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An 869-nucleotide-long cDNA clone for the coagulogen from Limulus amebocyte has been isolated and its
nucleotide sequence has been determined. The deduced amino-acid sequence revealed a signal peptide, 20
amino acids long, and a mature protein of 175 amino acids. The amino-acid sequence of the coagulogen was
compared to all known proteins by two computer programs. Using these programs, Limulus coagulogen
showed 70% homology with the coagulogen of Tachypleus tridentatus (Japanese horseshoe crab). Further
computer analysis showed no statistically significant homology to support an evolutionary origin of the
horseshoe crab coagulogen common to other protein families. These results place horseshoe crab coagulogen
in a new superfamily unrelated to any other proteins investigated. RNA blot analysis of Limulus RNA
indicated that the coagulogen mRNA was about 900 bases long and represented an abundant species in the
amebocyte while detected only in small quantities in the hepatopancreas. Besides mature RNA, high-molecu-
lar-weight forms of coagulogen RNA were also observed. Southern blot analysis of Limulus DNA digested
with restriction endonucleases suggested that the Limulus coagulogen gene contains at least three introns, or
belongs to a multigene family.

Introduction

Limulus amebocyte lysate forms a gel when
exposed to minute quantities of bacterial lipopoly-
saccharide [1]. This unique property has allowed
the development of the lysate as an assay to detect
contaminating pyrogens in pharmaceuticals and
drugs intended for human use [2]. Our laboratory
and others have been investigating the molecular
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mechanisms involved in the Limulus clotting
cascade system [3-13]. Endotoxin stimulates the
amebocytes in the blood to undergo exocytosis,
which releases the contents of their secretory gran-
ules to form a clot [10,11,13]. One of the secretory
constituents of the granule is coagulogen, the clot-
table protein. This protein has been purified [5]
and its primary structure was recently elucidated
[14]. The nature of the mRNA that codes for the
synthesis of coagulogen has not been studied.

In this report, we describe the use of recombi-
nant DNA technology to isolate and characterize
the cDNA of the Limulus polyphemus coagulogen.
These results further facilitated the study of the
coagulogen at both the protein and gene level.
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Materials and Methods

Materials. Escherichia coli DNA polymerase I
(Klenow fragment), nuclease S,, proteinase K,
terminal deoxynucleotidyl transferase and T,-
DNA ligase were purchased from Boehringer-
Mannheim Biochemicals. Restriction endonu-
cleases, T,-polynucleotide kinase, M13 vectors
(mp18 and mpl9), Immunoprecipitin, nick-trans-
lation system and the dG-tailed pBR322 vector
were obtained from Bethesda Research Labora-
tory. Rabbit reticulocyte lysate and RNasin were
from Promeaga Biotech. RNAase A and dextran
sulfate were purchased from Sigma Chemical Corp.
Guanidine thiocyanate was from Fluka, Switzer-
land. Nonradioactive nucleotide triphosphates
were purchased from P-L Biochemicals. [a-
32P]dATP about 400 Ci/mmol, [a-*2P]dCTP, [a-
32P|dTTP, and [y-**PJATP at about 3000 Ci/
mmol were purchased from New England Nuclear.
[33S]Methionine at about 1000 Ci/ mmol was from
Amersham.

In vitro translation of Limulus coagulogen.
Limulus embocyte poly (A)* RNA (0.5 pg) was
translated in a rabbit reticulocyte lysate contain-
ing [**Simethionine (about 1000 Ci/mmol). The
translation products were immunoprecipitated
using a coagulogen-specific antiserum [5] * and
Immunoprecipitin. The size of radiolabeled co-
agulogen was estimated using 13% sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis
according to Laemmli [15].

Nucleic acid preparation. Limulus amebocyte
cells were collected from horseshoe crabs by
cardiac puncture [16]. The blood, collected into
ice-cold containers, was centrifuged at 1000 rpm
for 15 min at 4°C. The pellet was washed three
times with ice-cold 3% saline and lysed with 4 M
guanidium thiocyanate [17]. The poly(A)" RNA
fractions were prepared using an oligo(dT)-cel-
lulose column [18]. The high-molecular-weight
DNA was prepared as follows. The washed cell
pellet obtained from 30 ml of Limulus amebocyte
was gently resuspended in a 10 ml lysis solution

* Unpublished work (Liu, T.-Y.). Antibodies against co-
agulogen were prepared in rabbit using purified coagulogen
[5).

(500 mM EDTA (pH 8.0), 0.5% sarkosyl and 100
png/ml proteinase K) and incubated at 50°C for 3
h. The resulting lysate was extracted three times
with phenol and dialyzed against 10 mM Tris (pH
8.0)/1 mM EDTA (buffer 1) overnight. In ad-
dition, the lysate was treated with RNAase A (50
wug/ml) and proteinase K (100 pg/ml) at 37°C
for 3 h, extracted three times with phenol, and
dialyzed against buffer 1 overnight.

Limulus cDNA library. An L. polyphemus cDNA
library was constructed as previously described
[19], except for the following modifications. In the
presence of ribonuclease inhibitor (RNasin, 1650
units/ ml), synthesis of the first cDNA strand was
accomplished by using Limulus poly (A)* RNA
as the template and the avian myeloblastosis virus
(AMYV) reverse transcriptase (100 units/pg of
template, at pH 8.3). The reaction mixture was
incubated at 37°C for 1 h. The newly synthesized
single-stranded cDNA was separated from mRNA
(boiled for 3 min and chilled on ice for 10 min)
and used to prime the synthesis of the second
cDNA strand in the presence of the Klenow frag-
ment of E. coli DNA polymerase 1. The resulting
double-stranded cDNA was cleaved with nuclease
S;, and then fractionated into size classes by pas-
sage through a Sepharose CL-4B column. Size-
selected molecules of double-stranded DNA
greater than approx. 500 base pairs were tailed
with poly(dC) in the presence of terminal de-
oxynucleotidyl transferase and inserted into the
pBR322 vector that had been cleaved with Pstl
and tailed with dG. The chimeric plasmids were
then introduced into E. coli strain MC1061 [20] to
yield the L. polyphemus cDNA library.

Preparation of oligonucleotide probes. Two
single-stranded DNA probes (Fig. 1) specific for
Limulus coagulogen were prepared by the phos-
phoramidite synthesis procedure using an Applied
Biosystems DNA synthesizer (Foster City, CA)
{21,22,23]. The sequences of these probes were
based on the primary amino-acid sequences of a
stretch of 10 amino acids within a 27-amino-acid
peptide (peptide C, amino-acid residues 19-46)
released from the coagulogen upon gelation [14].
Probes were labeled at their 5’ end using T, poly-
nucleotide kinase, [y-*?PJATP and the procedure
of Maxam and Gilbert [24] to a specific activity of
approx. (1-2) - 10° dpm/ pmol.
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Fig. 1. Mixed oligonucleotide probes. The amino-acid se-
quences from Limulus coagulogen [36] used to specify the two
14-mer oligonucleotides (residues 24-28, residues 29-33), the
possible codons for those amino acids and the sequences of the
oligonucleotide probes designated to account for all possible
combinations are shown.

Screening recombinant colonies by hybridization.
The colony hybridization procedure of Grunstein
and Hogness was used [25]. 2000 tetracycline-re-
sistant colonies were screened for the Limulus
coagulogen-specific cDNA inserts using the two
5’-end 32P-labeled synthetic oligonucleotides as
probes (Fig. 1). Hybridizations were carried out at
35°C for 16 h in a solution containing 5 X SSC
(1xSSC=0.15 M sodium chloride/0.015 M
sodium citrate), 5 X Denhardt’s solution (1 X
Denhardt’s solution = 0.02% Ficoll, 0.02% poly-
(vinylpyrollidone), 0.02% bovine serum albumin
[26]), 0.1% SDS, 10% (w/v) dextran sulfate, 100
pg/ml sonicated, denatured salmon-sperm DNA,
and (1-2) - 10’ dpm *2P-labeled probe. Filters were
washed four times with 1 X SSC plus 0.1% SDS at
room temperature for 1 h, blotted dry and autora-
diographed at —70°C with intensifying screens.

Sequencing of cDNA clones. The cDNA inserts

of two selected plasmids (pcoa 1 and pcoa 5) were
ligated to the replicative form of M13 vectors
(mp18 and mpl9) after cleavage with the restric-
tion endonuclease PstI. Competent E. coli cells
(strain JM103) were transfected with the recombi-
nant M13 vectors. Single-stranded cDNA from
individual plaques were prepared and used as
templates for the chain termination sequencing
procedure of Sanger [27]. In Fig. 2, the strategies
used for the sequencing of both strands of the
cDNA inserts are shown.

RNA blot analysis. RNA samples were dena-
tured and fractionated on a 1.3% agarose gel con-
taining formaldehyde as described by Goldberg
[28]). The RNA was transferred to nitrocellulose
paper and hybridized with nick-translated pcoa 1
as described by Wahl et al. [29]. Following hy-
bridization the filter was washed in 0.1 X SSC/
0.1% SDS at room temperature and autoradio-
graphed using Kodak XAR-5 film at —70°C. The
ribosomal RNA of E. coli (23 S, 16 S) and mouse
(28 S and 18 S), and rabbit globin mRNA (9 S)
were used as unlabeled RNA size markers on the
same gel [30,31].

Southern blot analysis. DNA was digested to the
completion with restriction enzymes (EcoRlI,
EcoRI + BamHI and HindIIl), electrophoresed
through a 0.9% agarose gel, transferred to a nitro-
cellulose filter [32], and hybridized with the
nick-translated *2P-labeled cDNA insert of pcoa
1. Following the hybridization, the filter was
washed as described previously [33].

-
-
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Fig. 2. Strategy used to determine the nucleotide sequence of the cDNA clones. The direction of mRNA transcription is from left to
right. Initially, sequencing was performed using the universal M13 15-mer primer. Subsequently, new primers were synthesized
according to the previously identified DNA sequence. The back end of the arrow indicates the position of the primer used in the
dideoxy method of DNA sequencing. The arrows indicate the direction of sequence analysis (5 — 3’) and the length of sequence
obtained. Thick line represents the protein coding region.
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Results

Cell free synthesis of pre-coagulogen

To study the newly synthesized coagulogen, a
rabbit reticulocyte lysate system was used in the
presence of Limulus mRNA. The presence of a
precursor form of Limulus coagulogen in the rab-
bit reticulocyte lysate system is shown in lane 1,
Fig. 3. Immunoprecipitation of this precursor-form
of coagulogen could be effectively inhibited by an
excess (20 pg) of unlabeled purified coagulogen
(lane 2, Fig. 3), confirming that the radiolabeled
protein band shown in lane 1, Fig. 3 is related to
the Limulus coagulogen. On the basis of relative
mobility, it is estimated that the precursor-form of
the Limulus coagulogen is approx. 2000 Da larger
than the mature protein (lane 3, Fig. 3).

Mr 123
(x1073) (x1073)

69 — *
46 -

30 -
. —25

14—

Fig. 3. Cell-free translation of Limulus mRNA products.
Translation product after precipitation with antibody and Im-
munoprecipitin is shown in lane 1. Immunoprecipitation of
total translation product mixed with unlabeled authentic
coagulogen (20 pg) is shown in lane 2. The purified mature
protein is shown in lane 3. The size of coagulogen was esti-
mated using 13% SDS polyacrylamide gel electrophoresis
according to Laemmili [15]. The size markers are shown on the
left side of the figure.

Isolation and characterization of Limulus coagulo-
gen cDNA clones

The Limulus cDNA library was screened for
the presence of the coagulogen coding sequences.
Of the approx. 2000 tetracycline-resistant colonies
screened, 8 colonies hybridized with the two
32P-labeled probes each 32-fold degenerate in se-
quence. Results of restriction enzyme mapping
indicated that the cDNA inserts of these 8 clones
shared a resemblance (data not shown). The clone
containing the longest insert, designated as pcoa 1,
was 840 bp long. One of the remaining clones,
designated as pcoa 5, was 555 bp in size. To
obtain the nucleotide sequence of these two cDNA
clones, both strands of the individual clones were
sequenced by the dideoxy method [27]. The entire
cDNA sequence and the predicted amino-acid se-
quence of coagulogen are shown in Fig. 4. The
combined nucleotide sequence derived from both
pcoa 1 and pcoa 5 was 869 bp in length, including
110 bp of 5’ noncoding region, 525 bp in the
coding region, and 234 bp in the 3’ noncoding
region following the TAA termination codon.
Neither the poly(A) tail nor the AATAAA se-
quence was included in these cDNA clones. The
first amino acid of the mature protein is a glycine
[3,14]. The sequence preceding this amino acid
appears to be a 20-amino-acid hydrophobic leader
peptide beginning with methionine. The overlap-
ping nucleotide sequences between cDNA inserts
of pcoa 1 and pcoa 5 were completely identical.
The beginning and the end positions of the insert
of plasmid pcoa 5 are shown in Fig. 4. This
plasmid begins 29 bp further upstream than pcoa
1. Two termination codons were observed in these
29 nucleotides. This provides additional support
for the contention that the first methionine of the
leader peptide is the initiation codon for amino-
acid translation.

Analysis of Limulus RNA

To examine the concentration of coagulogen
specific mRNA in the Limulus amebocyte and
hepatopancreas, radiolabeled Limulus coagulo-
gen-specific cDNA insert from pcoa 1 was used as
a probe. The results of the RNA blot analysis are
shown in Fig. 5. One prominent band of approx.
900 bases in size was found to be abundant in
samples of total cellular RNA (lane 1, Fig. 5) and
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Fig. 4. The nucleotide sequence of Limulus coagulogen cDNA clones. The nucleotide sequence of Limulus coagulogen cDNA and the deduced amino-acid sequence are
shown. Amino acids are numbered according to the Limulus coagulogen protein sequence of Miyata et al., [14] and shown above the coding portion of the cDNA.
Nucleotides are numbered on the right of the figure. Residues determined by Miyata et al., that differ from the deduced amino-acid sequence are indicated with
parentheses. The limits of pcoa 1 sequence are marked with arrows, and the limits of pcoa 5 sequence are marked with asterisks. The sequence underlined by a solid line in
the coding region corresponds to the two oligonucleotide probes (Fig. 1) used for screening the cDNA library. Boxes indicate in frame termination codons mentioned in the

text.
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in poly(A)™ fraction (lane 3, Fig. 5) of the Limulus
amebocyte. However, this species was detected
only in low quantity in samples of total cellular
RNA from Limulus hepatopancreas (lane 2, Fig.
5). These results indicate that the sequence given
in Fig. 4 represents a nearly complete cDNA
sequence missing a total of approx. 30 nucleotides
at the 3’ and 5’ ends.

In addition to the major species of coagulogen-
specific mRNA identified, at least three discrete
higher-molecular-weight RNAs that hybridized
with the radiolabeled clone pcoa 1 were noted in
the amebocyte total RNA (lane 1, Fig. 5). These
may represent either cross-hybridization of the

—900 b

Fig. 5. RNA blot analysis of Limulus coagulogen-specific
RNA. Lane 1 contains Limulus amebocyte total cellular RNA
(10 pg), lane 2 contains Limulus hepatic total cellular RNA
(10 pg), and lane 3 contains Limulus amebocyte poly(A)*
RNA (1 gg). A 1.3% agarose-formaldehyde gel electrophoresis
was performed. The RNA blots were hybridized with nick-
translated pcoa 1. Three arrows emphasize the weak hybridiza-
tion signals. The size marker is shown on the right-hand side of
the figure.

coagulogen probe with an RNA species encoding
other proteins or more likely precursor forms of
the major coagulogen-specific mRNA.

Southern analysis of Limulus genomic DNA

To determine the structural organization of the
Limulus coagulogen gene, total genomic DNA was
digested to completion with various restriction
endonucleases, and hybridized with the *?P-labeled
cDNA probe. The hybridization patterns of
Southern analysis show at least two EcoRI frag-
ments (Lane 1, Fig. 6) and four HindIIl fragments
(Lane 3, Fig. 5). Because the DNA sequence of the
cDNA pcoa 1 contains neither a HindIIl nor a
EcoRI site, a single hybridization fragment should
be obtained in both the HindIIl and EcoRI di-
gests of total genomic DNA if coagulogen was
coded by a single gene without introns. Therefore,
our results suggested that the Limulus coagulogen
gene contains at least three introns, or belongs to
a multigene family.

1 T s i B )

—23.1
—94
—6.6

—44

—22

.
-

Fig. 6. Detection of Limulus coagulogen gene in the total
genomic DNA. 10 pg of Limulus genomic DNA was digested
fo completion with either EcoRI (lane 1), EcoRI+ BamHI
(lane 2) or HindlIlI (lane 3) and resolved on a 0.9% agarose gel.
The nick-translated cDNA insert of pcoa 1 was used as the
hybridization probe. The size markers are A-HindIII digests.
The numbers listed on the right-hand side are the positions of
size markers.
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Discussion

The nucleotide sequence for the coding region
as well as most of the 5 and 3’ untranslated
region of Limulus coagulogen cDNA has been
determined. This study represented the first isola-
tion and characterization of a cDNA clone from
the ancient arachnoid L. polyphemus. The results
showed that the codon usage pattern for the
Limulus coagulogen is biased and is similar to
those of other eucaryotic proteins [34]. Codons
containing the dinucleotide CG (e.g., UCG for
serine, ACG for threonine, GCG for alanine, CCG
for proline and CGN for arginine) are least
utilized.

The amino-acid coding region consists of 525
nucleotides covering the full length of the mature
protein of 175 amino acids plus an additional 60
nucleotides coding for 20 amino acids of a pre-
sumptive leader sequence. The existence of a pre-
coagulogen with a molecular weight of about 200
Da (approx. 20 amino acids) larger than the ma-
ture protein was predicted from the in vitro trans-
lation data (Fig. 3). The amino-acid sequence of
the presumptive leader peptide possesses the gen-
eral properties described for signal peptides [35]
including the existence of a long stretch of hydro-
phobic amino acids located between a cluster of
basic amino acids (Lys-Lys) and the cleavage site
(alanine at position —1). Previous studies [11-13]
have shown that mature coagulogen molecules are
stored in the secretory granules of the resting
Limulus amebocytes. Presumably, precoagulogen
is processed as it passes through the lumen of
endoplasmic reticulum and Golgi apparatus, and
the mature protein is then packaged into the secre-
tory granules. Upon exposure of the amebocyte to
endotoxin, the granules fuse with cell membranes
resulting in the expulsion of the constituents of
the granules including the coagulogen. In addition
to coagulogen, Limulus amebocyte secretory gran-
ules contain the proclotting enzyme [11-13] and a
number of other proteins [11-13] associated with
the clotting cascade system.

Among the constituents of the secretory gran-
ules in the Limulus amebocyte, the coagulogen is
the major soluble protein. It accounts for 40% of
the total soluble lysate protein of the amebocyte
[36]. The results of in vitro translation studies in

7

the presence of [**Slmethionine indicated that the
precoagulogen represents approx. 0.5% of the total
translatable proteins. These data are in accor-
dance with the finding that 8 out of 2000 (0.4%)
recombinant ¢cDNA clones possessed the co-
agulogen specific sequences. RNA blot analysis of
the Limulus RNA showed that coagulogen is
expressed predominantly in the amebocyte rather
than the hepatopancreas. Southern blot analysis of
the amebocyte DNAs indicated that the coagulo-
gen contained at least three introns, or belongs to
a multigene family.

The predicted amino-acid sequence of co-
agulogen, derived from the cDNA sequence re-
ported in this study, is in good agreement with the
results obtained by proteolytic digestion of the
coagulogen [14], while our data were derived from
analysis of both strands of DNA obtained from
two independent cDNA clones. Therefore, we are
proposing that the amino-acid sequence predicted
from DNA analysis would be the correct one.

The deduced amino-acid sequence of mature
Limulus coagulogen has been compared to all
known proteins whose primary structures were
published before August 1985. The comparison
was carried out by two computer programs,
SEARCH and RELATE, developed by Dayhoff
and Barker [40). In the first instance, 27-amino-
acid sequence segments of Limulus coagulogen
were compared to all 2784 protein sequences in
the data collection. In the second instance, the
entire sequence of Limulus coagulogen was com-
pared against all other proteins whose sequences
are known. Except for the coagulogen of
Tachypleus (a Japanese horseshoe crab) [14] these
comparisons did not reveal any statistically
meaningful homology with any other proteins,
including the primate fibrinopeptides. Previously,
it was pointed out that homology existed between
residues 1-18 and residues 39-46 of Limulus
coagulogen with primate fibrinopeptide B [14].
However, our computer analysis indicate that the
‘limited homology’ noted cannot be regarded as
sufficient evidence to support a common evolu-
tionary origin of coagulogen and the primate
fibrinopeptides. At this point in time, we believe it
is preferable to assign Limulus and Tachypleus
coagulogen to a different superfamily unrelated to
any other proteins.

Seikagaku Corporation Exhibit 2081 - Page 7 of 8
Charles River Laboratories, Inc. v. Seikagaku Corporation
PGR2025-00023



In summary, the isolation and characterization
of the Limulus coagulogen cDNA make it possible
to elucidate the genomic organization of coagulo-
gen gene. The isolation of this gene from a Limu-
lus genomic library is in progress. These studies
provide the initial step to examine the clottable
components involved in the Limulus coagulation
process at gene level. Hopefully this will lead to
the further understanding of the development of
clotting systems.
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