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The complete nucleotide sequence of the Bacillus circulans F-2 RSDA gene, coding for raw
starch digesting c-amylase (RSDA), has been determined. The RSDA structure gene consists of
an open reading frame of 2508 bp. Six bp upstream of the translational start codon of the RSDA
is a typical gram-positive Shine-Dalgarno sequence and the RSDA encodes a preprotein of 836
amino acids with an Mr of 96,727. The gene was expressed from its own regulatory region in
E. coli and two putative consensus promoter sequences were identified upstream of a ribosome
binding site and an ATG start codon. Confirmation of the nucleotide sequence was obtained
and the signal peptide cleavage site was identified by comparing the predicted amino acid seque-
nce with that derived by N-terminal analysis of the purified RSDA. The deduced N-terminal region
of the RSDA conforms to the general pattern for the signal peptides of secreted prokaryotic
proteins. The complete amino acid sequence was deduced and homology with other enzymes
was compared. The results suggested that the Thr-Ser-rich hinge region and the non-catalytic
domain are necessary for efficient adsorption onto raw substrates, and the catalytic domain (60

kDa) is necessary for the hydrolysis of substrates, as suggested in previous studies (8,9).

Raw starch-digesting enzymes are composed of a core
domain and a tail domain which contains either a Thr-
Ser region or Thr-Pro-rich B-region. A distinct function
has been suggested for these domains (11). Thr-Ser and
Thr-Pro-rich domains act as raw substrate-binding pepti-
des, distinct from the active site. It is believed that, at
least in fungi, the peptides act in freeing the raw starch
microcrystallines in such a way that the enzyme can
then perform the hydrolysis step. These properties are
present even in crystalline cellulose digesting cellulases
{CCDC) (36). Despite extensive biochemical and ultrast-
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ructural studies of raw substrate digestion the molecular
mechanisms underlying the recognition of the raw subst-
rate and the adsorption of the enzyme onto the raw
substrate remain unclear.

Previous studies of the raw starch digestibility of B.
circulans F-2 RSDA have shown that the RSDA was
proteolytically converted into two fragments, each with
subtilisin (8,9). The truncated isoenzyme, which does
not bind to granular starch(BF-2A'), is generated by pro-
teolytic modification (BF-2A). Both enzymes are active
towards soluble substrates but BF-2A shows increased
activity towards insoluble starches. These results lead
to the proposal that BF-2A contains two separate do-
mains: a catalytic domain containing the active site, and
a raw starch adsorbing domain that confers on the enz-
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yme the ability to be bound ontc the surface of raw
starch granules. BF-2A contains about 30,000 more mo-
lecular weights at the C-terminus than the truncated enz-
yme of BF-2A, and so this region was thought to be
the adsorption domain (9).

To explain the domain structure of the B. circulans
RSDA, we cloned the structural gene encoding the
RSDA and the gene (RSDA). The RSDA was stably exp-
ressed in E. coli, resulting in an active enzyme which
was efficiently secreted into the periplasmic space (10).
In this study we determined the nucleotide sequence
of the RSDA gene and found that the gene codes for
the polypeptide of 836 amino acid residues. The control
regions for transcription and translation of the RSDA
gene have also been identified in the adjacent regions.
We also compared the amino acid sequences of the
RSDA product with those of other amylases for the hyd-
rolytic domain containing the active site. Finally, a model
mechanisim explaining raw starch-digestibility was inves-
tigated by comparing the Thr-Ser-rich sequence with
those of other amylases and cellulases capable of diges-
ting the raw substrates. Comparisons of the amino acid
sequence of this RSDA with other enzymes yielded info-
rmation about the similarities and differences among en-

zymes.
MATERIALS AND METHODS

Bacterial Strains and Plasmids

We used Bacillus circulans F-2. The E. coli strains
HB101 and JM109 were used for plasmid construction.
Plasmid pYKA3 was made up of pYEJOO1 and B. circu-
lans F-2 chromosomal RSDA gene {10). Plasmids pUC
118 and 119 were used for sequencing analysis. A 5.4
Kb fragment of pUKA1l and pUKAZ, which contained
the RSDA structural gene and regulatory region, was
inserted into either a pUC118 or pUC119 from plasmid
PYKA3.

Recombinant DNA Techniques and Cloning
Procedures

Preparation of plasmid DNA, endonuclease digestion,
ligation, and bacterial transformation were carried out
using standard procedures (13). Restriction endonuc-
lease, mung bean nuclease, exonuclease I, DNA poly-
merase | (Klenow fragment), and T4 DNA ligase were
used according to the specifications of the supplier(Phar-
macia Co)).

Nucleotide Sequence Analysis and Computer
Analysis of DNA Sequences

Enzymatic DNA sequence analysis (Sanger dideoxy
chain termination method) was carried out on supercoi-
led DNA using a pUC sequencing kit purchased from
Boeringer Mannheim (26). In specific cases restriction
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fragments were recloned into the mp18 or mp19 M13
vectors for dideoxy sequencing. All enzymatic reactions
were performed at 40C. Sequencing data were analysed
and compared using the DNASIS/PROSIS software pa-
ckage (Hitachi Co.). Amylase proteins, which appeared
to be similar to the B. circulans F-2 RSDA, were initially
aligned using the GENETYX program (SDC, Software
Developing Co. Tokyo). Protein pairs showing the grea-
test degree of similarity were subjected to a statistical
analysis of the alignment. The purpose of the statistical
analysis was to determine whether the best alignment
of two proteins was significantly better than that which
could be obtained from aligning random sequences ge-
nerated from the chosen proteins. Free energies of RNA
base pairings were calculated using the energy model
of Tinico et al. (30).

Protein Purification, Amino Acid Analysis and
Amino Acid Sequence Analysis

Raw starch-digesting amylase protein was isolated
from E. coli CO600(pYKA3) carrying the RSDA gene.
Cell extracts were prepared by sonication (22 KHz). After
centrifugation (15,000 rpm, 30 min) the supematant was
fractionated with ammonium sulfate(30 to 50% ppt) and
the active protein solution was appiled to the columns
of a DEAE Totopearl M650, a Phenyl-Toyopearl M650,
and a TSK-Gel G3000 SWxL(Tosoh Co.). The amino
acids were identified and measured with a Hitachi 835
amino acid analyzer after the purified enzyme was hy-
drolyzed in 6 N HCl for 3 hr at 130C. The amino termi-
nal sequence of the native enzyme, produced by recom-
binant E. coli, was identified with a 470A gas-phase
protein sequencer(Appied Biosystems Inst. Co.).

RESULTS

DNA Sequencing Strategy for RSDA Gene

A physical map of the 54 kb HindIll fragment of
genomic B. circulans F-2 DNA containing the RSDA
is shown in Fig. 1. The nucleotide sequence of an appro-
ximately 3.25 kb region between the EcoRV and Hindlll
sites was partially determined by cloning specific restric-
tion fragments into M13 vectord mpl8 and mp19 by
the method of dideoxy chain termination. Sequences
near restriction sites used for cloning were resequenced
away from the restriction sites to avoid potential errors
related to closely spaced restriction sites by the kilo se-
quencing {6); a Hindlll-cleaved 5.4 kb fragment of pYKA
3 was inserted into pUC118 and pUC119 resulting in
new plasmids of pUKA1 and pUKA2. The new plasmids
were double-digested, with the restriction endonucleases
of Sall(5'-protruding) and Sstl(3'-protruding), treated
with exonuclease IlI, a Klenow fragment, mung bean
nuclease, and then were self-ligated with T4 DNA ligase.
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Fig. 1. Restriction map and DNA sequence strategy for the 3.2 kb fragment containing the RSDA gene.
The direction and length of sequence determinations are shown with arrows. The placement of the various restriction sites
{exonuclease-generated subclones) used in sequencing is shown along the fragment in pUKA1L and pUKA2. The putative
coding region for the RSDA gene is shaded.

-1026 CCCCCTTCCGGGAACCGTTAGCCCAACCCCGGAATCCACCGTTACGCGCGCGTTCAGGGATATCA—QG1
EcoRV
ATGGTGCCCGGAAGGTGAGCCGGAAGATCAACGCCTTCTAGAAGCAGAAACACARAARAATGCTGTATTCTICGTATTCC-881
AGCCGTTACCAATAAAGCACGGGGARCARGCTCCTTGACAGATATTATTTICGTGETCGTGGTICTCGGETACGGGARGCAA-80]
TCTCCTTGGTCCAATATTAITTCGTGGTATGGCCTTCCGGTATGTTGGTTCIIIIIAAGAGAAAAAGCAAAAAAACATGQf721
RAAATTGTGGTICTCCTATIGCTATCTTCCCTGCCATCCTTCATTACAGTGGAGGATACAAARAGTATAGTTICCTTTCG-641
TTGAGCCCTACATIAGCGATGGGTAGGATTACTAARTGGATCGATGTTATTATGTARGTACTGCTTTATGTCACATCTTTT-561
TTTAGACAGACACTGTAGGCTTICGICGCTCTTGTIGGTTICATACAGAAATGATTCTTCCCACCTTGACACCATTTCGT-481
CCCCACCCTCIATTTCATTAAGACGTTATCATCTACCCTTAGTTTCGGCCCGTAGGGCGATTGCCGATACCTATAGGATC-401
BamHI
CGGATGGCCATAGGCAARTCAAGGAAGTGTICATCGTCTTATGAACAAGGTGGGCGRATG TG TCGAGTGGAGARGATTAC-321
GTGTATGARACCTAGACCTAGTGTCGCTATGTGCGGAGTECTGGGACGTGCGATGGAGTGATGACTGCTGGACGGCAGAG-241
TACTGACTGACTGAGACGGAGCTACGCGCGACTACCAAGTTACTGGCTAATGATGGCCTAACTAAGGARCTATACTTAGG-161
AGRACCACAATTTCTATGCTTTTGCTGAGGARTTCTGATATATTARTAAATACGTTTCACGGAGCATTTCARTCTAARAC ~81
EcoRI
ATATATITTTTCARARAARGTGCTTGATATTTARARAGARACGTGATATATTATAARAGTGCOGTGRACGGAGGTAGCE -1
-35 -10 SD

+1
ATG.AGG.ACA.AAG.TCG.ARA.TCG.CAG. GCA.CTA.GIT.GCT. TCA. TCC.CGA. GGC. ATT. TCG. TGT.TGC 60
Met*ﬁrg~Thr—LyS-Ser—Gln-Ala-Leu—Val—Ala—Ser—Ser—Arg—Gly-Ile~Ser-Cys-Ser-Cys—Cys 20
IC

ACG.TGC.TIC.TGG.CTC. TCG.GCT.GGA. CTA. GGC.ACC. TCG.CGT. GCT GCT. GAG.ACT. TAC.CAT.ATG 120
Thr-Ser—Phe-Trvaeu—Ser—Ala—Gly-Leu—Gly—Thr~Ser—Arg—Ala‘_—ﬂet 40
CAT.TGG.ATA.TTA.GIG.CTA.ACC.AGT.TCC.AGG. TTC.GAA.RAC. TGG.CAC.GTT.CGA.ATT.ACA.CTG 180
His-Trp-Ile-Leu-Val-Leu-Thr-Ser-Ser-Arg-Phe-Glu-Asn-Trr-His-Val-Arg-Ile-Thr-Leu 60
I
TGC.ATG.ACT.GIT.GCG. CAT.CAG.CTT.GCA.CTT |GAT.GCA. TCA.ATT.ACA.CAT |ACG.CTC.AGT.GAR 240
Cys-Met-Thr-Val-Ala-His-Gln-Leu-Ala-Leu|Asp-Ala-Ser-Ile-Thr-His |Thr-Leu-Ser-Glu 80

TAT.TAI.CAG.TGT.GCA.TAT.TAT.GCG.TAT.ACT.GGA;CAA.GAT.TCG.GAT.AGG.AAG.ATC.ACC.CGC. 300
Tyr—Tyr~Gln~Cys~Ala—Tyr—Tyr—Ala—Tyr—Thr-Gly—Gln—Asp—Ser—Asp—Arg—Lys—Ile—Thr—Arg 100
CIT.CTG.TIT.CTG. 6CT. TAC. GAG. BAG. GCA . GCG. TCT . TGC. CTC. TIC. TTC. CGG. CAG. CAT.GAC. TAT 360
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Leu-Leu-Phe-Leu-Ala-Tyr-Glu-Lys-Ala-Ala-Ser-Cys-Leu-Phe-Phe-Arg-Gln-His-Asp-Tyr 120
CCT.GAA.CCG.GGC.GTA.AGT.CGT. TGG.ATC. CGG. GGT. IGG. CTA.CGT.CGA. GTG.CGT. TGG.ACR. TGG 420
Pro-Glu-Pro-Lys-Val-Ser-Arg-Trp-Ile-Arg-Gly-Trp-Leu-Arg-Arg-Val-Arg-Trp-Thr-Trp 140
GCT.TGC.GAT.GCG.ATA.CGA.ATC.CGA.CGT . ACG.CTC.CAA. TCG.CAG.CTG. AAT.GCG. AAT.GCG.CTG 480
Ala-Cys-Asp-Ala-Ile-Arg-Ser-Arg-Arg-Thr-Leu-Gln-Thr-Gln-Leu-Asn-Ala-Asn-Ala-Leu 160
ATG.GTA.TIT.CTIC.CIT.ACG.CAT.CAT.GTA.CGT.ATT.TCA.CAC.CGC.ATA.CGT.CAA.AGC.ARC.CAT 540
Met-Val-Phe-Leu-Leu-Thr-His-His-Val-Arg-1le-Ser-His-Arg-Ile-Arg-Gln-Ser-Asn-His 180
AGT.CAC.GCA.CAC.CAT.CGC.CAA.GCT.CAG. TGC.AGC.ACA. TTA.AGC.GCG. ACA.CGA.AGC.ACT.GAT 600
Ser-His-Ala-His-His-Arg-Gln-Ala-Gln-Cys-Ser-Thr-Leu-Ser-Ala-Thr-Arg-Ser-Thr-Asp 200
Xbal
AGC,ATC.GCG.AAT.CTA.CGC.ACA.GCA.CGC. TCG.AAC.ACG.CCT.AGA.CAC.ACC. TCT . AGA.CCC.AAC 660
Ser-Ile-Ala-asn-Leu-Arg-Thr-Ala-Arg-Ser-Asn-Thr-Pro-Arg-His-Thr-Ser-Arg-Pro-Asn 220
CGG.GAC.CTA.TCA.CGC.GAG.CCC.CGC.ATG.CAA.CTC. TCT.ACA.GCG. TTC. TCC.GTA. TAC.CCC.GAA 720
Arg-Asp-Leu-Ser-Arg-Glu-Pro-Arg-Met-Gin-Leu-Ser-Thr-Ala-Phe-Ser-Val-Tyr-Pro-Glu 240
TTC.ACT.GAC.CAT.AAG.TTC.CTT.GAC.ACT.GAC.TTA.TTT.AGC.ACA. TCT.ICC.CIT.AAG.TTA.AAC 780
Phe-Thr-Asp-His-Lys-Phe-Leu-Asp-Thr-Asp-Leu-Phe~Ser-Thr-Ser-Ser-Leu-Lys-Leu-Asn 260
CTG.GCA.ATC.CAA.CGT.TCC.CCT.GCA.TCA.TGC.ACT .GCA.CIG.CAC.RCA.GTT.CCC.ACA.ATA.GCC 840
Leu-Ala-Ile-Gln-Arg-Ser-Pro-Ala-Ser-Cys-Thr-Ala-Leu-His-Thr-Val-Pro-Thr-Ile-Ala 280
GAA.CCG.AART.TAC.TGT.AGA.ATT.GCT.CAC. TAT.CAG.GAC.CCA.GCT. TAC.ACT. TAT.GCT . TCC.GGC 900
Glu-Pro-Asn-Tyr-Cys-RArg-Ile-Ala-His-Tyr-Gln-Asp-Pro-Ala-Tyr-Thr-Tyr-Ala-Ser-Gly 300
I
TCG.TAT.GTG.TGT |GGA-.ATG.CGA.GCG. GAT.AAC.AAT. TCA.CAC)AGG. AAA. CAG.CTA. TGT.CCA.CGA 960
Ser-Tyr-Val-Cys|Gly-Met-Arg-Ala-BAsp-Asn-Asn-Ser-His|Arg-Lys-Gln-Ley-Cys-Pro-Arg 320

TTA.CGC.CAA.GCT.CAR.AGG.AGA.ARA ACC.GCT.TIG.TTC.GCG. ATT.GTA.GCT.GGC.GGC. TTIT.CGT 1020
Leu-Arg-Gln-Ala-Gln-Arg-Arg-Lys-Thr-Ala-Leu-Phe-Ala-Ile-Val-Ala-Gly-Gly-Phe-Arg 340
AGA.CCT.AGT.GIC.GCT.ATG. TGC.GGA.GTG. CIG.GGA.CGT.GCG.GTG. GAG. TCA. AGA. C1G.CTG.GAC 1080
Arg-Pro-Ser-Val-Ala-Met-Cys-Gly-Val-Leu-Gly-Arg-Ala-Val-Glu-Ser-Arg-Leu-Leu-Asp 360
GGC.AGA.GTA.CTG.ACT.GAC. TGC.GAC.GGA. GCT.ACG.CGC. GGC. TAC.CRA. GGT. TGG. GGC.CAR.AGA 1140
Gly-Arg-Val-Leu-Thr-Asp-Cys-Asp-Gly-Ala-Thr-Arg-Gly-Tyr-Gln-Gly-Trp-Gly-Gln-Arg 380
GIT.GAG.TCA.ATT.AAT.ARA. TTG.CGT.TTG. GTA. TGC.GIT. TCA.GTG. GGA.AAC.CTG. TGG. CAG. TGG 1200
Val-Glu-Ser-Ile-Asn-Lys-Leu-Arg-Leu-Val-Cys-Val-Ser-Val-Gly-Asn-Leu-Trp-Gln-Trp 400
111
GCA.TTA.ATG.AAT.GGC.AGG.GGG.ARG. GGG. TTG.GTA. TTG. GGC [AGG. TGG. TTC. TTA {CAT.AGA.GGR 1260
Ala-Leu-Met-Asn-Gly-Arg-Gly-Lys-Gly-Leu-Val-Leu-Gly |Arg-Trp-Phe-Leu |His-Arg-Gly 420

AGT.GAT.GCT.ACT.GCT.AMA.AGA.GCG.ICA.GIG.TGC.AGG.ATC. TTG.AGG. TGC.ATG.ATC. TTA.ATA 1320
Ser-Asp-Ala-Thr-Rla-Lys-Arg-Glu-Ser-Val-Cys-Arg-Ile-Leu-Arg-Cys-Met-Ile-Leu-Ile 440
AGT.AGC.GTA.GTA.TTT.CAT.GAG.CIT.AAG.GGT.CAG.AGG.ARC. TTC.GTG.CIG.CTC. AAT. TIG. GIG 1380
Ser-Ser-Val-Val-Phe-His-Glu-Leu-Lys-Gly-Gln-Arg-Asn-Leu-Val-Leu-Leu-Asn~Leu-Val 460
TCA.TAT.GGC.TCA.CCA.TGC.CAG.CGA.ATA.GIT.ATC.GGC.AGG. TTA.AGC.AGA. TGT.CGT.TAC.AGA 1440
Ser-Tyr-Gly-Ser-Pro-Cys-Gln-Arg-Ile-Val-Ile-Gly-Arg-Leu-Arg-Arg-Cys-Arg-Tyr-Arg 480
ACT.GGA.CTC.AGA.TGT.TAT.GAA.CGC.GAA.GIC.GTA.TTT.GCA. TTA.GCG.CTT. AGC. GCT.AAG.CGC 1500
Thr-Gly-Leu-Arg-Cys-Tyr-Glu-Arg-Glu-Val-Val-Phe-Ala-Leu-Ala-Leu-Ser-Ala-Lys-Arg 500
i)
ACA.GCG.GIG. TGC.TGT.AGT.AGA.CGA. TTC.ACA.CGT.GGA |TTT.GIT. TCT.AAC.CAT.GAC |GAG. RAT 1560
Thr-Ala-Val-Cys-Cys-Ser-Rrg~Rrg-Phe-Thr-Arg-Gly |Phe-Val-Ser-Asn-His-Asp|Glu-Asn 520
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GAT.TCC.TAT.ACA.CIC.ATG.CCT.CGC.TGC. TTA.GTA.TGT.GTA.GIC.CGA.ARG.CAA.CGA.ATA. TTA 1620
Asp-Ser-Tyr-Thr-Leu-Met-Pro-Arg-Cys-Leu-Val-Cys-Val-Val-Arg-Lys-Gin-Arg-Ile-Leu 540
CGA.GAT.GCT.CAA.ACA.CAA.GAA.CIT.TTA.GAA.GRA.GAG.ATA.GTA.GAT . ARA.ATC.AGA. TAT.AGT 1680
Arg-Asp-Ala-Gln-Thr-Gln-Glu-Leu-Leu-Glu-Glu-Glu-Ile-Val-Asp-Lys-1le-Arg-Tyr-Ser 560
GAT.ATA.CGA.ATG.TICC.GAG.CTT.TTA.TTA.GAA.TAT.AAG. TGT.TAT.CGC.ACA.CTG.AGC.ART.GCC 1740
Asp-Ile-Arg-Met-Ser-Glu-Leu-Leu-Leu-Glu-Tyr-Lys-Cys-Tyr-Arg-Thr-Leu-Ser-Asn-Ala 580
GAT.ACA.GAG.ATA.CGG.AGA, TAT.ATA.ATG.AAC.AAA. TAC.CAC.ACG.CGA.GCA.GAA . AAG. TGC.GTT 1800
Asp-Thr-Glu-Ile-Arg-Arg-Tyr-Ile-Met-Asn-Lys-Tyr-His-Thr-Arg-Ala-Glu-Lys-Cys-Val 600
CAR.CCA.GTG.AAA.CAA.ATA.GAA.GAA.AAG.CGA.TCG.CGG. TTA. TTA.ARA. TTG.CTA . AAA.GAA . AAT 1860
Gln-Pro-Val-Lys-Gln-Ile-Glu-Glu-Lys-Arg-Ser-Arg-Leu-Leu-Lys-Leu-Leu-Lys-Glu-Asn 620
AAA.TCT.TCC.CGT.CTT.AGA.TTA.GAC.CGA.GAT.AAT.AAA. TCT.AAA.GTG. AAG.GCA.CTT. TGG.CGA 1920
Lys-Ser-Ser-Arg-Leu-Arg-Leu-Asp-Arg-Asp-Asn-Lys-Ser-Lys-Val-Lys-Ala-Leu-Trp-Arg 640
GTG.AGC.CAAR.CAC.GTA.RAA . GTT.CTA.GTG.ARA.CAG. GAG. GGA. GCG.ATG. GCA. ACA. AAG. TGC.CGT 1980
Val-Ser-Gln-Gln-Val-Lys-Val-Leu-Val-Lys-Gln-Glu-Gly-Ala-Met-Ala-Thr-Lys-Cys-Arg 660
GAA.AAT.ATT.ATA.GAG.TGC.GAA.AAT.TTA.TCG.TTC.GIG.ARA.ARR.CTT. TTT. TAT.ATA.CAA.AAT 2040
Glu-Asn-Ile-Ile~Glu-Cys-Glu-Asn-Leu-Ser-Phe-Val-Lys-Lys-Leu-Phe-Tyr-Ile-Gln-Asn 680
CTA.ACT.TTC.ACG.AGC.AGT.TTG.CAT.RAA.GRA. TTA. TAT.AGT.CTT.AGA.GTC.AGG. TIT.CGT.ATG 2100
Leu-Thr-Phe-Thr-Ser-Ser-Leu-His-Lys-Glu-Leu-Tyr-Ser-Leu-Arg-Val-Rrg-Phe-Arg-Met 700
Scal
TTT.AAC.ACC.AAG.AGG.ATT.AGC.TAT.TGG.ATC.GCA. TGT. TAT. TAT.AGA.AGT .ACT.GCT.TTA. TTG 2160
Phe-Asn-Thr-Lys-Arg-Ile-Ser~Tyr-Trp-Ile-Ala-Cys-Tyr-Tyr~Arg-Ser-Thr-Ala-Leu-Leu 720
TCA.GCA.TCT.TIT.TIT.AGA.ACA.GAA.ACA.GCT.GAG.GCT. TIC.GAT.CGA. AAT.CTT.GIT.GGT. TIC 2220
Ser-Ala-Ser-Phe-Phe-Arg-Thr-Glu-Thr-Ala-Glu-Ala-Phe-Asp-Arg-Asn-Leu-Val-Gly-Phe 740
ATA.CAA.GTA.AAT.CIT.ACT.CCC.ACC.TCG.GAC.ACA.TTT.CGT.CCC.CAA.CCT.CTA. TTT.CAT.BAG 2280
1le-Gln-Val-Asn-Leu-Thr-Pro-~Thr-Ser-Asp-Thr-Phe-Arg-Pro~Gin-Pro-Leu-Phe-His-Lys 760
ACG.ATT.AAC.ATC.TAC.CCT.AAG.TIT.TGG.CCC.GAT.GGC.CGC.AAT.TCC.GCA. TTA.CCC. TCT.CIC 2340
Thr-Ile-Asn-Ile-Tyr-Pro-Lys-Phe-Trp-Pro-Asp-Gly-Arg-Asn-Ser-Ala-Leu-Pro-Ser-Leu 780
CAT.GIT.GGA.TCC.GIC.TCT.TTIT.AAT.GAG.GCG.GIT.TCG.CTT.TIT.CCT.CTC.GCC.GIG.TGG. TAT 2400
His-Val-Gly-Ser-Val-Ser-Phe-Asn-Glu-Ala-Val-Ser-Leu-Phe~Pro-Leu-Ala-Val-Trp-Tyr 800
TIG.TTC.ATT.ATA.TTA.TCA.CCG.TAT.CIT.CTG.TAT.CCG.GCA.TTT.CIC.CAG. TGT.GCG.AGA.AAC 2460
Leu-Phe-Ile-1le-Leu-Ser-Pro-Tyr-Leu-Leu-Tyr-Pro-Rla-Phe~Leu-Gln-Cys-Ala-Arg-Asn 820

2508
ACC.TTA.TAT.TCT.ATA.RRA.GCC.TCG.GAT.CAT.CGC.ATA. TCT.AGA. TRT. ICC. TGA-TTTTATICATIGA 2520
Thr-Leu-Tyr-Ser-Ile-Lys-Rla-Ser-Asp-His-Arg-Ile-Ser-Rrg-Tyr-Ser-»*x 836
TC

RTCATGATCIATTTGCITCTARACTTCTTGIGTTIAGGCACTCTGTAATARTTCGTTGCTTICGGATACACAATGAATG 2599
CAGCCAGRGGCAAGTIGIGTATAGGAATCATITICTCATARTATCICCTTCACGCARGAGCGTTATICAATICTTACGATT 2678

ACRAATAAGAGTARA 2793

Fig. 2. Nucleotide sequence of the RSDA gene and its flanking region, and the amino acid sequence deduced
from the RSDA gene.
The amino acid sequence, corresponding to the open reading frame beginning with the first ATG codon, is identified below
the sequence. The 5' initiation codon and 3' termination codon are indicated with “LC” and “T.C”(and ***), respectively.
The putative —10 and —35 regions of the 5'-flanking promoter regions are also indicated by underline. “SD.” indicates
the putative Shine-Dalgamo sequence. The N-terminal end of the mature protein is shaded. The N-terminal amino acid -
sequence(shaded) is preceded by a 34-amino acid signal sequence. Homologous regions [, II, Ill and IV, responsible for
the enzyme activity, are blocked.The palindromin sequence of a possible transcription terminator is underlined with facing
arrows. The numbers refer to the nucleotide {amino acid) position, with numbering starting at the first residue of the coding
sequence. The last digit of each number is aligned with the relevant residue.

Finally hundreds of deleted plasmids, covering various Structure of the RSDA Gene
lengths of the insert DNA, were isolated and kilo-se- Fig. 2 illustrates the nucleotide sequence of the RSDA
quenced. gene and its flanking regions. There was only one long
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open reading frame (ORF) starting from an ATG codon
(nucleotide +1 to +3). The ORF was composed of
2508 bp (836 amino acids). For the initiation of transeri-
ption, putative ‘—35’ was observed at —56 (TTGATA)
and ‘—10’ was observed at —34 (TATATTA). The dis-
tance between these two regions {17 bp) correspond
to the distances from the initiation sites and Pribnow
boxes in other transcriptional sites of the proteins in
gram-positive Bacillus sublitis {(17). Furthermore, the TA-
TATTA sequence is similar to the consensus sequence
for the Pribnow box TATAAT (17). Upstream of these
potential transcriptional initiation sites there were several
inverted repeat structures in nucleotide sequences of
—250 to —10 which were almost entirely A and T.
Downstream of termination codons, TGA(+2509 to +
2611) was detected. This termination codon TGA, seems
to be the terminating signal for the ESDA. Downstream
from ‘—10, as far as —250 bp, we observed three ATG
codons {at +1, —17, and —146) in the beginning of
the ORF. ATG at +1 was assumed to be the starting
codon of the RSDA because a possible Shine-Dalamo
sequence {near nucleotide —6 of GGAGG) (17) was
observed immediately upstream from this ATG, and it
was followed by a cluster of codons encoding basic and
hydrophobic amino acids for secretional signaling. Follo-
wing the initial methionine is a sequence of amino acids
that appears similar to other identified signal sequence
peptides. Beginning at amino acid + 35, a potential clea-
vage site is located with the sequence Ala-Ala-Glu. Since
this enzyme is a secretory protein it should possess a
signal peptide which commonly has a cluster of hydro-
phobic amino acids. Neither the ATG at —146 nor the
ATG at —135 has these neighboring characterisitics.
If our assumption is correct, the enzyme precursor consi-
sts of 836 amino acid residues, corresponding to a mole-
cular weight of 96,000 and a 5-noncoding region of
about 1 kb. These results are in good agreement with
our previous results (10) which showed transformed E.
coli (pYKA3) can make functional raw starch-digesting
amylase in periplasmic space.

The deduced translated molecular weight of a 2,508
bp open reading frame (ORF), beginning with the first
ATG(+1), agrees with the published size estimated of
a raw starch-digesting enzyme protein (about 93,000
Da), if the predicted leader peptide is removed (29).

Amino Acid Composition of the RSDA Enzyme
Produced in E. coli and Codon Usage

To check the amino acid composition of the pre-enzy-
me, the 93,000 Da active enzyme was purified from
the periplasmic fraction of the E. coli cells carrying the
RSDA gene, and the amino acid composition was an-
alyzed. The result is shown in Table 1 together with
the amino acid composition deduced from the DNA

SEQUENCING OF RSD4 GENE 61

Table 1. Amino acid composition of Raw Starch Diges-
ting Amylase from B. circulans F-2

Amino acid Amino acid From DNA
{one-letter) analysis sequence?
Ala(A) 60(7.1) 61(7.3%)
Cys(C) 29(3.6) 29(3.5)
His(H) 27(3.2) 25(3.0)
Met(M) 14(1.6) 14(1.7)
The(T) 50(6.0) 51(6.1)
Asn(N) 30(3.6) 33(39)
Asp(D) 29(34) 27(3.2)
Glu(E) 33(4.1) 34(4.1)
Gln{Q) 30(3.6) 33(3.9)
Lle(l) 43(4.9) 40(4.8)
Phe(F) 30(3.6) 92(11.0)
Trp(W) ND 15(1.8)
Pro(P) 25(2.9) 24(29)
Tyr(Y) 33(4.0) 35(4.2)
Arg(R} 96(12.0} 93(11.1)
Gly(G) 34(4.0) 32(3.8)
Lys({K) 35(4.3) 37(4.9)
Sex(S) 84(9.9) 78(9.3)
Val{V) 49(5.9) 50(6.0)

3'The values in the parentheses are the number of individual
amino acid residues charged when the first 33 amino acid
residues from the N-terminus are omitted. The remaining resi-
dues did not change.
N.D., not determined.

sequences. The amino acid composition of the purified
enzyme was in good agreement with that of the putative
mature form of the RSDA gene product deduced from
the DNA sequence, if it is cleaved at Alanine at position
+35.

Of the 64 codons, 62 codons were used in the RSDA
gene product deduced from the DNA sequence of 59
codons in the preenzymes of B. circulans (21), B. subtilis
{34), B. amyloliquefaciencs (34) and A. awamorifrom
(5) (data not shown). These five proteins showed quite
similar codon usage, except that the usage of UUA{Leu),
CUU(Leu), AUA(lle} and AGA(Arg) in B. circulans F-2
pre-enzyme were much higher than in the other proteins.

Identification of the N-terminus of the Pre-enzy-
me by Correlation of the DNA and Partial Amino
Acid Sequences

To pinpoint the N-terminus of the pre-enzyme, the
purified enzyme(purified to homogeneity from E. coli
carrying plasmid pYKAS3, specific activity 52 uints/mg
protein) was subjected to sequential Edman degradation
and five amino acid residues from the N-terminus were
determined. As shown in Fig. 2, the five amino acid
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residues from the N-terminus of the RSDA enzyme pro-
duced in E. coli were Ala-Glu-Thr-Tyr-His, which were
identical to those deduced for this ORF (from No. 35
to 39). Thus, the precursor of the enzyme must be initia-
ted at position +1 to +3, corresponding to the methio-
nine at position + 1. Therefore, we calculated that the
signal sequences of the enzyme from B. circulans F-2
is 34 residues long.

Ribosome-binding Sites (RBS, Shine-Dalgarno),
Transcriptional Region and Termination Region
of the RSDA Gene

Fig. 3 details the sequence of the areas preceding
and following the coding regions. The initial methionine
is preceded by a possible ribosome binding site (RBS,
Shine-Dalgamo) sequence (near nucleotide —6) that is
similar to other such sequences seen in B. subtilis (15,
17). There is another possible ribosome binding site se-
quence (near nucleotide —36) which has homology with
B. subtilis 16s RNA. If this sequence is used for RBS
it will be followed closely by GTG, which can be used
as an initiation codon in B, subtilis (17) and a termination
codon (TGA) one codon later. These features are shown
in detail in Fig. 3. These regions are of interest because
a somewhat similar sequence of multiple ribosome bin-
ding site sequences, followed by potential initiation co-
dons, has been postulated to play a role in the efficient
translation of mRNA (12, 35). The calculated free ener-
gies for the interaction of RBS with the 3'-end of B.
subtilis 165 rRNA are —13.7 to —21.3 Kcal/mole,
which is within the range of the more stringent RBS
nomally seen for Gram-positive genes (18).

The region adjacent to the area of the 3'-end of the

Region | Region 2
UCICCUCCAC OCT-CCUCCAC
kkkx % % % Xkkk fkkkkk
rTrAGACGTATATATTATRAAA R OGTERRACSGA G AL
netpro (0 et-RSDA

Fig. 3. Possibble ribosome binding sites preceding the
RSDA gene.
The regions immediately preceding the coding sequence
of the RSDA gene, that showing complemetarity to the
3'-end of Bacillus subtilis 16S rRNA, are shown. The possi-
ble pairing with the 3"-end of 16S rRNA is indicated above
each sequence(RBS) by “***” indicating matching bases
(3). Below the DNA sequence the possible translation start
sites and the stop codons of the RSDA gene are shown.
The calculated free energies of interaction(AG) for region
1 and 2 are —13.7kcal and —21.3 kcal/mole, respectively,
using the rules of Tinoco et al. (1973) (30).
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RSDA gene was analyzed by the SDC computer system.
Following the termination codon of the enzyme (nucleo-
tides 2509-2511) there are four inverted structures
which could play a role in mRNA transcription termina-
tion. These potential terminator sequences composed
of an AT-rich inverted repeat, are found in the region
between nucleotides 50 and 200 downstream from the
termination codon. The second of these sequences be-
gins at nuclectide 57, is 16 nucleotides long, and has
a free energy of 16.3 Kcal/mol (30). This sequence is
followed by a T-rich region which is similar to termina-
tion structures seen in E. coli (25). Such sequences are
also found in several genes from Gram-positive organism
B. subtilis (20,22, 32), but the importance of these se-
quences in transcription termination in Gram-postive
bacteria has not yet been eatablished.

Homologous Regions of Active Site-related
Amino acid Sequences of Some Bacterial and Fu-
ngal Amylases

To compare the amino acid sequences of the various
different enzymes produced by some bacterial and fu-
ngal strains, some homologous regions of consensus
amino acid sequences |, II, lIl and IV, which are consi-
dered to be the regions responsible for enzyme active
sites, were analyzed by the Gene Bank computer data
base. No notable similarities were seen in the coding
regions for the structural genes. However, when we com-
pared the deduced sequence of our enzyme with those
of other amylases published, we were able to find four
homologous regions. In these regions active site-related
amino acids were conserved in all sequences (Fig. 4).
One interesting feature in these homologous regions of

{rigin of exzyme
I\

B.circalans B-2 711D AjS vis
B.circalans ~-352|F|L D
B.stearoth. --264(B|Y ¥ S~-—326(F V|D
B.subtilis L]Q---264 ¥|V[E S
A.oryzae -~230|B|ViL|D~292]F V|B

Fig. 4. Homologous regions of the amino acid sequence
of some bacterial and fungal amylases.
Amino acid residues are shown as one-letter abbreviations.
Numbering of the amino acids starts from the amino termi-
nal of the mature enzymes, except for B. circulans and
B. circulans F-2, which starts from the amino terminal me-
thionine of the putative precursor. The residues located
at active centers of Taka-amylase A are shaded. Roman
numerals show homologous regions suggested by Nakajima
et al. (1986) (19).
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o,
Origin of Enzyme T-S$ rich region residues/25a.a A

B.circulans F-2 727JEJAEAFD RNLVGFIQWN IIPHECE-— 6 24
s.diasiticus 4stiYIHEeN DOLETRLRAD ANRKAV—— 7 28
1.oryzae soofiiPkc KV R K- 17 68
4. avamor{ 4<BRCE GVl Bl 18 72

Fig. 5. Threonine(T) and Serine(S)-rich regions of amino
acid sequences of some bacterial and fungal raw
starch-digesting enzymes.

Threonine and Serine residues are shaded.

1) Raw starch-digesting anylases(RSDA)

B.circulans F-2 RSDA
A.niger G 1(11)

A.niger G 2(11)

B.subtilis 65 a-amylase(33)

A, avamori G 1(5,28)

B} Crystalline cellulose-digesting cellulases(CEDC)

T.reesei CBH 1(31)

T.reesei EG 1{24)

C. thermocellum EG A(16)

C.thermocellum EG B(4)
200 amino acids

Fig. 6. Schematic structures of Ser-Thrrich regions

from different raw starch-digesting amylases and cr-
ystalline cellulose-digesting cellulases.
Each enzyme consists of a catalytic domain probably linked
to the C-domain that is most likely responsible for disrup-
ting the structure of the semi- crystalline substrate for celiu-
lase, and the raw starch substrate for amylase. The drawing
is only roughly to scale (11). The bar on the left side indica-
tes the hydrolytic domain; the shaded bar indicates the
raw substrate specific domain (by O-glycosylation); G 1
or 2, gdlucoamylase 1 and 2; CBH 1, cellobiohydrolase 1;
EG 1, endoglucanasae 1; EG A and B, endoglucanase
A and B.

RSDA(93kDa)
Hydrolytic domain(A)
NHz -

Adsorption domain(B)
COOH

Proteolysis by
subtilisin
A domain(63kDa)
NH -, 001
B domain{30kDa)
NH2- CO0H

Fig. 7. Domain structure of the B. circulans F-2 RSDA
and proteolytical separation of each domain.

The RSDA protein can be converted to the two domains as
previously reported (8).
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each amylase is that the four homologous regions are
located only in the N-terminal region {two of third) (Fig.
2).
Possible Hydrolytic and Adsorption Domain of
the Enzyme

In previous studies (8,9) we treated the RSDA with
proteolytic enzymes to investigate raw starch digestibility.
When this enzyme was digested with subtilisin it was
converted into two components of the N-domain and
the C-domain. The N-domain was a portion which con-
tained the active site to hydrolyze soluble substrates,
but not raw materials. However, the C-domain showed
only an adsorption ability onto the raw substrate without
any hydrolytic activity. Therefore, a bifunctional organi-
sation of the RSDA was proposed. One domain, corres-
ponding to the carboxyl-terminal of the enzyme, was
implicated in the adsorption process. Whereas the other
contained the hydrolytic function. As shown in Fig. 5,
the B. circulans F-2 RSDA contains a Ser-Thr-rich re-
gion, strongly suggesting that the RSDA has two domains
in its structure. This result supports the model system
previously proposed to explain the relationship between
the raw starch-digestibility and the molecular structure
of the enzyme (Fig. 6 and 7). Furthermore, the Ser-Thr-
rich region was located on the C-terminus region of the
protein.

DISCUSSION

We found only one open reading frame, which begain
at the ATG codon and terminated at the TGA codon
at 2509 to 2611. This coding sequence is unambigously
the RSDA structural gene because: {a); the canonical
Shine-Dalgamo(SD)  ribosome  binding  sequence
GGAGG, which is commonly observed in Gram-positive
ribosome binding sites (3, 15, 17), precedes 4 nucleotides
upstream from the initiation codon: (b); the calculated
molecular weight of the predicted polypeptide (Mr=96,
727) is consistent with that of the raw starch-digesting
amylase (about 93,000) purified from the donor strain
B. circulans F-2, as reported previously (10, 29): {¢); the
amino acid residue Ala-Glu-Thy-Tyr-His, from the amino
terminus of the enzyme produced in E. coli, was identical
to that deduced for this ORF.

The putative promoter sequence of the RSDA gene
has a strong homology with the consensus sequence
transcribed by 55 RNA polymerase(TTGATA) for “~
357, and the TATATTA sequence for “—10" (17)
{Fig. 3). Other candidates for the —35 and — 10 region
were ATTCTGA (positions —139 through —133) and
ATAAATA {positions —115 through —109), which cor-
responded to the 6% RNA polymerase recognition se-
quence and were identical to the consensus sequence.



64 KIM AND TANIGUCHI

However, this is too long for the transcriptional start
site of ATG. The distance between the —35 and —10
region of these two putative promoters is 17 bp, which
is the prepared spacing of 6® and ¢*3 RNA polymerases
(17). As this o®>-type promoter sequence is also homolo-
gous to the consensus sequence of E. coli, we anticipated
that this promoter also functioned in E. coli and, thus,
hampered our attempt to subclone the RSDA gene in
E. coli, as described previously (10).

Even though the two sequences, GGAGG and GT-
GATA, with free energies of —21.3 and —13.7 Kcal
/mole, respectively, existed on the sequence, the seque-
nce GGAGG was more highly complementary to the
3’-end of B. subtilis 16S rRNA than GTGATA (18).
Although the precise translation initiation site has not
been determined, the enzyme must be translated from
the ATG codon located 4 bp downstream of this putative
RBS(GGAGG). The RSDA gene of B. circulans F-2 is,
at least, followed by a typical prokaryotic transcription
terminator sequence (25). Of the four putative termina-
tors, the calculated free energy for the corresponding
RNA hairpin structure (30) is —18.6 Kcal/mole.

The putative signal sequence was 34 amino acid resi-
dues long, with three basic amino acids near the N-ter-
minal end followed by a hydrophobic region and Alanine
at the C-terminus. These observations are consistent with
the signal peptides from other Gram-positive bacteria
(22, 32,28).

Although the plasmid pHA300-encoded RSDA enz-
yme had the same properties as raw starch-digesting
amylase from B. circulans F-2 (10), its Mr, deduced from
the sequence data, was slightly higher (93,000 vs 96,
000) than that of the donor strain. This result suggested
that the difference might be due to processing of the
protein in the extraenzyme system of B. circulans F-2.

Several years ago Nishizawa et al.(21) compared the
amino acid sequences of different a-amylases with that
of B. circulans and reported the presence of six homolo-
gous regions; A, B, I, II, IIl and IV. Of these, four highly
homologous regions(named as consensus regions I, II,
Il and IV) were the same as those reported by Nakajima
et al. (19). A comparison of the nucleotide sequence
and the deduced protein sequence of the B. circulans
F-2 RSDA and the amino terminal portion of other Baci-
llus species amylases showed no obvious regions of ho-
mology. But, when we compared the deduced sequence
of our RSDA enzyme with the consensus regions of
a-amylase (19, 21) we were able to find the consensus
homologous regions I to IV in the B. circulans F-2 amy-
lase (Fig. 4). However, we could not find regions A and
B. The His and Asp residues in regions II and IV may
be in the active site of Taka-amylase A (14), suggested
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by low angle X-ray diffraction studies. They are also
found in B. circulans F-2 raw starch-digesting amylase.
This result, taken together with the results of the ORF
determination, suggests that the ORF is likely to code
an amylase of the a-amylase type.

As repored previously (8,29) the B. circulans F-2
RSDA showed efficient adsorbability and digestibility of
raw potato starch granules, which were most resistant
to enzymatic degradation. This B. circulans F-2 enzyme
was shown to be the best source to digest raw potato
starch. Some enzymes were shown to digest raw mate-
rials as substrates; cellulases of T. reesei (36), C.thermo-
cellum (1,7) and A. neger {23) and glucoamylases of
A. niger (2, 27), A. awamori (5, 28) and our RSDA enz-
yme are examples. The homologous terminal domains
of T. reesei cellulase and B. subtilis 65 amylase, including
the Serine and Threonine-rich sequence, could be remo-
ved by limited proteolysis (33, 36). Seemingly, our RSDA
was converted to an N-domain and a C-domain. Of
these two the N-domain, a truncated enzyme form, sho-
wed the same hydrolytic activity on soluble substrates
as the original enzyme. The activity of these truncated
enzymes towards microcrystalline cellulose and raw sta-
rch are impaired, but the activity towards small soluble
substrates are not affected. Thus, It is suggested that
the hydrolytic active sites must be localized. Consensus
regions I through IV, which are in the N-terminal region
as shown in Fig. 4, are proposed as the active site for
the enzyme). The C-terminal domain regions seem to
have a role in substrate binding and solubilization. It
is of interest to note that fungal glucoamylases and bac-
terial a-amylases (including our amylase which is capable
of digesting raw substrates) have, at least superficially,
a similar structure to cellulases. A C-terminal domain
(Serine and Threonine-rich region) seems to be respon-
sible for binding to raw starch, and this is also linked
to the hydrolytic domain by a region rich in Serine and
Threonine (2, 27). The presence of extensive glycosyla-
tion (O-glycosylation in Serine and Threonine) in most
fungal and many bacterial cellulases seems to suggest
a functional rule for raw carbohydrate. The T. reesei
{36) cellobiohydrolases, A. awamori var. kawachi (5) glu-
coamylases and u-amylase of B. subtilis 65 have been
shown to be localized to the conserved C-terminal re-
gions. Our cloned RSDA gene also carried the Ser-Thr-
rich area in the C-terminal region of the gene product.
Even the amount of the Serine and Threonine residues
is less than in other cellulases and glucoamylases (Fig.
5 and 6). This structural basis indicates that the raw
substrate-adsorbing ability(or affinity) of B. circulans F-
2 amylase may result from the Ser-Thr-rich region.
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