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Abstract. We characterized a full-length gene encod- Introduction
ing wild silkmoth Antheraea pernyfibroin (Ap-fibroin)
to clarify the conformation of repetitive sequences. TheSilks play important roles in the lives of arthropods, for
gene consisted of a first exon encoding 14 amino acicexample, cocoon silks produced by lepidopteran insects,
residues, a short intron (120 bp), and a long second exosilk egg stalk by Neuropteran insects, underwater silk
encoding 2,625 amino acid residues. Three amino acidgrey capture nets by Trichopteran insects, and web build-
alanine, glycine, and serine, amounted to 81% of theéng by spiders (reviewed by Craig 1997). Silks are com-
Ap-fibroin sequence. The Ap-fibroin, except for 155 posed of one or more proteins called fibroins. For ex-
residues of the amino terminus, was composed of 8@mple, the dragline silk of the spid@&tephila clavipes
tandemly arranged polyalanine-containing units (motifs).consists of two components, spidroins 1 and 2 (Xu and
A motif was a doublet of a polyalanine block (PAB) and Lewis 1990; Hinman and Lewis 1992), but a single fi-
a nonpolyalanine block (NPAB). Seventy-eight of the 80broin protein has been suggested to form the silk of the
motifs were classified into four types based on differ- Antheraeamoth (Tamura et al. 1987). Fibroins are large
ences in the NPAB sequences. Although respective moproteins composed of several simple amino acid se-
tifs were significantly conserved, many rearrangementgjuences organized in reiterated arrays (Lucas and Rudall
were observed within the second exon, i.e., the triplica-1968) and can be classified into many types by structures
tion of a 558-bp-long sequence and other duplicatiordeduced from X-ray diffraction analysis (Lucas and Ru-
events of shorter sequences. Chi-like sequences, GCTGhall 1968).
GAG, might contribute to the rearrangement within the  Genes that encode proteins with repetitive structures
gene as described in human minisatellite loci, becausare often called coding-minisatellite sequences (e.qg.,
they were found at specific sites of NPAB-encoding se-Paulsson et al. 1992). They seem to have properties simi-
quences in three of four types of motifs. The presentiar to minisatellite sequences, which are tandemly re-
results support the idea that the Ap-fibroin gene is unpeated sequences of 10-100 bp units (Jeffreys et al.
stable like minisatellite sequences and that the evolutior1985). Minisatellite sequences are highly unstable com-
of this gene is strongly associated with its instability. ponents of genomes. Their instability is associated with
changes in number and arrangement of repeated units
Key words:  Silk fiboroin — Antheraea pernyi— Re-  induced by frequent unequal crossing-over and/or gene
petitive motifs — Polyalanine block (PAB) — Nonpoly- conversion events (Jeffreys et al. 1985). Jeffreys et al.
alanine block (NPAB) — Rearrangement by duplications(1985) suggested that the Chi sequence (GCTGGTGG)
— Chi sequence — Coding minisatellite sequence mediates the instability of human minisatellite loci. The
Chi sequence is a RecBCD-mediated recombination hot
spot in Escherichia coli(Lam et al. 1974). Genomic
Correspondence taK. Yukuhiro rearrangement through unequal crossing-over and/or
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gene conversion and other transposition-like events are The amino acid sequence and the hydrophobic/hydrophilic plot for

significant driving forces of evolution, in events such as!Nis sequence were deduced using Genetyx Mac Ver. 10.1 (SDC). We
exon shuffling also used Genetyx Mac Ver. 10.1 for codon usage analysis and Harrplot

. . 2.0 (SDC) for HarrPlot analysis (Starden 1982).
To dat? no fibroin genes _ha\{e bee_n_ fully structurally  ysing MEGA (Kumar et al. 1993), we estimated the average het-
characterized because of its instability when clonederozygosity per nucleotide site for NPAB sequences of the same type

Characterization of a full-length fibroin gene would en- of motif by estimating the mean p-distance (Kumar et al. 1993). All gap
able us to determine whether its instability is similarly Sites We’% e’;c“f’desgfé“ thfetha”a'YSiS-t An a;’erat‘%lf hetegozygct’,sitytpgf
mediated as minisatellite sequences and to understariig'rzi?nci:ars;)fogdure_ S 0Tthe same type of molifwas aiSo estimate
how they have evolved.

We determined the entire sequence of a fibroin gene
from a species of giant silkmotintheraea pernyialso Results
known as the Chinese oak silkmoth. This species pro-
duces a quite different fibroin from that of the domesti-
cated silkmothBombyx moriEighty polyalanine block  Ap-fibroin Gene Structure and Deduced Amino
(PAB)—containing units were tandemly arrangedAn  Acid Sequence
pernyi fibroin (Ap-fibroin). We defined a PAB-
containing unit as a “motif.” The motifs were classified In clone Ap2, we identified a 9282-bp nucleotide se-
into four types by differences in the sequences of nongquence including a full-lengttA. pernyi fibroin gene
polyalanine block (NPAB) parts. They were not distrib- (about 8.1 kb) and flanking sequences (Fig. 1). The Ap-
uted at random; that is, particular types of motifs werefibroin gene consisted of the first exon, which encoded
coupled preferentially. We found that a 558-bp-long se-14 amino acid residues, an intron (120 bp), and a second
guence corresponding to seven motifs repeated threexon encoding 2625 residues (Fig. 1). The deduced
times with no differences in nucleotide sequence. Othemamino acid sequence is shown in Fig. 2. Three amino
duplications of shorter sequences were also observed. #cids, alanine (A) (43%), glycine (G) (27%), and serine
is notable that individual NPAB encoding sequences in(S) (11%), together accounted for 81% of the Ap-fibroin
three of four types of motifs possessed a Chi-like sesequence, which is consistent with analysis of the puri-
guence (GCTGGAGG), and the remaining motif lackedfied protein (Kirimura 1962; Fraser and MacRae 1973).
a Chi-like sequence and was always coupled with a dif- The first exon and the'&egion of the second exon
ferent motif. Present results clearly show that dynamicencoded 155 residues of amino terminal sequence (Fig.
rearrangements occurred within the Ap-fibroin gene and?), which was unique along the Ap-fibroin. Three amino
that this gene is potentially unstable like minisatellite acids, alanine, glycine, and serine, were not abundant in

sequences. this region. Thus, this region of the Ap-fibroin gene
showed different features of hydrophobicity from the rest
(Fig. 1).

Materials and Methods Except for the first 155 residues, the Ap-fibroin se-

quence consisted of 80 polyalanine-containing units
SamplesGenomic DNA was prepared from a pair of silkglands of (motifs). A PAB and NPAB constituted a motif (Fig. 2).
a final instar larva ofA. pernyibased on a standard technique (Sam- The amino acid sequences encoded by NPABs were
brook et al. 1989). Larvae were the kind gift of Dr. S. Hayasaka. more hydrophmc than the PAB sequences; therefore
there was alternation of hydrophobic and hydrophilic re-
Genomic DNA Library Preparation and Screeniigenomic DNA gions (Fig. 1).
was partially digested bivbo | and fractionated through agarose gel Seventy-eight of the 80 motifs were classified into
electrophoresis, and 13- to 23-kb-long fragments were isolated an(ij . .
cloned into a Lambda DASH Il phage vector (Stratagene). GigaPack our types (Types 1, 2, 3, and 4) based_ on d'fferences in
Il gold (Stratagene) was used for in vitro packaging. We used theth® NPAB sequences. Consensus amino acid sequences
recombination deficienSURE Escherichia cotrain (Stratagene) to  Of respective types are shown in Fig. 3a. In Types 1, 2,
decrease the possibility of genetic rearrangement of cloned DNAggnd 3, the NPAB sequences are similar in the first seg-
when propagating phages or plasmids. We screened this library usin
a 1350-bp-long Ap-fibroin cDNA (Yukuhiro et al. 1997) as a probe. Fent (SGAGG or GSGAGG) anc.j th.e last S.EQment
Seven clones were isolated and one clone, Ap2, yielded a fuII—Iength(GGYGSDS_ or GGYGSGSS)’ but dlffer_m the middle of
fibroin gene. The other six clones contained truncated fibroin genes. the block (Fig. 3a). When the three motifs are ordered, a
PAB and the similar portions of adjacent NPABs are
Sequencing Strategy and Analysisie Ap2 insert was subcloned fégarded as a constant domain, whereas the region be-
into pBluescriptll SK(+) (Stratagene). We prepared deletions of this tween the two constant domains is a variable domain
plasmid using a Kilo-Sequence Deletion Kit (Takara) and selected(Fig. 3b). Note that the nucleotide sequence GCTG-

about 100 clones by size using long agarose gel electrophoresis. The@AGG ; ; ; ; ;
. ; encodes an alanine-glycine-glycine triplet (Fig.
were sequenced by combining a DyeTerminator Cycle Sequencing F gy gy P (Fig

Ready Reaction Kit (PE Biosystems) and ABI Autosequencers 3735§a)_ m_ most of the constant domains and is similar to a
and 377. We then aligned these nucleotide sequences using a Sequerfe®li Site.
Navigator (PE Biosystems). Type 1 motifs carried nine residues, including a tryp-
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Fig. 1. Structure of the Ap-fibroin gene
and hydrophobic/hydrophilic plot of
2639 amino acid residues dedgceq amino acid sequence. The _
Ap-fibroin gene structure in a genomic
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P i clone Ap2 is shown at the top. Closed

P boxes indicate the coding sequences. The
-¢— Repetitive motif region: 2400 a. a. —> number of amino acid residues in the
: deduced sequence is illustrated in the
| middle. The position 1084 is a possible
3.00 " transcription initiation site according to
Tamura et al. (1986) and thus is marked as
A +L. The repetiive molif region corresponds
LR R RRR L R AR to the amino acid sequence from position
156 to 2555 in Fig. 2. The
hydrophobic/hydrophilic plot of the
soquence Size 1 2639 deduced amino acid sequence is shown at
Parameter : Kyte & Doolittle the bottom according to Kyte and Doolittle
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tophan, in a variable domain and were further classifiedvhen 95 of 100 bases match (Fig. 4). Short ranges of
into four subtypes (1S, 1A, 1V, and 1R) based on dif-multiplication were dispersed along the gene, although
ferences in the sixth or seventh amino acid sites of théhey were limited to the repetitive motif region described
NPAB sequence (Fig. 3a). Type 2 motifs differed in thein Fig. 1. We also found a few long stretches of se-
number of Gly-Gly-Tyr (GGY) triplets, inferring the oc- quences that encoded several motifs. Fragment A in this
currence of replication slippage events. Each Type 3 mofigure, for example, is 558 bp long and is tandemly re-
tif carried an Arg-Gly-Asp (RGD) triplet, which is the peated three times. The triplicated sequences showed no
cell adhesion signal of fibronectin (Hynes 1987). NPAB variation in the nucleotide sequence (data not shown).
sequences of Type 4 motifs were highly heterologous to
those of other motifs, corresponding to the Type 2 motif
described by Yukuhiro et al. (1997). Variation of Motif Sequence

NPAB sequences of two motifs at the carboxyl ter-

minus (79th and 80th motifs) were different in the ap- The amino acid sequences in the NPABs of respective
pearance of amino acid residues that were rare in the fou{,giifs are aligned in Fig. 5. Although extensive unifor-
basic types of motifs. For example, together the twomjty of respective motifs was observed, there were a few
exceptional motifs included three cysteine residues angariants, i.e., 1st, 72nd, 74th, 76th, and 78th motifs.
three leucines, which were not seen in the other 78 motifs-hese variant motifs tended to be located at the carboxyl
(Fig. 2). terminus. They were excluded from the following analy-
sis (see Fig. 5).

We identified amino acid differences at seven sites in

the NPAB sequence of Type 1 motifs: One site was
highly polymorphic, with four different amino acid resi-
Figure 3d shows the arrangement of individual motifsdues observed (Fig. 5). Insertion or deletion of a glycine
along the gene. A Type 3 motif is always followed by a residue was polymorphic at the first amino acid site. All
Type 4 motif, although no other preferential coupling of Type 1 motifs next to a Type 4 motif showed the deletion
other motifs was observed. The coupled array of Type 3at this site (Fig. 2). An additional serine residue was
and Type 4 is shown in Fig. 3c. It is notable that the Typefound at the end of the 77th motif.
4 motif lacks a constant NPAB domain, which means In Type 2 motifs, amino acid changes were observed
there is no Chi-like sequence in the Type 4 motif. Mostat two sites (Fig. 5). Insertion or deletion polymorphism
of these coupled arrays (9/12) are linked to a Type 1Sexcept for the repetition of a GGY triplet was also ob-
subtype of the Type 1 motif. served at the first amino acid site.

Harrplot analysis (Starden 1982) along the Ap-fibroin  Type 3 motifs were highly conserved; a variation was
DNA sequence detected some sequence fragments maseen only in the first amino acid site of the seventh motif.
than once (Fig. 4). We used a sliding window to clarify Three variable amino acid sites were seen in Type 4
the distribution of respective motifs: A dot is plotted motifs.

Motif Distribution and Dynamic Rearrangement Within
the Second Exon
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1st exon
'MRVIAFVILCCALQ'!-
2nd exon
1Y ATAKNLRHHDEYVDNHGQLVERFTTRKHFERNAAT -
RPHLSGNERLVETIVLEEDPYGHEDIYEEDVVIKRV-
PGASSSAAAASSASAGSGQTIIVERQASHGAGGAAG-
AAAGAAAGSSARRGGGFYETHNSYSSYGSGSSS'™®

1ARA. ... L. GSGAGGVGGGYGSDS' ™ ... .- 41 AAAAAAAAAAAAAA . . SGAGGSGGYGGYGSDS. . . . . . -
2 AAAAAAAAAAA. . ..SGAGGSGGYGGYGSDS.. ... - 42 AAAAAAAAAAAAA . . GSGAGGVGGGYGWGDGGYGSDS. -
3 AAAAAAAAAAAAA .GSGAGGSGGYGGYGGYGSDS. . - 43 AAAAAAAAAAAAA. . . SGAGGSGGYGGYGSDS. . . ... -
4 AAAAAAAAAAAAA . GSSAGGAGGGYGWGDGGYGSDS- 44  AAAAAAAAAAAAAL . . SGAGGAGGYGGYGSDS. . .. .. -
5  AAAAAAAAAAAAA . GSGAGGSGGYGGYGSDS. . . .. - 45 AAAAAAAAAAAAA . . GSGAGGAGGGYGWGDGGYGSYS. -
6 AAAAAAAAAAAAA .GSSAGGAGGGYGWGDGGYGSDS- 46 AAAAAAAAAAAA. . .GSGAGGRGDGGYGSGSS. ... .. -
7 AAAAAAAAAAAA. . SSGAGGRGDGGYGSGGSS. .. .- 47 AAAAAAAAAAAA....RRAGHDRAAGS........... -
8 AAAAAAAAAAAA...RRAGHDRAAGS.......... - 48 AAAAAAAAAAAAA . . . SGAGGAGGGYGWGDGGYSSDS. -
9 AAAAAAAAAAAAA. . SGAGGSGGGYGWGDGGYGSDS- 49  AAAAAAAAAAAAA. .GSGAGGAGGGYGWGDDGYGSDS. -
10 AAAAAAAAAAAAA . GSGAGGAGGGYGWGDSGYGSDS- 50 AAAAAAAAAAAA. . .GSGAGGRGGGYGWGDGGYGSDS. -
11  AAAAAAAAAAAAA. . SGAGGSGGYGGYGSDS. . ... - 51 AAAAAAAAAAAA. ..GSGAGGRGDGGYGSGSS. .. ... -
12 AAAAAAAAAAAAA . GAGAGGAGGSYGWGDGGYGSDS- 52 AAAAAAAAAAAA. ...RRAGHDRAAGS........... -
13 AAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. . ... - 53 AAAAAAAAAAAA. . ..SGAGGSGGSYGWGDGGYGSDS. -
14 AAAAAAAAAASAA..RRAGHDSAAGS.......... - 54 AAAAAAAAAAAAA. . .SGAGGSGGYGGYGGYGGYGSDS-
15 AAAAAAAAAAAAA. . SGAGGSGGGYGWGDGGYGSDS- 55 AAAAAAAAAAAAAAAGSGAGGVGGGYGWGDGGYGSDS. -
16 AAAAAAAAAAAAA .GSGAGGAGGGYGWGDGGYGSDS- 56 AAAAAAAAAAAA . . .GSGAGGRGDGGYGSGSS...... -
17 AAAAAAAAAAAAA. . SGARGSGGYGGYGSDS. . ... - 57 AAAAAAAAAAAA. ...RRAGHDRAAGS........... -
18 AAAAAAAAAAAAA . GSGAGGVGGGYGWGDGGYGSDS- 58 AAAAAAAAAAAAA . . . SGAGGAGGGYGWGDGGYGSDS. -
19 AAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. . ... - 59 AAAAAAAAAAAAA. .GSGAGGAGGGYGWGDDGYGSDS. -
20 AAAAAAAAAASAA..RRAGHDSAAGS.......... - 60 AAAAAAAAAAAA. . .GSGAGGRGGGYGWGDGGYGSDS. -
21  AAAAAAAAAAAAA. . SGAGGSGGGYGWGDGGYGSDS— 61 AAAAAAAAAAAA. . .GSGAGGRGDGGYGSGSS...... -
22 AAAAAAAAAAAAA . GSGAGGAGGGYGWGDGGYGSDS- 62 AAAAAAAAAAAAA...RRAGHDRAAGS........... -
23 AAAAAAAAAAAAA. . SGARGSGGYGGYGSDS. . ... - 63 AAAAAAAAAAAAA. . .SGAGGSGGYGGYGGYGSDS. . .-
24 AAAAAAAAAAAAA . GSGAGGVGGGYGWGDGGYGSDS- 64 AAAAAAAAAAAAA . . GSGAGGAGGYGGYGGYGSDS. . .-
25 AAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. . ... - 65 AAAAAAAAAAAAA. .GSGAGGVGGGYGWGDGGYGSDS. -
26 AAAAAAAAAASAA. .RRAGHDSAAGS.......... - 66 AAAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. .. ... -
27 AAAAAAAAAAAAA. . SGAGGSGGGYGWGDGGYGSDS- 67 AAAAAAAAAAAA. ...RRAGHERAAGS........... -
28 AAAAAAAAAAAAA . GSGAGGAGGGYGWGDGGYGSDS- 68 AARAAAAAAAAAA. .. .SGAGRSGGSYGWGDGGYGSDS. -
29 AAAAAAAAAAAAA. . SGARGSGGYGGYGSDS. . ... - 69 AAAAAAAAAAAAA. . .SGAGGSGGYGGYGGYGSDS. . .-
30 AAAAAAAAAAAAA . GSGAGGVGGGYGWGDGGYGSDS- 70 AAAAAAAAAAAA. . ..SGAGGAGGYGGYGGYGSYGSDS-
31 AAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. . . .. - 71  AAAAAAAAAAA. .. .GSGAGGVGGGYGWGDGGYGSDS. -
32 AAAAAAAAAAAA...RRAGHDRAAGS.......... - 72 AAAAAAAAAAAA. . . GSGAGGRRGYGAYGSDSS. . ... -
33 AAAAAAAAAAAAA. . SGAGGSGGGYGWGDGGYGSDS- 73 AAAAAAAAAA. .. ... SGAGGSGGGYGWGDGGYGSDS . -
34 AAAAAAAAAAAAAA . SGAGGSGGYGGYGSDS. . ... - 74 AAAAAAAAAAAAAA . GSGAGGIGGGFGRGDGGYGSGSS-
35 AAAAAAAAAAAAA . GSGAGGAGGGYGWGDGGYGSDS- 75  AAAAAAAAAAAA. ...RRAGHGRSAGS........... -
36 AAAAAAAAAAAAA. .SGAGGSGGYGGYGGYGSDS. . - 76 AAAAAAAAAAAAA. . .SGAGGSGGSYGWDYESYGSGS. -
37 AAAAAAAAAAAAA .GSGAGGAGGGYGWGDGGYGSDS- 77 AAAAA.......... GSGAGGSGGGYGWGDGGYGSGSS-
38 AAAAAAAAAAAA. .GSGAGGRGDGGYGSGSS. . ... - 78  AAAAAAAAAAA .GSRRSGHDRAYGAGS®®®® ... .. -
39 AAAAAAAAAAAAA. .RRAGHDRAAGS.......... - 79%°°AAAAAAAAAA . . . . . GAGASRQVGIYGTDDGFVLDGGYDSEGS-

S
o

AAAAAAAAAARAA . . SGAGGSGGGYGWGDGGYGSDS''®*~ 80  AAAAAAAAAAAA. . .SSSGRSTEGHPLLSICCRPCSHSHSYEASRISVH®’

PAB NPAB PAB NPAB

(polyalanine block) (non polyalanine block)
L 1

Motif

Fig. 2. Deduced Ap-fibroin amino acid sequence. Sequences en{NPAB) sequences are aligned, using a dot as a gap. The amino acids
coded by the first and second exons are separated. The polyalaninether from alanine, glycine, and serine are written in bold letters. A
containing units (motifs) are shown on every other line and numberectysteine residue is underlined. Nucleotide and protein sequence data is
(1 to 80). The polyalanine block (PAB) and nonpolyalanine block in the Genbank database under accession number AF083334.

The number of variable amino acid sites is summa-Biased Codon Usage

rized in Table 1. Average heterozygosities per amino

acid site of four types of motifs are also tabulated. TheCodon usage patterns of the Ap-fibroin gene were
score for the Type 3 motif was 0.0107 + 0.0031 smallerstrongly biased toward A- or U-ended isocodons (Table
than any other scores. We also found a very low variatior2). The GGU isocodon was used at 299 of 720 glycine
in nucleotide sequences encoding NPABs of Type 3 moresidues, and UCA isocodons (171/297) were preferred
tifs; the average heterozygosity per nucleotide site wasor serine residues. The GCA alanine isocodon was most
0.0157 £+ 0.0017. abundant (662/1137), which consists of 25% of the cod-
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2 Bl rvoe 15
A [ mvoe 1
[ ] Tvype 1 AAAAARARAAAAAGSGAGGHGGGYGWGDGGYGSDS
R [zvpe 2v
() Type 2 AAAAAAAARARAA.SGAGGA. . (GGY),GGYGSDS [ ]rvpe1r
n=1-3
<> Type 3 AAAAAAAAAAAAAGSGAGGRGD. . . ... GGYGSGSS
(0 Type 4 AAAAAAAAAAAAA .RRAGHDRAAGS

b
-=-=-GEYGCSDS AAAAAAMAAARRAR GSCGAGE-~-—-—-——-—— GGYGSDSAAAAAARAAAAAN GEGAGG---
{GEYGEGSS) {SG&GG.‘} {!SGYGSGSS] {SGAGG}
H A i i
A. . (GGY)pi ;
: IRGD. ... ." i i
i<-——constant domain—»i<¢————» ! <«—constant domain—:
variable domain
Cc

--AAAA GSGACGRGDGCYGSGSS AAAAARAAAAAAR RRAGHDRAAGSAAAAAARAARAAA GSGAGG-—~ Fig. 3. Definition and distribution of

H i motifs. a: Definition of four types of
motifs. Symbols and aligned consensus
amino acid sequences of motifs are
d illustrated. A dot means a gap. The
AGG triplet encoded by the Chi-like
sequence is underlined. A polymorphic
amino acid site in the Type 1 motif is
indicated by four residues after the
AGG triplet. The symbols of the four
subtypes are presented on the right. For
Type 2 motifs, n means the repetition
number of the GGY triplet. In Type 4
motifs, R, H, and D are hydrophilic
amino acid residued: Constant
domain and variable domain in Types
1, 2, and 3c¢: Coupled array of the
Types 3 and 4d: Distribution of
motifs. Arrangement of motifs is
expressed using symbols. The number
in the lower right of the symbol
corresponds to the motif number in Fig.
2. Subtypes of Type 1 motifs are
shown by different patterns. The letter
V indicates a variant sequence motif.
The nonrepetitive region at the amino
terminus and two nonrepetitive motifs
at the carboxyl terminus are shown by
other rectangles. The letter C below the
two termini indicates a cysteine residue.

N-terminal non-repetitive region

ing region, in contrast to that of thBombyxfibroin number of PABs consisting of 12 alanine residues was
heavy chain (FHC) gene, where the GCU isocodon wag5, and that of 13 residues was 41. Type 3 motifs tended
frequently used (Mita et al. 1994). Preference of A- orto have a PAB with 12 alanine residues. Although PABs
U-ended isocodons might be interpreted to reduce a totadf 14th, 20th, and 26th motifs included a serine residue,
G + C content (counterbalance effect: Nakamura et althese motifs were associated with the triplication events
1991). described above.

To classify PABs based on differences in nucleotide
sequence, we aligned and compared PAB nucleotide se-
guences depending on their Botif (Fig. 6). Although
The number of alanine residues in PABs ranged from 10nformation was limited in the third codon position, we
to 15 except for the 1st and 77th motifs (Fig. 2). Most of found the following features: (1) The maximum number
the PABs consisted of 12 or 13 residues, that is, theof repeated GCA isocodons in each PAB was seven, and

Characteristics of PAB Sequences
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Ap-fibroin
—
95/100
Fragment A

200

>
O
[ 4800
=
o
=
o
S .
6400
N . ~ ~ N NS N . )
N VY \\\.\ N Fig. 4. Harrplot analysis of Ap-fibroin
N nucleotide sequence. A dot is plotted when 95 of
AN 100 bases match. Fragment A is a 558-bp-long
000 o , sequence, which is tandemly triplicated. This

sequence encodes 186 amino acid residues,
corresponding to NPAB of motif 13 to PAB of
motif 19, NPAB of motif 19 to PAB of motif

1st ( Borizomtal ) : Ap2 seq ( 1 - 9282 ) Unit Size To Compare : 100 25, and NPAB of motif 25 to PAB of motif 31,
2nd ( Vertical ) : Ap2 seq ( 1 - 9282 ) Dot Plot Matching Mm : 95 in Fig. 2.

no PABs were occupied by a single isocodon. (2) ldensequence of thB8ombyxFHC second exon (Mita et al.
tical PAB sequences repeatedly appeared along the rd994) also showed little similarity to the Ap-fibroin sec-
petitive motif region. This repetition might be associatedond exonic sequence.

with the rearrangement within the second exon.

5’-Flanking and Intronic Sequence Discussion

We determined a 1110-bp-long-8Banking sequence The Ap-fibroin consists of three regions: a nonrepetitive
showing a high similarity (91.0%) in nucleotide se- amino terminal region, a long region of 78 repetitive
quence to that of théntheraea yamamdibroin (Ay- motifs, and a region of 2 unique motifs at the carboxyl
fibroin) gene (Genbank accession number: X05578terminus. The amino acid sequence for the first exonic
Tamura et al. 1987). Tamura et al. (1987) suggested thatequence shows a high identity to the Ay-fibroin
several elements in thé-Hanking sequence of the Ay- (Tamura et al. 1987), with 13 of the 14 residues identical,
fibroin gene correspond to the transcriptional regulatoryand is identical at 11 of the 14 residues of Bembyx
elements of thad8ombyxFHC gene (Genbank accession FHC (Tsujimoto and Suzuki 1979). The sequence con-
number: V00094; Tsujimoto and Suzuki 1979). Theseservation of this region indicates its functional signifi-
elements were also present in the Ap-fibroirflanking  cance, particularly at the two conserved cysteine resi-
sequence. dues. For example, Tamura et al. (1987) have suggested
The intronic sequence of the Ap-fibroin gene alsothat the Ay-fibroin forms a homodimer mediated by di-
showed high similarity to the Ay-fibroin intronic se- sulfide bonds. It is also possible that the conserved
guence (109/126= 0.908) (Genbank accession number: amino-terminal sequence may work as a signal peptide
X05578; Tamura et al. 1987). The Ay-fibroin intron was essential for fibroin secretion.
longer than that of the Ap-fibroin because the Ay-fibroin  Four types of motifs that differ in NPAB sequences
intron carried a 30-bp-long A + T—rich fragment, which were found in the repetitive motif region (Fig. 1). The
is probably an insertion. partial sequence of the Ay-fibroin gene carried motifs
The Ap-fibroin intron showed no nucleotide sequencesignificantly similar to Ap-fibroin motifs (Yukuhiro et al.
similarity to that of theBombyxFHC gene (970 bp) 1997). Kirimura (1962) reported that fibroins of five Sat-
(V00094; Tsujimoto and Suzuki 1979). The nucleotideurniidae species included multiple PABs, although the
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Type 1 (n=35) No. Type 2 (n=18) No. Type 4 (n=13) No.
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Fig. 5. Aligned data set of NPAB amino acid sequence for each typeshown with dotted underline. A dot means a gap site, which is regarded
of motif. n is the number of motifs. Motifs are aligned based on their as a deletion or insertion of an amino acid residue. — indicates an
position from the amino terminus to the carboxyl terminus. Polymor- identical residue. The motifs whose numbers are written in italic were
phic sites in Type 1 NPABs are underlined. Other variable sites areeliminated from the analysis of Table 1.

Table 1. Variation in NPAB amino-acid and nucleotide sequence of motifs*

No. of NPABs No. of variable Average heterozygosity No. of variable Average heterozygosity
examined amino acid sites per amino acid site (+SE) nucleotide sites per nucleotide site (+SE)
Type 1 33 7 0.0697 +0.0018 24 0.0807 = 0.0016
Type 2 17 2 0.0386 + 0.0033 9 0.0591 + 0.0024
Type 3 11 1 0.0107 + 0.0031 3 0.0157 £ 0.0017
Type 4 12 3 0.0812 + 0.0094 8 0.0707 + 0.0079

* Insertion or deletion polymorphisms are not shown
SE indicates standard error

composition of amino acids was different. The diver- However, these fibroins show some different features:
gence of amino acids contents might be attributable torhe numbers of alanine residues in PABs (4 to 10) are
differences in NPAB sequences. These observationfewer than those of the Ap-fibroin and the some of spider
strongly suggest that PAB sequences were highly confibroins are much richer in proline but poor in serine
served while NPAB are under less stringent selectivgHinman and Lewis 1992; Guerette et al. 1996). We
constraint. From another viewpoint, the properties of fi-cannot conclude that spider fibroins contain two or more
broins might depend on NPAB sequences. different motifs because this work was based on analysis
Repeated PABs coupled with Gly-rich NPABs are of complementary DNAs (cDNASs), and therefore these
also seen in spider dragline-silk fibroins (Xu and Lewis data do not cover the entire coding sequence.
1990; Hinman and Lewis 1992; Guerette et al. 1996), The expression dBombyx~HC and Ay-fibroin genes
which also prefer the same alanine isocodon (GCA)is not observed in tissues other than posterior silkglands
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Table 2. Codon usage oA. pernyifibroin gene

Codon No. (%) Codon No. (%) Codon No. (%) Codon No. (%)
Phe (F) uuu 2(0.08) Ser(S) UCU 43 (1.63) Tyr (Y) UAU  102(3.86) Cys (C) uGU 1 (0.04)
uuc 4 (0.15) ucc 15 (0.57) UAC 37 (1.40) UGC 4(0.15)
Leu (L)  UUA 4(0.15) UCA 171(6.48)  Ter* UAA 1(0.04) Tert UGA 0 (0.00)
UuG 2(0.08) UCG 29 (1.10) Ter* UAG 0(0.00) TRP (W) UGG 34 (1.29)
Leu (L) Cuu 3(0.11) Pro (P) ccu 0 (0.00) His (H) CAU 20(0.76)  Arg (R) CGU 16 (0.61)
cuc 1 (0.04) ccc 0 (0.00) CAC 5(0.19) CGC 2 (0.08)
CUA 0 (0.00) CCA 3(0.11) Gln (Q) CAA 3(0.11) CGA 28 (1.06)
CUG 0 (0.00) CCG 2 (0.08) CAG 2 (0.08) CGG 0 (0.00)
lle (1) AUU 4(0.15) Thr(T) ACU 4(0.15) Asn (N)  AAU 4(0.15) Ser(S) AGU 34 (1.29)
AUC 3(0.11) ACC 1(0.04) AAC 1(0.04) AGC 5(0.19)
AUA 4(0.15) ACA 3(0.11) Lys (K)  AAA 2(0.08) Arg (R) AGA 23(0.87)
Met (M)  AUG 1(0.04) ACG 1(0.04) AAG 1(0.04) AGG 2(0.08)
val (V) GUU 3(0.11) Ala(A) GCU 169 (6.40) Asp (D) GAU 41 (1.55) Gly (G) GGU 299 (11.33)
GUC 5(0.19) GCC 78 (2.95) GAC 77 (2.92) GGC 198 (7.50)
GUA 12 (0.45) GCA 662(25.08) Glu(E) GAA 14 (0.53) GGA  192(7.27)
GUG 1(0.04) GCG  228(8.64) GAG 3(0.11) GGG 31 (1.17)

Numbers in parentheses are frequencies of the codon
Ter* indicates a termination codon

(Suzuki et al. 1986). In contrast, spiders produce silks ofment; this can account for the coupling of Type 3 with
different composition by gland-specific expression. ForType 4 (Fig. 3c).
example, Guerette et al. (1996) reported four kinds of We found very low nucleotide sequence variation in
fibroin cDNAs of a spider,Araneus diadematudn a  NPABs of the Type 3 motif. Although a strict functional
different species of spideNephila clavipesthe dragline  constraint on Type 3 motifs could induce low levels of
silk consists of at least two different fibroins (Xu and variation in amino acid sequence, it cannot explain this
Lewis 1990; Hinman and Lewis 1992). These resultsresult. This indicates more efficient turnover or gene
indicate that gene duplication and consequent sequena®nversion covering the Type 3 NPABs.
divergence adapted for tissue-specific roles might be as- Sequence rearrangement, including unequal crossing-
sociated with structurally varied spider fibroins. To de- over and gene conversion, seems not only to shuffle the
termine whether fibroin genes &. pernyiand spiders organization of motif-coding sequences but also to gen-
share a common ancestral gene and use a similar mecharate new types of motifs. As described above, NPABs
nism of gene expression, we need to know completef three types of motifs, Types 1, 2, and 3, can be divided
sequences of the spider fibroin genes, including the 5 into two domains, a constant domain and a variable do-
flanking sequences. main. Classification of Types 1, 2, and 3 was mainly
We detected multiple occurrences of duplicationdependent on the difference in sequence of variable do-
events, including a triplication of a 558-bp sequencemains. If a nucleotide sequence that encodes the Type 1
This strongly indicates that dynamic rearrangements ocmotif is an original one, a rearrangement in sequence
curred within the gene, which means that the Ap-fibroincoding for the variable domain can generate the sequence
gene is unstable. The distribution patterns of repeatedébr the Type 2 motif. That is, mismatching on nucleotide
units of the Ap-fibroin gene are much more complicatedsequence GGXGGX (X meaning base), encoding paired
than minisatellite sequences; that is, four types of repeatglycine residues, and subsequent recombination between
corresponding to conserved motifs disperse along théwo Type 1 motif coding sequences induces a deletion of
Ap-fibroin gene, whereas a simple repeated unit is tana nucleotide sequence that encodes six amino acid resi-
demly arranged in a minisatellite sequence. dues, GYGWGD, to produce the nucleotide sequence
Although recombination sites or hot spots in mostcoding for a Type 2 motif. Such a mismatching mediated
eukaryotes remain unclear, Jeffreys et al. (1985) sugby a GGXGGX nucleotide sequence was suggested by
gested the significant effect of the Chi sequence (GCHibner et al. (1991), where gene conversion in Be
TGGTGG) as a recombination “hot spot” in human mini- mori chorion locus was discussed.
satellite loci. The Chi sequenceln coliplays a key role A combination of this sort of rearrangement and ad-
in the RecBCD-mediated recombination (Lam et al.ditional amino acid substitutions can generate the Type 3
1974). Most of Type 1, 2, and 3 motifs contain a Chi-like motif. Some chimeric motifs, e.g., the 1st and 78th mo-
sequence at the same position, corresponding to the AGEs, seem to result from internal rearrangement of the
triplet in the constant domain (Fig. 3a). Because Type 4notif-encoding sequence. This suggests another scenario
motifs lack the Chi-like sequence, it cannot contribute toto account for the formation of the Type 3 encoding
the hypothesized Chi-like sequence—mediated rearrangsequence: an unequal cross over between a Type 1-en-
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No. Type Polyalanine block (PAB) nucleotide sequence upstream motif
10 1A GCG GCA GCA GCA GCG GUA GCG GCA GUA GCA GCA GUA GCG 1s
16 1A W s s e e e s e e e 1is
22 1A v e wwe wm ww e mwe we wm o 1s
28 1A - maw s e mmmm mam mmem e e e e e e 1s
12 1A = sem e eee sen wee mewe mwe e s ww@ e mee e 2(2)
06 1A 2(2)
04 1a 2(3)
45 1A 2(2)
35 1a GCA 2(2)
42 1v 2(2)
65 1v ——— - -—— 2(3)
55 1v e w3 Q0K GCG 2(4)
18 1v G omme mee e 2(2)
24 1v e 2(2)
30 1v 2(2)
37 1A 2(3)
59 1a 1A
49 1a ia
09 1s 4
15 1s 4
21 1s 4
27 1s 4
40 1s 4
33 1s 4
48 1a 4
58 1A 4
53 1s 4
68 1s 4
73 1s 2-¥
77 1s  wmG wemem mee e 18-V
71 1v 2(3)
50 IR = ~C me= mme mmRA mem e ia
60 1R = weQ mme mme weB e o 1a
76 1S~V = ~~B ==R me= mew wm mem e 4
01 1v-v -
69 2(3) 1s
54 2(4) 1s
34 2(2) Gece 1s
41 2(2) ~--C 1s
63 2(3) 4
70 2(4) 2(3)
02 2(2) 1v-v
11 2(2) 1a
17 2(2) 1a
23 2(2) ia
29 2(2) ia
36 2(3) e O ia
43 2(2) e e e O v
05 2(2) e e —=B -=G 1a
44 2(2) e S e 2(2)
03 2(3) AT S 2(2)
64 2(3) e e —f ==G 2(3)
72 2-v R c iv
07 3 1A
13 3 1A
46 3 1A
38 3 ia
19 3 iv
25 3 iv
31 3 v
51 3 iR
56 3 iv
61 3 1R
66 3 acc iv
74 3-v GCG ~m= == G re e el mee e A --A ~wr ~rmm wee med -G 1s
08 4 3

14 4 3

20 4 3

26 4 3

32 4 3

39 4 3

47 4 3

52 4 3

57 4 e mme mmm mem e e mem e mme e e ww B 3

62 4 wmB wmem mes mee e mam s mmm e e mme e me B 3

67 4 mmm e e e m e e mem e R 3

75 4 o e e min wn@ wmG mmm = wm@ mem e el 3-v
78 4-v mmG mme mmwe meme mme wef ewm G ~m= =~G -~3& 1s
79 other QT GCA GCC GCA GCA GCA GCA GCC &y 4-v
80 other GCG GCG GCG GCG GCA GCG GCA GUA GUA ’# GCG GCG other

Fig. 6. Nucleotide sequences encoding PABs. Letters in the firstsequences for the PABs are presented in the third column. A hyphen (-)
column indicated the numbers of the motifs corresponding to those irindicates an identical nucleotide. TG®dons in PAB of motif 14, 20,

Fig. 2. In the second column, classes of motifs are shown. The numbeaind 26 encode serine residues. In the final column, classes of motifs
in parentheses of Type 2 shows the number of GGY triplets. The motifupstream from the PABs are shown.

written in italic indicates that it is a variant sequence motif. Nucleotide

coding sequence and a sequence that coded for a mostcondary structure different from other motifs. It is pos-
that was lost from the gene resulted in the generation o$ible that the generation of Type 4 motifs was associated
the Type 3 motif. Similar mechanisms can produce thewith positive natural selection.

Type 4 motifs. However, the Type 4 motifs are highly  Different alanine isocodons were preferentially used
different in amino acid sequence from other three basibetween Ap-fibroin andBombyxFHC genes, although
motifs, strongly suggesting that the contribution to thepreferential use of A- or U-ended isocodons is a common
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