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Abstract

This paper describes cDNAs of four small-size pro-
teins that occur in the cocoon silk of ~ Bombyx mori .Two
of them (9.9 and 10.3 kDa), which have the N-terminal
sequences and the spacing of a few amino acids at C-
termini similar to the seroin of  Galleria mellonella , are
called seroin 1 and seroin 2. The corresponding genes
are expressed in the middle, and to a small extent also
in the posterior silk gland sections. The seroin 1 and
less conspicuously the seroin 2 mRNAs accumulate in
the course of the last larval instar to a maximum in
postspinning larvae. Two other proteins (6 kDa and
4.7 kDa) of B. mori cocoons were identified as a typical
Kunitz-type and a somewhat unusual Kazal-type pro-
teinase inhibitors, and named BmSPI 1 and BmSPI 2,
respectively. Their genes are expressed in the middle,
and the BmSPI 1 gene slightly also in the posterior silk
gland sections. The expression ensues a few days after
the last larval ecdysis and increases until the cocoon
spinning. Post-spinning larvae still contain high amounts
of the BmSPI 1 but no BmSPI 2 transcripts. It is assumed
that seroins and proteinase inhibitors are involved in
cocoon protection against predators and microbes.

Keywords: silk, seroin, proteinase inhibitor, protease
inhibitor, antimicrobial agents, Lepidoptera.

Introduction

Fully grown larvae of some insects spin silky cocoons in
which they pupate (Sehnal & Akai, 1990). Cocoons of a few
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lepidopteran species are processed to obtain silk fibre that
is woven into textiles. The composition of silk has been
examined in detail in the major commercial silk producer,
the domestic silkworm, Bombyx mori (suprafamily Bomby-
coidea). Spun silk filament consists of a firm, elastic core
that is enveloped by sticky materials gluing the filaments
together into the cocoon. The insoluble proteins, which
make up the filament core and are processed to the textile
fibre, are produced in the posterior section of the paired
silk-producing glands. These proteins include heavy-chain
and light-chain fibroins, which are linked together by
disulphide bonds, and P25 glycoprotein that plays a role
in assembling six fibroin dimers into an elementary silk unit
(Inoue et al., 2000). At least six sericin proteins derived
from two genes (Michaille et al., 1986) are produced in the
middle section of the glands and provide the gluing
substance enveloping the fibre core. They are dissolved
in hot alkaline water during silk reeling.

The structure and expression patterns of major silk
genes have also been elucidated in the waxmoth, Galleria
mellonella (suprafamily Pyraloidea), a lepidopteran dis-
tantly related to B. mori. It was found that the overall silk
composition and the silk gene structure are similar as in
B. mori (Zurovec et al., 1992). Amino acid sequence homo-
logies between the two species reach about 50% in case of
light-chain fibroin and P-25 (Zurovec et al., 1995, 1998a),
but are small and restricted to the peptide termini in the
heavy-chain fibroin and sericins. These high molecular
proteins are for the most part composed of regular amino
acid repeats that appear to be species specific (M. Zurovec
et al., unpublished data).

Analysis of the dissolved cocoons of B. mori and
G. mellonellarevealed presence of components smaller than
the structural silk proteins (Grzelak et al., 1988; Kodrik,
1992). Three of the small molecular mass proteins were
characterized in G. mellonella. Proteins of 22.5 and 23 kDa
were identified as glycosylated products of a 16 kDa
peptide, which was called seroin to emphasize its production
in both the middle (sericin source) and the posterior (fibroin
source) sections of the silk gland (Zurovec et al., 1998b).
Peptides of 6 kDa and 4 kDa, secreted exclusively in the
middle silk gland section, were recognized as proteinase
inhibitors of the Kunitz and Kazal families, respectively
(Nirmala et al., 2001).
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There were indications that the small molecular mass
components of B. mori silk are homologous to those of
G. mellonella. Specifically, two proteinase inhibitors were
found in B. mori cocoon extracts (Kurioka & Hirano, 1995;
Kurioka et al., 1999), and the N-terminal sequencing of
another two cocoon proteins disclosed similarity to the N-
terminus of G. mellonella seroin (Zurovec et al., 1998b).
However, the mass of the presumed Kazal-type inhibitor in
B. mori silk was assessed as 11 kDa (Kurioka & Hirano,
1995), and the proteins exhibiting seroin homology were
only 8 kDa and 13 kDa (Zurovec et al., 1998b). The size
discrepancies between G. mellonella and B. mori silk
proteins contradicted the assumption of their mutual homo-
logies and no conclusive statement could be made without
additional information. We decided to identify the cDNAs
and to examine the expression profiles of selected small
molecular mass silk proteins in B. mori.

Results

Identification of two seroin cDNA sequences

Analysis of B. mori silk proteins disclosed two putative
homologues of G. mellonella seroin: an 8 kDa peptide with
N-terminus GFVXEDDNFPG and a 13 kDa peptide with
similar N-terminus GFVXEDDDDLF (Zurovec et al., 1998b).
Screening of our EST database for these two partial
sequences led to identification of two types of cDNA
clones. Putative translation products of six clones included
sequence GFVWEDDDDLF that matched the result of
amino acid sequencing of the 13 kDa peptide and identified
the uncertain residue as tryptophan. Two other cDNA clones
in the EST database encoded sequence GFVWQDDNFPG,
which was identical with the N-terminus of the 8 kDa pep-
tide except that glutamine occurred in place of glutamate;
the unknown residue turned out to be tryptophan. Differ-
ences in the N-termini and especially in the remaining
amino acid sequences (see below) suggested that the
two types of cDNAs were derived from two different genes.
That with higher representation in the EST library was
designated seroin 1, and the other seroin 2.

Characterization of seroin 1

Out of the six cDNA clones encoding the N-terminal
sequence of seroin 1, those labelled msgV0150 and
msgV0105 contained identical 5" UTR of 32 nt, an appar-
ently complete ORF, and a truncated 3' tail (very short in
msgV0150). The sequences were numbered from the first
5' nucleotide. All remaining seroin 1 clones, msgV0001,
msgV0243, msgV0403 and msgV0653, were 5' truncated
and started between positions 57 and 73. The overlapping
parts of all six sequences were identical except for position
128 where T was found in three, and C in the other three
clones. This alternation in the third place of a codon did not
alter its coding for Phe. To verify the 5’ end and to complete

the 3' end of the cDNA, the clones msgV0105 and
msgV0150 were isolated and sequenced independently of
the EST database. Small discrepancies were resolved by
repeated sequencing.

The complete cDNA sequence of seroin 1 is 769 nt long
(Fig. 1, top). The 5’ end UTR includes 32 nt, ORF encom-
passes 327 nt, and the 3' UTR with two putative poly-
adenylation signals AATAAA extends for 398 nt prior to poly
(A) tail. The ORF is initiated by the first ATG codon and
encodes a preprotein of 108 amino acid residues, of which
eighteen make up the signal peptide. Secreted seroin 1
begins with Gly*®, is composed of ninety amino acids, and
has a deduced molecular mass 9912.6 Da.

Characterization of seroin 2

The EST database sequences msgV0256 and msgV0508
encoded the N-terminus of seroin 2. Both sequences
included an apparently complete ORF, which was pre-
ceded by 5 UTR of 74 nt in msgV0256 and of 56 nt in
msgV0508. The clones msgV0256 and msgV0508 were
isolated, subcloned, and analysed in detail. A primer 5'
CAA GTC CTA GAA GAT AGA AGA 3, which corres-
ponded to 403—424 nt of the cDNA, was synthesized and
employed to sequence the middle portion of the cDNA.
Sequences of the two clones proved to be identical.

The complete cDNA of seroin 2 is 1413 nt long and
includes 74 nt 5" UTR, 339 nt ORF, and 1000 nt 3' UTR,
which contains two putative polyadenylation signals and a
poly(A) terminal sequence (Fig. 1, bottom). The deduced
translation product, starting from the first ATG codon, com-
prises 112 amino acids. Peptide sequencing revealed that
the N-terminus of mature seroin 2 begins with Gly™®, there-
fore the preprotein apparently consists of eighteen amino
acid signal peptide followed by secreted peptide of 94
amino acids (10312.6 Da). Amino acid residues around
positions 18—19 of the deduced translation product comply
with the rules for signal peptide cleavage (Von Heijne, 1983).

Silk proteinase inhibitors

Using approaches specified below, we identified cDNAs of
two proteinase inhibitors that were called BmSPI 1 and
BmSPI 2 to emphasize their homologies with the corres-
ponding inhibitors of G. mellonella (Nirmala et al., 2001)
and to indicate that B. moriwas the source species. BmSPI
1 denotes a Kunitz-type inhibitor analysed by Kurioka et al.
(1999), while BmSPI 2 is a Kazal-type inhibitor that was
isolated and for the most part sequenced by Kurioka &
Hirano (1995). The latter was independently identified also
by our N-terminal peptide sequencing.

Kunitz type inhibitor BmSPI 1

No cDNA encoding BmSPI 1 (Kurioka et al., 1999) was
found in our EST database, but RT PCR yielded a product
of about 200 bp, and subsequent 5" RACE led to a 230 bp
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Figure 1. Complete cDNA sequences and
deduced amino acid sequences of seroin 1 (top)
and seroin 2 (bottom). The initiation and
termination codons are printed in bold and the
putative polyadenylation signals are underlined.
The double-underlined C nucleotide in seroin 1
was identified in three cDNA clones, while another
three clones contained T in this position.
Horizontal arrow in seroin 2 cDNA indicates
position of the internal sequencing primer. Amino
acid residues identified by N-terminal sequencing
of isolated silk proteins are marked with asterisks,
and the putative signal peptide cleavage sites
with O

Small molecular mass silk proteins

Seroin 1

TTCAAGAGTACTTTCCTTCCACTAGTCTGATAATGGCGTTTACGAAGTTTCTTTTTGTGATTACATTAATTACAATCGCG
. MetAlaPheThrLysPheLeuPheVallleThrLeulleThrIleAla

AGCGCTGGCTTTGTATGGGAGGACGATGACGATTTGTTCCCGGGATTCTCAGATACGTTCAAGATGCGAGAGATACCAGAG
SerAlﬁGlyPheValTrpGluAspAspAspAspLeuPheProGlyPheSerAspThrPheLysMetArgGluIleProGlu
e

ATAAAGTCTCTTGAATTTGATGATATTARAACTCACGTCGCGGGAGATARCGAGCAATATACCGGAGAGTCTAAGTCGAGT
IleLysSerLeuGluPheAspAspIleLysThrHisValAlaGlyAspAsnGluGlnTyrThrGlyGluSerLysSerSer

TACAGTTCCTCATCCACGGTCAACGGCAAGACAGTGAGCAGCGGCGGAGTTAGCGAGTTGACARATGACGGAAAAGCCGTC
TyrSerSerSerSerThrValAsnGlyLysThrValSerSerGlyGlyValSerGluLeuThrAsnAspGlyLysAlaVal

GAAGAAAAGGTCATGGAATACAAAGATGGCGATTAAATAAATCCAGCGATTATTCACGAATAAAAAAATTTAAGTCAAARA
GluGluLysValMetGluTyrLysAspGlyAsp .

TATTATTTCACAAAAGGGGATTTTAAATTGTTAAAAATAAAACGTTAATGTTTTTCATCTCTGCATTGTATAGTCAAATTT
ACGTAATAGTTCTTTTTTTGTTCARATTTGTGTTATTTTGTGACTGTTTGTGCGAAAATATARATTTTTTTCATTCACAAG
TTTTAGATGTGAAGAAAATTAAAGTTAAATCAAGTCATTAATTGTCTTTTTTCAARACGGACATTATTATTTCAGCAGTAC
TTACGACCTTTGAGCCGTGTTAGTARAATAGCTAAGGAATTCAAGAAATGTTATCTGCGTAGTTTTTACTATTAARATTAA
ATTAAATATTATTAAATTAAAATTCTACAAAAAAAAAAAAA

Seroin 2

GTGTCCTACAGTTGGTTTCAACAGTGCTACACAGCTCGATTTTTTTATTGTTGAAGCCTTTTAACCGCCTGATAATGGCG
MetAla

TTCACGAAGTTTCTTTTTATGTTGTCATTAATCACCATCGCGAGCGCTGGCTTTGTTTGGCAGGACGATAACTTTCCGGGA

PheThrLysPheLeuPheMetLeuSerLeuIleThrIleAlﬁSerAlaGlyPheValTrpGlnAspAspAsnPheProGly
Wk x w w w e ox x x

TTCCCAAGCGATATGTGGCCCTCTATACAGATCCCAACGATTCCGCCATTCGATCCCAARATTCCGAACTTTGCTTTTTCG
PheProSerAspMetTrpProSerIleGlnIleProThrIleProProPheAspProLysIleProAsnPheAlaPheSer

TTCCCCTCTCCTGACAACATTAAGAAAACTAAACCACAACCCGGACAAACCTATAGCGGCGTCTACGTGAGCAGCAATGGA
PheProSerProAspAsnlleLysLysThrLysProGlnProGlyGlnThrTyrSerGlyValTyrValSerSerAsnGly

GGGAAGGGAACTATGGTTGCAAACATCAATGGGGAAGTGATCGAAAAAAAGTTTGGAGAGGATTCCAAAAAATCTAAGAGE
GlyLysGlyThrMetValAlaAsnIleAsnGlyGluValIleGluLysLysPheGlyGluAspSerLysLysSerLysSer

LysSer .

TTTTTATGTTAACARATGAARTACATTCATTATATAATAACAATTTTAAGATAATTTAAATGTTATTTGATATAGTTTAAAT
GTTGTTTTTCCTTCCTTCTTTTACCGATGCATTACATAACACATACAAAACCCACACAATTAATTAATTATTTTTTTATTT
TATCAACTTCAGGTCTTCTTCAATGTAATTTATTATARAATTCAARATGTTTTTCACCTCTGCACTGTACCGTAAAATTAAC
GTAATCGTTTTGATATTTATARAACTGAATTCATGATTTCATTCAAAGTAACAATCTAAAAGCTATGAAACGGATTTGRAT
GTGAACCAATTTAAACCTAATTTACAGCAAGAATCTTTTTTTTARAACATARATTATTATTTCAGCAGTAGGTACTACAAC
CTTTGATCTGTGTTATGTAGATTGCCACAGGAATTCATARATTATTAACTGCTAGGTTTCATCTGAGCCTCTCTCTAGCTT
TGATTTCAATATTCTAACATTATTTAGATTAGAACATGGTGACTACARACACAGCAATCARAGATCTCTCTTCCATCATGG
CGATTCTGATGTCTACTACGCCCGTGTAATTAARAGTTTATTGATCGAGGAAAAAGGTCCTAATGATGTACTACTATTATT
CAGTTCTCACTTAATGTATGGCCATGTCGARTARACGTGTAGTCAATGTTCGGARAGTGCGGTTACTTATTTTGGATTTAC
GTTTTAAACAGTCCGATTTCCGGGCTAATTTCATTTGTAATCTTATATCTTTTTATTTTATATGTCTTTCARAAAATTARAG
AAAATTTAACTGTTGTAATTCAAATTCCAACGATTTTCATGTATGTAATTTAAGTTCAAAAAGGTTTATATTGCAGTAATT
AACATTAATAAATTATACATACCGAAAAAAAAAAAAA
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DNA fragment, which was cloned and sequenced. The
complete cDNA sequence of BmSPI 1 is 394 nt long
(Fig. 2, top). The 5" UTR consists of 25 nt, ORF encom-
passes 231 nt, and the 3’ UTR of 138 nt includes two adja-
cent and partly overlapping polyadenylation signals and a
terminal poly(A) tail. ORF is initiated by the first ATG codon
and encodes a preprotein of seventy-six amino acid res-
idues. Signal peptide cleavage, predicted to occur between
Ala®* and Asn?® within a typical motif for the recognition by
signal peptidases, apparently yields a signal peptide of
twenty-one amino acids and the mature BmSPI 1 of fifty-
five amino acids and 6000.75 Da mass. The deduced
sequence of BmSPI 1 represents a typical single-domain
serine proteinase inhibitor of the Kunitz type.

Kazal type inhibitor BmSPI 2

Clones msgV0972 and msgV0973 of the EST database
encoded amino acid sequence TCICTTEYRPVC that had
been identified by our N-terminal sequencing of a 5 kDa
silk peptide and corresponded to the Kazal-type inhibitor
described by Kurioka & Hirano (1995). Both cDNA clones
included an apparently complete ORF and were identical

© 2001 Blackwell Science Ltd, Insect Molecular Biology, 10, 437—-445

except that the former lacked the poly(A) tail. Repeated
sequencing of the two clones identified the complete 5’ and
3’ ends. The clones were identical save position 329 (3
UTR) where T was identified in one and G in the other
clone.

The BmSPI 2 cDNA is 411 nt long and includes 14 nt 5
UTR, 198 nt ORF, and 199 nt 3' UTR with three overlapping
polyadenylation signals and a terminal poly(A) sequence
(Fig. 2, bottom). The deduced translation product starts
from the first ATG codon and consists of sixty-five amino
acid residues. The mature BmSPI 2 obviously begins with
Thr?* that was identified as the most N-terminal amino acid
by Kurioka & Hirano (1995) and also by us. However, the
most likely signal peptide cleavage site (Von Heijne, 1983)
lies between Gly*® and Ala*® or between Ala*® and GIu®,
indicating that the preprotein is possibly further processed
by an aminopeptidase. The secreted BmSPI 2 comprises
forty-four amino acids and has a mass of 4767.56 Da. The
first twenty-five of the deduced amino acid residues are
identical with those found by direct peptide sequencing
(Kurioka & Hirano, 1995). BmSPI 2 is clearly a single-
domain proteinase inhibitor of the Kazal type.
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BmSPI 1
AAGTGAATCTTCATTTCTTGCAGAATGTTGARATACACGAGCATTTCGTTTTTATTAATAATTCTTTTATTTTCCTTCACT 81
MetLeuLysTyrThrSerIleSerPheLeuleullelleLeulLeuPheSerPheThr 19
____________________ >
AACGCTAATCCTGATTGTTTGCTGCCAATARAGACGGGCCCTTGCAAGGGCAGTTTTCCAAGATATGCCTACGATTCATCG 162
AsnAlaﬁsnProAsprsLeuLeuProIleLysThrGlyProCysLysGlySerPheProArgTyrAlaTyrAspSerSer 46
<ommmmmmmmmmmmm——oeee Figure 2. The cDNA and deduced peptide
GAGGACARAATGCGTTGAATTCATCTACGGAGGT TGCCAAGCGAATGCTAATAATTT TGAGACTATAGAAGAGTGCGAAGCC 242
n f BmSPI 1 (top) and BmSPI 2
GluAspLysCysValGluPheIleTyrGlyGlyCysGlnAlaAsnAlaAsnAsnPheGluThrIleGluGluCysGluAla 73 sequences o . _AS, (top) d AS
(bottom). The initiation and termination codons
e . . .
GCCTGCCTTTAAAATACGTGGGAGTGTTCATGTCCTTCCTGAGGAATGCGCTAGTGCTGTGACCTAATARATTATGGTAAT 324 are printed in bolq and the putanvg
AlaCysLeu . 76 polyadenylation signals are underlined.
GTTGGTTTATGGTGGTGGTAATTTTGCAATTTATGAAATAAAATARATGTGATAAGTARARAAARARAR 394 Horizontal arrows in BmSPI 1 cDNA indicate
positions of one degenerate forward and two
BmSPI 2 gene-specific reverse primers that were used in
cDNA identification by PCR. The double-
CAAAATCGAAAACAATGAAGACTTCAATCGTTCTAATTTTCCTCCTCGTCGCCTGCTGCACTTTGGGGGCTGARAGTACC 80 underlined nucleotide in BmSP! 2 was identified
MetLysThrSerIleValleullePheLeuLeuValAlaCysCysThrLeuGlyAlaGluSerThr 22 . .
non n asTinone, and as G in the other cDNA clone. The
TGTATTTGCACCACCGAATATAGGCCTGTTTGTGGTACTAACGGTGTTACT TACGGCAACAGGTGCCAACTGAGATGTGCG 161 most probable signal peptide cleavage sites (Von
CysIleCysThrThrGluTyrArgProValCysGlyThrAsnGlyValThrTyrGlyAsnArgCysGlnLeuArgCysAla 49 Heijne, 1983) are marked with 0. Amino acid
H A )
ARAGCCATATTTGCCTACGACGGGCCGTGCTGCGGTGGCATGCGAAT TTAGGGCTGCCAGACGTCTCGTATTTCCCGGGAC 242 sequence of BmSPI 1 reported by Kurioka et al
LysAlaIlePheAlaTyrAspGlyProCysCysGlyGlyMetArglle . €6 (1999) coma!ned Glu !n plé(?e of Asp. Bm_spl 2
residues, which were identified by N-terminal
GTCCCGTATTTTAGGCTTAGT TTAAAATGTCTCGGCGGGACTGACTCTGTTCCGTATTCGAACTGTTCGATTACAATTGTT 323 : f a5k ik A red
TTGGTGTTTATAAATATGTTAAAACTAACT TGCTCCTCGGAGARATATCARATAATARATARATAAAGARTGTCACTATAR 404 sequencing of a 5 kDa silk protein, are marke
AAAARAARR 411 with asterisks.
1 23 4 5 12345 1234512345 kb
= 6.0
= 4.0
= 3.0
- 20
- s = 4 - 15
. : 3 - 10
Figure 3. Expression of the seroin 1, seroin 2,
. 0.5 BmSPI 1 and BmSPI 2 genes, respectively, in
% selected tissues. Ten micrograms total RNA
from the integument (lane 1), fat body (lane 2),
middle (lane 3) and posterior silk gland sections
-0.2 (lane 4), and 5 pg total RNA from the middle silk
gland section (lane 5), were hybridized to the
respective radiolabelled cDNA. Positions
of standards in an RNA ladder are given
SEROIN 1 SEROIN 2 BmSPI 1 BmSPI 2 on the right.

The expression pattern of seroins and proteinase inhibitors

Samples of total RNA from the fat body, integument, and
the middle and posterior parts of silk glands of day 5 last
instar larvae were probed with the radiolabelled cDNAs.
Transcripts hybridizing with the seroin 1, seroin 2 and
BmSPI 1 probes were found in the middle and, in much
lower amounts, in the posterior parts of silk glands,
whereas putative BmSPI 2 mRNA occurred only in the
middle part (Fig. 3). All examined genes were represented
by single transcripts with approximate sizes 800 bp and
1500 bp for seroin 1 and seroin 2, respectively, and 500 bp
for either inhibitor. No hybridization signals were detected in
tissues other than silk glands.

Developmental expression profiles of the genes in question
were followed from the end of the penultimate larval instar
until the end of cocoon spinning in the last larval instar
(Fig. 4). The results confirmed that expression of both seroin

genes was intensive in the middle silk gland section. Seroin
1 transcript was hardly detectable in the penultimate instar
larvae, appeared in increasing amounts in the feeding last
instar larvae, and accumulated dramatically between wan-
dering (postfeeding larvae searching for pupation sites) and
the end of cocoon spinning. By contrast, the expression of
seroin 2 gene increased slowly and rather gradually through-
out the examined period. In the posterior silk gland section,
the transcripts of both seroin genes were present in small
amounts and increased little in the course of development.

The transcript of BmSPI 1 was not detectable in the
penultimate instar and at the beginning of the last larval
instar. Its amount increased in later development, reaching
a maximum in the middle silk gland section just before and
during cocoon spinning (Fig. 4). The transcript was also
present in the posterior silk gland section but its accumula-
tion was not conspicuous. BmSPI 2 was not expressed in
the penultimate and at the beginning of the last instars, and

© 2001 Blackwell Science Ltd, Insect Molecular Biology, 10, 437—-445
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Figure 4. Developmental profiles of seroin 1, seroin 2, BmSPI 1and BmSPI
2 mRNAs during the penultimate and last larval instars. Total RNA (5 pg)
from the middle (MSG) and posterior (PSG) silk gland sections of the fully
grown penultimate instar larvae (lane P), and of the last instar larvae of days
1, 3,5 and 7, at spinning (S), and after spinning (PS), was blotted and
probed with the respective radiolabelled cDNA. The bottom panel shows
total RNA, in nylon membrane, stained with methylene blue.

its subsequent expression was limited to the middle silk
gland region. The content of BmSPI 2 mRNA grew rapidly
in the feeding last instar larvae to a maximum in the fully
grown, prespinning larvae. Spinning was accompanied by
abrupt transcript decline that was no longer detectable in
the postspinning larvae (in contrast to the mRNAs of the
seroins and BmSPI 1).

Discussion

The seroins

Data available a few years ago seemed to imply that lepid-
opteran silk consisted of just a handful of the fibre and
glue proteins (Hui & Suzuki, 1995). The discovery of seroin
in G. mellonella proved the existence of additional silk-
specific proteins (Zurovec et al., 1998b). The detection of
two proteins with seroin-like N-termini in the silk of B. mori
suggested that seroin homologues are regular silk compon-
ents. Full structure of these proteins in B. mori silk has
now been deduced from the cDNAs that are derived from
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two separate genes, seroin 1 and seroin 2. The genes are
transcribed in the middle, and to small extent also in the
posterior silk gland sections, similar to the seroin gene of
G. mellonella. A shared feature of seroin transcripts in
B. mori and G. mellonella is a relatively long 3' UTR with
two AATAAA polyadenylation signals.

Putative translation products of B. mori seroin genes
have similar signal peptides (fifteen positions out of eight-
een residues are identical) resembling the signal peptide
of G. mellonella seroin (Fig.5). Signal peptides of the
structural silk proteins are different (data not shown).
The secreted seroins of B. mori exhibit homologies with the
seroin of G. mellonella at the N-termini (six to seven out of
the eight terminal amino acids are identical). Similarities in
the relative positions of a few amino acid residues can be
found close to the C-termini but major parts of the three
seroins are dissimilar, indicating rapid gene diversification.
The alignment pattern suggests that the seroin genes of
B. mori originated by gene duplication followed by extensive
deletions and point mutations (Fig. 5). Specifically, Galleria
seroin contains two copies of a PPLPQPPPL repeat that
is missing in B. mori seroins. Another proline-rich region
with three copies of a PPI motif in G. mellonella seroin is
modified in B. mori seroin 2 and cannot be recognized in
seroin 1. In spite of these dissimilarities, the homologies at
N-terminus, comparable short motifs at the C-terminus,
analogous general peptide properties (see below), and
identical tissue and developmental expression profiles
justify our suggestion that all peptides in question belong
to one seroin silk protein family.

All seroins possess a balanced ratio of hydrophobic and
polar residues. C-termini include stretches of hydrophilic
residues, such as ESKSSYSSSST in seroin 1 and
EDSKKSKSKS in seroin 2 of B. mori, and EESRKESSSN
in G. mellonella seroin. Basic and acidic residues are in
equal proportions in seroin 2, but a prevalence of acidic
residues in seroin 1 and in G. mellonella seroin lowers their
pl values to 4.047 and 4.93, respectively. Glycosylation of
G. mellonella seroin apparently accounts for the molecular
weight increase from 16.3 kDa of the deduced peptide to
the 22.5 and 23 kDa proteins present in the silk (Zurovec
et al., 1998b). The deduced masses of seroin 1 and seroin

————————————————————————————————— TFKMPEIPEIKSLEF
———————————————————————————— MWPSIQIPTIPPFDPKIE

U
BmSER 1 ¢ fITLITT EsisDDL—| =SD
BmSER 2 : IHFMLSLIT B8N ———] PSD
GmSER MR — WIFLSFVAL BB DN SISKLRQLYVPPLPQPPPLPNIPGLPQPPPLPQPPPLFGFDFSPILPIFPIFPPIFE

=

BmSER

GmSER

DDIKTHVAGDNE====== OYTGESKSSY¥S5SSTVN---
EmSER 2 NFAFSFESPDNIKKTKP-QPGQTYSGVYVSSNGGK---
ILPTE"PFINIPP\PEDIKNIK?E‘\'E‘GQFFNGIS*JKSRSGYF\LDKDGNRVKTGET LINDNG

———————————— BKTHSSGGVSEL-----TNDGKAVEEKVMEYKDGD

° -NINGESVIEKKFGEDSKKSKSKS K

ETIVGDNPPKFEESRKESSSN

Figure 5. Tentative amino acid sequence alignment of B. mori seroin 1 (BmSer 1) and seroin 2 (BmSer 2) with G. mellonella seroin (GmSer; Zurovec et al.,
1998b). The signal peptide is italicized and the first residue of the secreted peptides is marked with C. Amino acid residues conserved in all three proteins are
shaded black and those conserved in two proteins are shaded grey. Two proline-rich motifs present only in GmSer are underlined.
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BmSPI 1
I
BmSPI 1 NED LLPI-—KTGSEKGSFPRYAYDSSEDK EF IYGGEOANANNFET T EEREARRL % Overlap
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Figure 6. Amino acid sequence alignment and percentage overlap of BmSPI 1 and BmSPI 2 with the related members of the respective proteinase inhibitor
family. The Kunitz family (BmSPI 1, top) is represented by GmSPI 1 (Nirmala et al., 2001), trypsin inhibitors from the haemolymph of Manduca sexta (Ramesh
et al., 1988) and Sarcophaga bullata (Sugumaran et al., 1985), B. morihaemolymph chymotrypsin inhibitor, SCI -1 (Sasaki, 1978), and bovine pancreatic trypsin
inhibitor, BPTI (Laskowski & Kato, 1980). The Kazal inhibitors (BmSPI 2, bottom) include GmSPI 2 (Nirmala et al., 2001), inhibitor from the haemolymph of
Spodoptera littoralis (Boigegrain et al., 2000), third domain of egg white ovomucoid from peacock phesant, OMPP (Laskowski et al., 1987), and the bovine
pancreatic secretory trypsin inhibitor, BPSTI (Green & Bartelt, 1969). Conserved Cys residues are shaded black and other conserved amino acid residues are
shaded grey. Putative P1 residue is marked with 0 and question marks indicate that the C-terminal sequence is incomplete (in this case, homology was
established between the known sequence and the corresponding region of BmSPI 1 or BmSPI 2).

2 are 9912.6 Da and 10312.6 Da, whereas corresponding
proteins extracted from the B. mori silk migrated in poly-
acrylamide gel electrophoresis as 13 kDa and 8 kDa moieties,
respectively. We assume that this discrepancy is due to
inaccurate size estimation from the electrophoretic mobility.

The silk proteinase inhibitors

The proteins inhibiting serine proteinases are typified by
conserved spacing of 6 Cys and several other residues
(Bode & Huber, 1992). Those identified in G. mellonella silk
belong to the Kunitz and Kazal types (Nirmala et al., 2001).
They were originally designated SPI 1 and SPI 2, respect-
ively, but these designations are changed in the present
paper to GmSPI 1 and GmSPI 2 to indicate the source
species, and appellations BmSPI 1 and BmSPI 2 are used
for the homologous inhibitors of B. mori. Each inhibitor is
derived from a separate gene. A notable feature of the
BmSPI 1 and BmSPI 2 transcripts is the presence of over-
lapping double or triple polyadenylation signals (Fig. 2).
Three dispersed polyadenylation signals occur also in the
GmSPI 1 transcript (Nirmala et al., 2001).

The Kunitz-type inhibitor BmSPI 1 was isolated and its
amino acid sequence ascertained by Kurioka et al. (1999).
The protein was called cocoon specific trypsin inhibitor
(CSTI) to stress that it had been isolated from the cocoons.
Our deduced amino acid sequence of BmSPI 1 (Fig. 2, top)
is identical to that reported for CSTI, except that Asp
instead of Glu is present in position 27. The change is due
to a single point mutation in the third position of a codon,
and probably represents an allelic variation that does not
affect the function. The BmSPI 1 deduced size 6000.75 Da
is consistent with the CSTI mass determination 6026.7 Da
by Kurioka et al. (1999).

BmSPI 1 is 55% identical with the corresponding inhibitor
of G. mellonella, GmSPI 1 (Fig. 6, top). Among the silk
components, a similarly high homology of 53.7% between
B. moriand G. mellonellawas found only in the mature P25
protein (Zurovec et al., 1998a). BnSPI 1 and GmSPI 1 are
related to the Kunitz-type inhibitors present in insect
haemolymph. Such an inhibitor from the moth Manduca
sexta (Ramesh et al., 1988) exhibits 49% and 44%, that
from the fly Sarcophaga bullata (Sugumaran et al., 1985)
43% and 38%, and that from B. mori (Sasaki, 1978) 40%
and 39% homology to BmSPI 1 and GmSPI 1, respectively.
The BmSPI 1, however, differs from all Kunitz-type insect
proteinase inhibitors by having Lys in the so-called P1
position after the second Cys residue. In this respect,
BmSPI 1 resembles the bovine pancreatic trypsin inhibitor,
BPTI (Laskowski & Kato, 1980). Amino acid residue in the
P1 position confers specificity to the target proteinases,
with Lys specifying activity against the trypsin. Inhibition of
trypsin by BmSPI 1 has been demonstrated by Kurioka
et al. (1999).

Expression studies revealed presence of BmSP/ 1 mRNA
both in the middle and the posterior silk gland sections,
whereas Kurioka et al. (1999) detected trypsin-inhibitory
activity only in the middle section. This could imply that the
transcript produced in the posterior section is not translated
into the active inhibitor but we rather believe that the failure
to detect trypsin inhibition was due to the low level of gene
expression in this part of silk glands (cf. Fig. 4).

The N-terminal sequence TCICTTEYRPVC that we
found in a 5 kDa silk protein, matches exactly the deduced
N-terminus of BmSPI 2 after the signal peptide cleavage.
Kurioka & Hirano (1995) identified twenty-eight amino acid
residues of BmSPI 2. The first twenty-five are identical to
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our deduced amino acid sequence and only the terminal
Cys-Met-Ala are in our sequence replaced with Arg-Cys-
Ala-Lys (Fig. 2, bottom). The deduced mass 4767.66 Da
of BmSPI 2 is in accord with our electrophoretic assess-
ment 5 kDa for the extracted silk protein. Kurioka & Hirano
(1995) originally reported an 11 kDa size but Kurioka et al.
(1999) later referred to a 4 kDa protein, which is close to our
mass calculation.

BmSPI 2 includes a complete Kazal domain, in contrast
to GmSPI 2 which is truncated at the N-terminus and lacks
the 1st and 5th cysteines (Fig. 6, bottom). However, the
structure of BmSPI 2 is also somewhat unusual by having
CysV and CysVI only ten amino acid residues apart, while
in typical Kazal inhibitors these cysteines are separated by
seventeen residues. CysVI is usually the last residue in single
domain Kazal inhibitors but in BmSPI 2 it is followed by five
more amino acids. The overall homology between BmSPI
2 and GmSPI 2 amounts to 44% and is not much higher
than the homology to the Kazal inhibitors from other insect
tissues. Thrin P1 position, which is the second residue after
Cys in the Kazal type inhibitors (Bode & Huber, 1992), is a
shared feature of BmSPI 2 and GmSPI 2. As far as we
know, substrate specificity of the inhibitors with P1 Thr has
not been defined. Thrin P1 also occurs in the third domain
of Kazal-type inhibitors of avian egg white, the ovomucoids
(Laskowski et al., 1987), and in a new family of fungal
proteinase inhibitors isolated from the integument and
haemolymph of B. mori (Pham et al., 1996).

Possible function of low molecular silk components

B. mori genes for seroins and proteinase inhibitors are
highly expressed just before and during cocoon spinning.
Such developmental expression pattern and the presence
of seroins and proteinase inhibitors in the cocoon silk
indicate that the functions of these proteins are linked to
cocoon formation and maintenance. It must be mentioned,
however, that silk production in early larval instars of B. mori
is negligible. In the larvae of G. mellonella, which spin intens-
ively from the second larval instar to construct the silk
tubes in which they live, the expression of the seroin gene
begins in early larval instars, suggesting that seroin is
important not only for the cocoon but for the silk in general.
The high proline content of G. mellonella seroin invites
suggestion that it may be a functional analogue of the
proline-rich bacteriostatic peptides (Zurovec et al., 1998b).
The proteinase inhibitors, however, are produced in G.
mellonella exclusively during cocoon spinning (Nirmala
et al., 2001). A possible explanation is that their early
production would interfere with the ingestion of silk by
G. mellonella larvae. The larvae consume the old tubes that
cannot accommodate them any longer and obviously use
the silk as a source of proteins that are scarce in their diet.

The conservation of seroins and silk proteinase inhibitors
in the silk of distantly related lepidopteran species suggests
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that they are important. They might provide some protec-
tion against microbial degradation but also against silk
consumers and potential predators of the pupae. The envir-
onmental endurance of silk is well known (Akai, 1997).

Experimental procedures

Insects and tissues

Caterpillars of the Indian B. mori commercial hybrid Tamilnadu
White x NB,D, were reared on mulberry leaves or artificial diet at
22-25 °C. Fat body, integument and silk glands were dissected
from water-anaesthetized larvae of the final or the penultimate
instars. The middle and posterior sections of the silk glands were
separated as described by Couble et al. (1987). All tissues were
immediately frozen in liquid nitrogen and stored at —80 °C until
required.

Establishment and screening of the EST database

A cDNA library, which was based on poly(A)RNA from the middle
silk glands of the last instar B. mori larvae and cloned in AZAP I
vector (Mach et al., 1995), was kindly provided by Dr V. Mach. The
pBluescript plasmids containing cDNA inserts were excised using
ExAssist™ helper phage (Stratagene), grown on agar plates, and
1000 randomly selected plasmid clones were isolated with the aid
of the Kurabo PI-100 machine. The inserts of individual clones
were amplified by PCR using primers complementary to flanking
vector sequences. Electrophoresis was employed to verify that a
single PCR product was obtained from each clone (clones gener-
ating more products were discarded). Suitable PCR products were
treated with shrimp alkaline phosphatase and exonuclease 1
(Amersham Direct PCR Sequencing Kit), and taken for BigDye
terminator sequencing reaction with 5' sequencing primer.
Nucleotide sequences were established on the ABI Prism 377XL
DNA sequencer (Applied Biosystems, USA), and stored in an EST
database (Mita et al., 1999). Identified cDNA sequences were
analysed with the BLAST & BEAUTY software (Worley et al., 1998).
Separately we searched for the cDNAs whose translation products
would match N-terminal sequences of several peptides we isol-
ated from B. mori cocoons. In a later stage, we screened the data-
base for the presence of proteinase inhibitors whose sequences
were published by Kurioka & Hirano (1995) and Kurioka et al.
(1999). Alignment of nucleotide sequences and amino acid
residues was carried out using CLUSTAL as implemented by the
Megalign program of the LASERGENE package (DNASTAR).

Reverse transcription PCR

Total RNA was extracted from the middle silk gland of a cocoon-
spinning larva as described previously (Yang et al., 1996). About
1 pg RNA was used as template in a 50 pl reaction mixture con-
taining 1 x AMV/Tfl reaction buffer (Promega), 200 pm dNTP, 1 mm
MgSO,, 0.1 units each of AMV reverse transcriptase and Tfl DNA
polymerase, and 50 pmol of each primer. A degenerate forward
primer 5' CCN ATH AAR ACN GGN CCN TG 3', which was based
on the conserved region of a number of Kunitz-type inhibitors
(Nirmala et al., 2001), was combined with adapter primer 5' TGA
GCAAGTTCAGCCTGGTTATTTTTTTTTTTTTTITTTT 3’
designed in our lab. Cycling protocol included reverse transcription
at 48 °C for 45 min followed by initial denaturation at 94 °C for
2 min, thirty cycles each including 30 s at 94 °C, 30 s at 60 °C and
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1 min at 68 °C, and final extension at 68 °C for 7 min. The 5’ end
of the gene was obtained by Rapid Amplification of cDNA Ends (5’
RACE) using two gene specific antisense reverse primers (5' TAC
CAT AAT TAATTA GGT CAC 3' and 5' TCG CAC TCT TCT ATA
GTC TCA 3'). First strand products were purified using the Glass-
MAX DNA isolation cartridge (Gibco BRL). Our adapter primer
(see above) was used as the 5' anchor and dATP was employed
to tail the 5' end of the first strand cDNA. PCR reactions were
performed in the thermal cycler GeneAmp PCR System 2400
(Perkin Elmer). The products were separated by agarose electro-
phoresis, extracted with an extraction kit (Qiagen), ligated into the
pGEM T easy vector (Promega), and sequenced using M13 forward
and reverse primers in an ABI prism sequencer (Perkin Elmer
model 310).

Northern blotting

Aliquots of 10 pg total RNA from various tissues were separated
on 1.5% agarose gel containing formaldehyde and MOPS, and
capillary blotted to Hybond-N" nylon membrane (Amersham). The
probes included complete cDNA sequences encoding seroin 1,
seroin 2 and BmSPI 2. A 240 bp PCR product containing the entire
5' end but truncated close to the ORF termination was used as
probe for BmSPI 1. The cDNA probes were labelled with
a*2P(dATP) using the multi prime labelling kit (Amersham). Hybrid-
ization was done at 65 °C in 0.25 m Na,PO,, 1 mm EDTA, 1% BSA
and 7% SDS for 16 h. Membranes were washed at the same
temperature twice in 25 mm Na,PO,, 1 mm EDTA, 1% BSA and
5% SDS, and twice in 25 mm Na,PO,, 1 mm EDTA and 1%SDS.

GenBank accession numbers

Established cDNA sequences of Seroin 1, Seroin 2, BmSPI 1 and
BmSPI 2 have been registered in the GenBank under accession
numbers AF352584, AF352585, AF352583 and AF354456,
respectively.
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