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Cultured cells of rice produce two a-amylase isozymes, AMY-I(Amy 1A) and
AMY-III(Amy 3E). Eight chimeric genes, constructed from various combina-
tion of AMY-I and AMY-III ¢cDNA fragments, were expressed using a bac-
terial expression system, and each recombinant chimeric protein was charac-
terized. Four of the eight recombinant enzymes, having region ¢ (one of the
four regions having unconserved base sequences between AMY-I and AMY-III
cDNAs) of AMY-I, showed the same enzyme characteristics as those of na-
tive AMY-I, which had a high temperature optimum at 50°C. The other four
chimeric proteins carrying region ¢ of AMY-III showed AMY-III type char-
acteristics and exibited a low temperature optimum at 25°C. These results
suggest that the region ¢ (Phel79-Trp205: a-helix-4, 3-sheet-5, a-helix-5) is
responsible for the property of the low temperature optimum of AMY-III.
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Abbreviations: AMY-I and AMY-III, a-amylase (EC 3.2.1.1) isozymes I
and III from cultured rice cells; AMY, gene encoding AMY; G17, malto-
heptadecasaccharide.

cells (Oryzae sativa cv Sasanishiki). One of these,
AMY-III, showed unique enzymatic properties

Alpha-amylases (1,4-a-D-glucan glucanohydrola-
se; EC 3.2.1.1) are widespread among plants,
mammals, insects, fungi and bacteria, and a num-
ber of their cDNAs have been cloned. In higher
plants, a-amylases are important in germinating
seeds and usually are present as multiple isoforms.
In culturedcells of rice, ten a-amylase isoforms
have been found (MITSUI et al., 1996).

We have found two distinct a-amylases,
AMY-I and AMY-III in suspension-cultured rice
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when compared to the other usual a-amylases in-
cluding AMY-I (CHIBA et al., 1990, 1991). It had
a low temperature optimum at 25°C and an ab-
normal curve for the Arrhenius plots, indicating
great conformational change of the enzyme struc-
ture occurring around 25°C. The AMY-III also
showed great reduction of its activity when raw
corn starch or a higher maltooligosacharide of DP
17 (G17) was added to the assay mixture.

A number of recombinant rice a-amylase
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Fig. 1. Deduced amino acid
DI 230 :GKPAMH (D) GROEL VN YN A GEP AMTFD FTTKG LL Q45 W) GELYR LRDGH GKAPGMIGY 203 sequences of AMY-I and
AR T-ITT -
240 :GKP 5 THODADR QEL VN YAE GwGKP ATAFD FTTHG IL QAL GELYR LHDGH GKAPG LMGH 200 AMY-III from rice cultured
] cells. A, B, C, and D are
AN 200 : LPEK i TFYONHO[TE S TOK L4 FP SDEAMOG Yicy TL THP GYPCT FYDHMFDWNLED EIT]A 353 highly similar regions in all
AMCEIT 2@ :MPOQAYTFYONHOTES TO S LR FP SOKWMOG Yisy IL THR GIPCT FYOHY FOWNLOH ETAT 359 a-amylases (known as con-
d served sequence regions I, II,
ANTET 350 : LALTRERNG TN 4535 K LRTVVADAD A WawyD ERY MK DS TR YDWGH 40P SO FHO TYHGKD 413 III, and IV; NAKAJIMA et
AMCFID 260 : LAEIRSRNG THAES TLDIL K EGD TrvaMID GKYITH LG PRYDAGE IIP 5D FHYVAHGND 419 al., 1986). Small letters a, b,
¢, and d are unconserved re-
ALLET 419 - SYHEK G S RVPAGR - HL 435 gions with low amino acid
ANTEIT 420 Y OWEK EGF RVPAGRE HY 437 sequence similarity between
AMY-I and AMY-III.

isozymes (TERASHIMA et al., 1995) and barley a-
amylase isozymes (SOGAARD & SVENSSON, 1990)
have been produced and characterized using yeast
expression systems. The nucleotide sequence anal-
yses of AMY-I and AMY-III indicated that the
AMY-I had an identical sequence to that of the
c¢DNA clone of pOS137(AmylA) which was ob-
tained from germinated rice seed (O’NEILL et al.,
1990), and the AMY-III was identical to that of
a genomic clone without introns of Ramy-3E ob-
tained from rice (M202) DNA (HUANG et al,
1990).

To understand which part of the protein mod-
ules is responsible for the unique properties of
AMY-III, we constructed various combinations of
AMY-I and AMY-III ¢cDNAs, and characterized
these chimeric gene products expressed in Fs-
cherichia coli.

Properties of the rice cell a-amylase iso-
zymes AMY-I and AMY-III

Two groups of a-amylase isozymes were puri-
fied and characterized from cultured rice (Oryzae
sativa cv Sasanishiki) cells (Tab. 1). By native
PAGE, three activity bands are detected (AMY-
I, AMY-II and AMY-III). AMY-I and AMY-II
were 45 kDa proteins and were charged isomers
belonging to the same group with the same prop-
erties. AMY-IIT was electrophoretically homoge-
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neous with a molecular mass of 42 kDa and pl
of 5.8. The AMY-III showed a unique property
with a low temperature optimum at 25°C, unlike
other plant, animal and microbial amylases that
generally had optima at around 35-55°C. The Ar-
rhenius plot for the enzyme also gave an unusual
curve, i.e. the plot greatly deviated from a straight
line above 25°C. This suggests the occurrence of a
conformational change in the structure of AMY-
IIT around 25°C in the presence of substrate. The
AMY-IIT also showed a great reduction of its ac-
tivity when raw starch or a higher maltooligosac-
charide of DP 17 was added.

Amino acid sequences of AMY-I and AMY-
111

Two a-amylase cDNA clones corresponding to
AMY-I and AMY-III contained 1686 and 1688
base pairs, respectively. From the deduced amino
acid sequence, both AMY-I and AMY-III have no
putative N-glycosylation sites (Fig. 1). The degree
of similarity in nucleotide sequences between the
two isozymes is estimated to be 74%. AMY-I1had a
nucleotide sequence identical to that of the cDNA
clone of pOS137, obtained from germinated rice
seed (O’NEILL et al.,, 1990). AMY-III was also
shown to be identical in sequence to a genomic
clone without introns of Ramy-3E obtained from
rice (202) DNA (HUANG et al., 1990).
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Fig. 2. Construction of expression plasmid, pETAMY-I or pETAMY-III, for Escherichia coli. The cDNA se-
quences of AMY-I and AMY-III were modified to include the restriction enzyme Nde I cleavage site, and were
digested with Nde I and BamH I. These cDNA inserts, which cover the mature sequences of AMY-Tand AMY-III
coding regions, were inserted into the Nde I and BamHI site of pET12a. These plasmids were transformed into

E. coli BL21(DE3)pT-groE.

Table 1. Some properties of a-amylase isozymes AMY-
I and AMY-III from rice cultured cells.

Properties AMY-I AMY-III
Molecular mass (SDS-PAGE) 45,000 42,000
(Calculated) 45,316 46,123
Isoelectric point 6.0 5.8
K, for soluble starch (mg/mL) 1.1 5.0
Optimum temperature 55°C 25°C
Optimum pH 4.8 4.5

Expression of AMY-I and AMY-III

To express a-amylase as a mature form in Fs-
cherichia coli, the restriction enzyme Nde I cleav-

age site was introduced to AMY-I and AMY-
IIT between signal sequence and mature sequence.
Ndel-FEcoRI fragments encoding mature sequence
of AMY-I and AMY-III were inserted into the
E. coli expression vector, pET12a (Fig. 2). The
resulting vectors (pETAMY-I and pETAMY-III)
containing AMY-I and AMY-III were transferred
to E. coli BL21(DE3) pT-groE having the T7
RNA polymerase gene, and expression of AMY-
I and AMY-III was induced by the addition of
IPTG. Expression in E. coli was detected by west-
ern blot analysis which showed a single band of 45
kDa and one at 42 kDa co-migrating with native
AMY-I and AMY-III, respectively.

The purified recombinant AMY-I and AMY-
IIT had identical N-terminal amino acid sequences
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Table 2. Effects of maltooligosaccharides and corn starch on the activity of AMY-I and AMY-III expressed in

E. coli.
Enzyme Host cell Remaining activity (%)
None GT7 G17 Corn starch
AMY-I rice cell 100 103 92 100
E coli 100 90 94 85
AMY-IIT rice cell 100 93 13 20
E. coli 100 110 39 41

Table 3. Effects of maltooligosaccharides and temperature dependency on the activity of chimeric a-amylases

expressed in E. coli.

Enzyme Remaining activity (%) Ratio of specific activity Type of enzyme
None G17 (55°C/25°C)
AMY-I 100 110 1.3 —
AMY-III 100 40 0.3 -
3-1 (Mlul) 100 84 1.7 AMY-I
3-1 (Scal) 100 86 1.4 AMY-I
3-1 (Nael) 100 11 0.4 AMY-III
3-1-3(Scal, Sall) 100 101 2.5 AMY-I
1-3 (Miul) 100 13 0.3 AMY-III
1-3 (Scal) 100 10 0.6 AMY-III
1-3 (Sall) 100 86 2.5 AMY-I
1-3-1(Scal, Nael) 100 23 0.2 AMY-IIT
to those of native AMY-I and AMY-III, respec- 120 T
tively. The recombinant enzymes showed the same C
characteristic properties as the native enzymes r
with respect to the temperature dependency and 100 ]
the effects of maltooligosaccharides on a-amylase (& L
activities. (Fig. 3, Tab. 2). > 80 ]
Construction and characterization of chi- % 60 L i
meric a-amylases s L
2 L ]
To discover which part of the primary structure E 40 T
is responsible for the unique properties of AMY- & [
III that has a low temperature optimum and sus- 20 T ]
ceptibility to maltooligosaccharide effectors, sev- i
eral chimeric genes were constructed using var- 0 ! ! ! ! ! ! !

ious combinations of AMY-I and AMY-III frag-
ments (Fig. 4). Table 3 shows the temperature de-
pendency and effects of maltooligosacharide effec-
tors on the activity of chimeric a-amylases. Four
chimeric a-amylases that carry the region c of
AMY-I (3-1 Mlu I, 3-1 Sca I, 3-1-3 Sca I Sal I
and 1-3 Sal I) had a higher optimum tempera-
ture and gave residual activities similar to native
AMY-I after treatment with maltooligosaccharide
effectors (G7 and G17). On the other hand, the
other four chimeric enzymes carrying region c of
AMY-IITI showed the same temperature depen-
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Fig. 3. The temperature dependence of the activity of
AMY-I and AMY-III expressed in E. coli. The rela-
tive activities of AMY-I and AMY-III are shown. The
maximum activity of AMY-I and AMY-III at optimum
temperature were normalized to 100%. AMY-I (open
circles) and AMY-III (filled circles). The activities of
intact AMY-I and AMY-III are shown by full lines
and those of recombinant enzyme are shown by dot-
ted lines.



A B D
VR B B B |
a1 b : ¢ : d Enzymatic
B | | X X properties
SCUT R p m————
3.1 (Seal) ] ' R
viown N ] W

3.1.3 Seal, Sal 1)

Fig. 4. Structure of chimeric genes
and characterization of chimeric a-

vy [ N
T ——
1oan | .

131 el N

Ml Seal Nael Sall

dency as AMY-III and the activity at 25°C was
higher than at50°C. Moreover, the remaining ac-
tivity of these four chimeric enzymes after treat-
ment of G17 maltooligosaccharide showed a signif-
icant reduction of soluble-starch-hydrolyzing ac-
tivity, while G7 treatment had no effect.

Discussion

Although the AMY-III amino-acid sequence
showed 74% similarity to that of the AMY-I, the
AMY-III showed unique properties with an abnor-
mal low temperature optimum and susceptibility
to the maltooligosaccharide effectors. These prop-
erties are very different from those of the AMY-
I and also other known cereal amylases (CHIBA
et al., 1990, 1991; OKAMOTO et al., 1978). Com-
parison of the amino acid sequences of various a-
amylases (NAKAJIMA et al., 1986) indicated that
four highly similar regions namely, regions I, II,
IIT and IV, are conserved in all amylases examined.
Both AMY-I and AMY-III contain all of these four
conserved regions designated as regions A, B, C
and D (Fig. 1). X-Ray crystallographic studies of
Aspergillus oryzae a-amylase (MATSUURA et al.,
1984) and porcine pancreatic a-amylase (BUISSON

amylases. (A) Schematic structure of
a-amylase. A, B, C, and D are con-
I served regions in all a-amylases; a,
b, ¢, and d are non-conserved regions
between AMY-I and AMY-III. (B)
Structure of chimeric genes. AMY-I,
(open box); AMY-III, (full box).

et al., 1987) indicated that these regions may func-
tion as catalytic, substrate-binding, or calcium-
binding sites. The characteristic properties of the
AMY-IIT may be derived from unconserved re-
gions with low amino acid sequence similarity that
are designated a, b, ¢, and d (Fig. 1).

Characterization of eight chimeric a-amyla-
ses indicated that region c (Fig. 4) was a critical
site for the characteristics of AMY-I or AMY-III.
This region lies between the conserved regions B
(or IT) and C (or III) in which the active site Asp
and Glu are located.

Secondary structural analysis by the CHOU
and FASMAN method (CHOU & FASMAN, 1978)
indicated that region ¢ of AMY-I had the same
a-helix as other well-studied a-amylases, such as
Aspergillus oryzae a-amylase (MATSUURA et al.,
1980), porcine pancreatic a-amylase (BUISSON et
al., 1987) and barley a-amylase (JUGE et al.,
1996). On the other hand, AMY-III is predicted to
have a 3-sheet structure for this region c. This con-
formational change may influence the characteris-
tics of AMY-III. To identify which amino acids are
important for AMY-III characteristics, direct re-
placement of each amino acid residue in region c
by site-directed mutagenesis is now in progress.

201



Acknowledgements

This work was supported in part by a Grant-in-Aid
from the Ministry of Science, Technology, and Educa-
tion of Japan.

References

ABE, R., YosHIDA, K., AoYAGI, M., KASAHARA, S.,
IcHISHIMSA, E. & NAKAJIMA, T. 1999. Character-
ization of chimeric enzymes constructed between
two distinct a-amylase cDNA from cultured rice
cells. Biosci. Biotechnol. Biochem. 63: 1329-1335.

BuissoN, G., DUEE, E., HASER, R. & PAavaN, F. 1987.
Three dimentional structure of porcine pancreatic
a-amylase at 2.9 A resolution. Role of calcium in
structure and activity. EMBO J. 6: 3909-3916.

CHiIBA, Y., U, M., KaTo, Y., NAkKAJIMA, T. &
IcHsHIMA, E. 1990. Two group of intracellular a-
amylase isoenzymes from cultured rice cells. Phy-
tochemistry 29: 2075-2078.

CHIBA, Y., NIEDA, Y., NAKAJIMA, T. & ICHISHIMA,
E. 1991. Unique properties of a-amylase-III from
suspension-cultured rice cells. Agric. Biol. Chem.
55: 901-902.

CHoUu, P. Y. & FAsMAN, G. D. 1978. Prediction of the
secondary structure of proteins from amino acid
sequence. Adv. Enzymol. Relat. Areas Mol. Biol.
47: 45-148.

Huang, N., Koizumi, N., REINL, S. & RODORIGUEZ,
R. L. 1990. Structural organization and differential
expression of rice a-amylase genes. Nucleic. Acids
Res. 18: 7007-7014.

JUGE, N., SOGAARD, M., CHAIX, J., MARTIN-EAU-
CLAIR, M., SVENSSON, B., MARCHIS-MOUREN, G.

202

& Gou, X. 1993. Comparison of barley malt a-
amylase isozymes 1 and 2: Construction of cDNA
hybrids by in vivo recombination and their expres-
sion in yeast. Gene 130: 159-166.

Mitsul, T., UEKI, Y. & IGAUE, 1. 1993. Biosynthe-
sis and secretion of a-amylase by rice suspension-
cultured cells: purification and characterization of
a-amylase isozymes. Plant Physiol. 31: 863-874.

NAKAJIMA, R., IMANAKA, T. & A1iBA, S.1986. Com-
parison of amino acid sequences of eleven different
a-amylases. Appl. Microbiol. Biotechnol. 23: 355-
360.

OkamMmoTO, K. & AxAazAawa, T. 1978. Purification of
a-amylase and (-amylase from endosperm tissues
of germinating rice seeds. Agric. Biol. Chem. 42:
1379-1364.

O’NEILL, S. D., KuMAGAI, M. H., MAJUMDAR, A.,
HuAaNG, N., SUTLIFF, T.D. & RODORIGUEZ, R. L.
1990. The a-amylase genes in Oryzae sativa: Char-
acterization of cDNA clones and mRNA expression
during seed germination. Mol. Gen. Genet. 271:
235-244.

ROGERS, J. C. & MILLIMAN, C. 1983. Isolation and se-
quence analysis of a barley a-amylase cDNA clone.
J. Biol. Chem. 258: 8169-8174.

SOGAARD, M. & SVENSSON, B. 1990. Expression of
cDNAs encoding barley a-amylase 1 and 2 in yeast
and characterization of the secreted proteins. Gene
94: 173-179.

TERASHIMA, M., KATOH, S., THOMAS, B. R. &
RODORIGUEZ, R. L. 1995. Characterization of rice
a-amylase isozymes expressed in Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol. 43: 1050-
1055.

Received October 4, 2001
Accepted February 12, 2002



