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Abstract 

Two forms of Factor C cDNAs: CrFC21 (3448 bp) 
and CrFC26 (4182 bp) have been cloned into Xgt22. 
CrFC26 includes 568 nucleotides of 5' untranslated 
region (5' UTR) containing seven ATGs before the 
real initiation site, an open reading frame (ORF) 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 stem-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 G. 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-
nomical classification. 

Introduction 

There are four extant species of horseshoe crabs: 
Limulus polyphernus, Tachypleus tridentatus, Ta-
chypleus gigas, and Carcinoscorpius rotundicauda. 
Within the predominant type of blood cell, anioebo-
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-
zyrnes and coagulogen constitutes the commercially 
available arnoebocyte 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. polyphernus or T tridentatus. These include Fac-
tor G (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; Ho 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 1\ff-1z-terminal heavy chain region (Nakamura 

et al., 1988). Muta 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 G. rotundicauda Factor C (CrFC) cDNA in 
X.gt22 vector, its characterization by restriction map-
ping and DNA sequencing, homology comparison 
studies with TtFC cDNAs and other sprint; proteases 
In the EMBLgene 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 1a). However, subsequent hybridiza-
tion under high stringency with homologous EE 
fragment of CrFC26 revealed only the 4.0 kNt RNA 
band (Figure lb). 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 ug total RNA in lane a (i) and 1 ng of mliNA in 
lane a (ii); pCrFC26 (EcoRI—EcoRI fragment) as probe on 
10 iag of total RNA in lane b: and the 368-bp EcoRI—Nciel 
(5' end) of pGrFC26 as probe on 10 µg of total RNA in 
lane c. A single band of approximately 4 kNt in both blots 
(b) and (a) indicates that the eDNA isolated is full-length 
and the entire 5' end of crFC26 unequivocally belongs to 
this species of Factor C. 

The Factor C cD1VA 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 A recombinant 
clones, henceforth referred to as CrFC cDNAs, were 
further characterized. Their orientations were deter-
mined, and initial restriction maps were analyzed 
for EcoRl and Notl sites (Figure 2). 

Double digestion of the CrFC clones with EcoRI 
and Notl 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 
amoeboevte cDNA library based on Southern analysis 
with TtFC53 and the 1100-bp FcoRI—NotI fragment. The 
cDNAs are arranged in decreasing order of size and are 
labeled with the restriction sites EcoRE (E) and Notl (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 (Muta 
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 Styl, 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 HindHI sites compared with three in 
the latter. 

The TtFC41, on the other hand, encompasses the 
3' region of the TtFC. It extends from the Sstl/Sacl 
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 HindIII 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, 

Holt 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 (o-->); SP6 pro-
moter primer (*---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 

3' 

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: F762-1763 for CrFC21, and F826-I827 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 GIATTIOATOTCTCAACOAAAAOOTTTCATTOTAOCTAATATTTAAC2TCCTCCOTOTOCCCCAAATCGCOAGTATGACGTCAGT2A 68 

AGACTTCGTAITTTAALAOTIAAACACOADCCTTA99.0904YATATIOTTIOTOTTAAACACIOCCAACTTAATACAATIVOCAJACITT 178 

CAPAMTAAAOTOGAWOONIOTAAAAAACIATLIAAAATAATTCOCATACAALGAATACAKTAAAATOTGTTOTCTTTA.CTOTCAACAC 268 

STACTOITCOTSCOOTCAOVICTACOATC000026ACITIAT99211029.2290TCTIADA55^°,4 TACTTGOTVITTTLAAPATTIT 358 

AMACCTACATATOATTCTCCMAAATTTTOTTTAtAATTAOCACCATTTGCLACCIAAATCIOTTTTOTAOTMAAOTTTA0278AC 448 

ATAKMACWATTTOTAACAACACACOGIATAILACTAAATAOCT2CAOATOOOTCOTATOACAAOGAAACITTTIAATAATTATOAAAO 538 

TT2TTSTAAAATTTGACTAAGOTTTAOATTATOTOOOTGACATCC22, m, rfooT , .TT22222.9052TTCAOTA.1....“4776 528 

X 8vCCPC T FLPVC E S SVFCL 

221C C5 2 

CrFC26 TTGTOTGTGTOGAGOTTTOOTTTCSOTAOSTGOCTTOTTITC2ACAOTTTTCCATTO32TAA6TGACAOTTOTTTTATTACAOTOTTAC 7111 

21 LCVNAFOFCRVAVFY 8 1. PrxX II TVP L L Q CI 

I-66-&60 OThom5100. A 
To= COVITAACGCGAAOGT.U.UaCnYIGAAGGTAACTIAAGIATOOTCTIAGCSTCGTITTTOOTGT STTALT.CT ACTA 92 

Cr2C21 OTGAACCTAXCTTAAOTATOOTCTTACCOTCOTTFTTOOTOT riTAOTTCTA ACTA 65 

CrFC26 CATTACT2TCTCCACAATACC2tAAAGT2CTACTC11TGAATCC AGTICTTT ICAOTTCT ACTA 808 

XV LASFLV 8 GLVL 
XV LAS FLV S OLVI 

51 8 Y e LE X T  SEPT 8 VN PDX PI T I L 5 0 1. 1,1, 0 

TCC rnwor 55A1TAGAAC. 2829T2ATOAAACGAGOTTCGA2292AAGTOTOGA2ATCCAGOC 182 

Gc TFOOWTC OG6SAGA T222T2ATCAAAC9A02TTCCAOTCTAADTGTOOCGATCCAOGC 155 

OCC TCAGT OGAOTAOAT GT9221.22JOACGAOOTTOGAGTOTAAOTOTOOCGATCCAO2C 898 

17 AQFIRPV ,2 DVDLOLC 2 2 T 21 F ECKC 

17 AQ HAPPO S GVO LOL CE E T IS P ECKCO D P 

81 A 0 NA PV 0 2 CV 13 L. 2 LC D E TA. P 8 CA C6D P G 

TATOTOTTChACRIGXMIXPAACAATACGCM7nAgrATOUT AFFMAXACChTCTGXTMACCIccAaCCTAAGGAC 272 
TATOTOTTCAA GAAACAAT84 ATTGTAAACCATOTGATGACCTOGAGOOTAAOGAT 245 

TAT °Tan GAAAGA2 ACTCOATCCAT ATT22AAACCAT2TGATOACC2GGAGGCSAAGGAT 988 
47 TVF P 0 C TFYRORP Y CXPCD DLEAXE 

41 VF N P KoC7 2 1, WAD Y CKP CDDLXXX ID 

122 I V Y !. P CT T F P APAP Y CKP C D D L EAX ID 

AT220TCGAAGTACAAACOATOTC.9A2A0T6TAAGOCTOOTCTTGATA6TTOTOTTACTTOTCCACCIAACAAATATGOTACTTOOTOT 362 
ATTTOTCCAAAOTAGAAC6ATOTCAA6POTOTAAGOCTO32CTIOATAGTTOTOTTACTTOTCCACCTPACAAATATOOTACTTOOTOT 335 
ATT202CCAAAOTACAAACGATOTCAA.0252AA0OCTOGTOTTGATAOTTOTOTTACTTOTCCACCTAACAAATATOOTACTTOOTOT 1078 

77 I C PXXXXC CI PCKAOLD S CVTCP PNKY O T2C 
77 I C PXXXXCQXCXAOLD •COTCP PNXY GTWC 

141 1 C PXXXXCIICXXOLD S COTCP PN 1C Y 0 T WC 

AOCOOT2AA. AAGAATOGAG6TATCTOTOACCAGAGOACAOGAOCTI4 OTCOTOACAGATAT CTOT 452 
ACICOOT OTAASARTGOAGOTATCTOTOACCAGAGOACAOGAOCTTO OSCGTGACAGATAT CTGT 425 
AOCOOTGAATO OTAASAATOGAGOTATCT6TOACCAOAOGACAOCAOCT22 TOTCOTGACA.TAT C202 1168 

107 5 0 C0 KNOGI CDORTOAC CROAT O 
207 5 0 8 COCKS! 0 I c 0 OAT 0 AC CADA 
171 0 8 CPCXXGOI CD ORT 0 AC CRDAT I 8 C 

GAAATTCTCAAAOOTTOTCCTCTTCTTGGT000ATTCTCARGTTC.00AAGIGGAA LCACCAGATAATCCCCAAACTATTGACTAC 542 
GAAATTCTCAAASOTTG2CCTCTTCTSTCATCOGATTC2CAOOTTCAO9AA02 GA - CATCAGATAATCCOCAAACIATTGACTAC 515 
CiAAATTCTCAAA.OOTTOTCCTCTIC2202ATCOGATT CCAGATAATCCOCAAACTATTGACTAC 1251 

137 5 I LKCC P 2. LP 8 12 8 05025A O PON P OT I D T 
137 IL I L K O C P L L P 5 5 8 CV•SEV It5 P F DNPOT C D T 
201 19 I LK CI C ALLP S 5 S 5 V 0 E V A N P P ON P O T 1 D T 

AOCTOTTCACCAO1322 CCCAAATOGACAST585ST ITCCACCOLLATOTATT 
TTPCCACCCAAATOTATT 

632 
AOCTOTTCACCASOOTTCAAOCTT 
AOCTOTTCACCAGOOTTCAAOCTT 

CrOATTAOCTOTCTCCCIAATO,,CAGTOGACT 
AGCTOTCTCCCAAATOGACAOTOGAOT 

605 
1348 TTTt^.^^.'AAATSTATT 

167 S C 1 99 08 A L S S v AAI SCLPH O 0 N 5 1, I* 85C 3 
147 8 C I POPRL IC O AA. I E C L P 14 COW OPSC I 
231 IC S POP KLIC O A K I S C L P N 0 0 5 9 P P P X C. 1 

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. 

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 (1). 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 (c-) 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 (+-) 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 
(0). 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 Pstl site (CTGCAG) of TtFC 
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Figure 5. Continued 
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287 G T E V T T T C S O 14 T F I, 14 0 P TLXCNPD 0 3 W 3 CI 
267 G T E v T Y r C S O N T F LH 0 T LX C N PD G S S 
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CACAOCCATCCT STOTTAXASTGOCALAr.,,.....TCOACTOTGACAOTAAAOCTOTAGACTTCTTOGATGATGTTOOTGAACCTOTC 1082 
TCACAOCCATCCTOTOTTAVOTOOCA0ACAGAOAGOTCOACTOTGACAOTAAAOCTOTAGACFTCTTGOATOATOTTOOTGAACCTOTC 1055 
TTACAO.CATCCTOTOTTAAAOT,^,,,, STADACT2 CTT0CAT GAT OTTOOT 0AACCSGSC 1799 T.8 TCSACTGTGACAO72AAGCT 

XVADREVDCD 327 3 0  P S CV 8 X AVD P. LOD VOX P S, 

317 8 0 P S C V KVADRIVDCD 3 XAVDPL 0 13 VO S P V 

381 5 P P It CV X V ADREVD CD P ICAVDP I, I1 D V O S P V 

088^^ATATACC TCCICAGTOTOTCGTOCA 1172 
AGGATCQ.CTGTCCIOCTSOCTOTTCTTTGACAGCTOSTACTGTGTOCCGTACAOCGTATACC TCCTCAOTCTGTCOTOCA 1145 
53GATCCACTGTCCTGCTO$CTGTTCTTTWCAOCTGGTACT0TOTGGGGTACAGCCATATACC TCCTCAGTOTOTCOTOCA 1893 

347 R 2 It C P A0 0 9 7. T AOTVN O T A I Y A 3 8 VCRA 

347 RI NC PAC C S I. TAG IV I4 GT A T Y FI 8 3 V CRA 

411 XI 3 C PA 0 C 9 LT AGT V V O T XI 7 2 3 L 8 8 V e lth 

OCCATCCAT0CTOOCAA.TTCCASACICT GTOCI.70 CAATGGQ2CZACI
TOAA,sATGOCCCCTACT 

TTTCTOOOTAOTGACCTO 1262 
OCCATCTATGCTOOCAAOCTTCCAAACTCT TOCATO 
GCCATCCATGCTOGCAAOCTTCCSAACICT TOCAT0 

TCT GOOTAGT GACCTO 
TT TCT000TAGTGACCTG 

1235 
1978 TGDACAATOOCCCCT 

377 AI HA 0 X 2. P 14 3 0 0 A V Ft V VSN O F T L 0 8 D 
377 AI NA 0 X L P N 9 G G A V e V ONNO P T G 3 D I. 
441 A ! RAO XL P N S 0 0 A V 9 V VNN O P Y F 2. 0 8 D L 

10.2000ATAAAATCOGAASAGTTCSADTCTCT2 TT TTATGT TT CCACACICAOGTA3ATCASGATST 1352 
AATGOGATAAAATCSOAAGAGTTOSAGICTCTIOCCC TT SAT TTATST TTG CCACAOCAGGT TCAGGATOT 1325 
ANTOGGATAAAATCCOAAGASTTSPAS TT TTATO TT CCACMCAOOTA9ATCAOOATGT 2068 

407 14 3 I XS 8 9 LX 9 LARS F PI TY 8 8 TA T O C 
407 NO I XS 8"1  7. X 9 LA Ft 3 F P I TY 3 S TAG 3 0 C 
411 N 0 2 X 9 L P. L X 3 L ARS F FP T V 3 5 5 A G 9 GC 

CCTGAT 00AT OGTIT WW2 'AACIGTCTGTACGTTACATCAAAACAGAGAGCCTGGGAAAGAGCICAAGGTOTGIGTACCAAT 2442 
CCTOAT0SATOOTTTGAGOT CT0TOTSTACOTTATATCAAAACASAGAGCCRGOGAAAOAOCICA1.002070TCTACCAAT 2415 
CCTCATGGATCOTTTGAOOT CTGTOTOTACGTTACATCAAAACADASAGCCTOOGAPACAOCTCSAGOTGTOTOTACCPAT 2158 

437 P D a 14 P 1 V I SCV Y V 2 S X 82 RA 14 L RAG GI VC T N 
437 P D GNF 2 V I 14 C V TV T 5 X Q RAV IR A 000 C T N 
501 P D ONF IV I 14 CV 2 V T 8 X Q RAM I PL A G OV C T N 

ATGGCIGCTCGTCTTOCTGTGC AAT GACTSAGACICTACSAMSGA2JaGGOTTSACAACCA 1532 
ATGGCIGCICOTCTTGCISTGC AAT OACT0AGACTCTACGAOGGAAACOOTTAAr 1505 
ATGGCTGCTCGTCTTGCT8TOC AATT GACTGASACTCTACCA000AAAGOOTT 2248 

467 MAARLAVL X D P a 2 2 1 1. RO IC GLIT 
467 MAARLAVL X D I P 9 LT L TLROX O 2, 2 T T N 
531 44AARLAVL D 1 P SITITLR0 X O r. T T T 

ATAOSATT OCACAOACT 
ATAOGATTOCACAGACTAGATOCT 

TATOGATO3TAMATOTOOTTCTOAATOATAACCIAATATTC 
SAT 00AT0317v3TAATGT OOTTCTGAATGATAACCTAACATTC 

1622 
1595 

ATAGOATTOCACAGACTAGATOCTGAGAAOCCCIT MT GOAT COTASTAATOIGGTTCT CAM SATAACCIAACATTC 2328 
457 I 0 I. H RLDAZXPF WE L 14 D R 3N V V I. 14 I) Si 1 9 
497 2 0 L EI RLD AZ X PF 1. 21 DR H N V V I. 14 D N 1. 
561 I 0 1. 21 RLD AIX Pr It I 1MDRSVVVL VI DNL T F 

(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 HindIll 
(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 StyI or Ncol site in CrFC26, whereas TtFC is 
recognized by only StyI. Base substitution was also 
shown in the Xbal (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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TGOOCC2C70003AACCTOGAAATGAlACTAACTSTOTATA 

TOOGCCTCDSOCGAACCTG6MATSAAACTAACOGTOTATA =GAGA 
7000CCTCTSOCGAACCTSGAAATGAAACIAACDSTGTAT GGACATCCAAGA 

0TOTOGAAAACGASTCATST 

MMM0.7A. 4Ar,AA, TCATOT 
GTOTGSAAAACCAAGTCATOT 

1712 Figure 5. Continued 
1685 
2428 

527 %AB OR T, G li E TNCV T D I Ra .2 V N% % S C 

527 %AS C E P G N E TN CV 7 D I O D Q. 0 V N% IC S C 

691 WAS 0 6 P 43 .E TNCV D I O D Q L 0 VN% % 8 C 

• 

TOCTTOCATGATOGA TrP,A,,,,, AATAAAGCCAAATGCOAT CTOGAAAATGaarar 

CTGGAAAATGGA,AC 
 1802 

1775 
ITTCAOCCCT 

OM

TTTCAGCCCT TGCSTSCATGATOGA 0TCACACAGAAATAAAOCCAAATOCGAT 

TTTCAC.CCCT TOCTTSCATGATGGA STCAGACAGAAATDAAGCCAAATGCGAT ~CTG capAyar,ArAr  2518 

557 7 0 P S S F ACNNDL S DRar —R—A8CD O L 5 14 0 

557 FOP S I ACNMDL SD AN% ANC 17 0 P G LINO S 

621 F 0 P 8 8 7 ACNNDL SD ANNAKCD a P L II NO O 

OCCACACTTCATO,,A4AGTATTGAT00GTTCTATGCTGGTTCTTCTATAAGGTACASCTSTGAOGITCTCCACTACCTCAGTGGAACI 1092 
OCCACACTTGT,^A," ,,TATTGATOGOTTCPATSCTGOTTCTTCTAT9A0GTACASCTSTGAGOTTCTCCACTACCTCAGTOGAACT 1845 
OCCACACTTCATOGACAAA0TATTGAT002TTCTATSCPOOTTCTTCTATAALWITACAOCTSTGA007TCPCCACTACCTCAOTOGAACT 2408 

581 A TL R 8 0 5 I DO P YAO S S I RT S C E V L S YLS OT 

587 ATL I! 0 Q S I 0 0 P 0 A 0 5 8 I AY S C EVLE Y L 8 0 T.

651 ATLI G 0 8 I D 0 P Y A O S S I R Y S C IVL EI T L S ST 

CCOTAACITOTACAACAAATOOCACAT069.5TOCTCCTAAACCTC5ATOTATCAAAOTCATCACCTOCCAAAACC4CCTOTACCA 1982 

AACTTSTAC.A,.40.2.,ACATOGIASTOCPCCTAAACCTOSATOTATCAAAGTCATCACCT 
AACTT0TArAarkAATR.,,,TOCASTOCTCCTAAACCTMATOTATCAAASTCATCACCT 

OTACCA 
TACCA 

1955 
2698 

617 L T V S C T T.GTWS A PKY R, C I CV T T CON P P ,' P 

617 E T V 7 CT TNGTW SAPMP AC I KV I T CON IP PV I. 

681 2 TPT CT TN 1 N 5 A P K P AC I XV I T C N P P V P 

• 

TCATAT631702020GPAATCAV•CCCCQUSTCGOACAAACICOA TCOVITTOGOTCACCTTTCTTGA00TTGCCACOGTTACCC 2072 
TCATATOOTTCTOTOSAAATCAAACCCCCAA2TrWArAAACTCSA TCGTOTTOWITCACCTTTCTTGA00710CCAC00TTACCC 2045 
TCATAT00TTCTGTOGAAATCAAAC'CCCC.\AGTCOOACAAAC7CGA TCOTOTTOOOTCACCITTCITGASIOTTOCCACOOTTACCC 2780 

447 5 TO SVK I N P P 5 RTN 5 I S IIVO S PFLRL PRLP 
647 8 2 0 8 V6 1 5P P S KTN S I SRVO S PFLRL PALP 

711 5 2 8 5V6 I 8 P P SKTN S I S RVO S PYLAL PAL P 

CTCCCATT ~CCTAGTCCTCACAACCCTC7ACTGTGGACT7OGCTTCTAAAOTTAAACTACCT 2162 
CCAAACLTCCTCGAAA AGATCCICACAACCCTCTACT6TOGACTTGGCTTCTAAAGTTAAACTACCT 2135 

CTCCCATTAG GAGCACCCAAACCTCCPCCIJAACCTASATCCTCACAAt-1,-ICTACTGTOCACTTOOCTTCTAANCTTAAACTACCT 2878 
677 LP LA PAR IC I, PP II PAS S O P S TVDLASKVKL P 
677 LP LA RARKP P P IC P AS S 9  1, S TVDL A 5 1( OKL P 
741 LPLA AAR IC P P PRPAS S I P STVDLAS IC VNL P 

-cr 
6AADOTCATTACCGOOTA000TC7CGASCY-A ACACGTMralarTCGAGATACTACGAACTACTTG,A. TCrntnetar, , ,, ,TGTGAC 2252 
GAAGGTCATTACCGGGTAGGGTCTCGAGCCA ACACSTOCGASTC0AOATACTACCAACTACTTSCATCT,AAnnCAGAACATGTGAC 2225 
GAAGOTCATTACCOGOTAGOOTCTOGAGCCA ACACSTSCGAITTCSAGATACTACSIAACTACTTOGATCT, Arlesr iTGTGAC 2948 

707 EGET A V O S P A I T C E SRY Y R L L0 S 0 ORRCD 
707 E GS S 13 VO S RA I T T C R SAY T E L LO 5 QOARC D 
771 E 6 E TRV 6 S AA 22 8 8 SRY T E L LG S QOARC D 

TCIAATOGAAACTOGAGT6G7 OTATTCCASTITOTOSACOOTCACACTCTCCICOTT TCTOGAAT000 2342 
TCTAAT.GGAAACTOGA07002 OTATTCCASTITOTO0A0307CAGACTC7CCPCOTT, TCTSSAAT000 2315 
TCTAATOOAAACTOGAZTOOTC00C OTATTCCASTTT0TOGAC037CAGACTC1-,,,TTCT TCTOSAAT0G0 3050 

737 S 14 O N N S CI APAS C I P VC O It 5 0 S PAM, I NNO 
737 5 1, 6 1.8 5 5 0 AP AS C 1 P VCGAS D S PAS P F 1 II NG 
801 SNGN II S ORPASC I P VCORS 0 S PR 19 F I NNG 

• 

9ATTCTACAZAAATADOTCAZTGOCCOTO0CACCGAGGAATCT TOOCITOCACACCACAATATOTOOTTTCTCCAOTOTOCALP3A 2432 
AATTCTAr CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
AATTCTA,A,.. A ATAOSTCAGTOOCCOTOO,,,,,CA^,) TOT 

TOOCTTOCACACCA.GATATGTOCTTTCTCCACTOTOCACCA 2405 
TSCC2TOCACACCACAATATOTGOTTTCTCCAGTOTOGACCA 3148 

747 N 5 5 5 I 0 0 WPWIA G I S AWLAD ENMV P. L I CO S 
747 14 5 5 It I 0 0 WP N Q AG I SKIi L AD HNN It F L I C 0 0 
831 4 S 2 Z T OQN PSQAO I S RMLAOS TI NNYL Q C G 0 

ATTGAATGAGAAAT63ATCOTCACTOCTOCCCACTOTSTCACC2ACTCTOCTACTOCT0A0ATAATT TTTAAA 2522 
ATTGAATGAGAAATGGATCG7'CAC?SCTGOCCACTGTGTGOCTACTCTGCTACTOCTGAGATTATT TTTAAA 2425 
ATTGAATGACHATGGAT03TGLTSCTGOC'ACTGTGTCAOCTALTCTGCTACTGCTGAaATTATT TTTAAA 3238 

797 5 LLNEKS I VTAASCV 2 5 S ASAP I S D P a l% 
797 S LLNZKA IVTAAH CV T 7 8 ATAZ I I D P P T% 
861 L LNIXV I VTAAS CVT Y S ATA I I I D P Q 7 

O 
ALAAGT TCCACQ TCCTAAC 2812 AIATCTOOOCAAIITACTACCOTGATGACASTACPWACGATFACT 

ATCTOGOCAAOSACTACCGTGAT09.CACITATAGACCATGACT TACAluPT TCDAOG TCCTAAC 2585 
A ATC7000CAASTACTACCPSTGATGACAOTASAGACGATGACT ACAASTAASAGA0OGT TCGCO TCCTAAC 

827 I T LOX T I R D D S R D D D T Ci VREAL S T EP P N 
3328 

527 TLO IC Y '2 ADD I PSODT VQVAIAL S I IV N P N 
551 2 L 6 5 I 7 8 DD II RD ID D T Val R 6 AL S I EV 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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Figure 5. Continued TACGACCCCOOC 30003AATTCAACTGAMACTCCTOTTACrITGACAACACGAZATCCALCCAATCTOTCTO 
TACGACCCCOOCNaCTCAACTTTGACATAGCCCTAATTCAACTGAAAACTGCTOTTACrTTGACMCACGAGTCCAACCAATCTOTCTO 
TACGACCCCGOCAA.TCTCAACTTTGAGATAGCCCTAATTCAACTGAAAACTGCTOTTACT GAGTCCAACCAATCT =CIO 

857 T D IT ONLXT 0 I AL I OLKT PVILT TAW I C 1. 

657 Y DFGN LN F D I AL I C LK T PVT LT TRV CI P I CL 

921 T D P O TT LNY6IAL I CI LNT PVT LT TRVCI P I CL 

CCTACTGACATCACAAcA 4r 4s 44,ACTTSAlme4sc,4 4CATTACCAGTOOTGACAGOTTGOGGITTGAATC 

CCTACTGACATCACAACAAGAGAACACTT,..,C"mC9TTIZCAGTOOTGACAGOTTOZOOTITCAATGAAAACAA 

CCTACTGACATCACW.99,9.0. 9, 9.CTS,..," 9.C^^9.9.CATTAGCAGTGOTCACAGOTTOGGGITTCAAT,•999, ACA 

897 P TO I TTA0 16 L2S OTLAVVTGAOLN 0 NNT 

887 PTD I TTASSL IC SGTLAVVT ONOLNINNT 

951 PTV I T TANOLKEOTLAVVTOWOLNINNT 

• 

ATTCA 
ATTCA. 
ATTG 

Y 

TTCAACAACCTGT0CTACCIOTTGT OTWUUMAOGOGTACAADGANKAGACTTACCACTGACAOTAACA 
CAACAAWSGTGCTACCTOTTGTT CCI.GTGA.- A GGasTAcASIGGAASCAGACTTACCACTGAcACITAAck 

TCAACAAGCTOTGCTACCTGTTGTT OTGAAGAGOOGTACAAOGAAOCAGA=ACCALTGACAOTAAcA 

927 i I QQAOL 9VVAAS TC ZE G2X6ADL P 1TVT 

927 1 I CI CAVSPVVAAS TCS Z O T IC IADL P LTVT 

981 2 I GOAOL PVTAASTCR 16 0202ADL P LTVT 

GAGAACATaTTCD3TOCAGOTTACAAGAAGGancoTTATGATGCLTOCAO7000.. - AGTOWOACCOTTADTOTTTOCTGATGATTCC 
GAGAACATOTTCTOTOCAGGITTACAAGAAGaGrucaTTATGATOCCTOCAGTOGOGAcAST AGTOTTTOCTGATGATTCC 
04,44,4TOTTCTOTOCAGGTTACAUCLAGGGACOTTATGATGCCT0CAGTOGOGACACT AGTOTTTGCTGATGATTCC 

941 0 14MPCAO T IC KSAYDAC EI GD S GG P LVYADDH 
947 2 14 14 9. CAGYKKGA2DAC S 0 0 5 00 P LVFADD S 

1011 iNHFCAG YKKGAT DAC S OD SOO PLV 7 ADDS 

C) 

CLTACCOW.A11000GTOGOT<TTOGAAGGOATTOTCADC10.90CA9TCCCAZITOGATOTGO CAOT TCACT 
COTACCGAAAGOOGGTOOOTCTTOGAADOGATTGTMOCTOGOOCAOTCCCAGTOGATG T TCACT 
cGTACCGAAAGOCOGTOGGTCTTOGAAGOGATTGTCAGCTOGGGCAOTCCCAOTC.GATGT CCAGT CACT 

971 14T8 31 14. 1TVLSO I VS MOS P S OC G0A 0 2 GMFT 
577AT IAAWVLSG I VS NG S P S GCG IC ANC Y G GST 

1041AT ZARVOGSG I VSMO S Y S GC GAANO 2 0027 

AAAGTTAACOTTI CATOGATTAG4CLOTTCATT-T0AAACTGATCIAAA.TATTTT 
Wag3TTAACOTTT CATGGAZTAGOCA0TTCATTTGAAACTGATCTAIATATTTI 

GOTTATAAACOTCTTOT 
00TTATAXACOTCTTOT 

CTAT 
CTAT 

GOTTATAAAC0TCTTOT CTAT AAJUTTTAAC6TT4 CaV CATOGATTA0OCAOTTCATTTGAAACTSATCTDAATATT7T 
XV I,' V F L 5 WIRQ T 1 28 1019 1007 

1001 
2071 

57 19 73 . L S NI 1‘ Q F I 28 1019 
X V N V F L S N IRQY Z < 1093 

TTGCT1 

TOCTTTACTAOTTTAACCGATAAGAAGOTT 
. GCTTTACTACTITAACCCATA0W1AGGTT 

2TACT0OTTTAACCCATAIWAXWIT 

OT 
GT 
GT 

OAATGAGO.AFAOTATCGTT 
GAATGAGMTACTATCGTT 
GAPTGAGAATAGTATCCATT 

GT 
CATTGT 

AAGOCA 'MG 

.CtPTTACCfTT 
FTCTTACCTTT 
CTOTTACCTTT 

41=TTTTITT 

TT:Irt; 

TGAAAATT LT T 

OTTTOTTTITAGAAATOCT TTA 
GTTTGTTTTTACAAATGGTSA TA
CITTT6TTITTACAAATGOT 

TFCTA0.aa a,IATATTACIAT 
TTCTACCTT7TTATATTA T 
TTCTACCTTTTTATATTA 

TOOTTTCTO-4TGTOV 

A.9.GTcCA

AAOTCCAC 
GGTTTCT TOTGT AAGTCGC

TOOTS= T6T 

Tt r iAAATAAATATAGAACAAATMATTATA.9.ACT 9473 
T CATGAILAMATAIlii..,..TCTATTATAAACT 3438 

  TWAIVIARATATAGIAACAAASCTATTAS 4102 

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 Ndel) 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-

TATTT 
TATTT 
TATTT 

2702 
2975 
3418 

2792 
2765 
3508 

2882 
2855 
3598 

2972 
2545 
3688 

3062 
3035 
3778 

3252 
3225 
3867 

3240 
3215 
3957 

TA 3330 
TA 3297 

A 4032 

TGTAATTT 3418 
TOTAATTI 3383 
TOTAATTI 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-Ser966 for 
CrFC21 and His873-Asp929-Ser1030 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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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. 

37°, 

F ir V-i r 9 - 9" 
0-  UG 

one 

-rich 

Gene 
Homology 

(%) 

Overlap 
(bP) 

Tachypleus tridentatus Factor C 97.7 777 

Onchorhynchus mykiss 
thrombin 54.4 709 

the second- Rattus norvegicus thrombin 52.2 624 

(b) CrFC26. 
hairpin 

is boxed. 
a loop, and 

Rat prothrombin 

Acipencer transmontanus 
thrombin 

ayctolagus cuniculus thrombin 

52.2 

52.8 

57.3 

624 

623 

595 

Mouse prothrombin 52.7 509 

Human blood coagulation 

lectin- Factor VII 55.7 420 

(167-200), 
region 

Guinea pig Factor IX 57.4 296 

is found at 
Human liver hepsin 59.0 278 

Figure 6. The computational predictions of 
ary structures of mRNAs of (a) CrFC21 and 
The leader sequence of CrFC26 shows numerous 
stems and loops. The authentic AUG start codon 
The start codon in CrFC21 is exposed in 
appears more accessible. 

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

CrFC21 1 016....GOTAACTTAASTAZGOTCTTTOCGTOGTTITTGOTO 
TtFC53 1 CACGISTAACGCGAACGTmcalins.,TOTG.XGOTAACTMAAGTATGOTC2TAOCGTCGTTTTTGOTO 
CrTC26 717 ACCATTACTCTOTCCACAkTACCTCAAAOTTOTACTCTOTGAATCCInficsAnrOAOACTACAIRCTI 

Start of homology 

TOTOSITTAGTT 
TCTGGTTTAGTT 
TCAGGITTAGTT 

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 B. 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 

residue Score 
Hydrophilic 0 Hydrophobic 

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 s -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 
26 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 

plus the next 6 

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 Asp1024 (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 NaC1 (no) 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 (Fluke) 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). Notl 
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 Notl, the double-stranded cDNAs flanked 
by EcoRI—NotI restriction sites were ligated to 
EcoRI—NotI-digested Xgt22 vector arms. The recom-
binant DNA was packaged and transduced into 
Escherichia coli, 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 Xgt22. 
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 T, kinase to allow 
directional ligation to the dephos-
phorylated EcoRI—Notl-digested vec-
tor arms. After packaging in vitro, the 
phage particles were transduced into 
bacterial host cells (E. call, LE392, 
and Y1090) for subsequent propaga-
tion or cloning. 

Recombinant 

cDNA 

purified, and the size of their inserts were deter-
mined after digestion with EcoRI and Nod 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 µ,m) (Reed and Mann, 
1985). Likewise, DNA samples were fractionated on 
1% agarose gels, depurinated, and transferred as 
above under alkaline conditions. 3213-labeled DNA 
probes (either heterologous TtFC53 or, later, homol-
ogous CrFC cDNA) with specific activities of 10° 
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 

First Strand Synthesis 

Second Strand Synthesis 

Ligation of Eco RI Adaptor 

Ll I  P
Eco RI P

Not I digestion and P 

Phosphorylatlon 

Vector Ligation 

vector armti 

Eco RI Not 1 

DNA Hose 

recombinant cDNA 

 AAAAA 
TTTTT Not I 
Not I primer adaptor 

dANAITVp reverse transcriptase 

•-•E 
AAAAA 

 --E TTTTT Not I 

DNA pot. I 
RNAse 
DNA ligase 
T4 DNA pot. I 
dNIPs 

 7.---AAAAA 
 TTTTT Not I 

Eco RI adaptors 
T4 DNA ligase 

 AAAAA PI 
 TTTTT ENLp I 

Not I Eco RI 

API L" T
Iot 
TP Ioldyingue'clte

ion
rtide Kinase 

 AAAAAMIL
 TTTTT 

Eco RI Not I 

Spin Column Chromatography 
Allt- Ligation to AO 22/Eco RI/Not I arms 

dephosphorylated vector arms 

AAAAAMI_Iivector arm 
TTTTT 

50% formamide. Posthybridization washing was ef-
fected with 1 x SSC/0.1% SDS at room temperature 
followed by 0.1 X SSC/0.1% 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. coli 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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