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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 e 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)-P-D-glucan as well as to LPS (9). 
This (1,3)-B-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)- 
fi-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 Tczchypleus trident&us 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/cY-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 or-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- 
tern. 

2 T. 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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EXPERIMENTAL PROCEDURES3
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FIG. 2. Northern blot analysis or procl otting enzyme
mRNA. Five~g ofpo ly(A)+ RNA from the hemocytes was separated
by 1.0% agarose gel electrophoresis, transferred to a GVHP mem­
brane, and hybridized with the APe 17 insert. See "Experimental
Procedures" for details. kb, k il o b a ~ e .
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residue of the mature p roclott ing enzyme proved to be the
30t h glutamine residue of the deduced sequen ce, in the form
of pyroglutamic acid. T hus, the mature protein is composed
of 346 amino acids, with ca lcula ted molecular mass of the
protein port ion 38,194 Da . From the amino-terminal sequence
of t he H chain (Table MIl, t he cleavage site for zymogen
activat ion was iden tified to be an Arg""-Ile". T herefore , the
L cha in is composed of 98 residues and the H chain of 248
residues. T he amino acid composit ion of the proclotti ng en­
zyme, in addit ion to t hose of t he L an d H chains of clotting
enzyme, agreed well wit h the sum ofthe total residues deduced
from the cDNA seque nce (T able MIV).

T hree pot enti al glycosylation sites, one in the L chain and
two in the H chain, for N -linked carbohydrate cha ins (Asn­
X-Ser/ T hr) were presen t in the seque nce. The carbohydrate
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FIG. 1. Nucleotide and deduced amino acid sequences of
proclott ing enzyme. Nucleotide (upper ) and deduced amino acid
sequences (lower) areshown. The amino acid sequences arenumbered
from the amino terminus of the mature protein. The urukrlimd
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
hydrau chains are indicated by c/olied diomonds. The active triads of
the serine protease domain are circled.

I Portions of this paper (including "Experimental Procedures,~
Figs. MI-M6, and Tables MI- MVIll) are presented in miniprint at
the end of th is paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilmedition 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).

RESULTS

Partial Amino Acid Seqwmce- To determine a part ial
amino acid sequence, the S- pyridylet hylated H and L chains
derived from the clotting enzyme were separa ted by gel filt ra ­
tion followed by rever se-phase HP LC, as desc ribed under
"Experimental P rocedures." The isolated H chain was sub­
jected to cyanogen brom ide digestion, but the L chai n was
digested with t ryps in , since it did not contain a met hionine
residue (7). T he sequences of purified pept ides derived from
both chains were analyzed, in addition to the am ino-terminal
seque nces of both chains. T he seque nces of t hese pept ides are
summarized in T able MI.

When the purified p roclotting enzyme was subjected to
ami no acid sequence analysis, t he recovery of the amino ­
terminal PTH-derivative was very low, alt hough the part ial
amino-t erm inal sequence of the whole p rotein was identifia­
ble, as shown in Table MI. T his resul t suggests that al most
all t he amino-term inal residue of the intact protein is blocked .
T o confirm these observa tions, we examined a masked amino­
te rmi nal pep tide in a trypsin digest of S -pyridylethylated
proc lotting enzyme (Fig. MIA). Among t he 19 t ryptic pept ides
obtained, the peptide Pe-PC·T21 was thought to be der ived
from the amino-terminal region , as its amino-terminal residue
did not react wit h phenylisothiocyanate. As t he amino acid
composi tion (T able MIl) indicated a 1 mol excess of glutamic
acid , it was further digested with pyroglutarnylpeptidaae and
t he digest was fractionated by HPLC (F ig. MIB ). The amino
acid composition of t he result ing peptide showed 1 mol less
of glutamic acid (T able MIl) , and its amino-te rmi nal sequence
was identical to that obtained from sequence data on the
intact protein (T able MIll). Based on these results, we con ­
clud e that t he am ino term inu s of t he intact protein is blocked
by pyroglutamic acid.

cDNA Cloning- On screening 1.5 million clones of t he
hemocyte cDNA libraries wit h anti -clotting enzyme IgG, we
found 23 positive clones . After seque nce anal yses, one was
foun d to encode a partial amino acid sequence of the clotting
enzyme and was named APC 17 (Fig. M 2). Since t his clone
seemed to be derived from an EcoRI fragmen t of t he cDNA,
another preparat ion of the library was screened using XPC 17
as a probe. The longes t clone composed of 1,501 bp, named
APC 11, was t hus obtained (Fig. M2) and was the n seque nced
(Fig. 1). Followin g 216 bp of 5 ' -noncoding region , t here is a
long ope n readi ng fra me encodi ng 375 amino acid residues,
followed by a T AG terminat ion codo n and 157 bp of 3'­
noncodlng region, although both the poly(A) signal and
poly(A) tail were missing.

Northern blot analysis of the hemocyte poly fA]" RNA
showed one ban d of about. 1.5 kilohases t hat st rongly hybrid ­
ized with APC 17 (Fig. 2). T hus, the proc lotting enzyme is
indeed synthesized in the hemocyte and XP C 11 contains
almost t he full length of the proclotting enzyme eDNA, apart
from t he poly(A) tail.

T he deduced amino acid seque nce from the first ATG
initiation codon encoded all the partial am ino acid sequences
not ed in the prote in -based study (Fig. I). T he am ino-terminal
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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 eDNA sequence for
proclotting enzyme. These peptides were termed Kl 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 Cys128 and Cys144. The disulfide containing peptides
K7-KIO and K14-K17 were also obtained, respectively, as a
single peptide. Thus, the results indicate a Cys89 and Cys219
linkage in K7-KlO, which holds together the Land H chains,
and a Cys293 and Cys322 linkage in K14-K17. Because the
sequence linked between Kll and K12 was identified to be
Lys-Pro, this bond was not cleaved by the enzyme. The
peptide Kll-12-K13 was recovered as a single peptide, hence
the Cys266 and Cys282 are linked to each other.

The other cysteine containing peptide derived from the L
chain, KI-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 KI 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 KI (KI-K2-K4-K5­
TI) (data not shown). Thus, a linkage between Cys21 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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FIG. 3. Primary structure of the proclotting enzyme. Lysyl
endopeptidase peptides derived from clottin~ enzy~e are .num~ered
Kl to K18 from the amino terminus. Underlined ammo 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.

Cysll_Cys54 and Cys27_Cys55 or Cys'r-Cys'" and Cys27_Cys54.
To determine the correct combination, peptide KI-K2-K4­
K5 was digested with endoproteinase Asp-N. The digest was
separated by HPLC (data not shown), and peptide KI-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 Cysll­
Cys54 and between Cys27_Cys55, 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
Cys54 and between Cys27 and Cys'", respectively.

Carbohydrate Chains-Amino acid analyses of the lysyl
endopeptidase peptides indicated that three peptides, K6, K7­
KlO, and Kll-12-KI3, contain hexosamines (Table MV). K6
was rich in galactosamine and had I 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). Kll­
I2-K13 had one potential N-linked glycosylation site, whereas
K7-KlO 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-KlO, 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-KIO-T4 and K7­
KlO-T8, were isolated and both contained N-acetylglucosa­
mine and N-acetylgalactosamine (data not shown). Four car­
bohydrate-containing peptides, K6, K7-KlO-T4, K7-KlO-T8,
and Kll-12-KI3, were obtained. In the HPLC profile, K6 and
K7-KlO-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-KlO-T4, K7-KIO-T8, and Kll­
I2-K13 showed similar compositions rich in mannose and
fucose. Galactose was also detected in K7-KlO-T4 and K7­
KIO-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 prodotting
enzyme is localized in the large granules and is apparently
released through exocytosis on LPS stimulation.
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DISC USSION

FIG. 4. Localization o r prod ottin g enzyme in the cell . Hem­
ocytes were fixed, a tl i n ~ with anti-d otting enzyme IgG lind gold­
panicle -co njugated seco nd anti body , and t hen scanned. Numerous
gold particles are prnenl in the larl er but 1t'$5 dense granules. The
ba n are 6 (AI and 1 ,11m (B ), resp«tively.

From the above eDNA a nd protein-based studies, th e nu ­
cleotide sequence and primary st ructure of p roc!otting enzyme
was deduced, 88 shown in Figs. I and 3. Th e isolated eDNA
consis ts of 1,501 bp , which is almost th e full-length eDNA
based on the results of Northern blot t in g. Although t her e is
no term ination codo n and t wo ATG codo ne exist in t he sa me
frame of the upst ream 5 ' -noncoding region , the fir st ATG
codon is presume d to be II t ran slation initiation codo n , based
on the following cr ite ria; firs t, this clone has been shown to
involve a ful l-length cDNA sequence, and second, the a mino
acid sequence from t he firs t AT G codo n shows charac te ristics
of a signal sequence. T hus, t he 29-a mino acid residues (-29
to - 1 in Fig. 1) preceding t he amino-terminal glutamine
residue of the mature protein seem to cons t it ute a prepro­
seq uence. Using a method for predicti ng a signal seq uence
cleavage site (20), the most likely site cleaved by a signal
peptidase is between Se r- I I and Val- '2 and t he second possi ­
bility is between Ser-&and ArC ". The hydropathy profile
calculated by the method of Kyte and Dool ittle (21) indicates
that this presequence region is highly hydrophobic (F ig. M5).
The sequence between the mature protein and t he signal
peptide is assumed to consist of 12 (or 5) res idues and appears
to represent a propeptide region of the immature protein. In
fact, the ca rbo xyl-te rm inal sequence in this region shows the
sequence -Arg-X-Arg-Arg (a mino 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 st rong ly suggests that an en ­
zyme which proteolytically processes the dibasic cleavage site
may also exist in the invert ebrate hemocyte. The propeptide
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region ment ioned above may fun ction to prevent une xpected
act ivation of t he proclotting enzyme, the result be ing clot
formation wit hin the cell .

T he mature protein is composed of 346 amino acid residues
with a molecular mass of 38,194.85.5% of the total sequence
was co nfirmed by protein sequencin g, in which all the residues
of the L chai n were identffled at t he protein level, except for
the carbohydrate-linked amino acid residues. The amino­
terminal residue of the intact proc lotting enzyme is masked
by t he pyrog lutamyJ residue. The purified material, howeve r,
contains a small amount of a molecular species with a second
phenylalanine at the amino terminus. This suggests that the
amino-te rm ina l pyroghnarnyl residue is part ially rem oved
dur ing purifi cation procedures and that a pyroglutamylpep ­
tldase-lika en ayme is present in horseshoe crab hemocytes.

The cleav age site associated with zymogen activation is
Arg"". lle- , the sequence of which connects the L and H
cha ins . The sequence preceding t his site has a unique struc­
ture, -Thr-T hr-T hr-T h r-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 PI site and effi ­
ciently hydrolyzes the syn thet ic peptide subst ra tes N -terl­
butox ycarbony1-Met -Th r-A rg· 4-methylcoumaryl-7-a mlde
a nd 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 relative ly hydrophilic.
Furthermore , the asparagine resi due at the p. position found
in the carboxyl-termi nal portion of the L cha in is glycosylated,
which renders t he region more hydrophilic (Fig. 1). Thus, the
proclotting enzyme can be readily activated by t rypsin (7).

T he H chain of the proclotting enzyme is composed of a
typical se rine protease structu re. To our knowledge, t his is
the first example of an invertebrate se rine protease for which
t he disulfide location s have bee n determined (Fig. 3). T he
locations of fou r disulfide linkages in the H chain are the
same as those in prothrombin (30) and facto r IX (24). T his
clotting enzyme shows a subst rate specificity similar to t hat
of facto r Xe (0). In fact , the enti re seq uence ofthe H chain
correspondi ng to the serine protease region shows a close
similarity to t hat of hum an facto r Xa (34.1%), although the
closest ide ntity with the H chain is found in factor Xla
(34.5%). It contains t he H is,u _Asplw_Ser"'" t riad kn own to be
the catalytic t riad of serine proteases (Fig. M6). The subs t rate
bin di ng site co rrespondi ng to Se r ' 89 , in chymotrypsin nu m­
bering, is aspartic acid, t hereby indicat ing t hat t his clotting
enzyme has a typ ical trypsin -like specificity . In te restingly,
the residue before His ' '''' has serine replacing alan ine. The
sequence around this hist idine is stro ngly conse rved in va rious
serine p rote esee. However , some of t he serine p roteases from
Streptomyces griseus are known to possess glycine at this
posit ion (Fig. M6). It is note worthy t hat t his enzyme does not
contain the Se r-T rp -Gly sequence that is well conserved in
the serine prote asee and stabilizes the backbone of the sub­
strate binding site . This sequence is re placed by Se r u _Phe" ··
Gir l' in the clotting enzyme.

The L cha in has no significant homology with a ny othe r
p rote in thus far examined. The amino-te rminal portion of the
L chai n consists of a novel disu lfide -knotted structure, as
shown in Fig. 5. This structure forms a clip -like shape ro n­
sis t ing of a di screte domain. Act ua lly, the clotting enzyme
prepared by trypsin activation does not contain this portion
and has Se t" as its am ino te rm in us (Table MI). This would
suggest that the ca rbo xyl-terminal portion of the clip-like
st ruc ture forms a hinge region susceptible to trypsin. The
resulting smaller L chain may correspond to the L chain
derivative (7) . It seems likely that the disulfide-knotted do-
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1

FIG. 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?', Cys2 1 and Cys", and Cys27 and Cys".

main acts as a recognition site for factor 13, 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
ofthe 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 Ca2+-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 -y-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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SUPPLEMENTAL MAlERlAL

Procromng Enzyme from Horseshoe Crab Hemocytes: eDNACLONING, VlSULFlDELOCATIONS, ANDSUBCELLULAR
LOCALIZATION
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EXPERIMENT AL PROCEDURES

Materials All DNA-modifying enzymes were obtained from Nippon Gene ~o., (Toyama, Japan),
Toyobo Co., LTD., (Osaka), Takara Shuzo Co., (Kyoto) or Bethesda Research Laboratories Life Technologies, Inc.
(Gaithersburg. MDj. [a_32PI dCfP and multi-prime labeling kit were from Amersham-Japan (Tokyo). Trypsin
purified by benzamidine-agarosecolumn chromatography(II) was ~ kind gift from Dr. K. Fujikawa. L-(I?sylamldo
2-phenyl) ethyl chloromethyl ketone treated trypsin (TPCK~lryPSIn) was from ~onhlngton Biochemical C~rp.
(Freehold, NJ). Lysyl endopeptidase from Achromobacter 11f1cusM497-1 was.obtamed from W~o Pure Chemical
Industries, Ltd., (Osaka). Pyroglutamylpeptl~ase from Bacillus amylo/iquefacuns and endoprotemase Asp-N fr~m
Pseudomonasfragt mutant were from Nacalai Tesqu.e, Inc. (Kyoto) and Boehringer Mannheim GmbH (Mannheirn,
FRO), respectively. All other chemicals were of the highest quality commercially available.

Proclotringenzyme was highly punfied from the hemocyte Iysatesof Tocnypteussrideruatus, as described (7).

The clotting enzyme activated by factor B or trypsin and anti-clotting enzyme IgO were kindly provided by Dr. T.

Nakamura. Agt II cDNA libraries from hemocyte poly A+ RNA from Tachvpleuszridentatuswere the same as that

previously used'.
Partial Amino Acid Sequenc~ ---The purified cloning enzyme was reduced and S-pyridyletbylated as

described (12). The resulting S-pyndylethylated Land H chams were separated by gel filtration on a Sephadex .0­
100 (Pharmacia Fine Chemicals, Uppsala) column in 2.5 % of fonnie acid, followed by reversed-phase high
performance liquid chromatography (HPLC) on a col~mn of Ultraporef RPSC (4.6 x 75 m":!) (AUEX, Berkeley.
CA). The S-pyridylethylated H chain was digested WIthcya.nogen bromide (13) and the S-pyndylethylated L cham
was digested wah trypsin followed by tysyl eedopeptidase digestion. These digests we~e pU~fied by reversed-phase
HPLC. An UnraporeTM RPSC column (4.6 x 75 mrn) was used for the cyanogen bromide digest of H cham and a 11

Bondapak" CI8 (4.9 x 300 mm) (Waters) column for the trypsin digest of L chain. The purified pepndes were
subjected to amino-terminal sequence analyses.

Amino-terminal Sequence of Procloning Enzyme The S-pyridylethylated sample (2.4 nmoles)
purified by reversed-phase HPLC on a column of Phenyl-Spw RP (4.6 x 75 mm) (Tosch Corp., Tokyo) was
digested with TPCK-trypsin in 50 mM Tris-Hfll, pH 8.0, with a molar ratio of enzyme to substrate of 1/100 at 37 "C
for ISh. The digest. was separated on a column ofYMC-PACK A-302 S-~ 120A ODS (4.6 x 150 mm) (Ya~amura
Chemical Laboratones Co.. Ltd.• Kyoto). The amino-terminal tryptic peptide, Pe-PC-T21 (652 prnol), was digested
with pvrogtutamylpepndase (20 mU) in 9.1 M sodium phosphate, 10 mM EDTA and 10 mM B-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 ammo acid and sequence analyses

Screening __._.From 1.5 million clones screened with anti-clotting enzyme IgO, twenty-three po~itive
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 cloning enzyme was labeled with la- 32PI dCTP by multi­
prime labeling kit. Using this probe, 400.lKlOclones from the second libraries constructed with EcoRI adapter were

screened. The longest clone. APC 11, thus obtained was sequenced.
Nucleotide Sequencing --- The inserts of positive clones were transferred into pUC liS and 119

(Takara Shuzo Co.,). Single .stranded DNA templates. were prepared using MVI184 ~s host cells and MI3K07 as
helper phages (14). Nucleotide sequence determination was performed on an Applted Biosystems 370 A DNA
sequencer using fluorescent oligonucleotide primers (15). Sequenase" 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 col~mn (I7); .Five ug of poly A+ RNA was separated on 1.0 % agarcse gel and
transferred 10 GVHP membrane (Ntppon Millipore Kogyo K.K .. Ycnezawa. Japan). Marker RN.A (Beth~sda
Research Laboratories Life Technologies. Inc.) was electrophoresed simultaneously and stained with ethydium

bromide. The filter was hybridized with 132P I-APC 17 Insert in 5 x SSC (I x SSC "" 15 mM sodium citrate and 150
mM xact. pH 7.0). 5 x ~nhardt's solution (I x Denhardt's solution = 0.02 % polyvinylpyrrolidone, 0.02 % bovine
serum albumin, 0.02 % Picoll). 50 mM sodium phosphate, pH 6.8. and 50 % formam Ide 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.

Dete~mifU11ion. of Disulfide Linkages,---. Proclotting enzyme (2.2 nmol) or clotting enzyme (12.8
nmol) was digested Wtth Iysyl endopeptidase In 0.1 M Tns-HC1, pH 6.5, contaimng 4 M urea with a weight rano of
enzyme to subsrrare 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 5·5 120A ODS (4.6 x 150 mm). The purified peptides were subjected 10 ammo acid and
sequence analyses. The peaks containing more than one peptides (K11-12·KI3 + K15) were rechromatographed on a
column of Chemcosorb 7 ODS-H (2.1 x 150 mm). Peptide. KI-K2-K4-K5, was further digested with TPCK­
trypsin in 50 mM ammonium formate, pH 6.5. containing 20 mM CaClz 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 10 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 Analyses - __ Amino acid analysis was performed on a PICOTAG system
(Waters, Millipore Corp., Milford, MA) or a Hitachi L-85oo automatic analyzer. Amino acid sequence analyses were
done using an Applied Biosystems 477 A Protein Sequencer

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

Component SURarAnalyses--- The sugar containing peptides K7-KIO were digested wilh TPCK­
trypsin in 50 mM Tris-HCI. 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 II 150 mm). Component
sugar analyses were performed on samples hydrolyzed in 4M trinuoroacetic acid at 100 "c for 3 h. using
derivatizations with 2-aminopyridine, as described (19).

SuhcellularL()calizatiofl__ A polyclonal antibody raised agairls! clotting enzyme was purified before
use, by immunoaffinity chromatography. The column was Affigel 15 (Nippon Bio-Rad Laboratories, Tokyo)
coupled with the clolling enzyme trealed with diisopropylfluorophosphate. The monospecific IgO was eluted with
0.1 M glycine-HCI, pH 2.8. Hemolymph was collected into sterilized tubes and immediately fixed with 4 %
parafonnaldehyde and 1.2 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) containing 4,5 mM CaC12
and 0, I % sucrose at O"C for 30 min. The hemocytes were precipitated by centrifugalion and .washed several times
with 0.1 M sodIUm cacodylate (pH 7.4). The specimens were dehydrated with a graduallOcrease In methanol
concentration and then embedded in LR Gold (Polaron Instruments Inc., Cambridge. MA). which was polymerized
by ultraviolet irradiation. Ultrathin sections were prepared by using a diamOr1dknife. Seclions were mounted on a
nickel grid and washed with distilled water, Following blocking with 10 mM sodium phosphate buffer (pH 7.2)
containing I % (w/v) bovine serum albumin and 0,5 M NaC!, the sections were incubated for Ih with anti-cloning
enzyme IgO (0.4 IJ-g/ml)in the same albumin containing buffer, <IIroom temperature. The sections were washed 6
times with 10 roM sodium phosphate (pH 7.2) containing 0.5 M NaCi and incubated with 1.2 Ilg/ml of goat anti­
rabbit IgG gold Colloidal. panicles (20 nm) (E·Y Labs, Inc.. San Meteo, CA) at room temperature for I h, After
washing wllh 10 mM sodIUmphosphate (pH 7.2) containing 0.5 M NaCI and then with dtSlllled water, the secttons
were doubly stained with 2 % uranyl acetate and lead tartrate and examined under an electron microscope (Hitachi H­
500).
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FIG. M5. Hydropathy profiles of the procloning enzyme. The hydropathic index is the mean value
of 9 successive residues, calculated by the method by Kyre and Doolittle (21 I.

(14 )
(19 )
(15)

28.5 (30)
17.4 (17)
31. J (20)

( 8)
21.3 (23)
26.9 (27)
20.9 (21)
25.1 e ( 26)
6.6 ( 7)

20.5
e ( 23)

24.9 (24)
11. 0 (10)
15.6 (15)
19.5 (16)
7.9 (10)
5.0 ( 5)

15.3 (15)

-- Residues/molecule --

7.S
d(

7) 8.4
d{

7) 11.3
9.9 ( 3) 26.6 (16) 36.0

( 6) ( 9)
9.6 (12) 18.0 (18)
3.8 (6) 10.3 (11)

15.3 (10) 16,5 (10)
( J) { 5}

10.1 (10) 13.5 (13)
4.6 (4) 23.9 (23)
1.1 ( 1) 20.3 (20 )
4.8 ( 5) 18.9 (21 )
o (0) 6.2 ( 7)
4.8 (6) 13.7 (17)
7.3 (7) 17.4 (17)
1. 0 ( 1) 8.8 ( 9)
4.6 ( 4) 11. 3 (11)
7.0 ( 6) 11. 3 (10)
1. 4 ( 2) 8.1 ( 8)
o (O) 3.6 ( 5)
4.2 ( 4) 11.2 (11)

d No t identified.

Table MIV
Amino acid compositions of heavy and light chains
of clotting enzyme and proclotting enzyme

Q

Repetitive 103.6
yield (%) (Phel-Phe3)

Cy s
Asp
nan
Thr
Ser
Glv
GIn
Pro
Gly
Ala
Val
Met
lie
Lev
rvr
Phe
Ly s
His
rrp
Ar q

Amino acid Light chain b Heavy chain b Proclotting enzyme C

F'lG. M6. Alignments of sequences around active sites of clotting enzyme and other serine proteases. Ldentlca(

~:~~~fe~~(~~~~c~re ~~(2t;t~~~:;itnO~~~j,~~fnl~Or;;)·, t~~~~~: ~j"3)~T~~{~~~O~;~~ ~~~:~r:
Clr (8), Protease A (39) and a-lytic protease (40)

Clotting Enzyme

Ai

DSG
(Horseshoe Crab)

Factor Xla A DSG
(Human)

Factor Xa

1"'
{Human)

Thrombin KPG@R AC D$G
(Bovine)

Protein C LGDPR AC D$G
(Bovine]

Granzyme A L@ DSG
(Ral)

Tryptase NSKS

~DSG(Canine)

Factor C K@Y AC DSG
(Horseshoe Crab)
Clr PSLKQ ACQGDSG
(Human)

Protease A YGMI Q'TNV
(Streptomyces g!.vceus)

a -lytic protease ':'KGF VRGL
(Lysobacter enlymogenes)

Chymot r y p s i n No. 57 102 195

Total 97.0 (97) 248.0 (248) 345.0 (345)

Glucosamine 2.4 5.5 9.1

aRecalculated from the data of Nakamura et e L, (1).
Values in parentheses are from the sequencededuced from

bc DNA•

c~:i~~i:~:~ ~~o~a~~~;a~;l:t;~ ~r h~e~~~~~a~:iues estimated
don samp~es of 24, 48 and 7"2. h hydrolysates.

e~~~~~ 1 ~~~~ ~~e ~~~~~=Q~~m: t ~~ 1 ~Y~~~~~~~sate.

Galactosamine 5.1 1.4 7.9

Table MIl
Amino acid compositions of the
amino-terminal peptide derived from
the proclot ting enzyme and its
pyroglu tamy lpep t idase digest

a

Amino
Pe-PC-T21 T2l-Pl

acid

Residues/molecule ~

Aep 2.4 (2) 2.1 (2)
c ;» 4. D 141 2.9 (31
Ser D.s (11 1.2 (1)
Gly O. " D.4
'"9 l.D (11 1.1 (1)
Pro 1.1 (1) l.D (11
Tyr 0.4 D.' (11
val

b
0.9 (11 l.D (11

Pee 0.7 (1) 0 .s (11
LeO 1.2 (I) 1.0 11)
Phe 1.8 (21 1.g (2)

Total 14 13

Position 1-14 2-14

aAnalysed with a PICO'TAG system
on hydrolysates in 6 M HCl vapor
at 110 ~C for 20 h.
Values in parentheses are from

bthe s~quence data.

c~~iY~~~~;~~~~~~YS t e t ne .
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Invertebrate Proclotting Enzyme from Limulus 22433

TableMV'
Amine acid .~~u@"e@. of lysyl .mdopeptidase peptidE8 Table MVII

Amino acid sequence of K1-K2-K4-K5-D2.

41-52 53-57
96.5

(Glul-Glu7)

GIll 278 Val 706
Ser 121 x d
IIe 463 eve M.O. e

X Pro 292
Gly 340 Lys 133
Phe 365 X
GIll 225
Gly 227
IIe 328
Thr 76
Pro 137
Ly s 55

X

K1-K2-K4-K5-D2

Amino Yield Amino Yield Amino Yield Amino Yield
acid (pmal) acid (pmal) acid (pmal) acid (pmal)

Table MVIII

Neutral sugar compositions of glycopeptides derived

from proclotting enzyme a

Neutral sugar K6 K7-K10-T4 K7-K10-T8 Kll-12-K13

-- Residues/molecule --

Galactose 4.' 0.8 0.7 0.2

Glucose 0.3 0.2

Mannose 3.1 6.0 3.2

Xylose

Fucose 3.3 2.9 3.7 1.7

Position 58-79 80-98 187-214
225-272

215-223 273-290

1 Asp
a ( 329)b ASpB

2 GIll 187 X
3 GIll 240 Arg 31
4 GIll

a (~:~) b
IIe

a
517

5 L~~ Leu
6 r.eu 502
7 Ser 91 GIn 284
8 Asn 155 Lys 152
9 Arg 66 X

10 Ph e 182
11 Thr 114
12 GIll 65
13 GIll 87
14 Gly Y9
15 Thr 50
16 X
17 Lys 36
18 X

26-33

Cycle
No.

~TWO peptides have the same ~mino acids.
cSum ~f yiel~s from two pep t i de s .
dNct Lden t i f Led ,
ePTH-cystu~e w~s detected •.

Not quan t i t a t i ve Ly de t e rrni ned ,

Ki5
Hi.

"'"""
I.e"

".,.,..'

'0,
Il<

'"U.

~~~b

'..
,.,
,",

'"
~~~
'CO

"","
ryr n,]

ly.

Amino Vi~ld

~cid (pmOl,-'=,--,"=--","",--,==",--,=,--"",,,"-id IP"'011

M... '

::: ~~j
m
,,,
Trp

">Gly

Gly

~eld IpI"O\ I

65.0 '"
' .. s,« ..'

." l.y. 'D.5M.
H.; '"Gly

". U

".

~::le
acid Ipmoll acid (pmol) a~;d (pmol)

BAnalysed on hydrolysates in 4 M trifluoroacetic acid at
100 ·C for 3 h by the method of Takemoto ~~. (19).
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