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An intracellular serine protesss zymogen, factor C, is an initistor in the hemolymph
coagulation system of horseshoe crab. We purified this zymogen from the hemocytes of the
American horseshoe creb, Limulus (L.) polyphemus, the objective being to compare its
properties with those of the Japanese horseshoe crab, Tachypiens (1) iridentaius, factor
. The purified 2ymogen L.-factor C showed similar properties to those of T.-factor C, in
terms of molecular mass (123,000), amine acid composition (1,011 residues), subunit
structure (two chains), and antigenicity. Like the zymogen 7.-factor C, this zymogen was
aleo activated autocatalytically in the presence of bacterial lipopolysaccharide (LPS) and
its synthetic lipid A anslogue. A most interesting finding is that both protease zymogens are
rapidly activated by a-chymotrypsin or rat mast cell chymase, butf not by tryvpsin. The
active enzyme factor C showed a-thrombin-like specificity toward synthetic tripeptide
substrates. This factor & was alsoc strongly inhibited by an a-thrombin inhibitor,
p-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 eascade system
present in the hemocyie lysste was activated when chymotrypsin, free from LPS, was added
to the lysste used {0 detect the endotoxins. The implication of our findings is that the
chymotrypsin-catalyzed initiation of the horseshoe crab coagulation system is unigue,
since all known mammalian coagulation, ibrinolysis 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, 1I). These zymogens and coagulogen
vonstitute the cascade pathway responsible for the LPS-
mediated activation, as shown in Fig. 1 (6). Factor Cisan
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 B.nd Culture of Japan.

2 T'o whom corresp hould be add d.

Abbreviations: LPS, lipopolysaccharide; factm'C activated factor C;
T, Tachypleus; L., Limulus; Boc, N-ters butoxycarbmyl NH-Np,
p-nitroanilide; NH Mee, 4 hyl vi-7-amide; OBzl, O-ben-
zyl; Z, benzyloxycarbonyl; Tns;’HC!iSA buffer, 0.1 M 'I‘ns/HCl
buffer, pH 8.0, containing 0.5 mg/ml of bumsan serum albumin;
MUGB, 4-methylumbelliferyl p-g : MUT’MAC
4-methylumbeliiferyl p-{N,N,N-trimethyl ]

a 34 kDa B chain on cleavage of a unigue Phe-Ile bond (8§,
7). This three chain-factor € has the potential to activate
zymogen factor B (5) and to hydrolyze a synthetic tri-
pepiide substrate, such as Boc-Val-Pro-Arg-NH-Np (6).
The entire ¢cDNA sequence of this factor C has been
determined {(menuscript submitted). The deduced amino
acid sequence data suggest that the zymogen factor Cis a
mosaic profein composed of a Cys-rich, an EGF-like, a
lectin-like, five 8,GP-1-like, and serine protease domains.

Although much progresa has been made on the zymogen,
factor C, isclated from 7. iridentafus hemocyies, little is
known of coagulation factors in hemocytes of the American
horseshoe crab, Limuius (L.) polyphemus. In 1677, Liu and
coworkers (12, 13) reported the existence of a proclotting
engyme 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 proclotiing
enzyme.

We attempted to shed light on these conflicting reporis,
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 T.
tridentatus hemocytes. We obtained evidence that the
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zymogen factor C sensitive to LPS does exist in Limulus
hemocytes, snd that the immunological and biochemical
properties of the purified factor C are indistinguishable
from those of factor C isolated from Tochypleus hemocytes,
Moreover, this serine protease zymogen is unigue in that it
is activated by a-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
8DS-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-mercaptoethanocl, ss
shown in Supplementary Fig. 4. After activation with LPS,
the zymogen factor C was converted to its active form, i.e.,
factor C, consisting of three chains of 80, 34, and 8 kDa,
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respectively, in the same manner as in the case of 7.-factor
C (data not shown)}. Western blotting performed with
rabbit antiserum raised against 7.-factor C indicated that
the zymogen L.-factor C reacts with anti-7T.-factor €
antiserum, three bands corresponding to 123, 80, and 43
kDa being detected under reduced conditions (Supplemen-
tary Fig. 4, lane 3). The faint 123 kDs band seems io
represent a single chain factor C (7). On Ouchterlony
analysis using anti-T-factor  antiserum, both prepara-
tiops, i.e., T.- and L.-factor Cs, formed a fusion type
precipitin line (Supplementary Fig. §).

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 snalogue
activated the zymogen factor C, the activation reaction
being completed within 80 min. Amidase activity did not
appesar to be generated in the absence of LPS. .

Amino Acid Compositions and NH,-Terminal Seguences
of L.-Factor C and Iis Chain Subunits—To compare the
polypeptide chain structure of L.-factor C with that of
T.-factor C, the purified zymeogen 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 zvmogen
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 (8). Furthermore, the individual amino acid
compositions of the two proteins and of their chain subunits
were indistinguishable. Like T .-faetor C (8), L.-factor C
also contained hexosamines, which were present in the acid
hydrolyzate.

Supplementary Fig. 7 shows the partial NH,.terminal
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Fig. 2. a-Chymotrypsin-mediated activation of factor C. A: The purified T.-factor C was incubated, respectively, with «-chymotrypsin
(#) and trypsin (#) st an enzyme to subatrate weight ratio of 1 : 200. At the indicated times, a sample of the resction mixture was withdrawn
and factor C activity was measured as described under “MATERIALS AND METHODS.” In other experiments, the reaction mixture containing
factor C and trypein was preincubated, respectively, for 30 (O} and 90 min (O}, and then o -chymotrypsin was added after abolition of the trypsin
activity with N-tosyl-L-lyayl chloromethyl ketone, followed by further incubation, was allowed fo continue. The factor C activity generated was
measured at the indicated times. B: The purified L.-factor C (95.6 ug/ml) was ireated in the same manner as in A
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Fig. 3. Chymase-mediated activation of faetor 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 activily generated
was measured as deseribed under *MATERIALS AND METHODS.”
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Fig. 4. Activation of the Limulus cosgulation system by «-
chymotrypsin. The toxicolor® resgent containing the hemocyle
lysate of T. trid was incubated with «-chymotrypsin for 30
nain at 37°C and the clotting enzyme activity generated was measured
using Boc-Leu-Gly-Arg-NH-Np as substrate. For detsils, 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 seguences showed a close resemblance, thus the
gross structure of L. -factor C must resembile 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 was more readily available.

Time Course for Activation of the Zymogen Foctor C
with a-Chymotrypsin—Figure 2A shows the time course for
activation of T.-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 ¢f al

TABLE 1. Kinetic parameters of T.~-factor {. The active site-
titrated factor G (2.7 nM) wss used for kinetic analyses, Kinetic
parameters were determined by direct linear plotting. The mnlcgnh-a-

tion of p-nitroaniline r d was estimated by ing Agonam ™
10,000.
kea: K, Boot/ By

Sobstrates @ M) (M)
P4 P3 P2 P1 )

Boe-  Val -Pro-Arg-NH-Np 381 54 7.240,000
Bot-Asp{0OBzl) -Pro-Arg-NH-Mee 75 26 2,880,000
Boe- Gln  -Pro-Arg-NH-Mec 34 68 514,000
Boc-Asp{0OBzl) -Als -Arg-NH-Mee 18 as 488,000
Boc- Val -Pro-Arg-NH-Mec 48 114 418,000
Boc- Als -Pro -Arg-NH-Mee 72 180 378,000
Boc- Met  -Ala-Arg-NH-Mee 27 88 212,000
Boc- Lys(Z) -Gly-Arvg-NH-Mec 10 45 227,000
Boe- Gly -Als-Arg-NH-Mec 28 155 180,000
Boc-Ser(0Bzl) -Ala-Arg-NH-Mee 26 152 172,000
Boc- Lys  -Gly-Arg-NH-Mec 18 126 149,000
Boc-Glu(OBzl) -Gly-Arg-NH-Mec 34 275 122,000
Boe- Val -Gly-Arg-WH-Mec 28 250 104,000
Boc- Ile  -Gly-Arg-NH-Mec 15 189 80,000
Boc- Asp  -Pro-Arg-NH-Mec 17 221 76,600
Boc- 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 837°C
for 30 and 90 min, and then 20 ug of N-tosyl-L-lysyl
chloromethyl ketone was added to abolish the irypsin
activity. «-Chymotrypsin, at 1:200 (w/w), was then
added to the reaction mixture. As shown by open circles and
squares in Fig. 2A, the zymogen factor C was activated by
«-chymotrypsin in the same manner as with «-chymo-
trypsin alone, confirming again that it is not activated by
trypsin. The activation of the factor C by & -chymotrypsin
was also examined by SDS-PAGE under reduced conditions
{Supplementary Fig. 9). After 30 and 80 min incubation,
the factor C-light chain (43 kDa) was converted toa 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 a-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 to 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
kst values of o-chymotrypsin toward the zymogen T-
factor C were estimated to be 7.4 <107 M and 5.6 <107
M~'-s7, 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 «-chymotrypsin-
mediated activation of horseshoe erab 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 manmer. When «-chymao-
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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 B89.5%, respectively (data not
shown). These results indicate that activation of the coagu-
lation systemn was not induced by LPS contarninating the
@-chymotrypsin sample, but rather that it was catalyzed by
a-chymotrypsin.

Substrate Specificity of Factor (—Since the purified
factor C was activated sutocatalytically 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-chymotrypain. The concentration of factor C was first
determined by active-site titration with 4-methylumbel-
liferyl p-guanidinobenzeate (MUGBH), which is used as a
titrant for trvpsin-iype 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-
methylammoninm)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 subsirates. The most effective substrate
for factor C was Boc-Val-Pro-Arg-NH-Np. It has a high
kear/ K 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(0Bzl}-Pro- Arg-NH-Mec was also
a good substrate factor T, thereby indicsting that the
enzyme affectively 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).

Inkibition of Factor C by Naotural and Synthetic In-
hibitors—To further elucidate the enzymatic properties of
factor C, the inhibitory effects of some natural or synthetic
inhibitors on factor C activity were examined. Natural
inhibitors, such as antithrombin II-heparin complex, and
synthetic inhibitors, such as diisopropylfluorophosphate,
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, Streptomyces 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 ratic to the enzyme. Among the
synthetic inhibitors, N-tosyl-L-lysyl chloromethyl ketone,
chymostatin, Z-Gly-Gly-Phe-chloromethyl ketone, and
H-Ala-Ala-Phe-chloromethyl ketone alse did not inhibit
factor C activity, at a final concentration of 1 mM. On the
other hand, D-Phe-Pro-Arg-chloromethy! ketone, an a-
thrombin inhibitor, had a potent inhibitor effect on the
factor O activity. The inhibition constant of this inhibitor

Vol. 102, No. 1, 1891
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towards factor € was determined by the method of Walker
et al. {18), and the K, value was estimated to be 7.4 x107*
M and % {o be 0.62 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. polvphemus. Both factor C’s confain two molscular
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 disuifide
linkage(s). The major nicked form may be produced by &
trace amount of contaminating of LPS during the purifi-
cation procedures, as experienced in the study on T'-factor
C {8). The structural properties of the L.-factor C mole-
¢ule, including the entire amino acid composition and the
partial NH,-terminal sequences of their chain subunits,
show similarities with those of T'.-factor C (8, 7). They also
exhibit common antigenicity, as revealed with the im-
muncblotting 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 LPS and synthetic lipid A analogue. These observa-
tions strongly indicate that both factor C's ave 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 hemocyies of L.
polvphernus probably contain a coagulation system similar
to that established for the T frideniatus 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-
$rypein and not by trypsin. All the serine protease zymo-
gens associated with mammalian cosgulation, fibrinclysis,
and complement systems are activated by {rypsin-like
enzymes. Thus, the horseshoe crab factor C seems to be a
novel type of serine protesse zymogen susceptible to
a-chymotrypsin. The neceszity of cleavege of the Phe-lle
bond (7) implies that the zymogen factor C cannot be
activated by the horseshoe crab trypsin-like proteases (4,
5}. Thus, positive fesdback activation of the clotiing
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
eonversion 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(0OBzl)-Pro-Arg-NH-Mee, for bovine «-thrombin (14).
Thus, apolar and non-aromatic residues such as Proand Ala
at the P2 site are the most favorable, as for «-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 p-Phe-
Pro-Arg-chloromethyl ketone, which is sensitive 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
(manuscript 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
moleculer structure and subsirate specificity.

Although the active factor C shows the Arg-Xaa specific-
ity toward synthetic peptide substrates, cleavage of the
Phe-Iie bond by LPS-bound factor C is not unreasonable,
because the residue preceding Phe is Pro (7). The reactive
site of @,-antitrypsin has been identified as Met-Ser with
Met proceded by Pro (21). Moreover, the reactive site of
heparin cofactor Il is a Leu-Ser bond that is cleaved by
s -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 craeb 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 Dys. T, Nakamura and S. Kawabata
for the helpful discussions, T. Miura for the technical assistance, N.
Ueno for the secretarial services, and M. Ohsra for the comments on
the manuseript.
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Supplemental Materials

HATERIALS AND METHODS

Hatexials American horseshoe crabs {Limulus polyphemus) were cbtained from Teiye

sghery Ce., Ltd., Tokyo. T. tridentatus factox ¢ {two chéin form) from hemocyties of
depanese Lorseshoe crabs was highly Durizied. as described {§). The active enzyme, Factar
C, was prepared Irom the isclated factor © by treatment with LPS (5). 7The LPS {Eacherichis
celi 0111:B4), obtained from List Biochemical Laboratories, Inc., CA, wes heated at 70 °C for
1§ vefore use. Bynthatle E. coli type lipid A analog, LE-15-PP, and aprotinin were
products of Daiichi Pharm., Co., Ltd., Tokyo, and Bochida Pharma., Co,, Ltd., Tokys,
respectively. Bovine pencrestic a-chymatrypsin trested with N-tosyl-L-lysyl chioromethyl
ketone and trypsin treated with N-tosyl-L-phesylalanyl chlorowethyl ¥etone were obtained
from Woxthington Biochemicel Corp., Freeficld, KJ. Boc-Val-Pro-Arg-MH-#p and sn endotoxin
detection kit, Toxicolox® LS-1 set, which contsins the T. tridentatus hemocyte lysste, were
gersrous gifts from S. Tanaks, Beikagaku Kogye Co., Ltd,, Tokyo. Rat mask cell

ypsin-like {RMCP T}, was kindly provided by Dr, N. Kstubuma,

Institute of Enzyme Research, The University of Tokushima. Fluorogenic tripeptide
substrates {14} were obtained from Feptide Institlte Inc., Osaks. 4-Methylumbellifsryl p-
gu i & {HUGE} 4 hylumbelliferyl p-{X N N-trimethylammonium} cinnamste
{MUTHAC}, and soybean trypsin inhibitor were purchased from Sigms Chemical, 0., S§t. Louis,
#o. H-Als-Ala-Phe-cvhlovomethyl ketone snd 2-8ly-Gly-Phe-chloromethyl ketone were from
Bachem, Bubendorf, Switzezland, and D-Phe-Pro-Arg-chloyomethyl ketone wes fyom Calbiochem,

Ls Jolla, CA. Sepharose CL-68 and CN-Sepharcee CL-68 were d from Ph & LE3
Einticnno.logy, Uppsala. All other chemicals were of the highest guality commerciaslly
available.

Facior € 88537 e The smidase activity of factor C generated afier activaetion with LPS
wes mzasured using Boc-Val-Pro-Avg-NH-Np &3 & Bubsirate, as described {£). The resction
mizture, comprising 10-¥0 pl of sample in Tris/HC1/SA buffer in & total volume of 200 ul, was
preincubated st 37 *C for 10 min in the presence or sbsence of 4 vl of LPS {10 ugs/mi).

Then, 50 pi of 2 wM Soc-Val-Pro-Arg-NH-Np was sdded snd the mixture was incubated furthex
for 10 min. Finaily, 2.8 ml of 0.6 M acetic acid was added to terwminate the reasrion and
the absorbance &t 405 om was reasd. One unit of anzyme activity was defined a5 1 umol of
pP-pitzxosnilive libersted per win. The amidase activity of factor € [active form) was
measured s dsseribed for factor ¢ in the sbsence of LPS.

%s-%tzacglamide el eisctrophorssis and ¥Western blottia SDS-FAGE waw perfopwed
according to the method of Leemmli {42}, WesteXo vilotEing wes performed using rabbit
antiserum raised against I.-factor C, as described (7). For Ouchterlony analysis, a 1 %
agarose gel dissolved in 2C ™M Tris-HCL, pH 8.0, end conteining 08.15 M NaCl woa used.

Reduction gnd S-aikyiation The sample was reduced 8nd S-pyridylethylated and each
Thain whs separated Dy revesrsed phese liguid chromatography on 3 TSK phenyl SPWRP column
{4.6 % 75 mm), as described (7).

Amino acid a2nd gegusnee mnalyses Samples were hydrolyzed in 5.7 M HCI at 110 °C for
T4, 48 ana 72 b ©r 3 W mercaptoethanesulfonic acid for Z4 h in evacuvated and pealed tubes.
After evsporation, the hydrulyzates were analyzes using s Hitachi 835 sutomatic anslyzer.
Amine anid seguence determination was cerried sut with a gas-phase seaquencer {Applied
Bipsystems 4775} and a 120A-phenylihiohydentoin anslyzer on-line system (7).

Astivation of fsctor © trypain, m-chymotrypsin and crxrmm_- Factor ¢ {206 ug/ml} was
Incubated at 37 "C with !iﬁ% ;vlw] ©F Lrypsin, w-ChymoLrypsin or chymase, in & tntgl volume
of 350 ul of 0.3 M Tris/HCL buffer, pH 8.0. Al the indicatesd times, 3 10 Ll sample was
taken and mixed with 50 pg/sml of aprotinin for s-chymobxypsin and tzypsin, or 50 ug/ml of
Boybaan trypein inhibitox for chymase. These protease inhibitors were dissclvesd in & total
208 ul of Tris/HCL/SA buffex. Each sixture wass incubated for a further 5 min to imbibit

the protesse activity and finaslly the factor € asctivity genersted was measuread.

Activation of the horgeshos crab cesgulation systam by s-chymotrypein - ChYymoLtTYpELn~
medisted activation of horseshee crab coagulation system was measurasd using Toricolox®
reagent, LS-1 set, obtained from Seikagsku Xegyoe, Ltd., Tokye. according to the
manufscturer’s mesual. The 1§-1 set contsined Ta leus hemocyte lysete and Bot-Lsu-Gly-
Arg-nH-Np, the latter of which is an appropriste substrats for the clotting enzyme generated
during sctivation of the voagulation system. The LS-1 set {100 ul) and various

ations of Vi ypsin dissolved in 100 ui of 20 mM Tris/HCL buffer, pi 8.0,
containing 0.15 ¥ HaCl, were wixed snd incubated for 306 min at 37 °C, and then 0.8 ml of 0.8
¥ acatic acid was added and the abscrbance at 405 nm was read.

Binetic analysis The factor € sctivity was measured at 37 °C in SO mM Tris/HCL

tutfer, pH 8.0, conteining §.15 M NaCl and 0.1 mg/ml of bovine serum aibumin {BSaj, with
various fluorogenic peptide substrates. The initisl rate of hydrolysis wes messursd with a
Hitechi 850 fluorometer with exoitation 2t 380 nm and emission at 440 nm at 37 °C, as
described in detail elsewbeve {i4}. Substrate concentrations of 1 M to 2 mM and 2.7 nM
factor C ware used. Kinetic ters were d ned by direct linear plotting {23).

The concentration of active factor T wss determirad with MUTMAC from the initial buret of 4-
methylumbelliifercone in 0.1 N sodium barbiturate buffer, pH 8.3, ceontaining 8.1 mg/ml of BSA
at 25 °C {18). Kinetics snalysis for irreversible inhibitors, such as D-FPhe-Pro-Arg-
chloremeth¥l ketone, wss performed by the wethod of Walker gt ai. {1%}.

Inhibitoxy sffects of natursl and synthetic inbibitoras on factor C ... The Screening of
Varibous inhibitors wos DBriormed with an inhiblior concentration of 0.2 mM and a faotor ©
roncentration of 10 aM in Tris/HC1/5a buffer. Each mixturs wae incubated at 37 °C for 10
min, in a total velume of 200 pi, and then the Yemaining factor ¢ aztivity was measursd.

RESULTS

Purification of L. polyphemus factor C Purificetion of L.-factor € was carrisd out
under sterilized conditions according to the method of Makamura gt 2l. {6}. The lysate (335
mi} was first applied to 8 dextran-sulfate Sepharose CL-6B column {2.6 x 24.0 om}, Stepwise
elution was pesrformed with Nall concentrations of from 50 mM, 0.25 M, 0.5 ¥ and 2 ¥, &s shown
in Supplementary Fig. 1. FaCtor © in the 0.5 M NaCl frasctions was collected, pooled snd
concentreted by Diafle ultrafilivation. The concentrated fraction was then applied to a
Sepharose CL-6B colums (2.6 x 141 om}, eguilibrated with 20 mM scetate buffer, pH 5.0,
containing U.1 ¥ NaCl (Supplementary Fig. 2¥. The pooled factor C fraction was finally
applied to & Chi-Sephsrose CL-8B column (2.0 x 4.8 em}, eguilibrated with the same buffer as
used in Supplemestary Fig. 2 and eluted with a linear gradient of MaCl {5.1-0.35 M) in 20 mM
acetzte buffer, pH 5.0 (Supplementsry Fig. 3). A summary of the purificetion of factor C is
shown in Supplementary Table JX. The yleld of purified factor © wee 5.2 mg from 80 g
nemocytes (wet weight), 14.7-fold purification from the dextran-sulfate Sepharose CL-§8
fraction {Supplementary Fig. 1) being achiewed {§).
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156 F. Tokunaga et al.
Supplementary Table I
Summary of the purification procedure for L. polyphemus factor €.
Step Volu!;té Total Total Specific Purifi- vYield
protein activity activity cation
ml my units units/mg ~fold %
Hemocyte lysate 298 e o B — e
Dextran-sulfate-Sepharose CL-&B 138 i40 397 2.8 1 100
Sepharose CL-6B 34 17.3 421 24,3 8,7 106
CH~Sepharase CL-68 130 H.2 214 41.2 14.7 54
Supplementary Table II
Amino acid compousitions of L. polyphemus factor € and
its S-alkylated derivggivesa—'-
Amino Factor € Factor ©
acid -
¥hole H chain L chain A chain B chain ]_S
£
Residues/mclecule E
Asp 101.0 (101) &9.4 {67} 39.4 (34} 4.8 { 5} 34.6 (29} e 5
Thr 53.6 { 58} 36.7 {37} 20.5 (22} 2.2 { 2} 18.7 {20} - o.o8M 0.5M 208
Ser 88.0 { 82} 58.7 {55} 31.5 {27} 11.2 {13} 25.1 {14} J‘ ]
Glu %2.1 { 89%) 60.7 {58) 34.31 (31 5.8 { &} 30.8 {26} & ; hed
Pre 60.8 { 6%) 47.4 [52) 23.7 (173 6.9 { &3 20.1 (1L} £ 20} “az2 z
Sly 89.9 { 8B) 535.4 {57} 32.8 {29} 7.7 {07} 27.& {22} 8 3 P
Rla 57.4 { 56} 34.7 {35} 22.1 (21} 3.0 ( 3} 1.3 {18} Fd g o
val 61.3 { 84} 44.7 {42} 23.8 {22} 3.9 ¢ 43 20.4 (18} P £
Met 9.3 ( 10} 6.3 { 7) 3.5 ¢ 3 — { 0} 324 3 - 3
Ils 38.5 { 41}y 22.% {23} 16.0 {18} 2.2 { 2} 13.3 (18} 2 i
Leu 68.0 ( 71} 45.4 {47} 25.4 {24) 3.9 { 4} 22.2 {20} 17 3
Tyr 36.3 { 37y 22.1 {23} 14.6 {15} 4.2 { 4} 11.4 (11} '§ wr os 2
Phe 29.4 { 28) 20.4 (20} 12.3 ¢ 8 1.8 ¢ 1} i4.6 ( 7} 1 : o
Lys 54.7 { 80} 37.8 {38} 15.9 {12} 3.4 ¢ 2} 15.0 (10} 2 .
His 17.7 { 17) 13.1 {12} 5.3 { 5} 1.2 ¢ 1} 5.1 { 4} 2 s"
Trp  16.0,{ 23) 11.9 (12) 8.9 {11} 1.6 { 1) 8.0 {10} -1
Pe-Cys n.d. { 56) 37.5 {45} 13.5 {11} 3.4 ¢ ‘éi 12.3 glz) ‘ [
Axg 44.4 { 53} 25.6 {34) 15.8 {18} 6.8 { 8} 11.8 (11)
{ a S <5 ey chmenid O
Fraction aumber { 1Set/nude }
Totsl 920.4 (994) 651.7 (665} 25B.9 {329} 74.0 {72} 312.5 (257} t
G.’lcﬂsz - + * - + 28
GalN!iz * Ed + - -
o
- R 108 5
a: Numbers in parentheses are taken from the seguence deta for T,-factor 5 §
€ {manuscript summitted].
b: not determined. I 2
E <
[ o8
o
38 § ol i
- = 1 3 | 5
I g doe ©
E oap 1 qo4 =
g flal B T
5 %3 % € osh b
gu, ool joz 5
- @ - =
5 o1 5 lu i
E %
-4
& 9
[ @
o 2 ) a0 80 80 8
Fracticn fumber ( 1Oml/tude } Fraction number (10mt/tube)
Supplementary Fig. 1. Dextran-sulfste Sepharcse CL-68 chromstography of the L. iyph
hemocyte lysate. Details of the procadi}%'miven unm?'?ﬁgﬂ?g_i‘l‘ﬁ écﬁo%&d
?y"a'sin"fiaxsa'_'r"wa:e pooled and concentrated. The activitie$ of fantor € { () ] and its active
form, factoxr C { @), were sssayed, using HBoc-Val-Fro-Arg-NH-Np as & sybstrste, the
sbsorbance at 280 om {—} was measured.
Supplementaxy Fig. 2. Sepharose CL-68 gel filtration of the L.-factor € fracti brained £
dezt:an—sulf e Sepharobe CL-SE golumn. The zymogen facter © { [+ 3] and‘tﬁ;’%:%%gi:y gxne SESR 2
factor { @ |} were pssayed, using Boc-Vel-Pro-Arg-WH-Np ss a substrate. The abagrbence at
280 nm (-} was messured.
Supplementary Fig. 3. CH-Sepharose CL-68 chromatography of the L.-factor ¢ frection obiained
from b Sepharose CL-§B Solumn. The zymogen fscter C | () 7 snd the Botivity of Factor
wers esa@sysd, OSing Boc-val-Pro-Arg-WNB-Hp as & subetrstz. The sbsorbance at 280 nm {—) was
measured and gradient elution {«.-. 7 with NaCl was sterted at the position indicated by ths
srrowhead.
oJ. Biochem.
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LPS-Sensitive Serine Protease Zymogen (Factor C)
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‘Bypplementary Fig. 4. BSDS~PAGE sod Westarn blotting of the purified L.-fsctor O, Ten ug of
L.-fsctor © wes subjacted to HD5-FAGE in the spsence {lare 1) and presence {lane 2] of 2~
mercaptosthanol. Western dlotting {lsne I) of the reduved L.-factor € was slsc performed
uging rebbit snti-T-factor € serum as the lst antibody, end the positions of co-
electrophoresed stadards of Enown molacular weight {lene 45 sre indicated.

Supplementary Fig. 5.
sakbit anti-T.-facter T antiserum (senter waelll.

Supplementary Fig. $. Time vourse of activation of the k.-Efactor © in the presence of LPS
2ng a 1ipid A analoaue. The puritiad L. -£actor ¢ [95.6 U§/mi) was incubsied st 31 'L in the
présence { T aBc apsence { 3} of LPS {10 pwsmll. B. geli type-synthetic lipid A
snalogue, LA-15-pp ( &8 ., 10 pg/mli, wss 2iso used. At the indicaied times, 30 pl aliguots
ware withdrsws and assayed fox fzctor € activity.

Supplemantary Fig. 7. w 2f rhe NMs-terminal seguences of the hesvy, 3ight and B chains
derived From seoh of L.-23Ctor € a94 T.-fsctor G, Hesidues identicai in the fwo 1scLor '8
Sve Dowed. The solid Sircis indicates the carbohydrate attschment site {73.

Supplesentsry Fig. 8. OSross SLructure 8f T.- and L. factar Oz, H, A, B and L denotz the
hesvy, A, B and light chains of fscier U, The arrowheads and solid bars indicate the
slesvage sitee end the lovstions of the light chains of the facter C's, vespeciively.

suppiementaery Fig, 9. EDS-PAGE of sctor © sctiveted by %wmiﬁ; Samples of the
xyzggqm fapkomr ¢ {lane 1§ Bnd Lhe f80t0r & Lreated with g-chymbirypsin {weight ratio of
enzyme/substraia = 172003 for 20 min {lasme i) end B0 min {lsne 3} were subjected to EDS-PAGE.
#, L and B denoe the heavy, light and B chains of the fsctor ©, respectively.

suppiamentery Fig. i0. Aetive site titration of T.-fector A, 4-methyiumbelliferyl p-
gusnidinotenzoste (MUGE} and B, 3-@?5)’3&“‘5&?1}&9:91 E-{N W H-trimethylammoniom) cinnsmete
{MUTHASY wsre used as t:{t;ange, bedng wdded, respestively, to the reaction mixturs contmining
¢ ~factor © at the times indicsted oy arrows after preincubstion for 0 ssc.

41 108, Ne. 1, 1891

Immuncdiffusion of the purified L.-factor © {1} and T.-factez C {2} agsinst

@ 2D 4D oD
Reocilon tims (sec)
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