems 477A Protein Sequencer.

Homology Search ——_ The amino acid sequence of the prociotting enzyme was compared with all
entries in the NBRF Protein Sequence Database (release 23.0, December, 1989) with GENETYX sysiem (Software
Development Co., LTD. Tokyo) based on the algorithm of the computer program FASTP (18).

Component Sugar Analyses The sugar containing peptides K7-K 10 were digested with TPCK-
trypsin in 50 mM Tris-HC, pH 8.0, with a molar ratio of enzyme to substrate of 1/50 at 37°C for 16 h. The digest
was separated by the reversed-phase HPLC on a column of Chemcosorb 7 ODS-H (2.1 x 150 mm). Component
sugar analyses were on samples in 4M acid at 100 °C for 3 h, using
derivatizations with 2-aminopyndine, as described (19).

Subcellular Localization A polyclonal antibody raised against clotting enzyme was punfied before
use, by immunoaffinity chromatography. The column was Affigel 15 (Nippon Bio-Rad Laboratories, Tokyo)
coupled with the clotting enzyme treated with The TgG was eluted with
0.1 M glycine-] HC! pH zx Hemolymph was collected into sterilized tubes and xmm:dlalely fixed with 4 %

2% in 0.1 M sodiu buffer (pH 7.4) 4.5 mM CaClz
and 0.1 % sucrose al O“C fur 30 min. The were and washed several times
with 0.1 M sodium H 7.4). The were with a gradual increase in methanol
concentration and then embedded in LR Gold (Polzmn Instruments Inc., Cambridge, MA), which was polymerized
by ultraviolet irradiation. Uitrathin sections were prepared by using a dxamcnd knife. Sections were mounted on a
nickel grid and washed with distilled water. Following blocking with 10 mM sodium phosphate buffer (pH 7.2)
containing 1 % (w/v) bovine serum albumin and 0.5 M NaCl, the sections were incubated for 1h with anti-clotting
enzyme 1gG (0.4 ug/mt) in the same albumin containing buffer, at room temperature. The sections were washed 6
times with 10 mM sodium phosphate (pH 7.2) containing 0.5 M NaCl and incubated with 1.2 ug/mi of goat anti-
rabbit 1gG gold Colloidal particles (20 am) (E-Y Labs, Inc., San Meteo, CA) at room temperature for 1 h. After
washing with 10 mM sodium phosphate (pH 7.2) containing 0.5 M NaCl and then with distilled water, the sections
were doubly stained with 2 % uranyl acetate and lead tartrate and examined under an electron microscope (Hitachi H-

).
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3 Table MIII
Amino acid sequence of T21-P1
N 24
§ <
8 1 T21-P1
i C%CIE Amino Yield
5 04 acid (pmol)
o
[y
s 14 1 Phe 137
S 2 val 118
o2 3 Phe 147
4 Pro 104
S Asp 46
-3 T T T — T 6 Gly 80
40 o 40 80 120 160 200 240 280 320 360 ? X
8 Glu 112
Number of Amino Acid Residues 1 bew T
11 ser 25
FIG. M5, pathy profiles of the ing enzyme index is the mean value 12 Asn 28
of 9 successive rcsuiu:s calculated by the method by Kyte and Doolittle (21). 13 X
Clotting Enzyme [FREVHTAHHC TN ElEr At I A0GGK] PACQGDSE Repetitive  103.
(Horseshoe Crab) yield (%) {(Phel-Phe3)
Factor XIa POWILITARHCF YG SGYPI LET REGGK] PACKDSG 3
(Hurnan) Not identified.
Factor Xa EFYIUTARHCLYQ Ebep AL HLKT DTKQE DACQGDSG
{Human) I
Thrombin ofRHVHTANHCLLY LDRPIALLKLKR KPGHGKRADACERDSG
(Bovine)
Protein C v T AHCLDS TALLHLAK [ LGDPR PACELDSG
Bovioe) 9
Granzyme A KNWVHTANRCNTS REGDLOLVRLKK b LHGCK| HQDSG
(Ra)
Tryptase POWVIITANHCVER NGHD TAFLHLED] NSKS GDSG|
(Canine) Table MIV
Amino acid compositions of heavy and light chains
Factor C EKWTVTANHCVITY LNEDIALIGLKT K{ERY PACERDSG of clotting enzyme and proclotfing enzyme
(Horseshoe Crab) —

r ORWILTANTLYP cEGIAHTHLEN B PSLKQ DACQGDSG| b o .
(Human) Amino acid Light chain® Heavy chain® Proclotting enzyme
Protease A vaHROTARHCNT PNNDY I RHS YGMI  CTNV DSG| Residues/molecule
(Streptomyces glyceus) cys 7.59¢ 7 8.9 7y 11,3 (14)
a-lytic protease TKGFYTAHHCKTV P ks VRGL TCGNA CMGREDSG Asp 9.9 ( 3) 26.6 (16) 36.0 (19)

(Lysobacter enzymogenes) Asn ( 6) (9) (15)
. Thr 9.6 (12) 18.0 (18) 28.5 (30)
Chymotrypsin No. 57 102 195 Ser 3.8 ( 6) 10.3 (11) 17.4 (17)
Glu 15.3 (10) 16.5 (10) 31.3 (20)
FIG. Mé6. Allgnmem:o(scqmnccsnmundacnve51t=sofclmnngtnzymeandb\h:rscnnepmums \dentical Glia ¢ 3} ¢ 5) ¢ 8)
residues are boxed. The i of are from the following referencgs: Pro 10.1 (10) 13.5 (13) 21.3 (23)
Facior Xla (36). FacmrXa (25), Thmmbm 130) PrelemC(S'I) Granzyme A (33), Tryptase (32), Factor C3 Gly 4.6 [ 4) 23.9 (23) 26.9 (27)
CIr (38), Protease A (39) and a-lytic protease (40) Ala 1.1 ( 1) 20.3 (20) 20.9,(21)
val 4.8 ( 5) 18.9 (21) 25.1%(26)
et 0 (0) 6.2 (7} 6.6, 7)
oot wt Ile 4.8 ( 6} 13.7 (17) 20.5%(23)
Amind 08 samercas of piolelytoe fragmis derived Trom clucting encyme and proclorsing enrymms Leu 7.3 (7) 17.4 (17) 24.9 (24)
] - ol Lo - Tyr 1.0 (1) 8.8 ( 9) 11.0 (10}
e Zasition Sequence Phe 4.6 ( 4) 11.3 (11) 15.6 (15)
LT - — - — — Lys 7.0 ( 6) 11.3 (10) 19.5 (16)
e1et 1 TSI 1L K- His 104 ( 2) 8.1 ( 8) 7.8 (10)
o Trp 0 (o) 3.6 (S) 5.0 ( 5)
N Arg 4.2 ( 4) 11,2 (11) 15.3 (15)
e s
o Total 97.0 (97) 248.0 (248) 345.0 (345)
Glucosamine 2.4 5.5 9.1
: Galactosamine 5.1 1.4 7.9
®Recalculated from the data of Nakamura et al. (1).
Values in parentheses are from the sequence deduced from
CDNA.
" gcalculated on sample of a 24 h hydrolysate
N Calculated from extrapolated or average values estimated
40n samples of 24, 48 and 72 h hydrolysates.
TS were REET w33 Fopi o B TR Fe e Identified as S-carboxymethylcysteine.
e 52{ She seine deid Cialouss saenced. | Cyvieine ves SeLereined ®Taken from the value of a 72 h hydrolysate.
,uqi,mmuandu““m,nmlwwm
 wrive precaieg By Scrvvetiom e fater B
Table MII
Amino acid compositions of the
amino-terminal peptide derived from
the proclotting enzyme and its
pyroglutamylpeptidase digest®
Amino  pe_pcoT21  T21-P1
acid
~— Residues/molecule — P T I SO —
asp 2.4 (2) 2.1 (2) )
Glu 4.0 (4) 2.9 (3) TSIV . [STRYYE
Ser 0.8 (1) 1.2 (1) v -
Gy 0.6 0.4
Arg 1.0 (1) 1.1 (1) TR IR sian
Pro 1.1 (1) 1.0 (1) R [ e
Tyr 0.4 0.8 (1) PR (SRR .
valy 0.9 (1) 1.0 (1) ' R
Pec 0.7 (t) ¢.8 (1) e s "::;
Leu 1.2 (1) 1.0 {1) P T R
Phe 1.8 (2) 1.9 (2) S nY IR ot
: Vel n Tih
3 o b
I PR A
i
a PR AR
Total 14 13 Ca e FRESH e
Position 1-14 2-14 - -
Toat s ) B 5 o o “ i w“ B
“analysed with a PICO:TAG system - Ry . T
:2 ?¥grgéyig§e§0lg‘6 M HCl vapor Pt ﬁ i e W BN e e H3EEOBLNE gipn sue
vyalues in parentheses are from
vaper 21 0 € far 20 . Velues wn perenineses aie (ron

the sequence data.
oS-pyridylethylcysteine.
“Not determined.
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Invertebrate Proclotting Enzyme from Limulus

Tanle W
Anino acid sequences of lysyl endopeptidase peptides

KI-K2-KKS ) 3

EED
cyete -
W' mino vicla Amine el Amino Yield Amine Yield  Amino Yield Amine Yield Amino Yield Amino ¥ield

S1" lorod) ackd (pmol) seia (pmoi) acia (pnal) acia  (peol) css (pmal) acia (pmoi) acia (pwol
1 x* Asn 13.4 clu  18.2 val &1, Ser  45.6 His 18,4
H Yo e om0 % s S0l e
H ol N Gl X ] i w08
H o e X o 36,3 wooe Wie 3
H K oy s e 30 e 18200 The siez
H ag 2o eme s X s M w325
: A X tev 962
H w0 Gy o X H Ko Senla
H e B onwosilox clo 2.0 e leelo
1 FER A T P Ty 2el8
I R e S b 3 A
12 ¥ e B % o ik xen 33003
B H ¥ H de i asp 12
I X P
i H [t
H H e e
I H Les, 4018
1 Glu bt The®
1 x Tes sore
0 ma 10 X
b e Asp B
2 X T 10014
5 Va7
i The o0
i e 1397
s The ol
@ ap o 505
5 Pl
B ]
5 ars 397
i IR
E e ke
3 f
H w804
B Ve T
o e onn
3 I3
B L s
» X
Forition =2 e iz PR ey [
Fepetitave v 5373 5500 50
e Ctouteun) (1137 1e9) (ani-Aand) ¢ (rhes-iners

ot tgentsLieo ,

Gatn peptides have the same smino heid.

“Sum of yields trom tws peptides.

J—

e w Wit [ s e

oyere —

W5 Amimo vield Amino Yield  Amino vield Aming Yield Amino Yield Amino vield Aminc Yield Amino Yield

i’ toms Tpmol) seia (mmol) acia. (pwol) scid {pmol) acid (wali scid (bwol) seid  (pnob)

' 11 Cin 3.7 ues M0 A mia e 2240 vel 1m0
H i ENESTER i s S Sy ot o ho
H oy Qy e B O o
i i heOS A e the v e s
H et ¥ joi o o e ad
H i s 1o e 438 Wl
; bor I et Yo oadls mp el
H Sn 20 her dsalr R T
H ¥ M ol NLoei a7
It Gy w7 e 3543 Ve aaz G 912
I ne tse S e 1
P The 21907 P ead e 390
i e Oy e
" ™ 1 A

N &y s

IH E

1%

vion vt Toes T : 0 BT =

Peparirive aiir S ; 350 5500 350 6

TIEE 0 01 ey (Gand Gann)  fteui-ieus)  (aspl ASpIS) (GIySaiys)  (proa-pror)  ialy2-aiye

Fotucystine wan detectad

T ant rer Toe Ty hererminedt

Table MVII «
Amino acid seguence of K1-K2-K4-K5-D2.

22433

K1-K2-K4-K5-D2

€¥ele  amino vield Amino Yield Amino Yvield Amino Yield
. acid (pmol) acid (pmol) acid (pmol) acid (pmol
1 asp? (329)°  Asp? Glu 278 val 706
2 Glu 187 X Ser 121 X e
3 Glu 240 Arg 31 Ile 463 cys? w0l
4 Glua 248 b Ilea 517 X Pro 292
5 Ley®  (846) Leu Gly 340 Lys 133
6 X Leu 502 Phe 365 X
7 Ser 91 Gln 284 Glu 225
8 Asn 155 Lys 152 Gly 227
9 Arg 66 X Ile 328
10 Phe 182 Thr 76
11 Thr 114 Pro 137
12 Glu 65 Lys 55
13 Glu 87 X
1 Gly 99
15 Thr 50
16 X
17 Lys 36
18 X
Position 6-22 26-33 41-52 53-57
Repetitive 90.0 96.5
yield (%) (Glu2-Glul2) {Glui-Glu7}
sTwo peptides have the same amino acids.
cSum of yields from two peptides.
SNot identified.
PTH-cystine was detected.
Not quantitatively determined.
Table MVIII
Neutral sugar compositions of glycopeptides derived
from proclotting enzyme®
Neutral sugar K6 K7-K10-T4 K7-K10-T8 K11-12-K13
Residues/molecule
Galactose 4.4 0.8 0.7 0.2
Glucose o 0 0.3 0.2
Mannose ) 3.1 6.0 3.2
Xylose 0 0 0 0
Fucose 3.3 2.9 3.7 1.7
- 80-98 225-272
Position 58-79 R 187-214  223-272

“analysed on hydrolysates in 4 M trifluoroacetic acid at
100 °C for 3 h by the method of Takemoto et al. (19).
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