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Abstract .  We have sequenced a number of cDNAs 
representing the Bombyx mori silk fibroin heavy chain 
transcript. These reveal that the central region of the fi- 
broin gene is composed of alternate arrays of the crys- 
talline element a and the noncrystalline element b. The 
core region is partitioned by a homogeneous nonrepet- 
itive amorphous domain of around 100 bp in length. The 
element a is characterized by repeats of a highly con- 
served 18-bp sequence coding for perfect repeats of the 
unit peptide Gly-Ala-Gly-Ala-Gly-Ser. The element b 
is composed of repeats of a less-conserved 30-bp se- 
quence which codes for a peptide similar to that in el- 
ement a except in that (1) Ser is replaced by Tyr and (2) 
there are irregular substitutions of Ala to Val or Tyr. 
Therefore, the structure of the fibroin gene core consists 
of three-step higher-order periodicities. Heterogeneities 
in numbers of repeats are observed in each step of pe- 
riodicity. Boundary sequence appeared in each period- 
icity to be quite homogeneous. Sequence analysis indi- 
cates that the unit sequences of elements a and b have 
homology to those of recombination hotspots reported 
in other genes and a recombination event may frequently 
occur between the misaligned sister chromatids, result- 
ing in heterogeneities in repeat numbers and duplication 
or deletion of repetitive sequences. The repetitive su- 
perstructure of the fibroin gene may have been a result 
of continuous unequal crossovers in a primordial gene 
during evolution. A couple of important features of the 
fibroin protein were proved by the present nucleotide se- 
quencing. The amino acid representation of the amor- 
phous domain is vastly different from that of the repet- 
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itive regions. The carboxy-terminal nonrepetitive re- 
gion has three Cys and nine (Arg + Lys) residues that 
may be responsible for complex formation with the fi- 
broin light-chain molecule. The present DNA analysis 
also clearly demonstrates that the tRNA population in 
the posterior silk gland strictly complements the fre- 
quency of codons in the fibroin mRNA, which may 
help to achieve a highly efficient translation of fibroin 
mRNA. 
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Introduct ion  

In a previous paper (Mita et al. 1988), we presented the 
sequence of a short fragment of Bombyx mori silk fi- 
broin heavy-chain (H-chain) cDNA, showing that the fi- 
broin coding region is composed of a reiterating bipar- 
tite unit sequence. Furthermore,  the codon usage 
patterns are remarkably different in the two regions of 
the unit sequence and are preserved throughout the 
gene. Based on a partial restriction enzyme map of the 
fibroin gene, Gage and Manning (1980) postulated that 
the crystalline domains of the silk fibroin protein are 
partitioned by amorphous domains. Despite the very 
highly conserved nature of the "core" sequence of silk 
fibroin, they also found that alleles of the silk fibroin lo- 
cus of 22 inbred stocks of B. mori differed in the size 
of the fibroin gene (Manning and Gage 1980). Such size 
differences could be accounted for by the length poly- 
morphisms of the crystalline domains, which may have 
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(b) 
1466 GGTG~GCCG~G~CTGGTGCGGGTGCCGGAG~G~ATGGAG~G~GG~GGTGCCGGTG~GGGG~G~GCCGGAG~ 

G A A A G S G A G A G A G Y G A A S G A G ' A G A G A G A G A  

1956 GG~ATGG~CTGGTGCAG~GCAGGTGCCGGAG~G~ATGGAGCTGGTGCAGGTG~G~GCCGGAG~ATGGGGCTG~GCA 
G Y G T G A G A G A G A G Y G A G A G A G A G A G Y G A G A  

1649 GGTGCAGGTGCCG~G~G~ATGGAG~G~G~GGTGCAG~GCCGGAG~GG~ATGGGG~GGTGCAG~G~GGTGCCGGAGCT 
G A G A G A G Y G A G A G A G A G A G Y G A G A G A G A G A  

1736GG~ATGGAGCTGGTGCGGGTGCCGGTGCCGGAG~G~ATG~G~GC~G~GC~GTG~GGCG~GG~ACGGAC~GGA~A 
G Y G A G A G A G A G A G Y G A A S G A G A G A G Y G Q G V  

1826 GG~GCGGAGCTG~CTGGAG~GGTGCAG~GCAGGAGCAG~GCCGCTGG~GGGGCAGGTGCCG~GCTGGTACCGGTG~ 
G S G A A S G A G A G A G A G S A A G S G A G A G A G T G A  

1919 GGTGCAGG~ACGGAG~GGTGCAGGTGCCG~GCCGGAG~G~ATGGAGCTGC~CTGGTACTGGAGCAG~ATGGAG~G~GCC 
GA. G Y G A G A G A G A G A G Y G A A S G ' T G A G Y G A G A  

2066GGAGCTGG~ACGGAG~GC~G~G~G~G~GGT~CG~G~GGGGCTGGAGCCGG~GG~ATGG~CTGGCGCTGGATAC 
G A G Y G G A S G A G A G A G A G A G A G S G Y G T G A G Y  

2099 GGAGCAGGAGCCGGAGCAGGA~cGGAG~GGAG~G~G~G~TACGGA~AGGAGCTGGTGCTGGATAcGGAGCAGGATATGGA~A 
G A G A G A G A G A G A G A G Y G A G A G A G Y G A G Y G V  

2186 GGAGCTGGTG~GGATACGGAGCAGGATACG~GCAGGAG~G~GCGGAG~GC~CTG~G~G~GG~CCGGTGCTG~CA 
G A G A G Y G A G Y G A G A G S G A A S G A G S G A G A G S  

2276 GGTG~GGTGCTGG~AGGTGCCGGTGCTGG~AGGTGCCG~GCTGG~CAGGTGCcGGTGCCG~CAGGTGCTGGTGCTG~CA 
G A G A G S G A G A G S G A G A G S G A G A G S G A G A G S  

2366 GGTGCTGGTGCAGGCTCAG~GCTGGTG~GG~CAGGTACTG~G~G~CAGGAG~GGTGCTGGATACGGAGCAGGAGCTGGT~CT 
G A G A G S G A G A G ' S G T G A G S G A G A G Y G A G A G A  

2466 ~GATACGGAGCAGGAG~G~GCTGGATACGGAG~AGGAG~GGTG~GGATACGGAGCAGGAG~GGCG~GGATACGGAGCAGGAGCT 
G Y G A G A G A G Y G A G A G A G Y G A G A G V G Y G A G A  

2549 GG~GCGGAGCTGCCT~GTG~GGTG~G~CAG~GCCG~GCTGG~CAGGTG~GGTGCTGG~GGTG~GGTGCTGG~CA 
G S G A A S G A G A G S G A G A G S G A G A G S G A G A G S  

263~GGTG~GGTGCTGG~CAGGTGCCGGTG~GG~CAG~GCTG~G~GG~CAGGAGCTGGTGCTGG~CAG~G~GGTG~GG~A 
G A G A G S G A G A G S G A G A G S G A G A G S G A G A G S  

2729 GGAGCTGGAG~GGATACGGAGCAGGAG~GGTG~GGATACGGAGCAGGATATGGAG~GGAGCTGGTGCTG~ATACGGAGCAGGAGCA 
G A G V G Y G A G V G A G Y G A G Y G A G A G A G Y G A G &  

2816 GG~GCGGAG~GCCTCTG~GCTGGTGCCGGTG~GGAG~G~GCAGG~CAGGCT~CTGGA~GGACCATATGTAGC~TGAC 
G S G A A S G A G A G A G A G A G T G S S G F G P Y V A N D  

2906 G GATATAGCAGAAGTGATGG CTAC G AATAC G CT 
G Y S R S D G Y E Y A 

Fig. 1. Nucleotide and predicted amino acid sequences of the 5' end 
and 3' end cDNA clones of the silk fibroin heavy chain gene of Bom- 
byx mori. a Schema of silk fibroin gene. This is a rendering of a re- 
striction map of Gage and Manning (1980) showing the repetitive (sol- 
id) and the nonrepetitive (hatched) protein coding domains as well as 
intron (open). Thefilled triangles represent the locations of the amor- 
phous domains (the positions of the first and the last two amorphous 

domains from the 5' end are characterized by this work, while others 
are arbitrary); b the nucleotide sequence of the 5' end repetitive cod- 
ing region. Numbering is based on the partial sequence of the 5' end 
region as shown by Tsujimoto and Suzuki (1979); e the nucleotide se- 
quence of the 3' end cDNA clone. The amorphous domains are un- 
derlined and the putative polyadenylation signal is boxed. 

resul ted from homologous  unequal  crossovers  be tween 
the h igh ly  repe t i t ive  coding  sequence of  misa l igned  

genes (Manning and Gage  1980). 
It is be l ieved  that many repet i t ive genes, such as the 

r D N A  (Petes 1980; Szostak and Wu 1980), the his tone 
(Crawford et al. 1979; Jackson and Fink  1985), the hu- 
man involucr in  (Eckert  and Green 1986), the mouse 
ma jo r  h i s t o c o m p a t i b i l i t y  comp lex  (S te inmetz  et al. 
1986), the Chi ronomus  tentans Balbiani  Ring (Hoog et 
al. 1988), and the B. mor i  si lk f ibroin as well  as the 
m i n i s a t e l l i t e  D N A s  ( Je f f r eys  et al.  1985) e v o l v e d  
through unequal  crossovers .  Whi le  these repet i t ive se- 
quences in long tandem arrays show surpr is ingly litt le 
sequence variation, one observes substantial allelic vari- 

ations in the number  of  the repeat  units. In the case of  
the human involucr in  (Eckert  and Green 1986) and the 
Chi ronomus  tentans Balbiani  Ring (Hoog et al. 1988) 
genes,  different  blocks,  each compris ing  a repeat  unit  
variant,  are arranged in a regular  array. Furthermore,  it 
is widely  accepted that the unequal  crossing over  re- 
sulting in dupl icat ion and/or  delet ion may be responsi-  
ble  for the molecular  pa thology  of  some inheri ted dis- 
orders in human (Collier et al. 1989; Sinnott et al. 1990). 
Al though exper imental  verif icat ion for the involvement  
of  unequal  crossovers  in the evolut ion of  rDNA genes 
in yeast  has been obtained (Petes 1980; Szostak and Wu 
1980), direct  evidence for such events in other higher  
organisms has not been so forthcoming.  



(c) 

i TGCAGGAACAGGCTCTTCTGGATTTGGAC•ATATGTAGCAAATGGCGGATATAGCGGCTAC•AATA•G•TTGGT•GTCAGAATCTGACTT 
A G T G S S G F G P Y V A N G G Y S G Y E Y A W S S E S D F 

91 TGG~ACTGGAAGC GGAGCTGGTGCTGGCTCAGGTGCTGGTGCTGGTTCAGGAGCTGGAGCTGGATACGGAG CAGGAGTTGGTGCTGGATA 
G T G S G A G A G S G A G A G S G A G A G Y G A G V G A G Y 

181 CG GAGCAGGATATGGAGCAGGAGCTGGTGCTGGATACGGAGCAGGAGCTGGAAGCGGAG~GCCTCTGGTGCCGGTG CTGGTGCTGGTTC 
G A G Y G A G A G A G Y G A G A G S G V A S G A G A G A G S 

271 AGGTGCCGGTGCTGG'fTCAGGTGCCGGTGCTGGTTCAGGAGCTGGTGCTGGTTCAGGTGCTGGTGCTG GTTCAGGTGCTGGTG CTG GTTC 
G A G A G S G A G A G S G A G A G S G A G A G S G A G A G S 

361 AGGTGCTGGTGCTGGATACGGAGCAGGAGCTGGATAC GGAGCTGGTGCTGGATACGGAGCAG GAGCTGGCGTTGGATACGGAGCAGGAGC 
G A G A G Y G A G A G Y G A G A G Y G A G A G V G Y G A G A 

451 TGGCGTTGGATACGGAGCAGGAGCTGGATACGGAGCAGGAGCTGG CGTTGGATACGGAGCAGGAGCTGGAAGCGGAGCTGCCTCTGGTGC 
G V G Y G A G A G Y G A G A G V G Y G A G A G $ G A A S G A 

541 CGGTGCTGGTTCAG GTGCTGGTGCTGGTTCAGGAGCTGGTGCTGGTTCAG GTGCTGGTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGC 
G A G S G A G A G $ G A G A G S G A G A G S G A G A G S G A 

631 "TG GTGCTG GTTCAGGAGCTG GTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGAGCTGGTGCTGGATACGGAGCAGGAG CTGGC GTTGGATA 
G A G S G A G A G S G A G A G S G A G A G Y G A G A G V G Y 

721 CGGAGCAGGAGCTGGAAGCGGAGCTGCCTCTGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTG GTTCAGGTGC 
G A G A G S G A A S G A G A G $ G A G A G S G A G A G S G A 

811 TG GTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTG GTGCTGGTTCAGGTGC 
G A G S G A G A G S G A G A G S G A G A G S G A G A G. S G A 

901 TGGTTCAGGTGCTG GTGCTGGCTCAGGTGCTGGTGCTGGATACGGAG CAGGTGCAGGAG CAGGCGTTGGATACGGAGCAGGAG CTGGAGC 
G S G A G A G S G A G A G Y G A G A G A G V G Y G A G A G A 

991 TGGATACGGAGCAGGTTATGGATACG GAGCAG GAGCTGGCGI~f GGATACGGAGCAGGAGCTGGAAG CGGAGCTGCCTCTGGTGCTGGTGC 
G Y G A G Y G Y G A G A G V G Y G A G A G 8 G A A S G A G A 

1081 TGGTr CAGGTGCTGGTGCTG GTTCAGGTGCTGGTGGTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTGGTTCAGGTGCTGGTTC 
G S G A G A G S G A G A G S G A G A G S G A G A G S G A G S 

1171 AGGTGCTGGTGCTGG CTCAGGTGCTGGTGCTGGATACGGAGCAGGGTACGGAGCAGGAGTTGGTGCTGGATACGGAGCAGGAGCTGGCGT 
G A G A G S G A G A G Y G A G Y G A G V G A G Y G A G A G V 

12Sl TGGATACGGAGCAGGATATGGAGTAGGAGCTGGTGCTGGATAC GGAGCAGGAGCAGGAAGCGGAGCTGCCTCTGGTGCTGGTGCTGGTTC 
G Y G A G Y G V G A G A G Y G A G A G S G A A S G A G A G S 

1351 AGGTGCTGGTGCTGGTTCAGGTGCTGGTGCTG GTTCAGGTGCTGGTGCTGGTTCAG GTGCTGGTGCTGGTTCAGGTGCTGGTTCAGGAGC 
G A G A G S G A G A G S G A G A G S G. A G A G S G A G S G A 

1441 TGGTGCTGGATACGGAGCAGGAGCAGG~GTGGAGCTGCCTCTGGTGCTGGTGCTGGAGCTGGTGCAGG~CAGG CTCTTCTGGAq~rTGG 
G A G Y G A G A G S G A A S G A G A G A C- A G T G S S G F G 

1531 ACCATATGTAGC2u%ATGGCGGATATAGCAGACGTG~AGGCTACG~ATAC GCTTGGTCGTC2~TCTGACTTTG2L%ACTGGAAGCGGTGC 
P Y V A N G G Y S R R E G Y E Y A W S S K S D F E T G S G A  

1621 TG~CTCTGGTGCTGGTGCTGGTG~GG~CAGGTGCTGGTG~TGG~AGGTGC~GGTGCTGG~CAGGTGCTGGTGCTGG~CAGGTG~ 
A S G A G A G A G S G A G A G S G A G A G S G A G A G S G A  

~7~CG~GCTG~GGTAGCGTCAG~ACGGAGCTGGCAGGGGATACGGAC~GGTGCAGG~GTGCAGC~CCTCTGTGTCAT~TG~CATC 
G A G G S V S Y G A G R G Y G Q G A G .  S A A S S V S S A S S  

1801 TCGCAG~ACGACTA~CTCGTCGT~CGTCCGC~CTGTGG~CCTAG~GAC~CTAG~G~CAGAGCACTGCC~G 
R S Y D Y S R R N V R K N C G I P R R Q L V V K F R A L P C  

1891 TGTG~GCT~.~i-1-E~TATAAAAT~CCC~G~C~AC~CGTCCTGGATACATCTATGi~1-~I-~-~-~-i`rCG~GAGA 
V N C *  

1981 G C A ~ ~  

Fig. 1. Continued. 
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In the present work, we have sequenced the 5' and 3' 
ends of the core repetitive region of a number of silk fi- 
broin H-chain cDNAs. The sequence analysis reveals 
that the repetitive region of fibroin has a three-tiered 
higher-order structure with significant heterogeneities in 
the repeat number. It is composed of alternate arrays of 
two domains, a and b. These alternate arrays are inter- 
spersed every 1-2 kb with a third amorphous domain. 
The domain a has the repeat of a highly conserved 18- 
base unit sequence encoding the hexapeptide Gly-Ala- 
Gly-Ala-Gly-Ser and corresponds to the crystalline 
region. The domain b, which corresponds to the non- 
crystalline region, is less conserved both in the repeat 
sequence and in the unit length. The nucleotide se- 
quence of amorphous domain is also highly conserved; 
and its deduced amino acid sequence is completely dif- 
ferent from that of the repetitive regions. Furthermore, 
the DNA sequence analysis of the various domains al- 

so shows the evolution of a highly specific codon usage 
pattern that is preserved all through the repetitive cod- 
ing regions. 

Materials and Methods 

Materials. The F1 hybrids of B. mori were derived from the cross be- 
tween Kinshu × Showa strains and were cultured on mulberry leaves. 
The M13 mp18 and mpl9  cloning vectors were purchased from 
Takara Shuzo Co. For sequencing, we have used the 7-DEAZA Se- 
quencing Kit and Deletion Kit, which were also obtained from Takara 
Shuzo Co. The cDNA Synthesis Kit, including AMV reverse tran- 
scriptase, RNase H, and E. coli DNA polymerase I, was purchased 
from Amersham, Inc. Restriction enzymes used were purchased from 
Boehringer-Mannheim and oligo(dT)-latex was provided by Japan 
Roche. 

Isolation of Poly(A)+RNA. Total RNA from the posterior silk 
gland (PSG) of 5th-instar, 3rd-day silkworm (in which fibroin gene 
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is actively transcribed) was extracted by the LiC1/urea procedure 
(Applebaum et al. 1981) and described in detail in the previous pa- 
per (Mita et al. 1988). The total PSG RNA was used to isolate 
poly(A)-containing RNA by selective binding to oligo(dT)-latex in 10 
mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.5 M NaC1, 0.1% SDS. Fol- 
lowing a brief washing with the elution buffer (10 mM Tris-HCl, pH 
7.5, 1 mM EDTA, 0.1% SDS) at room temperature, poly(A)+RNA 
from oligo(dT)-latex was eluted by a 5-rain incubation in elution 
buffer at 65°C. 

cDNA Synthesis and Cloning. Single-stranded cDNA was syn- 
thesized using AMV reverse transcriptase and oligo(dT) primer. The 
second DNA strand was synthesized according to Gubler and Hoff- 
man (1983) using RNase H and E. eoli DNA polymerase I, followed 
by ligation to SmaI-cut M13 rap18 or mpl9 vectors. These recombi- 
nant DNAs were used to transform E. coli JM105 cells. The recom- 
binant plaques were grown individually and the phage DNAs were iso- 
lated. These DNAs were resolved on agarose gels by electrophoresis 
and transferred onto a GeneScreen filter (NEN Research Products). 
The filters were hybridized with 32p-labeled cloned silk fibroin 
cDNA (Mita et al. 1988). 

Synthesis of cDNAs Containing the Amorphous Domain. The se- 
quence of the 3' end of the amorphous domain had already been de- 
termined from the sequence of the 3' end cDNA clone (Fig. lc) in the 
present work. We reverse-transcribed the cDNAs containing the amor- 
phous sequence from PSG poly(A)+RNA using synthetic 17-mer 
primer complementary to the 3' end of the amorphous domain. The 
17-mer was synthesized by DNA synthesizer (model 380B, Applied 
Biosystems). These cDNAs were processed as described above. 

DNA Sequencing. The nucleotide sequence was determined by the 
dideoxynucleotide chain-termination method (Sanger et al. 1977; 
Mizusawa et al. 1986). As the cDNA clones were 1.5-2 kb long and 
appropriate restriction sites were not available for subcloning, the dele- 
tion method was used to complete sequencing (Henikoff 1984; 
Yaniscb-Perron et al. 1985). 

Results 

DNA Sequencing of Silk Fibroin Gene 

One of the B. mori silk fibroin H-chain cDNA clones 
synthesized using the synthetic amorphous region 
primer has a sequence at the 5' end that is completely 
identical to that reported by Tsujimoto and Suzuki 
(1979). Therefore, we believe that this clone represents 
the 5' end of the fibroin gene "core." Figure lb shows 
the nucleotide sequence of this clone beginning from the 
5' end to the first amorphous domain. The region 
2,090-2,866 represents a typical repetitive coding region 
described previously (Mita et al. 1988) and consists of 
alternate array of two elements, a and b, corresponding 
to repetitive and joining components, respectively. The 
element a is characterized by repeats of highly con- 
served 18-base-unit sequence, GGTGCTGGTGCTG- 
GTTCA, which encodes the hexapeptide Gly-Ala-Gly- 
Ala-Gly-Ser, a characteristic feature of fibroin. The 
element b is composed of repeats of a 30-base-unit se- 
quence, G G T G C T G G A T A C G G A G C A G G A G C T G -  
GCGTT, that is occasionally partially deleted in actual 

unit sequence (Ichimura and Mita 1992). Hetero- 
geneities in repeat number are observed in both ele- 
ments. The region 1,562-1,777 (Fig. lb) is composed 
of six repeats of 36-base-unit sequence, GGAGCTG- 
GTGCAGGTGCAGGTGCCGGAGCTGGTTAT. 

We have cloned a cDNA encompassing about 2 kb 
of silk fibroin H-chain mRNA upstream from the 3' 
end poly(A) tail. Figure lc shows the nucleotide se- 
quence of this cDNA clone. This clone also has two sets 
of amorphous domains each about 100 bases long. Each 
sequence is quite similar except for a couple of point 
mutations and a nine-nucleotide deletion within the 
amorphous domain. The region between the amorphous 
domains is composed of the reiterations of elements a 
and b, The numbers of repeat units in element a may 
vary from two to more than 10 throughout the fibroin 
coding region. (See also Figs. lb and lc.) The unit se- 
quence of element a is highly homogeneous while that 
of element b is very heterogeneous throughout the 3' 
and 5' regions of the fibroin H-chain gene. Interesting- 
ly, the boundary from element b to a is defined by the 
18-base sequence, GGAAGCGGAGCTGCCTCT. 

Based on restriction mapping, Gage and Manning 
(1980) have shown that the 15-kb-long coding sequence 
is divided into about ten large repetitive coding do- 
mains separated by small, nonrepetitive, amorphous 
coding domains. At the restriction-enzyme-map level, 
this translates to a set of MboII-AvaII-HinfI restriction 
sites within the 60-110 bases in the amorphous do- 
main, repeating every 1-1.5 kb. Our sequence analysis 
confirms the above finding at the DNA sequence level. 
The 3' end cDNA clone in Fig. lc includes two sets of 
similar amorphous domains. The amorphous domain 
closer to the 5' end in this clone has the characteristic 
MboII-AvaII-HinfI sites in that order. A 'G-to-A' tran- 
sition at the HinfI site in the amorphous domain closer 
to the 3' end causes it to lose that site. Gage and Man- 
ning (1980) had also pointed out the missing HinfI site 
in the 5' (first) and 3' end (last) amorphous domain. To 
decipher the sequence of the central area of the fibroin 
gene "core," we have sequenced 22 different cDNA 
clones of fibroin H-chain mRNA. These were primed by 
a synthetic oligomer complementary to the 3' end of 
amorphous domain. Figure 2 shows the nucleotide se- 
quences of 10 different amorphous domains. Sequence 
analysis of all the 10 amorphous domains and their cor- 
responding 5' flanking regions indicates that they do not 
represent duplicate sequences of one or more clones. 
Based on their partial restriction map, Gage and Man- 
ning (1980) estimated that there are 10 amorphous do- 
mains dispersed in the fibroin gene "core." Thus the se- 
quence of 10 amorphous domains presented here may 
account for all the amorphous domains found in the 
gene. From these studies we conclude that the DNA se- 
quence of the amorphous domains is quite homoge- 
neous throughout the fibroin H-chain gene with two 
possible exceptions. They are the amorphous domains 
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Consensus 

5 ' end cDNA 
5-3-i # 2  
5-3-i #5 
5-3-3 #30 
5-3-1 #18 
5-3-3 #16 
5-3-3 #17 
5-3-3 #ii 

3 ' end eDNA 
k 

5 t 
GGTGCTGGATACGGAG~AGGATATGGAG~A~GAC`CTGGTGCTGGATACGGAG~AGGAGCAGGAAGCG~AGCTG~TCTGGTGCTGGTG~CGGTGCTG~AGCT~TGCAGGA 

. . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[ G G T G C ( T / C ) G G T G C T G G T T C A ] 9  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
[GGTGC(T/C)GGTGCTGGTTCA] 5 [:;[:[[[:[]]][]:[]]::[:[i .... ]2::::::[[[[[[[2:[~::~[[ ............................ 
[GG(T/A)GCTGGTGCTGGTTCA] 7 
[GGTGC(T/C)GGTGCTGGTTCA] 3 

[GGTGCTGGTGCTGGTTC(A/T)] 5 ................................... T .................. [ ] .............. ~[~[[ 

Amorphous domain Amorphous domaln~--~ 
Primer [ 

[ MboXl Avall Hinfl i | i 
Consensus ACAGGCTC-- .~TGGATTTGG~CCATATGTAGCAAAT~G~GATATAGCAGAAGTGATGGCTACGAATACG~TTGGTCGTCAGAATCTGACTTTGGAACTGGAAGCGGAGCT 

ThrGlySerSerGly~heG~yPr~TyrVa~AlaAsnG~yGlyTyrSerArgSerAs~GlyTyrG~uTyrA~aTr~SerSerGluS~rAsp~heG~yThr 
5'end cDNA ..................................... A .................................. 
5 - 3 - i # 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . .  [ ] . . . . . . . . . . . . . . . . . . . . . . . .  
5 - 3 - 1 # 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [ ] . . . . . . . . . . . . . . . . . . . . . . . .  
5-3-3 #30 ................................................ [ ] ........................ 
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Fig. 2. The nucleotide sequences of the amorphous domains. The 
17-mer nucleotide complementary to the 3' end amorphous domain 
as indicated in the figure was synthesized by DNA synthesizer. More 
than 20 cDNA clones prepared using this primer were sequenced and 
sequences of 10 different amorphous domains are summarized. The 
top-panel amorphous sequence is found to be the first amorphous do- 

main of the 5' end. (Its complete sequence is presented in Fig. lb.) 
The second one from the bottom corresponds to the second amorphous 
domain from the 3' end of the gene, while the bottom one is the last 
amorphous domain of the tibroin gene. (Its complete sequence is in- 
cluded in the 3' end cDNA clone in Fig. lc.) A pair of direct repeats 
are underlined. A dot represents the same base as in the consensus. 
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Fig. 3. Schematic representation of the 
5' and 3' end cDNA clones, a The 
schematic diagram showing the 5' end 
clone, b The A-G content (purine content, 
%) of the 5' end clone. Average span of 
sequence is 10. e Similar to a above but 
of the 3' end clone, d Similar to b above 
but of the 3' end clone. The notations a 
and b in panels a and e denote the 
elements a and b, respectively (see text 
for details), and the closed boxes 
represent the 18-base boundary sequence 
GGAAGCGGAGCTGCCTCT. Other 
significant features are as marked in the 
panels. 

at  the  5 '  ( f i rs t )  a n d  3 '  ( last)  e n d  w h e r e  a 9 - m e r  s e q u e n c e  

ha s  b e e n  i n s e r t e d  in  the  m i d d l e  o f  the  d o m a i n .  T h e  o th-  

er  c o n c l u s i o n s  tha t  c a n  b e  d r a w n  f r o m  the  s e q u e n c i n g  

da ta  are (1) tha t  the  i n t e r a m o r p h o u s  areas  are  c o m p o s e d  

o f  the  a l t e rna t e  a r rays  o f  e l e m e n t  a a n d  b as s h o w n  in 

Fig.  3c, (2) tha t  the  c a r b o x y  t e r m i n a l  43 a m i n o  ac ids  do  

no t  s h o w  the  G l y - X  d i c o d o n  r e p e t i t i o n  f o u n d  in the  

repe t i t ive  co re  sequence ,  and  (3) tha t  the  EcoRI site f i rs t  

iden t i ca l  b y  the  m a p p i n g  ana lys i s  o f  O h s h i m a  and  Suzu-  

ki  (1977)  is p r e s e n t  50  n u c l e o t i d e  u p s t r e a m  of  the  s top 

c o d o n  (Fig.  l c ) .  

Higher-Order Repetitive Structure with Conserved 
Boundary Sequences 

T h e  p r e s e n t  s e q u e n c e s  r e v e a l  tha t  the  f i b r o i n  g e n e  co re  

pos se s se s  th ree - t i e red  h i g h e r - o r d e r  s t ruc ture  as s chema t -  

i ca l ly  s h o w n  in  Fig.  4. I t  is n o t e w o r t h y  to m e n t i o n  t ha t  
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C I : conserved 18-base boundary seq. 
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Fig. 4. Superstructure of  silk fibroin gene core. Ch conserved 18- 
base boundary sequence; CII: amorphous domain; the notations a and 
b refer to elements a and b, respectively. 

the boundary sequences (CI and CII in Fig. 4) are high- 
ly conserved. In actual fibroin gene core, heterogeneity 
in repeat number is observed in each step of periodici- 
ty. Manning and Gage (1980) postulated that the ho- 
mologous unequal crossovers between the crystalline 
coding domains played a predominant role in the evo- 
lution of the fibroin gene from their HhaI and MboII 
cleavage patterns of silk fibroin locus from 22 inbred 
stock B. mori. In mouse immunoglobulin, switch re- 
combination takes place in the S region containing fre- 
quent short-sequence motifs like GAGCT (Nikaido et al. 
1982; Iwasato et al. 1990). The sequence is also found 
in element b. In addition, the Chi sequence (Dover 
1989), a recombination signal in E. coli, appears to be 
similar to the 18-base unit sequence in element a. Chi- 
like sequences are also found near the recombination 
hotspots in the minisatellite DNAs (Jeffreys et al. 1985), 
the Balbiani Ring genes (Hoog et al. 1988), and the ma- 
jor histocompatibility complex genes (Steinmetz et al. 
1986). These sequences could promote unequal cross- 
ing over at repetitive regions of the fibroin gene to gen- 
erate new length polymorphisms and heterogeneities. 

It has been suggested that every unequal sister chro- 
matid crossover produces four recombination molecules 
each of which harbors either a deletion or a tandem du- 
plication of the stretch of base pairs lying between the 
points of the crossover in the parent molecules (Smith 
1976). To further our understanding of the evolution of 
fibroin genes, we have also partially sequenced the 
repetitive coding region downstream of the PstI site of 
the silkworm B. mandarina, which is considered to be 
an ancestor of B. mori (Kusuda et al. 1986), and com- 
pared the sequence with that of B. mori. The results of 

this analysis shown in Fig. 5 suggest that there is an in- 
sertion of 144 bases at a position between 1,565 and 
1,708 of the B. mori fibroin gene. The inserted sequence 
consists of four tandem repeats of a 36-mer sequence 
demonstrating a tandem duplication by an unequal 
crossover. Interestingly, around the putative recombi- 
nation sites, signature sequences such as the GAGCT 
and the Chi-like sequences are also found. 

The Amino Acid Sequence of  Silk Fibroin 

The amino acid sequences of all regions of fibroin can 
be deduced from the nucleotide sequences. Element a 
has perfect repeats of the unit Gly-Ala-Gly-Ala-Gly-Ser 
sequence, a well-known repetitive unit of the crystalline 
region of fibroin (Lucas et al. 1958). The unit repeat se- 
quence of b is very much like that in element a, except 
that the Ser residue is replaced mostly by a Tyr residue. 
Often some variability in length of the repeat unit and 
the substitutions of Ala to either Val or Tyr is also ob- 
served (Fig. 6). Presumably, the bulkiness of the Tyr 
residues and the substantially irregular position of Tyr 
in element b would promote the disordered noncrys- 
talline feature in specific domains of fibroin. 

The amino acid sequence of the amorphous domains 
is vastly different from that of repetitive regions, notably 
for the presence of amino acids such as Asn, Asp, Glu, 
Lys, Phe, Pro, Thr, and Trp that are not found in the 
repetitive regions. Also, the amorphous domain and the 
downstream nonrepetitive coding regions at the 3' end 
show the presence of a number of hydrophilic amino 
acids remarkably distinct from the rest of the fibroin 
protein. There are seven Arg and two Lys residues in the 
nonrepetitive 3' end region. These basic residues may 
promote the complex formation with fibroin L-chain 
molecule through ionic interaction. The fact that fibroin 
L-chain has a preponderance of acidic amino acids 
(Shimura et al. 1976) supports this view. Furthermore, 
there are three cysteine residues located near the C-ter- 
minus of the fibroin H-chain. It is likely that these 
residues are involved in forming a complex with the fi- 
broin L-chain through disulphide bonds (Ohmachi et al. 
1982). The cluster of basic residues in this region would 
inhibit the formation of disulphide bonds within or be- 
tween fibroin H-chain molecules. 

Specific Codon Usage 

We have estimated the overall codon choices for Gly, 
Ala, and Ser among synonymous codons by assuming 
that all interamorphous regions are composed of alter- 
nate reiteration of elements a and b in the same a/b ra- 
tio observed in the 3' end cDNA clone (Table 1). Suzu- 
ki and Brown (1972) estimated that 22% and 16% of all 
codons in the fibroin mRNA are the glycine codons 
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B. mor i CAAGGAGTAGGAAGCGGAGCTGCTTCTGGAGCTGGTGCAGGT 

B. m a n d a r i n a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F i g .  5. Comparison of nucleotide sequence of the 5' end repetitive 
coding region of the silk fibroin gene between B. mori and B. man- 
darina. Kusuda et al. (1986) have cloned a part of the silk fibroin gene 
of B. mandarina from a genomic library that covers the 5' end non- 

repetitive coding and intron regions. In this work, we obtained the B. 
mandarina clone from Dr. Kusuda and have sequenced a part of its 
repetitive region starting from the PstI site. 

GGU and GGA, respectively. These values agree with 
our DNA sequence analysis data. The existence of spe- 
cific isoacceptor tRNA populations has been reported in 
the PSG (Chevallier and Garel 1979; Hentzen et al. 
1981). The tRNAt °ly carrying the GCC anticodon rec- 
ognizes GGU > GGA codons, whereas the tRNA2°lY of 
chmU-C-C  ant icodon recognizes  GGA and G G G  
(Kawakami et al. 1979). Chevallier and Garel (1979) 
compared the tRNAlC~Y/tRNA2 aly levels during the start 
of the 5th instar and the 4th day of the 5th instar and ob- 
tained a ratio within the range of 1.6-2.0. From our da- 
ta, the ratio of GGU/GGA codons in the fibroin H- 
chain mRNA is estimated to be 1.43 (Table 1). These 
two estimates are in good agreement, suggesting that 
there is proportional representation of tRNA population 
in PSG, relative to the frequencies of the corresponding 
codons. In another study, l-Ientzen et al. (1981) ex- 
tracted tRNA ser isoacceptors from the PSG of early and 
late 5th-instar larvae and fract ionated them using 
DEAE-cellulose chromatography. They found that the 
tRNA2ser group is the predominant form in the PSG 
(82% during the secretion phase). It is known that the 
isoacceptor tRNAlSer is capable of translating AGU and 
AGC codons, whereas the other three types of tRNA2ser, 
tRNA2a ser, tRNA2b ser, and tRNA2c ser are able to decode 
UCA, UCU, UCC, and UCG codons, respect ively 
(Garel et al. 1976; Chavancy et al. 1979). Our sequence 
analysis reveals that the total fraction of UCA, UCC, 
UCG, and UCU codons in fibroin H-chain mRNA is 
84% and is in excellent agreement with the ratio of the 

tRNA2Ser/tRNA1 ser isoacceptors in the PSG of B. mor i .  

Thus, the tRNA population in the PSG strictly comple- 
ments the frequency of codons in the fibroin mRNA, 
and this may help to achieve a highly efficient transla- 
tion of fibroin mRNA. 

D i s c u s s i o n  

The detailed organization of the fibroin gene core tempts 
us to speculations concerning the evolutionary process: In 
the first step, multiple duplications of [GG(A/U)GC(A/U)] 
may produce primordial repeats including an 18-base 
boundary sequence since it has been proposed that 
oligonucleotide repeats are the primordial source of all 
genes (Ohno 1984). Mutations occurred in one repeat 
followed by duplication to make element a. Other mu- 
tations in a repeat adjacent to element a lead to element 
b with a trace of primordial repeat at 3' end-- that  is, 
an 18-base boundary sequence CI (Fig. 4). After the 
repetitive block RI is duplicated to form an alternate ar- 
ray of element a and b by unequal crossover, an amor- 
phous sequence is inserted, probably at the CI sequence, 
by transposition, resulting in the direct repeat of a part 
of the CI sequence before and after the amorphous do- 
main (Fig. 2). The CI sequence may be a recombination 
signal or target sequence. Interestingly, the CI sequence 
has a characteristic primary structure: the former half of 
the sequence is composed of purine stretch while the lat- 
ter half is pyrimidine stretch. The 5' end of the CI se- 
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Fig. 6. Amino acid sequences of repetitive regions of the 5' end and 
3 '  end  c D N A  clones. The amino acid (aa) sequences shown in the f ig-  

ure are restricted to the repetitive regions. The 5' end aa sequence cor- 
responds 2,084-2,833 of DNA sequence of the 5' end cDNA clone 
in Fig. lb, while the 3' end aa sequence is derived from nucleotide 
number 104-1,451 of the 3' end cDNA clone in Fig. lc; the notations 
a and  b refer to elements a and b, respectively. The underlined se- 
quence was translated from the 18-base boundary sequence. 

quence always links to a purine-rich region, element b, 
whereas the 3' end is followed by rather a pyrimidine- 
rich sequence, element a. It is likely that the CI bound- 
ary sequence plays a role in switching the recombina- 
tion site from purine-rich region to pyrimidine-rich 

sequence. The center of the CI sequence is GAGCT, 
which is the short-motif  sequence of  mouse im- 
munoglobulin (Nikaido et al. 1982; Iwasato et al. 1990). 
Some recombination enzyme may attack AGCT, a spe- 
cific 4-bp symmetrical sequence, just as restriction en- 
zymes do. In the final stage, RII block including amor- 
phous domain at its 3' end is duplicated by unequal 
crossover events to generate the three-tiered higher-or- 
der periodicity. 

A close analysis of the organization of the fibroin H- 
chain gene also reveals that in general all the amorphous 
domains, CII, preserve a certain sequence homology. 
However, the two outside amorphous domains with the 
insertion of 9-mer sequence and lack of HinfI site are 
structurally distinguishable from the inside ones. This 
fact leads us to speculate on the order of duplication of 
RII in Fig. 4. First both outside amorphous domains are 
duplicated from a primordial sequence by an unequal 
crossover event. Subsequently, the inside amorphous 
ones were duplicated from either one of the outside 
ones. Judging from the deletion/insertion of the 6-met 
sequence and a point mutation that appears in the 5'- 
flanking regions of the amorphous domains (Fig. 2), the 
first CII may be the source of the inside ones. Similar 
situations have been reported for human involucrin gene 
(Eckert and Green 1986) and Balbiani Ring genes (Hoog 
et al. 1988). It was also reported that the "aberrant" re- 
peats are often observed toward the ends of tandem ar- 
rays (McCutchan et al. 1982; Eckert and Green 1986; 
Hoog et al. 1988) as well as in the silk fibroin gene 
(bases 1,562-1,777 in Fig. lb). This agrees well with a 
previous theoretical evaluation of the evolution of repet- 
itive genes (Smith 1976). 

Hatfield et al. (1982) measured isoacceptor tRNAs of 
human reticulocytes by reverse-phase chromatography 
and showed that the occurrence of codons in globin 
mRNA is correlated with the codon recognition prop- 
erties of the isoacceptor tRNAs. Quenzar et al. (1988) 
studied the relationship between the isoaccepting tRNA 
distribution and codon bias in tendon collagen of chick- 
en. They noted that there is a relative increase in the 
levels of tRNAIGG Pr° (100%) and tRNAGcc Gly (40%) in 
tendon as compared to other tissues, indicating a spe- 
cialization of the tRNA population for collagen syn- 
thesis. However, no evidence suggesting tissue-specif- 
ic coadaptation of codon usage and tRNA pools in three 
mouse actin mRNAs was found (Alonso et al. 1986). 
Thus the quantitative correlation shown here in B. mori 
between the mRNA may not be generalized to other eu- 
karyotes, or it may be applicable to cases of enormous 
tissue-specific gene expression. 
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Table 1. Codon usage patterns for different regions and whole coding region of silk fibroin gene 

Element Element 5'-coding 3'-coding Amorphous Total c 
Codon a b 1-1,447 a nonrepeated b 

Gly 
GGA 3 91 5 5 38 981 
GGC 3 7 0 1 29 127 
GGG 0 1 3 0 0 17 
GGU 121 18 2 2 0 1406 

Ala 
GCA 0 28 5 2 10 302 
GCC 5 7 0 0 0 131 
GCG 0 0 1 0 0 3 
GCU 79 43 5 3 10 1237 

Ser 
AGC 0 7 4 1 10 85 
AGU 0 1 5 3 2 20 
UCA 43 0 1 2 10 433 
UCC 0 0 3 1 0 4 
UCG 0 0 0 0 10 10 
UCU 0 7 2 4 30 108 

a Sequence from Tsujimoto and Suzuki (1979) 
b Nonrepeated region is 1,721-1,900 of the 3' end cDNA clone in Fig. lc 
c The calculation is based on the following assumptions: the length of total coding region is 15 kb, and the interamorphous regions are com- 
posed of reiteration of elements a and b with the same codon usage patterns found in the 3' end cDNA clone 
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