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Abstract. Mammalian blood coagulation is based on the
proteolytically induced polymerization of fibrinogens.
Initially, fibrin monomers noncovalently interact with
each other. The resulting homopolymers are further sta-
bilized when the plasma transglutaminase (TGase) inter-
molecularly cross-links e-(y-glutamyl)lysine bonds. In
crustaceans, hemolymph coagulation depends on the
TGase-mediated cross-linking of specific plasma-clot-
ting proteins, but without the proteolytic cascade. In
horseshoe crabs, the proteolytic coagulation cascade

triggered by lipopolysaccharides and p-1,3-glucans
leads to the conversion of coagulogen into coagulin, re-
sulting in noncovalent coagulin homopolymers through
head-to-tail interaction. Horseshoe crab TGase, however,
does not cross-link coagulins intermolecularly. Recently,
we found that coagulins are cross-linked on hemocyte
cell surface proteins called proxins. This indicates that a
cross-linking reaction at the final stage of hemolymph
coagulation is an important innate immune system of
horseshoe crabs.
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Introduction

Horseshoe crabs, whose ancestors were trilobites, are
phylogenetically more related to arachnids than to crus-
taceans. They are called living fossils because the mor-
phology of their exoskeleton is very similar to that found
in Jurassic deposits. The survival of multicellular organ-
isms depends on effective defense systems to recognize
and eliminate foreign microorganisms. The major host
defense system in the horseshoe crab Tachypleus triden-
tatus is carried by a hemolymph that contains one type of
granular hemocyte that comprises 99 % of all hemocytes
[1]. The granular hemocyte is filled with two types of
secretory granules, L-granules and S-granules, which
selectively store defense molecules such as coagulation
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factors, protease inhibitors, lectins and antimicrobial
peptides [2—6]. The hemocyte is highly sensitive to
lipopolysaccharides (LPSs), which are cell wall compo-
nents of Gram-negative bacteria. Stimulation by LPSs
prompts exocytosis, which causes the excretion of de-
fense molecules. The coagulation cascade of horseshoe
crabs is composed of a clottable protein coagulogen
[7—14] and four serine protease zymogens, including fac-
tor C [15-21], factor B [22, 23], factor G [24—28] and
the proclotting enzyme [29, 30]. Factor C and factor G,
respectively, function as biosensors for LPS and S-1,3-
glucans of cell wall components of fungi; these sensors
trigger the sequential activation of the coagulation factors
leading to the conversion of coagulogen to coagulin. The
resulting coagulins interact with each other to form ho-
mopolymers through self-polymerization. Here we focus
on recent advances in the structure and function of coag-
ulogen and discuss its role in innate immunity.
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Comparison of coagulation systems between
horseshoe crabs and mammals

Compared with the mammalian coagulation system [31],
the horseshoe crab system has a clotting enzyme that cor-
responds to thrombin, and its coagulogen corresponds to
fibrinogen (fig. 1). The mammalian coagulation cascade is
not a systemic reaction but proceeds locally on the phos-
pholipid surface in cooperate with calcium ions at the site
of injury. Also in horseshoe crabs, coagulation proceeds
only on the surfaces of invading pathogens, such as LPSs
and f-1,3-glucans. This close analogy between the coagu-
lation system of horseshoe crabs and that of mammals may
lead to a false idea of a common evolutionary origin. In
fact, a fibrinogen homologue of horseshoe crabs, named
tachylectin-5, has been found in plasma, and it functions as
a non-self-recognizing protein rather than as a target pro-
tein of the coagulation cascade [32, 33].

On the other hand, another arthropod protease cascade
has been well characterized at the molecular level as the
morphogenetic cascade for determining embryonic dor-
sal-ventral polarity in the fly Drosophila melanogaster,
leading to the production of a Toll ligand spaetzle, has
been well characterized (fig. 1) [34]. The Drosophila Toll
pathway also controls resistance to fungal and Gram-pos-
itive bacterial infections. Likewise in mammals,
pathogen-associated molecular patterns are recognized
through cell-surface receptors called Toll-like receptors
[35, 36]. The structural similarity of horseshoe crab co-
agulogen to Drosophila spaetzle, as well as the sequence
homology between the serine proteases participating in
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Figure 1. Comparison of proteolytic cascades between horseshoe
crab hemolymph coagulation, mammalian blood coagulation and
Drosophila dorsal-ventral patterning. The functional similarity of
the coagulation cascades between mammals and horseshoe crabs is
demonstrated by the self-aggregation reactions of their target pro-
teins and the similar catalytic domains of the serine proteases. In
spite of the quite different functions of the cascades of Drosophila
and horseshoe crabs, the components of these two cascades have sig-
nificant structural similarity. The target proteins coagulogen and
spaetzle seem to share a common NGF-like fold in their C-terminal
regions. Moreover, the serine protease zymogens easter, snake, pro-
clotting enzyme and factor B contain a common structural motif,
called a clip domain, in addition to their similar trypsin-like catalytic
domains. The serine protease zymogens are indicated by stars.
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the two cascades, clearly suggests that these two func-
tionally different cascades may have a common origin
[14, 37—-39]. The NH,-terminal domains of factor B and
the proclotting enzyme of horseshoe crabs each contain a
compact ‘clip’ domain having three disulfide bonds. This
domain has been found not only in Drosophila snake and
easter but also in protease zymogens involved in insect
prophenoloxidase activation systems [23, 30, 40—43].

In crustaceans, too, such as lobster and crayfish, he-
molymph coagulation depends on the TGase-mediated
cross-linking of a specific plasma-clotting protein with-
out any proteolytic cascades. Crustacean clottable pro-
teins have been found in several species; the freshwater
crayfish Pacifastacus leniusculus [44], the sand crayfish
Ibacus ciliatus [45], and the lobster Panulirus interruptus
[46, 47]. These clottable proteins are homodimeric glyco-
proteins of ~380—400 kDa and have similar amino acid
compositions and NH,-terminal sequences. The crayfish
clottable protein, a very high density dimeric lipoprotein
consisting of 210-kDa subunits, is covalently cross-
linked intermolecularly by TGase [44, 48]. The TGase-
dependent coagulation is induced when TGase is released
from hemocytes or tissues by a mechanism that is still un-
known. Calcium ions in plasma activate the secreted
TGase [49]. The polymerization of the clottable protein
has been shown using electron microscopy after the puri-
fied clottable protein is incubated with hemocyte lysates
containing endogenous TGase [50]. Crustacean clottable
proteins do not share any sequence similarity with fib-
rinogen or coagulogen, whereas they are homologous to
insect vitellogenins [50, 51]. Crayfish clottable protein is
present in the clotting activities of both sexes. A vitel-
logenin specific to female crayfish has been isolated and
partially characterized; it seems to differ functionally
from the clottable protein [52]. Both crustacean clottable
proteins and insect vitellogenins have a cysteine-contain-
ing stretch with sequence similarity to the D domain of
the von Willebrand factor (vWF) [53]. vWF is a large
multimeric protein involved in the mammalian blood co-
agulation system, and the D domain is important for mul-
timer formation [54, 55].

In contrast to the coagulation system of horseshoe crabs,
that of insects is activated as part of the wound response
to avoid loss of hemolymph, even in the absence of mi-
crobial cell wall substances [56, 57]. Insect hemolymph
coagulation requires interaction between plasma compo-
nents (the hemolymph coagulogen) and cellular compo-
nents derived from hemocytes (the hemocyte coagulo-
gen) [58, 59]. Several plasma components involved in
hemolymph coagulation have been purified; a lipid-car-
rying protein called lipophorin from the cockroach Leu-
cophaea maderae [60]; a vitellogenin-like protein from
the locust Locusta migratoria [46]; hemofibrin and
scolexin, which are a serine protease homologue, from
the tobacco hornworm Manduca sexta [61—63]; and a he-
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mocytin with significant sequence similarity to vWF and
that is from the silkworm Bombyx mori [64]. In several
insects, lipophorin has been identified as a hemolymph
coagulogen [60, 65—67]. Although the molecular mecha-
nism of coagulation in insects remains to be clarified,
these plasma proteins are possibly cross-linked with
themselves or other proteins by hemocyte-derived TGase
at the site of injury [68]. On the other hand, microparti-
cles produced by the fragmentation of hemocytes are in-
volved in the regulation of cell attachment and in the for-
mation of hemocyte coagulogen [69]. Microparticles are
enriched in hemomucin, a hemocyte surface protein. In
vitro, lipophorin binds to hemomucin, and the interaction
of hemomucin on microparticles with lipophorin possibly
promotes hemolymph coagulation.

Self-polymerization of coagulin through head-to-tail
interaction

At the final stage of the coagulation cascade of horseshoe
crabs, the clotting enzyme cleaves coagulogen (175
amino acid residues) into a two-chain form of coagulin at
Arg"8-Thr'® and Arg*-Gly*’, with excision of fragment
called peptide C [7—11]. Crystal structural analyses of
coagulogen have revealed an elongated molecule of
~60 x 30 x 20 A (fig. 2) [14, 37]. A striking topologic

NGF

Figure 2. Comparison of three-dimensional structures of coagulo-
gen and NGF. In coagulogen, the six f strands, B1-B6, form three
antiparallel f sheets, which are topologically equivalent to 3 sheets
in NGF. The three disulfide bridges forming the characteristic cys-
tine knot in NGF are equivalent to those in coagulogen; thus we can
assign coagulogen as a member of the cystine knot superfamily. C,
peptide C; A, A chain of coagulogen.

Coagulogen
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similarity has been found between the COOH-terminal
half domain of coagulogen and mouse nerve growth fac-
tor (NGF), a member of the neurotrophin family. A se-
quence alignment based on topological equivalence
shows a sequence identity of 21% in the topologically
equivalent regions.

The three-dimensional structure of coagulogen suggests a
possible polymerization mechanism, by which the release
of the helical peptide C would expose a hydrophobic cove
on the ‘head’; this cove would interact with the hy-
drophobic edge or ‘tail’ of a second molecule, resulting in
formation of a coagulin homopolymer (fig. 3). We have
recently obtained evidence that the polymerization of co-
agulin proceeds through an interaction between the hy-
drophobic cove on the head and the hydrophobic tail [70].
The two lysine residues at positions 85 and 156, located
at the head and tail regions of the elongated molecule, are
chemically cross-linked intermolecularly with disuccin-
imidyl suberate having an arm length of 6.4 A.
Coagulin-coagulin interaction does not require Ca*" or
Mg?". A spectrophotometer can be used to monitor the
time course over which the clotting enzyme or trypsin
converts coagulogen to coagulin, leading to homopoly-
mers. An octapeptide containing Tyr 136, which occupies

Horseshoe crab Mammal

O O
Coagulogeno Fibrinogen ’ Bp .
Aa

O —=

Clotting enzymel\ Pepﬁvde C

VARVIVAY

Thrombin l""'-' Fibrinopeptides
O

l Polymerization

Head-to-tail
polymerization

7

Lateral 1
polymerization
of fibers Factor XIIla l

Cross-linked fibrin clot

Figure 3. Comparison of a molecular model of the polymerization
of coagulogen and that of fibrinogen. A putative coagulin monomer
lacking peptide C may initiate polymerization through head-to-tail
interaction. See the text for details. Mammalian fibrinogen consists
of three homologous chains covalently assembled into a,f,y,. At
the final stage of blood coagulation, thrombin cleaves the NH,-ter-
minal portion of & chain, creating a new NH,-terminus (the A site)
beginning with the sequence of Gly-Pro-Arg. The A site binds to the
complementary polymerization pocket in the y chain during the
alignment of the fibrin protofibrils [110—112].
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the tail end of coagulin, inhibits polymerization, and the
replacement of Tyr 136 of the peptide with Ala results in
a loss of inhibitory activity. The polymerization of coag-
ulin possibly proceeds through an interaction between the
newly exposed hydrophobic cove on the head and the
wedge-shaped hydrophobic tail.

The hydrophobic tail portion of coagulogen seems to
have the same conformation as that of coagulin, and the
tail region of coagulogen could interact with the hy-
drophobic head of coagulin to form heterodimers. Sur-
face plasmon resonance analysis showed that coagulogen
interacts with coagulin immobilized on the sensor chip
through the tail of coagulogen and the head of coagulin
with K; = 6.0 x 10-° M. Therefore, not only the coagulin
monomer but also coagulogen could be incorporated into
a coagulin fiber, then converted to coagulin by the clot-
ting enzyme, leading to an extension of the fiber. Relative
to this finding, if the serine proteases in the coagulation
cascade are scavenged by the horseshoe crab serine pro-
tease inhibitors [71—-73], coagulogen could regulate the
extension of the fiber that will bind to the terminus.

Protein cross-linking of coagulin to cell surface
proteins named proxins

No TGase activity has been found in horseshoe crab
plasma, whereas horseshoe crab TGase (HcTGase) is ex-
pressed in various tissues and is mainly localized in cy-
tosol of hemocytes [74, 75]. HcTGase is functionally and
structurally similar to the mammalian type II TGase. It
contains 764 amino acid residues in total with a unique
NH,-terminal extension sequence of 60 residues without
a consensus NH,-terminal signal sequence for secretion
[75]. Hemocytes release HcTGase into the extracellular
fluid in response to stimulation by LPSs, but the molecu-
lar mechanism of the secretion remains unknown [76].
HcTGase, however, does not catalyze coagulin-coagulin
cross-linking. On the other hand, Wilson et al. reported
that clots of the whole hemolymph of the American
horseshoe crab Limulus polyphemus yield significant
amounts of cross-linked products by HcTGase [77].
Therefore, coagulin is possibly cross-linked with other
proteins.

Recently, we identified the proline-rich cell surface anti-
gens on horseshoe crab hemocytes. These antigens serve
as substrates for protein cross-linking with coagulin [76].
All of the monoclonal antibodies prepared against hemo-
cytes react with the same antigens of proline-rich pro-
teins. These antigens have been called proxins, as they are
proline-rich proteins for protein cross-linking. There are
two proxins, proxin-1 (271 residues) and proxin-2 (284
residues) with 66% sequence identity with each other.
Proxins are constituents of major cell surface antigens of
hemocytes. Immunoblotting and reverse-transcription
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Figure 4. Domain structures of proxin-1 and proxin-2. Proxins
contain four tandem-repeats of Pro-rich domains in green. The glu-
tamine-rich regions in red are present at the NH,-terminal regions
of proxins-1 and -2 and the COOH-terminal region of proxin-1.

polymerase chain reaction (PCR) have found proxins be
present in hemocytes only, and not in other tissues, such
as those of the heart, skeletal muscle, hepatopancreas or
stomach. The intriguing feature of these sequences is the
presence of four tandem repeats, each having an ex-
tremely high content of proline (accounting for 20% of
the total residues). A Gln-rich domain is localized at the
NH,-terminal and the COOH-terminal regions of proxin-
1, and at the NH,-terminal regions of proxin-2 (fig. 4).

Proxins on hemocytes detected by fluorescence mi-
croscopy are shown in figure 5A. Although HcTGase
does not cross-link coagulogen or coagulin, it promotes
cross-linking of coagulin, not coagulogen, with proxins,
resulting in the high molecular weight products that have
been located at the top of the gel by 1% agarose gel elec-
trophoresis in the presence of SDS [76]. Even in the ab-
sence of HcTGase, proxins noncovalently bind to coag-
ulin but not coagulogen coated on microtiter plates, sug-
gesting that proxins have a specific binding affinity to
coagulin. At the final stage of hemolymph coagulation,
HcTGase could cross-link coagulin polymers with prox-
ins on the surface, resulting in aggregates of hemocytes
entangled with coagulin polymers (fig. 5B). In the ab-
sence of HcTGase, hemocytes can easily be washed out
from the coagulin polymers on slide glass. Coagulin
fibers have a tendency to aggregate laterally to form a
thicker fiber with a diameter of ~100 A, probably

Figure 5. Cross-linking of proxins with coagulin visualized by im-
munofluorescence staining. (4) The fixed hemocytes by paraform-
aldehyde were incubated with monoclonal anti-proxin antibody
(1 pg/ml), followed by fluorescein-conjugated secondary antibody.
(B) The fixed hemocytes were incubated with coagulin in the pres-
ence of HcTGase and Ca?', followed by incubation with polyclonal
anti-coagulogen antibody, and the coagulin fiber and hemocytes
were detected by fluorescein-conjugated secondary antibody.
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Figure 6. Hypothetical scheme of the cross-linking of coagulin
with proxins on hemocytes.

through other hydrophobic patches on the coagulogen
surface [14]. Another proline-rich substrate for HcTGase,
tentatively named free proxin, is stored in large granules
of hemocytes [6, 74]. Coagulin polymers are possibly sta-
bilized through the HcTGase-mediated cross-linking of
protein with proxins and free proxins, resulting in the for-
mation of a reticulate structure, a casting net of an im-
portant physical barrier against invading pathogens
(fig. 6).

In mammals, proline-rich proteins such as cornifins and
small proline-rich proteins are involved in the formation
ofthe cornified cell envelope, a highly insoluble structure
at the cell periphery of the stratum corneum [78, 79]. The
stratum corneum of the skin serves as a forefront physi-
cal barrier against invading pathogens. The envelope is
composed of membrane-associated proteins, including
members of the cornifin or small proline-rich protein
family, in addition to several cytosolic proteins. These
proteins are cross-linked into an insoluble mesh by the
keratinocyte TGase, a membrane-bound enzyme. Al-
though cornifins have no significant sequence similarity
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to proxins, they do consist of an NH,-terminal glutamine-
rich portion and proline-containing tandem repeats of
octa- or nona-peptide [80]. Cornifins function as amine
acceptors through glutamine residues of the NH,-termi-
nal portion. A similar glutamine cluster is also present at
the NH,-terminal regions of proxins-1 and -2 as well as in
the COOH-terminal region of proxin-1 (fig. 4). Possibly,
these glutamine residues of proxins function as amine ac-
ceptors. HcTGase cross-linked proxins with coagulin, but
did not catalyze monodansylcadaverine incorporated into
coagulin. This finding indicated that glutamine residues
functioning as amine acceptors are not present on coag-
ulin, but that several lysine residues on coagulin function
as amine donors for protein cross-linking with proxins.

Conclusion

All mammalian coagulation factors circulate in plasma,
and the coagulation cascade is triggered by the interac-
tion of coagulation factor VII with a self-protein tissue
factor, exposed at the site of injury. At the final stage of
the coagulation reaction, noncovalently associated fibrins
are further stabilized through the intermolecular cross-
linking of &-(y-glutamyl) lysine bonds either with those
fibrins themselves or with other proteins by coagulation
factor XIIIa, which is essential for normal hemostasis and
wound healing [31]. In contrast, all horseshoe crab coag-
ulation factors are stored in the granules of hemocytes
that are secreted in response to stimulation by LPSs. The
proteolytic cascade is triggered by the interaction of co-
agulation factor C or factor G with non-self substances of
cell wall components derived from invading pathogens.
This clearly indicates that the coagulation system of
horseshoe crabs is closely linked not only to hemostasis
and wound healing but also to innate immunity (fig. 7).
The cross-linked coagulin gel may hinder the spread of
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Figure 7. Innate immune system of horseshoe crabs.
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the invading pathogens by immobilization, in addition to
preventing the leakage of hemolymph at the site of injury.
The immobilized invaders could be recognized by several
lectins [32, 81-85] and subsequently killed by antimi-
crobial proteins [86—101].

Recently, we observed that the coagulation cascade is
linked to prophenoloxidase activation in the horseshoe
crab immune system [102, 103]. The horseshoe crab co-
agulation cascade promotes prophenoloxidase activation
through the nonenzymatic interaction of factor B or pro-
clotting enzyme with hemocyanin, which leads to the
functional conversion of hemocyanin to phenoloxidase.
Phenoloxidases in arthropods participate in wound heal-
ing and in repairing damaged exoskeleton, and they
harden the exoskeleton during molting [104, 105]. Pro-
tease zymogens involved in prophenoloxidase activation
have been identified from crustaceans and insects, which
are homologous to two horseshoe crab coagulation fac-
tors: factor B and proclotting enzyme [23, 30, 40—42]. In
crustaceans and insects, an ancestral protease cascade
corresponding to the bifunctional cascade found in horse-
shoe crabs may have evolved into an exclusive system of
prophenoloxidase activation.

In Drosophila, the Toll pathway functions as an innate
immune system, but it does not function as a pattern-
recognition receptor for cell wall components of invading
microbes. This is because Drosophila Toll is thought to be
activated by the ligand spaetzle, which is proteolytically
produced through an upstream event in the immune re-
sponse [106]. As in Drosophila, horseshoe crab Toll
probably does not function as a pattern-recognition re-
ceptor, and the most possible candidate for a ligand is co-
agulin, a structural homologue of spaetzle [107]. Horse-
shoe crab Toll is expressed in various tissues as well as on
hemocytes [unpublished data]. The molecular mecha-
nism underlying the activation of Toll by spaetzle is not
known. However, many membrane receptors are known
to be activated through ligand-induced oligomerization
[108, 109]. It seems possible that spaetzle induces
oligomerization of Drosophila Toll, leading to activation
of cytoplasmic signal transduction. Ideally, a coagulin
oligomer may function as a ligand for horseshoe crab
Toll, which induces the gene expression of proteins to
restore granular components of hemocytes; this oligomer
also induces the expression of wound-healing proteins to
accelerate the restoration of tissues and exoskeleton at the
site of injury.
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