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Abstract

Serine protease inhibitors (serpins) are a superfamily of proteins, most of which control protease-
mediated processes by inhibiting their cognate enzymes. Sequencing of the silkworm genome
provides an opportunity to investigate serpin structure, function, and evolution at the genome level.
There are thirty-four serpin genes in Bombyx mori. Six are highly similar to their Manduca sexta
orthologs that regulate innate immunity. Three alternative exons in serpinl gene and four in serpin28
encode a variable region including the reactive site loop. Splicing of serpin2 pre-mRNA yields
variations in serpin2A, 2A’ and 2B. Sequence similarity and intron positions reveal the evolutionary
pathway of seven serpin genes in group C. RT-PCR indicates an increase in the mRNA levels of
serpinl, 3,5, 6,9, 12, 13, 25, 27, 32 and 34 in fat body and hemocytes of larvae injected with bacteria.
These results suggest that the silkworm serpins play regulatory roles in defense responses.
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Introduction

Serine proteases (SPs) mediate crucial physiological processes such as blood coagulation,
complement activation, melanotic encapsulation, and spétzle processing in vertebrates and
invertebrates [1,2]. After accomplishing their missions, active SPs need to be promptly
defunctionalized and removed from circulation. Serine protease inhibitors (serpins) have
evolved to regulate SPs and maintain homeostasis [3]. To date, over 800 serpins have been
identified in animals, plants, bacteria, and viruses. Typical mature serpins contain 350~400
amino acid residues and share a conserved three-dimensional structure composed of nine a-
helices and three B-sheets [4]. An exposed reactive site loop (RSL), located near the carboxyl-
terminus, connects B-sheets A and C and acts as bait for protease binding and cleavage. The
serpin RSL, upon formation of a covalent bond with its target enzyme, undergoes a major
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conformational change and inserts into B-sheet A as the fourth strand (s4A). In this
thermodynamically favored process, the protease molecule is dragged to the other end of serpin
and becomes inactive due to the distortion of its catalytic machinery [5].

Serpins have been purified and cloned from insects including Bombyx mori [6,7], Manduca
sexta [8-13], Mythimna unipuncta [14], and Aedes aegypti [15]. Biochemical investigations
suggest that most serpins in hemolymph can regulate plasma proteases. For instance,
Manduca serpins inhibit hemolymph proteases (HPs) involved in the prophenoloxidase
(proPO) activation pathway, a SP-mediated defense response against pathogen infection and
tissue damage [16,17]. Hemolymph proteins responsible for proPO activation and melanization
include HP14, HP21, PAPs (for proPO-activating proteases), HP1, HP6, and SPHs (for SP
homologs). High M, complexes of SPH1 and SPH2, which lack the active site Ser residue or
catalytic activity, are required for generating active PO by PAPs. We have identified the
following physiological pairs of serpin-protease: serpinll-HP14, serpin3/1J-PAPs, serpin4-
HP1/HP6/HP21, serpin5-HP1/HP6, and serpin6-HP8/PAP1/PAP3 [9,11,12,18,19].

Genetic analyses have revealed physiological functions of several serpins in D.
melanogaster [20,21] and A. gambiae [22—24]. Drosophila Serpin43Ac regulates the Toll
pathway in response to fungal infection in the adults. Serpin27A, an ortholog of M. sexta
serpin3, controls melanization by inhibiting a proPO activating enzyme. It also affects
embryonic development by inhibiting easter, a member of the SP pathway that establishes the
dorsoventral axis [25]. Drosophila serpin4A is an intracellular serpin that regulates protein
processing in the secretory pathway of cells [26]. In Anopheles, the relationships between
serpins and malaria pathogens have been explored. The accumulation of serpinl0 in the midgut
epithelial cell correlates with the malaria parasite transmission [27]. Serpin6 expression affects
Plasmodium berghei clearance by inhibiting proPO activation or promoting parasite lysis
[23]. Serpin2, the A. gambiae ortholog of M. sexta serpin3, has a drastic effect on survival of
P. berghei but its underexpression does not impact P. falciparum [24,28].

Insect genome projects have uncovered many serpin genes in the fly [29], mosquitoes [30,
31], honeybee [32], and beetle [33], although their physiological roles remain mostly unknown.
To facilitate the research on these important regulatory molecules, we have explored serpin
genes in the silkworm genome [34,35] and compared them with serpins from M. sexta and
other insects. It is our hope that such a comparison will stimulate biochemical studies on B.
mori serpins. In this paper, we describe the initial sequence analysis of silkworm serpins, which
provides a perspective for their functional investigation and a landmark for comparative
genomic analysis of insect serpins.

Materials and methods

Insects and collection of hemocytes, and fat body

B. mori eggs and diet were purchased from Carolina Biological Supply, and the larvae were
reared at ambient temperature. Day 2, 5™ instar larvae were injected with a mixture of 5x107
Escherichia coli cells, 15 pg Micrococcus luteus, and 15 pg curdlan suspended in 50 pl
phosphate buffered saline (10 mM phosphate, 138 mM NaCl, 2.7 mM KCI, pH 7.4). Hemocyte
and fat body samples were collected from the injected and uninjected (control) larvae 24 h later
as previously described [18].

Database searching and sequence retrieving

M. sexta serpinl~6 protein sequences were used as queries for BLAST search of the local B.
mori database (http://darwin.okstate.edu/blast/blast.ntml) at a cutoff E-value of 0.1. This
standalone service was established using National Center for Biotechnology Information
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(NCBI) BLAST Tool Kit. B. mori genome sequences and protein prediction files were
downloaded from Silkworm Genome Database, SilkDB (http://silkworm.genomics.org.cn/).
Based on the ESTs downloaded from NCBI (http://www.ncbi.nlm.nih.gov/), a B. mori
UniGene database was established using TGI Clustering Tools
(http://www.tigr.org/software/other.shtml). Protein sequences resulting from the initial search
were used as queries for another round of BLAST search, and this step was repeated until no
new sequence was found. According to the combined list of accession numbers, corresponding
nucleotide sequences of putative serpins were retrieved from SilkDB for BLAST searches of
the EST database to validate the gene predictions. In case of discrepancies, cDNA sequences
were used as references to correct prediction errors. Respective EST clones were either
completely sequenced or assembled using CAP3 [36]. Exon-intron organization and alternative
splicing was confirmed by comparing cDNA with the genome sequence using Est2genome
(http://bioweb.pasteur.fr/docs/EMBOSS/est2genome.html). D. melanogaster, A. gambiae, A.
aegypti, A. mellifera and T. castaneum serpin sequences were retrieved from FlyBase
(http://flybase.bio.indiana.edu/), Ensembl (http://www.ensembl.org/index.html for the
mosquitoes), NCBI (for the honeybee), and BeetleBase
(http://mwww.hgsc.becm.tmce.edu/projects/tribolium/). Other insect serpin sequences were
retrieved from NCBI.

Identification and characterization of B. mori serpins

To confirm classification as serpins, the protein sequences were scanned for domain features
using CDART (http://www.ncbi.nIm.nih.gov/structure/lexington/lexington.cgi?cmd=rps),
PROSITE (http://us.expasy.org/prosite/), and SMART
(http://smart.embl-heidelberg.de/smart). Signal peptides were predicted by SignalP3.0
(http://www.cbs.dtu.dk/services/SignalP/). Cleavage sites were predicted according to the
conserved features of serpin reactive site loop [3,37].

Multiple sequence alignment and phylogenetic analysis

Complete serpin domains were aligned using ClustalX 1.83
(ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/). Phylograms were displayed by neighbor-joining
analysis through Treeview (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). A Blosum
30 matrix, with a gap penalty of 10 and an extension gap penalty of 0.05 were selected for the
multiple sequence alignment.

RNA extraction and reverse transcription (RT)-PCR analysis

Total RNA samples were extracted from fat body or hemocytes of naive and induced B.

mori larvae using Micro-to-Midi Total RNA Purification System (Invitrogen Life
Technologies). First-strand cDNA synthesis was performed using 2-4 pg total RNA, 10 pmol
oligo(dT)17, and 200 U MMLYV reverse transcriptase (Invitrogen Life Technologies) at 37°C
for 1 h. B. mori actin cDNA was used as an internal standard to normalize the templates in a
preliminary PCR experiment. After template adjustment, PCRs were performed to detect
relative levels of serpin cDNASs using the specific primers (Table S1). The thermal cycling
conditions were: 94°C, 30s; 50°C, 40s; 72°C, 90s. PCR cycle numbers were empirically chosen
to show comparable band intensity and avoid saturation. After separation by 1.5% agarose gel
electrophoresis, intensities of the PCR products were quantified and compared using Kodak
Digital Science 1D Gel Analysis Software and then categorized into different clusters based
on their tissue specificity and inducibility.

Genomics. Author manuscript; available in PMC 2010 April 1.


http://silkworm.genomics.org.cn/
http://www.ncbi.nlm.nih.gov/
http://www.tigr.org/software/other.shtml
http://bioweb.pasteur.fr/docs/EMBOSS/est2genome.html
http://flybase.bio.indiana.edu/
http://www.ensembl.org/index.html
http://www.hgsc.bcm.tmc.edu/projects/tribolium/
http://www.ncbi.nlm.nih.gov/structure/lexington/lexington.cgi?cmd=rps
http://us.expasy.org/prosite/
http://smart.embl-heidelberg.de/smart
http://www.cbs.dtu.dk/services/SignalP/
ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zou et al. Page 4

Results

Overview of the silkworm serpin genes

Determination of the silkworm genome sequence allowed us to examine serpin genes in the
entire genome. A search of Silkworm Genome Database (SilkDB) yielded 34 serpin gene
sequences (Table 1). We sequenced the complete cDNA clones for serpinl through 13 (Fig.
S1). The remaining serpins (except for 21, 22, 25~27, 29~34) were partially or completely
confirmed by expressed sequence tags (ESTs) deposited at NCBI. The cDNA/EST sequences
improved the initial gene predictions and indicated that at least 32 of these genes are
transcriptionally active — expression of serpin14~25, 27~29, 31~34 was later confirmed by
RT-PCR and sequencing (see below). The total gene count is comparable to that of D.
melanogaster (28), T. castaneum (31) or A. aegypti (23), but much higher than that of A.
gambiae (17) or A. mellifera (7).

Twenty-seven of these genes encode serpins containing a signal peptide for secretion (Table
1). Serpin2, 21, 28, 30 and 31 lack signal peptides and are predicted to be intracellular, whereas
serpin26 and 27 gene predictions are incomplete at the amino terminus. Most of the mature
proteins are 350~400 residues long with an average size of 377. Due to the amino-terminal
extension, serpin3, 8, 12, and 27 are composed of 436, 408, 484, and >438 residues,
respectively. Serpinl0, 13, and 33 contain an insert in the serpin domain, which increases their
sizes to 496, 415, and 407 residues, respectively. The additional sequences may not affect the
overall folding because, based on molecular modeling (data not shown), the additional
sequences are rich in hydrophilic residues and exist in an external loop. In contrast, serpin34
which lacks a conserved carboxyl-terminus (including RSL) is not anticipated to fold properly
with a long insert separating the partial serpin domain. This insert (>220 residues) contains
five low complexity regions.

Multiple sequence alignment of the B. mori serpins (Fig. 1) revealed that their RSL near the
carboxyl-terminus (Fig. 2) is hypervariable in length and sequence. We have made predictions
of their proteolytic cleavage site (Table 1). SerpinlA, 2A, 3~7, 13, 15, 17, 21, 25~28A, 32,
and 33 (with Arg or Lys located at the predicted P1 position) may inhibit trypsin-like enzymes.
Serpinl5, 17 and 21 has R/K at the P1 and P4 positions but none of them contain an endoplasmic
reticulum (ER)-retention signal, R/K/H-E/D-E-L/F [38], at the carboxyl terminus to suggest
that they may regulate processing enzymes in the secretory pathway. In fact, serpin21 does not
even have a signal peptide to lead it into ER. B. mori serpinlB, 1C, 2A/, 2B, 9~12, 14, 24, 28C,
and 29~31 (with Phe, Tyr, Leu, or lle located at the P1 site) are anticipated to inhibit
chymotrypsin-like SPs; serpin8, 18~20, 22, 23, and 28D (with Ala or Val located at the P1
position) could control elastase-like enzymes.

A closer examination of the RSL region suggests that some residues may affect the inhibitory
activity of these serpins (Fig. 2). The conserved Gly (or Ala) residue at P15 is substituted by
Asn, Asp, His, GIn, or Pro in serpin8, 16, 18~20, 22, 23, 25~27, 30, and 33, which may interfere
with the insertion of RSL into B-sheet A. The small hydrophobic residues between P11 and P8
are replaced by bulky residues in serpin8, 10, 14~20, 22~27, 29~31, and 33. Therefore, the
predicted inhibitory activity and selectivity (Table 1) of these serpins needs to be tested
experimentally.

Evolutionary relationships among the insect serpins

Based on our phylogenetic analysis, six groups of serpin genes have been distinguished, each
with a bootstrap support of 660 or higher (Fig. 3):

Group A consists of serpinl, 2, 21, 28 and serpins from the other insect species, including M.
sexta serpinl and 2, A. mellifera serpinl and 2, T. castaneum serpin3 and 29, Ctenocephalides
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felis serpinl, A. gambiae and A. aegypti serpin10A, and D. melanogaster serpin4 (i.e. spn42Da)
and Necrotic (i.e. spn43Ac). One characteristics of this group is the existence of alternative
exons for RSL in some of its members. These proteins are also related to a group of fourteen
Drosophila genes (spn28Da, 28Db, 28B, 28F, 31A, 38F, 42Db, 42Dc, 42Dd, 42De, 43Aa,
43AD, 47C, and 55B) that arose from a lineage-specific family expansion (data not shown).

Group B is composed of B. mori, M. sexta, A. mellifera serpin3, D. melanogaster spn27A, A.
gambiae and A. aegypti serpin2. B. mori serpin3, 10, 11, 12 genes are syntenic and similar in
exon-intron organization, even though their sequence identity is low. Genetic and biochemical
analyses indicated that M. sexta serpin3 and D. melanogaster spn27A regulate proPO and
spatzle activation [11,23,25].

Group C includes B. mori serpin4, 5, 7, 8, 14, and 31, M. sexta serpin4 and 5, A. gambiae and
A. aegypti serpin8, T. castaneum serpin30, and D. melanogaster spn77Ba, 77Bb and 77bc (data
not shown). B. mori serpin4, 5 (and 32) genes, serpin7 and 14 genes, serpin8 and 31 genes
form three clusters on the same chromosome (Table 1). Serpin4 is most similar to serpin5, and
so are serpin7 and 8 to serpinl14 and 31, respectively. Biochemical study has demonstrated that
the M. sexta serpin4 and 5 inhibit multiple HPs involved in immune responses [12].

Group D contains B. mori and M. sexta serpin6, A. mellifera and D. melanogaster serpin5
(i.e. spn88Ea), Drosophila 88EDb, T. castaneum serpin28, A. gambiae and A. aegypti serpin9
(Fig. 3). M. sexta serpin6 forms covalent complexes with HP8 and PAP1/PAP3 [13,19]. Group
E comprises B. mori serpinl3, A. mellifera serpin4, A. aegypti and A. gambiae serpin6, and T.
castaneum serpin27. There was a family expansion in the mosquito, which gave rise to A.
gambiae serpin4, 5, 6, and 16 (data not shown). No biochemical analysis has been carried out
for any of the group members so far.

Group F encompasses eleven B. mori serpins (15~20, 22~25, 30), which evolved from a major
lineage-specific family expansion. B. mori serpini5, 17, 20, 24 and 25 genes form a cluster on
chromosome 3 (Table 1); serpin19-23-30 gene cluster resides on chromosome 22; serpinl6,

18, 22 genes are highly similar and syntenic. The close genomic locations and high sequence
identity indicate recent gene duplications. However, since little functional data is available for
these serpins, we are not certain whether there is any functional gain from the group expansion.

The remaining serpins (9~12, 26, 27, 29, 32~34), radiating from the phylogenetic tree center
(Fig. 3), seem to be evolutionarily ancient. Unlike members of groups A~D, these proteins are
not orthologous to serpins from other species with known functions. Therefore, physiological
roles of these serpins are to be elucidated experimentally.

RSL variation and alternative exon usage

B. mori serpinl consists of three RSL variants, each encoded by exons 1~8 and exon 9A/B/C
(Fig. S1-1). Due to a stop codon in the end of the alternative exons, exon 10 is noncoding and
B. mori serpinlA, 1B and 1C contain an amino-terminal constant region and a carboxyl-
terminal variable part. The exon 9-coding region is less variable in regions that form the
secondary structures (s1C, s4B, and s5B) and more variable in the loop region that directly
interacts with a target protease. With the RSL sequences of TMTR*SSKV, AVVF*MSAA
and VELL*SAVI, serpinlA, 1B, and 1C are predicted to have different inhibitory selectivity
(Table 1).

We have also detected sequence variations in B. mori serpin2 (Fig. S1-2). Serpin2A and 2A’
are nearly identical in most of the sequence except for the region near the carboxyl-terminus.
Since the serpin2 gene contains a gap, we are unable to conclude whether alternative exon

usage or allelic variation has led to the sequence difference. In another cDNA clone, the exon
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9A region is absent and exon 10 codes for a sequence similar to that encoded by exon 9A. The
predicted P1 residue suggests that serpin2A inhibits a protease with trypsin specificity and that
serpin2A’ and 2B may regulate chymotrypsin-like enzymes. Comparison of the cDNA and
partial gene sequence revealed alternative splicing sites in the 5" and 3’ untranslated regions.

Another member of group A, B. mori serpin28, may use the same mechanism to generate
sequence diversity in the RSL (Fig. S1-28). Exons 7A~7D correspond in size and position to
the exon 9 variants in the serpinl gene. Although four alternative exons are identified in the
gene, cDNA sequences only confirm the use of exon 7D. No EST support is available for B.
mori serpin21 (Fig. S1-21). Based on the phylogenetic analysis (Fig. 3), the common ancestor
of serpinl, 2, 21, and 28 genes may contain 7 or 8 exons that encode an intracellular serpin,
and there was probably an increase in exon number when serpinl and 2 evolved.

Expression analysis

We carried out RT-PCR analysis to test whether the silkworm serpin genes are actively
transcribed in fat body or hemocytes and if the mRNA levels change after an immune challenge.
The serpinl, 3,5, 6, 9, 12, 13, 25, 27, 32 and 34 transcript levels increased in both fat body
and hemocytes after bacteria injection (Fig. 4 and Table S2, cluster ). Serpin23 mRNA
concentration increased in fat body. Similar to serpinl5, 17 and 19, serpin23 transcripts were
mainly (if not solely) found in fat body (cluster Il). Tissue-specific expression of serpin31 gene
occurred in hemocytes, and the mRNA was detected at a high level in the induced sample
(cluster I11). While transcriptional up-regulation in hemocytes was observed for serpin4 and
28, their transcripts remained stable in fat body before and after the immune challenge (Table
S2, cluster 1V). The mRNA levels of serpin7, 11, 14, 21 and 29 did not significantly change
in either tissue (Fig. 4, cluster V). In comparison, a decrease in transcript abundance (cluster
V1) was observed for serpin2. The mRNA levels were below the detection limit for the other
ten serpins (8, 10, 16, 18, 20, 22, 24-26, 30, cluster VII). Some of these genes may be
transcribed in a different tissue or developmental stage. For instance, B. mori serpinl6 and 18
are strongly expressed in the silk gland [39].

Due to the close resemblance of several members in group F (i.e. serpin15-17 cDNAs: 92%
identical, serpin16-18-22 cDNAs: 92-95% identical, and serpin19-23 cDNAs: 89% identical),
we tried to amplify the PCR products for serpin14 through 32 by nested PCR and sequenced
the products from the second PCR (Table S2). Detection of serpin14~25, 27~29, 31~34
sequences confirmed that the predicted genes are actively transcribed, even though the
expression levels were very low for serpinl6, 18, 20, 22, 24, 25, 29 and 33. ESTs for serpin
21, 22, 25~27, 29, 31~34 sequences have not previously been identified by the EST project.

Discussion

Serpins are a superfamily of proteins evolving at unusually high rates, especially in the RSL
region [40,41]. Although sequence identities among some of its members are lower than 20%,
the domain size and overall folding remain largely unchanged in the long history of evolution
[4,42]. With its members spread over each domain of living organisms as well as some viruses,
many ways of structural diversification have been selected to fulfill specific biological
functions. Consequently, several studies have explored serpin evolution at the level of major
taxonomic groups including prokaryotes, archaea, plants, arthropods, and mammals [16,42—
44]. In this study, we have focused on the serpins in a lepidopteran insect, B. mori. Through
data mining, sequence confirmation, expression profiling, and phylogenetic analysis, we have
gained insights into the gene architectures, protein structures, and potential biochemical
functions of the silkworm serpins. Such fundamental information is useful for understanding
the evolutionary dynamics of insect serpins and will guide our functional analyses in this and
other closely related species.
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We have found that serpin gene duplication has occurred quite extensively in the silkworm and
other insects to generate new functions. The rapid expansion of group F is a good example for
this mechanism (Fig. 3), where successive gene duplications occurred at multiple genomic
locations and resulted in large gene clusters. The group F members account for nearly one third
of the entire gene family in the silkworm genome. Similarly, a major family expansion gave
rise to eighteen serpin genes in Drosophila [29]. An extreme case was uncovered in the red
flour beetle genome: as many as sixteen serpin genes constitute a large cluster in a 50 kb region
[33]. While the reactive site loops in group F serpins lack the characteristic features of
inhibitory serpins [37], it is worth testing their biological roles by genetic and biochemical
studies. Some serpins do not function as protease inhibitors, and others do inhibit proteases
even though the conserved features are missing [15,40]. Functional assays may provide
justifications for the existence of a large number of closely related serpin genes in the insects.

Apart from gene duplication, diversity of serpins can also be generated through alternative
exon splicing [45,46]. This mechanism, first discovered in M. sexta [47], represents a
parsimonious way of producing variations in RSL sequence and inhibitory selectivity. This
phenomenon appears to be quite prevalent in invertebrates. In this work, we provide evidence
that this mechanism is not limited to serpin-1 and its orthologs in other insect species. Other
group A members (e.g. serpin2 and 28) also have the potential to generate multiple transcripts
from the same pre-mRNA. Alternative splicing gives rise to differences in RSL, signal peptide,
and untranslated regions.

The intron positions can be highly informative about the process of serpin gene family
evolution [48]. In group C, serpin4, 5, 7, 14, and 32 genes do not contain any intron, whereas
serpin8 and 31 have one located at the same position (Fig. 1 and Fig. 3). One possible
evolutionary pathway is that there was an intron loss during the evolution of these genes: the
ancestor of serpin8 and 31 genes contain a single intron and, after duplication, one copy gave
rise to serpin8 and 31 genes while the other copy lost the intron and was the precursor of the
intron-less genes of serpin4, 5, 7 and 14 through two rounds of duplication. An alternative
explanation is that the parental gene of serpin8 and 31 gained an intron after it diverged from
the intron-less ancestor of serpin4, 5, 7 and 14 genes. The second process is more plausible
since: 1) other serpin genes in the genome (except for serpin32) contain at least six exons (and,
therefore, it is much more straightforward to produce a common ancestor of group C by losing
all the introns in a single step through reverse transcription and transposition of processed
MRNA, perhaps); 2) the intron position in serpin8 and 31 is at least 40 bp away from the
conserved intron positions 6 and 7 in other serpins (Fig. 1) and, therefore, the single intron in
serpin8 and 31 genes did not originate from ancestors of those genes; 3) the gene of B. mori
serpin32, which is the closest outgroup for group C, does not contain any intron. In light of
this phylogenetic analysis, we can now reconstruct the evolutionary steps of these seven genes
(Fig. 5): 1) a complete loss of introns by retro-transposition generated the common ancestor
of group C; 2) duplication of the common ancestor produced serpin32 and an intermediate gene
X on chromosome 28; 3) after duplication of X, one copy acquired a novel intron and the other
duplicated again to yield intermediate genes Y and Z; 4) the two-exon gene gave rise to single-
intron genes of serpin8 and 31 next to each other on nscaf3099; 5) gene Y duplicated to form
two adjacent genes (serpin7 and 14) on a different region of nscaf3099 whereas gene Z
produced the serpin4-5 pair on nscaf3098. The serpin4 gene is next to serpin32 and is two
genes away from serpin5 on nscaf3098.

Serpinl, 2, 21, 28 (group A members) and 9 genes contain seven introns located at all seven
conserved positions in their coding regions (Fig. 1). Based on this evidence, we include serpin
9 in group A and consider the common ancestor of this group as an extracellular serpin.
Interestingly, nearly all of the group F members contain a signal peptide for secretion and their
genes have seven introns present at the same sites and phases in the coding sequences. This
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conserved exon-intron organization indicates that groups A and F may have a common origin.
The architectures of serpinl0, 26, 27, 29 and 34 genes are significantly different from the group
F members (Fig. 1), even though the bootstrap value is 771 at node 7 (Fig. 3). Based on the
resemblance in gene structure, we place serpin32 in group C and serpin10~12 in group B.
Serpin3 and 12 genes have five introns located at the same positions, three of which are shared
by serpinll and 10 (Fig. 1).

From the alignment of RSL sequences (Fig. 2), we predict that thirteen of the silkworm serpins
(1~7, 11~13, 21, 28 and 32) function as protease inhibitors. Combined with results from the
sequence comparison and expression studies, we propose that some of these serpins regulate
extracellular SPs that mediate innate immune responses (e.g. proPO activation and spatzle
processing) and embryonic development (Toll pathway activation). The expansion of group F
seems to suggest that these serpins play important physiological roles in the silkworm.
However, since the conserved features for serpins to inhibit proteases are missing, such
functions may not be related to protease inhibition.

The presence of multiple serpins provides possible ways of regulation in metazoan
development and defense. While many studies have already yielded useful genetic and
biochemical data on their biological functions in insects, limited information is available
regarding serpin gene structure and evolution at the genome level. We have annotated the B.
mori serpins and compared their sequences with orthologs from other insects. Multiple
sequence alignment, in conjunction with exon-intron organizations, allows us to understand
the molecular mechanisms underlying the family expansion and functional diversification. The
information framework established in this work may facilitate biochemical investigations of
insect serpins, which complement and stimulate the genetic analyses in the fruitfly and
mosquitoes in a scenario of pathogen-host interaction.
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# group —_hA——————1— s6B  ——hB -
5 F MFRILTLCCVLTLMLVEANRDLLVAKKRLDAANNR ITGEFLYQGAKRNPGEIYTSALYPILVAAGQLALFCK]
17 F MFRILALCCVLTLMLVEANRNLLEAKKRLDAANSR I IGEFLYQGAKGN PGEIYTSALLPILARAGQLALFCRK
24 F MLRVILACGYFLYYLPLSESVRDIDAENRLAFESNKITGETLYEGAKRNPGQIYTTALFPLLATTAQLALFSEG
20 F MESTSVLICLLFNSVLATDNQTLRELENRLATSNNRLTGEFTYNGILRY PGSSFVTIVFPLLSALGQLALFSEK
25 F MFRVIGTCVILSLVTGKELSSVQLDIDNRLALATQS ISLDALYKHVRDN PGKKFVTSI PPLLSGLGELVPFAKG
13 F MKKSLLSCLCTLFGLLAAGFIEDKY PNSNIGNWLAENNNELTRNLFYELQKDY PGKSLAVTSVPILNI LGQLALYSKG
23 F MKKSLLSCLCSLFGLLTAAFIEDKNPNANISNWLAANSNELTRNLFFELQKYYPGKSLAVTSVPIFNILGQLVLYSKG
30 F MYLITIFSNLYVLGNPDTKRLVENYNOLTROLFYGLLKSYPROTFVLSALAFYNTLAQFSLYSKG
18 F MLALSLVVAVAANLFASTVCAQNYTEAQLKYYDANTGLCGIGIDQWFQYE PERNQFSTAFPLLFMLSELSLNSKE
22 F MLALSLAVAVAANLFASTVCTKNYTEAQLRFYDANTGLCGIGIDQWFQYEPERNQFSTAIPLLFMLSELSLNSKE
16 F MWALSLAVAVAANLFASTLCTQNYTEARLRFCEANTRLCGIGIDQWFQYEPERNQVSRALPLLFMLSELSLNSKE

4 c MCLLKFLVLAIVPLSFAONI PKATNLHNGLTEKIGNFSIELLYHTSNLEQSKGNLIMSPITVWTVLAVIAEGASG

5 ¢ MYSIAFVLFFVGACYCDVDFSERPRNFSIELLYHTQ TQTDGHVVISPFGIWTLMTGIALGASG

7 c MTRFISLISILLLTPGIYGQCNLKTAGAYFKRSLYEFSNDLAVRINYETDSHFVMSGLSAWTLISALSFGATD
142 ¢ MALKLLILLAFCQAITALKYPCTNHKTIALLKRPTYDFSIGILORVAEETNDNFVFSPLSNWLOLIALSEGAKG

8 C MKLLHVSLLVASFAAFKPQASEAQSLIGNLVQGSHVFGNLIPPNICNEDQSQKFKGALAEFSSRLYRVAGQS SNFHFVVAPLSIWLS LAALGEGGDP
31 ¢ MSLSQKIIKETNGQYVFSAYSIWLTLAAFAERAGG

2a A MDSKALSSAITKFSAKFCNELDKK ~ KNVVSSPLSAEYLLALITLGTTD
21 A MDTKSFSSTIAKFSVKFCNELNGD KDVVSSPLSAEYLLALIALGSTD

la A MKTIICLFTIAIAAMAAVTNLSNVLKNGNDNFTARMFTEVVKNNPGKSVVLSAFSVLPPLAQLALASDG
28d A MNPGQSFVTSPVSVLIPYGQLALYAVG
32 ¢ MWKIALTLAVVVTSAPLDNADYSSINTFALRLLDHTYAFQEAFGVKNIAISPLSIWSVFSLLAEGSSG

s A MDKLLLLVTLVCGTQAFYMFGHEFSRTRLGDAIDKTS LKI LKESYNLADDKNVIASPLGVMLLLSLYESGAGA

6 D MLRCLIVVLFVVSTVTSQCFYKDDSSKKLN PEARTALYNGOLGFTLNLFNTINDAVPDDNIFFSPFSVYHSLLLAYLSSGG
11 B MRVLICFVVAFASLOTLDCLDTRALYSRLNFFDIDLLKYSAENKNGNVMVSPASIKSTLAMLLEGATG
10 B MRQLFVVVCLAVALVSARWVREGRSDQPRDTSFIGDASSELSTAILQGY IDDNENIAFSPLGYSAILAILAEGAKG

12 <MKVFISLTVCCFVLSADSQSSFRTQNQYPKYDSTINSDQIYFDDNRPSGSINIQKE>
12 B LSNLNGLTIGTKIPIINPNFGAPQYSPYANNVIIQPSIQTYNQETTKIVPQKSGTPAKKMTDTFFQAQATRPEIDSIDYPITHFGINIFKQITSSQSGNMVVSPFSITTLLALLQQGATG

3 B MISIVYITFFAAQILLCSSATANIDPNTLRDVFGYGSTYSPIGAVATETYRQVVAVTPYNETLVDPDYWDLDEFHPSAANFDKFDWTLTKRVAAVSGDNFLISPLGLKLALAILTEAATG
13 E MRRKIQFFLCCKLIIGTWCNTMDGVTTKANSSEAQFQPNYLADSVNNFGYKLLLKMIEQNENEN IALSPTGIAGLLAMTLLGSVG
33 MVLILVFILSLDFVYCQORFTVTNYLESRLALDALKQSKNENMIVSTLPVRFSLCKLASVAKD
27 . . .SITSMLAMMFMGARGATSGEMNE I LKLDDMVTFNPHFTLKNISDSIETSPESGIIVSAFIRELYSDRTKGKILT
29 MFLITLIISATFAKMKTAENRKENGISFVQSALFLQILLVALSTDSKN
34 MRRSGRALSCAAAGLFCNLLYACIKLTESTDYGVPIEIKLWDTGRTPLAHMVDVINEFGLKVLAEHNFLNENN IAFSPYGLMGI LVALYEGVDG

— —2—hp— — ——s2A—— —hE—— s1A ———hF—3—
15 F TTCDHLLKFLNLK DKAEILALFPTI RRI FFDEP LIGLPSLNLNVYADEDNKFCKAFTQSYYKTFGGKTRLVD YSDPVGAAKEINNEV
17 F KTCDQLENFLNLK YKAEILVLFPIL RKT LFDES LIGSPSLNLNVYADEDNKFCKAFTQSYYKTFEGKTRLVD YSDPVGAAKEINNEV
24 F KTYENLLSFLNLK DKNEIRTIFPTF IET LFNKD RIGSPTLNLNMYSDTSNRLSPAFIDTYNKTFGGKARTVD YSDTVKAANEINDEV
20 F KNEQKLLDLLELD NKEQIRRIFPYI REE YFSED LVASPKFDLKVYTDDDNKLCPAFKKSYKKTFGGETGEVD YSEPEEAAEEINDYV
25 F STHTQLLDLLNLK DVNEVYRAFPSA YDR FLKENKRTGTPQYFGKVYADDDEPFCKKFT AVVESFSEETGTVD FDDAKEAANDINYEL
19 F ETFEAITDTLGIR NSTEVKRTFQMA NEK TFDDS DLPLRYTSKIYADDEDQFCPTFKKTYSKYFKGQTGNVD FDRPQKAAKEINKWL
23 F ETFETITDIVGLK NSTDVKRSFKIG NER TFDS  DIPLRYTSKIYADDEDQFCPAFKKTYSQYFKGKTGNVD FDRPQKAAKEINEWV
30 F QTLKAIKDALGTK NTTEMKRILKIV NKR TFGHD LHLPLRYATKIYADDKYKFCSAFKNSFSKYFIGQTGNAD FDNPTKAARTINAWVN
18 F DTTAELYKNLNLR SEDEVVNVNQAV NTN LNTKN EVYQSTLILNAYTDIDSPFSETFIQNFAKVFNGTVKNID YSNDAVATIRDSLQS
22 F DTTAELYKNLNLQ SEDEVVYVNQAV NTN LNTKN EIYQSTLILNAFTDIDSPFSETFIQNFAKVFNGTVKNID YSNDAVATIRDSLQS
16 F DTTAELYKNLNLR SEDEVVGVNQIA YEK TNKKN EVYQSTLILNAYTDIDSPFSETFIQNFAKVFNGTVKNID YCNDAVATIRDSLQS

4 C NTRRQINHALRLQ AKHTNVTRSEFQ KISEWLRVNTNTIELAKINAIIVDKQRLPQODFHDNAKTYYETDMITLN FEDAQNSANLLNSAT

5 C NSYRQLSRAFILP KNPATLIEGYKS LTDVVLDQTANGVSLVSRNFVFLDNDFTLLPAFRTTLQKDFGASIKVLD FSDPN SARIANTYIL

7 € ETLQEIYQVARLH PHKCFNNKIFKL LRDQKETAVG TLEKSSALFVDERMIVQEKFQVDVQKTGVCGVKVLS FDDTISSAATINQYV
14 C RTLKELWRVTRFH MRNCFKRELGKI MRNIETDLKF  ETKETNVIVIDKLMNVKRKFLRNIKQLYGVKAALLD FNSPEKSAIKANKMI

8 C KSQKELFEVLNLP AEACKRERYYQI ANS LATPGTDVHLTTTRALILDNNLIINPDWSKFVHTAKLLHIVRAP IKK HLTDHENPIE
31 C SARQELFEVLGLP EDECSRHSYYQL GLQ GEKFGLDVSLPRTRLYLVDESIKISDDWLNFAKNYCGLTIRAVP MKRNPQLTAVIIREA

2a A PAHEELLTSLGIT DDDTIRSSFSAV SSK LKSIKGVTFNVANKIYIKEGDYELDPKLKKDAVEVFDADFEKVD FDNGAAAAGLINKWV
21 A TAHEELLTSLDFP DDNTIRTLFTAA SAX LKTIKGINLSLANKIYVKSCDYELNSQLKKDAVDVFDAELEKVD FGDSAAAAKLINGWV

la A ETHEELLKAIGFP DDDAIRTEFASK SRD LRSIKGVELKMANKVYVHDG GKLDENFAVVSRDVFNSDVQNID FSKNTVAAKSINDWV
28d A ETLDQLLKFINLD NKDQIKKAFPAW LKN YRSQTSVLWTGAVKCYGNIN YPFTEQFKNDAVTYLDSEGENMD FKDAKQAADTINGWV
32 C DTFMELLNALQLP NDLAATQTLHLA ARG IFKSTSRDLILKGQSVMLSDCSLEIHPEFCELANLYS TDIYTVD PRNTTKLAADINYWI

9 A QSKEEIREILGGG EAQESSHTYGLL NQR  YAEFDPKFLTVANKIYVSAQYKLADAFS RTANLFRSEVDNIN FGDPKNAADIINRWA

6 D QTEEALRKSLEIE DGLDKINLMT. KVDKRARGINNNSDSYEFTSANKLFAADDLNVRQCMLDLFAEDLETLNF RENPGAARDYINSWVS
11 B ETADEIRSALRLS SVKDDLREQLNL YLK ALHSNSTETVLENANAIFVSNKLRLKKDYETNLRYVYFSEVVPVN FGNNGVVAQQINAWVN
10 B ETREQLYNALHLPQDPALTRKTYQYT MERLKNVNTYAYNQPELKNFFYVYKNYTVNDEYRKILEEYYLTDVRSVE KYNPESDVHSDDDDDEEAIRVPEKTDE

10 <PSEPNEDMPIKTEPNEKLISFAFVDTPEKVDVTQIEYKPAKNIKEKIKLVKTYPKKEDYTDEEE>
12 B STLDQISAALHLA PLKTSEVFRNV MEN VOKRQSONILKTLNNIFVAETFNLNRDFERIAKSGFGSGVTLMN FGRPDVAIQRINNWVG

3 B NTKLELSSVLGFALDRREVRIKFSTI IDS LKKQNPEYVLNLGSRIYIGDYVLPRORFAAIAEEFYKTEIRGID FYNPPEASKQINAWVS
13 E STYDELATSLGFSQDILANRNHHEQFG ELLQQLNDNETNSKTLYVDAMFVDSQTRIRSVFKDYLTTVYHGEARGVN FTQKNEVKQMINEWVK
33 DAKTELLSALGYKSDFMIKTCYTGIK EVLDFLKWSDLLMFNKIYVNYTDDIETKFIANSSSVYGVQVDRVG FNTPSSAISFINRWIEK
27 FYKERAQHFYNGHVEEVNFKLISDIIR RRTNLLVKRYTWGKIAEYMKTNS IVMQPPLAAFSANIYQTDCTGTSTDG RDGEMYFVVSPNVRQ
29 RKEIEDCLKLKIPEEEKNDIIKRTLS FPRSDNALKFHWSYRLALRPGFVLNDEFRTGAAAALHLHEHRFNGTETPED IANILNNMV
34 ESSYQLQRAIQLPWNRKIMRVGFRDIHRTLKTYFVPEEGFLAGLALNNENVTFNENFKKI LRFYGFDLDNDQL PALPNQTNKTMNETTPKSSTIATSQADGGDVSTGTTVTTENTREETT

—_— $3A—4— —s4C— 83C—— —s1B— -
15 F KEEGSGRFKSLISSKMIKEGAGLNFVSTYEQTIIY DDKFIFKKNVTIKFKSGR KVINVPGIAGEG IVKYADLKDFDAK
17 F KEEGSGNFKSLISSKMIKEGAGLNFVSTYEQTVIY DDKFIFKKNVTIKFKSGR KVINVPGIAGEG IVKYADLKDFDAK
24 F KNEG DFKNILSSKMIKEGAGLSFISSYVLTIMY  SDKFKFINEKTINFKSGN KVINIPGITGQG VVKYADIKSIDAK
20 F KSQGTGGFKDLVS SRKIEDKDGLNFIGTYELSFKF ~ DDRFVFTSSKVVKFKTGK TVTIIPGAAGEG IIKYADVKSINAK
25 F KRQGSRGFNKLISSSEIDSKGGLIFVSTYEIILKY  ALKLDITQPNYLLFNSENGKKFKIPAFTLKD SIKYAQVEEIDAQ
19 F EEDFDQYGNADLVDTSVIKEGDGFVVVGSLELELDY ~ NTGLNPTKVKTMDFYLNAKKKVKTPALVGKA IVKYAKVSEYDAQ
23 F EEEFDEYGTTDLVDPSIFKGGDGFIVVGSLDLELDY NTGFNPTKVKTIDFYLNAKKKIKTPALVGKA IVKYAKVPEYDAQ
30 F ROEIGQAGNKNLVNATKIKKDKGFVIVNSFEFELDF DTGFNPRQVKVINVYSNERKIINTPALVGTG IVKYAYLEKYKAQ
18 F DSGNDIEIALKDGDINKDTGIILTAYTNIYFPWGEASDSYRPYKQIDISFTALDGTQSNKQAWYSEG AGKYAEIENLGIK
22 F DSGNDMEIALKDGDINKDTGIILTAYTNIYFPWGQASDSYRPYKQIDISFTALDGTQSNKQAWYSEG AGKYAEIENLGIK
16 F DSGNDIEIALKDGDIDKETGIILTAYTNIYLPWGQASDSYRPYKQIDISFTALDGTQSNKQAWYSEG AGKYAEIENLGIK

4 c SNFTHGKIPKIVDTGSF QDSQMLLTSALYFKGQWT IPFNTSSTSKLPFYNSKGEKIGEVNMMYNRH TYPFSNIKILNAR

5 ¢ E KSGGRVSNVLRSDDF QESRLILTNVISFKGLWG LPFNKSDTELEPFYNEDRLVIGSVNMMYQKG QFPFSNLKKLKAF

7 c NEVTHSTIEEIVIPSDL EGVILVLIDALYFKGAWK TQFPYDDTEPSAFYNHQGNQIGDVNLMEFVTG SFNLSRIDQLKSS
12 ¢ EQATNGKISEAFYYDDF LSTVLLMSDAKYFDSFWK SPFNAAYTRMEPFYSKNGLKIGEVAMMNQIG YFNITYFPLIKAD

8 C KREITQDEESFGNS FLIDTLDYSGLWT TAFPEATIERETFHNDEGVPLGTVDMMRAKR RARLGHIPIANAK
31 ¢ ISSFLPSLNFKGDS VLLDSLDYKGLWN EAFPETRIFREPFHDNSGNVIGAVDMMRTRK RIKMTYDHTLKAT
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ENKTNERIKDLLSEDSLDSFTRLVLVNALYFKGTWQ NQFDSISTMERPFYVDT ETTVNIPMMYQEN NFKYGESHDLNAQ
ESKTNERIKNLVSNSSLNSDTQVVLINALYFKGSWK NQFNPKSTVEHPFYINN ETSVKIPMMYQED KFKYDNNTELNAQ
EENTNNRIKDLVNPDSLSSATAAVLVNAIYFKGAWS SKFDERLTSDRDFYVSK DKTIKVPMMYKRG DYKYGESAALNAQ
ANKTNNLIQNLVSEDWFSDDTRWVLGDAIYWHGIWQ NQFNPNNTHDRDFYITP NKTKSIKTMYQEN FFNYGENEILDAQ
CLATEGRILNSVKPQDLEN LRMVLVDALYFKANWK YPFDPTQTKEEAFYNSQGQVVGSVNMMYHKA PHNLADSPRIGAQ
DEQTQGHIKTPVSEDKIDPATAVAMFNVIFFQGHWH VPFNASETEEKDFHVDEKTTIKK PTMRLLQ SLFYTENEELGAK
RVTKNHISDLIPASGISQTTRLVLANAAYFKGVWA SKFPAERTRKEAFFVSET RQTLVPFMKQKG TFHYMVSDELGAQ
GKTKGLIPSIVDQAQINASTEMIVTNALYFKGSWM QAFNPKFTRPACFYNKG VCHNVAMMELQT DVQYAYVDNLRAH
TMIAVEARNHARSLNVNKPNHDISSGLSVN: KKS SANK: 'MIIFNGMYFRGSWKKPFD EPGLFYKSSSEKKSVQMMKATG SFNTAFISALDSQ
AMTNGKIENLLSQDAISQSSQLVLVNVVYFKGLWQ IPFRTESTVPQPFLLKGG IQKTAPFMRTRR YFRTGLDPITNAK
NITHGKIPDLVDDDDVSG VVAIILNALYFKGSWR HQFPTNATKSAPFFVTP DLQKPVLFMNIKE KFYFTESANFDAK
AQTQAKIEDFLKQSLPEATKVVLLSALYFSGQWA SPFIPEYTFKMPFKKAEG EVMADLMLNLG DFDYIFSEKDGLH
ATYNRIREILDHGDINQSTRMILISVAHFKATWE FPFDVRMTADKIFHYQNKSTTKTPMMMKHNEFLYYDDKLNNLRVGGRAHSPPDVKWLLEPIDIHN
.. .MHRIRDRIPLNPSSNLLSVNGKYYQFSLN DFRPNEVKDKDFRSGQGRSEKVQTLIKKDA LTYLDSSYLKSK
RRLVPVPAVVYKKGFLAGYDPILDATAAALGNTNSIVSTFFLMPGQQGNVVHGEDLERLERRLLDAS PSTPSWNRLLRTLLP
EIDSGGAIHNTFTKDDITEESNAIFLTTVYIRGRWR SAPTVLNGTLPFMDVENTPQRNVRCIRIND NMRYADLSEWDAE
PATSRDTTANPN AETINTIATTTAIPSSAPNFESTTVGISTTTLQDIIKPLI TETTTQIVTTTN TTSTNPTDSTTNEN LSITTANPSSTDIDEE
5-s2B ——sS3B— —hG—— —hH— $§2C——— ——S6A— —hI—6 S5A- -

SYELVGERGLCSYLILVPNKPDGLLGLLDKLR ~SPTAFGEILERGE
SYELVGEGEVYSYLILVPNKPDGLLGLLDKLR SPTAFGDILERGE
TIELEGKDGLYSYIMVLPNKHDGLLEVLDKLC DPTAFQEILDRGQ
VIEILARGGEYSYVVVLPNKVDGLKEVLKKFT DPEVFRQAIDQGK
VFEFELQEEGLSVVVFYPNKKDDIEYVLEKLR KPKVFNQILENLE
FISISLKGGDFTLFAILPDEVNGLYKLTQKFKSLKTDVYNKISPYLE
FISISLKGGDLTLFIILPDEINGLSKLIQKFRSSNAEVFTQISPFQE
FISITLNGGAFTFFVALPDKVDGLPEMLQKIK RSNVSEEAFAAQE
VFQFSLKPGLTVVLGTSLNDNNDLSGAFNKLR DPATLAYILTQTE
VFQYSLRPGLSVVLGTALNDNKDLSGAFNKLR DPATLAYILTQTE
IFQFYLRGGISVVLGTSLNDNEDLSVAFNKLR DPATLPYILTQTE

EVCAKISILYRDLI AKVDLGKSARES NYLEGAFQEGGLQLRGVSQNCNNTYISSVLHEVS
EVCAKISILYRDFI AKIDLGKSARES NYLEGAFEEGGLQLRGVSQKCNKTYISSVLHEVS
EVCAKLSIPAGDLI AKCDLGKIAKEG QTKIDIFKSVQTCLLLFLKIDQQIIWEAGHQFVSRVPAT
NVCAKLLVPSREVI SKVDLANSLQQVDIKLLQEPFRTRGADLRGVSQKCDDTYVASILHEVR
EKCLQVTLPTPNER VKADLSKSLREVR NVSDIYTPGRPQFNGVQKKCCTYVTSNLHENSIS N
YKCVELQMPLGQIL TQGDITEALKKIQ DLDILFDKKRAQLCGVTNNCEPGVIKSFLTETYLVDKI
YKCVELHLPLGEIL TQLDITKALKAIQ NLDILFDKKRAQLSGVTKNCEPGVIKSFLTDTYLVDKI
FRCVNISLPLQRAA TQADLTKILKSVK NLDIVFDKDRAKFSGVTKKCEAGAIEGVFSEVYLVGKM
SKYLKLAVPIKLTMRDSRDYIPEVKRAG LLTELFEKNFDGFDTVYDNKSGYISYMLSHTRLE
SKYLKLAVPVEFPLRDSRDYVPEIKRAG LLTELFEKNFDGFDTVYDNKSGYISYMLSHTRID
SKYLKLAVPIELTLRDSRDYVPEVKRAG ~LLTELFEKNFDGFDTVYDNKSGYISHMLSHMRID

VIELPYGVENRLSMLIMVPNPGVSLASMFMKFKELSLDSFFEELRISKEEFSDDEVDCFIPRFKIESNLDMTSVLKNAMG IEDLFDARKAVLP HMARTPMFVSKVVHKAEIEVTE
VLELPYGTDGKYSMLVILPHPRTKIADMYKNFADVNLKDVFKQLQKDVDDFGLEDVDVKLPRFQISTNVVLNKPLN DMG VYDIFQPDLANFQ RITKENIFVSAIVHKADIEVTE

VLELPYGNDGRFSMLIFRPHNDVTVSTVIQEMKSISLAAILDSFH

VLELPLS AGQYSMLIFLPEKNTWVKEIFYSLEATRLTSLFNVYKNE
VLELPVGHDGRYTILIAMGLNNTSVNQLMGLYRRSVVIDIFNSLTVS
IAEIPVGHNAQYRFIFAMGDG ITEALASADIDTLIELLTNLNDT
LLEMAYEGNDASMVIVLPNEINGLDGILQKLADGYDLTSELDKMFST
ILEMAYEGNEASMVIVLPNEIDGLDQVLRKLADGFDLIAVWEKLIST
LIEIPYKGDQSSLIVVLPKDKDGITQLQEALKDPKTLETAQQSMYST
ILELFYKGGNSSLVILLPKKKDGLPQMSHKLRNSDEFFNSIKSLRRE
VLEMTYGKDEEFSMLILVPFDGMPIKKLLNNLATQPMDWLEDFRLDD
MIELPYKEPGFRMVVVLPDKIDGLPAVLEKAAEKGLLEDVFNLSPAG

GAHSVAVQIPRFKVTSDINNLKELLIDMG LITMFDSDRASFS DLSDYPVYVSNFIQKANIEVTE
GLKLVNVKLPKFKISTEIENLPELLVDMG  IERIFSPDSAEFG GISDYKIYASLMTQICEISVTE
LIPIDIAIPKFHVTSEYN AKRLLEDIG IKSLWYDPDATR YVSNPAALPGGFLQRVTVKIDS
RVPIEIAIPRFIIVSELD VRTLLESIG VESLWTDPMATG NITSPPASPSTFIQRVTATIKN
KVRVTVPKFKIETEID LLQVLPKLG IQAIFNRQNSGLTKILDNDEPLYVSKAVQKAF IEVNE
KLQVIIPKFKTETEID LTHVFSKLG INAIFRRENSGVSKILDNNESLYISKAIQKAFIEVNE
EVDLYLPKFKIETETN LKDVLSNMN VNKIFNN DAQITRLLKG ESLSVSEAIQKAFIEINE
KVKCFLPKMDIKTNID MADLSQKMN VTKMFDPQSNDFEGILLNSDPVYVSAAIQKAQIIVDE
PPKVDCYVPRFKISSQSDMVTPLKYTG IHSIFDGQKAELPG VSTSPLFVSSAIQNVDLEVTE
RDIELEIPKFEIR SGLDLNIILPKVG VSKIFQEPAPGIVK NDQVVVSRAFQEAFVKVDE

ILELPYKGSDISMYILLPPYSMEEGVSNIIANLTPERLAAVVEESYMG
AVELPYAGKRYSMILLVPIERDGCAALIRDLPFMSLPQISDLLEST

AIYLPYDGGRYALLILVPRSRDGLTRLIADLPSVTLQDIEDSMKKEE
VISLPFEKDQYSLLVVLPHEQSDIDTLISRLTVEQLIAYQNFTAMDV
ILRMPYRGNKFAMFI IVPNSLTGLSRIMNGLSDLHLEMNNLQERTVD
MIALPYNDSTTVMYALKPRLPMKLSLFDLMKKLDYNKIDELINKMNE
VLSITLGSFGTSITY IMPDDQKGLPGLLEKLAKESNFVKNIKKMMTR
VVRLPNDKYNQYLVLVLPHSHKDIKDVIKKLEDSKTFRSTVVNLEGGQ
RIGLELQIPRFSHKSVFNVSSSLRKMGLKDLFDADHADLGGLNGPSK
AIEIFYATQGLSLFIIVPRGRSLRLLADRVAMTSIHLISERMQTMR

REVIVEIPKFSMERSLP LREILEKLG VGDLFNGTADFST LTEQHGILFDDAIHKAKIDVNE

EVQLSLPKFTVDYNEDIIQALKSMR INALFSPSANLSG IFEGTTPYVSNLYHKVHMSVDE
LLLSMPTFYVETTTKPIVSLVKFG VSKIFTHDADLSG VSSDGGLFVEEMAQHVSVRVDN
ELELPKETVKGDTDLVPVFNRMG ISNMFSNRAELFGLGTFREFSPQVSSAVHSAVLSIDE

VIMPKFQFDYTSKLESVLKELGIR QAFEETASFPGLARGQLLHQRLRVSKIVQKSGIEVNE
RKAVVRFPKMDLESNVNLDKALKAVG IKSMFSPDEANFALMIDSSDDKKENEVVIRSRFGHEQ
TRMRIGLPRMKIKTTIDWIKPLRQLGVN QIFNETTSNFESILKSNSIIKNMFVNKVKQKLFLELDE

VSAVNLHIPIVTEGYTEDMKRTLDKTVK VTKVFDPKTSGLNNVYNKDETTYVSKALSTVIFDMSS
DLFLSDMIQMTSFVTCGEGIIGEQHHVEEYPETTRPGQRRRTSRWANYWDEPRDYQRAFHDPHDVGDA
IAATLPLYTLRMTLLLPDKLRAWGC LDSRQVNTAESDLTLSHGVQRLMFWAEAGRNAYKDDGN

TIAQQTSQATVALTQTENNEIDGTAARVTSSTVDLNFTESTT TTEIQTDSVTFTTSTDKPLVTLSDTATSSDMTTAANGSSLETLERRKKSIVDFIFTNPPYVDDYLMYRSFDIPAEP

L —s1C— ——S4B— —s5B——

LKSRFSNGYK ASKCSKFDVE LVTNRPHLYFVTYTKKVSPIRTPVVGVVVDLTSN
LKLGFGNGYK ASKCSKFDVE LVTNRPHLYFVTYTKKVSPSRTPIIG DVTSN
CYSILLKVYWS ARRPFQFHQD RWASKGSAKRVGFAKNCRERVTNETLSYLVPTA
LRPDSTNNSRK ASPCTKYDVE LEVNYPYAFYVMCAQREPNLVRSPIVGMAVQS
RSVPGQLMSKN AEKCSGFYKK VKLNSPAAYFVVSRSENISPTPVISSVFYGK
IKENSFDEVKK PNKAEEVCPDKDKLITVEINRPFAFSIINNVLDTTPKALLIAGVYYG
IKENSFDEVKK PNKAEEVCS DKLIAVEINRPFAFSIINNVLDATPKALLMAGVYYG
IEDDNLDAMKK SHVAKSICAN KDKITIEINRPYAFSILNNLVGVDTPSLLFSGVYYQNDIVNHNF

FEQPTE EQAASVVAEP DLIFDNPYFFLVLDQFNTPAFIGLITN

FEQPTE EQAASVVAEP DFIFDKPYFFLILDQFNTPAFIGIITT

FEQPTE EQAESVVAEP DFIFNKPYFFLILNKYNAPGFVGLITH
AGTTAA GVTVAEFSNRIGVVRFEANRPFTYMIVEKVINSIVFGGFYTEPSLY
SGTVAF ASTVATLTDRISAPAFHANRPFVYFVMEKTTTPVIFSGIYSKPTVY
DGTVAS SVSVVTFEARMLPDQFVVNRPFLYMIIDRALEIPLFIGAYSEPSLF
KGVKAH GTAEFIISG NETLMFNANRPFAYMIVERKTEFILFSGTYAVPYS
AGLNPAQTATNPNILNGILSTATNVATGLAAAVGRDFIANKPFMYSLVDTKTETVLFEGAYSLPDPQSKL
RGAILPQDOG FIQESHGDEFIANRPFMFCLLD DTYTVLFSGGFSQPTYK
EGAEAAAATG MVMMM RCARPPSPSFHADRPFLYFLVGAERIALFIGQYRGRN
EGAEAAAATH MVLRK RRAHYPAPIVRADRPFLYFLIGPDHTMLFVGLYQGRT
EGAEAAAANA FTMTRSSKVYVRPPIVFNANKPFYYALQ VDGVIMFNGIFIN
TGTEAAVATA VVGARATSAIIPENEYYFIAARSYVFCVLLERDPLFCGVFNGN
EGTVAAVATVVG LEDRILGPRIEVNKEFVFLIVDRRTNLIVFSGVYGDPTTV
EGATAGAFTG LIAVPTSSLSRPPPSLPFKVDHPFLFLILHEDKILFAGTHTH
EGTVAAAATAIFG FRSSRPAEPTRFVANFPFVYVLYERPTSSILFMGVYRDPKKY
QGTVAAAASAA MVVPLINDGVELRVDRPFVFFIRDNKLGLVLFEGKIDEPTEYVEKPINYRVKTSRPFFGIF
SDSVASEMSAAN VDMPLSKNLPLSEKPATKFSVDHPFVFFIMDTLDNLVVVAGKVVDPEKPKPFDF
KGGSAAAATSFG VVALSFDDPAVVFKANRPFLAVLWDTALSLPLFMAKIEDPTE
IGSIAHSATEIG IVNKFGEDDENDYEVVVNKPFLFFIQDEYTKQLLFTGRVSDPSIVDGDYKVL
SRMLKDALNSLPNPGVYVDSVLHNVKITVNEFGTEAVAATAGILARSAEQFYADSPFYIFIRNEKTKLGDL
MGVSRHRSPLDP EMMSQDRVMLGPGINVLEFILDRPFYFMVTLSLENVQHDLFNGVFYGP
FQIEPEPSRDE LKRRAGYPHVLRDHHFKADHPFIFYLISGNIPVLSGVIA
MNLPLHLRPRQ ARLPTRSTQPARLKFDRPFLYFVRHNPSGMILYVGRYNPRLLP
TYSMFFVKIDD SPFYYYNSVSTDNQTFEYRICLRRCFN

PKPTFDEQMFLANGLKSVQ <VTYMHYDTILEHAYLPHLEASALRLPLDSERYYLLVVLPARGSAAELGRLLARMARESDLSDIYAALRPRRVKGIVPSFTVKGHVTLTTDLQKVSMI>

Fig. 1. Multiple sequence alignment of B. mori serpins

The serpin regions, including the partial ones (serpin25 and 26), are compared as described in
Materials and Methods. For simplicity, only one of the splicing variants of serpinl, 2, and 28
is included in the alignment. To indicate the intron positions, the first amino acid residue
encoded by each succeeding exon is shaded yellow. Introns in the 5’ and 3’ untranslated regions
are marked before and after the protein sequences, respectively. The putative signal peptides
are underlined. The predicted P1 residues are shown in bold and red. Secondary structural
elements of B. mori serpinlA are predicted based on its high similarity with M. sexta serpin1K
(1SEK) [49]. a-helices A through | are labeled as hA~hl, and strand n (h = 1~6) in B-sheet X
(X=A, BorC) are labeled snX (e.g. s5B). The conserved Ser residues (Ser>? and Ser>* in B.
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mori serpinl) are shown in bold, with the ones using TCN codon in blue. The only exception
was found in serpin11, whose Ser® (in red) uses AGY codon. The codon usage of the second
Ser is used as a marker for serpin evolution analysis [50]. Positions of those introns, which
correspond to similar sites in most of the serpin amino acid sequences, are numbered 1 through
7 (shaded yellow). The inserts in serpin10 and 13 (but not 33 or 34) are corroborated by cDNA
sequences (Fig. S1). Note that the short insert in serpin13 pushes the RSL toward the carboxyl-
terminus. The group names in front of individual sequences, A~F in bold, reveal the basis of
phylogenetic relationships shown in Fig. 3.
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serpin

28D
29
30
31
32
33

P14 Pl P12’

NEEGAEAAAANAFTMTRSSK-VYVRPPIVFNANKPFYYA
NEEGAEAAAATGMVMMMRCA- - -RPPSPSFHADRPFLYF
NEIGSIAHSATEIGIVNKFG-EDDENDYEVVVNKPFLFF

TEAGTTAAGVTVAEFSNRIG------ VVRFEANRPFTYM
TESGTVAFASTVATLTDRIS------ APAFHANRPFVYF
NEEGTVAAAATAIFGFRSSR- - -PAEPTRFVANFPFVYV
TEDGTVASSVSVVTFEARML------ PDQFVVNRPFLYM
TNPNILNGILSTATNVATGL--AAAVGRDFIANKPFMYS
ATAGAFTGLIAVPTSSLSRP----PPSLPFKVDHPFLFL
EMSAANVDMPLSKNLPLSEK----- PATKFSVDHPFVFF
DEQGTVAAAASAAMVVPLIN----- DGVELRVDRPFVFF
EKGGSAAAATSFGVVALSFD- - - -DPAVVFKANRPFLAV
NEFGTEAVAATAGILARSAE-------- QFYADSPFYIF
TEKGVKA-HGTA-EF-IISG----NETLMFNANRPFAYM
LHEVSLKSRFSNGYKASKCS----KFDVELVTNRPHLYF
MLSHMRIDFEQPTEEQAESV----VAEPDFIFNKPYFFL
LHEVSLKLGFGNGYKASKCS- - - -KFDVELVTNRPHLYF

MLSHTRLEFEQPTEEQAASV----VAEPDLIFDNPYFFL
IKENSFDEVKKPNKAEEVCP--DKDKLITVEINRPFAFS
LHEVRLRPDSTNNSRKASPC- - -TKYDVELEVNYPYAFY
NEEGAEAAAATHMVLRKRRA- - -HYPAPIVRADRPFLYF
MLSHTRIDFEQPTEEQAASV----VAEPDFIFDKPYFFL

IKENSFDEVKKPNKAEEVCS - - - -DKLIAVEINRPFAFS
IWEAGHQFVSRVPATCYSIL----- LKVYWSARRPFQFH
ISNRSVPGQLMSKNAEKCSG----- FYKKVKLNSPAAYF
SSFQIEPEPSR-DELKRRAGYPHVLRDHHFKADHPFIFY
MNLPLHLRP-RQARLPTRST----- QPARLKFDRPFLYF
DETGTEAAVATAVVGARATS-AIIPENEYYFIAARSYVF
WAEAGR-NAY-KDDGNTYSM------ FFVKIDDSPFYYY

IEDDNLDAMKKSHVAKSICA---NKDKITIEINRPYAFS
RVTATIKNRGAILPQODQGFI--QESHGDEFIANRPFMFC
TEEGTVAAVATVVGLEDRIL------ GPRIEVNKEFVFL
SRHRSPLDPE-MMSQDRVML-GPGINVLEFILDRPFYFM

Fig. 2. Multiple sequence alignment of RSL in B. mori serpins
Based on the comparison of serpin domains (Fig. 1), the P18-P15' region of serpin4 and
corresponding sequences from the other proteins are shown. Gap positions in the adopted
sequences are manually adjusted for proper alignment with Gly3€0-Thr361 and Pro385-phe386
of serpin4. These and other conserved residues at P15, P14, P11’, and P12’ sites are shaded
yellow. Prediction of P1 residue (in bold and red) is mainly based on the distance between P14
and P1 including gap(s). Minor adjustments are made by considering that most inhibitory
serpins have Ser/Thr as well as small hydrophobic residues at P1’ site [4].
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Fig. 3. Phylogenetic relationships among the serpins from B. mori, M. sexta, D. melanogaster, and
other insects
Based on a multiple sequence alignment similar to the one shown in Fig. 1, an unrooted

neighbor-joining tree is constructed as described in Materials and Methods. Bootstrap values
for nodes 1 through 7 are 854, 973, 784, 1000, 660, 993, and 771, respectively (1000 trials).
The corresponding clades form six distinct phylogenetic groups named A through F (shaded
yellow, grey, blue, orange, pink, and green). Based on the similarity in intron locations, B.
mori serpin9, 10, 11, 12, and 32 are assigned to groups A, B, B, B, and C, respectively. All
group F members (serpin15~20, 22~25, and 30), some group C (serpin8, 14, and 31) and B
(serpin10) members, as well as serpins 26, 27, 29, 33, and 34 are predicted to be noninhibitory.
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CF CH IF IH serpin | CF CH IF IH serpin
v
I - | ] -
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Fig. 4. RT-PCR analyses of B. mori serpin transcripts

RNA samples from naive or bacteria-injected larvae were prepared for cDNA synthesis and
PCR amplification using gene-specific oligonucleotide primers (Table S1). Except for serpin25
(50 cycles) and serpin29 (45 cycles), reaction mixtures from 35 cycles of amplification were
analyzed by agarose gel electrophoresis. The diluted cDNA samples were normalized with B.
mori actin as shown at the bottom. No product was detected for serpin8, 11, 16, 18, 20, 22, 24,
25, 26, or 30. CH and IH, control and induced hemocytes; CF and IF, control and induced fat
body.
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mRNA: AAAAAA

\

intronless gene: —-—

1
N

- serpin8§H |~ serpin7
+ +

=serpin3lfq |~ - serpinS

Fig. 5. Evolutionary pathway of B. mori serpin genes in group C

Exons (colored bars) and introns (thin lines) indicate the intron loss or acquisition during
evolution. Duplicated genes and their closest common ancestor are labeled with similar colors.
Increase in color brightness represents the continuous change of group C froman ancient intron-
rich gene to two single-intron genes (serpin8 and 31) and five single-exon genes (serpin4, 5,
7,14 and 32).
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