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a b s t r a c t

Proteolytic signalling cascades control a wide range of physiological responses. In order to respond
rapidly, protease activity must be maintained at a basal level: the component zymogens must be
sequentially activated and actively degraded. At the same time, signalling cascades must respond
precisely: high target specificity is required. The insects have a wide range of trapping- and tight-binding
protease inhibitors, which can regulate the activity of individual proteases. In addition, the interactions
between component proteases of a signalling cascade can be modified by serine protease homologues.
The suicide-inhibition mechanism of serpin family inhibitors gives rapid turnover of both protease and
inhibitor, but target specificity is inherently broad. Similarly, the TEP/macroglobulins have extremely
broad target specificity, which suits them for roles as hormone transport proteins and sensors of
pathogenic virulence factors. The tight-binding inhibitors, on the other hand, have a lock-and-key
mechanism capable of high target specificity. In addition, proteins containing multiple tight-binding
inhibitory domains may act as scaffolds for the assembly of signalling complexes. Proteolytic cascades
regulated by combinations of different types of inhibitor could combine the rapidity of suicide-inhibitors
with the specificity lock-and-key inhibitors. This would allow precise control of physiological responses
and may turn out to be a general rule.

� 2010 Elsevier Masson SAS. All rights reserved.
1. The different families of protease inhibitors
and their functions

Protease inhibitors are found in all eukaryotes and play critical
roles in regulating many biological processes. Their main function
is to limit the activity of proteases, both those with broad proteo-
lytic actions (such as digestive enzymes and pathogen-encoded
virulence factors) and those with specific target substrates (such as
the component proteases of signalling cascades). In mammals,
many physiological responses are activated by extra-cellular sig-
nalling cascades, such as blood-clotting, angiogenesis, wound-
healing and the inflammatory and complement responses [1e3].
Similar signalling cascades occur in insects, but few have been
studied in detail. In general, the component proteases of extra-
cellular signalling cascades are secreted as inactive zymogens, with
each successive zymogen being activated by the previous protease
in the cascade. Individual zymogens may be autocatalytic, partic-
ularly the first protease in a pathway, but amplification cascades
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can only respond to physiological challenges if they retain a low-
level basal activity. These constraints imply that the activity of
proteases involved in signalling cascades should be tightly regu-
lated at the post-translational level. With continued activation of
a pathway, changes may occur at the transcriptional level in some,
or all, of its components. Such changes, however, are secondary,
and understanding the post-translational regulation of protease
activity remains a major challenge.

There are two major types of protease inhibitor, trapping inhib-
itors and tight-binding inhibitors. The first type form irreversible
complexes with their target proteases, while the second type form
strong, but reversible, interactions [4]. The are only two large
families of trapping inhibitors, the Serpins (Serine protease inhibi-
tors, MEROPS inhibitor family I4, http://merops.sanger.ac.uk) and
the macroglobins (MEROPS inhibitor family I39); with the single
example of a baculovirus trapping inhibitor with a novel inhibitory
mechanism [5]. These inhibitors are largemolecularweight proteins
in which cleavage of a peptide bond triggers a conformational
change. In the case of the serpin family, an irreversible, covalently
linked, acyleenzyme complex is formed with the target protease
(see below). In the macroglobin-family inhibitors, the catalytic site
of the target protease is generally sequestered within the re-folded
inhibitor molecule and remains intact [6], although there are a few
examples of covalent macroglobulin/protease complexes [7]. Both
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families of trapping inhibitors contain a single inhibitory domain,
but the macroglobulin proteins include several other domains
conservedwithin the family. In contrast, the tight-binding inhibitors
are short folded domains that form high-affinity lock-and-key
interactions with their target proteases. Most of the 48 families of
inhibitors recognised by [4], and listed in the MEROPS database [8],
fall into this group. Many tight-binding inhibitors are simple
proteins of less than 100 amino acids. In contrast to the trapping
inhibitors, tight-binding inhibitory domains are often present as
component modules within compound inhibitors, or complex
inhibitors that include one, or more, inhibitory domains together
with other conserved protein domains.

The mechanisms of action of the short protein tight-binding
inhibitors have been investigated for many years [9]. More recently,
the serpins and macroglobulins have been intensively studied
because of their importance in human disease mechanisms. In
humans, many rapid physiological responses are regulated by ser-
pins [1]. The coagulation, inflammatory and complement pathways
are controlled by antithrombin, a1-antitrypsin and C1-inhibitor,
respectively [2], while plasminogen activator inhibitor-1 (PAI-1)
modulates angiogenesis, affecting both wound-healing and tumour
growth [3]. It is notable that the a2-macroglobulin trapping
inhibitor also regulates blood coagulation, via thrombin, and
fibrinolysis, via plasmin. It is likely that physiological responses
may be regulated by the combination of tight-binding and trapping
inhibitors, to greater extent than has been recognised. We propose
that it is the combination of interactions between various classes of
inhibitors with active serine proteases and inactive serine protease
homologues that allows rapid and precise regulation of the activity
of zymogen/protease signalling cascades.

2. Inhibitory mechanisms and constraints

2.1. Trapping inhibitors, serpins

Serpins interact with their target proteases via a unique
“suicide-cleavage”mechanism, which results in the formation of an
Fig. 1. The native (S) serpin structure carries an exposed RCL, which is cleaved between the P
with short side-chains (arrow). Following cleavage, the protease is translocated and crushed
between b-sheetA (purple). In the absence of cleavage, the RCL of one serpin (blue) can ins
model shows the classical single-strand insertion mechanism, rather than the novel domai
inactive, covalently linked, serpin/protease complex [10]. The ser-
pin fold consists of three b-sheets (AeC) with 8 or 9 a-helical
linkers and an exposed reactive centre loop (RCL) of about 20 amino
acids, which acts as bait for the target protease. The complete fold is
between 350 and 450 amino acids in length. In the native state,
serpins are in a metastable, stressed (S) conformation. Following
RCL cleavage, the serpin adopts a relaxed conformation (R), which
distorts the active site of the protease and traps it in a covalent
serpin/protease complex. During this process, the protease is
translocated through 70 Å, from the “top” to the “bottom” pole of
the serpin, and the RCL inserts as an extra strand within b-sheetA.
The protease is denatured by crushing against the bottom of the
serpin core and the denatured serpin/protease complex is targeted
for degradation [11], Fig. 1.

The major function of the serpin core is to deliver the potential
energy store held in the metastable conformation, but the
constraints that the S/R transition places on the serpin fold leave
little potential for modifications of the core structure to contribute
to protease target specificity. In practice, this specificity resides
largely in the primary amino-acid sequence of the RCL, which
presents an idealized bait to the target protease. The protease cuts
between the P1 and P10 residues of the RCL, and it is the identity of
the P1 residue, which is the major determinant of substrate spec-
ificity (with a lesser contribution from the P10 and other adjacent
residues). This is quite different from the mechanism of tight-
binding inhibitors, such as those of the Kazal and Kunitz families, in
which a precise lock-and-key fit between inhibitor and protease
can give very high specificity (see below).

One particular constraint on the serpin structure is that the
S/R transition requires a flexible “hinge region” of small amino
acids to allow insertion of the cut RCL loop within b-sheetA [12].
This hinge region extends from P17 to P9 (17 to 9 residues
N-terminal to the P1/P10 protease cleavage site), with a consensus E
[EKR]G[TS].(AGS)4 sequence, based mainly on mammalian
sequences [12]. There are several groups of protein which conserve
the b-sheet plus a-helical linker serpin fold, but which lack the
consensus hinge sequence, such as ovalbumin, Hsp47 and Maspin
1 and P10 sites. Inhibitory serpins have a flexible hinge region, consisting of amino acids
against the bottom of the (R) serpin as a denatured covalent complex as the RCL inserts
ert between the strands of b-sheetA (yellow) of another serpin to form polymers. This
n-swapping mechanism proposed by Yamasaki et al. [68].



D. Gubb et al. / Biochimie 92 (2010) 1749e1759 1751
[12]. These proteins have varied roles as storage proteins, molecular
chaperones, hormone transporters and tumour suppressors [13]. In
many cases it is unclear what role the serpin fold plays in the
activity of these non-inhibitory molecules.

2.2. Trapping inhibitors, macroglobulins

The macroglobulin-family inhibitors inactivate a wide range of
proteases and can also act as hormone transporters. Most function
as tetramers consisting of disulphide-linked sub-units, although
monomeric and dimeric a-macroglobulins are also known [7]. As
with serpins, these inhibitors carry a bait region that is susceptible
to protease cleavage. The resultant conformational change enfolds
the protease within the inhibitor and exposes sites that are rec-
ognised by high-affinity macroglobulin receptors, leading to rapid
uptake and degradation of the complex. The bait region tends to be
longer than the RCL of serpins and contain multiple cleavage sites;
as a result of which a-macroglobulins can form complexes with
a range of proteases from all classes [14].

In the native conformation, human a2-macroglobulin is stabi-
lised by a thioester link between Cys949 and Gln952. This link
becomes much more susceptible to nucleophilic attack after the
conformational change which follows cleavage within the bait
region [15,16]. A striking feature of a2-macroglobulin is the wide
range of serine, cysteine, aspartic and metallo-proteases that it is
able to inhibit. Under physiological conditions, a2-macroglobulin
inhibits blood coagulation, via thrombin and fibrinolysis, via
plasmin and kallikrein [17]. Both these physiological responses are
also regulated by serpins. Notably, while a2-macroglobulin and the
plasma serpins are both secreted from the liver, their degradation
routes are distinct. The a2-macroglobulin/protease complexes are
cleared from circulation primarily via macrophages [7], while ser-
pin/protease complexes are taken up again and degraded in the
liver.

2.3. Tight-binding inhibitors

The mechanism of action of tight-binding inhibitors has been
extensively studied for many years, [4,9,18e20]. Tight-binding
inhibitors tend to be shorter than 100 amino acids. As with trapping
inhibitors, these peptides carry a bait region, but the inhibitor
forms a precise fit with the catalytic site of their target protease and
acts as a particularly stable substrate/protease complex [19]. The
structural constraints on the core fold are relatively loose and
a wide variety of protein folds can support the exposed RCL loop of
the tight-binding inhibitors. A common feature of these core folds
is that they are cross-linked, generally with cysteine bridges. As
a consequence, cleavage at the P1/P10 site within their bait region
opens a ring structure, but does not release separate peptide frag-
ments. The cut ends of the inhibitor tend to remain in place, so that
the hydrolysis reaction is reversible. Most of the tight-binding
inhibitors function via the “standard”mechanism of Laskowski and
Qasim [21]. A diagnostic feature of this mechanism is that the
inhibitor/protease complex forms an equilibrium mixture of
cleaved and un-cleaved forms. The protease molecule can be
released intact, while the released inhibitor can be in the native, or
the cleaved form. Some Kunitz inhibitors, however, have such
strong target affinities that inhibitor/protease binding becomes
essentially irreversible [22]. Although themechanism is completely
different to that of the formation of serpin “suicide-binding
complexes”, the physiological consequences are similar.

The Kunitz family inhibitors were first described as simple
peptides present at high concentrations in beans, where they block
the activity of the digestive enzymes of insects and other herbivores
[18]. These inhibitors typically consist of short proteins of about
20 kDa, but have also been found as individual domains within
larger proteins. Similarly, the first Kazal family inhibitors were
identified as short, single domain proteins [9], but larger proteins
containing from 2 to 15 Kazal domains have since been described
[4]. The tendency to form compound protease inhibitors (CI) with
multiple inhibitory domains is common in other tight-binding
inhibitor families [4]. A few examples are known of heterotypic
compound inhibitors (hCI), containing inhibitory domains from
more than one family, but this is rare. In addition, single or multiple
inhibitory domains can be identified within complex proteins
containing heterogeneous non-inhibitory domains. We shall refer
to this sub-group of compound inhibitors as complex protease
inhibitors (CxI). The biological function of most CxIs is obscure as is
the role of the inhibitory domains in their activity.

3. Insect protease inhibitors

The protease inhibitors of insects have received much less
attention than the human trapping inhibitors, or the plant and
mammalian tight-binding inhibitors. Despite this there is an
increasing body of experimental work and comparative genomic
data. In general, the insect protease inhibitors appear to regulate
a similar range of responses as their mammalian counterparts. In
addition to inhibitors of digestive enzymes and pathogen-encoded
virulence factors, protease inhibitors in Drosophila melanogaster are
involved in morphogenetic pathways, spermatogenesis, organic
anion transport, cellular necrosis, apoptosis, long-term memory,
longevity and many aspects of the innate immune response (Tables
1 and 2). These results are probably general for most insects, but
there are also specialized functions for protease inhibitors incor-
porated into silk fibres and the blood-sucking insects require to
inhibitors to block activation of their host’s blood-clotting cascades.
In the rest of this review, we will summarize the information from
genetic analysis and functional genomic studies in Drosophila, with
additional work in other insects.

The D. melanogaster genome contains orthologues of 12 fami-
lies: the serpin and macroglobulin, trapping inhibitors (MEROPS I4
and 39) as well as the Kazal, Kunitz and 8 other tight-binding
inhibitor families (MEROPS I1, 2, 8, 17, 21, 25, 29, 32, 35 and 51),
Tables 1 and 2. In addition, there is a single I3 inhibitory domain
within a complex Kunitz inhibitor, Table 2. The list for Aedes aegypti
is similar, with one tight-binding family not present in D. mela-
nogaster (I43), but missing I25 and I29. Culex pipiens has 3 families
not found in D. melanogaster (I19, 31 and 43), but lacks I25 and 29;
while Anopheles gambiae has 2 families not present in D. mela-
nogaster (I19 and 77), but lacks I25. Pediculus humanus has I32, 35
and 63 families, while lacking I8, 21 and 29. Several of these groups
contain complex proteins with Kazal-like domains, but the I19 class
(in Culex and Anopheles) is notable in that it has only been identified
in insects, and the I31 family comprises tight-binding inhibitors of
cysteine peptidases (C1). The major classes of serpin, Kazal and
Kunitz inhibitors are similarly represented in all these insects, but
there is a notable expansion of the macroglobulin class from 5
members in D. melanogaster and A. aegypti to 10 in C. pipiens and 39
in A. gambiae, presumably relating to the macrophage-based
cellular immune response. In the tick, Ixodes scapularis, the Kazal
and macroglobulin families are moderately increased in compar-
ison with D. melanogaster, but there has been a massive increase in
the number of inhibitory serpins [23].

3.1. The Drosophila trapping inhibitors

3.1.1. Serpins
The D. melanogaster genome contains 29 serpin genes [24] and

211 chymotrypsin-fold serine proteases [25], compared with 37



Table 1
The Drosophila Trapping inhibitors.

MEROPS Family I4 Serpins FlyBase Identifier AAs P1/P1’ Biological function/comment mRNA Regulation Reference

Spn27A CG11331 447 K/F Toll/PO [29,30,40]
Spn28B CG6717 378 K/K
Spn28Da CG31902 384 L/S
Spn28Db CG33121 346 e

Spn28Dc CG7219 536 S/G Melanisation þ I.C [31,40,77]
Spn28F CG8137 375 Y/S
Spn31A CG4804 382 e

Spn38F CG9334 372 K/S Immunity
Spn42Da CG9453 379 A/S R/AT/S V/A Multiple, seetext þ I.C [40]
Spn42Db CG9454 388 K/G
Spn42Dc CG9455 403 M/M
Spn42Dd CG9456 372 R/A Immunity [77]
Spn42De CG9460 404 E/S
Spn43Aa CG12172 390 M/S Morphogenesis? þ eye [81]
Spn43Ab CG1865 393 e

Spn43Ac CG1857 476 L/S Toll, immunity [40,77]
Spn43Ad CG1859 407 e

Spn47C CG7722 382 e

Spn53F CG10956 379 e

Spn55B CG10913 374 R/M
Spn75F CG32203 356 e

Spn76A CG3801 388 e Immunity [77]
Spn77Ba CG6680 450 K/A Melanisation [32]
Spn77Bb CG6663 362 e

Spn77Bc CG6289 416 e Seminal fluid
Spn85F CG12807 640 ? SerXXpin
Spn88Ea CG18525 427 S/A PO, wing [40,77]
Spn88Eb CG6687 426 S/S [40,77]
Spn100A CG1342 649 ? SerXXpin

I39

Macroglobulins AAs Biological Function mRNA Reference

Tep1 CG18096 1354 þ I.C [39]
Tep2 CG7052 1388 Phagocytosis E. coli þ I.C [30,38,39,77]
Tep3 CG7068 1469 Phagocytosis S. aureus þ I.C [38,39]
Tep4 CG10364 1496 þ I.C [30,77]
Mcr CG7586 1760 Phagocytosis C.albicans þ I.C [38,39]
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and 176 in humans, and 64 and 227 in mice. Thirteen of the fly
serpin genes, however, encode serpin folds that lack the consensus
hinge region sequence typical of inhibitory serpins [24]. The D.
melanogaster Spn42Da gene (also known as Spn4, CG9453),
however, is exceptional in having alternatively-spliced exons,
encoding RCL sequences and N-terminal localisation signals. This
complex organisation allows 11 inhibitory variants to be generated
that share the same serpin core, but have 4 different RCL peptides
localised to different cellular compartments. On this basis, D. mel-
anogaster has 28 active serpin inhibitors, 15 of which are putative
extra-cellular proteins, Table 1.

The D. melanogaster serpins have lengths within the normal
range of 350e450 amino acids, with the exceptions of Spn28Dc,
Spn43Ac (necrotic), Spn85F and Spn100A. Given the normal
invariance of the serpin fold, these exceptions are surprising. In the
cases of Spn28Dc and necrotic, the increased lengths correspond to
long N-terminal extensions, of about 93 and 77 amino acids,
respectively. Such extensions are unusual within the serpin family,
although a few cases of short extensions are known. Human
heparin cofactor II, for example, has a short N-terminal extension,
which interacts with the anion-binding exosite of thrombin. The
serpin shows reduced substrate specificity for thrombin after N-
terminal cleavage [26]. With necrotic, the N-terminal is cleaved on
immune challenge, which increases substrate specificity for
porcine pancreatic elastase in vitro. Spn28Dc also has an immune-
related function, but whether its N-terminal can be cleaved is
unknown. With Spn100A the increased length results from the
insertion of an extra segment of 294 amino acids within the serpin
structure to produce a novel serpin-related fold [27], while Spn85F
has an extra inserted segment of about 245, in a similar position.
The insertion of large peptide segments within a conserved protein
fold is an extremely rare occurrence [28]. Presumably, Spn85F and
Spn100A proteins derive from a single event, followed by gene
duplication. The two genes are well diverged from each other in D.
melanogaster and are present within all the Drosophilid species
[24,27]. On the other hand, we find no orthologues of Spn85F or
Spn100A in the mosquito genome assemblies, or Bombyx. The
sequence in the putative hinge regions of both Spn85F and Spn100A
has diverged from the Drosophilid inhibitory serpin consensus of (E
[EKR]G[TSG][ET]AGS[YAGS][AGS][VAGS][TS]), but in both cases the
region remains predominantly composed of short side-chain amino
acids [27]. On this basis, Spn85F and Spn100A remain potential
protease inhibitors.

Several of the Drosophila serpins have immune-related functions:
Spn43Ac (Necrotic) [29] activates the Toll-related immune response
in the adult [30], while Spn27A [31], Spn28Dc [32], Spn77Ba [33] and
Spn88Ea [34] have roles in the phenoleoxidase (PO) cascade, or
tracheal melanisation. In addition, Spn27A regulates the Toll-medi-
ated morphogenesis of the dorso-ventral axis during embryogenesis
[35,36] and Spn88Ea affects wing expansion after hatching from the
pupal case [34]. Spn42Da (Spn4) inhibits furin, in the secretory
pathway [37] as well as subtilase (S8) [38], chymotrypsin (S1) and
papain-like cysteine proteases (C1) [38], see below.

3.1.2. Macroglobulins
The Drosophila genome encodes five macroglobulin ortho-

logues, the thioester-containing proteins (TEP1eTEP4) and
macroglobulin complement related (Mcr), Table 1. The TEPs bind



Table 2
The Drosophila Tight-binding Inhibitors.

MEROPS Family Gene name FlyBase identifier AAs Domains Biological function/comment mRNA regulation Reference

I1
Kazal CG31704 68 S þ I.C [28]

CG14933 77 S
CG42486 77 S
CG17278 80 S Wnt receptor signalling þ I.C [30,78]

Kaz1-B CG1220 97 S
Sfp33A3 CG42474 99 S Seminal fluid protein
Kaz1-A CG33790 103 S

CG7695 145 S
E(spl)m1 CG8342 165 S

CG7906 354 C (2x) Ecdysone induced [30]
CG7924 321 C (2x) Ecdysone Induced
CG12716 418 S
CG7173 564 C
CG31758 605 Cx Cyclic nucleotide

magu CG2264 613 Cx Longevity [46]
CG13830 629 Cx
CG32354 662 C (5x)

Oatp58a CG30277 684 Cx Org. anion transport
Oatp26F CG11332 692 Cx Org. anion transport
Oatp58b CG3382 722 Cx Org. anion transport
Anon-f CG1077 730 Cx
Oatp33Ea CG5427 745 Cx Organic anion transport
Follistatin CG12956 767 Cx þ Ig Dpp signalling [47]
Oatp58Dc CG3380 789 Cx Organic anion transport
Oatp30B CG3811 791 Cx Organic anion transport
Oatp33Eb CG6417 814 Cx Organic anion transport
Oatp74D CG7571 819 Cx Organic anion transport
Reck CG5392 971 Cx þ oat Oncogene orthologue

I2
Kunitz CG42465 73 S

Acp24A4 CG31779 78 S Seminal fluid protein
CG16704 79 S
CG42466 80 S
CG16712 82 S þ I.C [41]
CG16713 82 S þ I.C [40,41]
CG42467 82 S
CG2816 84 S
CG42464 87 S
CG3513 88 S
CG42537 90 S Moulting fluid þ I.C [77,78]
CG42717 96 S
CG42716 97 S
CG15418 97 S

Sfp24Bc CG42602 100 S Seminal fluid protein
CG31778 102 S
CG31777 109 S

Sfp24Ba CG42463 111 S Seminal fluid protein
CG14298 111 S
CG13748 113 S
CG6784 116 S
CG17380 119 S
CG10031 129 S þ I. C [77]
CG3604 132 S þ I. C [39]
CG31515 148 S

Fatspondin CG6953 763 Cx Cytoskeleton - I. C [77]
CG17739 837 Cx
CG30203 904 Cx
CG5639 1511 hC I2 þ I3
CG31609 1589 Cx

axo CG18296 2148 Cx Neuronal [79]
Ppn CG33103 2174 Cx Extra-cellular matrix

I8
Acp62F CG1262 115 S Male fertility

CG5267 178 C
Hml CG7002 11768 Cx Hemolectin

I17
Kal-1 CG6173 525 Cx

I21
7B2 CG1168 271 S Neuroendocrine

I25
Cystatin CG8066 104 S Cysteine Protease Inhibitor

CG15369 122 S Cysteine Protease Inhibitor

(continued on next page)
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Table 2 (continued)

MEROPS Family Gene name FlyBase identifier AAs Domains Biological function/comment mRNA regulation Reference

CG31313 124 S
CG8050 126 S

I29
cer CG10460 79 S Long-term memory

CG1075 274 Cx þ prt Inhibitory þ proteolytic
CG11459 339 Cx þ prt Inhibitory þ proteolytic

Cp1 CG6692 341 Cx Autophagic death
CG6347 352 C
CG6357 439 C?
CG12163 614 Cx þ prt Inhibitory þ proteolytic

I32
deterin 12265 153 S Anti-apoptosis
Th 12284 438 C? Anti-apopt., develop.
Iap2 8293 498 C? Anti-apopt., immunity
Bruce 6303 4876 Cx

I35
timp CG6281 210 Cx Extra-cellular matrix
143 CG30188 1140 C

I51
CG7054 179 S
CG17919 202 S
CG30060 202 S

a5 CG5430 210 S Phosphoethanolamine binding
CG17917 211 S Phosphoethanolamine binding
CG18594 e

CG6180 257 S Phosphoethanolamine binding
Mrpl3A CG15871 416 C Mitochondrial ribosome

Each family of inhibitors is ordered by increasing length of the putative amino-acid coding sequence (AAs), so that short peptide inhibitors (S) tend to be separated from
compound inhibitors (C), with multiple inhibitory domains, and Cx proteins, with a mix of inhibitory and other conserved domains. Transcripts that are up-reguulated
following immune challenge are designated (þI.C), while those that are down-regulated are (�I.C). Data extracted from MEROPS and FlyBase, and checked against the NCBI
conserved domain server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
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specifically to fungal and bacterial pathogens and stimulate
phagocytosis by macrophages: Mcr binds Candida albicans, Tep2
promotes phagocytosis of E. coli and Tep3 that of S. aureus [39].
Consistent with this immune function, the levels of TEP transcripts
are up-regulated following immune challenge [40]; in particular,
TEP2 levels in the fat-body (FlyBase, Affymetrix Dros2 array data).

As with Spn42Dd, the Tep2 transcription unit contains alterna-
tively-spliced exons, allowing 5 separate bait regions to be gener-
ated from a single transcription unit. Given that macroglobulin bait
regions tend to have multiple cleavage sites anyway [14], the range
of pathogen virulence-factor proteases targeted by the five Tep2
protein isoforms is potentially very large. It may be that one of the 5
alternative bait regions targets several E. coli virulence factors and
that sets of virulence factors from other pathogens are targeted by
the other bait regions.

3.2. The Drosophila tight-binding inhibitors

The functions of the tight-binding inhibitors remain largely
unexplored, but those that have been characterised appear to affect
a similar range of responses as the serpin inhibitors.

3.2.1. Kazal
As in other organisms, the majority of Drosophila Kazal domains

are found within 16 CxIs proteins, together with other conserved
domains. In addition, there are three CIs, with two to five Kazal
domains, and ten short peptide, SIs, Table 2. Two of the SI tran-
scripts (CG31704 and CG17278) are up-regulated after bacterial and
fungal infection [41,42] and CG17278 has additional functions in
morphogenesis of the wing veins and the adhesion of dorsal and
ventral wing surfaces [43]. The CIs, CG7906 and CG7924, are
expressed at the onset of metamorphosis, under control of the
ecdysone hormone [44]; while the CxI, magu regulates longevity
[45], Follistatin regulates Dpp and activin signalling [46] and Reck is
orthologous to a mammalian oncogene.
Kaz1 is another example of a transcription unit that encodes
multiple inhibitory functions [47]. In principle, the Kaz1 tran-
scription unit is di-cistronic, encoding two SIs, Kaz1-A (CG33790)
and Kaz1-B (CG1220). However, the Kaz1-B gene contains alter-
natively-spliced exons, which give rise to six peptide isoforms
targeted to different putative target proteases and cellular
compartments.

3.2.2. Kunitz
The majority of Drosophila Kunitz domains are found in simple

peptides, but one hCI combines a Kunitz and an I3 inhibitory domain
and there are 6 CxIs, including Ppn (with 12 Kazal domains with 3 Ig
domains and aWAPdomain), which forms a structural component of
the extra-cellularmatrix. Two of the SI peptide genes are regulated at
the transcriptional level following immune challenge, Table 2.

3.2.3. The I8, I17, I21, I25, I29, I32, I35 and I51 families
The remaining families of tight-binding inhibitors contain

relatively few members.
I29 contains two genes with characterised phenotypes: a CxI

affecting autophagic cell death and an SI affecting long-term
memory. In addition three of the I29 family are CxIs containing both
inhibitory and proteolytic domains, Table 2.

I32 contains three members that correspond to well-charac-
terised anti-apoptotic genes, with additional roles in immunity and
development. Despite this related set of functions, the domain
structure is heterologous. The I32 family consists of two CxIs, one
with an ubiquitin conjugating enzyme domain (CG6303) and the
other with a RING finger domain (CG12284), a CI with three I32
domains (CG8293) and a short peptide SI (CG12265).

4. Tight-binding inhibitors in other insects and ticks

Two Kunitz inhibitors have been characterised from the hae-
molymph of Manduca sexta larvae that inhibit trypsin and plasmin

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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[48]. The SP1 (Kunitz) and SP2 (Kazal) inhibitors are incorporated
into the silk fibres of the waxmoth [49] and a similar silk protein
inhibitor is known from Bombyx mori [50]. SP1 and SP2 are broad
range inhibitors that protect the cocoon silk proteins from degra-
dation by bacterial and fungal proteases (subtilisin, protease K and
pronase) [49]. Most insects do not produce silk, but the protein-rich
salivary gland secretion, which glues the pupal case to the substrate
might be expected to incorporate similar inhibitors. In addition,
tight-binding inhibitors might well be incorporated into insect
cuticle, where they could provide protection against pathogen
penetration of the exoskeleton.

The saliva of the tick I. scapularis contains a tissue factor
pathway inhibitor (TFPI), ixolaris, which binds both human factor X
and factor Xa and specifically inhibits the FVIIa/TF complex (coag-
ulation factor VIIa/membrane-bound tissue factor complex) [51].
The human TFPI is a plasma protease inhibitor which carries three
tandem Kunitz domains, the first of which inhibits factor VIIa and
the second factor Xa; while the third Kunitz domain not required
for these activities [52]. The Tick ixolaris inhibitor contains of the
two critical Kunitz domains, which bind to the FV11a/TF complex
and FXa. The proposed mechanism of action is that the second
ixolaris Kunitz domain binds FXa, after which the first Kunitz
domain docks with the active site of the FV11a/TF complex and
stabilises the formation of a tightly-bound quaternary complex
[51]. Both the human and tick TFPI proteins demonstrate the
potential for tandem tight-binding domains to form a scaffold for
the assembly of protein complexes. An additional tick salivary CxI
from Dermacentor variabilis, carries five Kunitz domains and
reduces the transmission of Rickettsia montanensis from the saliva
into the cells of its host [53]. It is unclear whether the potential
chelating activity of the multiple Kunitz domains is critical for this
activity, but reducing the transmission of bacterial infections to its
host would be of benefit to the tick parasite.

5. Serpins in other insects

A comparative genomic study of the B. mori genome assembly
identified 34 serpins, 11 of which are up-regulated after immune
challenge [54]. Three of these genes encode secreted proteins
between 450 and 519 amino acids in length, but none are long
enough to accommodate the inserted segments of Drosophila
Spn85F or Spn100A [54]. A similar study on Apis mellifera identified
only 5 serpins, but there is a serpin-related fold of 612 amino acids
(GB15070) that is orthologous to Spn85F, and a protein of 1976
amino acids (GB10078) that is orthologous to an additional serpin-
related gene in Drosophila (CG14470), that has not been previously
identified. Thirty-one serpins have been identified in Tribolium
castaneum, including a cluster of 16 duplicated genes within a 50 kb
segment [54]. A biochemical study of Tenebrio molitor larval hae-
molymph has identified three serpins which form specific
complexes with Toll cascade protease [55]. Surprisingly, it appears
that each successive step in the zymogen cascade is regulated by
a different serpin.

5.1. Alternatively-spliced serpin transcripts and
redundant genetic functions

The generation of multiple inhibitory activities from a single
gene was first described in B. mori [56] and the genetic mechanism
identified for the Manduca sexta Spn1 gene, which has 12 alterna-
tive RCL exons [57]. Since then, similar complex serpin transcrip-
tion units have been described in Anopheles [58] and Caenorhabditis
elegans [59]. Similarly, alternatively-spliced exons for the bait
regions of TEP2 and Kaz1-B generate a range of target specificities
attached to the same core fold (see above).
Within the 12 sequenced Drosophilid genomes, the Spn42Da
orthologues maintain their complex structure, but the number of
alternative RCL-encoding exons is variable and the target proteases
they inhibit differ, by the criterion that their putative P1/P10 sites
are not conserved [27,60]. This variation in the number of RCL exons
reflects the mechanism by which new serpin/target protease
interactions have arisen.

Given the crucial role of many serpin-regulated physiological
responses, the inhibition of a novel target protease would
generally require a duplication/divergence mechanism, leaving
the original target protease regulated by one of the original serpin
duplicates. This process seems to have driven the massive dupli-
cation and divergence of the vertebrate Clade A and B serpins
[61e64]. There is little evidence of a similar process within the
Drosophilid group in general, where the RCL sequences of inhibi-
tory serpin orthologues are strongly conserved [27]. The alterna-
tively-spliced RCL exons of the Spn42Dd orthologues represent
a mechanism that allows flexibility on an evolutionary time-scale,
within a compact genome.

If most serpin genes in the Drosophilids represent non-redun-
dant genetic functions, then alteration in the target protease spec-
ificity of individual serpins would leave critical signalling pathways
unregulated. In this case, lack of function (LOF) serpin mutations
should be lethal, or give a visible mutant phenotype. Until recently,
no mutant phenotypes had been associated with serpin genes in
Drosophila, but in 1999 a LOF phenotype was described for the
necrotic serpin (nec, Spn43Ac) and LOF phenotypes have since been
associated with Spn27A, Spn28Dc, Spn77Ba, Spn88Ea mutants. To
survey for additional serpin LOF phenotypes, we used RNAi
knockdown strains from the Vienna and Tokyo stock centres. Such
gene knockdowns may be incomplete, or give off-target effects, but
using this approach we estimate that 12 of the Drosophila serpins
give lethal or visible mutant phenotypes (Table 3), while 17 give no
visible phenotype. A significant proportion of this later group may
be seminal fluid components, which would not show a visible
phenotype in adult flies. Ten serpins are expressed at high levels in
the fat-body, aswould be expected fromhaemolymph components;
while eleven serpins are expressed at high levels in the male
accessory glands as putative components of seminal fluid (FlyAtlas,
http://130.209.54.32/atlas/atlas.cgi). By comparison, most of the
variants associated with human serpinopathies, represent gain of
function (GOF) mutations and LOF (deficiency) phenotypes have
been identified for only 6 of the 37 serpins [65].

5.2. Serpin inhibitors in the innate immune response

In mammals, the immune response consists of an immediate
“innate” response (mediated via antimicrobial peptides) and
a delayed “acquired” response (mediated via antibodies). Insects
lack an antibody-mediated response, but multiple cellular and
humoral responses are activated on immune challenge. These
responses include phagocytosis, coagulation, melanisation, activa-
tion of NF-kB transcription factors, synthesis of antimicrobial
peptides, production of reactive oxygen species and the regulation
of iron metabolism [66]. In Drosophila, the response to fungal and
Gram-positive bacterial infections is mediated by the Toll receptor,
while the phenoleoxidase cascade is associated with melanisation
and the macrophage-mediated killing of bacteria and wasp para-
sitoids. The response to Gram-negative infection is mediated
through a separate receptor activated by a phosphatase/kinase
regulated cascade [67].

The innate immune response is strongly conserved and that of
Drosophila has proved to be an extremely powerful model of the
human response. In particular, the mammalian Toll-like receptors
(TLRs) were identified by homology to Drosophila Toll and the

http://130.209.54.32/atlas/atlas.cgi


Table 3
RNAi knockdown phenotypes and tissue expression levels of Drosophila Serpin transcripts.

MEROPS I4 Serpins FlyBase identifier RNAi RNAi strain Transcript expression: fat-body Male accessory gland

18� 25� 29�

Spn27A CG11331 þ L L 4804R-1 330 � 51
Spn28B CG6717 NA e 12 � 2 4190 � 202
Spn28Da CG31902 þ þ þ 109323 2 � 2 2871 � 75
Spn28Db CG33121 þ þ þ 12375 0 � 0 1078 � 85
Spn28Dc CG7219 þ þ L 12377 185 � 50
Spn28F CG8137 þ þ þ 8137R-3 7 � 5 9520 � 327
Spn31A CG4804 þ L L 4804R-1 16 � 4
Spn38F CG9334 L L L 9334R-3 2 � 1 10476 � 296
Spn42Da CG9453 L L L 47262 997 � 100
Spn42Db CG9454 þ þ þ 24033 13 � 3
Spn42Dc CG9455 þ þ þ 13263 14 � 4
Spn42Dd CG9456 þ þ þ 37955 556 � 23
Spn42De CG9460 þ þ þ 9460R-3 10 � 2
Spn43Aa CG12172 þ L L 127172R-1 2 � 0
Spn43Ab CG1865 þ þ þ 45315 4223 � 413
Spn43Ac CG1857 V v V f::nec-3 1884 � 66
Spn43Ad CG1859 þ þ þ 20113 87 � 12
Spn47C CG7722 þ þ þ 25534 10 � 3
Spn53F CG10956 þ þ þ 37978 4 � 2 1305 � 77
Spn55B CG10913 L L L 10913R-1 51 � 22
Spn75F CG32203 þ þ þ 34444 8 � 3 8625 � 193
Spn76A CG3801 þ þ þ 51599 5 � 3 11566 � 348
Spn77Ba CG6680 L L L 43280 510 � 40
Spn77Bb CG6663 þ þ þ 15954 8 � 3 3375 � 381
Spn77Bc CG6289 L L L 6289R-2 6 � 5 1699 � 344
Spn85F CG12807 þ þ þ 12807R-1 8 � 3
Spn88Ea CG18525 þ þ þ 29048 85 � 13
Spn88Eb CG6687 þ V V 6687R-1 2228 � 200
Spn100A CG1342 þ þ V 1342R-1 2 � 1 20 � 4

The putative inhibitory serpins are marked in bold. RNAi knockdown used RNAiUAS strains from the Japanese NIG-Fly or Vienna stock collections, as identified, except for the
f.necUAS strain (FlyBase). These strains were crossed to the Gal4-Act5C driver strain and cultured at 18, 25 and 29� . (The Gal4-UAS system is inherently temperature sensitive, so
that knockdown is more complete at higher temperatures.) þ designates apparently wild-type RNAiUAS Gal4-Act5C fly., L designates lethality of RNAiUAS Gal4-Act5C, V
designates a visible phenotype. Transcript expression data is Affymetrix Dros2 array data from FlyAtlas. Transcripts with high relative expression in the fat-body are marked in
bold and are putative secreted components of the haemolymph. Transcript levels for those serpins that are predominantly expressed in themale accessory gland are shown in
the right-hand column. These serpins are putative seminal fluid components.
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intracellular components of the Toll-signalling pathway are
conserved between flies and mammals. As in the fly, the
mammalian “acute-phase” inflammatory response activates
macrophages and production of broad range antimicrobial
peptides, which allow host survival until specific antibodies can be
generated. The insects, however, are completely dependent on
their innate response and the activation of their Toll receptor is
quite different to that of mammalian TLRs. In humans, TLRs bind
pathogen associated molecular patterns (PAMPs) directly, while in
Drosophila the activated Spatzle (Spz) ligand binds to the Toll
receptor. Spz itself is activated by an extra-cellular, proteolytic
cascade that is regulated by the necrotic serpin [30]. Necrotic is
most similar to the human acute phase serpin a1-antitrypsin, with
a broad inhibitory spectrum that includes elastases [24]. It has
recently become clear that this extra-cellular Toll-signalling
pathway has three side-branches, all of which converge on Spatzle
Processing Enzyme. One side-branch, the “danger signalling”
pathway, is sensitive to pathogen-encoded virulence-factor
proteases and is regulated by necrotic. The other two side-
branches are activated by Gram-positive and fungal cell wall
PAMP receptors [67] independently of necrotic. In addition,
Spn27A, Spn28Dc, Spn77Ba and Spn88Ea regulate the immune-
related PO cascade at different points (see above).

The increase in the number of chymotrypsin-fold proteases in
the Drosophila compared to humans is the opposite of what is
normally found for orthologous gene families between these two
species and it may be that many of these extra proteases have
immune-related functions. In the absence of an antibody-mediated
response, a flexible sensing mechanism for the innate immune
response is even more critical. A complex set of regulated protease
cascades converging on a single Toll receptor would be difficult for
a particular pathogen to evade and would allow rapid divergence
and evolution of the upstream elements.

5.3. Serpin polymers, serpinopathies and conformational disease

One consequence of the unique suicide-cleavage inhibition
mechanism of serpins is that they show an inherent tendency to
form polymers [1]. Instead of the RCL loop of a serpin inserting
within its own b-sheetA, the uncut RCL of one serpin can insert
within b-sheetA of another, in the absence of enzyme cleavage,
Fig. 1. A novel domain-swapping model for serpin polymerisation
has recently been proposed, in which both the RCL and strand 5 of
b-sheetA are exchanged between serpins [68]. This extremely
elegant model is based on the crystal structure of antithrombin
dimers, but it remains uncertain whether disease-associated sepin
polymers are formed by this domain-swapping mechanism or the
more classical single-strand insertion model. Whatever the details
of the molecular mechanism, most wild-type serpins polymerise
only slowly, so that the native monomer remains the prevalent
form under physiological conditions. The serpin fold is, however,
susceptible to mutations that alter conformational stability and
facilitate polymer formation. Such polymerogenic variants are
associated with many serpin-related human diseases. In particular,
variants of a1-antitrypsin, a1-antichymotrypsin, antithrombin, C1-
inhibitor and neuroserpin underlie particular cirrhosis, emphy-
sema, thrombosis and angio-oedema pathologies and an early-
onset inclusion-body dementia [1]. A common factor is that many
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serpins are expressed at high levels in health and are rapidly
degraded by their target proteases. Once polymerised, however,
normal serpin clearance ceases. The secreting cells fill with excess
inactive polymer and there is a serpin deficiency in extra-cellular
fluids. In the case of Z-variant a1-antitrypsin retained polymers
damage the liver, leading to cirrhosis; while the lack of serpin
activity in the lungs leads to emphysema. This serpinopathy is the
major cause of neonatal liver failure in Caucasian populations. In
surviving adults, the lack of circulating serpin leads to reduced
inhibition of elastase in the lungs, so that the localised inflamma-
tory response spreads and causes damage to host tissue.

Strikingly, the same amino-acid substitutions associated with
human serpinopathies have been identified in mutant alleles of
necrotic [69,70]. In particular, two nec mutations (nec9 and nec20)
carry the homologous Glu342/Lys substitution as that responsible
for human Z-variant a1-antitrypsin disease. The fat-body of
Drosophila is not impaired by accumulation of necrotic polymers,
but lack of necrotic activity in the haemolymph leads to a cellular
necrosis phenotype in epithelia and activation of the Toll pathway
[30,71].

The conformational stability of the necrotic serpin is also
affected by the nec1 mutation, which has a 2 amino-acid deletion in
a-helix A. This deletion apparently destabilises b-sheetA of the
serpin. The resulting nec1 protein is almost, but not completely,
inactive in vivo. As with Z-allele antitrypsin monomers, the nec1

and nec9 mutant serpins lack the S/R transition (diagnostic of
active inhibitors), when run on transverse urea gradient gels [69].
In addition, the nec7 and nec22 mutations carry a Gly/Ser susti-
tution homologous to an antithrombin variant that primarily gives
dimers [69,70]. When the Ser/F substitution associated with the
extreme Siiyama-variant antitrypsin disease is engineered into the
nec serpin, the resultant inhibitor is inactive in transgenic flies, but
produces a dominant, temperature-sensitive inactivation of the
endogenous wild-type nec serpin.

These results establish that homologous amino-acid substitu-
tions within human and fly serpins cause analogous defects in
serpin function [69]. The fly is a particularly good model for
investigating the affects of temperature on serpin stability and
polymer formation under physiological conditions.
6. Protein clearance from insect haemolymph

The balance between the activities of extra-cellular proteases
and their inhibitors is influenced by both their synthesis and
degradation rates. The major site of synthesis of insect haemo-
lymph proteins is the fat-body, but little work has been done on the
protein degradation mechanism. In mammals, many plasma ser-
pins are both secreted from the liver and taken up again and
degraded in the liver by endocytosis. This is the route of degrada-
tion of both serpin/protease complexes and serpin polymers, which
are recognised by trafficking receptors of the LDLR family [73,74].
Two recent publications have shown that haemolymph proteins are
taken up in athrocytes [75,76]. These cells resemble those of the
human reticulo-endothelial system, in that they form small clusters
of endocytotically active cells, but athrocytes also share some
features of the mammalian kidney glomurula cells [77]. The
necrotic serpin is taken up in garland and pericardial athrocytes by
the LpR1 trafficking receptor and targeted for lysosomal degrada-
tion [75,76]. Similarly, the peritracheal athrocytes of M. sexta take
up and degrade, both aManduca storage protein and a mammalian
protein, IgG. Strikingly, mutations in LpR1modify the Toll-mediated
immune response, indicating that the scavenging of serpin/
proteinase complexes might be a critical step in the regulation of
proteolytic cascades [75,76].
7. Protease inhibitors and regulatory cascades in insects

Our understanding of the regulation of proteases and the
activity of proteolytic signalling cascades in the insects is incom-
plete. Part of the problem is that there are large numbers of both
proteases and inhibitors and the small size of insects makes direct
biochemical approaches difficult. Despite this there have been
significant biochemical studies on some of the larger insect species
[78,79]. Comparative genomic approaches in Drosophila and
mosquitoes have identified a large number of inhibitors and
proteases, but while the full complement of serpins has probably
been identified in D. melanogaster, the numbers of orthologues
identified in the other 11 Drosophilid genome assemblies is reduced
to about 71% of the expected number [27] and the number of ser-
pins identified in the mosquito species is lower still. Part of the
problem is that although the serpin-fold is strongly conserved, the
constraints on the primary sequence are relatively loose [12]. As
a result, identifying orthologues between distantly-related species
is difficult. A large proportion of serpin-folds are non-inhibitory,
but the conserved hinge-region motif can be used to identify
putative inhibitors. With the tight-binding inhibitory domains, the
sequence of known core folds can be identified by homology, but
any novel core folds will be missed. Furthermore, core-fold
homology, in itself, does not distinguish between active inhibitors
and putative transport proteins [4].

Similarly, with the target proteases themselves, sequence
alignment shows that 27% (57/211) of the Drosophila chymotrypsin
folds lack one, or more, of the amino acids that form the catalytic
triad and are therefore not active proteases [25,80]. Such serine
protease homologues (SPH) could form reversible complexes with
protease inhibitors and sequester them from interactions with
active proteases. Alternatively, many of the Drosophila chymo-
trypsin folds are associated with CLIP domains, which are charac-
teristic of insect immune-related proteases and may be implicated
in protease/zymogen interactions. Thus, the haemolymph serine
protease homologues, SPH-1 and SPH-2, of Manduca bind to
a C-type lectin and are necessary for activation of the PO cascade
serine proteases, PAP-1 and PAP-2, by bacterial lipopolysaccaride
[72,81] and SPH-1 of Tenebrio is necessary for production of
melanin on the surface of bacterial pathogens [82]. All these SPHs
carry CLIP domains and may be acting as scaffolds for the assembly
of components of signalling cascades. The Drosophila SPH
masquerade is strongly up-regulated on immune challenge [41] as
well as having roles in morphogenesis of neurones and muscles
[83].

Proteolytic cascades control a similar range of physiological
responses in insects as in mammals and these responses are
regulated by a variety of trapping and tight-binding inhibitors. The
serpins play a critical role in many signalling cascades, but their
target-specificity is inherently broad. Similarly, the TEP/macro-
globulins have extremely broad target-specificity, which suits them
for roles as hormone transport proteins and to form complexes
with a wide range of pathogenic virulence factors, which then
activate macrophages. The tight-binding inhibitors, on the other
hand, are generally competitive inhibitors of their target proteases,
with much higher specificity than the serpins or macroglobulins.
The presence of multiple tight-binding domains, within compound
and complex inhibitor proteins, allows the potential for these
proteins to act as scaffolds for the assembly of signalling complexes.
A number of proteolytic cascades are known to regulated by both
trapping- and tight-binding inhibitors and this may be a general
rule. Such dual regulation could combine the rapidity of response of
the suicide-inhibitors with the specificity of lock-and-key inhibi-
tors. This would allow precise control of proteolytic cascades under
physiological conditions.
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