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An intracellular serine protease zymogen, factor C, is an initiator in the hemolymph
coagulation system of horseshoe crab. We purified this zymogen from the hemocytes of the
American horseshoe crab, Limulus (L.) polyphemus, the objective being to compare its
properties with those of the Japanese horseshoe crab, Tachypleus (1) tridentatus, factor
C. The purified zymogen L.-factor C showed similar properties to those of 7.-factor C, in
terms of molecular mass (123,000), amino acid composition (1,011 residues), subunit
structure (two chains), and antigenicity. Like the zymogen T.-factor C, this zymogen was
also activated autocatalytically in the presence of bacterial lipopolysaccharide (LPS) and
its synthetic lipid A analogue. A most interesting finding is that both protease zymogens are
rapidly activated by g-chymotrypsin or rat mast cell chymase, but not by trypsin. The
active enzyme factor & showed ¢-thrombin-like specificity toward synthetic tripeptide
substrates. This factor C was also strongly imhibited by an g-thrombin inhibitor,
D-Phe-Pro-Arg-chloromethyl ketone. Thus, the enzymatic properties of factor C are similar
to those of mammalian a-thrombin. On the other hand, the coagulation cascade system
present in the hemocyte lysate was activated when chymotrypsin, free from LPS, was added
to the lysate used to detect the endotoxins. The implication of our findings is that the
chymotrypsin-catalyzed initiation of the horseshoe crab coagulation system is unique,
since all known mammalian coagulation, fibrinolysis and complement systems are initiat-
ed by trypsin-like enzymes.

Horseshoe crab hemocytes are highly sensitive to Gram-
negative bacterial endotoxins, lipopolysaccharides (LPS)
(1-3), exposure to LPS resulting in activation of intracel-
lular coagulation systems. In the Japanese horseshoe crab,
Tachypleus (T.) tridentatus, the coagulation system con-
sists of at least three intracellular serine protease zymo-
gens, named proclotting enzyme (4), factor B (5), and
factor C {6-9), in addition to the fibrinogen-like substance,
coagulogen (10, 11). These zymogens and coagulogen
constitute the cascade pathway responsible for the LPS-
mediated activation, as shown in Fig. 1 (6). Factor C is an
LPS-sensitive protease zymogen consisting of a single chain
glycoprotein with a molecular mass of 123,000. During the
LPS.mediated activation of factor C, its single chain form
is converted to a two chain intermediate form comprising
an 80 kDa heavy chain and a 43 kDa light chain, and the
latter is subsequently transformed to a 7.9 kDa A chain and

1 This work was supported by a Grant-in-Aid from the Ministry of
Education, Science and Culture of Japan.

2 T whom correspondence should be addressed.

Abbreviations: LPS, lipopolysaccharide; factor C, activated factor C;
T, Tachypleus; L., Limulus; Boc, N-tert-butoxycarbonyl; NH-Np,
p-nitroanilide; NH-Mec, 4-methylcoumaryl-7-amide; OBzl, O-ben-
zyl; Z, benzyloxycarbonyl; Tris/HCI/SA buffer, 0.1 M Tris/HCI
buffer, pH 8.0, containing 0.5 mg/ml of human serum albumin;
MUGB, 4-methylumbelliferyl p-guanidinobenzoate; MUTMAC,
4-methylumbelliferyl p-(N,N,N-trimethylammonium)cinnamate.

a 34 kDa B chain on cleavage of a unique Phe-Ile bond (6,
7). This three chain-factor C has the potential to activate
zymogen factor B (5) and to hydrolyze a synthetic tri-
peptide substrate, such as Boc-Val-Pro-Arg-NH-Np (8).
The entire cDNA seguence of this factor C has been
determined (menuscript subrmitted). The deduced amino
acid sequence data suggest that the zymogen factor Cis a
mosaic protein composed of a Cys-rich, an EGF-like, a
lectin-like, five 8, GP-I-like, and serine protease domains.

Although much progress bas been made on the zymogen,
factor C, isolated from T. tridentatus hemocytes, little is
known of coagulation factors in hemocytes of the American
horseshoe crab, Limulus (L.) polyphemus. In 1977, Liu and
coworkers (12, 13) reported the existence of a proclotting
enzyme in L. polyphemus hemocytes, and postulated that it
is an initiation factor sensitive to LPS and closely associat-
ed with the limulus coagulation system. However, Naka-
mura and Levin (14, 15) examined L. polyphemus hemo-
cytes and suggested that the lysate contains another
LPS-sensitive factor differing from the known preclotiing
enzyme.

We attempted to shed light on these conflicting reports,
and we purified and characterized a factor C-type zymogen
from L. polyphemus hemocytes and compared its proper-
ties with those of the LPS-sensitive factor C from 7.
tridentatus hemocytes. We obtained evidence that the
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zymogen factor C sensitive to LPS does exist in Limulus
hemocytes, and that the immunological and biochemical
properties of the purified factor C are indistinguishable
from those of factor C isolaied from Tachypleus hemocytes.
Moreover, this serine protease zymogen is unique in that it
is activated by «-chymotrypsin, not by trypsin.

RESULTS

Characterization of L. polyphemus Factor C—The puri-
ty of the final preparation of L.-factor C was examined by
SDS-PAGE. The purified zymogen factor C gave a single
band of 123 kDa under nonreduced conditions, and two
bhands corresponding to an 80 kDa heavy chain and a 43 kDa
light chain after reduction with A-mercaptoethanol, as
shown in Supplementary Fig. 4. After activation with LPS,
the zymogen factor C was converted to its active form, ie.,
factor C, consisting of three chains of 80, 34, and 8 kDa,

Endotoxin (LPS)

{

Factor C ss==ip-Factor c

'

Factor B s Factor B

Proclotting ‘. Clotting
enzyme enzyme

Coagulogen === Coagulin

Fig. 1. Putative mechanism for the coagulation cascade of the
horseshoe crab hemoeyte lysate.
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respectively, in the same manner as in the case of T.-factor
C (data not shown). Western blotting performed with
rabbit antiserum raised against T.-factor C indicated that
the zymogen L.-factor C reacts with anti-T.-factor C
antiserum, three bands corresponding to 123, 80, and 43
kDa being detected under reduced conditions (Supplemen-
tary Fig. 4, lane 3). The faint 123 kDa band seems to
represent a single chain factor C (7). On Ouchterlony
analysis using anti-T'-factor T antiserum, both prepara-
tions, i.e., T.- and L.-factor Cs, formed a fusion type
precipitin line (Supplementary Fig. 5).

Activation of the zymogen L.-factor C by LPS and a
synthetic E. coli- type lipid A analogue was examined by
monitoring the generation of amidase activity of factor C,
using Boc-Val-Pro-Arg-NH-Np as a substrate. As shown in
Supplementary Fig. 6, both LPS and the lipid A anslogue
activated the zymogen factor C, the activation reaction
being completed within 30 min. Amidase activity did not
appear to be generated in the absence of LPS. .

Amino Acid Compositions and NH,-Terminal Sequences
of L.-Factor C and Its Chain Subunits—To compare the
polypeptide chain structure of L.-factor C with that of
T.-factor C, the purified zymogen factor C and its activated
form were reduced and S-alkylated, and then the resulting
chain subunits were separated by means of the high
performance liguid chromatography used for the zymogen
T.-factor C (6, 7). The materials thus obtained were
subjected to amino acid and sequence analyses. Supplemen-
tary Table II shows the amino acid compositions of the
intact L.-factor C and its chain subunits. L.-factor C was
calculated to comprise a total of 1,011 residues per
molecule, this number being much the same as that for
T.-factor C (6). Furthermore, the individual amino acid
compositions of the two proteins and of their chain subunits
were indistinguishable. Like T -factor C (8), L.-factor C
also contained hexosamines, which were present in the acid
hydrolyzate.

Supplementary Fig. 7 shows the partial NH,-terminal

Factor T activity (AA405/10min)

Al ;

[ 20 40 60
incubation time {min)

a-Chymotrypsin-mediated activation of factor C. A: The purified T.-factor C was incubated, respectively, with «-chymotrypsin

{#) and trypsin (8) at an enzyme to substrate weight ratio of 1 : 200. At the indicated times, a sample of the reaction mixture was withdrawn
and factor C activity was measured as described under “MATERIALS AND METHODS.” In other experiments, the reaction mixture containing
factor C snd trypsin was preincubated, respectively, for 30 (O) and 90 min (0}, and then a -chymotrypsin was added after abolition of the trypsin
activity with N-tosyl-L-lysyl chloromethyl ketone, followed by further incubation, was allowed to continue. The factor C activity generated was
measured at the indicated times. B: The purified L.-factor C (95.6 zg/ml) was treated in the same manner ss in A.
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Fig. 3. Chymase-mediated activation of factor C. T.-factor C
was incubated with chymase at enzyme to substrate weight ratios of
1 :50 (®) and 1 : 200 (O), and then the factor C activity generated
was measured as described under “MATERIALS AND METHODS.”
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Fig. 4. Activation of the Limulus coagulation system by «-
chymotrypsin., The toxicolor® reagent containing the hemocyte
lysate of T. tridentatus was incubated with @-chymotrypsin for 30
min at 37°C and the clotting enzyme activity generated was measgured
using Boe-Leu-Gly-Arg-NH-Np as substrate. For details, see “MATE-
RIALS AND METHODS.”

sequences of the heavy, light and B chains isolated from
L.-factor C and C, in comparison with those of T.-factor C.
These sequences showed a close resemblance, thus the
gross structure of L. -factor C must resemble that of known
T.-factor C, as shown in Supplementary Fig. 8. These
results indicate that the zymogen factor C’s isolated from
hemocytes of American and Japanese horseshoe crabs,
respectively, are identical protein entities, both immuno-
logically and biochemically. Thus, the following kinetic
studies on zymogen activation and substrate specificities
were performed mainly using the purified T.-factor C, since
it wag more readily available.

Time Course for Activation of the Zymogen Factor C
with a-Chymotrypsin—Figure 2A shows the time course for
activation of 7.-factor C in the presence of trypsin and
a-chymotrypsin, The factor C was rapidly activated at
37°C in the presence of a-chymotrypsin. However, trypsin

F. Tokunaga et al

TABLE 1. Kinetic parameters of T.~factor C. The active site-
titrated factor C (2.7 nM) was used for kinetic analyses. Kinetic
parameters were determined by direct linear plotting. The concentra-
tion of p-nitroaniline released was estimated by assuming A}, =
10,000.

Substrates K
P4 P3 P2 P1

Boe- Val  -Pro-Arg-NH-Np 391 54 7,240,000
Boc-Asp(OBzl) -Pro-Arg-NH-Mec ki) 26 2,880,000
Boe- Gln -Pro-Arg-NH-Mee 34 66 514,000
Boc-Asp(0OBzl) -Ala -Arg-NH-Mec 18 39 489,000
Boc- Val  -Pro-Arg-NH-Mec 48 114 418,000
Boc- Ala  -Pro-Avg-NH-Mec 72 180 379,000
Boc- Met -Ala-Arg-NH-Mec 27 88 212,000
Boc- Lys(Z) -Gly-Avg-NH-Mec 10 45 227,000
Boe- Gly  -Ala-Arg-NH-Mec 29 185 180,000
Boc-Ser(OBzl) -Ala-Arg-NH-Mec 26 152 172,000
Boc- Lys -Gly-Arg-NH-Mec 19 126 149,000
Boc-Glu(OBzl) -Gly -Arg-NH-Mec 34 275 122,000
Boc- Val  -Gly-Arg-NH-Mec 26 250 104,000
Boc- Ile ~-Gly-Arg-NH-Mec 15 189 80,000
Boc- Asp  -Pro-Arg-NH-Mec 17 221 76,000
Boe- Gly -Pro-Arg-NH-Mec 8.5 167 51,000

did not activate factor C at an enzyme to substrate weight
ratio of 1 : 200 or even of 1: 20 (w/w) (data not shown).
Such «-chymotrypsin-mediated activation of the T'-factor
C was also observed for that of the purified L.-factor C (Fig.
2B). To determine whether or not trypsin would destroy
the zymogen factor C, it was incubated with trypsin at 37°C
for 30 and 90 min, and then 20 xg of N-tosyl-L-lysyl
chloromethyl ketone was added to abolish the trypsin
activity. «-Chymotrypsin, at 1:200 (w/w), was then
added to the reaction mixture. As shown by open circles and
squares in Fig. 24, the zymogen factor C was activated by
a-chymotrypsin in the same manner as with a-chymo-
trypsin alone, confirming agsin that it is not activated by
trypsin. The activation of the factor C by a-chymotrypsin
was also examined by SDS-PAGE under reduced conditions
(Supplementary Fig. 9). After 30 and 60 min incubation,
the factor C-light chain (43 kDa) was converted to a 34-kDa
B chain. The factor C-heavy chain was also partially
cleaved, because some bands appeared between those of the
heavy and B chains upon «-chymotrypsin treatment. Asrat
mast cell chymase shows a similar specificity to «-chymo-
trypsin {17}, we examined the chymase-mediated activa-
tion of factor C. As shown in Fig. 3, the zymogen factor C
was activated by chymase at enzyme {o substrate weight
ratios of 1 : 200 and 1 : 50, and a plateau was reached as the
same extent as in the case of @-chymotrypsin, The K, and
keat values of @-chymotrypsin toward the zymogen T -
factor C were estimated to be 7.4x10™* M and 5.8 X107
M~'-s57%, respectively (data not shown). Other proteases,
such as porcine elastase, lysyl endopeptidase from Achro-
mobacter lyticus M497-1, Staphylococcus aureus V8 pro-
tease, subtilisin, and papain, did not activate the zymogen
factor C (data not shown).

Activation of the Horseshoe Crab Coogulation System by
a-Chymotrypsin—Figure 4 shows the a-chymotrypsin-
mediated activation of horseshoe crab coagulation with the
hemocyte lysate. As expected, the amidase activity gener-
ated due to the activation of proclotting enzyme (4) in-
creased in a dose-dependent manner. When a-chymeo-
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trypsin treated with Z-Gly-Gly-Phe-chloromethyl ketone
for 15 min at 37°C or the enzyme treated at 70°C for 1 hwas
used, the amidase activity generated in the hemocyte lysate
decreased to 73.4 and 89.5%, respectively (data not
shown). These results indicate that activation of the coagu-
lation system was not induced by LPS contaminating the
a-chymotrypsin sample, but rather that it was catalyzed by
a-chymotrypsin.

Substrate Specificity of Factor C—Since the purified
factor C was activated autocatalytically in the presence of
LPS through the cleavage of a Phe-Ile linkage located in the
NH,-terminal portion of the light chain (7), the possibility
that factor C itself might have intrinsic o-chymotrypsin-
like activity would have to be considered, We examined in
detail the substrate specificity of factor C toward various
synthetic peptidyl substrates, including substrates for
a-chymotrypsin. The concentration of factor C was first
determined by active-site titration with 4-methylumbel-
liferyl p-guanidinobenzoate (MUGB), which is used as a
titrant for trypsin-type proteases. However, the rate of
deacylation of the reagent was too rapid to estimate the
enzyme concentration, as shown in Supplementary Fig.
10A. Therefore, 4-methylumbelliferyl p-(N,N,N-tri-
methylammonium)cinnamate (MUTMAC), synthesized as
a suitable titrant for « -chymotrypsin (18), was used for the
titration of factor C. MUTMAC proved to be an appropriate
titrant for factor C, as deduced from the burst and stable
saturation curve for the titration, as shown in Supplemen-
tary Fig. 10B. As this means that factor C probably has an
intrinsic chymotrypsin-like activity, this titrant was used
to determine the concentration of active factor C.

Table I shows the kinetic constants of factor C toward
various peptidyl substrates. The most effective substrate
for factor C was Boc-Val-Pro-Arg-NH-Np. It has a high
keear/ Ko value, 7,240,000, which is 17-fold higher than that
of Boc-Val-Pro-Arg-NH-Mee. Among 75 peptidyl-NH-Mec
substrates (14), Boc-Asp(0OBzl)-Pro-Arg- NH-Mec was also
a good substrate factor C, thereby indicating that the
enzyme effectively cleaves substrates with a Pro residue at
the P2 site. The NH-Mec substrates for «-chymotrypsin,
such as succinyl-Ala-Ala-Pro-Phe-NH-Mec and succinyl-
Leu-Leu-Val-Tyr-NH-Mec, were not hydrolyzed by factor
C (data not shown).

Inhibition of Factor C by Natural and Synihetic In-
hibitors—To further elucidate the enzymatic properties of
factor C, the inhibitory effects of some natural or synthetic
mhlbxtors on factor C activity were examined. Natural
inhibitors, such as antithrombin ITI-heparin complex, and
synthetic inhibitors, such as diisopropylfivorophosphate,
benzamidine, and leupeptin, are known to inhibit factor C
activity {6). Other natural inhibitors tested were aprotinin,
soybean trypsin inhibitor, potato II inhibitor, C1 inhibitor,
corn inhibitor, Strepwmyces subtilisin inhibitor, hirudin,
ovomucoid, and ovoinhibitor. However, these inhibitors
had little effect on the factor T activity, even in the
presence of an excess molar ratio to the enzyme. Among the
synthetic inhibitors, IN-tosyl-L-lyeyl chloromethyl ketone,
chymostatin, Z-Gly-Gly-Phe-chloromethyl ketone, and
H-Ala-Ala-Phe-chloromethyl ketone also did not inhibit
factor C activity, at a final concentration of 1 mM. On the
other hand, D-Phe-Pro-Arg-chloromethyl kefone, an a-
thrombin inhibitor, had a potent inhibitor effect on the
factor T activity. The inhibition constant of this inhibitor

vol. 109, No. 1, 1891
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towards factor C was determined by the method of Walker
et al. (19), and the K, value was estimated to be 7.4 x107°
M and % to be 0.69 min~'{data not shown).

DISCUSSION

A factor C, which is indistinguishable from those of the
known T-factor C in terms of immunological and biochemi-
cal properties, was proved to be present in the hemocytes of
L. polyphemus. Both factor C's contain two molecular
species with, i.e., single chain and a two-chain forms. Both
molecules have the same molecular mass of 123,000, but
the latter consists of a heavy chain of M,=80,000 and a
light chain of M, =43,000 held together by a disulfide
linkage(s). The major nicked form may be produced by a
trace amount of contaminating of LPS during the purifi-
cation procedures, as experienced in the study on T.-factor
C (6). The structural properties of the L.-factor C mole-
cule, including the entire amino acid composition and the
partial NH,-terminal sequences of their chain subunits,
show similarities with those of T.-factor C (&, 7). They also
exhibit common antigenicity, as revealed with the im-
munoblotting method and the Ouchterlony test (Supple-
mentary Figs. 4 and 5). Like the zymogen T-factor C, the
purified L.-factor C is rapidly activated in the presence of
E. coli LIPS and synthetic lipid A analogue. These observa-
tions strongly indicate that both factor C's are the same
protease zymogen and function as an initiator of the
coagulation cascade in the horseshoe crab hemocytes. These
findings also lead to the idea that the hemocytes of L.
polyphemus probably contain a coagulation system similar
to that established for the T. tridentatus hemocytes (5-7).

The present results are the first evidence that both the
purified L.- and T.-factor C’s are activated by a-chymo-
trypsin and not by trypsin. All the serine protease zymo-
gens associated with mammalian coagulation, fibrinolysis,
and complement systems are activated by trypsin-like
enzymes. Thus, the horseshoe crab factor C seems to be a
novel type of serine protease zymogen susceptible to
o -chymotrypsin. The necessity of cleavege of the Phe-Ile
bond (7) implies that the zymogen factor C cannot be
activated by the horseshoe crab trypsin-like proteases (4,
5). Thus, positive feedback activation of the clotting
system, which occurs in common in the mammalian coagu-
lation cascade reaction, probably does not occur in horse-
shoe crabs, only the LPS-associated factor C appearing to
be the initiator of this cascade reaction.

For the LPS-mediated activation of the zymogen factor
C, it is now clear that no other protease is required for its
conversion to its active form, factor €, and only LPS-bound
factor C is activated, probably through an intermolecular
interaction between the two molecules (8), as is the case
with activation of the complement Clr (20). The substrate
specificity of factor C shows a close similarity to that of
a-thrombin. As shown in Table I, the most reactive
substrate for factor C is Boc-Val-Pro-Arg-NH-Np, with an
extremely high k../K, =7,240,000. This value is compa-
rable to that of the sensitive fluorogenic substrate, Boc-
Asp(OBzl)-Pro-Arg-NH-Mec, for bovine a-thrombin (14).
Thus, apolar and non-aromatic residues such as Proand Ala
at the P2 site are the most favorable, as for a-thrombin
(18). For the P3 site, bulky groups such as Val, Asp(OBzl),
and Gln probably serve, as judged from their K, values
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(Table I). Such a structural basis for a peptide substrate for
factor C is also supported by the observation that D-Phe-
Pro-Arg-chloromethyl ketone, which is semsitive to a-
thrombin strongly inhibits factor C activity, the K, value
being 7.4 X 10~% M. The entire cDNA sequence and deduced
amino acid sequence of T.-factor C have been determined
(ronanuscript submitted). Then, the factor C-derived B
chain corresponding to a serine protease domain of this
zymogen is the most homologous with human «-thrombin
(38.5% identity) among various known mammalian serine
protesses. Presumably, the serine protease domain of
T.-factor C is closely related with «-thrombin, in terms of
molecular structure and substrate specificity.

Although the active factor C shows the Arg-Xaa specific-
ity toward synthetic peptide substrates, cleavage of the
Phe-Ile bond by LPS8-bound factor C is not unreasonable,
because the residue preceding Phe is Pro (7). The reactive
site of a;-antitrypsin has been identified as Met-Ser with
Met proceded by Pro (21). Moreover, the reactive site of
heparin cofactor II is a Leu-Ser bond that is cleaved by
a -thrombin. The rapid hydrolysis of MUTMAC by the
LPS-bound factor C indicates that it should have intrinsic
chymotrypsin-like activity. It seems likely that structural
properties of horseshoe crab factor C beyond the specific
cleavage site residues play an important role in the
LPS-mediated activation of this zymogen. Further detailed
studies on the molecular interaction of LPS and factor C are
underway.

We wish to express our thanks to Dre, T, Nakamura and 8. Kawabata
for the helpful discussions, T. Miura for the technical assistance, N.
Ueno for the secretarial services, and M. Chara for the commments on
the manuseript.
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Supplemental Materials

HMATERIALS AND METHODS

Matexials Americen horseshoe crabs (Limulus polyphemus) were cobtained from Taiye
Fishery Ceo., Ltd., Tokye. T. tridentatns Tactor € {two chain form] from hemoccytes of
Japanese horseshoe crabs was highly purified., as described {§). The active enzyme, factor
T, was prepared from the isolated fasctor € by treatment with LPS (6). The LPS (Escherichia
goli 0111:B4], obtained from List Biochemical Laboratories, Inc., CA, wes heated at 70 'C for
before use. Bynthetic E. coli type lipid A analog, LA-15-PP, and aprotinin were
products of Daiichi Phsrm*,“ﬁo.. Ltd., Tokyo, and Hochide Pharme., Co., Ltd., Tokye,
respectively. Bovine & ymotrypsin trxeated with M-tosyl-L-lysyl chloromethyl
ketone and trypsin trsated with N-tosyl-L-phenylalanyl chloxomethyl Xetone were obtained
from Worthington Biochemical Corp., Freeficld, NJ. Boc-Val-Pro-Arg-NH-Np and an endotoxin
detection kit, Toxicolox® LB-1 set, which contains the T, tridentatus hemocyte lysste, were
generous gifts from S. Tanaka, Seikagaku Kogyc Co., Ltd., Tokys. Rat mast cell
chymotrypsin-like enzyme, chymaese (BMCP I}, was kindly provided by Dr. N. Katunums,
Institute of Enzyme Reseaxch, The University of Tokushima. Flucorogenic tripeptide
substrates (14) were obtsined from Peptide Institute Inc., Osake. 4-Methylumbelliferyl B
guanidinobenzoate (MUGB} 4-methylumbelliferyl p-({}¥ N H-trimethylammonium} cinnamate
{MUTMAC}, and soybean txypsin inhibitor were purchased from Sigwma Chemical, Co., St. Louis,
MO. H-ala-Ala-Phe-chloromethyl ketone and Z-Gly-Gly-Phe-chloromethyl ketone were from
Bachem, Bubendorf, Switzezland, and D-Phe-PBro-Arg-chloromethyl ketone was from Calbiochem

Ls Jolla, CA. Sepharose CL-6B and CM-Sepharcse CL-6B wers pur d fram P ia LEB
Biosicggology. Uppzala. All other chemicals were of the highest quality comnercislly
BVELLS 2o

Factoxr C assay The esmidase activity of factor C genersted after activetion with LPS
was measured using Boc-Val-Pro-~Arg-~NH-Np as & substrate, as described (). The resction
mizture, comprising 10-20 ul of sample in Tris/HC1/5A buffer in a total volume of 200 ul, was
preincubated at 37 °C for 10 min in the presence or absence of 4 ul of LPS {10 ug/mi}.

Then, 50 pl of 2 mM Boc-Val-PFro-Arg-NH-Np waes sdded and the mixture was incubsted further
for 10 min. Finally, 0.8 ml of 0.6 M acetic acid was added to terminete the reaction and

the absorbance at 405 nm wag read. One unit of enzyme sctivity was defined as 1 umol of
p-pitroaniline liberated per min. The amidase sctivity of factor € (active £oIm) was
measured as described for factor ¢ in the sbsence of LPS.

SDG-E%;gacszlamide gel electrophoresis and Westerp blottin SDS-PAGE was performed
according to the method of Leemmii [(£2). wWestern tlotting wes performed using rabbit
sntiserum raised against T.-factor C, as described (7). For Ouchterlony analysis, a 1L §
agarose gel dissclved in 20 mM Tris-HCL, pH 8.0, end conteining 0.15 M NaCl wos used.

Reduction and S-alkyvlation The sample was veduced and S-pyridylethylated and each
min was separated by zeversed phase liguid chromatography on & TSK phenyl SPWRP column

{4.6 x 75 mm), as described (7].

Amino acid and segquence snaiyses Samples were hydrolyzed im 5.7 M HC1 at 110 *C for
74, 48 and 74 h or 3 M merceptoethanesulfonic acid for 24 h in evacuated and sealed tubes.
After eveporstion, the hydrulyzates wexe analyzed using » Hitachi 835 sutomstic snalyzar.
Amino acid seguence determination was carried out with a gas-phase sequencer (Applied
Bivsystems 4774) and a 120A-phenylthichydantoin analyzer on-line system (7).

Activation of factor € by trypsin, m-chymotrypsin and chymase Factor C {206 ug/ml} was
incubated at 37 °C with I?ﬁ% {w/w) 0f LEypsin, a-chymOLIYpSin or chymase, in a totel volume

of 350 ul of 0.1 M Tris/HCL buffer, pH §.0. At the indicated times, a 10 yl sample was
taken and mixed with 50 pg/ml of aprotinin for o-chymotrypein and trypsin, or SO pg/ml of
soybean trypsin inhibitexr for chy » These inhibitors were disscolvesd im a total
200 wl of Tris/HCL/SA buffer. Each mixture was incubated for a further 5 min to inhibit

the protease activity and finally the factor ¢ activity generated wes measured.

Activation of the horseshoe crab coagulation system hy g-chymotrypsin a-Chymotrypein-
mediated activation of horseshoe crab coagulation system was measured using Toxicolor®
reagent, LS-1 set, obtained from Seilkagsku Kogyo, Ltd., Tokys, according to the
manufacturexr’s manual. The LS-1 set containsd Tachggleus hemocyte lysate and Bot-Leu-Gly-
Arg-NH-Np, the latter of which is an appropriste substrate for the clotting enzyme generated
during activation of the coagulation system. The LS-1 set {100 wl) and various

rations of ymotrypsin dissolved in 100 ul of 20 mM Tris/HCL buffer, pH 8.0,
containing 0.15 M NaCl, were mixed and incubated for 30 min at 37 °C, and then $.8 ml of 0.6
M acetic acid was added and the absorbance at 405 am was resd.

Kinetic analysis The factor C activiiy was measured at 37 °C in S0 mM Trie/HCL

buffer, PH 8.0, containing 6.15 M NaCl and 0.] mg/ml of bovine serum aibumin (BSA}, with
various fiuorogenic peptide substrates. The initial rate of hydrolysis was messured with a
Hitachi 650 fluorometer with excitation st 380 nm and emission at 440 nm at 37 °C, as
described in detail elsewbere (14]. Substrate concentrations of 1 pM to 2 mM and 2.7 nM
factor C were used. Kinetic parameters were de ned by direct linear plotting (23).

The concentration of active factor C was detexmined with MUTMAC from the initisl burst of 4-
methylumbeliifercne in 0.1 N sodium barbiturate buffer, pH 8.3, cpntaining 0.1 mg/ml of BSA
at 25 °C {18). Kinetics enalysis for irreversible inhibitors, such as D-Fbe«Pro-Arg-
chloromethyl ketone, was performed by the method of Walker et al. (1%},

Inhibitory effects of patural and synthetic inhibitors on factox & The Screening of
VBrious inhibitors was performed with an nhibltor concentration of 0.2 mM and a factor C
roncentration of 10 nM in Tris/HC1/S54 buffer. Esch mixture was incubated at 37 °C foxr 10
min, in & total volume of 200 wl, and then the remaining factor € activity was measured.

RESULTS

Purification of L. polyphemus factor C purification ef L.-factor C was carried out
under sterilized conditions according to the method of Nakamura gt al. {6}. The lysate {595
mi} was first applied to & dextrsn-sulfate Sephsrose CL-6B column {2.6 x 24.0 cm}. Stepwise
elution was performed with MsCl concentrations of from 50 mM, 0.25 M, 0.5 M and 2 M, as shown
in Supplementary Fig. 1. Factor C im the 0.5 M NaCl fractions was collected, poolad and
concentrated by Diaflo ultrafiltration. The concentrated fraction was then spplied to a
Sephaross CL-6B column (2.6 x 141 cm}, eguilibrated with 20 mM acetate buffer, pH 5.0,
containing U.1 M NaCl (Supplementary Fig. 2). The pooled factor C fraction was finally
applied to & cM-Sapharose CL-6B column {2.0 x 24.0 cm), equilibrated with the same buffer as
used in Supplementary Fig. 2 and eluted with a linear gradient of NaCl {0.3-0.35 M} in 20 mM
scetate buffer, pH 5.0 {(Supplementsry Fig. 3}. A sumnazy of the purifivstion of factor C is
shown in Supplementary Table I. The yield of purified factor € wes 5.2 mg from 80 g
hempcytes (wet welght}), 14.7-fold purification from the dextram-sulfate Sepharose CL-6B
fraction {Supplementary Fig. 1) being schieved {§).
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156 F. Tokunaga et al.
Supplementary Table I
Summary of the purification procedure for L. polyphemus factor C.
Step Voluﬁe Total Total Specific Purifi- vield
protein activity activity cation
ml mg units units/mg -fold %
Hemocyte lysate 298 e e Rt — e
Dextran-sulfate-Sepharose CL-6B 138 140 397 2.8 1 100
Sepharose CL-6B 30 17.3 421 24.3 8,7 106
CH~Sepharose CL-6B 130 S5.2 214 41.2 4.7 54
Supplementary Table II
Amine acid compositions of L. polyphemus factor C and
its S-alkylated derivatives®>
Amino Factor € Factor C
acid
Whole H chain L chain A chain 8 chain lS
Residues/molecule g
Asp 101.0 (101) 69.4 (67} 3%9.4 (34} 4.8 { 5} 34.6 (29} pm——
Thr $3.6 { 59} 36.7 (37} 20.5 (23} 2.2 { 2} 18.7 (20} _— 0.25M 0. 2.0
Ser 88.0 { 82) 59.7 (55) 31.5 {27} 11.2 {13} 25.1 (14} 1 2 M
Glu 92.1 ( 89%) 60.7 (58]} 34.1 (31) 5.8 { 5} 30.8 (26} & ‘ ‘ -
Pro 60.8 { 6%} 47.4 (52} 23.7 (17} 6.9 ( 6} 20.1 {11} = 2.0/ 408 :
Gly 8%.9% ( 88) 55.4 {57} 32.6 {29} 7.7 ( 7} 27.6 (22} 8
Ala 57.4 { 56} 34.7 (35) 22.1L (21} 3.0 { 3) 18.3 (18} & 'E
val 61.3 ( 64) 44.7 (42} 23.8 {22) 3.9 { 4} 20.4 (18} o 8
Met 9.3 ( 10} 6.3 { 7) 3.5 { 3) — { 0} 3.2 { 3) b g
Ile 39.5 { 41) 22.% (23} 16.0 (18) 2.2 ( 2} 13.3 (16) 2 8
Leu 63.0 ( 7r} 45.8 (47) 25.4 {24) 3.8 { 43 22.2 (20} -] 4
Tyr  36.3 ( 37) 22.1 (22) 14.6 {15} 4.2 { 1) 11.4 (11} Ew {01
Fhe 29.4 ( 28) 20.4 (20} 12.3 { &) 1.9 ( 1} 14.6 ( 7} H] I3
Lys 54.7 { 50} 37.8 {38} 15.9 (12} 3.4 { 2) 15.0 (10} 2 ',
His 17.7 { 17} 13.1 (12} 5.3 { 5} 1.1 ¢ 1} 5.1 ( 4} £
Txp lG.Ub( 23y 11.9 (12) B.9 {11} 1.6 (1) 8.0 {10} 2
Pe~-Cys n.d. { 56} 37.5 (45} 13.5 {11} 3.4 ( 4) 12.3 ( 7) L=
Axrg 44.4 { 53) 25.6 (34} 15.8 (19} 6.8 ( 8) 11.8 (113 o
¢ £ W0 e

Total 920.4 (994) 651.7 (663) 358.9 {329) 74.0 (72) 312.5 (257}

GlcNBE +
GalNHz +

4+
+ 4
LI ]
* >

a: Numbers in psrentheses sre taken from the sequence deta for T.-factor
€ {maanuscript summitted).
b: not determined.
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chromatography of the L. iyphemus
hemoeyte lysate. Details of the procedure are given under Matﬁgas. The Fractions *ndicated
By @ soLi ar were pooled and concentreted. The activities of racter € () )} and its activs

form, factor € { @ )., were assayed, using Boc-Val-Pro-Arg-NH-Np as a substrste. the

absorbance at 280 nm { -~} was measured.

Supplementary Fig. 2. Sepharose CL-6B gel filtration of the L.-factor C fraction obtained from a

dextran-sulfate Sepharose CL-8B golumn. The eymogen Ffactor C [ () )} and the activity of
factor [ ( @ | vere sssayed, using Boo=Val-Pro~Arg-NH-Np as 3 substrate. The absorbance at

280 om {— ) was measured.

Supplementary Fig. 3. CM-Sepharose CL-6B8 chromatography of the L.-factor C frsction obiained
from b Sepharose CL-8B column. The zymogen fsctor € { [+ and the activity of factor © ( i ¥
The sbsorbance at 280 nm {—} was
measured and gradient elution {«.-- } with NaCl was started at the position indicated by the

were ssssyed, O8ing Boc-vai-Pro-Arg-NH-Np as & substrate.

srrowhesd.
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LPS-Sensitive Serine Protease Zymogen (Factor C)

157

Factor € activity {AA405/10min)

60

Incubation time {min)
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‘Bupplementary Fig. 4. SDE-PAGE and Western blotting of the purified L.-fsctor €, Ten ug of
L.~foctor C was Bubdected to HDE-PAGE an the abseace Tiane 1% and presence (lane 2} of 2~
mercaptoethancl. Western blotting {lane 1) of the reduced L.-factor C was also performed
uping rabbit enti-T-factor T sexum as the lst antibody, end the positions of co-
electrophoresed standsydes of known moleculsr weight (lane 4) ere indicated.

Supplementary Fig., 5. Immunodiffusion of the purified L,-factor € {1} and T.-factor T (&) against
rabbit anti-T.-fsctor € antiserum {center well).

Supplementary Fig. 6. Time course of sctivation of the L.-factor € in ithe presence of LPS
and 3 lipid A apalpgue,” I1Ahe purified L.-factor € (95.5 pg/mi) was incubsted 8t 37 "L ib the
prazance { T and abeence { O } of TIPS (10 pgsul). E. ooli type-synthetic lipdd A
enalogus, LA-15-PF { @ ., 10 pgs/mi), was also used, AL Lhe indicated times, 20 pl aliguots
were withdraswn and assayed for factor O activity.

Supplementary Fig. 7. Comparison of the NHs-terminal sequences of the hesvy, light and B chaing
deyived from eech of L.-factor © and T.-factor C. HResidues ildenticad in the two fector O's
e Gened. The Solid circie indicates Che carbohydrate attachment site (7).

Supplementsry Fig. @, OGross styucture of T.« and L.- factor 'z, H, A, B and L denote the
hesvy, A, B and light chains © actoy ¢, The arvowheads and solid bars indicete the
clesvage sites and the locations of the light chains of the factor C's, respectively.

Gupplemantary Pig. 9. SUS-PAGE of T.-factor C sctiveted by a-chymotrypsin, Semples of the
zymogen factor ¢ {lens 1} Bnd kthe ﬁactor T Ersated with a-chymotrypsin (weight xatio of
ensyme/substrate = 1/200) for 30 min {lane 2} end 60 min {lsne 3} were subjected to EDS-PACE.
#, L and B denote the heavy, light and B chaine of the factor €, respectively.

supplementery Fig. 36. Active site titretien of T.-factor §L A, 4-methylumbelliferyl p-
guanidinobanzuate {MUGB) and B, i-metﬁyiumseflzferyl H”Zﬁ N H-trimethylsammoniom) cinnamate
(MUTMACT were ussd as titrants, being added, respectively, to the reaction mixture contsining
5 .factor © at the times indicated by srrowa after preincubation for 60 sec.
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