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Abstract 

Two forms of Factor C cDNAs: CrFC21 (3448 bp) 
and CrFC26 (4182 bp) have been cloned into hgt22. 
CrFC26 includes 568 nucleotides of 5' untranslated 
region (5' UTR) containing seven ATGs before the 
real initiation site, an open reading frame (ORR) of 
3249 nucleotides, a stop codon, and 365 nucleotides 
of 3' untranslated sequence. There are four polyade-
nylation signals and six potential glycosylation 
sites. The ORF codes for a signal peptide of 24 amino 
acids and a Factor C zymogen of 1059 residues. The 
CrFC21 lacks most of the 5' UTR, and has some 
base changes in its ORF. The predicted secondary 
mRNA structures of the 5' end of CrFC26 showed 
numerous stern-and-loop structures, thus obscuring 
its real start codon. In contrast, CrFC21 has a well-
exposed AUG start site, and expresses Factor C in 
transcription-translation reactions in vitro. There is 
a typical serine protease catalytic triad of Asp-His-
Ser, which is structurally like prothrombin, but cat-
alytically more similar to trypsin. Although an over-
all homology of 97.7% was observed in comparison 
with the Tachypleus tridentatus Factor C (TtFC) 
cDNA, there were notable differences in the restric-
tion sites and subtle base substitutions in the CrFC 
cDNA. The high degree of homology between Factor 
C from T tridentatus and C. rotundicauda substanti-
ates, at the molecular level, the proximity of these 
two species in the course of evolution. This finding 
contravenes the apparent disparities with respect 
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to their morphology, ecological habitat, and taxo-
n ornical classification. 

Introduction 

There are four extant species of horseshoe crabs: 
Limulus polyphemus, Tachypleus tridentatus, Ta-
chypleus gigas, and Carcinoscorpius rotundicauda. 
Within the predominant type of blood cell, amoebo-
cytes, are enzymes belonging to the family of serine 
proteases that sequentially undergo limited proteol-
ysis (Iwanaga et al., 1985) upon endotoxin activa-
tion to finally convert coagulogen into an insoluble 
gel, coagulin (Solum, 1973). This cascade of en-
zymes and coagulogen constitutes the commercially 
available amoebocyte lysate used for detecting en-
dotoxin. The latter is extremely ubiquitous and in-
domitable, contaminating parenteral preparations, 
water, food, and pharmaceutical products. The Lim-
ulus amoebocyte lysate (LAL) is a rapid and sensi-
tive in vitro assay for detecting femtogram levels of 
endotoxin (Ho, 1983). 

The elucidation of the molecular events that are 
responsible for the subsequent gelation of the amoe-
bocyte lysate was attributed to the isolation and 
characterization of the serine proteases from either 
L. polyphemus or T tridentatus. These include Fac-
tor C (Nakamura et al., 1986) and proclotting en-
zyme (Nakamura et al., 1985). However, to date, 
there is a lack of information on similar enzymes 
from their mud-dwelling Southeast Asian counter-
part, C, rotundicauda, except our recent reports on 
purification and characterization of its Factor C en-
zyme (Navas et al., 1990; Ding et al., 1993a; I-To et 
al., 1993). 

Factor C is the endotoxin-sensitive intracellular 
serine protease zymogen that initiates the coagula-
tion cascade system. It exists as single- and double-
chain forms in C. rotundicuada (Ding et al., 1993a). 
While the catalytic site of the molecule is found in 
the light chain, the endotoxin-binding site is located 
at the NI-V.terminal heavy chain region (Nakamura 
et al., 1988). Mina et al, (1991) have cloned the T 
tridentatus Factor C, albeit in two partial overlap-
ping fragments: pFC 41 and pFC 53, henceforth re-
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ferred to as TtFC41 and TtFC53, respectively. These 
two fragments gave a composite sequence of 3474 
bp. We report, here, directional cloning of the full-
length C. rotundicauda Factor C (CrFC) cDNA in 
Xgt22 vector, its characterization by restriction map-
ping and DNA sequencing, homology comparison 
studies with TtFC cDNAs and other serine proteases 
in the EMBL gene bank, the computational analysis 
of the 5' region of CrFC cDNAs and their corres-
ponding predicted mRNA secondary structures, 
and the evolutionary significance of CrFC. The com-
mercial significance of recombinant Factor C is also 
implied. 

Results and Discussion 

Northern analysis of C. rotundicauda amoebocyte 
RNA 

Northern hybridization of C. rotundicauda RNA 
using TtFC probe under low stringency of 42°C 
showed three bands corresponding to 15.8, 5.9, and 
4,0 kNt (Figure la). However, subsequent hybridiza-
tion under high stringency with homologous EE 
fragment of CrFC26 revealed only the 4.0 kNt RNA 
band (Figure ib). The other forms of CrFC mRNAs 
could represent transcripts resulting from alterna-
tive splicing as indicated by the presence of alterna-
tive polyadenylation signals (see Fig. 5). Since total 
RNA was used in the earlier blot, the 15,8-kNt band 
could have been the hnRNA transcript. 
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Figure 1. Northern blot analysis using TtFC53 as probe 
on 10 µg total RNA in lane a (i) and 1µg of mRNA in 
lane a (ii); pCrFC26 (EcoRI—EcoRI fragment) as probe on 
10 µg of total RNA in lane b; and the 368-bp EcoRI—NdeI 
(5' end) of pCrFC26 as probe on 10 µg of total RNA in 
lane c. A single band of approximately 4 kNt in both blots 
(b) and (c) indicates that the cDNA isolated is full-length 
and the entire 5' end of crFC26 unequivocally belongs to 
this species of Factor C. 

The Factor C cDNA A recombinant clones 

From 250,000 recombinant clones, only 0.03% of 
the cDNA library was positive for Factor C cDNA, 
indicating its status as a rare copy gene. Following 
secondary and tertiary screenings, 16 k recombinant 
clones, henceforth referred to as CrFC cDNAs, were 
further characterized. Their orientations were deter-
mined, and initial restriction maps were analyzed 
for EcoRI and Nod sites (Figure 2). 

Double digestion of the CrFC clones with EcoRI 
and NotI followed by Southern blot hybridization 
with the T tridentatus Factor C (TtFC53) cDNA 
probe showed positive signals for all the CrFC 
clones (data not shown). When the same membrane 
was deprobed and reprobed with the 3'-end EN 
fragment of CrFC26, or the whole of TtFC41, two 
of the CrFC clones, CrFC45 and CrFC63, did not 
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Figure 2. The initial restriction map of the various Factor 
C cDNAs isolated and purified from the C. rotundicauda 
amoebocyte cDNA library based on Southern analysis 
with TtFC53 and the 1100-bp EcoRI—Notl fragment. The 
cDNAs are arranged in decreasing order of size and are 
labeled with the restriction sites EcoRI (E) and Nod (N). 
Fragments homologus to TtFC53 are drawn with solid 
boxes while those homologous to the E-'N fragment are 
drawn with hatched boxes. 
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cross-hybridize with either probe, suggesting that 
these two clones are not similar to the other CrFC 
cDNA clones. They do not have an internal EcoRI 
site, but are homologous to only the 5'-end region 
(EE fragment) of other CrFC clones and the TtFC53. 

Comparison of the restriction maps of CrFC and 
TtFC cDNAs 

The complete restriction maps of the two longest 
clones of C. rotundicauda Factor C cDNAs, CrFC21 
and CrFC26, are shown in Figure 3, in comparison 
with the maps of the two overlapping clones of 
T tridentatus Factor C, TtFC53 and TtFC41 (Mute 
et al., 1991). CrFC26 has a longer 5' terminus com-
pared with the TtFC53. Based on the restriction 
maps of TtFC53 and TtFC41 clones, the cDNAs 
from both species have the same locations for re-
striction sites StyI, Sall, and Sad. However, notable 
differences were also observed between the two 
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genes: CrFC has two BamHI sites compared with 
only one in TtFC53. On the other hand, the former 
only has two HinclIII sites compared with three in 
the latter. 

The TtFC41, on the other hand, encompasses the 
3' region of the TtFC. It extends from the SstI/SacI 
site up to the 3' end, and it was found to contain 
the internal EcoRI site relative to that of CrFC. The 
other common site between TtFC41 and CrFC is the 
Pstl site proximal to the 3' end, but the second Pstl 
site near the 5' end of TtFC41 was absent in the 
CrFC cDNAs. The BamHI and HindlIl sites in 
TtFC41 were absent in the CrFC26. 

The DNA sequence and derived amino acid 
sequence of CrFC cDNA 

The DNA sequences of CrFC21 and CrFC26 were 
determined on both strands by the Sanger dideoxy 
sequencing method. Figure 4 shows the sequencing 
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Figure 3. A comparison between the 
complete restriction maps of CrFC26, 
CrFC21 (C. rotundicauda), and 
TtFC53 and TtFC41 (T tridentatus, 
adapted from Muta et al., 1991). 
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Figure 4. Sequencing strategies of 
(a) CrFC26 and (b) CrFC21. Deletion 
subclones were prepared from pEE 
and pEN in both directions. The 
arrows indicate the direction and the 
extent of the sequences obtained. T7 

promoter primer (0-4); SP6 pro-
moter primer (4--o). 
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strategies. The CrFC26 was found to be 4182 bp 
long (Figure 5). This is consistent with the Northern 
analysis of the amoebocyte total RNA with homolo-
gous EE insert, which showed only one hybridizing 
band at approximately 4 kNt (Figure lb). This com-
plete cDNA includes 568 nucleotides of 5' untrans-
lated sequence containing seven ATGs before the 
real initiation site, an ORF of 3249 nucleotides cod-
ing for a protein of 1083 amino acids, a stop codon, 
and 365 nucleotides of 3' untranslated sequence. 
At the 3' end of the cDNA, the canonical hexa-
nucleotide sequence AATAAA is present 19 nucleo-
tides upstream from the polyadenylation site (at 
nucleotide position 4142). There are three other AA-
TAAA sequences found at nucleotide positions 183, 
239, and 2474, respectively. The ORF codes for a 
signal peptide of 24 amino acids and a Factor C 
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zymogen of 1059 residues, which, prior to N-glyco-
sylation, has a calculated molecular weight of 
120,244 daltons. This is close to the estimated mo-
lecular weight of single- and double-chain Factor C 
enzymes purified from the amoebocytes (Ding et al., 
1993a). The CrFC21 cDNA of 3448 nucleotides in 
length, its structural features, and its derived amino 
acid sequence are shown in Figure 5. With the ex-
ception of the absence of the majority of 5' UTR and 
some subtle base changes, the structural features 
within the ORF of CrFC21 bear close resemblance 
to those of CrFC26. 

The unique proteolytic site due to endotoxin-
activation of the Factor C enzyme is found between 
Phe-Ile: F752_I763

 for CrFC21, and F 826- I 027 for CrFC26, 
thus indicating the integrity of the cloned Factor C 
cDNA, and its potentials in endotoxin detection. 
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SEQUENCE ALIGNMENT OF TtFC AND CrFC cDNAs 

CrFC26 GTATTTAATOTC2CAACOGIANLOOTTTCATTOTAGCTAATAITTAACTSCCTCCCTOTOCCCCAIATCGCGAGTATGACGTCAGTIA

1 

AGACTTLOTATTTTAAGAGT7AAAGACGAOCCTTA., C374GAT  AAACALTSCCAACTTAATACJUTTOOCAIIACTIIT 179 

CAAILAATAAAGTGGAAAALGAGGIVAAAAAGAT6AAAAAAATTCOCATACAALGAATACAATAAAATGTOTTOKTITTACTGTCAACAC 268 

STACTOTTCGITIOGGSCACLOCTSIGTATCOGOGTGACTiTAT0T1702222200TCTTAWACGOTTIACITOOTTOTTT;GAAPATI TT

AAWCCTACATATGATTCTCCTAAPATTTTGITTA&AATTADCACCATTTGCSACCIAAATCTTTTITGTAGTCTTAAOTTTAGTT.C 446 

356 

AT2.3.11, 1,  VITTOTAACAACACACOOTATAAACTAAATALICTTGAATOGOTCOTATGAGIATAAAACTITTAAATAATTATGAAAG 

TTIGTITTAAAATITTGACTAAGOTTTAGATTAT67000TGACATOCTTOIAMOTriTC1772TOTTTOTGMAOTTCAOTTTTCT0TTTO

II VVTCPOTTLPVC 2 a 3 V F C I. 

TUC CA 

C2FC26 276TOTGTGTOGA0G277MG- 771,20TA00200CGTOTTTTCTACkGTTTTCCATTCOTTAAGTCAACAGTTOTTTTATTACAGTOTTAC 
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CrFC21 GT6AAGGTAACTTAAGTATOOTCTTAGCOTCGTGTTTOGTO TAOTTCTAG 

CrFC26 CATTACZCTC20-2, IGTACCIVALIGIGTOTACTCTOTGAATCCTGACAATICLAGAIIT TTAOTTCTAA 
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AGA TOTOTGAT6AAACGAOOITCGAGTOTAAGTGTDOAGATCCADGC 
AGA T6T6TGATGAAACGAGOTTL- 62GITGTAAGTOTOOCGATC0100C 
AGA GTOTGATGAGACGLGOTTCGAGTOTAAGTOTOOCGILTCCAG0C 

O I. G L CO C TAP ECKCG0
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• Ll 1CDZ iAl E CKCCD P G 

13,201w2cAAcE62032gUrcAAkcAATOZSCAcrrarA234AT 
TATGTGTT c.a . AcritrtrATCCAT 
TATO.= ACTIFFATCGAT 

-47 8 VPH 0 C P Y RN 
41 TVFN P f It OCT V P YAW 

111 T V P G P y 5O C T Y PT I1 If 

vs 

629 

2 
736 

ACA 
ACTH 65 
ACTA 606 

188 
133 
.9. 

ATTIGAAACCATIGTGATCACCTGGAGICTAAGGAL 272 
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ATTTGTCCAAAGTACAAACGATGTCAAGAGTGTAAGGCTGGTCTTGATAGTTGTGTTACTTGTCCACCTAACAAATATGGTACTTGGTGT 342 
ATTTOTCCAAAGTACAAACGATOTCAAGACTGTAAGGCTGOTCTTGATAGTTGTGTTACTIGTCCACCTAACAAATATOGTACZTOOTOT 335 
ATTTOTCCAAASTACAAACGATOTLVIGGITOTAAGOCTIIGTCTTGATAGTTOTGTTACTTOTCCACCTAACAPATATGOTACTTG0TGT 1079 
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GAAATTCFGAAGOTTOTLVTCIYCTTCCATNOATTVICAGOTTCAOGAAG 
GAAATTOTCAAAMITTGTCCTCTTCTICCATCOGATTOTCAGO 

137 E I L K O C P L L P 5 D 5 0 V O E V 
137 E T 1. 50CP LL P SD 5 V V•I EVII 
201 1 I LK OCPLLP 5 C S IVQ .VA 

OTCOTGACIWATAX 
GTCOTGACACATAT 
OTCOTGACAGATAT 

CRDP. 
CAD A T E 6 

GT 
GT 

C 

TAATOCCCAAACTATTGACTAC 
CAGATAATCCCCAAACTATTGACrAC 

TAPSCECCAAACZATTOACMC 
• 12 N A 0 2' I D T 

P P LI NPOT I DY 
22 AO X I D 2 

ALICSGTTCACCA00G2TCAA3CT7 AGC20TC2C00-1AATGGACAOTGGAGT 
AracrGrfcAcca08072CAA3C-22 cc6ArrA2c2o2crccc2A470/AcA0-200.402 
Ar.47.22CACCA00017CAAocT7 A.C202c2CCCAAAT002.8.020862.2 

167 C OP Kix An 2 S CLP 14 0 ,2 1. 
167 a C 5 I> 0 P x 1. Al l s c 2. 8 0 ,2 2r e kk 
231 3 C 3 P 0 l K 1. 16 An i d e L p N a 0 If

Homology between the DNA sequences of CrFC and 
TtFC 

In comparing CrFC26 and TtFC53 (Figure 5), the C. 
rotundicauda cDNA was found to be longer by 716 
nucleotides at the 5' end, and it also has an extra 
64 amino acids upstream from the starting met. The 
start of homology of both the DNA and amino acid 
sequences between the two species was found at 
nucleotide position 785 for CrFC26 and at position 
69 for TtFC. The homologous region extends 
through to the poly(A) tail of both genes, giving an 
overall homology of 97.7%. Most of the dissimilarit-
ies, however, were found in the 3' UTR, where a 
lower percentage homology of 86% was observed. 
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Figure 5. Alignment of the complete 
DNA sequence and deduced amino 
acid sequence of C. rotundicauda 
Factor C (CrFC26 and CrFC21) with 
the Factor C of T tridentatus (TtFC, 
upper sequence is adapted from Muta 
et al. 1991). The numbering of the 
amino acid residues is found at the 
left while that of the DNA (in bp) is 
found at the right. The site of trunca-
tion of the signal peptide is indicated 
by a small arrowhead W. The "start 
of homology" region is indicated by 
a directional arrow (r—). The differ-
ences in both the DNA and amino 
acid sequences are boxed (O). The 
cleavage site of the Factor C protein 
into heavy- and light-chain interme-
diates is indicated by a hollow thick 
arrow (-O-) between residues R and S, 
while proteolysis of the light chain 
into A and B due to endotoxin-activa-
tion is indicated by a solid thick 
arrow (-o.) between residues F and I. 
The potential glycosylation sites are 
marked with closed diamonds (*). 
The amino acid residues constituting 
the catalytic triad by analogy with 
trypsin are indicated by white stars 
(O). The four AATAAA sites are 
marked with double underlines 
(—). The seven false start ATG sites 
are indicated with single underlines. 
These sites are terminated shortly by 
in-frame stop codons indicated by 
black stars (*) located several bases 
downstream. 

On the other hand, similar to TtFC, there are six 
potential N-glycosylation sites within the CrFC se-
quence Asn-Xaa-Ser/Thr. 

A majority of the differences between the two 
sequences found within the ORF were due to base 
substitutions (Figure 5). In fact, these substitutions 
explain the perceived differences in the restriction 
sites previously obtained by restriction mapping 
(see Figure 3). For instance, the absence of the 
BamHI (GGATCC) site in TtFC, which in CrFC26 is 
located 1549 bp from the 5' end, was due to the 
substitution of the first G with a T in TtFC. The 
converse is shown with the BamHI site at 2430 of 
TtFC in which the second C is substituted with a 
Tin CrFC. Similarly, the PstI site (CTGCAG) of TtFC 
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Figure 5. Continued 
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287 0 2 6v T 2 T C 5 0 14 Y P LHar 2 CRP 11 O 3 V 3 a 
351 GT E V 2 Y T C 3 0 N Y TL it ar '3 7 C N 4 0 03 

TCAGAaCCATCCTOTOTTAAADTM,.nA,, ,TCGACTOTOAGAOTAAADCTOTAGACTTOTTOGATGATOTTOOTGAACC742C 1082 
2TATAacceerecTa2022AAA8200CAGACAGASVAITCCACTOTGATAGTAAAOCTOTAZAC22C2200ATOA20220020AACC202C 1050 
Treremn,ATOCTOTOTTAAALTGr, .nr,,r 7 e,GTOMACTCTGACAGTAAAGGIGTAGACTTCTTG4kTGATOTTOGTGAACCTCTO 119S 

217 6 0 1. 8 CvKVADA.VDCDS KAVD PLD DVO I0 rV 
317 8 0P S CVKVADA9VOCDS KAV D 10 1. D OVO EA PV 
381 9 0r 8 CVOVADA.VDCD S KAVDr2D OVO 8 PV 

917272LC AAGSTTCCTCAOTOTOTCGT 1172 
AGGATCD3X2471.,• TTTGACAGCTGGTACTGTGTGGCGTAVHHn- ATATACC TCCDcAOTOTOTCGTGCA 1145 
AGGAICCACTGTCCTGCTrOCCDOTTCTOTGACAGCTGGTACPGTGTGGGGTACAGCCATATACC C222CC2CASTOTOTCO20CA 1880 

347 AI SC P AO C 5 L TAOTTMOTA 1. 8 SVCRA 
347 RI SC P AS C S ZT AC T VAST A I T R El S 3VC RA 
411 Al A c P AO C S L. T Aa 4 v vr aT A l Y A 1. 5 2VCAA 

acCA2CCaTGCTOGCAOADTTCCAAACrcr 22C200aTAG26Acc20 '.2020C  M'55 
2020CA= GAACAATOOCCCCTACT OCCATCTATOCTOOTAAOCTTCDAAACT 22C2OGGTAGTanCC26 

1262 
1233 

GCCATCCATOCTacCAAOCTTCCAAACT TOCATG Taa.ACAATOOCCCCT TTTCT000TA5T6ACCI6 1070 
277 A I 9 A OKLP 14 3 0 0 A V VV II H O P Y FLO S O L 
377 A I NAGN I. P H E aaA V 17 ,7 14 14 a 2 1, 16 5 D I. 
441 A I DA 0 35.3 5 GOA V sly 01 0 0 12 Y 3 FLO S O L 

IOC OGGATAAAATCGGPADAOTTGAAGTCTCTI TT 2110.0 
AATGraGATAAAATCGCAAGAGTTGAAGTCTCTTGCC TT GAT TATOP 

22 ,sr•ste.G.GT TCAGGATOT 
CCACAGCAGGT TCAGGATGT 

2352 
1325 

Tc.„,...„„r3 

AATGGGATAAAPTCCGI.GAGST.A6 T 224202 CAOCALKIT TCAGGATGT 2069 
407 NG I X 8 8 3 5 X 9 5 All a ! Rr0YV 9 STAG S 0 C 
407 14 p a ra .' 5 X 3 LA Ft 3 10 RlD TV S STAG S 0 C 
471 14 Di 1 X 5 IS 3 53 5 1 AA 3 r 7020 6 a TAG S G 

CCCGATCGATOGTTTGASGVAIL OASAAGTGTGTSTAC5TTACATCAAAAGGAWAGCCTGGGAAAGA5KTCAA0ATGTGTGSACCAAT 2442 
CCTGATOGATGOTTTGAGGSAG STGT0TACGSTACATCP.AtACAGAGAGCCTGGGAASGAGCICAAGGIGT0TGTACGAT 2415 
CCTCATGGATGOTTTGA002 CTGTOTOTACGTTACATCAASACAGAGADCCTOOGAPAGAGCTCAAGGSGTGTGTACC.AT 2158 

437 PD G LI P ZVI Z N CVIVI SX O RAii L A A 0 0 V C T X 
437 PD OWPPV E N CV V 2 3 X 0 AAo lt RA Q C VC T 
SOI PD OWP IV 15 14 Dor v 9 AAA • RA 0 VC T 

ATCGCTGCTCOTCTTGCTGTDC AATTC MACTGASA. c1CTACaDea. • laTTAI4CAACcA 00 1532 
op, TTA AreI V A 00 ATOGCTGCTCSTCTTGCTOTGC CAAA0A AASSC GACT.GADTCIADol 1505 

ATOGCIGCCCGTCPTGCTOTOC PATS GACTGAGACTcrACara0G3AAG0OTT 2248 
467 MA A A L AV D X D 1 P 6 TZTLROXOLT T T 
467 MAAALAV D X D I P S LTZTL "L OX O L T T SW 
531 14 AAAI. AVY D X D I P I, T 2 7 L Aar 0 I. T T T 

lalaCATTOCACAGACTAGA AATOGATOJTAGTAATOTOITTCTGAATGATA\CCIAACATTC 1622 
ATAGGATTOCACAGACTAGATOCT AATOGATCOTAGTAAT0TG0TPCTGAATGOTAACCTAACATTC 1595 
ATASGATTGCNCAZACTAGAIGCTC..-^`,CrCTT ZATOCATCCTACIAATGTGGTTC1GAATGATPACCTAACATTC 2338 

.1.7 1 01XXLDAZXPP 1. 0 ID A 3 14 VVLN DOL 
497 2 OLSALDAZXPP LmDAS N v v 14 5 05T F 
561 1 GL EI ALDASKPF G LoDASAVVLNDHL T r 

(at 1683 bp from its 5' end) was not found in CrFC 
because the first C was substituted with a T. Again, 
a C-to-T base substitution (at 1700 and 2443 bp 
positions for CrFC21 and CrFC26, respectively) was 
responsible for the loss of the third HindlIl 
(AAGCTT) in CrFC, which in TtFC was located 1724 
bp from the 5' end. A change from A (at 646 of 
TtFC) to T (at 1362 of CrFC26) gave rise to either 
an Styl or NcoI site in CrFC26, whereas TtFC is 
recognized by only Styl. Base substitution was also 
shown in the XbaI (TCTAGA) site at 3101 bp of 
CrFC, where the first A is substituted with a C in 
TtFC. 

• 

The 5' noncoding region of CrFC and its 
computational analysis 

Figure 6 shows the secondary structure predicted 
for the 5' ends of the mRNA of CrFC21 and CrFC26. 
Numerous hairpin stems and loops are seen for the 
CrFC26, obscuring its real start codon, whereas 
CrFC21 showed a well-exposed AUG start site for 
ribosome binding. 

Exceptionally long 5' untranslated sequences 
occur on unusually interesting mRNAs such as epi-
dermal growth factor (EGF) (Scott et al., 1983), onco-
genes (Watt et al., 1983), and heat shock proteins 
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MC sr6500AAAACGAGTCATOT 
•GT0T009AA.,,AGTCA107
•220225.WACCAAMTCATOT 
V WX T IC S C 

1712 Figure 5. Continued 
1685 
2428 

T u.'349C6.9.9.CCPBWATBPJACTJACTOTOTATA 
TOGOCCTCTOOCOBACCIIMAPAT02.9.229.9‘TO2222.2 GC 

200BCCTCP379414.24CT.UAATWUVXMAA2202017.22. WACATC061.5. OC 

52T WA 8 0 E P ON. TNCV Y O I RD CI C 

527 A 8 0 8 P ON E TNGVY D I OD 0 . 11 V fi KT IC B C 

591 NABOB DONA TNCV Y D T I', 0 1. VW X T X 8 C 

• 

TTTCAOCC•CT WPCS 26[2.2221251 2,.NB,B1B.B29J7B,7,29.2BCCIA TGaxrar  1802 

TTTONVX,22 2.71730.222.2622 222.1k5.2521,2102V3CCPAATOCGATA CTCGAPAATGGACAC 1775 

TTTGBDOCCT TOCITOCAT GAT GOA 02aMNUWPAATABACATOAATOCGA CTO6AAAAT06ACAC 2518 

557 7 9 P 5 P ACNNDL 8 ORYI - 7P--). 11 CD P L IMO N 

557 7 9 17 1 FACHXD S. spANCARCD O 0 L YNC H 

621 P OP . 1' A CNNOL BD RN ICANCD O L IWO R 

GccACAcTTCAT009,9 .02,7,01.700417CTATOCio0T7CTTCTATAAGOTATACC9CTGALGTTCTCCACTACC9CAGTGGAACT 1892 

OCCACACITcAccGACAAASTATTGAT00077,TATocrOcricisCrATIAGOTACAOC707 0A007TCTCCACTACCTC.77067ACT 1865 
GCCACACTTCATCGACAAAOTATTGA?OO61TCTATGCTO6TTCTTCTATAAOGTAGtKTGTGAOOTTCTCCAC1'ACCTCA0 T06AACI 260. 

557 A S 1. 8 O G S I COPPAG a S I R Y S C IVL I9 C r. S 0 T 

597 ATL I, 6 (0 S I D O 2—PAO S A I AT S C PVL II Y L li o s 

651 AT I. N CH II I DCP Y AO S S I R,WVL X5 9. 8 0 5 

AAcrnTracAACAAATLOCACAToducTocTecTAAAccrocAT0TATTAAAGTUSCACCTOCC OTACCA 

JACTTOThr OOCACC,CSAGTCCTCCTAAACCTMATOTATCAAAGTCATCACCTOCCMAL 
1982 

OTACCA 
ACCA 

1955 
2698 AACTTOTACAACMATGOCAC.ATOCAOTOCICCSAAKCTCGATOTATCAAAOTCATCACCr 

617 V 7 CTSPO TRSAPX P RC T XP I TC O 0 P PVP 

617 T OT CTTNOT if sAprt e raC I XV I T C CO P PV P 

981 T VTC TTPOT O SApxpAc i xv I T C O O P PVP 

SCATATOcr:CT 22226226BOTCP4CTTTOTTGADOTTOCCALIGTTACCC 2072 
TCATAT.ITTCTOTOCAAATCAAACCOCCPAGTrararan,c,..,, TC225222G2TCACCTTTCTNNV4CTGCCACOGTTACCC 2045 
TCATATOCTTCTOTOGAAATGAACCCCCAACTC,X1ACAAACTC0A ~AOTCOTOTTG007CACCTTTCTTGASOTTOCCACTATTACCC 2788 

647 S Y G SV. I PP P S ATN I T SKVO S PPIALP ALP 
647 S T O SVE I XP P S RTN S I SAVB S PPLAL P RLP 
721 $ 2 2 8V2 1 11 , 19 8R, N S T O RVOS PPLRL PAL P 

CTOCCATTA170A.CAOCAOCCAAACCTCCPCCA,AAACCTAGATCCTCACAACCCICTACTGTGOACTTGGCTTCPAAACTIAAACTACCT 2162 
CICXJSTAGCTPGAOCAGCCAAACCTCCTMAAACCTAGATRTGCAC200TCTACTOTOGACTTGGCTTCTAAAGTTAAACTACCT 2135 
CTCCCATTA GAGCAGCCAAACCICCICCUAACCTAGATCCTCACAAL,,,,,ACTCTOCACTTOCCTICTAAACTTAAACTACCT 

477 LPLAPAA IC PPPX PAP S CI P S TPD LACKVXL P 
2070 

677 LPL AAAAR P P P X PAS S g P s TVP L A 9 KVX LP 
741 1. P CARAAXPP PAP P. s . O P S TVI LAB XVX LP 

•Cr 
GAA00TcATTAOTGGOSAO6GTCTCGAGCC*C0 CA SGCGAGTCGAG,IACTACGAACTACITGQATCTr,Aara- anL.GATGTGAC 2252 

..... AA6GTCATTACCGGGSAGOGTCTC TACOraCcAcTccAGATAcTAccAAcTACTT0GATCTCAAGGCNC.GATGTGAC 
C1 

2225 
cAA.9937cATTAccoaOTA000TC17PGACCCA ACACGTOCGAOTCGAGARACTACCAALTACTTOGAT,..707,. ..,ATOTGAC 

707 E C II T RV SRA, T CZ A E LL 
2268 

s 9 D ARCO 
707 L GETAVO S RAI T T CC SAT T Z L I. 0 B g 6 PACD 
77, c ox 7 AV 0 S RA , T 7 c x x it 7 S It L Lc. 9) G RACD 

TCTAAT090.0,1019.07007 TATTCCA0TTT070c.ACOOTCACACTCTCCTCGTTcTcCT TCTOGAAT000 2342 
TCTAATOGAAAC70.07007 TATTCCAOTTTCSOGARTGTCAGACTCTCCTCOTT..au.ITT1WTCT0090,7000 2315 
TcTAATocAAACT.A07007000C 2 TATT GO. 222220GABOOTCAGACTOT CCTCOTTCTCC7 TCTOGRATC.00 3058 

737 8 N 0 NV 8 ORPAI C I P VC00 Is s pxs FP I 859 
737 8 NON if 8 OAP hS C I P VCCR 8 D S P A 9 P 2 1 MN G 
801 SNONN. GRP A8C 1 P VCORI D S P A S PP 1 NNG 

AATTCT.AGAAASAWTCAGTOCCOMMCAGOCAGGlATCT TOOCTIocA0AcCACAATAT070377TeTecacT0700.4A 
AXTTOTAG.MAX2TABITCA5200220240GABB,ABB1ATCT TOGeTTOCACACCACAATAT0700771,7CCACT070,.007 

2432 
 2405 

3148 .2222112242.21‘06201/3200C2.2.,,ancp,,,,,, TcccT70^.7.,CATJATAT07007TTC7CCAGTOTCGAGGA 
767F S T 2 1 04NPNOAG I S RNLAD IT NNAPL O CGO 
767 14 8 72 1 00NPNBAG I . RNLAB BNNWP 1. 2 20 0 
831 4 . 8 20 1 35NPWOAG I S RWLA II 8NNWPL B C00 

T ATTGANTGAGAAATOOATCOTCACT0CrOCCCACTOTOTCACCTACTCTOCTACTOCTGAGATAATT STTAAK 2522 
T ATSGAPTGACAAAT6GATCSTCACTOCTOCCCACTOTOTCACCIACTTroCrACTOCTUSATTATT YAOTTTAM 2405 
T ATTGAATGASAAATOCIATO9TCACTOcroCCC>CreTGTCAccxAcTcTocrACTGCTGAGATTA CAST7TAAP, 3230 

797 5 1. 1. 5 EXP I VTAASCVT S S A T A S I I D P I X 
797 aLL IT ZK II I TTAANCVT T SATA II I I D P r x 
551 S L LPEK II I TTAANCV T P SATA Z I I D P 

O 
0 r X 

AIATCTOOOGAMCSACCOTGATGACACTIACACACCAITALT AC•407 =CACO TOTTBAC 
ATCTOGOCAAOTAC9A003TGATGACAGTAGAGACCATTACT T TCPAGO 2222BAG 

2612 
2585 

A A1,9000cAlkaTACTACCOTGATGACAaTAGAnAcak7aAct AcaAcTAAnanse..T TCCA TCBTAAG 
027 QVAXALX I XV P N 

3328 

R T LOXY DROS SRODD T 
B27 T LOXP TAPP B RO DDY VOVAZALX I II V N P N 
691 ! LOX T 0 1, 9+ 9+ 9 1% 0CDP vp Ir RIS ALX I XV N P N 

(Ingolia and Craig, 1981). This invites speculation 
that long structures of the 5' noncoding region par-
ticipate in the regulated expression of these genes, 
including that of Factor C. However, a long 5' non-
coding sequence in some mRNAs may have a delete-
rious effect (Kozak, 1983), especially if it contains 
secondary structures that may deflect ribosomes 
from the authentic initiation site that lies farther 
downstream. This was true for the Semliki Forest 
virus (Lehtovaara et al., 1982) and the recombinant 
fish antifreeze protein III gene (Li et al., 1991). This 
could also apply to the CrFC26 since there are seven 
false ATG sites (boxed in Figure 5) upstream from 
the real ATG site at nucleotide position 569. All 

these false start sites were followed shortly by in-
frame stop sites downstream. This configuration 
agrees with the ribosome scanning-reinitiation 
model of translation in eukaryotic genes (Kozak, 
1986). This is probably one reason why there exists 
another form of Factor C mRNA having a much 
shorter 5' noncoding sequence as in CrFC21, where 
it may be translated more efficiently. 

Variant forms of the CrFC gene 

The Factor C cDNA sequence indicates the exis-
tence of at least two types of Factor C mRNA in 
C. rotundicauda. The 5'-end terminal sequences of 
CrFC26 and CrFC21 differed significantly. Compari-
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Carcinoscorpius rotundicauda Factor C cDNA 97 

Figure 5. Continued 

857 

2203141CCCOOCAATCTOALTTTGAGYAOCOCTAATTCAACP222A2020CTOPTACT7172ACSACACGAGTCGACCAAPCTOTCTO 

2203202CCOOC AOC2201AATTCAACTOMAAC2COPOIYALTSTGArJU4CACGAOTCCJACCAA2VTOPCTG 

TACGACCOCGOCAX,72CAALGTTGACATAGCC0TAATTCAACTGAAAAC, CCTGTTACTTSC‘c11,1,70202CCAACLAATC202CTO 

T DPGMLNP D IAL I GLAT 2VT ATTAVQP I CL 

257 2 DPG2 1. 2 1. 0 1 1. 2 0 0LXT PV2 1. 2 TRVQP I C I. 

921 2 0 1, 02 1. 2 2. 6IA1 , 1 0LAP PV T ATTAVOV I CL 

827 
887 

2702 
2675 
2412 

2,22,22,,A2,242,0Ahc•eAsemscncr202AGGAGGAACATTAGCAGTGGSGACAGOTTGGOOTTTGAAT ATTCA 2792 

CrTACTGACATM, ,,,,,,,, AAc$T202. A.,,G47•$CATTASCAPTOOTGACA6071630022TGAATGAAAACAA ATTCA 2745 

CCTACTGAGATCAC.AG.$'5C$.'ACTTGAIGrarccAACATTA802070422ACAGGTTGGGOTTTGAATrAsx.csACA ATTCA 350$ 

P TD I TTARS222GTLAVVT OW0222NNT 

P 20 0 7702 2222822AVVT GWOLO SNNT 

951 17 0D I T TAI RLAX 0PLAVOTOWOLN RHNT 

41 
TTCPACAAOCTOTOCTACC202202 OTGAAG.GOOTAGAGGAAOCAGALTTACCALTMACAGTAACA 2882 

CSACPAGCTGTGCIACCTGTTGTT TGAXGAGOGGTACRAGGAAGCAGALTTACCACTGACAOTAACX 2855 
TCAACAAGICTOTOCTACCT021022 OTGAAGAGOOOTAChAGGAAGCAGLACTIACCACTGACAOTAACh 359. 

2 0 0AVLPSVAAS TC 12 2 0100AD IA PLTVT 

I I0AVLIVVAAS TC 5 1 3 2 25ADAPLTOT 

1 00AYLPVYAASTC. 202 22AD LPLT VT 

917 
917 
921 

8 
S 

Y S 

GAGJACATOTTC2OTOCAGOTTACAASAAOGGA03222TGATGCC2OCAOry $1. 1 cAGTOGAGOACS22202022200177242GATTCC 2972 
GAGPACATOTTCTGTOCAGOTTACA26220.12.42TATGATOCCTOCA3112230ACAO AGTOTTTOCTGATGATTCC 2945 
c TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT AGT0TTTOCTGATGAT TOG 3628 

947 8 NM P CA 0 2 8 11 OR Y D AC • 03 2 00 P L V r ADDS 

947 6 2 14 2. CA G Pr IC GA YD AC 8 O D $ GG P L V r AD D . 

1011 2 11 MrCAG Y 11 2 GA Y 0 AC 2 0 2. 0 0 PLY ,. AD DS 

() 

02TACCSAAAGGC0026002C22002.,7"ATTOTCADC20000CAOTCCCAGTOGATOTOOCAAGOCNAACCAOT 70.127 3062 
COTXDOGKAAMCGOTGOOTCTTGGAAGGGATTGTGAGIGTOA..,IOTGCCAGTOGATO TCACT 3035 
CGTACCSAAAGGC0020002CPTC, `cP^ATTGTCAOCTGLIGGCAGTCCCAGTOOATO GT CACI' 3778 

977A 22 n AWVT. 20 I V S SG 8 P 2 020 11 71 02 a r 

977 AT 2 A AV V 1. 2 G I V E' S G 8 2 8 0 COSA 14 0 2 GT 

1041 AT Z ARA V 2 2 G I V A 20 4 2 8 GC GX AN 0 2 G r 

..hOTT CATO6kTTAGGCAOTTCATTTGAAACTGATCTAAATATTTT 

AAAATTAA113 CATGGASTAGC.02022CATTTGAAACTGATCTAIATATITT 

22.2117TAACGTT7 CATOGATTAGOCAOTTCATT201AACTGATCTAAATATT22 

1007 2VNVFLIV IA0 1, 1 < 1019 

1007 2VNVFL S W 0 11 0 2. 1 < 1019 

1071 202 ,2 7. 2 2 N I A07 1 < 1083 

TGGTTATAANZOTCTTO 
GGSTATAAACOTOTTOT 
20027222.207=0T 

VOCTT SALTA= TTAA722CAT AAGAAGOTT .,,,TAADOCA 2ATT 0 TZ OT MIT 2 TT TAC.APATC422 
. G0222260224 2 TTAACCCATAAGAAGGT2 T1AGGCA 211720 . GT T1122277 T2=122002 

0C2721,20022722A-CCATNAGASDOTT TTG 022202227TAGAATGOT 

= 

a

GAATGAGANTAOTAT0CATT 02022200222 
GT GAXTGAGAATAGTATCCATT 02G22200222 
GT GAATGAGAATAGTATCGATT 02022200222 

rcrT 

TOTTTT 2022022222222ArTA8EkTEIF ATTT 
TTOTACCTTIITATATTA TATTT 
TTCTACCTTPTTATATTA TAPS? 

OVAT 3152 
OTAT 3125 
COAT 3867 

PTA 3240 
TA 3215 
TA 3.27 

TA 3330 
TA 3297 

4039 

TGAAAATTC742.2rdlEiT 1;00227.2.207.7-4.27201.712AGTCCACC2 .c.41,120TAATT2 
TGAAAATTCY TT 001.2222 Tom. - AAGI,CArrA 1022<CATOTAATTT 
T.221,22270 TT TOOTTTCT 'GT G AAGT TOTAATTT 

TAMATAAATATACAscs$220TATTATAAACT 3473 
 343. tCA TGOATAPATATASAACAAATCTATTATAAACT 

TWATAXATATAGAMNUATCTATTAT 4122 

son of the sequences of C. rotundicauda Factor C 
clones CrFC21 and CrFC26 with that of T tridenta-
tus (TtFC53) shows that CrFC21 and TtFC53 share 
precise homology at their 5' ends. Yet, the most 
notable difference in the DNA sequences of Factor 
C from the two species of horseshoe crabs is the 
existence of an extra 716 nucleotides at the 5' end 
of the CrFC26 (Figure 7). Thus, CrFC21 was not 
merely a truncated species of CrFC26; rather, it was 
derived from a totally distinct species of mRNA that 
is exactly identical to the one that gave rise to the 
T tridentatus Factor C cDNA. To demonstrate un-
equivocally the authenticity of the 5' noncoding 
region of CrFC26, a further Northern blot analysis 
was performed, but using only the first 368 bp of 
CrFC26 (fragment flanked by EcoRI and NdeI) as 
probe. The Northern blot result in Figure 1c clearly 
demonstrates that the entire 5' end of CrFC26 truly 
belongs to this particular species of Factor C mRNA. 
Thus, the existence of the two types of C. rotundi-
cauda Factor C cDNA could be attributable to dif-

3412 
3383 
4127 

ferential splicing of the initial primary transcript 
around its 5' terminal. 

Structural domains and evolutionary significance 
of C. rotundicauda Factor C 

The secondary folding structures of several blood 
clotting factors in the human coagulation system 
are usually identified by common domains derived 
from homologous regions in the DNA sequence 
(Furie and Furie, 1988). Typically, all these factors 
have a signal peptide at its amino-terminus, and a 
catalytic domain at the carboxy-terminus, which for 
serine proteases like C. rotundicauda Factor C, also 
contain the catalytic triad, His8°9-Asp865-Ser9" for 
CrFC21 and His8"-Aspg29-Serm" for CrFC26 (Figure 
5). A hydropathy profile based on the formula of 
Kyte and Doolittle (1982) of the first 59 amino 
acids of CrFC26 showed the first 24 residues to be 
the putative signal peptide rich in hydropho-
bic amino acids (Figure 8). CrFC26 has five short 
consensus repeats (residues 206-259, 263-318, 
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Figure 6. The computational predictions of the 
ary structures of mRNAs of (a) CrFC21 and (b) 
The leader sequence of CrFC26 shows numerous 
stems and loops. The authentic AUG start codon is 
The start codon in CrFC21 is exposed in a loop, 
appears more accessible. 

positions 827-1083. No propeptide sequence, krin-
gle domains (Park and Tulinsky, 1986), amino acids 
stacks, or finger domains were found. 

Scanning the EMBL gene bank in a homology 
search for the serine protease catalytic domain of 
CrFC revealed that it is structurally closest to T 
tridentatus Factor C, with 97.7% homology in 777 
overlapping nucleotides (Table 1). 

From the overall comparison with serine prote-
ases from other species, the CrFC is structurally 
closest to prothrombin and thrombin. This finding 
agrees well with the preference of Factor C for hy-
drolysis of synthetic substrates of thrombin. Sur-
prisingly, a human liver hepsin (Leytus et al., 1986) 
exhibited a slightly higher level of homology with 
CrFC than did other blood coagulation factors. Al-
though the function of hepsin is still unknown, this 
serine protease, which lacks a typical signal peptide 
but instead has a transmembrane domain, was nev-

Table 1. Percentage homology comparison of the cata-
lytic domain of Carcinoscorpius rotundicauda Factor C 
with other serine proteases based on entries in the EMBL 
data bank. 

0-

second-
CrFC26. 
hairpin 
boxed. 

lectin-

region 

Gene 
Homology 

(%) 

Overlap 

(hP) 

Tachypleus tridentatus Factor C 97.7 777 

Onchorhynchus mykiss 
thrombin 54.4 709 

Rattus norvegicus thrombin 52.2 624 

and 

Rat prothrombin 

Acipencer transmontanus 
thrombin 

Oryctolagus cuniculus thrombin 

52.2 

52.8 

57.3 

624 

623 

595 

Mouse prothrombin 52.7 509 

Human blood coagulation 
Factor VII 55.7 420 

Guinea pig Factor IX 57.4 296 

at 
Human liver hepsin 59.0 278 

324-385, 640-698, and 758-812), one 
domain (500-632), one EGF-like domain (167-200), 
a Cys-rich region (90-165), and one Pro-rich 
(732-754). The serine protease domain is found 

CrPC21 1 GTGAAGGTAACTTKAGTATGGTCTTAXGCGTCGTTTTTWAG 
TtF053 1 CACOTTIAAGGCGAPCGTOCAAGAACTCTGAAGGSAALTTAAZTATGOTCTDLOCGTC6T1TTTG6TG 
CrrC26 717 ACCATTACTC1CTCCAGATACCTCPAAGTTCTACTC1GTGAIMCCTGAGAGCCAGAGIMCATICTI 

Start of homology 

2CTOGITRAGTT 
TC1VG17SAGT7 
TCAGGTTTAGTT 

Figure 7. Comparison of the amino-
terminal nucleotide sequences of 
different Factor C cDNAs isolated 
from the horseshoe crabs. The clones 
TtFC53 and TtFC41 is from T tri-
dentatus (Mute et al., 1991) while 
clones CrFC21 and CrFC26 are from 

C. rotundicauda (this work). CrFC21 

and TtFC53 have identical 5'-end se-
quence, while CrFC26 has an extra 

716 nucleotides at its 5' end. 
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Figure 8. Hydropathy analysis of 
the first 59 deduced amino acid se-
quence of C. rotundicauda Factor C. 
The hydrophobic peak spanning resi-
dues 1-24 represents the putative sig-
nal sequence. 

PROTEIN HYDROPHOBICITY DATA FOR CRFC26 
date:04-22-1994 

Averages and values plotted are for that base plus the next 6 
Hydrophilic 0 Hydrophobic 

residue Score Avg. 
1 M 1.90 0.900 
2 W -0.90 0.529 
3 V 4.20 1.057 
4 T -0.70 1.000 
5 C 2.50 1.500 
6 F 2.80 1.743 
7 D -3.50 1.700 
8 T -0.70 1.700 
9 F 2.80 1.686 

10 L 3.80 1.171 
11 F 2.80 1.229 
12 V 4.20 1.229 
13 C 2.50 0.986 
14 E -3.50 1.171 
15 S -0.80 2.214 
16 5 -0.80 2.686 
17 V 4.20 3.400 
18 F 2.80 2.671 
19 C 2.50 1.629 
20 L 3.80 1.671 
21 L 3.80 1.071 
22 C 2.50 0.929 
23 V 4.20 0.929 
24 W -0.90 -0.314 
25 R -4.50 -0.314 
26 F 2.80 -0.314 
27 G -0.40 -0.114 
28 F 2.80 0.343 
29 C 2.50 -0.243 
30 R -4.50 -0.714 
31 W -0.90 0.329 
32 R -4.50 0.229 
33 V 4.20 1.271 
34 F 2.80 1.271 
35 Y -1.30 0.314 
36 S -0.80 0.386 
37 F 2.80 0.400 
38 P -1.60 0.600 
39 F 2.80 1.429 
40 V 4.20 1.571 
41 K -3.90 1.514 
42 S -0.80 1.571 
43 T -0.70 2.043 
44 V 4.20 1.957 
45 V 4.20 0.900 
46 L 3.80 0.114 
47 L 3.80 -0.543 
48 0 -3.50 -0.543 
49 C 2.50 -0.500 
50 Y -1.30 -1.357 
51 H -3.20 -1.271 
52 Y -1.30 -0.929 
53 S -0.80 -1.300 
54 L 3.80 -0.786 
55 H -3.20 -1.514 
56 N -3.50 -1.171 
57 T -0.70 -0.071 
58 S -0.80 -0.471 
59 K -3.90 -0.586 

ertheless shown to have characteristics typical of 
trypsin. Based on the primary structure of CrFC, it 
was also found to the catalytically similar to trypsin-
type serine protease, although structurally closer to 
thrombin. This may be explained by the Asp1D24 (as 
opposed to Ser) in CrFC26, analogous to Asp189 in 
trypsin (Hartley, 1970), which strongly suggests that 
CrFC possesses a substrate specificity similar to that 
of trypsin. 

The high degree of homology of the DNA se-
quences of CrFC and TtFC substantiates, at the mo-
lecular level, the proximity of these two species of 

• 

horseshoe crab in the course of evolution. Calcula-
tions based on mutation distances among the amino 
acid sequences of coagulogen purified from the four 
extant species of horseshoe crab have indicated that 
C. rotundicauda could have diverged more recently 
from T tridentatus than did L. polyphemus and T 
gigas (Srimal et al., 1985). This is despite the dispar-
ity of their morphology and ecological environment. 
C. rotundicauda is approximately less than half the 
size of the other three species, and it is the only 
one that lives in brackish waters whereas the rest 
inhabit the open seas. In addition to other recent 
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findings on the molecular structure and enzymatic 
components of the coagulation enzymes, our pres-
ent study on Factor C favors the widespread conser-
vation of the system across the different species of 
horseshoe crabs. 

Expression potentials of recombinant Factor C 

In view of the harsh estuarine-brackish habitat of 
the C. rotundicauda, where extremely high popula-
tions of Gram-negative bacteria up to 1012 CFU/g of 
sediment is expected to challenge its survival, this 
species of horseshoe crab has a potent antibacterial 
defense mechanism (Yeo et al., 1993; Ding et al., 
1993b; Ho et al., 1994). Indeed its amoebocyte lysate 
has been found to be more sensitive to endotoxin 
than the Limulus or Tachypleus amoebocyte lysates 
(Kim et al., 1988). Being the first enzyme in the 
coagulation cascade reaction that is activated by 
endotoxin, recombinant Factor C from C. rotundi-
cauda would be of great significance to the pharma-
ceutical industry, in which pyrogen-detection 
constitutes an inherent part of quality assurance. 
The commercial implications of Factor C could be 
realized by its synthesis from expression vectors to 
produce recombinant Factor C to be used to formu-
late a rapid and sensitive detection kit for Gram-
negative bacterial endotoxin using synthetic sub-
strates. Subcloning the CrFC cDNAs in expression 
vectors and in vitro expression studies with 
transcription-coupled-translation (TnT) reactions 
in which the CrFC cDNA inserts were driven by 
T7 promoters have revealed higher expression of 
Factor C from CrFC21 constructs (our unpublished 
data, patent pending). In comparison with native 
CrFC26, the higher expression capability of CrFC21 
is probably due to the absence of multiple false-
start ATGs in the 5' region, the more easily accessi-
ble AUG, and the presence of a consensus Kozak 
sequence in the CrFC21. 

Experimental Procedures 

Procurement of C. rotundicauda amoebocytes 

The horseshoe crabs were partially bled by cardiac 
puncture and subsequently returned alive to their 
habitat. Blood was collected into equal volumes of 
pyrogen-free NaCl (3%) containing 0.125% N-ethyl-
maleimide (Calbiochem) as anticoagulant. Amoebo-
cytes were pelleted by centrifugation at 150 X g for 
30 minutes at room temperature. The cells were 
washed with 3% NaC1 and quick-frozen in liquid 
nitrogen before being used for RNA preparation. 

All procedures were performed under pyrogen-free 
conditions at 0°-4°C unless otherwise stated. 

Poly (A)- RNA preparation 

Total RNA was purified according to Chirgwin et 
al. (1979). Amoebocytes of 2.5 g wet weight were 
resuspended in 18 ml of 4 M guanidinium isothio-
cynate (Fluka) containing 20 mM sodium acetate, 
pH 5.2, 0.1 mM DTT, and 0.5% sarkosyl. Cell lysis 
was enhanced by passing the suspension several 
times through an 18-gauge needle and four to five 
times through a 23-gauge needle until a homoge-
nous lysate was obtained. The lysate was then lay-
ered onto a cushion of 4 ml of 5.7 M CsC1 solution 
in a Beckman quickseal tube. Ultracentrifugation 
was effected at 400,000 x g for 16 hours at 18°C. 
The total cellular RNA pellet was air-dried and re-
suspended in 1 ml of TES (10 mM Tris-HC1, pH 7.4, 
containing 5 mM EDTA and 1% SDS) and extracted 
twice with chloroform:butanol (4:1). The RNA was 
precipitated with ethanol, resuspended in DEPC-
treated water, digested with RNase-free DNase I 
(BRL), and extracted with phenol-chloroform. 
Poly(A)* RNA was purified by chromatography 
through Oligo-dT Tris Acryl (IBF, France). 

cDNA synthesis and cloning 

The mRNAs purified from amoebocytes were used 
to synthesize cDNAs following a modification of 
the method of Gubler and Hoffman (1983). NMI 
primer adaptors were used to prime the first-strand 
cDNA synthesis to ensure orientation-specific liga-
tion to vector, Xgt22 (Promega, USA). A replacement 
reaction was employed for the second-strand syn-
thesis while EcoRI adaptors were used to produce 
sticky-ended double-stranded cDNAs. After diges-
tion with NotI, the double-stranded cDNAs flanked 
by EcoRI—Notl restriction sites were ligated to 
EcoRI—Notl-digested Xgt22 vector arms. The recom-
binant DNA was packaged and transduced into 
Escherichia coil, LE392, and Y1090. The cloning 
strategy is outlined in Figure 9. 

Screening of Agt22 cDNA library 

The Xgt22 cDNA library was screened using, as 
probe, T tridentatus Factor C cDNA (TtFC53), 
which is a partial fragment of the Factor C cDNA 
(Muta et al., 1991; a kind gift from Prof. S. Iwanaga). 
As a rare copy gene, C. rotundicauda Factor C 
cDNA represented only 0.03% of the amoebocyte 
cDNA library. A total of 40 presumptive clones were 
isolated, of which 16 were further studied. The C. 
rotundicauda X Factor C recombinants (CrFC) were 
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Figure 9. The overall strategy uti-
lized for the synthesis and cloning of 
the amoebocyte cDNA. Notl primer 
adaptors were used to prime the first-
strand synthesis and allow orienta-
tion-specific or directional ligation 
into the vector, bacteriophage kgt22. 
A replacement reaction was em-
ployed for the second-strand synthe-
sis reaction using RNase H, DNA 
polymerase I, and DNA ligase while 
EcoRI adaptors were used to pro-
duce a sticky-ended double-stranded 
cDNA. Afer digestion with NotI, the 
unique restriction ends were phos-
phorylated with Ti kinase to allow 
directional ligation to the dephos-
phorylated EcoRI—NotI-digested vec-
tor arms. After packaging in vitro, the 
phage particles were transduced into 
bacterial host cells (E. coli, LE392, 
and Y1090) for subsequent propaga-
tion or cloning. 

First Strand Synthesis 

Second Sfrend Synthesis 

Ligation of Eco RI Adaptor 

Eco RI P

Not I digestion and P 

Phosphorylation 

Vector Ligation 

 AAAAA 
TTTTT Not I 
Not I primer adaptor 

dANII
rp.
V reverse transcriptase 

AAAAA 
-. -  -visC TTTTT Not I 

DNA pol. I 
RNAse 11 
D 

DN
NAIir 

pot. T4 
i. 1

dNTP, 

 Nv. AAAAA 
 TTTTT Not I 

Eco
DNA RI 

adaptors 
T4 

AAAAA
PIILT -11 

Not I Eco RI 

Not I digestion 
T4 Polynucleotide Kinase 

Eco RI 
AAAAATTTTT

Spin Column Chromatography 
Ligation to Rgt 22/Eco RI/Not I arms 
dephospborylated vector arms 

vector ormH 
 AAAAAMI_H  
 TTTTT EM 

vector arm 

Eco RI Not 1 

Recombinant 

cDNA 

purified, and the size of their inserts were deter-
mined after digestion with EcoRI and Notl restric-
tion enzymes. 

Northern and Southern blot analysis 

RNA samples were denatured with glyoxal and 
Me2SO (McMaster and Carmichael, 1977), separated 
on 1% agarose gel, and transferred to nylon mem-
brane (PALL Biodyne A, 0.22 µm) (Reed and Mann, 
1985). Likewise, DNA samples were fractionated on 
1% agarose gels, depurinated, and transferred as 
above under alkaline conditions. 32P-labeled DNA 
probes (either heterologous TtFC53 or, later, homol-
ogous CrFC cDNA) with specific activities of 109
cpm/µg of DNA were routinely used for hybridiza-
tion under standard conditions (Maniatis et al., 
1982). With the heterologous TtFC53 probe, hybrid-
ization was carried out at 42°C in the presence of 

4lig. DNA ligase 

recombinant cDNA 

50% formamide. Posthybridization washing was ef-
fected with 1 X SSC/0.1% SDS at room temperature 
followed by 0.1 x SSC/0.1c/0 SDS at 42°C until low 
background radioactivity was attained. With homol-
ogous CrFC cDNA probes, higher-stringency condi-
tions of hybridization and washings were employed 
at 65°C. 

Subcloning of CrFC cDNA fragments in pGEM 
11Zf(+) 

To facilitate further manipulations of the CrFC 
cDNA, the EcoRI-EcoRI (EE) and EcoRI-Notl (EN) 
fragments were subcloned into plasmid pGEM 
11Zf(+) and transformed into E. coif JM109. The 
orientation of the EE fragments subcloned into the 
EcoRI site of pGEM 11Zf( +) was determined before 
restriction mapping using the unique Xhol site at 
the 3' end of EE fragment and pGEM 11Zf(+). The 
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subclones containing EE and EN fragments are 

henceforth named pEE and pEN, respectively. The 

full-length CrFC21 and CrFC26 were also inserted 

into pGEM 11Zf(+ ). 

DNA sequencing of CrFC21 and CrFC26 

The DNA sequences of CrFC21 and CrFC26 were 

determined on both strands by the dideoxy method 

of Sanger et al. (1977). Figure 2 shows the sequen-

cing strategies for CrFC26 and CrFC26. To count-

ercheck the sequences obtained, the 5' ends of some 

other CrFC subclones; CrFC1, CrFC16, CrFC35, and 

CrFC69 (see Figure 2) were also sequenced using 

T7 promoter as the primer binding site. 
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