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Abstract

CLIP proteases are non-digestive serine proteases present in hemolymph of insects and other
arthropods. They are composed of one or more amino-terminal clip domains followed by a linker
sequence and a carboxyl-terminal S1A family serine protease domain. The genes for CLIP
proteases have evolved as four clades (CLIPA, CLIPB, CLIPC, CLIPD), each present as
multigene families in insect genomes. CLIP proteases in hemolymph function in innate immune
responses. These include proteolytic activation of the cytokine Spatzle, to form an active Toll
ligand leading to synthesis of antimicrobial peptides, and specific activation of prophenoloxidase,
required for the melanization response. CLIP proteases act in cascade pathways. In the immune
pathways that have been characterized, microbial surface molecules stimulate activation of an
initiating modular serine protease, which then activates a CLIPC, which in turn activates a CLIPB.
The active CLIPB then cleaves and activates an effector molecule (proSpétzle or
prophenoloxidase). CLIPA proteins are pseudoproteases, lacking proteolytic activity, but some
can function as regulators of the activity of other CLIP proteases and form high molecular weight
immune complexes. A few three dimensional structures for CLIP proteases are now available for
structure-function analysis of these immune factors, revealing structural features that may act in
specific activation or in formation of immune complexes. The functions of most CLIP proteases
are unknown, even in well studied insect species. It is very likely that additional proteins activated
by CLIP proteases and acting in immunity remain to be discovered.

Introduction

Specific proteolysis is the most prominent posttranslational modification of extracellular
proteins and a mechanism for regulating their activity [1]. Extracellular serine protease
pathways have evolved in animals to stimulate rapid responses to tissue damage and
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pathogen invasion [2]. Protease cascade pathways offer mechanisms for rapid, local
amplification of a small initial signal, with regulation at multiple levels [3]. The proteases
circulate as inactive zymogens and become sequentially activated upon recognition of
aberrant tissues or microbial polysaccharides. Through specific molecular interactions and
limited proteolysis, a localized reaction is rapidly initiated to stop bleeding, dismantle clots,
or attack invading microorganisms. After accomplishing their functions, the active enzymes
are inactivated by serine protease inhibitors, especially members of the serpin superfamily
[4,5].

Protease cascade systems have evolved in innate immune systems of insects [6,7].
Biochemical, genetic, and molecular biological approaches have led to varying degrees of
understanding of these pathways in a few insect species. Serine proteases (SPs) containing
one or more amino-terminal clip domains [8] function in extracellular pathways that regulate
some immune responses of insects (Fig. 1, 2). Clip domains were named because a diagram
of the disulfide bond pattern in the N-terminal domain of horseshoe crab clotting enzyme [9]
resembled a paper clip (Shun-ichiro Kawabata, personal communication). CLIP proteases
(Snake and Easter) also participate in a protease cascade that regulates dorsal-ventral pattern
in Drosophila melanogaster embryos [10]. The CLIP proteases represent a protein
architecture apparently unique to invertebrates. They have been identified in arthropods and
molluscs, and they form large gene families in the insect genomes studied so far (ranging
from 15 CLIP protease genes in Bombyx mori to 42 in Manduca sexta and 63 in Aedes
aegypti) [11-16]. Infections can stimulate activation of CLIP protease zymogens in
hemolymph, with specific cleavage at a site at the amino-terminus of the protease domain,
creating a two-chain form active form of the enzyme, in which the clip domain and protease
domain remain connected by a disulfide bond (Fig. 1). Immune cascade pathways
containing CLIP proteases lead to activation of prophenoloxidase (proPO) [17-26] or the
Toll-ligand Spatzle [19,27-30] (Fig. 2). Once CLIP proteases are activated, they are
regulated by serpin inhibitors in hemolymph plasma [31-34]. Some members of the CLIP
superfamily contain a protease domain with mutations of one or more of the catalytic triad
residues, such that they lack proteolytic activity. Such serine protease homologs (SPH) can
function as cofactors required for proPO activation by an active CLIP protease [35], and
they can also negatively regulate the melanization response [36].

In D. melanogaster, Ae. aegypti, and Anopheles gambiae, genetic and RNAI analyses have
demonstrated that certain CLIP proteases have a role in regulation of melanization or the
Toll pathway (Fig. 2), but substrates of the proteases and the identity of their activating
enzymes are generally not yet known. Exceptions are D. melanogaster SPE, which activates
proSpétzle [27,29], D. melanogaster SP7 (MP2), which can activate proPO [20], and An.
gambiae CLIPB9, which can activate M. sexta proPO [37]. In two beetles, Tenebrio molitor
and Holotrichia diomphalia [33], and in a moth, M. sexta [34], biochemical studies have led
to more detailed understanding of cascade pathways including CLIP proteases, which
activate proPO and proSpatzle. In these systems, direct activation of downstream proteins by
specific proteases has been achieved using purified proteins (Fig. 2). However, it is clear
that much remains to be learned about the functions of hemolymph CLIP proteases, with
biochemical functions known for only a few members of this family.
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Structure of CLIP proteases

Phylogenetic analyses of CLIP proteases has revealed four distinct clades in this family
named A, B, C, and D [13,16]. Detailed understanding of structure and function of CLIP
proteases is currently limited by a lack of three-dimensional structural data for most
members of this family. Available structures include the crystal structures of the D.
melanogaster Grass zymogen, a CLIPB (Protein Data Bank accession 2XXL) [38], the
protease domain of H. diomphalia proPO-activating factor-1 (PPAF1), also a CLIPB
(20LG) [39], clip domain pseudoprotease H. diomphalia PPAF2, a CLIPA (2B9L) [40], and
the two clip domains from M. sexta proPO-activating protease-2 (PAP2, a CLIPB), solved
by NMR spectroscopy (2IKD, 2IKE) [41].

The carboxyl-terminal catalytic or protease-like domains of CLIP proteases adopt a
chymotrypsin fold consisting of two adjacent B-barrel-like structures arranged
perpendicularly to each other (Fig. 3). Each unit contains six antiparallel p-strands, with
hydrophobic residues holding the barrels together at their interface. The catalytic residues
(His, Asp, Ser) are in the cleft formed between the two barrels. Following chymotrypsin
nomenclature, surface loops 30, 60, and 140 connect the secondary structure elements and
control the access of protein substrates. CLIPBs possess an additional loop closed by a
disulfide bond that does not exist in the other groups of CLIP proteases (Figs. 1 and 3). This
protruding structure may block access to the activation cleavage site, enhancing the
specificity of zymogen activation [38,39].

Clip domains are ~35-55 residue sequences with a conserved pattern of three disulfide
bonds (Pfam accession number PF12032). Based on the CLIP proteases identified so far,
this domain can be broadly defined as CX1.14CX3.190CXg.36CX4.18CC, with substantial
sequence variation in the regions between Cys residues. Clip domain sequences fall into
three major groups based on sequence similarity and the distance between certain Cys
residues. These clip domain groups are labeled types 1, 2, and 3, with three subgroups
identified in type 1 (1a, 1b, 1c) [16]. There is a conserved association of certain clip domain
types with protease domain types, indicating a co-evolution of distinct combinations of the
clip domain and protease domain types. CLIPA proteins have type 3 clip domains, CLIPB
proteins have type 2 clip domains, CLIPC proteins have clip domain type 1a, and CLIPD
proteins have type 1b or 1c clip domains. The disulfide linkage patterns of most clip
domains have not been experimentally determined, but the absolutely conserved Cys1 and
Cysb, Cys2 and Cys4, and Cys3 and Cys6 are predicted to form three disulfide bonds, based
on the disulfide pattern known from a few CLIP proteases [9,38,40]. Cys1, Cys2, and Cys5-
Cys6 are located in three B-strands that form an antiparallel $-sheet, and the region between
Cys3 and Cys4 provides unique sequence features that help to define in the different types of
clip domains. Group-2 clip domains in Drosophila Grass [38] and Manduca PAP2 (27)
contain a helix-turn-helix structure in this region. This feature is predicted in 21 domain
models of all 13 of the CLIPBs in M sexta, and may also exist in group-1a and 1b clip
domains [16], although the length between Cys3 and Cys4 is shorter in group-1, and one or
both helices may be shorter or deformed. A hydrophobic cavity present in the known clip
domain structures and models [16,38,41] may function in binding interactions with other
proteins, helping to regulate or localize components of CLIP protease cascades.
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An evolutionary conserved protease cascade module: CLIPC proteases
activate CLIPB proteases, which in turn activate immune effector proteins or
cytokines—As described above, insect CLIP proteases with known functions fall into two
main groups, CLIPB and CLIPC, based on overall sequence comparison and on structural
features of their clip domains [8,12,19,38]. For CLIP proteases of known function, these two
groups of proteases can also be distinguished based on their position in cascade pathways
[19] (Figs. 4, 5). Phylogenetic analysis based on alignment of the protease domains places
the CLIP proteases of known function in two clades. One clade contains the enzymes known
to activate proSpétzle or proPO (terminal proteases, all from the CLIPB group). The other
clade, the CLIPC group, contains enzymes upstream in the pathways; those with known
substrates are penultimate proteases in the pathways, cleaving and activating the terminal
proteases. Within the terminal protease clade, the enzymes that activate proSpétzle (Easter,
SPEs, HP8) cluster together, as do those that activate proPO (Manduca PAPs, Bombyx
PPAE, Holotrichia PPAF1, Tenebrio SPE, Drosophila SP7). The terminal proteases all have
a basic residue, Arg or Lys, at their activation site, whereas the penultimate proteases instead
have Leu (Manduca HP21, Tenebrio SAE, Drosophila Snake), His (Drosophila
Persephone,, Manduca HP6), or Ser (Drosophila Spirit) at this position. The terminal
proteases all contain the distinctive 75-loop in the protease domain, whereas penultimate
proteases do not [38]. These two groups of proteases also differ consistently in the length of
the sequence between the third and fourth Cys residues of their clip domains, a feature
previously used to define two groups of CLIP proteases [8]. Type 2 clip domains have 22-24
residues between Cys 3-4, whereas type 1 clip domains typically have 15-17 residues at the
same position. This region, forming two antiparallel alpha-helices in the clip domains of M.
sexta PAP2, has been proposed as a recognition/binding site [41]. A conserved structural
difference in this region between the CLIP proteases that occupy different positions in
cascade pathways may contribute to binding interactions required for their function to either
activate another protease or to activate proPO or proSpétzle. These relationships also hold
for the clip domain and protease domain sequences of Ae. aegypti, and An. gambiae [13].
There is a very good correlation between branches of the CLIP tree based on alignment of
only the protease domain or the type of associated clip domain.

Some exceptions to this general scheme may occur. For example, active M. sexta PAP3 can
cleave and activate proPAP3 zymogen, providing a feed-forward regulation of the
melanization cascade, and activation of a CLIPB by another CLIPB [42]. Another is D.
melanogaster Hayan, a CLIPC with strong genetic evidence for its requirement in wound-
activated melanization [25]. A recombinant form of Hayan, lacking its clip domain, can
cleave PPO1 with requirement for the natural sequence at the PPO activation site, although
production of an active PO resulting from this reaction has not yet been demonstrated.
Further investigation of the substrate (s) for Hayan in vivo will be important for resolving
the wound-activated melanization pathway.

Roles of CLIP pseudoproteases: serine protease homologs

Insect genomes contain multiple genes that encode proteins with one or more aminoterminal
clip domains joined to a serine protease-like domain that lacks a complete catalytic triad
needed for proteolysis. Most often the active site serine residue is changed to glycine in
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these serine protease homologs (SPHSs). Most such pseudoproteases are in the CLIPA
lineage. Some CLIP-SPH proteins function as regulators of immune pathways and in some
cases are known to modify the function of CLIPBs. The most studied example of this
phenomenon is the observation that CLIP-SPHSs can greatly increase the efficiency of
proteolytic activation of proPOs by CLIPB proteases in M. sexta and T. molitor
[24,35,43,44]. These SPHs functioning as cofactors must themselves be activated by a
specific proteolytic cleavage, adding another level of regulation to the pathway. CLIPA
proteins can also act as negative regulators of immune pathways [45,46]. It is likely that the
domains of CLIPA SPHs function by forming protein interactions between active proteases
and their substrates or by helping to localize the members of protease cascades at the surface
of a pathogen or parasite.

As shown in the Holotrichia PPAF2 structure [40], the protease-like domain adopts a
chymotrypsin-like fold and interacts with the nearby clip domain through three loops (Fig.
3C). Sequences of these regions are conserved among CLIPAs but not CLIPBs, and the
close association of clip domain and protease-like domain may be a distinguishing feature of
CLIPAs. This orientation of the two domains in PPAF2 may be enhanced by interactions of
an aminoterminal extension preceding the clip domain with the protease-like domain.
Similar extensions also exist in other CLIPAs and may have a similar role in bringing the
two domains into close association. The clip domain of PPAF2 is oriented toward the
protease domain very differently from the clip domain in Grass (Fig. 3A), near a different
surface of the protease domain and forming significant contacts between the two domains.
This orientation and other structural features may participate in the formation of a 600 kDa
PPAF2 dodecamer, after its clip domain is cleaved by PPAF3 at Arg% between Cys3 and
Cys4. The two stacked hexameric rings serve as a scaffold for anchoring PO, activated by
PPAF1 [40]. In M. sexta, generation of high M, active POs by PAPs also requires a complex
of clip-domain SPHs [43]. Remarkably, proPOs cleaved by PAP-1 (a CLIPB) did not
display PO activity; active POs were produced only in the presence of an active PAP and the
SPH1 and SPH2 complex [43]. Perhaps the interaction of CLIPA proteins alters the
conformation of CLIPB substrates, promoting efficient cleavage and activation by CLIPB
proteases. There are many insect CLIPA pseudoproteases of unknown function, even in well
studied model systems. Understanding how these serine protease homologs regulate immune
pathways is an important topic for future research.

Conclusions

We hypothesize that many new immune proteins that are activated by protease cleavage in
hemolymph remain to be discovered. There are 35 CLIP proteases in the M. sexta genome,
but only four immune effector proteins activated by proteases are known: proPO-1 and
proPO-2 [47], proSpatzle [30], and pro-plasmatocyte spreading peptide [48], which
promotes plasmatocyte attachment, spreading, and decreases bleeding. It seems unlikely that
35 proteases function to activate only four immune proteins, and we predict that there may
be a significantly larger number of protease-activated cytokines, enzymes, or antimicrobial
molecules in plasma. CLIP proteases might have additional non-immune functions in insect
development, as they do in Drosophila embryonic dorsal/ventral pattern formation, or in
other physiological systems remaining to be discovered.
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Researchers in protease biochemistry have come to realize that “proteases do not act in
isolation, but form cascades, biochemical pathways, and regulatory circuits” [49] and that
protease pathways intersect to form a protease web [50]. Most of the regulatory action in
such systems occurs as post-translational modifications (zymogen activation, protease
cleavage of substrates, protease interaction with inhibitors) rather than at the level of gene
expression. Even for most human plasma proteases, the in vivo substrate profiles have not
been elucidated [51], and those which have display astonishing complexity. Thrombin, for
example, has at least nine important substrates, with pro-clotting and anti-clotting activities
depending on physiological context and interaction with cofactors [52]. Proteomics offers
one of the only experimental means to investigate protease functions in complex in vivo
systems [49,51,53], but there has been practically no use of this technology for the study of
the activity of insect hemolymph proteases (other than studies of protease-serpin interactions
in Manduca [54]. With such a large number of CLIP proteases in insect hemolymph, it
seems probable that they function in immune pathways beyond activation of proPO and
proSpétzle. Progress in this field requires assays to identify natural substrates of these
proteases, some of which may represent undiscovered immune effector molecules and reveal
new defense mechanisms in insect immune systems.
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Highlights
e CLIP proteases contain one or more amino-terminal clip domains and a

carboxyl-terminal serine protease domain.

o  CLIP proteases in insect hemolymph are rapidly activated by specific
proteolysis after immune stimulation and participate in cascade pathways to
trigger activation of prophenoloxidase or the Toll ligand spatzle.

»  Some members of the CLIP protease superfamily are pseudoproteases known as
serine protease homologs, which can function to regulate immune pathways.

»  The function of most insect CLIP proteases is unknown, even in well-studied
model systems.
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Figure 1. Domain architecture of CLIP serine proteases
CLIP proteases contain one or more amino-terminal clip domains connected by a linker

sequence to a carboxyl-terminal serine protease domain. The protease zymogen is activated
by specific cleavage at the beginning of the catalytic domain. After this cleavage, the clip
domain and protease domain remain connected by an interchain disulfide bond. CLIP
proteases that have active sites with an intact catalytic triad (H, D, S) fall into three groups
based on sequence alignments, known as clades B, C, and D. CLIPB proteases contain one
or two amino-terminal clip domains from sequence type 2. CLIPB proteases include
Manduca PAP1, PAP2, PAP3, HP8, Bombyx PPAE and BAEEase, Holotrichia PPAF1 and
PPAF3, Tenebrio SPE, Drosophila SPE, MP1, MP2, easter, and Grass, Aedes IMP1, IMP2,
TMP, B5, B29, B35, and Anopheles B4, B8, B9, B14. Manduca PAP2, PAP3, and Bombyx
PPAE have two clip domains and two extra Cys residues in the linker (shown in light blue).
CLIPC proteases, containing a single clip domain from group 1a include Manduca HP6 and
Drosophila Persephone and Spirit. CLIPD proteases contain one clip domain from type 1b
or 1c. At this time, there are no members of the CLIPD family with a known function.
CLIPA pseudoproteases, known as serine protease homologs, have an amino terminal clip
domain from type 3 and a protease-like domain in which the active site serine residue is
changed to glycine, and therefore these proteins lack protease activity. CLIPA proteins are
apparently activated by a specific cleavage in the clip domain. Manduca SPH1a, SPH2, and
Anopheles CLIPAS are examples of CLIPAs. (For simplicity, additional Cys residues in
some of the linkers and protease domains are not indicated.)
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Figure 2. Protease cascades in insect immune responses
Microbial stimuli lead to activation of CLIP proteases, organized in pathways that result in

activation of proPO or proSpatzle. For protease names shown in boxes, genetic evidence
indicates participation in an immune pathway, but the activating protease and the protease's
substrate are not yet known. Dashed arrows indicate putative steps that have not been
verified experimentally. The diagrams summarize data from the following: Aedes aegypti
[55,56], Anopheles gambiae [36,45,57-59], Tenebrio molitor [24,29,60,61], Drosophila
melanogaster [25-28,62-68], Manduca sexta [19,21-23,30,35,42,43,54,69-75] and
unpublished results from the authors' laboratories.
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Figure 3. Three dimensional representations of insect CLIP proteases
(A) Drosophila melanogaster Grass zymogen structure solved by x-ray crystallography

(2XXL) [38]. The ribbon diagram shows the clip domain (cyan), linker (magenta), and the
catalytic domain (yellow). Loops 30, 60, and 140 in the catalytic domain are shown in
green; the signature loop 75 of CLIPBs is in gray; a calcium ion is shown as a gray sphere.
Side chains of the Cys and catalytic residues (S, H and D) are colored red and blue,
respectively. (B) Manduca sexta PAP2 structural model based on the NMR structure of its
clip domains [41] and a homology model of the PAP2 catalytic domain. The first clip
domain is in gray, the second clip domain is in cyan, and the rest of the molecule is colored
using the same scheme described in (A). (C) Holotrichia diomphalis PPAF2 crystal
structure (2B9L) [39]. In the PPAF2 structure, regions I, Il and 111 (purple) of the protease-
like domain interact with the clip domain (cyan). Region 1V (gray) may interact with another
protein. The amino-terminal extension (orange) and the linker (magenta), including the
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unstructured parts (dashed line) and the “interchain” disulfide bond, further stabilize the
association of the clip domain with the protease-like domain.
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Figure 4. Conservation of a protease cascade module
In pathways in which clip domain substrates have been determined experimentally, a

conserved pattern is evident. A non-CLIP modular serine protease activates a penultimate
CLIP protease from clade C with a type 1 clip domain, which activates a terminal CLIP
protease from clade B with a type 2 clip domain, which then activates an effector protein.
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Figure 5. Comparison of insect CLIP proteases known to participate in specific pathways
The phylogenetic tree is based on an alignment of the protease domain sequences, with

horseshoe crab proclotting enzyme (Limulus PCE) as an outgroup. Numbers at branches
indicate bootstrap value, as a percent of 1000 repetitions. There are two clades that
correspond with groups of proteases that are either the terminal protease in a known
pathway (CLIPB proteases) or the penultimate proteolytic step of a pathway (CLIPC
protease, labeled in red). The tree derived from the protease domain sequences correlates
with the type of associated N-terminal clip domain, with terminal proteases having type 2
clip domains and penultimate proteases having type 1a clip domains. The activation site P1
residue is the amino acid residue (determined experimentally or predicted based on sequence
alignment) on the amino-terminal side of the peptide bond that is cleaved to activate the
protease zymogen.
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