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The lipopolysaccharide (LPS)-triggered coagulation
cascade in horseshoe crabs is composed of three zym-
ogens belonging to the trypsinogen family: prochelicer-
ase C, prochelicerase B (proB) and the proclotting
enzyme (proCE). Trypsinogen-family members contain
three conserved disulphides located around the active
site. While it is known that proB evolutionarily lost
one of the disulphides, the His-loop disulphide, the
roles of the missing His-loop disulphide in proB re-
main unknown. Here, we prepared a proB mutant,
named proB-murasame, equipped with a regenerated
His-loop disulphide. The activation rate by upstream
a-chelicerase C for proB-murasame was indistinguish-
able from that for wild-type (WT) proB. The resulting
protease chelicerase B-murasame exhibited an 8-fold
higher kcat value for downstream proCE than WT
chelicerase B, whereas the Km value of chelicerase B-
murasame was equivalent to that of WT chelicerase
B. WT serpins-1, -2 and -3, identified as scavengers
for the cascade, had no reactivity against WT cheli-
cerase B, whereas chelicerase B-murasame was inhib-
ited by WT serpin-2, suggesting that WT chelicerae B
may trigger as-yet-unsolved phenomena after perform-
ing its duty in the cascade. The reconstituted LPS-
triggered cascade containing proB-murasame exhibited
�5-fold higher CE production than that containing
WT proB. ProB-murasame might be used as a high
value-adding reagent for LPS detection.
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We recently proposed new terms for three serine pro-
tease zymogens that make up the horseshoe crab co-
agulation cascade—prochelicerase C (proC),
prochelicerase B (proB) and prochelicerase G (proG),
for factor C, factor B and factor G, respectively—
since the identical or similar terms are used for the
protease zymogens in the complement systems in both
Chelicerata and Vertebrata (1). The horseshoe crab
coagulation cascade is triggered by the autocatalytic
activation of proC to the active form through an ac-
tive transition state of proC responding to bacterial
lipopolysaccharide (LPS), and the resulting a-chelicer-
ase C activates proB to chelicerase B on the surface of
LPS, which activates the proclotting enzyme (proCE)
to the clotting enzyme (CE) to convert a clottable pro-
tein coagulogen into coagulin (1–3).

In the absence of LPS, chymotrypsin artificially
converts proC into b-chelicerase C, which contains an
additional proteolytic cleavage in the N-terminal Cys-
rich domain of proC; compared to a-chelicerase C, b-
chelicerase C retains �70% of the amidase activity
against a specific peptide substrate, but b-chelicerase
C exhibits neither the LPS-binding activity nor the
converting activity for proB because of the destruction
of the LPS-binding site of proC by the additional chy-
motryptic cleavage near the LPS-binding site (4, 5).
On the other hand, the N-terminal clip domain of
proB, the second LPS-binding protease zymogen,
plays an essential role in binding proB to the surface
of LPS to initiate effective proteolytic activation by a-
chelicerase C (3). As an alternative approach, a b-1,3-
D-glucan-sensitive protease zymogen proG is autoca-
talytically activated to chelicerase G, which directly
activates proCE to CE without the aid of proB (2).

Activated forms of the trypsinogen- or chymotryp-
sinogen-family members cleave peptide bonds with
strikingly different substrate specificities through the
identical charge-relay system of the catalytic triad
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composed of His57, Asp102 and Ser195 in the chymo-
trypsinogen numbering and three disulphide bridges
to form three independent loops that are conserved:
the His-loop disulphide (HLDS, Cys42–Cys58), the
Met-loop disulphide (MLDS, Cys168–Cys182) and the
Ser-loop disulphide (SLDS, Cys191–Cys220) (6, 7)
(Fig. 1A). These disulphide loops are also conserved
in proC (8), proG (9) and proCE (10) in the Japanese
horseshoe crab Tachypleus tridentatus, whereas proB
lacks the HLDS due to the substitution of Ala (corre-
sponding to Ala170 in proB) for Cys58, and the coun-
terpart Cys42 (corresponding to Cys154 in proB) is
presumed to exist as a free cysteine residue or to form
a mixed disulphide linked with cysteine or a small
compound such as glutathione (11) (Fig. 1B). The
missing HLDS is also observed in proB derived from
the American horseshoe crab Limulus polyphemus by
the identical replacement at the corresponding pos-
ition (Fig. 1B), indicating that an ancestor of proB
lost the HLDS before the divergence between the two
species at least 130 million years ago (12, 13).
Therefore, the missing HLDS in proB is evolutionarily
conserved to obtain an unknown advantage in the co-
agulation cascade or other physiological phenomena,
followed by haemolymph coagulation.
In this study, to understand the physiological roles of

the missing HLDS in proB, a proB mutant equipped
with a regenerated HLDS, named proB-murasame, was
biochemically characterized. ‘Murasame’ is a legendary
Japanese sword. Here, we found that chelicerase B-mura-
same, exhibits an order of magnitude stronger catalytic
activity than the wild-type (WT) chelicerase B. On the
other hand, a reagent prepared from haemocyte lysates
of horseshoe crabs has been used for the ‘Limulus test’, a
sensitivity test to detect LPS (14–16). We propose here an
application of proB-murasame as a high value-adding re-
agent for LPS detection.

Experimental procedures

Materials

HEK293S GnTI� cells were obtained from ATCC.
LPS derived from Salmonella minnesota R595 (Re)
was purchased from List Biological Laboratories, Inc.
(Campbell, CA). An average molecular weight of
2,500 for S.minnesota R595 (Re) LPS was used for the
determination of molecular concentrations.

Cloning and mutagenesis of WT proB, proB-murasame, the
R103A-proB mutant and the three serpins-1, -2 and -3

WT proB and WT proCE were subcloned into vector
pCA7 as described previously (3, 17, 18). ProB-mura-
same and the R103A-proB mutant were constructed
by inverse PCR. Full-length DNA fragments of ser-
pins-1 (19), -2 (20) and -3 (21) derived from
T.tridentatus were subcloned into vector pCA7, and
His-tag and podoplanin PA-tag (1) were added the N-
terminal end of serpins by site-directed mutagenesis
using inverse PCR.

Expression and purification of the recombinant proteins

The recombinant proteins including WT proC (1, 4),
WT proB (3, 17), WT proB-murasame, the R103A-

proB mutant, WT serpin-1, WT serpin-2 and WT ser-
pin-3 were expressed in an HEK293S cell line lacking
N-acetylglucosaminyltransferase I (GnTI�). The
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Fig. 1. The location of the three disulphide bridges around the active site

in trypsin, the sequence alignment of the HLDS of serine proteases and

the schematic domain structures of proB and proCE. (A) The location of
the three disulphide bridges, HLDS, MLDS and SLDS, is indicated by
arrows and dashed circles in the three-dimensional structure of bovine
trypsinogen (PDB: 1TGB), drawn by PyMOL (Schrödinger). (B) The
sequence alignment of the HLDS of the horseshoe crab coagulation fac-
tors Tt-proB (11), Lp-proB (Accession No. XP_013784210), Tt-proC
(8), Tt-proCE (10) and Tt-proG b-subunit (9) and the other serine pro-
teases Hs-C1r (30, 31), Hs-C1s (32), Hs-MASP1 (33), Hs-MASP2 (33),
Bt-trypsinogen (6) and Bt-chymotrypsinogen (6). Tt, Tachypleus triden-
tatus; Lp, Limulus polyphemus; Hs, Homo sapiens; Bt, Bos taurus. The
cysteine residues evolutionarily replaced by other amino acids are shown
in bold letters. (C) The schematic domain structures of Tt-proB (11)
and Tt-proCE (10). The three conserved disulphide bridges and the in-
ter-chain disulphide linkages are indicated by brackets. The missing
HLDS in Tt-proB is shown in grey bars.
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recombinant proteins in culture media were mixed
with 50mM Na phosphate, pH 8.0, containing
150mM NaCl and 10mM imidazole at final concen-
trations and applied to a Ni-NTA-agarose column
(1.0� 10cm). The column was washed with the same
buffer and the recombinant proteins were eluted with
20mM Tris–HCl, pH 8.0, containing 150mM NaCl and
50–200mM imidazole. The resulting samples were dia-
lyzed against 20mM Tris–HCl, pH 8.0, containing
150mM NaCl. The concentrations of the recombinant
proteins were determined using a Micro BCATM protein
assay Kit (Thermo Scientific). The purified recombinant
proteins used for this study were analysed by sodium
dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE; Supplementary Fig. S1).

Activation of WT proB, the R103A-proB mutant and proB-
murasame

WT proC (160 nM) was autocatalytically activated in
the presence of 3.2lM LPS for 30min at 37�C. The
resulting WT a-chelicerase C was diluted with 20mM
Tris–HCl, pH 8.0, containing 150mM NaCl and
0.1mg/ml of bovine serum albumin (BSA). WT proB
or proB-murasame (50 nM) was activated by WT a-
chelicerase C (1 nM) in 20mM Tris–HCl, pH 8.0, con-
taining 150mM NaCl and 0.1mg/ml of BSA at 37�C.
The appearance of the B chain of WT proB, the
R103A-proB mutant or proB-murasame was detected
by western blotting.

Measurement of amidase activity of WT chelicerase B and che-
licerase B-murasame

WT proC (160 nM) was autocatalytically activated in
the presence of 6.4lM LPS for 30min at 37�C. The
resulting WT a-chelicerase C was diluted with 20mM
Tris–HCl, pH 8.0, containing 150mM NaCl and
0.1mg/ml of BSA. WT proB or proB-murasame
(150 nM) was activated by 1.5 nM WT a-chelicerase C
in 20mM Tris–HCl, pH 8.0, containing 150mM NaCl
and 0.1mg/ml of BSA at 37�C. The amidase activities
of the aliquots at the indicated times were determined
by incubation with 0.4mM t-butoxycarbonyl (Boc)-
Leu-Thr-Arg-4-methylcoumaryl-7-amide (MCA)
(Peptide Institute, Osaka, Japan) for 5min at 37�C,
and 10% acetic acid was added to terminate the reac-
tion. The rate of substrate hydrolysis was measured
fluorometrically with excitation at 380 nm and emis-
sion at 440 nm (22).

Polyethylene glycol-switch assay

WT proB or proB-murasame (5.0 lM) was incubated
with 500 mM polyethylene glycol-photocleavable mal-
eimide (PEG-PCMal) (Dojindo, Kumamoto, Japan)
in 50mM Tris–HCl, pH 7.5, containing 0.1M NaCl
for 90min at 37�C under the pH conditions recom-
mended by the reagent protocol. Unreacted PEG-
PCMal was removed by methanol/chloroform protein
precipitation. The pellet was dissolved in sampling
buffer containing 2-mercaptoethanol. Samples were
subjected to SDS–PAGE in 10% slab gel. The gel was
irradiated with UV (302nm) before being transferred
to a polyvinylidene difluoride membrane.

Activation of WT proCE

WT proB or proB-murasame (1.0 nM) was converted
to the corresponding active enzyme by incubation
with 1.7 nM WT a-chelicerase C in 20mM Tris–HCl,
pH 8.0, containing 150mM NaCl for 15min at 37�C.
The resulting WT chelicerase B or chelicerase B-mura-
same (0.5 nM) was incubated with WT proCE
(50 nM). The appearance of the H chain of WT
proCE was detected by western blotting.

Measurement of reactivity of WT serpins-1, -2 and -3 against
WT chelicerase B and chelicerase B-murasame

WT serpin-1, -2 or -3 (400 nM) was incubated with
80 nM WT chelicerase B or chelicerase B-murasame in
20mM Tris–HCl, pH 8.0, containing 150mM NaCl
and 0.1mg/ml of BSA for 30min at 37�C. The re-
sidual amidase activities of the aliquots were deter-
mined by incubation with 0.4mM Boc-Leu-Thr-Arg-
MCA for 5min at 37�C. The rate of substrate hy-
drolysis was measured as described in Measurement
of amidase activity of WT chelicerase B and chelicer-
ase B-murasame section. The second-order rate con-
stant (ki) for the inhibition of chelicerase B-murasame
by WT serpin-2 was determined as previously
described (19–21). In brief, chelicerase B-murasame
(50 nM) was incubated with WT serpin-2 (150 nM) in
20mM Tris–HCl, pH 8.0, containing 150mM NaCl
and 0.1mg/ml of BSA at 37�C. At appropriate times
(5–20min), 10-ll aliquots were removed, and the reac-
tion was terminated by the addition of 90 ll of the
buffer containing 0.4mM Boc-Leu-Thr-Arg-MCA
and the residual activity was determined at 37�C. The
ki value was calculated using the standard equation
for a second-order reaction (23).

SDS–PAGE and western blotting

Samples were subjected to SDS–PAGE in 10% or
12% slab gel according to the method of Laemmli
(24). and the gels were stained Coomassie Brilliant
Blue R-250. For western blotting, gels were trans-
ferred to a polyvinylidene difluoride membrane. After
blocking with 5% nonfat dry milk for 30min, the
membrane was incubated with rabbit polyclonal anti-
body to the B chain of chelicerase B (3) or the H chain
of CE (17), and then horseradish peroxidase conju-
gated secondary antibody (Bio-Rad Laboratories,
Hercules, CA) was applied. The membranes were then
developed with Western Bright Sirius or ECL
(Advansta, Menlo Park, CA). Images were obtained
by an Omega Lum G imaging system (Aplegen Life
Sciences, San Francisco, CA).

Kinetic analysis for the reaction between chelicerase B-mura-
same and Boc-Leu-Thr-Arg-MCA

Chelicerase B-murasame or WT chelicerase B was
incubated with Boc-Leu-Thr-Arg-MCA at 37�C in
20mM Tris–HCl, pH 8.0, containing 150mM NaCl
and 0.1mg/ml of BSA. The initial rate of hydrolysis
was measured fluorometrically with excitation at
380 nm and emission at 440 nm after adding the sub-
strate solution. A kinetic parameter (kcat/Km) of WT
chelicerase B or chelicerase B-murasame was deter-
mined under the condition of [S]<Km ([S]¼ 50lM) at
the enzyme concentration of 10 nM, as previously
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reported (17). When this condition is used, the
Michaelis–Menten equation v¼ kcat[E]t[S]/(Kmþ [S])
reduces to, since the sum total of Kmþ [S] is almost
equal to Km.

Kinetic analysis for the reaction between chelicerase B-mura-
same and the protein substrate WT ProCE

Chelicerase B-murasame was incubated with WT
proCE at 37�C in the cuvette of a spectrofluorometer
containing 20mM Tris–HCl, pH 8.0, 150mM NaCl,
0.1mg/ml of BSA and 0.2mM Boc-Leu-Gly-Arg-
MCA, the specific peptide substrate for CE (Peptide
Institute, Osaka, Japan). The hydrolysis of the peptide
substrate by the resulting WT CE was measured con-
tinuously, and the rates of the hydrolysis of the pep-
tide substrate were calculated by the tangential
velocities of the hydrolysis curves. The concentration
of WT CE converted from WT proCE by chelicerase
B-murasame was calculated using the kcat value of
WT CE, as previously described (17). Kinetic parame-
ters for the reaction between chelicerase B-murasame
and WT proCE were determined by direct liner plot-
ting (25), using the protein substrate concentrations of
50, 100, 150, 200 and 300 nM and enzyme concentra-
tions of 0.1 or 0.05 nM.

Measurement of thermal stability of chelicerase B-murasame
and proB-murasame

ProB-murasame or WT proB (300 nM) was activated
by 5 nM WT a-chelicerase C for 60min at 37�C in
20mM Tris–HCl, pH 8.0, containing 150mM NaCl
and 0.1mg/ml of BSA. To examine thermal stability
at 37�C, the resulting chelicerase B-murasame or WT
chelicerase B (100 nM) was incubated at 37�C and ali-
quots were removed at appropriate times (5–60min)
and the residual amidase activity was assayed using
0.4mM Boc-Leu-Thr-Arg-MCA. Next, chelicerase B-
murasame or WT chelicerase B (100 nM) was heat-
treated at various temperatures (37–90�C) for 10min.
After cooling on ice, the residual amidase activity of
the aliquots was determined by incubation with
0.4mM Boc-Leu-Thr-Arg-MCA for 5min at 37�C.
For measurement of the thermal stability of the

zymogens, proB-murasame or WT proB (100nM) was
heat-treated at various temperatures (37–90�C) for
10min in 20mM Tris–HCl, pH 8.0, containing
150mM NaCl and 0.1mg/ml of BSA. After cooling
on ice, 50 nM of heat-treated WT proB or proB-mura-
same was activated by incubation with 1.0 nM WT a-
chelicerase C for 60min in the presence of 40 nM
LPS. The residual amidase activity of the aliquots was
determined by using 0.4mM Boc-Leu-Thr-Arg-MCA
for 5min at 37�C. The rate of substrate hydrolysis
was measured as described in Measurement of ami-
dase activity of WT chelicerase B and chelicerase B-
murasame section.

Statistical analysis

Statistical analysis was performed by paired t-tests. P-
values <0.05 were considered to be statistically
significant.

Results

Proteolytic activation of WT proB by WT a-chelicer-
ase C requires a proper order of the two-step
cleavages
Native proB purified from haemocytes is a mixture of
the single-chain and two-chains forms of zymogen,
both of which are converted to active chelicerase B by
a-chelicerase C in the presence of LPS (3, 26). The -
Arg103-Ser104- bond of proB (the cleavage site 1) is
cleaved to form the two-chain form of zymogen by an
unknown protease on the secretion pathway in hae-
mocytes or by a-chelicerase C after secretion, and as a
result, the two-chain form of zymogen appears, fol-
lowed by cleavage at the -Ile124-Ile125- bond (the cleav-
age site 2) by a-chelicerase C to convert the two-chain
form of zymogen to the active two-chain form of che-
licerase B (Fig. 1C) (11). WT proB, prepared in
HEK293S GnTI� cells, also contains the two forms of
zymogen, and the activation rate of WT proB is
assessed by detecting the appearance of the B chain
through the cleavage at site 2 by western blotting
using an anti-B chain antibody (17).

To determine whether the two cleavage reactions at
the sites 1 and 2 require a proper order to produce the
active two-chain form protease of chelicerase B, a
noncleavable mutant at site 1, i.e. a mutant for proB
(R103A-proB) in which Arg103 is replaced with Ala,
was prepared. WT proB and the R103A-proB mutant
were, respectively, incubated with WT a-chelicerase C
in the presence of LPS and subjected to western blot-
ting (Fig. 2A). The B chain of WT chelicerase B
appeared at 5min of incubation and the cleavage reac-
tion at site 2 increased in an incubation time-depend-
ent manner (Fig. 2A, left panel and Fig. 2B).

In contrast, the appearance of the B chain derived
from the R103A-proB mutant was very slow, com-
pared to the appearance of the B chain derived from
WT proB, and a faint band of the B chain was
observed by western blotting after 20min of incuba-
tion (Fig. 2A, right panel and Fig. 2B), indicating that
the proteolytic conversion of proB to chelicerase B
through the two cleavage reactions requires the proper
order—namely, the cleavage reaction at site 1 must
precede that at site 2.

Preparation of ProB-murasame equipped with a
regenerated disulphide for the missing HLDS and
confirmation of the HLDS formation in ProB-
murasame
To regenerate the missing HLDS in WT proB, Ala170

in proB was replaced with Cys using site-directed mu-
tagenesis to obtain proB-murasame as described
below in Experimental procedures section. To deter-
mine whether Cys170 introduced in proB-murasame
interacts with Cys154 to form the HLDS, a polyethyl-
ene glycol-switch assay was conducted by using the
thiol-binding reagent, PEG-PCMal.

In the PEG-PCMal system, proteins reacted with
the reagent result in lower mobility by �5 kDa per
free-Cys residue on SDS–PAGE. WT proB or proB-
murasame was incubated with a 100-fold molar excess
of PEG-PCMal and subjected to western blotting
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using the anti-B chain antibody. PEG-PCMal was
incorporated into the single-chain form of WT proB
with 55 kDa or the H chain of the two-chain form of
WT proB with 35 kDa, resulting in the lower mobility
protein bands of 60 and 40 kDa, respectively (Fig. 3,
lanes 1 and 2). About 60% of the single-chain form of
WT proB or the H chain of the two-chain form of
WT proB was modified with PEG-PCMal, based on
the densitometric analysis, suggesting that �40% of
Cys154 of WT chelicerase B in this preparation may
form a mixed disulphide linked with cysteine or a
small compound such as glutathione. In contrast, no
band shift was observed in proB-murasame in the
presence of PEG-PCMal under the same conditions
used for WT proB (Fig. 3, lanes 3 and 4). These find-
ings indicate that Cys170 substituted in proB-mura-
same reacts with Cys154 to regenerate the HLDS.

The conversion rate of proB-murasame into chelicer-
ase B-murasame by WT a-chelicerase C
To determine whether the substitution of Ala170 to
Cys affects the activation rate of proB-murasame by
WT a-chelicerase C, WT proB and proB-murasame
were, respectively, incubated with WT a-chelicerase C

in the presence of LPS and subjected to western blot-
ting using the anti-B chain of chelicerase B. The con-
version rate of proB-murasame into chelicerase B-
murasame by a-chelicerase C was indistinguishable
from that of WT proB into WT chelicerase B by a-
chelicerase C (Fig. 4A and B), indicating that the
Ala170 to Cys substitution has no effect on the conver-
sion rate of proB-murasame into chelicerase B-mura-
same by a-chelicerase C.

The activating samples of WT proB and proB-mur-
asame by a-chelicerase C exhibited amidase activity
for a specific peptide substrate, Boc-Leu-Thr-Arg-
MCA (17, 26), which was correlated with the conver-
sion of WT proB into WT chelicerase B (Fig. 4C).
Surprisingly, chelicerase B-murasame exhibited at
least an order of magnitude stronger amidase activity
than WT chelicerase B (Fig. 4C).

Determination of the kcat/Km value of chelicerase B-
murasame for the specific peptide substrate
We previously determined the kcat/Km value of WT
chelicerase B for the Boc-Leu-Thr-Arg-MCA (kcat/
Km¼ 5,300M�1 s�1), rather than an independent Km

or kcat value for the substrate, because WT chelicerase
B showed a very large Km value (>200lM) for the
peptide substrate (17). In this study, the kcat/Km value
of chelicerase B-murasame for this peptide substrate
was determined under conditions identical to those in
the previous study, i.e. [S]<Km at the enzyme concen-
tration of 10 nM, as described in Experimental proce-
dures section. ProB-murasame or WT proB was fully
converted into the active form by a 6-h incubation at
37�C with WT a-chelicerase C in the presence of LPS.
As expected, the kcat/Km of the resulting chelicerase B-
murasame was much higher than the corresponding
value for WT chelicerase B—i.e. chelicerase B-
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Fig. 2. The proper order of the two-step cleavage reactions is essen-

tial for the proteolytic activation of proB by a-chelicerase C. (A)
WT proB or the R103A-proB mutant (50 nM) was incubated with
WT a-chelicerase C (1 nM) in the presence of 20 nM LPS at 37�C,
and aliquots at the incubated times were subjected to western blot-
ting using the anti-B chains antibody. S, the single chain of WT
proB or the R103A-proB mutant; H, the heavy chain of WT
proB; B, the B chain derived from WT chelicerase B or the acti-
vated R103A-proB mutant. (B) The densities of the S, H and B
chains derived from WT proB (open circles) or the R103A-proB
mutant (closed circles) were analysed with ImageJ software, and
the relative band intensities of B/(SþHþB) are shown on the ver-
tical axis. Data are the means6 SEM of three independent experi-
ments. *P< 0.05, **P< 0.01, ***P< 0.001.
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proB or proB-murasame; S*, the single chain of WT proB modi-
fied with PEG-PCMal; H*, the heavy chain of WT proB modified
with PEG-PCMal.
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murasame had a kcat/Km value of 70,000M�1 s�1, 13-
fold higher than that of the WT chelicerase B
(Table I).

The proteolytic activity of chelicerase B-murasame
for the conversion of the protein substrate WT
proCE into WT CE
To examine whether chelicerase B-murasame exhibits
higher proteolytic activity for the conversion of the
protein substrate WT proCE than WT chelicerase B,
chelicerase B-murasame and WT chelicerase B were,
respectively, incubated with WT proCE at [E]/[S]¼ 1/
100, and the time course of proteolytic conversion of
proCE to CE was evaluated by the appearance of the
H chain of CE on western blotting using an antibody
to the H chain of CE (Fig. 5A). The relative band in-
tensity of the H chain of WT CE produced by cheli-
cerase B-murasame at 1-min incubation was 6.5-fold
higher than that produced by WT chelicerase B
(Fig. 5B), indicating that the proteolytic activity of
chelicerase B-murasame for the conversion of WT
proCE to CE is higher than that of WT chelicerase B.

Kinetic parameters of chelicerase B-murasame for
the protein substrate WT proCE
We previously determined the kinetic parameters of
WT chelicerase B for the protein substrate WT proCE
(17). Using the same kinetic methodology, the kinetic
parameters of chelicerase B-murasame for WT proCE
were determined as described in Experimental proce-
dures section. The Km value of chelicerase B-mura-
same was equivalent to that of WT chelicerase B,
whereas the kcat value of chelicerase B-murasame was
�8-fold higher than that of WT chelicerase B, result-
ing in an 8.5-fold higher kcat/Km value of chelicerase
B-murasame compared to that of WT chelicerase B
(Table II).

Thermal stability of chelicerase B-murasame and
proB-murasame
WT chelicerase B and chelicerase B-murasame main-
tained their original amidase activity during the incuba-
tion at 37�C for at least 60min (Fig. 6A). Due to the
regeneration of the HLDS in chelicerase B-murasame, we
considered that chelicerase B-murasame might retain
more structural stability than WT chelicerase B. To
examine this possibility, we analysed the thermal stability
of chelicerase B-murasame, chelicerase B-murasame and
WT chelicerase B by heat-treating each for 10min at 37–
90�C, and measuring their remaining amidase activities

Table I. The kcat/Km values of chelicerase B-murasame and WT

chelicerase B for Boc-Leu-Thr-Arg-MCAa

Proteases kcat/Km (M21 s21)

Chelicerase B-murasame 70,0006 2,000
WT chelicerase B 5,4006 180

aData are means6SEM from three independent experiments.
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Fig. 4. The regenerated HLDS in proB-murasame does not affect

the activation rate by WT a-chelicerase C and increases the amidase

activity against Boc-Leu-Thr-Arg-MCA. (A) WT proB or proB-
murasame (50 nM) was incubated with WT a-chelicerase C (5 nM)
in the presence of LPS (4 nM) at 37�C, and aliquots at the incu-
bated times were subjected to western blotting using anti-B chain
antibody. Data are representative of three independent experi-
ments. (B) The densities of the single chain of WT proB or proB-
murasame (S) and the H (H) and B (B) chains of WT proB (open
circles) or proB-murasame (closed circles) were analysed with
ImageJ software, and the relative band intensities of B/(SþHþB)
are shown on the vertical axis. C, WT proB (open circles) or proB-
murasame (closed circles) (150 nM) was incubated with WT a-cheli-
cerase C (1.5 nM) in the presence of LPS (60 nM), and the amidase
activities of the resulting WT chelicerase B and chelicerase B-mur-
asame at the indicated times were assayed using Boc-Leu-Thr-Arg-
MCA. Units of amidase activity were defined as micromoles of
digested synthetic substrate per min, and specific activity was
expressed as units per nanomole of WT proB or proB-murasame.
Data are the means6SEM of three independent experiments.
*P< 0.05, **P< 0.01.
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at 37�C using Boc-Leu-Thr-Arg-MCA. The amidase ac-
tivity of WT chelicerase B decreased rapidly after the
heat treatment at 50�C and almost disappeared at 60�C.
In contrast, chelicerase B-murasame maintained �60%
of the original amidase activity after the heat treatment
at 60�C (Fig. 6B).
To examine the thermal stability of their zymogens,

proB-murasame and WT proB were also heat-treated
under the identical conditions, and then the heat-
treated zymogens were activated by WT a-chelicerase
C, and the resulting amidase activities of the

converted proteases were assayed. The heat treatment
of WT proB at 50�C resulted in the complete loss of
the original amidase activity, whereas proB-murasame
retained �65% of the original amidase activity after

Table II. The kinetic parameters of chelicerase B-murasame and

WT chelicerase B for WT proCEa

Proteases Km (nM) kcat (s
21) kcat/Km (M21 s21)

Chelicerase B-murasame 1906 13 0.336 0.08 1,700,0006 400,000
WT chelicerase Bb 1906 45 0.046 0.005 200,0006 30,000

aData are means6 SEM from three independent experiments.
bThese parameters are cited from Ref. 17.
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(A) WT proCE (50 nM) was incubated with WT chelicerase B or
chelicerase B-murasame (0.5 nM), and aliquots at the indicated
times were subjected to western blotting using the anti-H chain
(CE) antibody. (B) The densities of the single (S) and H (H) chains
derived from WT proCE activated by WT chelicerase B (open
circles) or chelicerase B-murasame (closed circles) were analysed
with ImageJ software, and the relative band intensities of H/
(SþH) are shown on the vertical axis. Data are the means6 SEM
of three independent experiments. *P< 0.05, **P< 0.01,
***P< 0.001.
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Fig. 6. Thermal stability of WT chelicerase B, chelicerase B-mura-

same and their zymogens. (A) WT chelicerase B (open circles) or
chelicerase B-murasame (closed circles) (100 nM) was incubated at
37�C and aliquots were removed at appropriate times (5–60min)
and the residual amidase activity was assayed using Boc-Leu-Thr-
Arg-MCA. (B) WT chelicerase B (open circles) or chelicerase B-
murasame (closed circles) (100 nM) was heat-treated at the indi-
cated temperatures for 10min. After cooling on ice, the residual
amidase activity was assayed using Boc-Leu-Thr-Arg-MCA. (C)
WT proB (open circles) or proB-murasame (closed circles)
(100 nM) was heat-treated at the indicated temperatures for
10min. After cooling on ice, the heat-treated zymogens were acti-
vated by chelicerase C in the presence of LPS and the residual
amidase activities were assayed as described in Experimental pro-
cedures section. The amidase activities derived from the zymogens
incubated at 37�C were defined as 100% activity. Data are the
means6 SEM of three independent experiments. *P< 0.05,
**P< 0.01.
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the heat treatment at 50�C under the identical condi-
tions (Fig. 6C). These findings indicate that the regen-
eration of the HLDS reinforced the thermal stability
of both chelicerase B-murasame and proB-murasame.

The reactivity of serpins against WT chelicerase B
and chelicerase B-murasame
When a serpin-protease complex is formed through
the nucleophilic attack of Ser195 of a target serine pro-
tease against the cleavage site on the reactive centre
loop (RCL) of a serpin to form an ester bond
(Fig. 7A), the serpin undergoes its conformational
changes at a rate faster than the hydrolysis of the ester
bond and twists the three-dimensional arrangement of
the catalytic triads of the target protease so that the
hydrolysis of the ester bond occurs at an extremely
low speed (27, 28).
Three horseshoe crab serpins have been identified

from haemocytes, serpin-1 (19), serpin-2 (20) and
serpin-3 (21), and each exhibits different selectivity,
depending on the sequences of the corresponding

cleavage sites at their RCLs (Fig. 7A): serpins-1, -2
and -3 specifically inhibit a-chelicerase C, CE and
chelicerase G, respectively (19–21). However, the re-
activity of these serpins against chelicerase B has
not been examined. To examine this reactivity, we
prepared WT serpins-1, -2 and -3 in HEK293S
GnTI� cells.

To determine the reactivity of the three serpins
against WT chelicerase B and chelicerase B-mura-
same, each WT serpin was mixed with WT chelicer-
ase B or chelicerase B-murasame; the remaining
activity was then measured using Boc-Leu-Thr-Arg-
MCA. None of the three WT serpins inhibited the
amidase activity of WT chelicerase B at a 5-molar
excess of each WT serpin against WT chelicerase B
(Fig. 7B). In contrast, the original activity of cheli-
cerase B-murasame was almost inhibited by WT ser-
pin-2 under the identical conditions (Fig.7B). The
second-order rate constant for inhibition of cheli-
cerase B-murasame by WT serpin-2 was determined
to be ki¼ 6.0� 103 6 0.7� 103M�1 s�1.

Native chelicerase B purified from haemocytes
exhibited Arg specificity at the P1 site of synthetic
peptide substrates (26) and therefore, there is a possi-
bility that the regenerated HLDS in chelicerase B-
murasame may change the substrate specificity at the
P1 site of chelicerase B from Arg to Lys, since the
cleavage residue of serpin-2 is Lys350 (Fig. 7A).
However, chelicerase B-murasame and WT chelicerase
B did not cleave a peptide substrate for plasmin, Boc-
Val-Leu-Lys-MCA, under the same assay conditions
used for Boc-Leu-Thr-Arg-MCA.

Effects of proB-murasame on the coagulation cas-
cade reconstituted by recombinant zymogens
To evaluate the effect of proB-murasame on the LPS-
triggered coagulation cascade, the cascade was recon-
stituted by mixing WT proC, WT proB and WT
proCE (WT cascade-111) or WT proC, proB-mura-
same and WT proCE (cascade-murasame-111) at an
equimolar ratio of 1:1:1. The expression time course
of the amidase activity of WT CE, the final product
produced by the proteolytic cascade triggered in the
presence of LPS, was monitored using a specific fluo-
rogenic peptide substrate, Boc-Leu-Gly-Arg-MCA.
Typical hydrolysis curves for the expression time
course of the amidase activities of WT CE produced
in both the cascade systems triggered by 100 nM LPS
are shown in Fig. 8A.

The rates of hydrolysis of the peptide substrate
were calculated by the tangential velocities of the hy-
drolysis curve, and the concentrations of WT CE pro-
duced were calculated using the kcat value as described
in Experimental procedures section. The concentra-
tions of WT CE produced after the 2-min incubation
trigged by the different concentrations of LPS were
determined and are shown in Fig. 8B. The amount of
WT CE produced increased with the dose of LPS
from 1.0 to 100 nM in a dose-dependent manner.
Throughout the range of these LPS concentrations,
the amount of WT CE produced in cascade-mura-
same-111 was �5-fold higher than that of WT CE
produced in WT cascade-111, indicating that cascade-
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Fig. 7. The residual amidase activities of WT chelicerase B and che-

licerase B-murasame after the reaction with WT serpins-1, -2 and -

3. (A) Three-dimensional structure of human antitrypsin (PDB:
1QLP), drawn by PyMOL and putative positions of cleavage sites
of horseshoe crab serpins-1, -2 and -3 are shown. The RCL of
human antitrypsin is indicated by a dashed ellipse and the esti-
mated position of the reactive site for serpins-1, -2 or -3 is indi-
cated by an arrow. (B) Each serpin (400 nM) was incubated with
WT chelicerase B or chelicerase B-murasame (80 nM) for 30min at
37�C, and the residual amidase activities were assayed using Boc-
Leu-Thr-Arg-MCA. Data are the means6SEM of three independ-
ent experiments. **P< 0.01.
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murasame-111 converted proCE to CE more efficient-
ly than WT cascade-111.

On the other hand, the higher concentrations of
LPS (>100 nM) suppressed the production of WT CE
both in WT cascade-111 and cascade-murasame-111
(Fig. 8B), which phenomenon was also observed in
the case of the LPS-triggered autocatalytic activation
of native proC isolated from haemocytes (29). To ex-
tend the linearity of the LPS-dependent production of
WT CE in cascade-murasame-111, the cascade was
reconstituted by mixing WT proC, proB-murasame
and WT proCE at a molar ratio of 5:1:1 (cascade-
murasame-511). As expected, the linearity of the LPS
dose-dependency in cascade-murasame-511 was
expanded, ranging from 1.0 to 1,000 nM (Fig. 8C).

Discussion

The three independent disulphides, HLDS, MLDS
and SLDS, are conserved in the trypsinogen- or chy-
motrypsinogen-family members and are located
around the catalytic triad and the substrate binding
pocket (Fig. 1A). Each of them may contribute to sta-
bilization of the tertiary structure of these family
members, leading to the retention of the catalytic ac-
tivity. However, proB, one of the zymogens constitut-
ing the LPS-triggered horseshoe crab coagulation
cascade, evolutionarily lost the HLDS. Moreover, sev-
eral serine protease zymogens involved in the mamma-
lian complement system, including C1r (30, 31), C1s
(32) and MASP2 (33), also evolutionarily lost their
HLDS (Fig. 1B). Sim reported that the substrate spe-
cificity of the activated C1r for synthetic ester sub-
strates is very narrow, whereas that of the activated
C1s is broad, allowing C1s to hydrolyze a wide range
of ester substrates (34). Therefore, Arlaud and
Gagnon demonstrated that the missing HLDS in C1r
and C1s cannot be related to precise functional char-
acteristics of C1r or C1s; though both complement
factors differ from most other mammalian serine pro-
teases in vivo, they function in a high-molecular weight
complex, not as dissociated enzymes (35).

In this study, a recombinant with the HLDS regen-
erated in proB, named proB-murasame, was prepared.
ProB-murasame was converted into the active form
chelicerase B-murasame by WT a-chelicerase C in the
presence of LPS at a conversion rate indistinguishable
from that of WT proB (Fig. 4A and B). The regener-
ation of the HLDS caused the kcat/Km value of cheli-
cerase B-murasame for the specific peptide substrate
to be 13-fold higher than that of WT chelicerase B
(Table I). For the protein substrate WT proCE, cheli-
cerase B-murasame exhibited an 8-fold higher kcat
value than that of WT chelicerase B, whereas the Km

value of chelicerase B-murasame was equivalent to
that of WT chelicerase B (Table II). These findings
suggest that HLDS contributes to the maintenance of
an optimal three-dimensional conformation around
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Fig. 8. Effect of proB-murasame on the coagulation cascade recon-

stituted by recombinant zymogens. (A) A mixture of 10 nM each of
WT proC, WT proB and WT proCE (WT casdade-111, dashed
line) or a mixture of 10 nM each of WT proC, proB-murasame
and WT proCE (cascade-murasame-111, solid line) was incubated
at 37�C in a cuvette. The proteolytic cascades were triggered by
adding 100 nM LPS, and the concentration of 7-amino-4-methyl-
coumarin (AMC) released from Boc-Leu-Gly-Arg-MCA by the
resulting CE was monitored. Data are representative of three inde-
pendent experiments. (B) The mixture of WT cascade-111 (open
circles) or cascade-murasame-111 (closed circles) was incubated at
37�C in a cuvette. The proteolytic cascades were triggered by add-
ing 1–10,000 nM LPS and the concentration of the resulting WT
CE per min was estimated from the concentration of AMC at 2-
min after adding LPS. Data are the means6 SEM of three inde-
pendent experiments. (C) The mixture of cascade-murasame-111
(open circles) or cascade-murasame-511 (50 nM WT proC, 10 nM
proB-murasame and 10 nM WT proCE, closed circles) was incu-
bated at 37�C in a cuvette. The proteolytic cascades were triggered
by adding 1–10,000 nM LPS, and the concentration of the result-
ing WT CE per min was estimated from the concentration of
AMC at 2min after adding LPS. Data are representative of three
independent experiments. *P< 0.05, **P< 0.01.
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the catalytic triad to increase the catalytic turnover
number of chelicerase B-murasame.
Previously, Varallyay et al. found that elimination

of the SLDS in chymotrypsin or trypsin by the re-
placement of Cys191 with Ala using site direct muta-
genesis caused a decrease in the kcat/Km values of two
to three orders of magnitude to their specific peptide
substrates, mainly as a consequence of an increase in
the Km values, indicating that the SLDS in chymo-
trypsin or trypsin-family members is essential to main-
tain their substrate recognition (36). On the other
hand, the effect of the missing HLDS on the catalytic
activity of chelicerase B may become clear, when the
kcat/Km value of chelicerase B is compared with that
of CE, which is equipped with the HLDS in the identi-
cal domain composition to chelicerase B (Fig. 1C); the
kcat/Km value of WT chelicerase B (5,300M�1 s�1) for
the specific substrate Boc-Leu-Thr-Arg-MCA is only
one seven-hundredth of that of WT CE
(3,600,000M�1 s�1) for the specific substrate Boc-Leu-
Gly-Arg-MCA (17).
The higher structural stability of chelicerase B-mur-

asame or proB-murasame compared to WT chelicer-
ase B or WT proB was found by comparing their
thermal stability (Fig. 6B and C). Notably, chelicerase
B-murasame retained �60% of its original amidase
activity after the heat treatment at 60�C, although the
amidase activity of WT chelicerase B almost disap-
peared by the heat treatment at 60�C (Fig. 6B). These

findings indicate that the absence of the HLDS lowers
the structural stability of both proB and chelicerase B.

Serpins-1, -2 and -3 are secreted from haemocytes
through LPS-induced exocytosis, accompanied by se-
cretion of the coagulation factors proC, proB, proCE
and proG (2). Generally, each mammalian serpin
functions as a scavenger for a target serine protease
that has fulfilled its duty, and the resulting serpin-en-
zyme complex (SEC) is rapidly cleared from the reac-
tion site through a cell-surface receptor, the SEC
receptor, that recognizes a neodomain composed of
five hydrophobic amino acid residues exposed on the
serpin molecule of the SEC (28, 37). The hydrophobic
consensus sequence is conserved in the COOH-termin-
al region of mammalian serpins, and horseshoe crab
serpins-1, -2 and -3 also contain a homologous con-
sensus sequence in the corresponding region, indicat-
ing the presence of a similar SEC-dependent clearance
system in the haemolymph coagulation system in
horseshoe crabs (19–21).

Serpins-1, -2 and -3 purified from haemocytes specific-
ally inhibit a-chelicerase C (the second-order rate con-
stant ki¼ 2.5� 106M�1 s�1), CE (4.3� 105M�1 s�1) and
chelicerase G (3.9� 105M�1 s�1), respectively (19–21).
The amino acid residue of the reactive site of serpins, cor-
responding to the P1 site of substrates, generally reflects
the substrate specificity of target serine proteases. The
cleavage site of serpin-2 is Lys350 (Fig. 7A) and the select-
ivity of serpin-2 against target proteases seem to be in

ProB B
ProC CC

ProCE CE

ProC

C
Clearance

Serpin-1

CE
Clearance

Serpin-2

Wound healing?

LPS

Fig. 9. An activation and regulation model for the LPS-triggered haemolymph coagulation in horseshoe crabs. ProC is autocatalytically acti-
vated to a-chelicerase C (shown as the capital letter C) through an active transition state of proC responding to LPS, and the resulting a-che-
licerase C activates proB to chelicerase B (capital letter B) on the surface of LPS, which activates proCE to CE (capital letter CE). After
performing their duties for the cascade, the activated proteases a-chelicerase C and CE, but not chelicerase B, are cleared by reacting with
the corresponding scavengers, serpins-1 and -2, respectively, through the SEC receptor system. The remaining activity of chelicerase B on
LPS may trigger as-yet-unsolved phenomena, such as clot-clearance, wound healing and restoration of cuticles. The reactive sites of serpins-
1 and -2 are indicated by grey circles and grey triangles, respectively, on their RCLs in grey.
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good agreement with the previous kinetic study, because
serpin-2 strongly inhibits plasmin with Lys specificity at
the P1 site (1.2� 106M�1 s�1). On the other hand, ser-
pin-2 inhibits CE (described above), human a-thrombin
(2.1� 105M�1 s�1) and rat salivary kallikrein
(1.4� 105M�1 s�1) with Arg specificity at the P1 site
(20). In this study, chelicerase B-murasame but not WT
chelicerase B was inhibited by WT serpin-2 with
ki¼ 6.0� 103M�1 s�1. Moreover, chelicerase B-mura-
same did not cleave Boc-Val-Leu-Lys-MCA. These find-
ings suggest that serpin-2 has broad selectivity against
trypsin-family members with Arg or Lys specificity at the
P1 site and that the regeneration of HLDS in chelicerase
B does not change its substrate specificity at the P1 site
from Arg to Lys.
Interestingly, none of the three WT serpins-1, -2

and -3 exhibited any reactivity to WT chelicerase B
(Fig. 7B). These findings suggest that WT chelicerase
B escapes from the clearance system through the SEC
receptor after performing its duty for the haemolymph
coagulation cascade at injured sites, and that the
remaining activity of WT chelicerase B on the surface
of LPS may play important roles to trigger as-yet-un-
solved phenomena in horseshoe crabs, such as clot-
clearance, wound healing and restoration of cuticles
(Fig. 9).
A reagent prepared from haemocyte lysates of

horseshoe crabs is used in the Limulus test, a sensitiv-
ity test for monitoring LPS contamination in paren-
teral drugs and biologics. We recently developed an
LPS-detection reagent using the recombinants WT
proC, WT proB and WT proCE to emerge from our
dependence on the limited natural resource of horse-
shoe crab haemocytes (16). Here we showed that cas-
cade-murasame-111 exhibited �5-fold higher CE
production than WT cascade-111 (Fig. 8A and B). In
addition, the linearity of the LPS dose-dependency in
cascade-murasame-111 could be expanded by increas-
ing the molar ratio of WT proC to the other zymo-
gens, such as cascade-murasame-511 (Fig. 8C),
although more detailed experiments are required to
obtain optimal conditions for practical use. We pro-
pose that proB-murasame might be used as a next-
generation reagent for LPS detection, when used to-
gether with the high value-adding protease zymogen.

Supplementary Data

Supplementary Data are available at JB Online.

Author contributions

K.Y., N.T., A.A., T.S., Y.K. and S.K. designed the
experiments. K.Y., N.T., A.A. and Y.K. performed
the experiments. K.Y., N.T., A.A., T.S., Y.K. and
S.K. analysed the data and interpreted the experimen-
tal results. K.Y., T.S. and S.K. wrote the paper.

Acknowledgements

We thank Yuko Fukuda (Graduate School of Systems Life
Sciences, Kyushu University, Fukuoka, Japan) for technical assist-
ance with the production of the recombinant serpins. We also

thank Drs. Hikaru Mizumura and Toshio Oda (Seikagaku
Corporation, Tokyo) for their helpful input on this study.

Funding
This study was supported by the joint research fund of the
Seikagaku Corporation.

Conflict of Interest
None declared.

References

1. Shibata, T., Kobayashi, Y., Ikeda, Y., and Kawabata,
S. (2018) Intermolecular autocatalytic activation of ser-
ine protease zymogen factor C through an active tran-
sition state responding to lipopolysaccharide. J. Biol.
Chem. 293, 11589–11599

2. Kawabata, S. and Muta, T. (2010) Sadaaki Iwanaga:
discovery of the lipopolysaccharide- and
b-1,3-D-glucan-mediated proteolytic cascade and
unique proteins in invertebrate immunity. J. Biochem.
147, 611–618

3. Kobayashi, Y., Takahashi, T., Shibata, T., Ikeda, S.,
Koshiba, T., Mizumura, H., Oda, T., and Kawabata,
S. (2015) Factor B is the second lipopolysaccharide--
binding protease zymogen in the horseshoe crab coagu-
lation cascade. J. Biol. Chem. 290, 19379–19386

4. Kobayashi, Y., Shiga, T., Shibata, T., Sako, M.,
Maenaka, K., Koshiba, T., Mizumura, H., Oda, T.,
and Kawabata, S. (2014) The N-terminal Arg residue is
essential for autocatalytic activation of a lipopolysac-
charide-responsive protease zymogen. J. Biol. Chem.
289, 25987–25995

5. Koshiba, T., Hashii, T., and Kawabata, S. (2007) A
structural perspective on the interaction between lipo-
polysaccharide and factor C: a receptor involved in rec-
ognition of gram-negative bacteria. J. Biol. Chem. 282,
3962–3967

6. Hartley, B.S. (1970) Homologies in serine proteinase.
Philos. Trans. R. Soc. Lond. B 257, 77–87

7. Mihalyi, E. (1978) Proteolytic enzymes in Application
of Proteolytic Enzymes to Protein Structure Studies,
2nd edn, pp. 43–127, CRC Press, Inc., West Palm
Beach, FL

8. Muta, T., Miyata, T., Misumi, Y., Tokunaga, F.,
Nakamura, T., Toh, Y., Ikehara, Y., and Iwanaga, S.
(1991) Limulus factor C. An endotoxin-sensitive serine
protease zymogen with a mosaic structure of comple-
ment-like, epidermal growth factor-like, and lectin-like
domains. J. Biol. Chem. 266, 6554–6561

9. Seki, N., Muta, T., Oda, T., Iwaki, D., Kuma, K.,
Miyata, T., and Iwanaga, S. (1994) Horseshoe crab
(1,3)-b-D-glucan-sensitive coagulation factor G. J. Biol.
Chem. 269, 1370–1374

10. Muta, T., Hashimoto, R., Miyata, T., Nishimura, H.,
Toh, Y., and Iwanaga, S. (1990) Proclotting enzyme
from horseshoe crab hemocytes: cDNA cloning, disul-
fide locations, and subcellular localization. J. Biol.
Chem. 265, 22426–22433

11. Muta, T., Oda, T., and Iwanaga, S. (1993) Horseshoe
crab coagulation factor B. A unique serine protease
zymogen activated by cleavage of an Ile-Ile bond. J.
Biol. Chem. 268, 21384–21388

12. Srimal, S., Miyata, T., Kawabata, S., Miyata, T., and
Iwanaga, S. (1985) The complete amino acid sequence
of coagulogen isolated from Southeast Asian horseshoe

A serine protease with a regenerated disulphide

499

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/170/4/489/6284137 by (D

) Kyushu U
 M

ed Lib user on 08 D
ecem

ber 2021

https://academic.oup.com/jb/article-lookup/doi/10.1093/jb/mvab064#supplementary-data


crab, Carcinoscorpius rotundicauda. J. Biochem. 98,
305–318

13. Zhou, Y., Liang, Y., Yan, Q., Zhang, L., Chen, D.,
Ruan, L., Kong, Y., Shi, H., Chen, M., and Chen, J.
(2020) The draft genome of horseshoe crab Tachypleus
tridentatus reveals its evolutionary scenario and well-de-
veloped innate immunity. BMC Genomics 21, 137–151

14. Levin, J., Hochstein, H.D., and Novitsky, T.J. (2003)
Clotting cells and Limulus amebocyte lysate: an amazing
analytical tool in The American Horseshoe Crab (C.N.,
Shusetr, R.B., Barlow, and H.J., Brockmann, eds.), pp.
310–340, Harvard University Press, Cambridge, MA

15. Armstrong, P.B. (2003) Internal defense against patho-
genic invasion: the immune system in The American
Horseshoe Crab (C.N., Shusetr, R.B., Barlow, and
H.J., Brockmann, eds.), pp. 288–309, Harvard
University Press, Cambridge, MA

16. Mizumura, H., Ogura, N., Aketagawa, J., Aizawa, M.,
Kobayashi, Y., Kawabata, S., and Oda, T. (2017)
Genetic engineering approach to develop next-genera-
tion reagents for endotoxin quantification. Innate
Immun. 23, 136–146

17. Yamashita, K., Shibata, T., Takahashi, T., Kobayashi,
Y., and Kawabata, S. (2020) Roles of the clip domains
of two protease zymogens in the coagulation cascade in
horseshoe crabs. J. Biol. Chem. 295, 8857–8866

18. Hashiguchi, T., Kajikawa, M., Maita, N., Takeda, M.,
Kuroki, K., Sasaki, K., Kohda, D., Yanagi, Y., and
Maenaka, K. (2007) Crystal structure of measles virus
hemagglutinin provides insight into effective vaccines.
Proc. Natl. Acad. Sci. USA 104, 19535–19540

19. Miura, Y., Kawabata, S., and Iwanaga, S. (1994) A
Limulus intercellular coagulation inhibitor with character-
istics of the serpin superfamily. Purification, characteriza-
tion, and cDNA cloning. J. Biol. Chem. 269, 542–547

20. Miura, Y., Kawabata, S., Wakamiya, Y., Nakamura,
T., and Iwanaga, S. (1995) A Limulus intercellular co-
agulation inhibitor type 2. Purification, characteriza-
tion, cDNA cloning, and tissue localization. J. Biol.
Chem. 270, 558–565

21. Agarwala, K.L., Kawabata, S.I., Miura, Y., Kuroki,
Y., and Iwanaga, S. (1996) Limulus intracellular coagu-
lation inhibitor type 3. Purification, characterization,
cDNA cloning, and tissue localization. J. Biol. Chem.
271, 23768–23774

22. Kawabata, S., Miura, T., Morita, T., Kato, H.,
Fujikawa, K., Iwanaga, S., Takada, K., Kimura, T.,
and Sakakibara, S. (1988) Highly sensitive peptide-4--
methylcoumaryl-7-amide substrates for blood-clotting
proteases and trypsin. Eur. J. Biochem. 172, 17–25

23. Ehrlich, H.J., Gebbink, R.K., Keijer, J., Linders, M.,
Preissner, K.T., and Pannekoek, H. (1990) Alteration
of serpin specificity by a protein cofactor. Vitronection
endows plasminogen activator inhibitor 1 with throm-
bin inhibitory. J. Biol. Chem. 265, 13029–13035

24. Laemmli, U.K. (1970) Cleavage of structure proteins
during the assembly of the head of bacteriophage T4.
Nature 227, 680–685

25. Cornish-Bowden, A. and Eisenthal, R. (1978)
Estimation of Michaelis constant and maximum vel-
ocity from the direct linear plot. Biochim. Biophys.
Acta 523, 268–272

26. Nakamura, T., Horiuchi, T., Morita, T., and Iwanaga,
T. (1986) Purification and properties of intercellular
clotting factor, factor B, from horseshoe crab
(Tachypleus tridentatus) hemocytes. J. Biochem. 99,
847–857

27. Silverman, G.A., Bird, P.I., Carrell, R.W., Church,
F.C., Coughlin, P.B., Gettins, P.G.W., Irving, J.A.,
Lomas, D.A., Luke, C.J., Moyer, R.W., Pemberton,
P.A., Remold-O’Donnell, E., Salvesen, G.S., Travis, J.,
and Whisstock, J.C. (2001) The serpins are an expand-
ing superfamily of structurally similar but functionally
diverse proteins. Evolution, mechanism of inhibition,
novel functions, and a revised nomenclature. J. Biol.
Chem. 276, 33293–33296

28. Gettins, P.G.W. and Olson, S.T. (2016) Inhibitory ser-
pins. New insights into their folding, polymerization,
regulation and clearance. Biochem. J. 473, 2273–2293

29. Nakamura, T., Tokunaga, F., Morita, T., Iwanaga, S.,
Kusumoto, S., Shiba, T., Kobayashi, T., and Inoue, K.
(1988) Intracellular serine-protease zymogen, factor C,
from horseshoe crab hemocytes. Its activation by syn-
thetic lipid A analogues and acidic phospholipids. Eur.
J. Biochem. 176, 89–94

30. Leytus, S.P., Kurachi, K., Sakariassen, K.S., and Davie,
E.W. (1986) Nucleotide sequence of the cDNA coding for
human complement C1r. Biochemistry 25, 4855–4863

31. Journet, A. and Tosi, M. (1986) Cloning and sequenc-
ing of full-length cDNA encoding the precursor of
human complement C1r. Biochem. J. 240, 783–787

32. Mackinnon, C.M., Carter, P.E., Smyth, S.J., Dunbar,
B., and Fothergill, J.E. (1987) Molecular cloning of
cDNA for human complement component C1s. The
complete amino acid sequence. Eur. J. Biochem. 169,
547–553

33. Endo, Y., Takahashi, M., Nakao, M., Saiga, H.,
Sekine, H., Matsushita, M., Nonaka, M., and Fujita,
T. (1998) Two lineage of mannose-binding lectin-asso-
ciated serine protease (MASP) in vertebrates. J.
Immunol. 161, 4924–4930

34. Sim, R.B. (1981) The human complement system serine
proteases C1r and C1s and their proenzymes. Methods
Enzymol. 80, 26–42

35. Arlaud, G.J. and Gagnon, J. (1981) C1r and C1s sub-
components human complement: two serine proteinases
lacking the histidine-loop disulphide bridge. Biosci.
Rep. 1, 779–784

36. Varallyay, E., Lengyel, Z., Graf, L., and Szilagyi, L.
(1997) The role of disulfide bond C191–C220 in trypsin
and chymotrypsin. Biochem. Biophys. Res. Commun.
230, 592–596

37. Joslin, G., Fallon, R.J., Bullock, J., Adams, S.P., and
Perlmutter, D.H. (1991) The SEC receptor recognizes a
pentapeptide neodomain of -antitrypsin-protease com-
plexes. J. Biol. Chem. 266, 11282–11288

K. Yamashita et al.

500

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/170/4/489/6284137 by (D

) Kyushu U
 M

ed Lib user on 08 D
ecem

ber 2021


	tblfn1
	tblfn2
	tblfn3



