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Abstract: Endotoxing from gram-negative microorganisms initiates clot formation in blood when it is
accidentally encountered by horseshoe crab. This property was extensively studied by various researchers as
a result Limulus Amebocyte Lysate (LAL) test was established. The LAL tests i general were 3 to 300 tumes
more sensitive than the United States Pharmacopeial (USP) rabbit pyrogen test method. It should be noted that
major differences among the LAL preparations lie in the area of sensitivity. Differences, up to 100-fold, exist in
the sensitivity of the various LAL preparations to the same endotoxin. It is also considerate that the Information
on the molecular level interaction between horseshoe crab blood and endotoxin would provide detailed
information about the clotting process. Based on the above perspective review of literature was established
to elucidate the compounds involved in the clot formation in horseshoe crab blood while encountering with
bacterial endotoxin. Since LAL preparation 1s important for its application in clinical, pharmaceutical, public
health and environmental areas, this paper will also discuss some molecular level details n Lysated Amebocyte

interaction in clot formation.
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INTRODUCTION

Horseshoe crabs are at the epicenter of one of the
most interesting marme resource Management issues
along the coast. They are marine chelicerate arthroped.
Despite their name, they are more closely related to
spiders, ticks and scorpions than to crabs. There are four
extant species of horseshoe crabs, Tachypleus
tridentatus,  Tachypleus  gigas, Carcinoscorpius
rotundicauda and Limulus polyphemus The first three
species inhabit the Southeast Asian coast and the
Limulus polyphenms mhabits in the east coast of North
America (Chliboyko and Ancestors, 2008, Kassim et al.,
2008).

Horseshoe crabs have been used in eye research in
biomedical mdustries for the manufacture of toxm free
surgical sutures and for the development of wound
dressings for burn victims. But perhaps most important is
the use of a component of the horseshoe crab’s blood
called Limulus Amebocyte Lysate (LAL), which 1s
indispensable for the detection of bacterial contammation
in drugs and intravenous devices. Endotoxin is a

poisonous substance that 1s found m the cell wall of Gram
negative bacteria which can withstand steam sterilization
and it is made up of lipopolysaccharide and lipoprotein
complexes. The horseshoe crab lacks an immune system;
1t cannot develop antibodies to fight infection. However
the horseshoe crab does contain a number of compounds
that will bind to and mactivate bacteria, fung: and viruses.
The components of LAL are part of this primitive immune
system. The components in LAL for example, not only
bind and inactivate bacterial endotoxin, but the clot
formed as a result of activation by endotoxin provides
wound control by preventing bleeding and forming a
physical barrier agamst additional bacterial entry and
infection. Tt is one of the marvels of evolution that the
horseshoe crab uses endotoxin as a signal for wound
occurrence and as an extremely effective defense agamst
infection.

A unique and intriguing feature of this ancient
species i3 that it has blue copper-based blood
(Shuster, 2004). About 37 years, the rabbit pyrogen test
was the only practical pyrogen procedure described in
regulatory compendia throughout the world (Addendum,
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1989, Anonymous, 1983; Burdon-Sanderson, 1976
Dubczanski and Naunyn, 1873; Hort and Penfold, 1912;
Kristansen, 1984; Levin and Bang, 1964a, b, Paruum, 1874).
Although, 1t has met its purposes relatively well over the
years, it remains an elaborate procedure subject to the
variability inherent in all biological assays. The need for
a simple, specific and accurate pyrogen test has long been
recognized. Although a number of test systems have been
devised for endotoxin detection, only the Limulus
Amebocyte Lysate (ILAL) Test is potentially a satisfactory
altemative to the USP rabbit pyrogen test. With the
advent of a sensitive, specific, inexpensive and rapid
assay for endotoxin, a number of workers investigated its
potential use in the pharmaceutical industry as an
alternate to the rabbit pyrogen test. The development of
a viable alternative to the rabbit pyrogen test, began with
the innovative work of John Hopkins University
investigators Levin and Bang (Prior and Spagna, 1979)
observed that bacterial infection causes mtravascular
coagulation mn the American Horseshoe crab. Levin and
Bang further reported that the agent responsible for
clotting phenomenon resided inside the amebocytes
(blood cells) for Horseshoe crab. Bacterial endotoxin was
found to be responsible for imtiating this gelation,
characterized by an enzymatic gelation reaction. The LAT,
test is derived from the blue, copper-based blood of
the horseshoe crab which 13 helpful in detecting as little
as on million of a billonth of a gram of endotoxin
(Mikkelsen, 1988).

HEMOLYMPH OF HORSESHOE CRAB

The limulus hemolymph contains two types of cells,
granular hemocytes and cyanocytes (Dumont et al., 1966;
Murer et al., 1975; Ornberg and Reese, 1981; Armstrong
and Rickles, 1982; Toh et al., 1991). Based on cell
morphology, there appears to be only one type of
hemocyte in the systemic circulation of the adult intermolt
animal, the so-called granulocyte or amebocyte. This cell
1s an oval, plate-shaped structure, 15-20 pm 1n its longest
dimension. The cell contains numerous dense granules
classed into two major types: Large (L) and Small (S)
gramules. The L-granules are larger (up to 1.5 um in
diameter) and less electron dense than the S-granules
(0.6 pm in diameter). The L-granules contain at least
20 protein components including, 4 clotting factors and
1 antimicrobial factor (anti-LPS factor), whereas the
S-granules exclusively contain the other antimicrobial
substance, in addition to 6 major protein components.
After treatment with bacterial endotoxin, the T.-granules
are released more rapidly than the S-granules, although
almost all granules are fmally exocytosed (Toh et al,

1991). This exocytosis is associated with clot formation,
the process being complete within 90 sec. The clot 1s
softer than mammalian fibrin clot and contains coagulin
gel generated from its precursor, named coagulogen. This
clottable protein, coagulogen, has a functional similarity
with vertebrate fibrinogen and 1s known to play a central
role in the limulus clotting system (Solum, 1970, 1973,
Nakamura et al., 1976a, b). This protein has been
purified and its primary structure was recently elucidated
(Tai et al., 1977, Miyata et al., 1984a).

LIMULUS AMEBOCYTE LYSATE (LAL)

Limulus Amebocyte Lysate (LAL) is a lyophilized
preparation made from the amebocytes of the horseshoe
crab Limulus polyphemus. The LAL will clot to form a gel
in the presence of endotoxin from gram-negative
microorganisms. Since the LAL test method is far more
rapid, convenient, economical and sensitive than the USP
rabbit pyrogen test method, it would be valuable for the
determination of bacterial pyrogens in clinical diagnosis,
pharmaceutical — preparations, public health and
environmental monitorng (Vanhaecke et al., 2008). The
Food and Drug Administration (FDA) has proposed
guidelines to standardize the sensitivity of LAL by
controlling its production processes (Food and Drug
Administration, 1973). The LAL has been sold with
labeling against its use as a replacement for the official
rabbit pyrogen test or as a diagnostic tool for determming
the presence of endotoxemia in man. The Center for
Devices and Radiological Health (CDRH) has adopted the
USP Endotoxm Reference Standard and revised the limit
expressions from ng mL. ™" to EUmI ™" The new limit for
medical. devices is 0.5 EU mL ™" except for devices in
contact with cerebrospinal fluid for which the limit is
0.06 EU mL™" The Center for Drug Evaluation and
Research (CDER) has added a listing of the maximum
doses per kg per hour and the corresponding endotoxin
limits for most of the aqueous injectable drugs and
biologics currently on the market.

Limulus test: Amebocyte lysate is widely employed as
the basis for a simple and sensitive in vifro assay (the
Limulus test) for bacterial endotoxins (Levin and Bang,
1964a, b). At least three stages are involved in
coagulation of the lysate (Nakamura and Iwanaga, 1978).
The mmtial stage 1s activation of proclotting enzyme by
direct action of endotoxin or by another factor(s)
mediating the effect of endotoxin, resulting in production
of an activated enzyme, designated clotting enzyme. The
next step is limited proteolysis of the clottable protein,
designated coagulogen, by the enzyme. The last phase 1s
polymerization of proteolyzed coagulogen, designated
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coagulin, into a gel. Hemolymph coagulation cascade
system in Tachypleus tridentatus is shown in Fig. 1.

Coagulogen: Coagulogen is a major protein in the
hemolymph of many invertebrates and its role as a
substrate in clot formation has been studied extensively
(Nakamura et al., 1976a; Tai et al., 1977; Moseson et al.,
1979; Takagi et al., 1984; Cheng et al., 1986). The
complete amino acid sequences of coagulogen have been
reported for four species of horseshoe crabs
(Miyata et al., 1984a, b; Srimal et al., 1985). Previous
studies have shown the presence of transglutaminase-

Endotoxin (LPS) (1-3)-B-D-Glucan
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Factor B — Factor B

Proclotting enzyme —— Clotting enzyme

Coagulogen — Coagulin

Fig. 1: Hemolymph coagulation cascade
Tachypleus tridentatus

system in

Gram-negative bacteria
(or LPS)

catalyzed covalent cross-linking reaction of polypeptide
chains during clot formation. However, there is no
substantial evidence to demonstrate that the coagulin
generated following cleavage of coagulogen is a substrate
for such an enzyme. In contrast to the fibrin clot produced
in the mammalian system, the coagulin clot can be
dissociated either by simple mechanical disruption or
dilution (Roth et al., 1989). Agglutination activities have
also been observed in the hemolymph of other species of
horseshoe crabs (Marehalonis and Edelman, 1968; Pistole,
1976; Shishikura and Sekiguchi, 1983). These lectin-like
agglutination activities in invertebrates bear some
similarities to the vertebrate immune system and could
assume a crucial role in the recognition of foreign
substances, resulting in their ultimate removal from the
circulation (Vasta, 1990). It has also been observed that
the ability of the amebocyte lysate to promote cell
agglutination increases with the activation of the clotting
enzymes (Fortes-Dias et al., 1993). Figure 2 shows how
the horseshoe crab hemocyte functlons against invading
microorganisms.

On incubation of horseshoe crab (Tachypleus
tridentatus) coagulogen with an endotoxin-activated
clotting enzyme, a peptide, named peptide C, is released;
the resulting gel protein consists of two chains, named A

Smaller granule
Tachyplesin

Larger granule
Factor C,

(Factor B),
Proclotting enzyme,
Coagulogen,
Anti-LPS factor

Fig. 2: The figure Illustrates how the horseshoe crab hemocyte functlons against invading microorganisms. Bacterial
endotoxin (lipopolysaccharide (LPS)) first contacts with an LPS receptor/LPSbinding protein, which is probably
located in the plasma membrane of the cell. Through this contact, some cellular reactions induce the fusion of
granules and the plasma membrane, resulting in dispersal of the components of the large granules into the plasma.
This exocytosis activates the intracellular clotting system and the clot generated during activation immobilizes
the invaders. The peptide tachyplesins and anti-LPS factor released from small and large granules, respectively,

act as the bactericidal substances
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Table 1: Components closely associated with the biological defense system in limulus (Tachypleus tridentatus). Source: Iwanaga (1993)

Molecular mass (kD)

Interacellular

Component (No. of residues) Carbohydrate content Active form Function localization
Coagulogen 19.7(175) None Coagulin Gelation I. granule
Factor C 123 (994) 9% Factor C (three chains) Serine protease (LPS sensitive) T granule
Factor B 64 (400) Present Factor B (two chains) Serine protease Unknown
Proclotting enzyme 54 (346) 11% Clotting enzyme (two chains) Serine protease L granule
Tachyplesin 226317 None Antimicrobial S granule

and B. The complete ammo acid sequences of peptide C
and A-chain have been established (Nakamura et al.,
1976a, b).

To establish the molecular events in such a reaction
system, some researchers have reported on the gelation
mechanism of coagulogen to coagulin using a purified
active cloting enzyme on the complete amino acid
sequence of coagulogen and on the development of a
new method for determination of endotoxin, using
chromogemc or fluorogenic peptide substrate of the
clotting enzyme (Nakamura ef al., 1976a,b, 1977,
Takagi et al., 1979; Twanaga et al., 1978). During these
mvestigations, they have found out that proclotting
enzyme 1s not an endotoxinsensitive protein but that
another unknown factor (tentatively named factor B)
sensitive to endotoxin 1s mvolved in the reaction
sequence which mediates the activation of proclotting
enzyme

PROCLOTTING AND CLOTTING ENZYMES

A clotting enzyme that catalyzes the transformation
of coagulogen to coagulin exists as its zymogen form in
the hemocytes (Muta et al, 1990). This proclotting
enzyme 1s activated by both factor B and factor G (Fig. 1)
Upon activation by factor B, it 1s converted to a two chain
active form, clotting enzyme, composed of a Light (L)
chain and a heavy (H) chain, with molecular masses of 25
and 31 kD, respectively. The clotting enzyme cleaves two,
bonds in coagulogen to yield a coagulin gel. Thus,
proclotting enzyme/clotting enzyme seem to be an
mvertebrate prothrombin/a-thrombin counterpart, since
both catalyze a final step for gelation.

Factor B: The zymogen factor B 15 activated by factor c,
which then, in turn, activates proclotting enzyme (Fig. 1).
Factor B 1s a single chamn glycoprotein with a molecular
mass of 64 kD (Table 1). Upon activation of the zymogen
factor B by active factor C, it is converted into active
factor s, which 1s composed of an H chain (32 kD) and
an L chain (25 kD), with the release of an activation
peptide (Nakamura et al., 1986).

Factor C: As shown m Fig. 1, factor C 1s an mitial
activator of the clotting cascade tiggered by LPS
(Tokunaga et af., 1987). The zymogen factor C is a

glycoproten with a calculated molecular mass of 123 kD.
It consists of an H chain (80 kD) and an L chain (43 kD).
Factor C is converted autocatalytically to an activated
form, designated factor C (123 kD), n the presence of LPS.
Upon activation, a single cleavage of the Phe-Ile bond mn
the L chain occurs, resulting in the accumulation of two
new fragments, a B chain (34 kD) and an A chain (8.5 kD).
Immunchistochemical — observation with  electron
microscopy utilizing anti-factor antibody demonstrates
that factor C 1s localized in the L granules in the cell
(Tohet al., 1991).

INTERMEDIATION OF TACHYPLESIN

Tachyplesin T is an antimicrobial peptide isolated
from the acid extracts of the membranes of Japanese
horseshoe crab (Tachypleus tridentatus) hemocytes
(Nakamura et al., 1988). Tts isopeptides, tachyplesin IT and
polyphemusins I and II, have also been found in the
hemocytes of the  Japanese  horseshoe crab
(T. tridentatus) and the American horseshoe crab
(Limulus polyphemus) (Miyata et al., 1989). Tachyplesins
and polyphemusins were shown to inhibit the growth of
both Gram-negative and positive bacteria at low
concentrations and to form a complex with bacterial
lipopolysaccharide (LPS), causing precipitation. It was
reported that tachyplesin I binds to DNA and that this
binding might be related to its biclogical action.
Furthermore, these peptides were shown to have antiviral
activity against vesicular stomatitis virus, influenza A
virus and human immunodeficiency virus (HIV)-I
(Yonezawa ef al, 1992, Murakami et al, 1991,
Morimoto et al, 1991, Masuda et al, 1992).
Kawano et al. (1990) determined the secondary structure
of tachyplesin I by nuclear magnetic resonance (NMR).
This peptide was found to take an anti-parallel p-sheet
structure (residues 3-8 and 11-16) comnected by a f-turn
(residues 8-11). Tachyplesin I was found to act as an
inhibitor of LPS-mediated activation of factor C, which is
the mitiation factor in the limulus clotting cascade
(Nakamura ef al., 1988).

CONCLUSION

From all the results described above, we speculate
that the P-glucan-mediated pathway may also lead to
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activation of this system. The clot generated during the
activation encapsulates and immobilizes the Gram-
negative bacteria and the peptide tachyplesin and anti-
LPS factor released from S and L granules, respectively,
act as the bactericidal substances. Therefore, this
intracellular clotting system may have a crucial role in
host defense against invading microorganisms. The
precise gene responsible for the production of anti LPS in
horseshoe crab need to be sequenced for the production
of anti endotoxin compound in 2 vitro condition.
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