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Factor C is an endotoxin-sensitive, intracellular
serine protease zymogen which initiates the coagula-
tion cascade system in the limulus hemolymph. We
have determined the entire amino acid sequence of
factor C using recombinant DNA technique. The zy-
mogen consisted of 994 amino acid residues with a
calculated molecular mass of 109,648 Da. Most inter-
estingly, factor C has five repeating units (“Sushi”
domain or short consensus repeat) of about 60 amino
acid residues each, which have been found in many
proteins participating in the mammalian complement
system. In addition to a typical serine protease domain
in the carboxyl-terminal portion, characteristic seg-
ments with an epidermal growth factor-like, a lectin-
like, a cysteine-rich, and a proline-rich domain were
also found, revealing a unique mosaic protein struc-
ture. The serine protease domain was most analogous
to human thrombin. Factor C was identified to localize
in large granules in the cell, indicating that it is re-
leased from the cell by lipopolysaccharide stimulation.
Furthermore, we identified a transcript possibly de-
rived by alternative splicing of factor C mRNA, which
encodes a protein sharing the amino-terminal portion
of factor C. We suggest that factor C, a newly discov-
ered type of serine protease zymogen, is a “coagulation-
complement factor” which may play important roles in
both hemostasis and host defense mechanisms.

Invertebrates have characteristic host defense systems
which differ from mammalian immune systems (1). In Lim-
ulus (horseshoe crab), an Arthropoda species, this defense
system is carried by the hemolymph, which contains a type
of cell called an amebocyte. The amebocytes are extremely
sensitive to endotoxin (LPS)!, which is a major component of
the cell surface of Gram-negative bacteria. When hemolymph
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comes into contact with Gram-negative bacteria or LPS, the
amebocytes begin to degranulate and hemolymph coagulation
is initiated by the granule components (2, 3). This response
is thought to be very important for Limulus not only in
preventing the leakage of hemolymph, but also in engulfing
invading microorganisms.

During the past decade we have studied the molecular
mechanism of hemolymph coagulation in Limulus and have
established a protease cascade. This cascade is based on three
kinds of serine protease zymogens, factor C (4), factor B (5),
proclotting enzyme (6), and one clottable protein, coagulogen
(7). Endotoxin (LPS) activates the zymogen factor C to the
active form, factor C. Factor C then activates factor B to
factor B, which in turn converts the proclotting enzyme to
the clotting enzyme. Each activation proceeds by limited
proteolysis. The resulting clotting enzyme cleaves two bonds
in coagulogen, which is a fibrinogen-like molecule in arthro-
pods, to yield an insoluble coagulin gel. The coagulation
cascade is also activated by (1,3)-8-D-glucan. In the presence
of (1,3)-8-D-glucan, a protease that is tentatively named factor
G is activated, leading to activation of the proclotting enzyme
(8).

Factor C that binds LPS exists as a single-chain glycopro-
tein with an estimated molecular mass of 123 kDa or as a
two-chain form, composed of one heavy (H) and one light (L)
chain (4, 9). When this protein binds to LPS, it is autocata-
Iytically activated to the active form (factor C). Upon activa-
tion, a Phe-Ile bond in the L chain is cleaved, generating an
A and a B chain. The resulting factor C is composed of the
disulfide-linked H, A, and B chains (mentioned in order of
appearance from the amino terminus in the single-chain form
of factor C). The activation of factor C by Phe-Ile cleavage
was quite unexpected. This is the first known activation
mechanism in the coagulation and complement cascade sys-
tems involving a chymotrypsin-like specificity.

Our previous results have shown that the B chain of factor
C has a serine protease domain, while the LPS-binding site
is located in the H chain (10, 11). In the A chain we found a
complement-like structure composed of about 60 amino acid
residues (9). These characteristics of factor C suggest that
this protein is a mosaic protein with a structure similar to
that of complement component Clr, which is an initiator of
the mammalian complement cascade.

To obtain more information about the domain-structure of
this molecule, the structure of the LPS-binding site(s) and
the mechanism of autocatalytic activation, we have estab-
lished the cDNA sequence for factor C mRNA. Structural
comparison of factor C with other proteins in various systems
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may offer insights into the evolution of host defense systems
in the animal kingdom.

MATERIALS AND METHODS?

RESULTS

Cloning of Factor C cDNA—Four-hundred thousand inde-
pendent clones of the Agt 11 ¢cDNA library constructed from
amebocyte poly(A)* RNA were screened with anti-factor C
IgG. Of 16 positive clones purified, the longest positive clone,
AFC53, was sequenced. This clone was shown to encode the
5’-noncoding region, the entire H and A chain, and an amino-
terminal portion of the B chain (nucleotides 1-2467). To
obtain clones encoding the remaining part of the B chain, we
prepared a second cDNA library and screened it with the [*2P)
AFC53 insert as a hybridization probe. The clone AFC41
encoding a cDNA sequence covering the carboxyl-terminal
region of factor C starting in the middle part of the H chain
(nucleotides 1438-3474), was thus obtained and sequenced
(Fig. 1). The composite nucleotide sequence obtained from
these two clones spans 3,474 bp (Fig. 2). The first ATG codon
at nucleotide 45 begins an open reading frame of 3,057 bp
followed by a TGA termination codon and a 365-bp 3’-
noncoding sequence before a poly(A) tail. There is one poten-
tial polyadenylation or processing signal with the sequence
AATAAA in the 3’-noncoding sequence which begins 30 bp
before the poly(A) tail. The open reading frame encodes a
putative signal sequence of 25 amino acid residues and a
mature protein of 994 residues. The molecular mass of the
mature protein without carbohydrate chains was calculated
to be 109,648 Da. There are six potential N-glycosylation sites
within the sequence Asn-Xaa-Ser/Thr. The potential glyco-
sylation site (Asn™®) has been shown not to be glycosylated.

Partial Amino Acid Sequences of the Peptides Obtained from
Factor C—To confirm the sequences of these clones, we
determined partial amino acid sequences of factor C. The S-
alkylated H and L chains were digested with lysyl endopep-
tidase or trypsin (Fig. M1). Purified peptides, whose purity
was supported by their amino acid compositions, were se-
quenced. In this way, we obtained the sequences of 347 amino
acid residues. Together with the peptide sequences published
previously (9), amino acid sequences covering a total of 493
residues (underlined in Fig. 2}, which comprises 49.6% of the

* Portions of this paper (including “Materials and Methods,” Figs.
M1 and M2, and Table MI) are presented in miniprint at the end of
this paper. Miniprint is easily read with the aid of a standard
magnifying glass. Full size photocopies are included in the microfilm
edition of the Journal that is available from Waverly Press.

mature protein, have been confirmed by protein sequencing.
The amino acid sequences agree completely with the sequence
deduced from the cDNA sequence.

Northern Blotting—Northern blot analysis of amebocyte
poly(A)* RNA showed a band at about 3.9-kb hybridizing
with AFC53, in addition to a faint 2.0-kb band, which indicates
that the composite sequence of 3.5 kb contains almost the
full-length factor C ¢cDNA when taking the length of the
poly(A) tail into consideration (Fig. 3, lane 1).

The faint band at 2.0 kb observed in Northern blotting was
thought to be a transcript with similar but not identical
sequence to factor C mRNA. To investigate the sequence
difference between the two bands, we prepared two kinds of
probes from AFC53. One of them was an EcoRI-Styl fragment
of AFC53, encoding the 5’-terminal part of the cDNA, and
the other was the 3’-terminal part of AFC53, a PstI-EcoRI
fragment, corresponding to the carboxyl-terminal part of the
H and A chain. The 2.0-kb band was also observed in the 5’-
terminal probe (data not shown). However, it was not detect-
able in the 3’-terminal probe (Fig. 3, lane 2).

Cloning of the Transcript Corresponding to the 2.0-kb
Band—By using the difference in reactivity to these two
probes, we searched for clones corresponding to the 2.0-kb
bands from the positive clones previously obtained. One clone,
AFC42, with a length of 1,915 bp, was isolated as a clone that
hybridized with the 5’-terminal fragment but not with the 3’-
terminal fragment. To deny the possibility that this clone was
derived from cloning artifacts, a screening was newly carried
out against one million clones. Of 194 clones that hybridized
with AFC53, two independent clones, AAS1 and AAS2, did not
hybridize with the 3’-terminal fragment. Both of them had
the same sequence as AFC42 (Fig. M2).

The sequence analysis revealed that AFC42 contains 55 bp
of 5'-noncoding region, 1,494 bp of an open reading frame,
357 bp of 3’-noncoding region with a polyadenylation signal,
and a short poly(A) tail. The downstream sequence from
nucleotide 1528 was distinct from that of factor C, whereas
the portion involving nucleotides 12-1527 was identical to
that of nucleotides 1-1516 of factor C (Fig. 4). A protein
encoded by these clones has 473 amino acid residues with a
molecular mass of 51,6562 Da, of which the amino-terminal
466 amino acids are identical to those of factor C. This clone
seemed to have arisen by alternative splicing (see “Discus-
sion”).

Northern blotting using a probe from the 3’-terminal
EcoRV-EcoRI fragment of AFC42, that is unique to this clone,
gave a band at the position corresponding to the 2.0-kb band
(Fig. 3, lane 3).
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Fi1G. 2. The composite nucleotide
sequence (upper) and the deduced
amino acid sequence (lower) of fac-
tor C. A polyadenylation signal (AA-
TAAA) is double-underlined. The amino
acid sequence is numbered beginning at
the amino terminus of the mature factor
C molecule. The amino acid residues that
have been confirmed by sequencing of
purified peptides are underlined and in-
clude data from Tokunaga et al. (9).
Amino-terminal amino acid sequencing
of each chain identified the three cleav-
age sites marked by arrowheads. The
potential carbohydrate attachment sites
for (Asn-Xaa-Ser/Thr) are indicated
with closed diamonds and the putative
attachment site confirmed not to carry
carbohydrate is shown as an open dia-
mond. The amino acid residues sus-
pected to form the catalytic triad of the
serine protease domain are circled.

3.9 kb»
2.0kb» & .

FiG. 3. Northern blot analysis of factor C mRNA. Five ug of
poly(A)* RNA from amebocytes were separated by 1.0% agarose gel
electrophoresis, transferred to the membrane, and hybridized with
““P-labeled probes. Hybridization probes used were the A\AFC53 (lane
1), a Pstl-EcoRI fragment of A\FC53 (lane 2), or an EcoRV-EcoRI
fragment of AFC42 (lane 3), respectively. See text for details.
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CAGGTTTAACGOGAACGTGGAAGAACTCTGAAGGTAACTTAAGTATGGTCTTAGOGTCGTTTTTGG TG TCTGG TTTAGT TCTAGGGATACTAGCCCAACAAATGOGTCCAGTTCAGTCCA
MVLAS FLVSGLVLGITLAQQMERPVQSHR

-1AT

-25

GAGGAGTAGATCTGGGCTTGTGTGATGAAACGAGGTTC CCAGGCTATGTGTTCAACGTOOCTATGAAACAA!
GVDLGLCDETRFECKCGD%GYVFNVPMKOCTYFY
2

GTAAACCATGTGATGACCTGGAGGCTAAGGACATTTGTCCAAAGTACAAACGATG TCAAGAGTGTAAGGCTGGTCTTGATAGT TG TG TTACT TG TCCACCTAACAAATATGGTACTTGGT
K PCDDLEAKDTICPEKYZ KRCOQET CKAGLDSTC CYVTCPPNIKYGTWC
60 80
GTAGOGGTGAATGTCAATGTAAGAATGGAGGTATCTG TGACCAGAGGACAGGAGCTTGTACCTGTOGTGACAGATATGAAGGAGOGCACTGTGAAATTCTCAAAGGTTGTCCTCTTCTTC
S GECQCKNGGTICDOQORTGACTTCRDRYEGAHCETITLZKSGCZPTLTLFP
100 120

CATOGGATTCTCAAGTTCAGGAAGTCAGAAACCCACCAGATAATCOCCAAACTATTGACTACAGCTGTTCACCAGGGTTCAAGC TTAAAGGOGTGGCACGAATTAGCTGTCTCCCAAATG
S DS QVQEVRNPPDNPOQTTIDYSCSPGTFE KLEKGVARISCLTPNG
140 1

"AGCTTTCCACOCAAATGTATTOGAGAATGTGOCAAGGTTTCATCTOCAGAACACGGGAAAGTGAATGCTCCTAGTGGCAATATGATAGAAGGGGCTACT TTACGGTTCT

QWSS FPPKCIRET CAKVYVSSPEHGIKVNAPSGNMTIEGATTLTRTFEFS
180 200
CATGTGATAGTCOCTACTACTTGATTGGTCAAGAAACATTAACCTGOCAGGGTAATGGTCAGTGGAGTGGACAAATACCACAATGTAAGAAGTTGGTCTTCTGTCCTGACCTTGATCCTG
CDSPYYLIGQETTLTQSCQGNG GO QWSGOQTIUPOQCKIKLVFCPDLDZPV
220 240

‘TAAACCA AAAATTGGTGTGGAACAAAAATA'

\TGCTGAACACCAGGTT! ATACGTGTTOGGGTAACTACTTCTTGA'
N HAEHOQVKTI

\TGGTCAGTTTCCTCAAGGCACTGAAGTGACCT) \TGGGTTTTAACACCT
GVEQKJYGQFPQGTEVTYTCSGNYFLMGTFNTIL
260 280

TAAAATGTAACCCTGATGGGTCCTGGTCAGGATCACAGCCATOC TG TG TTAAAGTGGCAGACAGAGAGG TOGACTG TGACAGTAAAGCTGTAGACT TCTTGGATGATGT
KCNPDGSWSGSQPSCVKYADREVDCDSEKAVDFLDDVGEZPV
300 320

\TCCACTGTOCTGCTGGCTGTTCTTTGACAGC TGGTACTG TG TGGGGTACAGOCATATACCACGAACT TTCCTCAGTG TG TOGTGCAGCCA'!
HCPAGCSLTAGTVWGTATIYHETLSSVCRAAI L P NS

\TCCA’
H A G K
340 360

CTGGAGGGGOGGTGCATGTAGTGAACAATGGCCCCTACTOGGACT TTCTGGGTAGTGACC TGAATGGGATAAAATOGGAAGAG TTGAAGTCTCTTGOCOGCAGT TTTCGATTTGATTATG
GGAVHVVNNGPYSDTFLGSDILNGIIZKSEELIEKSLARSTFRTFDYUV
380 400
AGAGA ACCA
T N
440
"AACAACCACATGGATAGGATTGCACAGACTAGATGCTGAGA
A E K
480

R I

\TCCACAGCAGGTAGATCAGGATGTCCTGA' TTGAGGT! \CGTTACA'
S S STAGRSGCPDGWTFEVEENCVYVTSIEKOQRAWETRAQGVC
420

ATATGGCTGCTOGTCTTGCTGTGCTAGACAAAGATCTAATTCOGAGT TCCTTGACTGAGACTCTACGAGGGAAAGGGTT!
M AARLAVLDI KDLTIPSSLTETLRGEKGLTTTWIGTLHRILTD
460

AATGGATCGTAGTAATGTGGTTCTGAATGATAACCTAACATTCTGGGOCTCTGGOGAACCTGGAAATGAAACTAACTGTGTATATCTGGACATCOGAGATC
P FVWELMDRSNVVLNDNLTTFWASGETPGNETNCVYLDTIRDDQOQ
4 500 520

AGCTGCAGOCTGTGTGGAARACCAAGTCATGTTTTCAGCOCTCAAGCTTTIGC TTGCATGATGGAT TTGTCAGACAGARATAAAGCCAAATGOGATGACCCTGGACCACTGGAAAATGGAC
LQPVWIE KTIE KSCTFQPSSFACMMDTILTSDUR RNIEKAIKTCDDTPGPTLENGH
540 560
AQGOCACACTTCATGGACAAAGTATTGATGGGTTCTATGCTGGTTCTTCTATAAGG TACAGC TG TIGAGGTTIC TOCACTACCTCAGTGGAACTGAGACOGTAACTTGTACAACAAATGGCA
ATLHGOQSIDGTFYAGSSIRYSCEVLHYLSGTETVTCTTNGT
58 500

CATGGAGTGCTCCTAAACCTOGATGTATCAAAGTCA' "ACCATCATATGGTTCTGTGGAAATCAAACCCCCAAGTOGGACAAACTOGA'
W S APKPRCIIKVYVITCOQNPPVPSYGSVETITKZPPSTRTNSTISZRVUVG
620 640
"AAAGTTAAACTAC
K V K L P
680

"ACCCCTOCCATTAGOCAGAGCAGCCAAACCTCCTOCAAAACCTAGATCCTCACAACCCTCT!
S PFLRLPRLUPLPLARAAKPPPIKPRSSOQPSTUVDTLAS
660
CTGAAGGTCATTACC TOGAGOCATTTACACGTGOGAGTOGAGATACTACGAACT! \TGTGACTCTAATGGAAACTGGAGTGGTOGGOCCG
E GHYRVGSRAIYTCESRYJYETLTLGS QGRRCDSNGNWSGRZPA
700 720

CTAGCTGTA’
S C 1

TTOCAGTTTGTGGACGGTCAGACTCTOCTOGTTCTOCTTICATC TGGAATGGGAATTCTACAGAAATAGGTCAGTGGO0GTGGCAGGCAGGAATCTCTCGATGGCTTGCAG

PV CGRSDSGPRSPFTIWNGNSTETILIGOQWPWOQAGTISTRWLAD

730 & 760

ACCACAATATGIGGTTTCTCC CCCTATTGAA \TGGATOGTCACTGCTGOOCACTGTGTCACCTACTCTGCTACTGCTGAGATAATTGATCCCAGTCAGTTTA

HNMHFLQCGGSLLNEKHIVTAA@CVTYSATAEIIDPSQEOIO"K
780

AAATCTATCTGGGCAAGTACTACOGTGATGACAGTAGAGACGATGACTACGTACAAGTAAGAGAGGCTCTOGAGATOCACGTAAATOCTAACTACGACCOOGGCAATCTCAACTTTGACA
IYLGKYYRDDSRDDDYVQVREALE!NVNPNYDPGNLNF@I
820 84

TAGOCCTAATTCAACTGAAAACTOCTGTTACTTTGACAACACGAGTCCAACCAATCTGTCTGOCTACTGACATCACAACAAGAGAACACT TGAAGGAGGGAACATTAGCAGTGGTGACAG
ALIQLIEKTPVTITLTTIRVQPICLPTDITTREUHLIEKEGTLAVVTSG

860 880
GTTGGGGTTTGAATGAAAACAACACATATTCAGAGATGATTCAACAAGCTGTGCTACCTGTTGTTGCAGCAAGCACCTGTGA, AAGCAGACTTACCACTGACAGTAA
WGLNENNTYSEMIOOQAVLZPVVAASTCEEGYT KEADTLZPTLTVT
900 920

\TT. \TGATTCOOGTACOGAAAGGOGGTGGGTCTTGGAAG
G GPLVFADDSTRTERRWYVLESG
960

GGATTGTCAGCTGGOGCAGTOCCAGTGGATG TGRCAAGGCTAACCAGTATGGGGGCTTCACTAAAGTTAACGTTTT TCTATCATGGATTAGGCAGTTCATTTGAAACTGATCTAAATATT
I VSWGSPSGCGKANQYGGTFTI KVNVFLSWIROQFTIH®*
980

994
TTAATCATGGTTATAAACGTCTTGTTTOCTATTTTTGCTTTACTAGTTTAACCCATAAGAAGGTTAAGTGGG TAAGGCACCAGTGTCAT TG TTTGT TTGTTTTTACAAATGGTTCGTTTA

CAGAGAACATGTTCTGTGCAGGTTACAAGAAGGGACGTTATGA'
ENMTFCAGYKKGRYDACSGD

GTCAATGAATGAGAATAGTATCCATTGGACACTGTTACCTTTTATGTTTTTATTCTACCTTTTTATATTACCATGCAAGTATTTGGAATATCTTCTATACATATGAAAATTCTGTTATTT

TTCCATAAAGTTGGTTTCTGGTGTGOGTTAAGTCCACCACTGGAGAATGATGTAATTTTCACTAGTACATGAAATAAATATAGAACAAATCTATTATAAACTACCTTAAAAAAA

1 12
GTAAGTATCATC-

1527
-GTACTGATAATGTTACTGCAACCT
T D NV T A T *
® 473
AAGTAGACTTTATTTTAGTCTAAGATATCTTGTGTCAATTGTTGACTTGC
TACTCTTACTTTATTGTAATAAAACTGTTATAAAGTATTAAGTCTTGTTT
ATTTTATTACTGTTTAAAGTATACTACAAGGGTTACACCTAAAAGGAAAT
TTCTATCTGACAATTTCATAAAAAGTGGATGTTACTTTTGATTTTCGTTG
GTTGTTAAATGCACATCCGGTTTGTAAACATCTAAGTTCCCACAAACAGG
CTCTGTGGTCTTGTAAAAATCTAAACTAATACCACTTTTAATATGTTTTA
AACCTTTTTTTTATGTATGCTTATCAGAGACTAAAATAAAGGTTTTTAAT
AACTGTAAAAAAAAA 1915 =

1550

1600
1650
1700
1750
1800
1850
1900

(AATAAA) is double-underlined.

120

240

360

480

600

720

840

960

\CCTG 1080

1200

1320

1440

1560

1680

1800

1920

2040

2520

2640

2760

2880

3000

3120

3240

3474

Fi1G. 4. The nucleotide and deduced amino acid sequences of
AFC42. The sequences of the regions which differ from factor C
mRNA are shown. Nucleotides 12-1527 are identical with nucleotides
1-1516 of factor C (Fig. 2). The possible 5 splice junction consensus
sequence, GT, is shown by an underline. The potential N-glycosyla-
tion site is shown as a closed diamond. A polyadenylation signal
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FIG. 5. Subcellular localization of Factor C. Hemocytes were
fixed, stained with anti-factor C IgG and gold-particle-conjugated
second antibody, and then scanned. Numerous gold particles are
present in the large granules. The bar is 1 um.

Subcellular Localization of Factor C—Using anti-factor C
polyclonal antibody, the subcellular localization of factor C
was examined. Sections of the amebocytes were treated with
anti-factor C antibody followed by gold particle-conjugated
second antibody. Many gold particle conjugates were observed
mainly in large granules in the cell, indicating that factor C
antigen is localized in the large granules and exocytosed by
stimulation with LPS (Fig. 5).

DISCUSSION

A computer-assisted homology search indicated that several
interesting folding structures exist in the sequence of factor
C. First, five internally repeated units with about 60 amino
acid residues each are present, four in the H chain in addition
to one existing in the A chain (Fig. 64 ). These units are called
“Sushi” domains (16) because their disulfide folding structure,
which was first determined in 3,-glycoprotein I (17), resembles
Sushi, in traditional Japanese cuisine. They are also called
short consensus repeat. This kind of domain has been found
as tandem repeats in more than 20 proteins, mainly in pro-
teins participating in the mammalian complement system.
Most of the complement factors shown to have this domain
interact with C3b or C4b (18). Actually, some of the Sushi
domains in complement receptor type 1 (CR1) have been
shown to be binding sites for C3b or C4b (19). They seem to
provide sites for protein-protein interactions in other pro-
teins. Sushi domains in factor C may interact with other
proteins such as Limulus factor B or other components. No
protein containing the Sushi domain has, until now, been
identified in invertebrates. Factor C is the first example of a
protein that has a complement-like structure in invertebrates.

Second, an epidermal growth factor (EGF)-like domain is
present in the H chain (Fig. 6B). This EGF-like domain
displays most similarity to that of the laminin B2 chain.
Proteins containing this type of domain involve several blood
coagulation factors, complement factors, some receptors, in-
cluding the low density lipoprotein receptor. Cys® and Cys”,
Cys® and Cys'®, and Cys'” and Cys''' are thought to form
disulfide bonds by analogy with the folding structure deter-
mined in bovine factor X (20). Asp™, which is a site for -
hydroxylation in some EGF-like domains, was shown to be
unmodified by amino acid and sequence analyses.

Third, a lectin-like domain was unexpectedly found be-
tween the third and fourth Sushi domains. This region shows
similarity to so called C-type lectins (21) (Fig. 6C). No pro-
tease has, until now, been known to include a lectin-like
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domain. This type of domain is also found in proteins whose
functions are not limited to binding of carbohydrates, such as
the IgE receptor, and pulmonary surfactant-associated pro-
tein. Moreover, this domain shows similarity to cartilage link
protein and proteoglycan core protein.

There are two potential glycosylation sites in this domain
(Asn**® and Asn®”). Both of these asparagines could not be
identified in amino acid sequencing, suggesting that these
residues are modified. Cys*'! and Cys*?, Cys' and Cys™”,
and Cys”"” and Cys”' are thought to be linked to one another
based on the disulfide folding structure determined in the
lectin from acorn barnacles (22).

Two other characteristic sequences were found in the H
chain. One is a Cys-rich region, which is located in the amino-
terminal portion of the H chain. Eleven cysteine residues out
of 56 are clustered in this region. The other is in the carboxyl-
terminal portion of the H chain, in which 13 of 48 residues
are proline. This region shows similarity to connecting region
of mammalian coagulation factor XII (23) (Fig. 6D).

The B chain portion of factor C is composed of a typical
serine protease, with a catalytic triad, His™'-Asp*’-Ser"",
judged from similarity with other proteases. Six cysteines out
of seven in the B chain are believed to form disulfide bonds
between Cys™ and Cys™’, Cys*” and Cys**, and Cys”*" and
Cys™ by analogy with those of trypsin (24). The remaining
Cys®* is considered to pair with Cys™ in the A chain. The B
chain shows the strongest similarity to human «-thrombin
(36.7%). This is consistent with the result that factor C has a
similar specificity toward synthetic fluorogenic peptide sub-
strates as a-thrombin (4). The substrate-binding site, Asp””,
is conserved, which indicates that factor C is a trypsin type
enzyme, although the cleavage site associated with zymogen
activation is Phe™-Ile™ (9). The proline residue at the P,
site could be important for cleavage. As a matter of fact, the
peptide bond cleaved during conversion to the two-chain form,
Arg®®-Ser®, is also preceded by a proline residue.

The mosaic structure of factor C is summarized in Fig. 7.
Three membrane proteins, endothelial leukocyte adhesion
molecule (25), lymph node homing receptor (26), and granule
membrane protein 140 (27), have been reported to contain a
lectin-like, an EGF-like domain and several Sushi-like do-
mains. They are thought to play roles in cell recognition and
the name “Selectin” has been proposed for them. The simi-
larity in domain composition between factor C and these
proteins is of interest because these three proteins all seem
to be associated with biological defense systems. Factor C
may play another role, for example, cell adhesion after de-
granulation, which seems to be important for the removal of
clots and foreign material.

There is a report indicating that all components necessary
for hemolymph coagulation exist in the granules of the ame-
bocytes (28). Our immunohistochemical observation with
electron microscopy demonstrates that factor C is localized
in the large granules in the cell. When LPS comes in contact
with amebocytes, these granules are secreted and hemolymph
coagulation is initiated by the components of the granules.

We also cloned a minor transcript found on Northern
blotting which shares the 5’-terminal sequence with factor C
mRNA. Since the boundary in AFC42 contains the sequence
GT (nucleotides 1527 and 1528), a conserved sequence at 5’
splice sites, this region appears to be a 5" splicing junction
site and alternative splicing results in the transcription of this
clone. The protein encoded by this transcript has the same
amino-terminal region as factor C, including the Cys-rich, the
EGF-like, and three Sushi domains and the first half of the
lectin-like domain (Fig. 7). Only 7 amino acid residues with
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F1G. 6. Sequence similarities be-
tween factor C and other proteins:
Sushi domains (A4); EGF-like do-
mains (B); lectin-like domains (C);
proline-rich regions (D). The se-
quence references are as follows; A, hu-
man factor XIII b subunit, mouse factor
H, human factor B, human 3,-glycopro-
tein I, and human C4b-binding protein
(29). B, human laminin B2 chain, (30),
bovine protein C, factor X, factor IX,
protein Z, and protein S, and human Cl1r
and low density lipoprotein receptor
(31), bovine factor VII (32), and human
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A

Factor C
(Horseshoe Crab)

117-170

174-229

235-296
551-609
669-723
Factor XIII b subunit 254-307
(Human) 316-369
376-430
505-558
Factor H (Mouse) 3-62
67-123
918-971
976-1031
1036-1089
1096-1150
Factor B (Human) 78-133
140-193
3, -Glycoprotein I 123-181
(Human)
C4b-Binding Protein 2-60
(Human) 127-186
191-246
B

Factor C (H.c.) 78-111
Laminin B2 (Human)718-751

Cls (33). C, lectin from acorn barnacles g‘;?{ilrnvcil(?g:\)::g) f;:z?
(22), human IgE receptor, and chicken Factor X (Bovine) 47-81
hepatic lectin (21) and human asialogly- ~ Factor IX (Bovine) ~ 48-82
coprotein receptor 1 (34). D, human fac- ~ Protein Z (Bovine) 49-62
z . : 5 Protein S (Bovine) 77-113
tor XII (23). Amino acid residues iden- 1y (Human) 126-172
tical with those of factor C are boxed. C1s (Human) 117-156
Conserved cysteine and tryptophan res- LDL R. (Human) 294-331
idues are shadowed. C
Factor C (H.c.) 411-478
Lectin (A.b.) 2-70
IgE R. (Human) 163-227
H. Lectin (Chicken) 78-145

ASGH R 1 (Human) 154-218

Factor C (H.c.) 479-543
Lectin (A.b.) 71-130
IgE R. (Human) 228-286

H. Lectin (Chicken) 146-205
ASGH R 1 (Human) 219-281

D

Factor C (H.c.) 643-665
Factor XII (Human) 285-307

PRO-RICH

CYS-RICH

Factor C &)

SIGNAL EGF SUSHI LECTIN SUSHI SERINE-PROTEASE

H chain

A chain B chain

FiG. 7. The domain structure of factor C. Factor C has a
mosaic structure of several domains including a signal peptide (—25
to —1), one Cys-rich region (1-76), one EGF-like domain (77-111),
five Sushi domains (117-170, 174-229, 235-296, 551-609, and 615-
723), one lectin-like domain (411-543), one Pro-rich region (618-665,
located within the fifth Sushi domain) and one serine protease domain
(738-994). The H, A, and B chain correspond to each domain as
illustrated. A tentative alternative splicing product encoded by AFC42
contains the signal peptide, the Cys-rich region, the EGF-like domain,
three Sushi domains, and the first half of the lectin-like domain.

one potential N-linked glycosylation site (Asn-Val-Thr) at its
carboxyl-terminal end are different from mature factor C.
The mosaic structure of serine proteases containing Sushi
domains is shown in Fig. 8. These proteases, except for factor
C, have been found only in mammalian complement systems.
Proteases shown to have both Sushi and EGF-like domain
include only factor C, Clr and Cl1s, each of which is associated
with the initiation of cascade reactions. This structural simi-
larity is suggestive because factor C and Cl1r can be thought
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Factor ¢ YOOA-S 2O

Clr, Cls
C2, @@@vaww:!

Factor B
e 4 @ =
Serine

Sushi EGF Lectin 4
Protease

Fi1G. 8. Comparison of the structures of serine proteases
containing Sushi domains. The domain structures of serine pro-
teases with Sushi domains including Limulus factor C, Clr, Cls, C2,
and complement factor B are illustrated.

to have similar activation mechanisms. LPS for factor C may
correspond to Clq bound to an immune complex for Clr, and
both activations occur autocatalytically.

In conclusion, factor C, the putative initiator of the Limulus
coagulation cascade, is structurally related to mammalian
complement factors. The coagulation cascade functions in
preventing not only leakage of hemolymph but also invasion
of foreign substances into the hemolymph. The initiator of
this cascade, factor C, is a newly discovered type of serine
protease zymogen, a “coagulation-complement factor,” which
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may play an important role both in hemostasis and defense
mechanisms. In considering the structural similarity of the
initiators of the two systems, the Limulus coagulation and
mammalian complement systems may have evolved from a
common origin. With regard to the evolution of host defense
systems in the animal kingdom, this is consistent with a
possible common evolutionary origin of the coagulation and
complement cascades.
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SUPPLEMENTAL MATERIAL
to
Limulus Factor C : AN ENDOTOXIN-SENSITIVE SERINE PROTEASE ZYMOGEN WITH A MOSAIC
STRUCTURE OF COMPLEMENT-LIKE, EPIDERMAL GROWTH FACTOR-LIKE, AND LECTIN-LIKE
DOMAINS.
by
Tatsushi Muta, Toshiyuki Miyata, Yoshio Misumi, Fuminori Tokunaga, Takanori Nakamura,
Yoshihiro Toh, Yukio Ikehara, and Sadaaki Iwanaga
MATERIALS AND METHODS mM sodium citrate), 0.1 % sodium laurylsulfate at 65°C. The washed filter was applied to
autoradiography.
(Tach I‘::eparta't_lf n of ar;-e::gyte CDNQ ::yb :.‘}!:e;emod of Chirg\'Avirta :Ia L IR ﬁ‘;)fr;:;}(]:)in;:gr)::: puriﬁege:;r;‘:lv?:\;’;;ya\lire‘:::g:c{ &Tln'leh: C]:ixrifwd mate[;{a(a\fr::r rfduced and S-pyrﬁg;‘::hglav::;

and the resulting H and L chains were separated as previously described (9). The S-
pyridylethylated H chain was digested with Iysyl endopeptidase (Wako Pure Chemical Industries,
Ltd., Osaka) and the L chain with cyanogen bromide followed by L-(tosylamido 2-phenyl) ethyl
chloromethyl ketone treated trypsin (Worthington Biochemical Corp., Freehold, NJ) (9). The
Iting ides were first d by gel ion with hadex G-50 fine (1.6 x 141 cm)
(Pharmacia Fine Chemicals, Uppsala) and then reyersed-phase high performance liquid
chromatography using a VYDAC 214TP5415 (4.6 x 150 mm) (The Separation Group, CA) or a
TSKgel ODS-120T (4.6 x 150 mm) (TOSOH Co. Ltd., Tokyo) column (Fig. M1). The purified
peptides were subjected to amino acid analysis on PICO-TAG system (Waters, Millipore Corp.,
Miiford, MA) or Hitachi 835 automatic analyzer and to amino-terminal sequence analysis on
Applied Biosystems 477 A Protein or Beck System 890 D S (Table MI).

Homology search ——————— The limulus factor C protein sequence was compared with
all entries in the NBRF Protein Sequence Database (release 23.0, December, 1989) with GENETYX
system (Software Development Co., LTD., Tokyo) on the basis of the algarithm of the computer
program FASTP (15).

Subcellular Localizati The were d into a sterilized tube
and immediately fixed with 4 % paraformaldehyde and 1.2 % glutaraldehyde. The sections
mounted on a nickel grid were incubated with factor C IgG after a blocking with 1 % bovine
serum albumin. The sections were washed and then incubated with goat anti-rabbit IgG gold
colloidal particles (20 nm) (E-Y Labs, Inc., San Meteo, CA). After extensive washing, the sections

were doubly stained with 2 % uranyl acetate and lead tartrate and examined under an electron
microscope {Hitachi H-500).
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Table MI Amino acid sequences of proteolytic fragments of factor C?
cyere Factor ¢ 8-8 7-18 5-3 5-10 7-9 8-1 5-21 521137 _5-21-21"
Vo, Amino ¥ield Amino Yield Aming Yield Amino Yield Amino Yield Amino Yield Aminc vield Amino Yield Amino Yield Amino Yield
acid (pmol) acid (amol) acid (nmel} acid (gmol) acid (pmol) acid (nmolj acid (nmol) acid (pmol) acid (pmol) acié (pmol)
1 Arg 22 Pro 6.57 Ala 1.91 X X X val 2.40 val 231  vai 290 X
2 Gy 112 X Cly 2.6 Gly - PeC - Ile Ser - Asn 251 Asn 82 X
3 val 150  Asp 1.50 Leu 2.61 CGly 87  Pro 417  Arg Ser - Ala 338 Aie 136 X
4 Asp 12 Asp 2.67 Asp 2.0  Ile 55 Lex 37% Glu Pro  2.25 Pro 270  Pro 202 Asp 49
5 Leu 105 Leu 1.95  Ser - PeC - Leu 448 X Cly 2.18 X Ser 35 Ser 28
6 Cly 96 Glu 1.72 X Asp 25  Pro 342 Ala 1.73 His 1.72 Gly 177 Gy 131  Pro 126
7 Leu 103 Ale 2.36 Vsl 1.33 Glo 41  Ser 179  Lys - Gly 1.20 Asn 151  Asn 94  Tyr 101
8 pect - Thr 0.70  Arg 5 Asp 126 Mer 177 Met 135  Tyr 116
9 Asp 40 X Thr 33 Ser 124 Ile 119 Ile 132 Leu 105
10 Glu 51 Pro 0.88 Gly 36  Gln 137 Glu 110 Gl 80  Ile 101
11 Thr 16 Pro 0.96 Ala 38 val 128 GCly 104 Gly 112 Gly 104
12 Arg 14 Asn 0.61  PeC Gln 155 Ala 119 Ala 101  Gln 54
13 Phe 63 Thr 11 Clu 89 Thr 93 Thr 47 Glu 55
1 6lu 52 Pec - val 114 Les 101 Leuw 77 Tar 43
15 peC - arg 5 Arg 32 Arg 4B Arg 43 Leu 62
16 Lys 26 Asp 13 Asn 64 Phe 77 X
17 PeC - Arg 9 Pro 101 Ser 42 X
18 Gly 87 Tyr 17 Pro 159 PeC - Gln 36
19 Asp 29 Glu 15 Asp i Asp 36 Gly 4y
20 Pro 82 Gly 16  Asn 71 Ser 44 Asn 10
21 ¢ly 105 Ala 19 Pro 96 Pro 31 cly 23
22 Tyr 4 His - Gln 47 Tyr 27 Gln 10
23 val 83 PeC - Thr - Tyr 52
24 Phe 76 Glu 10 Ile 21 Lew 32
25 Asn 49 Ile 17 Asp 33 e 19
26 val 100 Leu 13 Tyr 28 Gly 31
27 Pro 71 Lys 5 Ser 21 Cin 17
28 mer 27 peC - Glu 14
29 X The -
30 Gin 30 Leu 16
31 PeC - X
32 X PeCc -
3 Tyr 41 Gn -
3%  Phe 39
35
Positions  1-34 43-49 64-75 90-115 116-143 170-176 177-183 185-217 185-199 200-221
Regetitive 98.4 94, 92.2 90.3 92.9 91.6
Yield(%) Gly2-Glyl8 11e3-11e25  Pro3-Pro2l Asn2-Asn7  Ale3-Alel2 Leu9-Leuls

®The peprides whose yields are shown in pmol are sequenced by Applied 3iosystems 477A Protein Sequencer and those shown in nmel sre

890 Sequencer.
Intact factor

ot identified.

Not quantitatively determined,

f

Pegtides obtained by trypsin digestion

C.

Ss-pyridylethylcysteine.

of peptide 5-2

1.

by Beckman

(centinued)
- 615 5C T-l7 3-i49
HYCI€ ins vield Amivc vield Amino v T Arire vield
"Y' acid  (pmol) acid {rmol) acid (= b B
1 Lew Pro  leg Vel 230
2 val Phe 1 Ile 20U
3 ehe val  iTe  Thr 164
4 PeC Trp 36 PeC -
5 Pro Cic 84 GIn
6 Asp Leu 170 Asn
7 Leu Met 115 Pro
8 Asp Asp 82 Pro
9 Pro Arg 701 val
10 val Ser 18 Pro 146
11 Asn Asn 53 Ser 59
12 His val 81 Tyr 86
13 Ala val 127 Cly 70
1 clu few 11a  Ser 36
15 His asn AC val 60
16 Gln Asp 42 Glu 42
17 val X Ile 34
18 Lys 33 Tyr [.19 Ala 63 74 Leu - Lys 39
19 Phe 1.47 Gly 61 7 Tar - Fro 50
20 teu 0.86 PeC - 41 Phe - Pro -
21 Ser 1o - T - Ser 19
22 Leu 33 29 Ala 41 Arg 9
23 The 14 25 Ser 6 Thr 1%
24 Ala 29 26 Gly 38 Asn 7
25 Gy 35 Glu 25
26 14 Pro 30
27 24 cy 37
28 13 X
29 29 Glu 22
30 32 Thr 18
31
32
33
3y
39
Positions 232-249 256-275 283-293 299-305 310-334 391-420 452-457 482-511 612-635
Repetitive  90.1 96.4 65.5 87.7 88.9 87.3 93.5 88.9
Vield(%) Val2-Vall? Tyrl-Tyri8 Gly5-Gly9  Vall-Val6é  Alal-Ala2k Ala3-Alalé Prol-Pro26  lle2-1lel7
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teontinued)

L-cn3f
Amino Yield Aminc vield
acid {pmel)} acid (pmol) acid {pmol)

166 Ile
110 Gln
286 arg 268 Gln
163 Asp 136 Ala
- asp 151 val
128 Ser 43 Leu
128 arg 205 Pre
X Asp 92 val
asp 146 val
131 Asp 141 Ala
Ty 78 Ala 336
val 68  Ser 117
Gin 78 ‘The 95
¥al 61 Pel -
Arg 172 Clu 118
Gl 3 Gl 130
Ala 63 Gly 150
tes @3 Tyr 133
Glu &Y X
Te 39 Glu -
His 18 Al -
val 31 asp -

Asn 27 Leu

Pro 30 Pro

Asn 34 Leu

Tyr 23

Asp 27

fra 19

cly 18

Asn 16

Lew 12
Positions T7E5~774 807-837 894-918
Repetitive  85.3 92.% 95.6
Yield {3) Leui-Leud  Tyrl-Tyr2b Alat-Alal0

Bpeprides obtained by CNRr digestion of $-
pPyTidyletdylazed L-chain (Tskunags 2t gl., 1387}
Peptide obtained by trypsin digestion of peptide
L-Cx2.
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FIG. M1, & Hon of proteolytic fy from factor C. (A)Gel filtration on a
Sephadex G-50 fine column. S-pyridylethylated H chain was digeated with lysyl
endapeptidase and the digest was separated on the column (16 x 14l em)in 9 %
formic acid at the flow rate of 20 ml/h. The solid line shows absorbance at 280 nm
and the dotted line shows ihe absorbance at 254 nm. (B)-(G) Each peak
corresponding to a solid bar in Fig.4A was collected and further punﬁed by
revencd phase HPLC the indi d gradients of

acid. The col used were WDAC 214TPB415 (4.6 x 150 mm) in
(B} and TSKga\ ODS-120T (4.6 x 150 mm) in (CHG). (B) peak 3, (C) peak 4 (D)} pesk
5, (E) peak 8, (F) peak 7, (G) peak 8. The mhd lines show the ab:orbnnce at 210
nm, and the dotted lines show the gradi itrile in 0,1 %
acid. The flow rate was 1.0 mi/min. The i d ides were d
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show sequencing utilizing restnct.wn sites and arrows without circle were by deletions.



