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Abstract

Serpins are the largest known family of serine proteinase inhibitors and perform a variety of
physiological functions in arthropods. Herein, we review the field of serpins in arthropod biology,
providing an overview of current knowledge and topics of interest. Serpins regulate insect innate
immunity via inhibition of serine proteinase cascades that initiate immune responses such as
melanization and antimicrobial peptide production. In addition, several serpins with anti-pathogen
activity are expressed as acute-phase serpins in insects upon infection. Parasitoid wasps can
downregulate host serpin expression to modulate the host immune system. In addition, examples
of serpin activity in development and reproduction in Drosophila have also been discovered.
Serpins also function in host-pathogen interactions beyond immunity as constituents of venom in
parasitoid wasps and saliva of blood-feeding ticks and mosquitoes. These serpins have distinct
effects on immunosuppression and anticoagulation and are of interest for vaccine development.
Lastly, the known structures of arthropod serpins are discussed, which represent the serpin
inhibitory mechanism and provide a detailed overview of the process.
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1. Introduction

Serpins are a superfamily of proteins, typically around 45 kDa, which generally function as
serine proteinase inhibitors and participate in a suicide inhibitory mechanism in which both
serpin and proteinase are permanently inactivated. The serpin reactive site that interacts with
the target proteinase is part of an exposed loop near the carboxyl-terminal end of the serpin
sequence. In an inhibitory reaction between a serpin and proteinase, the reactive center loop
(RCL) of the serpin occupies the proteinase active site, and a specific peptide bond in the
loop is cleaved (the scissile bond), resulting in a large conformational change in the serpin.
However, the hydrolysis reaction is not completed, and the serpin and proteinase are trapped
in a covalent complex [1-4]. The scissile bond is defined as the peptide bond between two
amino acid residues named P1 and P1’. Residues on the amino-terminal side of the scissile
bond are numbered in the C—N direction, and residues on the carboxyl-terminal side of the
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scissile bond (the “prime” side) are numbered in the N —C direction: (.. ..P5-P4-P3-P2-P1-
1-P17-P2’-P3’-P4’-P5’.. ..). The sequence of the reactive center loop determines the
inhibitory selectivity of a serpin. Detailed information about serpin structure and mechanism
from studies of arthropods is provided in Section 5 of this review.

Arthropod serpin sequences are not sufficiently similar to vertebrate serpins to permit
assignment of orthology with mammalian serpins. Therefore, physiological proteinase
targets of arthropod serpins must be determined experimentally, and not surprisingly, the
majority of arthropod serpins are therefore orphans. The known roles of serpins in arthropod
biology are summarized in Fig. 1 and Table 1, and discussed in detail in the following
sections.

The first arthropod serpins characterized biochemically were from hemolymph of the
silkworm, Bombyx mori. Proteins of ~45 kDa purified from larval plasma as inhibitors of
trypsin and chymotrypsin were cleaved near their carboxyl-termini and formed SDS-stable
complexes with proteinases [5-7] and were speculated to be serpins. Similar inhibitors were
isolated from another lepidopteran insect, Manduca sexta[8,9], and amino acid sequences
confirmed that the M. sextaand B. moriinhibitors were serpins [8,10]. Serpin sequences
have now been identified in many arthropod transcriptomes and genomes, with 30-40 serpin
genes in many species, including 34 in B. mori[11], 32 in M. sexta (M. Kanost, unpubished
data), 31 in a beetle, 7ribolium castaneum [12], 29 in Drosophila melanogaster, and a
similar number in other Drosophila species [13]. Other species have significantly fewer
serpin genes, including just 7 in the honeybee, Apis mellifera[14] and 10 in the tsetse
Glossina morsitans [15]. Mosquito species vary from 18 serpin genes in Anopheles gambiae,
23 in Aedes aegypti, to 31 in Culex quinquefasciatus [16]. Ticks and mites also have
considerable variation in the serpin gene content of their genomes, with 45 serpin genes in
the blacklegged tick /xodes scapularis [17], 22 in the cattle tick Rhijpicephalus microplus
[18], and only 10 in the scabies mite, Sarcoptes scabiei [19].

Besides gene duplication, the number of unique serpins encoded by a given arthropod
genome can also be increased post-transcriptionally. Some insect serpin genes have a unique
structure, in which mutually exclusive alternate splicing of an exon that encodes the RCL
results in production of several inhibitors with different inhibitory activities. This
phenomenon was first observed in the gene for M. sexta serpin-1, which contains 14 copies
of its 9th exon [20] (M. Kanost, unpublished data). Each version of exon 9 encodes a
different sequence for the carboxyl-terminal 39-46 residues, including the RCL (Fig. 2), and
the resulting serpin variants inhibit a different spectrum of proteinases [21,22]. Orthologous
serpin-1 genes from other lepidopteran species, with alternate exons in the same position as
in M. sexta serpin-1, have been identified [23-25]. The serpin-1 gene of B. mori, in the same
superfamily as M. sexta, has only four alternate versions of exon 9 [11,26], indicating
considerable genetic flexibility and relatively recent expansions and divergence of these
alternate exons in lepidopteran evolution [24]. Alternative splicing at the same position, to
produce serpins with differing RCLs also occurs in An. gambiae SRPN10 [27] and in spn4
orthologs in multiple Drosophila species [28] (discussed more in Section 2.3).
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2. Biological functions of arthropod serpins in insect immunity

Arthropods produce and secrete serpins into their hemolymph to regulate proteinase cascade
pathways that amplify signals resulting from detection of pathogens, eliciting innate immune
responses. Regulation of such pathways by serpins is an ancient aspect of immune system
evolution, occurring in the hemolymph coagulation pathway of horseshoe crabs [29]. The
following section will provide specific examples on how insect innate immunity is regulated
by serpins.

2.1. Regulation of Toll pathway in hemolymph

The Toll pathway for stimulation of gene expression, particularly of antimicrobial peptides,
has been best characterized in D. melanogaster. Binding of pattern recognition proteins in
hemolymph to microbial cell wall polysaccharides triggers activation of a serine proteinase
pathway in which the final proteinase cleaves proSpétzle, producing the active Spatzle
cytokine. Spatzle is the Toll receptor ligand that stimulates an intracellular signal
transduction pathway leading to activation of a rel family transcription factor [30]. The
Spétzle-processing enzyme in D. melanogaster and other species is a member of the clip
domain serine proteinase family, which are serine proteinases with an amino-terminal clip
domain, common as immune factors in arthropods [31,32]. Serpins that regulate Spéatzle-
processing proteinases and their upstream activating proteinases have been identified
through biochemical studies in M. sextaand a beetle 7. molitor. In M. sexta, hemolymph
proteinase-8 (HP8), which can activate proSpétzle, is inhibited by serpin-1J [33]. HP8 is
activated by hemolymph proteinase-6 (HP6), which is inhibited by serpin-5 [34]. In T.
molitor, the Spéatzle-processing enzyme is regulated by SPN48 [35], and upstream
proteinases are regulated by SPN40 and SPN55 [36]. An unusual serpin in 7. molitor,
SPN93, contains dual serpin domains, and can inhibit Spétzle-processing enzyme as well as
a modular serine proteinase that initiates the proteinase cascade [37]. In D. melanogaster, a
serpin that regulates Spétzle-processing enzyme directly has not yet been identified, but
SPN43Ac (necrotic) is a potential inhibitor of an upstream proteinase [32], perhaps the clip
proteinase Persephone, an ortholog of M. sexta HP6. Genetic experiments also implicate
Spn1l as a regulator of an upstream proteinase in the D. melanogaster Toll pathway [38].

2.2. Regulation of proPO activation

A prominent and broad spectrum arthropod innate immune response that is stimulated by
serine proteinase cascade pathways is the activation of prophenoloxidase (proPO) in
hemolymph. ProPO activation leads to synthesis of melanin, which localizes to the surface
of invading pathogens and parasites or to wound sites [39]. Prophenoloxidase-activating
proteinases (PAPs) are clip proteinases that are activated by additional clip proteinases
upstream [31]. Four serpins from M. sexta hemolymph (serpin-1J, serpin-3, serpin-6, and
serpin-7) can inhibit prophenoloxidase activating proteinases [40-44].

Orthologs of M. sexta serpin-3 regulate proPO activation in other species. In another
lepidopteran, Ostrinia furnacalis, serpin-3 inhibits serine proteinase 13, a clip proteinase, and
injection of serpin-3 into larvae resulted in decreased melanin synthesis during fungal
infection [45]. D. melanogaster Spn27A (M. sexta serpin-3 ortholog) is involved in
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regulation of melanization [46—48] and was predicted from genetic analyses [46—48] to
inhibit PAPs. Recent biochemical analysis demonstrated that D. melanogaster clip proteinase
MP2 is a PAP that is inhibited by Spn27 [49]. An. gambiae and Ae. aegypti have three
serpins that form an orthologous group with serpin-3: SRPN1, 2, and 3 [50]. An. gambiae
SRPN2 is a key regulator of melanization and inhibits a clip proteinase CLIPB9, a
prophenoloxidase-activating proteinase [51]. In Ae. aegypti, SRPN1 has an apparent role in
regulating the melanization response [52].

Some serpins that regulate clip proteinases upstream from the terminal proteinase have also
been identified. In. M. sexta, hemolymph proteinases 21 and 6, which activate PAPs, are
inhibited by serpin-4 and serpin-5, respectively [53,54]. In 7. molitor, the same proteinase
cascade and serpins appear to activate both the Toll pathway and prophenoloxidase
activation [36].

2.3. Insect serpins as acute-phase proteins

The expression of immune-responsive serpins can be altered by a number of immune
challenges, including viruses, bacteria, fungi, protozoan parasites, and parasitoid wasps.
Some immune-responsive serpins are acute-phase proteins, being strongly upregulated in
response to infection or injury. The functional role of only a small number of these acute-
phase serpin proteins is elucidated, and the molecular underpinnings of their immune
responsiveness are known for even fewer. The following section will summarize our
knowledge of three such serpins:

The serpin Hdd3 from the fall webworm Hyphantria cunea was identified as an acute-phase
protein nearly 20 years ago, showing upregulation upon bacterial challenge and aseptic
injury [55]. Initial studies revealed a role in regulation of melanization, as recombinant Hdd3
suppressed PO activity /n vitro [56]. Hdd3 is conserved across distantly related insect taxa,
and its orthologs include Spn27A from D. melanogaster[46,47], SRPN2 from A gambiae
[50] and Ae. aegypti [52], and Serpin-3 from M. sexta [41]. With the exception of Ae.
aegypti SRPN2, their molecular function as PAP inhibitors has been confirmed
experimentally [41,49,51] (see Section 2.2 above). In Ae. aegypti, the acute phase response
of SRPN2 is regulated by the Toll pathway. Knockdown of Cactus, an inhibitor of the Toll
pathway, significantly increases SRPN2 levels in Ae. aegypti hemolymph, while the
upregulation of SRPN2 after fungal infection is prevented by knockdown of REL 1, the
transcription factor downstream of the Toll pathway [52]. In contrast, An. gambiae SRPN2
expression is not regulated by the Toll pathway (Michel, unpublished), and basal expression
levels of D. melanogaster Spn27A are not affected by depletion of the REL1 ortholog, Dif
[47].

Another prominent acute phase serpin is SRPN10. Originally described in An. gambiae, this
gene encodes at least four functional serine proteinase inhibitor isoforms, each containing
unique RCLs with distinct inhibitory activities [27] (Fig. 2). Interestingly, gene expression of
two splice variants is upregulated in midgut cells upon infection with rodent malaria
parasites, and the protein isoforms shift in cellular localization from the nucleus to the
cytoplasm [57]. All SRPN10 isoforms are currently orphans, with no identified proteinase
targets /n vivo. Insights into their function may be derived from studies performed with its
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ortholog, D. melanogaster Spn4 (also referred to Serpin 42 Da, [50]). Like SRPN10, Spn4 is
alternatively spliced into eight isoforms, A-H, with four unique RCLs each paired with an
intracellular and extracellular isoform [58]. Spn4 is also an acute-phase protein with
upregulation documented in D. melanogaster larvae upon Sindbis virus infection [59].
Several lines of evidence suggest that one isoform, Spn4A, inhibits proprotein convertases
(PPCs) and thus regulates the secretory pathway. Spn4A contains an ER-retention signal and
a P4-P1 sequence consistent with a classical furin cleavage site. Spn4A not only inhibits
human furins /n vitro [60,61], it also forms inhibitory complexes with D. melanogaster
furinl and 2 [58]. In addition, Spn4A inhibits apolipophorinl/Il (apo-LPI/11) processing in a
co-expression system utilizing insect cells, further supporting the notion that Spn4A
negatively regulates proprotein convertase (PPC) processing. Mosquito lipophorin is a
source of lipids for malaria parasite stages within its vector [62], and knockdown of
lipophorin gene expression in Ae. aegyptileads to decreased avian malaria development
[63]. Together, these data suggest SRPN10 upregulation in parasite-infected midguts
transiently reduces maturation of lipophorin, thus limiting lipids required for malaria
parasite development. Future experiments are necessary to test whether SRPN10 indeed
contributes to parasite reduction by providing the mechanistic link between PPC regulation
and lipid resource management.

Co-incidentally, SRPN10 from the tsetse fly Glossina morsitans morsitans, which is not
orthologous to An. gambiae SRPN10, is upregulated upon trypanosome parasite infection
[64]. Gmm-SRPN10is expressed in midgut epithelia, but is secreted into the midgut lumen
and inhibits the complement cascade in the ingested blood meal. Knockdown of
GmmSRPNL0 in the midgut causes a decrease of trypanosome infection load, most likely
due to increased complement activity in the blood meal that lyses parasites [65].

The final example of acute-phase serpin proteins is SRPN6 from An. gambiae. Like
SRPN10, SRPN6 was originally described as a marker for epithelial infection by malaria
parasites, both in the midgut [66] and salivary glands [67]. SRPN6 contributes significantly
to epithelial immunity against malaria parasites, with SRPN6 knockdown resulting in
increased malaria parasite numbers in the midgut [66] and salivary glands [67]. The latter
also has impact on transmission, as the extrinsic incubation period is shortened in SRPN6-
depleted mosquitoes [67]. Although SRPN6 protein is not detected in normal epithelia, a
variety of stimuli, including Gram-positive and negative bacteria, leads to a strong and
transient upregulation [66,68]. SRPN6 expression patterns elicited in the midgut by bacterial
feeding and parasite infection are temporally and spatially distinct [68]. Therefore, SRPN6
upregulation upon parasite infection is unlikely to be explained by the temporal dysbiosis
occurring in the mosquito midgut upon blood feeding. Indeed, SRPN6 upregulation upon
rodent malaria parasite infection does not require the presence of gut bacteria, as expression
is also induced in midguts from antibiotic-treated mosquitoes [68]. Several lines of evidence
have identified the LPS-induced tumor necrosis factor alpha factor (LITAF) as one
transcription factor regulating SRPN6 expression. LITAF binds the SRPN6 promoter region
and both L/7TAFand SRPN6 are expressed in parasite-invaded midgut epithelial cells, with
LITAF upregulation preceding SRPN6 [69]. Moreover, L/TAF knockdown limits SRPN6
parasite-mediated upregulation in mosquito midguts and in cell culture by bacteria [69].
However, the molecular underpinnings of SRPN6 expression are not solved completely, as it
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is currently unclear how L/TAF expression itself is regulated in mosquitoes. In mice, L/TAF
expression is induced through TLR signaling, suggesting the Toll pathway may be upstream
of L/TAFin mosquitoes [70]. Future experiments are necessary to determine whether the
Toll pathway is indeed involved in acute-phase SRPN6 upregulation.

The basis for SRPN6-mediated malaria parasite Killing is currently unclear. The protein
encodes a signal peptide, and is secreted from cell lines that naturally express SRPNG,
suggesting its target is either present in the secretory pathway or is a hemolymph proteinase
[66]. Based on biochemical characterization of recombinant protein, SRPNG6 is functional
and inhibits kallikrein /n vitro[71]. Like most insect serpins however, SRPN6 remains an
orphan with no known physiological target. SRPN6 belongs to an orthologous group of
serpins [50] with a single ortholog in D. melanogaster (Spn28D) and all other sequenced
Drosophila genomes [13]. Spn28D is an acute phase protein, responding mostly to injury
rather than infection [72,73]. It regulates melanization in at least two distinct ways:
preventing spontaneous melanization in epithelia such as trachea and Malpighian tubules,
and limiting hemolymph melanization together with Spn27A, putatively through control of
PO release [72]. However, Spn28D and SRPNG are distinct in most of their bio-logical
profile: Spn28D is predominantly expressed in crystal cells [72,74], whereas SRPNG is
mainly expressed in epithelia [66]. Moreover, Spn28D is essential during the larval stage, as
null mutants die before pupation [72], whereas SRPNG6 is not detectable in immature stages
of development [66]. Furthermore, while the RCL sequences of SRPN6 and Spn28D are
nearly identical, suggesting similar target proteinase profiles, protein localization is likely
distinct, given that the RGD domain is only present in Spn28D. Altogether, it is likely that
their functions are not congruent, and contribute to insect immunity in distinct ways.

In summary, transcription activation in response to microbial stimuli is often observed in
insect serpins. As acute phase proteins, these serpins contribute to insect immunity against a
variety of pathogens, including bacteria and parasites. Besides well-known roles in
downregulation of melanization and Toll pathway signaling, other molecular functions of
these serpins are emerging, including regulation of protein secretion. In addition, several
acute-phase serpins contribute to insect immunity in ways that are little understood.
Identification of the physiological targets of orphan serpins will provide a handle on
molecular mechanisms underlying these less-characterized immune responses.

2.4. Infection-driven downregulation of serpin expression

Given their central function in suppression of major immunity pathways in arthropods,
serpin downregulation in response to infection could function as a means to transiently
increase immune responses. Thus far, few examples have been uncovered where serpin
downregulation is mediated by infection and consequently leads to increased immune
responses. An early description of serpin downregulation upon infection was described in M.
sexta infected with the braconid wasp Cotesia congregata [75]. While hemolymph serpin
concentration rose in unparasitized aging fifth instar larvae, their concentration remained flat
over the same time period in parasitized larvae. Downregulation of serpins in lepidopteran
insects infected by parasitoid wasps appears conserved, as Cotesia plutel-lae infection of the
diamondback moth Plutella xylostella also leads to Pxserpin-1 depletion from the
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hemolymph [76]. The physiological consequences of M. sexta or P. xylostella serpin
downregulation during parasitization remain unclear. Given that M. sexta PO activity levels
were reduced during the same time, downregulated serpins did not result in increased
activity of the proPO activation cascade [77]. In addition, precisely how hemolymph serpin
concentration is regulated by parasitization in these systems is not understood.

Downregulation of serpin expression is also seen in the diamondback moth, Plutella
xylostella parasitized with Diadegma semiclausum [78]. Parasitization affects the miRNA
profile of the lepidopteran host, including expression of miR-8, a conserved miRNA that
affects antimicrobial peptide production in D. melanogaster [79]. In P. xylostella, miR-8
targets Serpin 27, which regulates the expression of the antimicrobial peptide gloverin [78].
Parasitization by D. semiclausum leads to a miR-8 decrease, which in turn causes an
increase in Serpin 27 and thus the downregulation of an antimicrobial peptide. It is thus clear
that the infection with D. semiclausum modulates at least part of the immune repertoire of
the host through transcriptional modulation of a serpin. Whether downregulation of serpins
in parasitized lepidopteran insects has similar consequences on the host’s immune repertoire
remains to be tested.

In conclusion, serpins regulate arthropod innate immunity via inhibition of clip proteinase
cascades that initiate immune responses such as melanization and the Toll pathway. In
addition, several serpins are acute phase proteins that contribute to anti-pathogen immunity
in unknown ways. There central role in immunity also make insect serpins targets for
pathogens to modulate the host immune system.

3. Insect serpins in development and reproduction

While the majority of characterized insect serpins hold immunity-related functions, other
physiological processes regulated by serpins are known. This section summarizes our
current knowledge of serpins that regulate insect development and contribute to insect
reproduction.

3.1. Drosophila Spn27A regulates embryonic axis formation

Dorsal-ventral axis patterning in D. melanogaster is mediated by Toll pathway activity
restricted to the ventral side of the embryo. As in immunity, the Toll pathway is activated by
Spétzle. However, proteolytic activation of Spéatzle in development is mediated by a distinct
cascade consisting of the proteinases (i) Gastrulation defective, (ii) Snake, and (iii) Easter.
As in immunity, the Spatzle-activating proteinase cascade that functions in development is
regulated by a serpin, although the specific serpin involved is distinct. While necrotic
inhibits Toll activation for immune regulation in adult flies (see Section 2.1 above), Spn27A
restricts Toll activation in embryos [80]. Female D. melanogasterlacking Spn27A produce
embryos with high uniform levels of Toll signaling, and all embryonic cells adopt a
ventralized cell fate. Additional genetic evidence suggests that Easter is the inhibitory target
of Spn27A during embryonic development [80]. Thus, regulation of proteolytic activity by
the same insect serpin can regulate distinct physiological events.
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3.2. Serpins in insect seminal fluid

In insects, seminal fluid contains many proteins that are transferred to females during mating
and induce a wide range of female post mating responses [81]. D. melanogaster Accessory
gland protein (Acp)76A (Spn76A) was the first serpin identified in insect seminal fluid [82].
The protein is transferred during mating to the female uterus where its concentration
declines rapidly within several hours [83]. Post mating, Acp76A is detected in females in the
mating plug, localizes to sperm storage organs, enters the circulation of the female, and is
found on oocytes and oviposited eggs [84]. Based on sequence analysis, Acp76A is a non-
inhibitory serpin lacking many conserved residues required for inhibition [13]. Orthologs of
Acp76A are only found in three species of the melanogaster subgroup, none of which have
been characterized further [13]. While it is likely that Acp76A is not required for sperm
storage, its physiological function in D. melanogaster remains elusive. Structural analysis
based on homology modeling revealed that Acp76A contains an N-terminally shortened
alpha helix 1, resulting in the formation of a hydrophobic pocket, as described for protein C
inhibitor [85], suggesting a role of Acp76A in hormone transport [86].

In addition to Acp76A, five more serpins are expressed in male accessory glands in D.
melanogaster. These are Spn28F, Spn38F, Spn53F, Spn75F, and Spn77Bc [86]. Of these,
only Spn28F and Spn38F, which are the closest paralogs of each other [50], are predicted to
be functional serine protease inhibitors [13]. Continuous ectopic expression of individual
Acp serpins in females did not affect mating or egg laying rates [87]. However, ectopically
expressed Spn28F caused toxicity by an unknown mechanism, potentially contributing to the
cost associated with mating [87]. Interestingly, overexpressed Spn38F somewhat limits the
growth of the bacterial pathogen Serratia marcescens, suggesting a protective function for
sperm against pathogens [87]. However, the mechanism underlying this potential function
awaits elucidation.

Serpins have also been found in male reproductive glands of several other insect species,
including three mosquito species, An. gambiae [88], Ae. aegypti [89], and Aedes albopictus
[90], and the red flour beetle, 7ribolium castaneum [91]. In contrast, no serpin transcripts or
proteins were detected in the accessory glands and/or seminal fluid of honey bees [92],
sandflies [93], or Heliconius butterflies [94]. Instead, proteinase inhibiting activity in the
seminal fluid of at least honey bees and sandflies is likely mediated by Pacifastin-like
peptides, a distinct class of small proteinase inhibitors found in arthropods [95].

In summary, serpins contribute substantially to the seminal fluid content in some insect
species. Limited functional analyses suggest immunoprotective roles through regulation of
canonical immune pathways. However, serpins do not seem to play a significant role in
proteinase inhibitory activity of insect seminal fluid. Most Acp serpins are predicted to be
non-inhibitory and thus carry other functions, potentially in hormone transport.

4. Arthropod serpins at the intersection of host-pathogen interactions

While the vast majority of arthropod serpins are produced and secreted into the hemolymph
to regulate internal physiological processes, several serpins are found in extracellular fluids
produced specifically to be transferred to other organisms, including saliva and venom. The

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meekins et al.

Page 9

following section will highlight examples of such arthropod serpins that are used to
manipulate the physiology of mammalian or insect hosts to provide a favorable environment
for nutrient uptake and survival.

4.1. Serpins in the venom of parasitoid wasps

4.2. Serpins

Parasitoid wasps develop at the cost of their insect host, ultimately killing the host organism.
The venom of parasitoid wasps contains several virulence factors that allow the egg to evade
the host immune system and develop without being killed by melanotic encapsulation.
Several serpins have been identified in the venom of different species of parasitoid wasps
through either transcriptomic or proteomic analyses [96-98].The immunosuppressive role
for one of these serpins, LbSPNy from the endoparasitoid wasp Leptopilina boulardi, has
been evaluated in more detail [97]. This serpin is the most abundant protein in the L.
boulardivenom, and venom added to host hemolymph prevents melanization ex vivo as well
as /in vivo. LbSPNy is at least partly responsible, as recombinant LbSPNy likewise inhibits
melanization exand /n vivo, potentially by inhibition of one or more proteinases within the
proPO activation cascade. Interestingly, the venom of L boulardi shows strain-specific
differences in virulence factor profile, with non-synonymous changes in the RCL sequences
of LbSPNYy. Furthermore, the ortholog of LbSPNy in a related species, Leptopilina
heterotoma, while containing a virtually identical RCL sequence, is very lowly expressed
and thus unlikely to contribute to virulence. In summary, these studies reveal a role of
serpins as virulence factors in parasitoid wasps and suggest that changes in serpin expression
can contribute to the fast evolution of parasitoid venom and a potential arms race between
parasitoid and host [97,98].

in saliva of arthropod vectors of disease

Blood-feeding arthropods use their saliva to counterbalance the host response to injury. Like
their mammalian counterparts [99], arthropod serpins mediate several hemostatic and
antiinflammatory effects in mammalian blood (Fig. 3). Thus, successful blood feeding is
facilitated by injection of these serpins into the host with saliva. The following section
summarizes a few well characterized examples, highlighting the diversity of serpins that
contribute to blood feeding.

The first salivary serpin identified was alboserpin, a major anticoagulant in the saliva of Ae.
aegyptiand Ae. albopictus [100-102]. This serpin prevents coagulation /n vitroand in vivo
by inhibition of Factor Xa using an atypical mode of inhibition characterized by reversible
interaction of proteinase and inhibitor at a 1:1 stoichiometry [100,101]. Alboserpin also
binds phospholipids and heparin, and possibly other glycosaminoglycans. While neither of
these binding activities are required nor promote Factor Xa inhibition, they are likely to
facilitate alboserpin localization to the site of injury and/or platelet aggregation [100].
However, alboserpin seems to be an evolutionary exception, and the saliva of mosquitoes
does not contain a large panel of serpins. Indeed, the sialomes of several anopheline
mosquito species suggests that this clade mostly relies on other protease inhibitor classes to
prevent blood clotting [103,104].
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In contrast, ticks rely mostly on serpins to control host hemostasis and immunity to enable
their hematophagic life style (Fig. 3). The best characterized tick saliva serpin is the /xodes
ricinus immunosuppressor, Iris, from the major vector of lyme disease in Europe. Iris is an
active serine proteinase inhibitor with a predicted P1 methionine. Iris is upregulated during
blood meal [105], and displays pleitropic effects on host immunity and hemostasis. Iris acts
as an anticoagulant and delays fibrinolysis by inhibiting serine proteinases, especially
elastase and tissue plasminogen activator [106]. Iris also interferes with hemostasis by
hindering platelet adhesion via an unknown mechanism [106]. Besides its actions on
hemostasis, Iris also inhibits the secretion of pro-inflammatory cytokines, especially
Interferon-y and Interleukin(IL)-6, from both T cells and macrophages, as well as Tumor
necrosis factor (TNF) a from macrophages [105]. This anti-inflammatory action is at least
in part mediated by physical binding of Iris to monocyte/macrophage cells and does not
require inhibitory activity. Based on preliminary analysis using peptide antibodies, this
function of Iris rather seems to rely on several exosites in helices D and E [107].

In contrast to Iris, the anti-inflammatory action of a second serpin from /. ricinus, called
IRS-2 [108], is based solely on its function as a serine proteinase inhibitor. Like Iris, IRS-2
is secreted into the saliva and injected into the host during blood feeding. IRS-2 also
prevents edema formation and neutrophil influx in inflamed tissues of a mouse acute
inflammation model. The P1 site of IRS-2 was confirmed to be tyrosine 341, indicative of
inhibitory activity against chymotrypsin-like serine proteinases [108]. Indeed, IRS-2 inhibits
mainly the proinflammatory proteinases cathepsin G and mast cell chymase, and at higher
concentrations, thrombin. Inhibition of cathepsin G and thrombin also contribute to the
blocking of platelet aggregation by IRS-2 [108]. Furthermore, recent data demonstrate that
IRS-2 can interfere with adaptive immune responses [109]. IRS-2 inhibits IL-6 production
by dendritic cells stimulated with Borellia spirochetes, and primary neutrophils. One
consequence of this lower production of IL-6 can be reduced IL-6/STAT3 signaling, which
is required for the differentiation of IL-17 producing CD4-positive T lymphocytes. Together
these data suggest that IRS-2 is capable to suppress the differentiation of Th17 cells, and
thus may modulate in part the infection-induced immunopathology observed in Lyme
disease [109].

In contrast to /. ricinus, little is known about the biochemical and functional properties of
serpins in the black-legged tick, /xodes scapularis, the major vector of lyme disease in North
America. The only characterized serpin from this species is IxscS-1E1, which is a functional
serine proteinase inhibitor with a predicted arginine at its P1 site. Recombinant IxscS-1E1
inhibits thrombin and trypsin /n vitro, and inhibits platelet aggregation as well as plasma
clotting time, potentially mediated by thrombin inhibition /7 vivo [110]. Given that the /.
scapularis genome encodes putative orthologs of Iris and IRS-2 [17], it is likely that tick
saliva inhibits several non-redundant steps in hemostasis to ensure blood feeding for
extended time periods (Fig. 3B).

Most recently, additional salivary serpins from other tick species have been functionally
analyzed, including RmS-3, -6, -7, and —15 from the cattle tick Rhipicephalus microplus
[111,112]. These inhibitory serpins can inhibit platelet aggregation (RmS-3, —17) and
plasma clotting (RmS-15, —17), consistent with their ability to inhibit cathepsin G and/or
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thrombin /n vitro. In addition, the saliva serpin 6 and —19 from the lone star tick
Amblyomma americanum [113,114], contribute to host hemostasis dysregulation,
facilitating blood feeding of this important vector species of ehrlichiosis in the US. At high
molecular excess, recombinant Serpinl9 inhibits several serine proteinases of the blood
clotting cascade, and forms inhibitory complexes with Factor Xa, Xla, and trypsin [114].
However, high stoichiometries of inhibition and unknown rates of inhibition of these
Serpinl19-proteinase interactions make conclusions on physiological targets of these serpins
difficult.

The important role of arthropod saliva serpins for successful blood feeding is further
highlighted in studies that explore the consequences of anti-tick serpin antibodies in the host
on feeding success. Injection of recombinant serpin-1 (HLS1) from the tick Haemaphysalis
longicornis, a common ectoparasite of cattle in East Asian countries, into rabbits resulted in
significant mortalities in nymphs and adult ticks when fed on the immunized rabbits [115].
Similar observations were obtained using recombinant H. longicornis serpin-2 (HLS2)
[116], and recombinant Iris protein from /. ricinus [117]. Importantly, a protective effect was
also observed when a natural host was vaccinated. Injection of cattle with two serine
proteinase inhibitors (RAS-1 and —2) from the tick Rhijpicephalus appendiculutus, an
ectoparasite of cattle and other domestic animals in Africa, conferred partial protection
against tick feeding on cattle [118].

While these examples highlight the diverse, unique, and crucial roles of saliva serpins in
host-pathogen interactions, our understanding of their physiological and biochemical
functions is just emerging. For example, the salivary glands of /. scapularis express 19
extracellular serpins, mostly with predicted trypsin-like specificity. Eleven of these serpins
are specifically induced upon blood feeding, and presumably all 19 are present in the saliva
and injected into the host [17]. Likewise, transcriptomic and/or proteomic analyses of
sialomes from other tick species, including A americanum [119], the cattle tick
Rhipicephalus microplus [111], and Rhipicephaluss anguineus [120] revealed a significant
number of serpins as part of tick saliva.

In summary, arthropod saliva serpins are functionally diverse and important factors for
successful blood feeding, acting as inhibitors of blood coagulation, platelet aggregation,
inflammation, and host immunity. In addition, given the large number of still
uncharacterized saliva serpins, the roles they occupy at the parasite-host interface are likely
even more diverse than currently understood. Their functional analysis should therefore be a
research priority and will contribute substantially our understanding of the pharmacological
space occupied by serpins.

5. Structure/function aspects of arthropod serpins

Serpins have a conserved tertiary structure that is key to understanding their mechanism of
proteinase inhibition [1-3,121]. Currently, the structures of seven different arthropod serpins
have been solved from M. sexta[122,123], D. melanogaster [124], An. gambiae [125], B.
mori [126], /. ricinus[108], and 7. molitor [35]. These arthropod serpins participate in
diverse physiological processes, including immunity [35,36,50,51], blood feeding [108,109],
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and silk production [126,127]. However, the solved insect serpin structures are highly
representative of the overall structural basis of the serpin inhibitory mechanism.

The most important functional regions participating in the classical serpin inhibitory
mechanism of proteinase inhibition are B-sheet A and the RCL [1-4]. The RCL extends into
the solvent and acts as bait for target proteinases, which forms a non-covalent Michaelis-
Menten interaction with the RCL. The proteinase will then cleave the P1-P1” scissile bond
within the RCL, forming an acylenzyme intermediate. At this point the proteinase may
simply disassociate from the complex, with the proteinase remaining unaffected but the
serpin inactivated. Alternatively, inhibition is achieved when the RCL is inserted into p-sheet
A as an additional p-strand and the proteinase is translocated to the opposite end of the
serpin. The proteinase active site is disrupted, and both serpin and proteinase remain inactive
within an SDS-stable complex. Each of these steps is represented within the determined
arthropod serpin structures, which highlight the molecular nuances of the complex inhibitory
event.

5.1. Structural analyses of insect serpins in the native fold

The native fold of active inhibitory serpins is represented by the structure of M. sexta serpin
1 K (pdb code: 1SEK) [122]. Serpin 1K is a chymotrypsin inhibitor and one of 12 serpins
found in M. sexta hemolymph expressed via alternative splicing of the RCL region from a
single gene (see Section 1) [128,129]. Serpin 1K was only the fourth determined serpin
structure containing the native, active fold and provided pioneering insights into the native
serpin conformation. Like most other serpins, serpin 1K folds into three B-sheets (designated
A-C) surrounded by nine a-helices (designated A-1) (Fig. 4A) [122]. Although the RCL is
often disordered and unresolved in serpin structures, electron density was observed for all
residues of the RCL in serpin 1K (P17-P5’). Its RCL extends farther from the surface of the
B-sheet B/C barrel relative to al-antitrypsin [130,131], due to two additional residues near
the P2” position. The N-terminal portion of the RCL is referred to as the hinge region (P17-
P13), due to its central importance in the conformational transition from the native to the
cleaved, inserted state [132,133]. The serpin 1K hinge region makes several contacts that
stabilize the closed form of B-sheet A. Due to the metastable native serpin conformation, the
RCL of some serpins will spontaneously insert into B-sheet A, forming a latent, inactive
form [134-136]. Therefore, the extension of the RCL away from the body of the serpin and
the stabilization of the closed form of B-sheet A in serpin 1K illustrates the structural
maintenance of the active state and prevents inactivation. The active serpin state, exemplified
by serpin 1K, therefore increases the likelihood of proteinase inhibition while limiting
spontaneous inactivation.

5.2. The Michaelis-Menten complex of M. sexta serpin 1B and trypsin

The shift in serpin conformation upon proteinase interaction was partly established via the
structure of another M. sexta serpin, serpin 1B A353K, which was co-crystallized in a
Michaelis-Menten complex with rat trypsin (pdb code: 1199) [123]. The co-crystallized
trypsin contains an active site mutation permitting investigation of the interaction before
formation of the acyl-enzyme intermediate. The trypsin molecule interacts with the serpin
1B RCL above the B-sheet B/C barrel (Fig. 4B). Serpin 1B A353K is closely related in
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sequence and structure to serpin 1K [21,128]. Therefore, comparison of the complexed
serpin 1B structure with serpin 1K provides important insights into conformational changes
that occur due to proteinase interaction prior to RCL insertion. Although there are few
conformational changes in the overall serpin 1B fold, significant movements were observed
in the RCL, the hinge region, and p-sheet A. The P16-P5 RCL region moves up to 10 A to
interact with the trypsin, with the P13-P3 region forming extensive interactions with the
trypsin active site (Fig. 4C). This movement loosens previous interactions that stabilize the
closed conformation. Moreover, the A1 strand moves away from BA2, resulting in an
overall B-sheet A conformation closer to the cleaved structure. Therefore, the Michaelis-
Menten serpin 1B structure indicates that non-covalent serpin-proteinase interaction initiates
a structural transition towards RCL insertion and formation of the inhibitory complex.

5.3. Partial RCL insertion in insect serpins is not indicative of allosteric activation

The M. sexta structures clearly demonstrate the link between the RCL, the hinge region, and
B-sheet A in the serpin inhibitory mechanism. This structural connection is highly
significant in instances where the native state of the serpin contains a partial RCL hinge
insertion into B-sheet A. The partial hinge insertion is involved in cofactor-mediated
allosteric regulation of inhibitory activity of several mammalian serpins, including
antithrombin 111 (ATHI) and heparin cofactor 1l (HCII) [137-139]. Briefly, heparin binding
to these serpins causes inhibitory activity to increase up to 1000-fold due to, a) allosteric
conformational changes resulting in expulsion of the hinge region causing increased
flexibility and accessibility of the RCL, and/or b) a bridging mechanism that increases the
interaction between the serpin and proteinase [139-146]. Two insect serpin structures were
determined containing a partial insertion of the hinge region: 7. molitor SPN48 (pdb code:
30ZQ) [35] and A. gambiae SRPN2 (pdb code: 3PZF) [125]. Both SPN48 and SRPN2 are
involved in innate immune responses (see Sections 2.1 and 2.2). The partial insertion of the
hinge region in both serpins, reminiscent of ATIII, suggested a similar mechanism of
allosteric regulation (Fig. 4D) [35,125]. SPN48 is capable of binding heparin and the
structure revealed a distinct lysine-rich region appropriate for heparin binding, although in a
different region than in ATIII [35]. Full-length heparin did significantly accelerate SPN48
inhibition of SPE, though lower weight heparin molecules did not. These data indicate the
SPN48 hinge region likely does not participate in allosteric activation, and its heparin-
mediated activation is likely due to a bridging effect. The partial hinge insertion in SPN48
may be explained by subsequent investigations into SRPN2. The SRPN2 structure did not
reveal a heparin-binding site, making allosteric regulation unlikely [125]. To understand its
function, three SRPN2 mutants containing either constitutively expelled or inserted hinge
regions were developed, their structures were solved, and their activity against CLIPB9 was
measured. SRPN2 hinge expulsion did not significantly increase CLIPB9 inhibition, but
stable hinge insertion did not decrease the rate of RCL cleavage [147]. These data suggest
the SRPN2 hinge insertion represents a molecular trade-off between RCL accessibility and
rapid formation of the inhibitory complex, since the partial insertion provides an advantage
towards complete RCL insertion following cleavage. Although the connection between this
structural feature in both SPN48 and SRPNZ2 is unknown, together the two structures provide
insights into the biophysical balance between the RCL, hinge region, and p-sheet A in
serpins important for insect immunity.
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5.4. Arthropod serpin structures with complete RCL insertion

The final conformation of the serpin inhibitory mechanism is the complete insertion of the
RCL into p-sheet A, resulting in deformation of the proteinase active site and permanent
inactivation. Two arthropod serpin structures have been determined in their cleaved,
inactivated form: D. melanogaster Spn4 (Serpin 42 Da) (pdb codes: 4P0O and 4POF, [124])
and /. ricinus IRS-2 (pdb code 3NDA, [148]) (Fig. 4E), previously discussed in Sections 2.3
and 4.2, respectively. The Spn4A/B isoform structures were determined, which contain the
same furin-directed RCL [60,61,108,149]. Both structures were nearly identical, with the
RCL fully inserted into B-sheet A as a fourth strand in the six stranded B-sheet and evidence
of cleavage after the P1 arginine. The structure of IRS-2 also shows the serpin containing a
typical serpin fold but with the RCL inserted into B-sheet A due to cleavage at the P1
tyrosine residue. The shutter region, a collection of conserved residues within the center of
B-sheet A [3], is displaced in both structures allowing complete insertion of the RCL.
Structural insights into the cleaved IRS-2 structure are particularly interesting, as drugs
could be developed to block insertion and mitigate the immunosuppressive activity of the
serpin [108]. Both the Serpin 42 Da and IRS-2 structures provide insights into the ultimate
step of the serpin inhibitory mechanism and clearly demonstrate the final, relaxed state of
the serpin upon formation of the inhibitory complex.

5.5. Structure of a cysteine-proteinase inhibitory serpin

In addition to the serpin suicide inhibitory mechanism, directed at serine proteinases, some
serpins also have highly important non-inhibitory functions, and a small number have the
ability to inhibit cysteine proteinases using an alternative mechanism [150]. Cysteine
proteinase inhibitory serpins include human squamous cell carcinoma antigen 1 (SCCAL)
which inhibits cathepsins K, L, and S [151,152], as well as the viral serpin crmA and human
P19, which inhibit certain caspases [153,154]. B. mori Serpinl8 specifically inhibits
cysteine proteinases, including a B. morifibrinase involved in silk production during
development [126]. The Ser-pinl8 structure (pdb code: 4R9l) indicated that it contains a
typical serpin fold, although the three B-sheets (particularly p-sheet C) are bent more
towards the serpin core than typical serpins [126]. The most surprising structural feature of
Serpinl8 is its RCL, which is located closer than usual to the body of the serpin and makes
multiple, specific contacts with p-sheet C (Fig. 4F). This close interaction between the RCL
and the serpin body is due to the extremely short RCL length. The typical RCL is 20
residues from P17 to P3”, however the Serpin18 RCL contains only 13 residues [126]. This
short length, coupled with several non-canonical RCL residues, would preclude the complete
insertion of the RCL and the ability to form the standard inhibitory complex [155]. Previous
mutagenesis studies have shown that shortening of the RCL in a1-antitrypsin by two
residues decreases inhibitory efficiency while increasing the stability of the intermediate
complex [155]. Therefore, shortening of the Serpin18 RCL by six residues would allow it to
form a stable thioacyl-intermediate complex with target cysteine proteinases, allowing a
prolonged susceptibility to proteolytic degradation and effective inhibition.

Together, the currently solved arthropod serpin structures form a strong representation of the
mechanism involved in serine proteinase inhibition as well as structures elucidating atypical
mechanisms associated with cysteine proteinase inhibition.
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6. Conclusions and future prospects

Serpins are a critical superfamily of proteinase inhibitors that are essential to a diverse range
of physiological functions. Arthropod genomes typically contain 10-40 serpin genes with
increased functional diversity due to alternative splicing of a sequence encoding the RCL.
Investigations into arthropod serpins have provided fundamental understanding of the
molecular basis of their activity, and have provided insights into multiple aspects of
arthropod biology, including immunity, development, reproduction, parasitism, and blood-
feeding. However, we are just at the beginning of understanding the diverse roles of serpins
in arthropod biology, as the vast majority of serpins identified in arthropod genomes have
not been characterized. Comprehensive phylogenetic studies across arthropod serpins should
help with initial assignment of putative function based on orthology to known regulators of
extracellular proteinase cascades, and would be especially useful within the group of
Ixodidae.

Furthermore, most arthropod serpins with known physiological effects remain orphans
whose proteinase targets are unknown. Genetic or biochemical approaches that have been
used traditionally to investigate individual serpins are often difficult to apply in a given
arthropod species and are time consuming. Proteomic approaches to identify target
proteinases are becoming available that will allow over the coming years to gain a more
global understanding of specific proteinase-serpin pairings. With the exception of D.
melanogaster Spn4, the function of any non-secreted serpins from arthropods remains
unknown. In addition the molecular function of non-inhibitory serpins, such Acp76A are
unknown.

Serpins are often essential components of the arthropod immune response, with their main
role being regulatory control over Toll pathway and proPO activation by inhibiting serine
proteinase cascades. However, these pathways are only partially understood, and additional
unidentified serpin-proteinase pairs that regulate immune responses remain to be discovered.
Acute-phase serpins, expressed upon infection, can function in insect immunity. However,
the molecular mechanisms of acute-phase serpins, such as An. gambiae SRPN6 and
SRPN10, are unknown and will require additional studies to identify their physiological
targets and understand their mechanisms for parasite antagonism. In addition, the basis for
regulating the expression of acute-phase serpins must be more completely understood.
Lastly, serpins can be downregulated in the context of parasitism, leading to alterations in
the immune response. Further details are needed to fully understand the pathways through
which these events are mediated and how serpin downregulation is linked to wider effects
through the immune repertoire.

Limited studies have shown that serpins also play a role in development and reproduction.
Drosophila Spn27A provides a link between immunity and development, regulating dorsal-
ventral axis patterning in larvae via inhibition of Toll pathway signaling cascades. However,
additional serpins in arthropod development have not yet been elucidated. In addition,
multiple serpins have been identified in either Drosgphila seminal fluid or male accessory
glands, but their role in reproduction is currently unclear. Putative function of reproduction-
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related serpins in hormone transport (D. melanogaster Acp76A) or microbial protection (D.
melanogaster Spn38F) will require additional studies.

Some arthropod serpins are secreted in extracellular venom and saliva to modulate host
immunity. The immunosuppressive role of serpins via inhibition of immune signaling
cascades is a key function in the venom of parasitoid wasps, which require down-regulation
of host immunity to allow survival and development of eggs. Additional studies, beyond L.
boulardi, may reveal more diverse effects of serpins excreted with venom. In addition,
serpins secreted in the saliva in several tick and mosquito species have generated significant
interest due to their critical role anticoagulation and immunosuppression during blood
feeding, and their potential as vaccine targets. Specifically, emerging anti-tick vaccine
development would be significantly aided by the structures of additional saliva serpins
involved in blood feeding, which would facilitate antigen mapping.

The structures of insect serpins have been fundamental in determining the basis of serpin
activity in general and continued studies will provide important insights into their specific
functions within arthropod physiology. Absent, however, are published structures of non-
inhibitory insect serpins, e.g. alboserpin, which would shed light on their mechanisms of
activity. Moreover, the overall number of arthropod serpin structures is low. Determination
of additional serpins structures, including acute phase serpins involved in immunity and
serpins present in seminal fluid, venom, and saliva, will provide additional insights into their
function, targets, and possibly mechanisms for their regulation and targeting of tissue. Such
data would be bolstered further by additional serpin structures complexed with proteinase
targets and/or cofactors involved in their activity.
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Fig. 1.

The known physiological functions of serpins in arthropod physiology. The majority of
insect serpins are produced in fat body and hemocytes and are then secreted into the
hemocoel. In addition, serpins are expressed in a number of additional tissues, including tick
and mosquito salivary glands (orange), midgut (green), trachea (blue), and in male accessory
glands (MAGS), as well as the venom glands of parasitoid wasps (pink). Major known
functions are listed and discussed in detail in the different sections of the manuscript.
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Fig. 2.
Outline of alternative splicing in insect serpins. (A) Structure of M. sexta serpinlK showing

the alternatively spliced RCL region (red) with the P1-P1” residue (yellow). (B) Simplified
splice variant diagram in M. sexta serpin-1. Exons that are always expressed are shown in
black and alternatively spliced exon 9 variants are colored. Depicted is the splicing diagram
of serpinlA, wherein the A isoform of exon 9 is expressed. Expression of B-D, efc. results
in expression of serpinlB, —1C, —1D, etc. (C) Simplified splice variant diagram in Bombyx
mori serpin-1. The solid line indicates expression of the isoform of exon 9, resulting in
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isoform 1. Expression of b and ¢ exons results in isoforms 2 and 3, respectively. The dotted
line depicts expression of both b and ¢ exons, resulting in isoform 4 expression. (D)
Simplified splice variant diagram in An. gambiae SRPN10. The solid line shows expression
of the K isoform of exon 9 (KRAL isoform). Expression of R, F, and C exons results in
RCM, FCM, and CAM isoforms, respectively. (E) Simplified splice variant diagram in
Drosophila melanogaster Spn4. The expression of exon 1 results in Spn4B, D-F, and |
isoforms, and expression of exon 2 results in Spn4A, G, H, J, and K isoforms. The solid line
depicts the expression of Spn4B and the dotted line depicts expression of Spn4A. Expression
of additional Spn4 isoforms arises from alternative splicing of exons 6, 7, and 8.
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Saliva Serpins of Mosquitoes and Ticks Facilitate Blood Feeding on Mammals. (A)
Mosquitoes insert their stylets into subcutaneous blood vessels, and obtain a blood meal
within minutes. In contrast, ticks use their hypostome to rupture blood vessels causing blood
to pool at the bite site, and then take a blood meal over the course of several days. Both ticks
and some species of mosquitoes inject serpins as part of their saliva (shown in yellow) to
counterbalance the mammalian host response to injury. These saliva serpins are inhibitors of
several mammalian proteases required for coagulation, platelet aggregation, and
inflammation. (B) Several factors of the intrinsic coagulation pathway (gray ovals) can be
inhibited by either mosquito or tick serpins (yellow boxes, see Section 4.2). The mammalian
serpins that target the same pathway are shown in comparison (blue boxes) [156-158]. (C)
The evolutionary history of tick and mammalian thrombin-inhibiting serpins does not
indicate any orthologies between individual tick and human serpin pairs. The ability for

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meekins et al.

Page 31

serpins to inhibit thrombin has therefore evolved independently in the tick and human
lineage. Phylogenetic analysis was performed using the Maximum Likelihood method based
on the JTT matrix-based model [159]. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. All positions containing gaps and
missing data were eliminated. All evolutionary analyses were conducted in MEGA7 [160].
(D) Alignment of thrombin-inhibiting arthropod and human serpins, reveals significant
protein sequence similarity of their reactive center loops (RCL). Based the results of the
phyogenetic analysis, this sequence similarity is likely the product of convergent sequence
evolution. Alignment was executed using MUSCLE [161], and visualized in Jalview2[162].
Alboserpin, Ae. aegypti (Genbank accession number AAC31158); AT, human
antithrombin(NP_000479.1); HCII, human heparin cofactor 11 (NP_000176.2); IRS-2,
Ixodes ricinus (ABI94056); IxscS-1E1, /xodes scapularis (KF990169); Rms-15,
Rhipicephalus microplus (AHC98666); RmS-17, R. microplus (AHC98658); PCI, human
Protein C Inhibitor (NP_000615.3); PN1, human Protease nexin 1 (NP_006207.1); ZPlI,
human Protein Z-dependent protease inhibitor.
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Fig. 4.
Structures of Insect Serpins. (A) Structure of M. sexta serpin1lK(pdb code: 1SEK) [122],
showing the conserved serpin fold. The serpin contains three p-sheets (BA, red; BB, blue;
BC, yellow) surrounded by nine conserved helices (A-1, green). The Reactive Center Loop
(RCL, teal) is located above BC. (B) The structure of M. sexta serpinlB A353K co-

i—’ crystallized in a Michaelis-Menten complex with rat trypsin (pdb code: 1199) [123]. The

= serpin1B RCL (orange) interacts with trypsin (pink) at the active site. (C) Close-up the

) structural alignment of M. sexta serpinlK (teal) and serpin 1B A353K (orange) RCLs

QzJ interacting with trypsin (pink) indicating the movement of the serpin in response to

2 interaction with trypsin. (D) Alignment of the hinge region of antithrombin (pink, pdb code:

@ 1ATH) [138], 7. molitor SPN48 (red, pdb code: 30ZQ) [35], An. gambiae SRPN2 (blue,

%' pdb code: 3PZF) [125], and M. sexta serpin 1K (teal) demonstrating the partial hinge
insertion found in antithrombin, SPN48 and SRPN2. (E) Alignment of the cleaved D.
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melanogaster Serpin 42 Da (pdb codes: 4P00) [124] and /. ricinus IRS-2 (pdb code 3NDA)
[108] structures indicating complete insertion of the RCL (magenta and purple,
respectively), indicated by an arrow. Although neither protein was crystallized in an
inhibitory complex with a proteinase, the presumed position of the inactivated proteinase in
such a complex is marked with an asterisk. (F) Close-up of the RCL of B.
moriserpin18(pdbcode: 4R9l) [126] and M. sexta serpin1K indicating the close proximity of
the Serpinl18 RCL to the serpin body compared to normal serine proteinase inhibitory
serpins.
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