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Abstract
Insect immune responses include prophenoloxidase (proPO) activation and Toll pathway initiation,
which are mediated by serine proteinase cascades and regulated by serpins. Manduca sexta
hemolymph proteinase 6 (HP6) is a component of both pathways. It cleaves and activates proPO
activating proteinase 1 (PAP1) and hemolymph proteinase 8 (HP8), which activates proSpätzle.
Inhibitors of HP6 could have the capability of regulating both of these innate immune proteinase
cascade pathways. Covalent complexes of HP6 with serpin-4 and serpin-5 were previously isolated
from M. sexta plasma using immunoaffinity chromatography with serpin antibodies. We investigated
the inhibition of purified, recombinant HP6 by serpin-4 and serpin-5. Both serpin-4 and serpin-5
formed SDS-stable complexes with HP6 in vitro, and they inhibited the activation of proHP8 and
proPAP1. Serpin-5 inhibited HP6 more efficiently than did serpin-4. Injection of serpin-5 into larvae
resulted in decreased bacteria-induced antimicrobial activity in hemolymph and reduced the bacteria-
induced expression of attacin, cecropin and hemolin genes in fat body. Injection of serpin-4 had a
weaker effect on antimicrobial peptide expression. These results indicate that serpin-5 may regulate
the activity of HP6 to modulate proPO activation and antimicrobial peptide production during
immune responses of M. sexta.
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1. Introduction
Activation of prophenoloxidase (proPO) leading to melanin synthesis (Gorman et al., 2007;
Liu et al., 2007; Kanost and Gorman, 2008; Kan et al., 2008) and stimulation of the Toll
signaling pathway to induce production of antimicrobial peptides/proteins (AMPs) (Ferrandon
et al., 2007; Buchon et al., 2009; El Chamy et al., 2008; Shin et al., 2006; Kim et al., 2008;
Roh et al., 2009; Wang et al., 2007; An et al., 2009; An et al., 2010) are innate immune responses
in arthropods, which are initiated by serine proteinase cascades (Gorman et al., 2007; Liu et
al., 2007; Kanost and Gorman, 2008; Kan et al., 2008). A series of serine proteinases is
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sequentially activated and amplify the initial signal to the terminal proteinase, proPO activating
proteinases (PAPs, also named PPAFs or PPAEs) in the proPO activation cascade (Gorman et
al., 2007; Kan et al., 2008; Kim et al., 2008; An et al., 2009; An et al., 2010) or spätzle
processing enzymes in the Toll pathway (Kim et al., 2008; An et al., 2010; Jang et al., 2006;
Jang et al., 2006).

Such extracellular serine proteinase cascades are often regulated by proteinase inhibitors from
the serpin protein superfamily (Potempa et al., 1994; Gettins, 2002; Silverman and Lomas,
2007). Serpins are proteins of ~400 amino acid residues, including an exposed region termed
the reactive center loop (RCL) (Gettins, 2002; Irving et al., 2000; Cabrita et al., 2007). The
RCL, located 30 to 40 residues from the carboxyl terminus, includes the specificity determining
region and participates in the initial interaction with the target proteinase. Upon binding to a
target proteinase, serpin is cleaved at the scissile bond (P1- P1') in the RCL and subsequently
undergoes a large conformational change, in which the RCL inserts into a β–sheet and becomes
covalently linked to the target proteinase, which is therefore irreversibly inhibited (Gettins,
2002; Whisstock and Bottomley, 2006).

In insects, serpins are reported to participate in the regulation of immune responses, including
melanization in Drosophila melanogaster (Ligoxygakis et al., 2002; De Gregorio et al.,
2002; Scherfer et al., 2008; Ahmad et al., 2009; Tang et al., 2008), Anopheles gambiae (Michel
et al., 2005; Michel et al., 2006; Abraham et al., 2005), Aedes aegypti (Zou et al., 2010), and
Tenebrio molitor (Jiang et al., 2009), and Toll signaling pathway in D. melanogaster (Ahmad
et al., 2009; Levashina et al., 1999), A. aegypti (Bian et al., 2005; Shin et al., 2006; Zou et al.,
2008), and T. molitor (Jiang et al., 2009). In most of these cases, genetic evidence supports the
involvement of serpins in regulating the immune pathways, but the proteinases the serpins
inhibit have not been identified. An exception is the T. molitor system, in which the same
proteinase cascade activates proPO and proSpätzle, and specific proteinase-serpin interactions
for three steps in the pathway have been characterized biochemically (Jiang et al., 2009). In
the tobacco hornworm, Manduca sexta, seven serpins have been identified so far (Kanost,
2007), and endogenous molecular targets for some of these serpins have been determined.
Serpin-1 splicing isoform J (serpin-1J) regulates proPO activation in plasma by inhibiting PAPs
(Gupta et al., 2005; Jiang et al., 2003), and it regulates the Toll pathway by inhibiting
hemolymph proteinase-8 (HP8) (C. An and M. R. Kanost, submitted). Serpin-3 also inhibits
PAPs to blocks proPO activation (Zhu et al., 2003). Serpin-6 can block proPO activation by
inhibiting PAP3, and it also forms a covalent complex with HP8 (Zou and Jiang, 2005).

M. sexta serpin-4 and serpin-5 suppress proPO activation but they do not inhibit the PAPs,
suggesting that they may regulate proteinases upstream of the PAPs in the proPO activation
pathway (Tong et al., 2005; Tong and Kanost, 2005). Isolation of serpin-proteinase complexes
from hemolymph by immunoaffinity chromatography with antibodies to serpin-4 or serpin-5
yielded complexes containing these serpins along with a clip domain proteinase, hemolymph
proteinase-6 (HP6) (Tong et al., 2005). We recently determined that HP6, a putative ortholog
of Drosophila persephone, becomes activated in response to microbial exposure and
participates in proPO activation by activating proPAP1 (An et al., 2009). HP6 also activates
HP8, which cleaves and activates proSpätzle, to stimulate expression of several antimicrobial
hemolymph proteins (An et al., 2009; An et al., 2010). In this study, we used purified
recombinant proteins to characterize the reactions of serpin-4 and serpin-5 with HP6, testing
the hypothesis that these serpins inhibit the cleavage of proHP8 or proPAP1 by HP6, thereby
down-regulating two innate immune responses, melanization and synthesis of antimicrobial
proteins.
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2. Material and methods
2.1. Insect Rearing

M. sexta eggs originally purchased from Carolina Biological Supplies were used to establish
a laboratory colony and reared on an artificial diet as described previously (Dunn and Drake,
1983).

2.2. Production of recombinant proteins
Recombinant serpin-4 and serpin-5 were produced using a baculovirus expression system and
purified as described previously (Tong and Kanost, 2005). Recombinant mutant proHP6 and
wild type proHP8 were produced in Drosophila S2 cells and purified as reported recently (An
et al., 2009). In mutant proHP6 (proHP6Xa), the cleavage activation site of proHP6 was changed
from LDLH92 to IEGR92 to permit its activation by bovine Factor Xa. Recombinant proPAP1
was kindly provided by Dr. Haobo Jiang of Oklahoma State University.

2.3. Detection of SDS-stable serpin-proteinase complexes
ProHP6Xa was activated by bovine Factor Xa as described previously (An et al., 2009), and
mixed with purified serpin-4 or serpin-5 at concentrations specified in figure legends. In control
samples, proHP6Xa or factor Xa was omitted from the mixture. After incubation at room
temperature for times specified in figure legends, the reaction mixtures were treated with SDS
sample buffer at 95°C for 5 min and resolved by electrophoresis using NuPAGE 4–12% Bis-
Tris gels (Invitrogen). Proteins were transferred to a nitrocellulose membrane and subjected
to immunoblot analysis (An et al., 2010) using 1:2000 diluted antiserum against HP6 (Jiang et
al., 2005) or serpin-4 or serpin-5 (Tong and Kanost, 2005) as primary antibodies.

2.4. Analysis of HP6Xa inhibition using proHP8 or proPAP1 as substrates
Activated HP6Xa (20 ng) was mixed with serpin-4 or serpin-5 at a molar ratio of 10:1
(serpin:HP6Xa). After incubation at room temperature for 10 min, 40 ng of proHP8 or proPAP1
was added to the reaction mixtures, and incubated at 37°C for 60 min. The mixtures were
treated with SDS sample buffer and subjected to immunoblot analysis using 1:2000 diluted
antiserum against M. sexta HP8 (Jiang et al., 2005) or PAP1 (Jiang et al., 1998).

2.5. Effects of serpin-4 and serpin-5 on expression of bacteria-induced hemolymph proteins
in M. sexta

Day 0, fifth instar larvae were injected with serpin-4 or serpin-5 (200 μl/larva, 200 ng/μl) or
bovine serum albumin (BSA) (200 μl/larva, 200 ng/μl) as a control. After 30 min, a subset of
these larvae were injected again with Micrococcus luteus ATCC 4698 (Sigma, 50 μl/larva, 2
ng/μl). Twenty h later, fat body and hemolymph samples were collected. Total RNA samples
were prepared from fat body, and cDNA was prepared as described previously (An et al.,
2009). Cell-free hemolymph samples were heated at 95°C for 5 min to remove most high
molecular weight proteins and then centrifuged at 10,000×g for 5 min. The supernatant was
stored at −20°C. Assay of antimicrobial activity and quantitative real-time PCR were carried
out as described previously (An et al., 2009).

3. Results
3.1. Recombinant serpin-4 and serpin-5 form SDS-stable complexes with HP6Xa

In a previous study, plasma proteinases that formed complexes with serpin-4 and serpin-5 were
isolated from M. sexta hemolymph by immunoaffinity chromatography using serpin-4 or
serpin-5 antibodies (Tong et al., 2005). HP6 was identified by immunoblotting, N-terminal
sequencing, and MALDI-TOF mass fingerprint analysis as a component of one serpin-4 and
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serpin-5 complexes (Tong et al., 2005). To further investigate the interactions of these serpins
with HP6, we have studied the inhibition reactions using purified, recombinant proteins.
Serpin-4 or -5 mixed with factor Xa-activated HP6Xa formed higher molecular weight
complexes identified by immunoblotting (Fig. 1). In the absence of factor Xa, anti-HP6
antiserum recognized the 39-kDa proHP6 zymogen. After activation with factor Xa, the 39-
kDa band disappeared, and a 29-kDa band corresponding to the catalytic domain of HP6Xa
was detected by the HP6 antiserum (Fig. 1A and 1B). When serpin-5 was mixed with active
HP6Xa, a new immunoreactive band at ~66-kDa position (the expected size for a
serpin-5:HP6Xa complex) was observed. The ~66-kDa band became more abundant when the
molar ratio of serpin-5 to HP6Xa increased from 1:1 to 10:1 (Fig. 1A). This band was also
recognized by serpin-5 antiserum, indicating it was composed of both HP6Xa and serpin-5.
Similar results were observed when serpin-4 was mixed with active HP6Xa (Fig. 1B). In
mixtures of serpin-4 and active HP6Xa, a ~66 kDa band was detected by both serpin-4 and HP6
antibodies, but this band was not visible in control mixtures lacking activated HP6Xa. These
results confirm that serpin-4 and serpin-5 can form an SDS-stable complex with active
HP6Xa, and indicate that these serpins are inhibitors of HP6.

To examine the rate of complex formation between HP6Xa and serpin-4 or serpin-5, we mixed
serpin-4 or -5 with active HP6Xa at a molar ratio of 10:1, and stopped the reaction at different
times. As incubation time was extended, the 29-kDa band representing the catalytic domain of
HP6Xa decreased in abundance while the intensity of ~66-kDa band representing the serpin-
proteinase complex gradually increased in intensity (Fig. 2). The complex appeared more
rapidly and accumulated to a greater extent for serpin-5 than for serpin-4. These results indicate
serpin-5 interacted with active HP6Xa faster and more effectively than serpin-4.

3.2. Serpin-4 and serpin-5 suppress activation of proHP8 or proPAP1 by HP6
HP6 can proteolytically activate proHP8 and proPAP1 (An et al., 2009). Therefore, we tested
a hypothesis that inhibition of HP6 by serpin-4 or serpin-5 would block its cleavage of these
two natural substrates. When HP6Xa was incubated with proHP8, the 42-kDa band representing
the proHP8 zymogen decreased in intensity, and a 34-kDa band corresponding to the catalytic
domain of proHP8 appeared, consistent with previous results (An et al., 2009). When HP6Xa
was pre-treated with serpin-4 or serpin-5, the processing of proHP8 was diminished, with lower
intensity of the activated catalytic domain band and more residual proHP8 zymogen (Fig. 3A).
Serpin-5 had a more pronounced effect than did serpin-4 in this inhibition of HP6Xa.

We performed a similar experiment to test the effects of serpin-4 and serpin-5 on activation of
proPAP1 by HP6. The proPAP1 zymogen band at 44-kDa decreased in intensity when treated
with HP6Xa, coinciding with the appearance of a 31-kDa band representing the PAP1 catalytic
domain (Fig.3B) (An et al., 2009). When HP6Xa was pre-incubated with serpin-4 or serpin-5,
very little activation of proPAP1 was detected, and this inhibition of HP6 was more complete
with serpin-5 than with serpin-4.

3.3. Serpin-5 inhibited microbe-induced expression of AMP in M. sexta in vivo
Microbial stimulation results in activation of proHP6, which then activates proHP8, and active
HP8 cleaves proSpätzle to produce the active form of the Spätzle cytokine that induces the
expression of antimicrobial peptide genes (An et al., 2009; An et al., 2010). Because serpin-4
and serpin-5 inhibit HP6 in vitro, we tested whether injection of serpin-4 or serpin-5 into larvae
would result in reduced expression of acute phase response genes activated by this pathway.
To test this hypothesis, we injected larvae with BSA (control) or with serpin-4 or serpin-5 and
then 30 min later injected larvae with M. luteus to stimulate the antimicrobial response. After
twenty hours we measured antimicrobial activity in plasma and bacteria-induced mRNA levels
in fat body (Fig. 4). Injection of bacteria stimulated a strong increase in hemolymph
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antimicrobial activity, as assayed against E. coli. Pre-injection of larvae with serpin-5
significantly decreased this innate immune response, but injection of serpin-4 did not have this
effect (Fig. 4A).

Quantitative real-time PCR analysis revealed a significant increase in mRNA levels after
injection of M. luteus for several genes encoding hemolymph proteins that function in the
antibacterial response, including the antimicrobial peptides attacin-1 and cecropin-6 and a
pattern recognition protein, hemolin (Fig. 4B). Pre-injection of larvae with serpin-5
significantly reduced the transcript levels for these innate immune proteins. In insects pre-
injected with serpin-4, the level of mRNA for attacin-1 and cecropin-6 were not significantly
different from those pre-injected with BSA. However, hemolin expression was reduced in
larvae pre-injected with serpin-4. All together our results are consistent with a hypothesis that
increasing the concentration of serpin-5 in hemolymph diminished up-regulation of attacin,
cecropin, and hemolin after immune challenge due to inhibition of HP6. Serpin-4, a less
efficient inhibitor of HP6, had a weaker (not statistically significant) effect on antimicrobial
peptide gene expression but did strongly decrease hemolin expression. The latter observation
may indicate that regulation of the hemolin gene differs somewhat from the antimicrobial
peptides.

4. Discussion
In vertebrates and invertebrates, extracellular serine proteinase cascades mediate rapid defense
responses upon wounding or microbial infection. Such proteinase cascades are regulated to
prevent unnecessary activation and limit reaction to a short time at a discrete location. This
regulation is performed, at least in part, by inhibitors of the serpin superfamily (Kanost,
1999; Silverman et al., 2001). Serpins inactivate proteinases irreversibly by forming covalent
complexes. In M. sexta, serpin-1J, serpin-3, and serpin-6 regulate the proPO activation pathway
by inhibiting PAPs (Jiang et al., 2003; Zhu et al., 2003; Zou and Jiang, 2005). Serpin-4 and
serpin-5 can suppress proPO activation, but they do not inhibit PAPs, suggesting that they may
inhibit proteinases upstream of PAPs in the pathway (Tong et al., 2005; Tong and Kanost,
2005). Complexes of serpin-4 and serpin-5 with the clip domain proteinase HP6 have been
isolated from M. sexta plasma (Tong et al., 2005). HP6 has recently been shown to function
as an activator of proPAP1 in the proPO pathway and also to activate proHP8, leading to
induction of antimicrobial peptide synthesis (An et al., 2009). In this study, we used
recombinant proteins to perform reconstitution experiments to further investigate the inhibition
of HP6 by serpin-4 and serpin-5. This was made possible by the availability of a recombinant
proHP6 mutant, which can be activated by bovine factor Xa (An et al., 2009).

Both serpin-4 and serpin-5 formed SDS-stable complexes with recombinant HP6. However,
the reaction with serpin-5 was more rapid, and more complete (Fig. 2). This result is consistent
with the observation that cleavage of proHP8 and proPAP1 by HP6 was inhibited more strongly
by serpin-5 than by serpin-4 (Fig. 3) and indicates that serpin-5 is a more efficient inhibitor of
HP6. We hypothesize that a hemolymph proteinase that is inhibited by serpin-4 or serpin-5
may also cleave its natural substrate at a similar sequence (Arg-Ile or Lys-Ile). We compared
the predicted zymogen activation cleavage sites of 25 M. sexta hemolymph serine proteinases
(Jiang et al., 2005) and found that HP5, HP8, HP12, HP15, PAP1, PAP2, and PAP3 are
activated by cleavage of Arg-Ile or Lys-Ile (Fig. 5). An Asn residue at the P2 position at the
activation sites of HP15, PAP2, and PAP3 also matches that in the RCL of serpin-4. In contrast,
serpin-5 has a P2 Asp, which also occurs in the activation site of HP5, HP8, HP12, and PAP1.
These observations are consistent with our results indicating that HP6, which cleaves and
activates HP8 and PAP1(An et al., 2009), is more efficiently inhibited by serpin-5 than serpin-4.
The RCL sequence of serpin-5 more closely mimics the sequence of the natural substrates of
HP6.
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The concentration of serpin-4 and serpin-5 in hemolymph of naïve larvae is approximately 1–
3 μg/ml, and both increase to 6–8 μg/ml by 24 h after injection of bacteria (Tong and Kanost,
2005). We injected serpin-4 or serpin-5 (40 μg) into naive M. sexta larvae, increasing their
concentration approximately 40-fold, a manipulation analogous to a genetic overexpression
experiment. Animals with this high concentration of serpin-5 mounted a reduced immune
response to injection of M. luteus, detected as reduced antibacterial activity of plasma, and
significantly lower bacteria-induced mRNA levels for antimicrobial peptides attacin-1,
cecropin-6 and a pattern recognition protein, hemolin (Fig. 4). Serpin-4 did not strongly affect
induction of antibacterial activity or expression of attacin and cecropin. Results presented in
this study indicate that serpin-5 can regulate antimicrobial peptide expression in M. sexta by
inhibiting HP6, which cleaves and activates proHP8, an activating proteinase of the Toll ligand
Spätzle (An et al., 2009; An et al., 2010). Serpin-4, a less efficient inhibitor of HP6, might
contribute to this regulation to a lesser degree. In control reactions, we determined that serpin-4
and serpin-5 do not inhibit HP8 (Fig. S1). Other serpins known to function as regulators of the
Toll signaling pathway for AMP expression in insects include serpin43Ac, serpin5, and
serpin77Ba in D. melanogaster (Levashina et al., 1999; Green et al., 2000; Robertson et al.,
2003) and serpin2 in A. aegypti (Bian et al., 2005; Shin et al., 2006), although which proteinases
these serpins inhibit has not yet been determined. In T. molitor, the specific proteinases
inhibited by serpin55, serpin40, and serpin48 to regulate activation of the Toll pathway have
been indentified through biochemical analysis (Jiang et al., 2009), but none of these are
orthologous with M. sexta HP6. M. sexta serpin-1J can inhibit HP8, also leading to reduced
activation of Spätzle and diminished antibacterial response (C. An and M. R. Kanost,
unpublished results).

Based on the results from current and previous studies, we propose a model for the regulation
of the proPO activation cascade and Toll signaling pathway by serpins in M. sexta (Fig. 6).
Upon fungal or Gram-positive bacterial challenge, proHP14 becomes active in the presence of
β-1,3-glucan recognition protein (Wang and Jiang, 2006). HP14 can then activate proHP21,
which in turn activates proPAP2 or proPAP3 (Gorman et al., 2007;Wang and Jiang, 2007).
PAP2 and PAP3 activate proPO in the presence of active SPHs (Yu et al., 2003;Wang and
Jiang, 2004). In this pathway, HP14 can be inhibited by serpin-1I (Wang and Jiang, 2006),
HP21 is inhibited by serpin-4 (Tong et al., 2005), and PAP2 and PAP3 are regulated by
serpin-1J and serpin-3 (Jiang et al., 2003;Zhu et al., 2003). Another activation pathway occurs
when M. sexta larvae are exposed to Gram-positive or Gram-negative bacteria or fungi.
Unknown serine proteinase(s) are activated, one of which then activates proHP6. Active HP6
then processes proHP8 and proPAP1 to initiate a branched pathway (An et al., 2009). Activated
HP8 cleaves pro-spätzle to produce active Spätzle (An et al., 2010), which binds a Toll receptor
to initiate a signaling pathway resulting in expression of AMPs. Activated PAP1 can activate
proPO in the presence of SPHs (Yu et al., 2003). Serpin-5 inhibits HP6 (data in this paper),
and HP8 is regulated by serpin-1J and serpin-6 (C. An and M. R. Kanost, submitted) (Zou and
Jiang, 2005). PAP1 is inhibited by serpin-3 and serpin-1J (Gupta et al., 2005;Zhu et al.,
2003). Future research is required to identify components of the pathway upstream of HP6, to
learn how this branch of the pathway is initiated in response to infection. Also, the D.
melanogaster ortholog of HP6, called Persephone, can be activated by microbial proteinases,
and whether this is also the case for HP6 requires further investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Serpin serine proteinase inhibitor

SPH serine proteinase homologue.
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Figure 1. SDS-stable complex formation between HP6Xa and serpin-5 (A) or serpin-4 (B)
ProHP6Xa (40 ng) was activated by factor Xa and then incubated for 10 min at room
temperature with serpin-5 or serpin-4 at a molar ratio of 1:1 or 10:1 (serpins : proHP6Xa). In
control reactions, proHP6Xa or factor Xa were omitted. The samples were subjected to SDS-
PAGE and immunoblot analysis using antiserum against HP6 (left panel) or serpin (right
panel). Bands representing a serpin-HP6 complex are marked by arrow heads. HP6 antibody
recognized the 39-kDa proHP6Xa zymogen and a 29-kDa catalytic domain produced upon
activation by factor Xa. Size and positions of molecular mass standards are indicated to the
left of each blot.
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Figure 2. Rate of formation of covalent complex between HP6 and serpin-4 or -5
(A) Activated HP6Xa (40 ng) was incubated with serpin-4 (480 ng) or serpin-5 (460 ng) at
room temperature for 0, 0.5, 1, 1.5, 2, 2.5 and 3 min. The reaction mixtures were separated by
SDS-PAGE, followed by immunoblot analysis with antiserum against M. sexta HP6. The size
and position of molecular weight standards are indicated on the left. (B) Quantitative analysis
of 66-kDa band in (A) intensity by densitometry. Net intensity of the 66-kDa band
corresponding to serpin-proteinase complex was analyzed using Carestream Molecular
Imaging Software 5.0, and plotted against incubation time.
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Figure 3. Serpin-4 and serpin-5 inhibit the activation of recombinant proHP8 (A) and proPAP1
(B) by HP6
ProHP6Xa (20 ng) was activated by Factor Xa (50 ng), and then incubated at room temperature
for 10 min with a 10-fold molar excess of serpin-4 or serpin-5, then incubated with proHP8
(40 ng) or proPAP1 (40 ng) at 37°C for 1 h. The mixtures were subjected to SDS-PAGE and
immunoblotting using M. sexta HP8 (A) or PAP1 (B) antibodies. Bands representing zymogens
and catalytic domains of proHP8 or proPAP1 are marked by arrows. Recombinant proHP8
contains two bands recognized by HP8 antiserum, a 42-kDa zymogen and 37-kDa truncated
form (An et al., 2010). The sizes and positions of molecular weight standards are indicated on
the left.
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Figure 4. Effect of injection of serpin-5 on the expression of bacteria-induced hemolymph proteins
Fifth instar day 0 larvae were injected with 40 μg of serpin-4, serpin-5, or BSA.. After 30 min,
a subset of these larvae was injected with 100 ng of M. luteus. After 20 h, hemolymph was
collected and fat body RNA samples were prepared from each insect, for assay of plasma
antibacterial activity and mRNA levels for bacteria-induced hemolymph proteins. (A)
Antimicrobial activity of plasma assayed against E. coli. (B) mRNA levels for indicated genes
were assayed by quantitative RT-PCR relative to ribosomal protein S3 mRNA level as
described in Materials and Methods. Bars represent mean ± S.D. (n = 3). Bars labeled with
different letters are significantly different (one-way ANOVA followed by the Newman-Keuls
test, P < 0.05).
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Figure 5. Sequence similarities of the region containing the scissile bond in serpin-4 or serpin-5 and
zymogen activation sites of M. sexta serine proteinases
The P1- P1' scissile bond is indicated by an arrow.
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Figure 6. A model for the regulation of M. sexta proPO activation cascade and Toll-like pathway
by serpins
Arrows indicate activation of downstream components or steps. Dashed arrows indicate
potentially more than one step. Arrows labeled with “?” indicate steps that have not been
experimentally verified. Regulation of proteinases by serpins is indicated. A dotted line
represents weak inhibition of HP6 by serpin-4..
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