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Abstract
The innate immune response of insects includes induced expression of genes encoding a variety of
antimicrobial peptides. The signaling pathways that stimulate this gene expression have been well
characterized by genetic analysis in Drosophila melanogaster, but are not well understood in most
other insect species. One such pathway involves proteolytic activation of a cytokine called Spätzle,
which functions in dorsal-ventral patterning in early embryonic development and in the antimicrobial
immune response in larvae and adults. We have investigated the function of Spätzle in a lepidopteran
insect, Manduca sexta, in which hemolymph proteinases activated during immune responses have
been characterized biochemically. Two cDNA isoforms for M. sexta Spätzle-1 differ due to
alternative splicing, resulting in a 10 amino acid residue insertion in the pro-region of proSpätzle-1B
that is not present in proSpätzle-1A. The proSpätzle-1A cDNA encodes a 32.7 kDa polypeptide that
is 23% and 44% identical to D. melanogaster and Bombyx mori Spätzle-1, respectively. Recombinant
proSpätzle-1A was a disulfide-linked homodimer. M. sexta hemolymph proteinase 8 (HP8) cleaved
proSpätzle-1A to release Spätzle-C108, a dimer of the carboxyl-terminal 108-residue cystine-knot
domain. Injection of Spätzle-C108, but not proSpätzle-1A, into larvae stimulated expression of
several antimicrobial peptides and proteins, including attacin-1, cecropin-6, moricin, lysozyme, and
the immunoglobulin domain protein hemolin, but did not significantly affect expression of two
bacteria-inducible pattern recognition proteins, immulectin-2 and β-1,3-glucan recognition
protein-2. Results from this paper and other recent studies support a model for a pathway in which
the clip-domain proteinase proHP6 becomes activated in plasma upon exposure to Gram-negative
or Gram-positive bacteria or to β-1,3-glucan. HP6 then activates proHP8, which in turn activates
Spätzle-1. The resulting Spätzle-C108 dimer is likely to function as a ligand to activate a Toll pathway
in M. sexta as a response to a wide variety of microbial challenges, stimulating a broad response to
infection.
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Introduction
A prominent feature of the innate immune systems of insects is the activation of serine
proteinase cascade pathways in hemolymph, which function to activate plasma proteins that
perform immune functions. This mechanism leads to activation of phenoloxidase, which
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oxidizes catechols leading to formation of toxic quinones and melanin [1,2], and to activation
of cytokines that stimulate hemocyte adhesion [3] or synthesis of antimicrobial peptides [4].
These antimicrobial peptides from several families reach high concentrations in the
hemolymph and efficiently kill invading microorganisms [4,5].

The signaling mechanisms that elicit expression of antimicrobial peptides are best understood
in Drosophila melanogaster. In this species, the Toll pathway operates by transmitting an
extracellular signal initiated by recognition of microbial surface polysaccharides, leading to
activation of serine proteinases to produce an active Toll ligand called Spätzle [4,6]. The
Spätzle ligand and Toll receptor also establish the dorsal-ventral axis in Drosophila embryo,
although this activation of proSpätzle is carried out by a different set of proteinases [7].

ProSpätzle is secreted as an inactive precursor, consisting of an unstructured pro-domain [8–
10] and a carboxyl terminal fragment that adopts a cystine knot structure similar to that of
mammalian neurotrophins such as nerve growth factor (NGF) [7]. This cystine knot motif
contains three intramolecular disulfide linkages and an intermolecular disulfide bond, which
joins two subunits to form a homodimer [7]. The proSpätzle precursor requires proteolytic
processing at a specific site, 106 amino acid residues from the carboxyl terminus to produce
an active ligand, termed C106 [7,11]. In the cascade for dorsal-ventral development, the clip-
domain serine proteinase [12] Easter cleaves proSpätzle to yield active C106 [7,13]. C106 then
binds to the ectodomain of the transmembrane receptor Toll and thereby initiates a cytoplasmic
signaling pathway resulting in release of are l-family transcription factor Dorsal from the
inhibitor protein Cactus to activate genes involved in dorsal-ventral differentiation [9,14,15].
The proteinases acting upstream of Spätzle during the immune response are distinct from those
mediating Toll activation during embryonic development [16]. A clip-domain proteinase called
Spätzle processing enzyme (SPE) converts proSpätzle in hemolymph to active C106 [11,17].

In addition to Spätzle-1, the D. melanogaster genome encodes five additional Spätzle
homologues (Spz2-6) [18], although functions for these have not yet been identified. Orthologs
of all six D. melanogaster Spätzle genes have been identified in the genomes of the mosquitoes
Anopheles gambiae and Aedes aegypti [19,20], but only two Spätzle homologs are present in
genomes of the honeybee Apis mellifera and the red flour beetle Tribolium castaneum [21,
22]. A probable ortholog of Spätzle-1 has been studied in the silkworm, Bombyx mori [23]. A.
aegypti Spätzle-1 was demonstrated by RNA interference experiments to function in antifungal
immunity [20], while injection of the active form of B. mori and T. castaneum Spätzle-1 into
insects has been shown to induce antimicrobial peptide-expression [23–25].

A serine proteinase that activates proSpätzle-1 in immune responses has been identified in a
beetle, Tenebrio molitor. The T. molitor clip-do main SPE has been demonstrated to be
activated by a proteinase cascade stimulated by peptidoglycan or β-1,3-glucan and to convert
Tribolium castneum proSpätzle to its active form [24,25]. Jang et al. [11] described a B.
mori clip-domain proteinase called BAEEase as a candidate proSpätzle-1 activator, because it
is activated by upstream serine proteinase cascade components in the presence of peptidoglycan
and β-1,3-glucan, and has sequence similarity to Easter.

The tobacco hornworm, Manduca sexta, has been a useful model system for biochemical
investigations of innate immunity, including the function of hemolymph proteinase cascades
and antimicrobial peptides [26–28]. In M. sexta larvae, hemolymph antimicrobial activity is
strongly induced by both Gram-negative and Gram-positive bacteria [29], and thirty
hemolymph proteins whose synthesis is induced by microbial exposure have been studied
[30].

A proteinase pathway activated by exposure to bacteria or β-1,3-glucan was shown to contain
M. sexta proteinase HP6, most similar in sequence to the D. melanogaster clip-domain
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proteinase Persephone. HP6 activates clip-domain proteinase HP8, which is most similar to
Drosophila SPE and Easter [31]. Injection of either of these M. sexta proteinases into larvae
stimulated expression of antimicrobial peptide genes, suggesting that they might function in
activation of a Toll pathway [31]. We present here results characterizing M. sexta Spätzle-1,
identifying HP8 as its activating proteinase, and demonstrating that processed Spätzle-1
functions to stimulate expression of several antimicrobial peptides in M. sexta.

Results
Isolation and analysis of M. sexta proSpätzle-1 cDNAs

We identified a 130-bp fragment in a M. sexta fat body and hemocyte EST collection [32],
which encoded a polypeptide sequence with 46% identity to B. mori Spätzle-1 [23]. We carried
out 3′ and 5′ RACE to obtain the missing ends of the cDNA and then used primers
encompassing the start and stop codons with larval fat body cDNA as template to obtain eight
individual clones containing the complete coding sequence. Two variants of the full-length
proSpätzle-1 cDNA sequence were identified. The shorter proSpätzle-1A cDNA contains
2,532 nucleotides, with a 181-bp 5′-noncoding sequence, an 888-bp open reading frame, and
a 1463-bp 3′-noncoding sequence, including a poly(A) tail (Fig. 1A). The 3′-noncoding region
contains two putative polyadenylation signals just upstream of the poly(A) tail. The longer
variant, proSpätzle-1B contained a 30 bp insertion in the open reading frame, beginning at
nucleotide 516. This results in insertion of a 10 amino acid residue segment (TREIDYPETI)
and one substitution (Ser→Gly) at the carboxyl-terminal end of the insertion (Fig. 1B).

To examine the origin of the two proSpätzle-1 variants, we used primers designed from the
cDNA sequence to amplify overlapping genomic DNA fragments corresponding to nearly the
complete open reading frame (Figure S1). Four introns were identified in the proSpätzle-1
gene, all of which are conserved in the B. mori proSpätzle-1 gene (data not shown). We were
not able to amplify a genomic sequence containing the first ~300 bp of the M. sexta proSpätzle-1
mRNA, perhaps because of a large intron in this region, as occurs in the B. mori proSpätzle-1
gene [23]. One intron is at a conserved position in proSpätzle-1 genes of D. melanogaster
[18], B. mori [23], and T. castaneum [22] (Fig. 1A and Fig. S1). The two M. sexta proSpätzle-1
variants apparently arise from use of alternative 3’ splicing sites for the first intron in the
genomic region that was sequenced (Fig. 1B and Fig. S1). RT-PCR analysis, using primers
flanking the alternative splice sites to produce different sized products for the two variants
(Table S1), indicated that both isoforms are expressed, with proSpätzle-1B more abundant than
proSpätzle-1A (Fig. S3).

The conceptual proteins deduced from nucleotide sequences of proSpätzle-1A and
proSpätzle-1B cDNA consisted of 295 and 305 amino acid residues, respectively, both
including a predicted 18-residue secretion signal peptide. The calculated mass and isoelectric
point of mature proSpätzle-1A are 31,861 Da and 6.97, whereas those of proSpätzle-1B are
33,050 Da and 6.08. There is one potential N-linked glycosylation site at Asn75 and one
potential O-linked glycosylation site (Thr109 in proSpätzle-1A and Thr119 in proSpätzle-1B).
The putative activation cleavage site, identified by alignment with D. melanogaster and B.
mori proSpätzle (Fig. 2), is located after IAQR169 in proSpätzle-1A (IAQR179 in
proSpätzle-1B), suggesting that an activating proteinase would cleave after this specific Arg
residue.

In preliminary experiments to express proSpätzle-1B, we found that it was cleaved at Arg-95,
within the alternatively spliced insertion, by a proteinase activity produced by both the D.
melanogaster S2 cell line and the Spodoptera frugiperda Sf9 cell line (data not shown), but
this was not the case for proSpätzle-1A, which lacks this residue. For this reason, we focused
further experiments on proSpätzle-1A to avoid complications of this artifact.
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Sequence comparisons and phylogenetic analysis
Database searches and sequence alignment indicated that M. sexta proSpätzle-1A is most
similar in amino acid sequence to B. mori proSpätzle-1, with 44% identity. Of the six D.
melanogaster Spätzle paralogs, the sequence of one Spätzle-1 splice variant (accession number
NM_079802) is the most similar to M. sexta proSpätzle-1A (23% identity). In the genome of
a beetle, T. castaneum, putative proSpätzle GLEAN01054 is most similar to M. sexta
proSpätzle-1A (22% identity). The putative active domain at the carboxyl terminus is generally
more conserved among different species (26–42% identity) than the amino-terminal pro-region
(14–23% identity). An exception is the B. mori sequence, in which the pro-region is 40%
identical to that of M. sexta. Seven Cys residues in the putative carboxyl-terminal active cystine
knot domain of M. sexta proSpätzle-1 are conserved with those found in D. melanogaster and
B. mori Spätzle-1 (Fig. 2) and in nearly all known Spätzle cystine knot domains (Fig. S2). In
D. melanogaster Spätzle, six of these Cys residues form intramolecular disulfide bridges, and
the seventh makes an intermolecular linkage with its counterpart in another subunit to form a
disulfide-linked homodimer [10].

To assess the relationship between M. sexta proSpätzle-1 and other insect Spätzle proteins, we
performed a phylogenetic analysis by aligning the homologous cystine knot domain sequences
from D. melanogaster, A. aegypti, A. gambiae, B. mori, M. sexta, Nasonia vitripennis, and T.
castaneum. We could not include A. gambiae Spätzle-1 in the analysis, because the partial
sequence of Spätzle-1 available for this species is, as yet, missing the cystine knot domain. The
phylogenetic tree (Fig. 3) suggests that all Spätzle homologues can be assigned to a 1:1
orthologous group with one of the Drosophila Spätzle gene products (Spz1 to Spz6). The
inclusion of M. sexta proSpätzle-1A in the same branch as Drosophila Spätzle-1, with a
bootstrap value of 77, suggests that M. sexta proSpätzle-1A is an ortholog of this gene. In the
clade including Spätzle-1, the branch lengths are noticeably longer and the bootstrap values
are lower than in the other clades containing Spätzle-2 through Spätzle-6, indicating a lower
degree of sequence conservation in Spätzle-1.

M. sexta Spätzle-1 gene expression
To test whether M. sexta Spätzle-1 mRNA level changes after exposure to microbial elicitors,
we analyzed the Spätzle-1 transcript level in hemocytes and fat body after larvae were injected
with killed E. coli, M. luteus, curdlan (insoluble β-1,3-glucan), or water as a control. An
approximately 20-fold increase in Spätzle-1 transcript level was observed in hemocytes at 24
h after injection of M.luteus or curdlan , but not after injection of killed E. coli (Fig. 4).
Spätzle-1 mRNA was also detected the fat body, although at a much lower level than in
hemocytes. No significant change was observed in fat body after injection of microbial
elicitors. We attempted to investigate concentration of Spätzle-1 in hemolymph by immunoblot
analysis, but failed to detect the protein in hemolymph samples. Based on the detection limit
of our antibody with purified recombinant Spätzle-1, we estimate the concentration of
Spätzle-1 in plasma to be less than 10 µg/ml.

Recombinant Spätzle-1A is a disulfide-linked dimmer
To investigate potential immune functions of M. sexta Spätzle, we expressed proSpätzle-1A
with six histidine residues at its carboxyl terminus, using a baculovirus system and Sf9 insect
cells. ProSpätzle-1A was secreted into the cell culture medium under control of its own signal
peptide and was purified by nickel-affinity chromatography, followed by anion exchange
chromatography. SDS-PAGE analysis in the presence of β-mercapoethanol indicated that the
purified spätzle had an apparent molecular mass of 38 kDa, which is slightly larger than that
predicted from its cDNA sequence plus 6×His-tag (32.7 kDa) (Fig. 5A). Recombinant
proSpätzle-1A bound to Concanavalin A (data not shown), indicating that N-linked
glycosylation may account for the increased mass. In the absence of β-mercapoethanol,
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proSpätzle-1A migrated to a position around 64 kDa (Fig. 5A), suggesting that the recombinant
protein is a disulfide-linked dimer.

ProSpätzle-1A is activated by proteinase HP8Xa
In other insect species, proSpätzle is activated through proteolysis by a clip-domain serine
proteinase. The similarity of M. sexta clip-domain proteinase HP8 to D. melanogaster SPE
and Easter, which cleave D. melanogaster proSpätzle to produce the active form (C106) [7,
11,17], and to Tenebrio molitor SPE [24] led us to predict that HP8 is an activating proteinase
for M. sexta proSpätzle [31]. To test this hypothesis, we prepared a recombinant form of
proHP8 (proHP8Xa), mutated to permit its activation by commercially available bovine Factor
Xa.

Recombinant proHP8Xa secreted from Drosophila S2 cells was purified by sequential
chromatography steps of Blue Gel affinity (to remove contaminating fetal bovine serum
albumin), Concanavalin A (ConA) affinity, Q-Sepharose anion exchange, and Sephacryl S-300
HR gel permeation. SDS-PAGE analysis indicated that proHP8Xa was essentially pure, but
had in addition to the predominant band at 42 kDa corresponding to the proHP8Xa zymogen
[31] a minor band with an apparent molecular mass of 37 kDa (Fig. 5B). This band, which was
also detected by antibody to HP8 (Fig. 6A), was shown by amino-terminal sequencing by
Edman degradation to be identical to the proHP8 sequence beginning at Gly60 (GAFGNDQG),
indicating that it is a truncated form of proHP8, cleaved after Arg59. As the activation site of
proHP8 is at Arg90 [31], this truncated form of proHP8Xa is not expected to be active.
Incubation of proHP8Xa with Factor Xa, resulted in appearance of a 34-kDa band
corresponding to the catalytic domain (Fig. 6A), as previously observed when wild-type
proHP8 was activated by M. sexta HP6 [31]. To confirm the activation of proHP8Xa by Factor
Xa, we tested whether activated HP8Xa can hydrolyze the HP8 substrate Ile-Glu-Ala-Arg-p-
nitroanilide (IEARpNA) [31]. ProHP8Xa lacked IEARase activity, but after the zymogen was
activated by Factor Xa, IEARase activity increased significantly above that of Factor Xa alone,
which can also hydrolyze the substrate (Fig. 6B). These results indicate that Factor Xa cleaved
and activated proHP8Xa.

When activated HP8Xa was mixed with proSpätzle-1A, the 38 kDa pro-Spätzle band
disappeared, and a 12 kDa product was produced (Fig. 7A). Amino-terminal sequencing of the
12-kDa polypeptide indicated that it corresponds to the carboxyl terminal cystine-knot domain
of Spätzle, beginning at Leu170 (LGPQEDNM). This is the expected proteolytic activation site,
after Arg169, based on the alignment with D. melanogaster and B. mori proSpätzle sequences
(Fig. 2). This product of proSpätzle-1A cleaved by HP8 was named Spätzle-C108, as it consists
of the carboxyl-terminal 108 residues. This band did not appear after treatment of
proSpätzle-1A with Factor Xa alone or with proHP8Xa zymogen (Fig. 7A), indicating that the
observed cleavage of pro-Spätzle was a result of HP8Xa proteolytic activity. We did not observe
any cleavage of proSpätzle-1A after incubation with M. sexta clip-domain serine proteinases
HP6 or pro PO-activating proteinase-1 (data not shown). In the absence of β-mercapoethanol,
Spätzle-C108 migrated to a position around 23 kDa on SDS-PAGE (Fig.7A), indicating that
it is a disulfide-linked dimer. Spätzle-C108 was purified after cleavage by HP8 by binding of
its carboxyl-terminal 6 × His tag to a nickel-affinity column. SDS-PAGE followed by silver
staining demonstrated that this step effectively separated Spätzle-C108 from its pro-domain
and the activating proteinases and that it remained as a disulfide linked homodimer (Fig. 7B).

M. sexta Spätzle-1 stimulates antimicrobial peptide gene expression
To investigate whether Spätzle-1 plays a role in stimulating the expression of AMP genes in
M. sexta, we injected purified Spätzle-C108, proSpätzle-1A, or buffer into fifth instar larvae
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and 20 h later collected hemolymph to measure antimicrobial activity and protein levels, and
we isolated RNA from fat body to measure antimicrobial peptide transcript levels.

Plasma antimicrobial activity against E. coli was not detected after injection of buffer or
proSpätzle-1A but increased significantly after injection with Spätzle-C108 (Fig. 8A). We
analyzed heat-stable polypeptides in plasma by SDS-PAGE and identified protein bands that
consistently had higher intensities after injection of Spätzle-C108 (Fig. 8A). Analysis of tryptic
peptides from these bands by MS/MS and Mascot software identified them as attacin-1,
lysozyme, and cecropin-A/B (Table S3). Immunoblot analysis with antibody to M. sexta
lysozyme confirmed the elevated level of lysozyme in plasma after injection of Spätzle-C108
(Fig. 8A).

Quantitative real-time PCR results revealed increased levels of mRNAs for moricin (50-fold),
attacin-1 (40-fold), and cecropin-6 (10-fold) after the injection of Spätzle-C108 compared to
the control injections with buffer or proSpätzle-1A (Fig. 8B). Levels of attacin-2 and lysozyme
mRNA were higher after Spätzle-C108 injection but did not reach a statistically significant
level in this experiment. These results indicate that proSpätzle-1A is not itself active, but that
its proteolytic cleavage by HP8 produces Spätzle-C108, which acts as a cytokine to stimulate
expression of a set of genes whose products have antimicrobial activity.

Transcript levels for immulectin-2 [33]and β-1,3-glucan recognition protein-2, pattern
recognition proteins that are upregulated after injection of bacteria [33,34] were not affected
by injection of proSpätzle-1A or Spätzle-C108 (Fig. 8B), and mRNA for hemolin, the most
abundant M. sexta plasma protein induced after injection of bacteria [35], increased only 3-
fold after injection of Spätzle-C108. Hemolymph concentrations of hemolin and β-1,3-glucan
recognition protein-2 were not significantly affected by injection of Spätzle-C108, as detected
by immunoblotting (data not shown). Therefore, it appears that Spätzle-C108 signaling may
stimulate expression of a sub-set of the genes whose expression is induced by microbial
exposure in M. sexta.

Discussion
Progress in understanding the biochemical pathways that operate in innate immune systems
requires investigation of molecular function in diverse taxa. We have identified a key cytokine,
Spätzle-1, in a lepidopteran insect. The sequence of this protein is weakly conserved in the
insects from which it has been characterized (Fig. S2), but it retains a common function in
stimulating expression of antimicrobial peptides. It also controls dorsal/ventral patterning in
the D. melanogaster embryo, but this role has apparently not been studied yet in other insect
species.

Although it is clear that Drosophila Spätzle acts as the ligand of the Toll receptor in two
important physiological pathways [16,36], the functions of other homologues, Spz2-6, are still
unknown. Phylogenetic analysis indicated that the M. sexta cDNAs isolated in this study belong
to the Spätzle-1 clade. The sequences for Spätzle-1 orthologs from different insect species are
much less conserved than those of the other groups, with longer branches and lower bootstrap
values for the Spätzle-1 clade. It appears that the Spätzle-1 orthologs, which are predicted to
have immune functions may, like other genes of the immune system, be subject to positive
natural selection, with higher rates of adaptive evolution than most other genes in the genome.
For example, persephone, spirit, Toll and necrotic in the Toll pathway, and Imd, Dredd and
Relish in the Imd pathway have evolved faster than non-immunity genes [37–39].

We identified two proSpätzle-1 isoforms in M. sexta larval cDNA, which resulted in a ten
amino acid residue insertion present in proSpätzle-1B but not in proSpätzle-1A caused by use
of two alternate 3’ splice sites (Fig. 1). In the currently available B. mori proSpätzle-1 cDNA
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and EST sequences, the splicing site is equivalent to that in M. sexta proSpätzle-1, with no
evidence for a longer form. Ten splicing isoforms of Drosophila Spätzle occur in the precellular
blastoderm embryo [8]. One pair of splicing isoforms appears as D. melanogaster Spätzle 11.7
and 11.15, with amino acid sequences identical except for a nine-residue segment present in
11.7 but not in 11.15 caused by use of an alternative 3’ splice site [8], although at a different
position within the pro-region than observed in the M. sexta splicing isoforms. Spätzle 11.15
was as active as isoform 11.7 in restoring ventrolateral pattern elements [8]. How these
sequences, which differ in the pro-region rather than the active signaling molecule might differ
in function, remains to be explored further.

An unusual 3′ splice site sequence (TG) exists at the end of the alternately spliced intron in
pro-Spätzle-1A rather than the consensus (AG), which does occur at the 3’ end of the intron
for pro-Spätzle-1B, following the GT-AG splicing rule [40]. Both splicing isoforms were
present in RNA samples tested, with proSpätzle-1B more abundant than proSpätzle-1A,
indicated that the unusal splicing city may be less preferred. The GT-TG exon-intron boundary
is less common but has also been reported in other genes, such as human and Drosophila Gsα
(the α subunit of the guanine nucleotide-binding protein) isoforms [41,42].

ProSpätzle-1 mRNA was detected in hemocytes and fat body of M. sexta larvae, with much
higher level of expression in hemocytes. We can not exclude the possibility that the signal
detected in fat body may have been from contaminating hemocytes. Expression of D.
melanogaster Spätzle in hemocytes but not fat body has been reported [43]. In B. mori,
Spätzle-1 transcript was observed in fat body and midgut samples, but hemocytes were not
tested [23]. M. sexta ProSpätzle-1 expression in hemocytes increased approximately 20-fold
by 24 h after injection of larvae with a Gram-positive bacterium or β-1,3-glucan (a component
of fungal cell walls) but no significant change was observed after injection of a Gram-negative
bacterium. Microarray analysis in D. melanogaster has shown increased Spätzle expression
after inoculation with a mixture of M. luteus and E. coli [43,44], and genetic analysis indicated
that induced Spätzle expression was regulated by the Toll but not the imd pathway [44], an
indication that Spätzle gene expression may not be stimulated by Gram negative bacteria in
D. melanogaster. The enhanced expression of proSpätzle during an infection may lead to
increased ability to stimulate production of antimicrobial peptides during an infection, as a
type of feed-forward positive regulation.

We previously found that proteinase HP8, which is most similar to D. melanogaster proSpätzle
activating proteinases Easter and SPE, could stimulate expression of antimicrobial peptide
genes when injected into M. sexta larvae [31]. These observations led us to test a hypothesis
that HP8 can process proSpätzle-1 to release a carboxyl-terminal fragment that forms the active
cystine knot cytokine. HP8 cleaved proSpätzle-1 with specificity at the expected position,
based on sequence alignment with other proSpätzle-1 sequences, to release the Spätzle-C108
disulfide-linked homodimer. The sequence around the activation cleavage site of proSpätzle-1
from different species is relatively well conserved, suggesting that this may be required to
allow specific recognition by the activating proteinase. Demonstration that the Spätzle-C108
fragment produced by HP8 is active as a cytokine to stimulate expression of antimicrobial
peptide genes, along with previous results showing that the Persephone ortholog HP6 can
activate proHP8 [31], leads to the following model for an extracelluar immune-stimulatory
pathway in M. sexta. ProHP6 is activated in hemolymph upon exposure to Gram-positive or
Gram-negative bacteria or β-1,3-glucan [31]. HP6 then cleaves and activates proHP8, which
in turn cleaves and activates proSpätzle-1. The Spätzle-C108 dimer then binds to a Toll receptor
in fat body cytoplasmic membrane to trigger an intracellular signal transduction pathway
leading to activation of rel-family transcription factors that stimulate transcription of
antimicrobial peptide genes. A Toll cDNA from M. sexta has been identified [45], and role of
this protein as a Spätzle-1 receptor needs to be examined. Upstream of the components
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characterized to date, the proteinase that activates proHP6 is still undiscovered, and pattern
recognition proteins that may trigger this pathway have not yet been identified.

Even though the activation and function of M. sexta proSpätzle-1 have similarities with the
pathways characterized in D. melanogaster and T. molitor, there are also some notable
differences. Exposure to β-1,3-glucan or to dead E. coli or M. luteus leads to proHP6 activation
and antimicrobial peptide synthesis in M. sexta, suggesting the existence of endogenous pattern
recognition factors and a proHP6-activating proteinase in plasma. However, D.
melanogaster Persephone, a putative ortholog of M. sexta HP6 [31], activates the Toll pathway
after it is cleaved by fungal or bacterial proteinases [46,47]. In T. molitor, a three-component
pathway generates active SPE that can activate both proSpätzle and prophenoloxidase [24,
25]. In contrast, in M. sexta, activation proSpätzle and prophenoloxidase is carried out by
different clip-domain proteinases, which are activated in separate cascade pathways [28,31].

In conclusion, the results presented here support a conclusion that the function of the cytokine
Spätzle-1 is conserved in the immune system of a lepidopteran insect, suggesting that a
cytokine-activated Toll pathway is an ancient feature of innate immunity in insects. Although
the families of extracellular molecules involved in this pathway are conserved between Diptera,
Coleoptera, and Lepidoptera, there are interesting variations in how the pathways are initiated
by recognition of microbial patterns and by microbial proteinases. Further biochemical and
genetic research is required for more complete understanding of the extracellular reactions of
plasma proteins that regulate innate immune responses.

Experimental procedures
Insect rearing

M. sexta eggs were originally purchased from Carolina Biological Supplies. The larvae were
reared on an artificial diet under conditions described previously [48].

DNA sequencing
DNA sequences were determined using an Applied Biosystems 3730 DNA Analyzer in the
DNA Sequencing and Genotyping Facility at Kansas State University.

Cloning of proSpätzle cDNAs
A 130-bp expressed sequence tag (contig 4514) obtained through pyrosequencing of M.
sexta fat body and hemocyte cDNA [32] encoded a protein fragment 46% identical to B.
mori Spätzle-1. Based on this fragment, primers (Table S1) were synthesized for rapid
amplification of cDNA ends (RACE), which was carried out using a GeneRacer kit (Invitrogen)
with cDNA from the fat body of fifth instar M. sexta larvae collected 24 h after injection with
100 µl of Micrococcus luteus (1 µg/µl). The resulting products were cloned into TOPO PCR
4.0 T-vector, and their sequences were determined. cDNAs encompassing the entire reading
frame of M. sexta Spätzle-1 were amplified from larval fat body cDNA by using primers
encoding the start and stop codon regions (Table S1). The products were cloned into TOPO
PCR 4.0 T-vector, and the nucleotide sequences were confirmed by DNA sequencing.

Amplification and sequencing of M. sexta genomic DNA
Primer pairs designed from the Spätzle-1 cDNA sequence were used to amplify corresponding
fragments of M. sexta genomic DNA (Table S1). These were cloned into TOPO PCR 4.0 T-
vector and sequenced.
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Sequence analysis
The program Splign [49] was used to assign intron/exon boundaries by comparison of the
genomic and cDNA sequences. Analysis of the amino acid sequences deduced from the cDNA,
including prediction of signal peptide and glycosylation sites, was carried out in the ExPASy
(Expert Protein Analysis System) proteomics server (http://www.expasy.org).

The deduced amino acid sequence of M. sexta Spätzle-1 was used to search the non-redundant
database from NCBI and sequences from the Human Genome Sequencing Center at Baylor
College of Medicine by using the TBLASTN program [50]. Similar protein sequences retrieved
from GenBank or deduced from the assembled contigs from insect genomes were aligned with
M. sexta Spätzle-1 sequence using Clustal W program. Phylogenetic trees were constructed by
the neighbor-joining method with a Poisson correction model using the MEGA version 3.1
software [51]. For neighbor-joining method, gaps were treated as characters and statistical
analysis was performed by the bootstrap method using 1,000 repetitions.

Quantitative RT-PCR analysis of Spätzle-1 mRNA level
Fifth instar day 2 larvae were injected with formalin-killed Escherichia coli XL1-Blue,
Micrococcus luteus, curdlan, or with water as a control as described previously [31]. At 24 h
after injection, total RNA was prepared from fat body and hemocytes, and first-strand cDNA
was synthesized as described previously [31]. Each cDNA sample (diluted 1:500 for hemocyte
cDNA or 1:25 for fat body cDNA) was used as template for quantitative RT-PCR analysis.
The M. sexta ribosomal protein S3 (rpS3) mRNA was used as an internal standard to normalize
the amount of RNA template. The primer pairs used are listed in Table S2. The thermal cycling
conditions and calculations were as described previously [31].

Antiserum preparation
A cDNA fragment encoding the last 108 amino acid residues of M. sexta proSpätzle-1 (Spätzle-
C108) was amplified by PCR using cDNA from day 2 fifth instar larval hemocytes (collected
24 h after injection of 100 µg curdlan) and primers listed in Table S1. The forward primer,
corresponding to nucleotides 774–786 of the cDNA, also contained an NcoI restriction site.
The reverse primer, corresponding to nucleotides 1084–1099 of the cDNA, included codons
for six histidine residues, followed by a stop codon and an XhoI site. The PCR product was
cloned into plasmid TOPO PCR 4.0 T-vector (Invitrogen) and then digested with NcoI and
XhoI. The cDNA fragment was subcloned into the same restriction sites in the expression vector
pET-28a (Novagen). After sequence verification, the resulting plasmid was used to transform
E. coli strain BL21(DE3). For recombinant protein expression, these bacteria were grown at
30°C in LB medium containing 50 µg/ml of kanamycin. When A600 of the culture reached 1.0,
D-sorbitol was added to the culture to a final concentration of 100 mM. Thirty min later,
isopropyl β-D-thiogalactoside was added at 0.5 mM, and the recombinant protein was
expressed for 6 h at 30°C. The bacteria were harvested by centrifugation and resuspended in
lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH 8.0). Cells were
lysed by sonication, and a cleared lysate was obtained by centrifugation. The soluble Spätzle-
C108 in the supernatant was purified by nickel-nitrilotriacetic acid (NTA) agarose
chromatography as described by Jiang et al. [52]. Spätzle-C108 was further purified by
preparative 12 % SDS-polyacrylamide gel electrophoresis (PAGE) and used as antigen for the
production of a rabbit polyclonal antiserum (Cocalico Biologicals).

SDS-PAGE and immunoblot analysis
Protein samples were treated with 6 × SDS sample buffer with or without β-mercapoethanol
at 95°C for 5 min and then separated by SDS-PAGE using 4–12% NuPAGE Bis-Tris gels
(Invitrogen). Gels were stained with silver nitrate [53]. Immunoblot analysis was carried out
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using 1:1000 diluted antiserum to M. sexta Spätzle-C108 as the primary antibody. Antibody
binding was visualized using alkaline phosphate-conjugated goat anti-rabbit IgG and alkaline
phosphate substrate kit (Bio-Rad).

Expression and purification of recombinant proSpätzle-1A
The entire M. sexta proSpätzle-1A coding region including the signal peptide was amplified
by PCR using forward and reverse primers described in Table S1, to include an SpeI site at the
5’ end and codons for an in-frame six-histidine sequence followed by a stop codon and an
XhoI site at the 3’ end. The PCR product was recovered by agarose gel electrophoresis, digested
with SpeI and XhoI and then inserted into the same restriction sites in the vector pFastBac1
(Invitrogen). The resulting plasmid, after sequence verification, was used to generate a
recombinant baculovirus according to the manufacturer’s instructions (Invitrogen).

To express proSpätzle, Sf9 cells (2 × 106 cells/ml) in 800 ml of Sf-900 II serum-free medium
(Invitrogen) were infected with the recombinant baculovirus at multiplicity of infection of 2
and were incubated at 28°C with shaking at 150 rpm. The culture was harvested at 48 h post
infection, and cells were removed by centrifugation at 5000×g for 20 min at 4°C. The cell-free
medium was incubated for one h at 4°C with 2 ml of Ni-NTA agarose (Qiagen) equilibrated
with initial buffer (20 mM Tris-HCl, 200 mM NaCl, pH 8.0). Ni-NTA agarose was then packed
into a column (1.5 cm × 1 cm), which was washed with buffer (20 mM Tris-HCl, 200 mM
NaCl, 20 mM imidazole, pH 8.0) until the A280 of the effluent was near 0. The bound proteins
were sequentially eluted with one ml aliquots of the initial buffer containing 50 mM, 100 mM,
or 250 mM imidazole. Fractions containing recombinant proSpätzle were pooled and dialyzed
against buffer (20 mM Tris-HCl, 20 mM NaCl, pH 8.0), and then applied to a pre-equilibrated
Q-Sepharose Fast Flow column (1 cm × 2.5 cm). The column was washed with the dialysis
buffer until the absorbance at 280 nm was near 0 and then eluted with a linear gradient of NaCl
(20–500 mM, 40 ml total) in 20 mM Tris-HCl, pH 8.0, at 1 ml/min. Fractions of one ml were
collected and analyzed by SDS-PAGE.

Production, purification and activation of a mutant of M. sexta hemolymph proteinase-8
(HP8Xa)

The entire coding region of proHP8 inserted into plasmid vector pMT/V5-His A (Invitrogen)
[31] was used as a template to produce mutant proHP8 (proHP8Xa) plasmid according to the
instructions of Quick Change® Multi Site-Directed Mutagenesis Kit (Stratagene). The
cleavage activation site of proHP8, NNDR90 was replaced with IEGR90, the preferred cleavage
site for bovine Factor Xa, by using the mutagenic oligonucleotide primer (5′-
TGCGGCATTCAAATCGAGGGCAGAATTGTTGGAGG-3′, sequence encoding IEGR
underlined). After DNA sequence verification, the plasmid was used to transfect Drosophila
S2 cells and produce the mutant protein, proHP8Xa, from a stable cell line, following the
manufacturer’s instructions (Invitrogen).

The S2 culture medium was collected at 48 h after induction with CuSO4 at a final concentration
of 500 µM. ProHP8Xa was secreted into cell culture medium under control of its own signal
peptide. The secreted recombinant proHP8Xa was purified following the method described
previously [31]. To determine the amino-terminal sequence of a truncated band visible after
SDS-PAGE under reducing conditions, the protein was transferred onto a polyvinylidene
difluoride (PVDF) membrane and stained with 40% methanol containing 0.025% Coomassie
Brilliant Blue R-250. After de-staining with 50% methanol, the band corresponding to the
truncated proHP8Xa was excised and subjected to Edman degradation sequencing at the W. M.
Keck Facility at Yale University.
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To test whether proHP8Xa could be activated by Factor Xa, 50 ng of purified recombinant
proHP8Xa was incubated with 100 ng of bovine Factor Xa (New England BioLabs) in the
reaction buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween-20) at 37°C for 6 h.
The mixtures were separated by SDS-PAGE using NuPAGE 4–12% Bis-Tris gels (Invitrogen)
followed by immunblotting with antiserum against M. sexta HP8 (diluted 1:2000) as the
primary antibody. The activation of proHP8Xa was confirmed by measuring the amidase
activity of activated HP8Xa with 200 µl of 50 µM acetyl-Ile-Glu-Ala-Arg-p-nitroanilide
(IEARpNa) in 0.1 M Tris-HCl, pH 8.0, 0.1 M NaCl, 5 mM CaCl2 as colorimetric substrate.
The amidase activity was measured by monitoring A405 in a microplate reader (Bio-Tek
Instrument, Inc.). One unit of amidase activity was defined as ΔA405/min=0.001.

Activation of recombinant proSpätzle by HP8Xa
To test the ability of HP8Xa to cleave proSpätzle, 25 ng of Factor Xa-activated HP8Xa or 50
ng of Factor Xa alone as a control was incubated with 100 ng of proSpätzle in the presence of
20 mM imidazole at 37°C for 1 h. The reaction mixtures were separated by SDS-PAGE using
NuPAGE 4–12% Bis-Tris gel (Invitrogen) followed by immunoblotting with antiserum against
Spätzle-C108 as primary antibody. The cleavage site of proSpätzle was determined by Edman
sequencing as described above for truncated proHP8Xa.

To obtain active spätzle for injection into larvae to test biological activity, 100 µg of purified
proSpätzle-1 A (20 ng/µl) was activated as described above and diluted in 10 ml of 20 mM
Tris-HCl, 200 mM NaCl, pH 8.0, then incubated with 100 µl of Ni-NTA agarose at 4°C for 1
h. The Ni-NTA agarose was collected by centrifugation at 500 × g for 5 min at 4°C, and washed
twice with 1 ml of 20 mM Tris-HCl, 200 mM NaCl, pH 8.0. The bound Spätzle-C108 was
sequentially eluted three times with 200 µl aliquots of the same buffer containing 20 mM, 50
mM, and 100 mM imidazole. The eluted fractions were analyzed by SDS-PAGE followed by
silver staining [52].

Effects of Spätzle on antimicrobial peptide gene expression
Day 0 fifth instar larvae were injected with filtered buffer (20 mM Tris-HCl, 200 mM NaCl,
20 mM imidazole, pH 8.0) (100 µl/larva) as negative control, purified proSpätzle (100 µl/larva,
30 ng/µl), or purified Spätzle-C108 (100 µl/larva, 10 ng/µl, 3 larvae) derived from cleavage
of proSpätzle-1A by HP8Xa and re-purified by nickel-affinity chromatography as described
above. Twenty hours later, fat body and hemolymph samples were collected. Total RNA
samples were prepared from fat body and cDNA was prepared as described previously [31].
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. Quantitative real-time PCR, identification of plasma proteins by mass spectrometry, and
assay of antimicrobial activity against E. coli strain XL1-Blue were carried out as described
previously [31].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Spz Spätzle

SPE Spätzle processing enzyme

HP6 hemolymph proteinase 6

HP8 hemolymph proteinase 8

RT-PCR reverse transcriptase-polymerase chain reaction

SDS-PAGE SDS-polyacrylamide gel electrophoresis.
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Fig. 1.
(A) cDNA and deduced amino acid sequences of M. sexta proSpätzle. The one-letter code for
each amino acid residue is aligned with the second nucleotide of the corresponding codon. The
stop codon is marked with “*”. The predicted secretion signal peptide is underlined. The
proteolytic activation site is indicated with “‖”. The amino terminal sequence, determined by
Edman degradation, of the activated form of Spätzle (C108) after cleavage by HP8, is shown
in bold. Putative N- and O- linked glycosylation sites are shaded. AATAAA sequences
(double-underlined) near the end of the 3′ untranslated region are potential polydenylation
signals. Intron positions identified within the ORF are indicated by “◊”, with a filled symbol
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“♦” showing the position of an intron conserved in the orthologous Spätzle genes from D.
melanogaster, B. mori, and T. castaneum. (B) The alternative splicing boundaries leading to
two proSpätzle isoforms (accession numbers GQ249944, GQ249945).
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Fig. 2.
Alignment of full length of M. sexta proSpätzle-1A (Ms_Spz), B. mori Spätzle-1 (Bm_Spz)
and D. melanogater Spätzle (Dm_Spz). Completely conserved amino acid residues are
indicated by “*”, and conservative substitutions by “:” below the sequences. The P1 residue
at the activation cleavage site is shown in bold, and the scissile bond is indicated with an arrow..
Absolutely conserved cysteine residues are shaded and numbered. The paired numbers (1-1,
2-2, 3-3) indicate the intrachain disulfide linkage in Dm_Spz [10]. Cys-4 forms an
intermolecular disulfide bond with its counterpart in another subunit. The GenBank accession
numbers are: Ms_Spz, GQ249944; Bm_Spz, NM_001114594; Dm_Spz, NM_079802.
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Fig. 3.
Phylogenetic analysis of the cystine-knot domains in Spätzle from M. sexta and other insect
species. The tree was derived from an alignment that can be found in supplementary Figure
S2. Numbers at the nodes are bootstrap values as percentage. The nodes signifying Spz2, Spz3,
Spz4, Spz5, and Spz6 specific branches are denoted by “•”. The circled bootstrap value
indicates that M. sexta Spätzle-1A probably belongs to the Spz1 group. The scale bar indicates
the number of substitutions per site. Abbreviations used are: Aa, Aedes aegypti; Ag, Anopheles
gambiae; Bm, Bombyx mori; Dm, Drosophila melanogaster; Ms, Manduca sexta; Nv, Nasonia
vitripennis; Tc, Tribolium castaneum.
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Fig. 4.
M. sexta Spätzle gene expression is up-regulated after injection of microbial elicitors.
Quantitative RT-PCR was used to assess the transcript level of Spätzle-1, with ribosomal
protein S3 (rpS3) as in internal standard to indicate consistent total mRNA amount. Day 2,
fifth instar larvae were injected with water, E. coli, M. luteus, or curdlan. RNA was extracted
from hemocytes and fat body collected 24 h after injection. The 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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Fig. 5.
SDS-PAGE analysis of purified recombinant proteins. (A) Purified proSpätzle-1A (0.1 µg)
was treated with SDS sample buffer in the absence or presence of 0.14 M β-mercaptoethanol
(β-ME) at 95°C for 5 min and separated by SDS-PAGE followed by silver staining. (B) Purified
proHP8Xa (75 ng) was analyzed by SDS-PAGE under reducing conditions followed by silver
staining. The sizes and positions of the molecular weight markers are indicated on the left side
of each gel.

An et al. Page 20

FEBS J. Author manuscript; available in PMC 2010 January 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Activation of purified recombinant proHP8Xa by Factor Xa. (A) Purified recombinant
proHP8Xa (50 ng) and Factor Xa (100 ng) were incubated separately or mixed together in the
presence of 0.005% Tween-20 at 95°C for 5 min, and the mixtures were separated by SDS-
PAGE, followed by immunoblot analysis using antiserum against M. sexta HP8. Bands
representing the proHP8Xa zymogen, a truncated form of proHP8Xa, and the catalytic domain
of active HP8 are marked by arrowheads. The size and position of molecular weight standards
are indicated on the left. (B) Catalytic activity of activated HP8Xa (50 ng) was detected by
spectrophotometric assay using IEARpNA as a substrate, as described in Experimental
Procedures. The 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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Fig. 7.
(A) Proteolytic activation of proSpätzle by HP8Xa. ProHP8Xa (25 ng) was activated by bovine
Factor Xa (50 ng) and then incubated with proSpätzle (100 ng) at 37°C for 1 h. The mixtures
were subjected to SDS-PAGE and immunoblotting using Spätzle antibodies. The sizes and
positions of molecular weight standards are indicated on the left. Bands representing proSpätzle
precursors, cysteine-knot domain (Spätzle-C108), and Spätzle-C108 dimer are marked by
arrows. (B) SDS-PAGE analysis of Spätzle-C108. Spätzle-C108 (40 ng) purified after
activation by HP8Xa, was treated with SDS sample buffer in the absence or presence of 0.14
M β-mercaptoethanol (β-ME) at 95°C for 5 min and separated by SDS-PAGE followed by
silver staining. Sizes and positions of the molecular weight markers are indicated on the left.
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Fig. 8.
Effects of Spätzle injection on the humoral immune response. Fifth instar, day 0 larvae were
injected with buffer, proSpätzle-1A, or activated Spätzle-C108. Twenty h later, hemolymph
was collected, and fat body RNA samples were prepared from each insect. (A) Antimicrobial
activity of plasma assayed against E. coli and identification of antimicrobial plasma proteins
by SDS-PAGE and peptide mass fingerprinting or immunoblotting. Sizes and positions of
molecular weight standards are indicated on the left. (B) Relative transcript levels for indicated
genes were assayed by quantitative RT-PCR as described in Experimental Procedures.
Symbols represent mean ± S.D. (n=3). Lack of error bars indicates that S.D. was smaller than
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the size of the symbol. Asterisks indicate means that are significantly different from the buffer-
injected control (one-way ANOVA followed by the Newman-Keuls test, P < 0.05).
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