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The α-amylase family is also known as the glycoside hydrolase clan H (GH-
H) consisting of three glycoside hydrolase families GH-13, GH-70, and GH-77.
Although the entire α-amylase family can be characterised by several well-
conserved sequence regions, the number of the amino acid residues conserved
totally invariantly throughout the family has been established in the last few
years to be only 4. These were the three catalytic residues (two aspartates and
one glutamate) plus the arginine in the position i-2 with respect to the cat-
alytic nucleophile Asp located near the strand β4 of the (β/α)8-barrel. The
present protein bioinformatics study deals with the 4-α-glucanotransferase
from Borrelia burgdorferi, a putative member of the GH-77. The sequence
of this hypothetical protein, present in the complete genome sequence of the
Lyme disease spirochete, possesses the otherwise invariant β4-strand Arg sub-
stituted by lysine. It could be the first relevant example of α-amylase family
member with only 3 invariant residues, i.e. the catalytic triad. The possibility
of a sequencing error (Arg→Lys) is disregarded since this protein exhibits sub-
stitutions at several other important positions. Its three-dimensional structure
was modelled and briefly discussed.

Key words: α-amylase family, glycoside hydrolase family 77, invariantly con-
served residues, catalytic triad, 4-α-glucanotransferase.

Introduction

The α-amylase family (for a review see MACGRE-
GOR et al., 2001) corresponds to the clan GH-
H at present consisting of three families of gly-
coside hydrolases (GHs), GH-13, GH-70 and GH-
77 (COUTINHO & HENRISSAT, 1999). Structurally
these enzymes are (β/α)8-barrel proteins (PUJADAS

& PALAU, 1999) using a retaining mechanism when
acting on glycosidic bonds (MCCARTER & WITH-
ERS, 1994). The main family of the clan, GH-13,
with more than 25 different enzyme specificities and
∼1400 sequences available, is the largest family of gly-

coside hydrolases (CAZy web-site: http://afmb.cnrs-
mrs.fr/CAZY/GH 13.html). The GH-70 covers the
glucan-synthesising glucosyltransferases, such as dex-
tran sucrase and alternan sucrase, that adopt a cir-
cularly permuted fold of the α-amylase-type (β/α)8-
barrel (MACGREGOR et al., 1996). The GH-77 con-
tains only one specificity, the amylomaltase (synonym
4-α-glucanotransferase). The main feature discriminat-
ing the GH-77 from the GH-13 members is that GH-77
amylomaltases do not possess the domain C succeed-
ing the GH-H catalytic (β/α)8-barrel (PRZYLAS et al.,
2000b).

Concerning the degree of sequence identity and
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similarity or the number of invariant residues con-
served throughout the entire clan GH-H, the situation
has been as follows. The sequence similarity was recog-
nised a long time ago to be extremely low (about 10%)
for microbial, plant and animal α-amylases (NAKA-
JIMA et al., 1986). Later when the family grew up (i.e.
many sequences, sources, and specificities), the num-
ber of identical residues in the family decreased to 8-
10 amino acids (JANEČEK, 1994a; SVENSSON, 1994).
At the time of available complete genome sequences
there have been only 4 GH-H residues known to be in-
variantly conserved (JANEČEK, 2002). These were the
3 catalytic residues corresponding to Asp206, Glu230,
and Asp297 (Taka-amylase A numbering; MATSUURA

et al., 1984) located at the C-terminal ends of the
strands β4, β5, and β7, respectively, of the (β/α)8-
barrel, plus the β4-strand arginine in position i-2 with
respect to the catalytic β4-strand aspartate (equiva-
lent with Arg204 of Taka-amylase A). This arginine is
involved in the Cl−-binding site of chloride-dependent
α-amylases (D’AMICO et al., 2000). The amino acid se-
quences of the enzymes from the α-amylase family can
be characterised by 4 to 7 short conserved stretches,
the so-called conserved sequence regions (JANEČEK,
2002). The regions I, II, III, IV, VI, and VII cover
the strands β3, β4, β5, β7, β2, and β8 of the cat-
alytic (β/α)8-barrel, respectively (NAKAJIMA et al.,
1986; JANEČEK, 1994b), while the fifth conserved se-
quence region (region V) is located near the C-terminal
end of domain B that protrudes from the barrel in the
place of the loop between the strand β3 and helix α3
(JANEČEK, 1992, 1995).

The main goal of the present study was to demon-
strate the fact that the number of residues conserved
invariantly throughout the α-amylase family had de-
creased to only three amino acids, i.e. the catalytic
triad. The first example, which definitively breaks the
invariance of the arginine in the position i-2 with
respect to the β4 catalytic aspartate, is the 4-α-
glucanotransferase from Borrelia burgdorferi. It be-
longs to the GH-77 and contains lysine in the posi-
tion of the otherwise invariant arginine. Although at
present this 4-α-glucanotransferase is a putative pro-
tein only coming from the sequencing the complete
genome of the Lyme disease spirochete (FRASER et
al., 1997), its sequence features are clearly charac-

teristic of the enzymatically active members of the
α-amylase family. On the other hand, the Arg→Lys
substitution as well as the mutations observed in sev-
eral other well-conserved positions could make the 4-
α-glucanotransferase from B. burgdorferi a target with
great potential for the α-amylase family protein engi-
neers and designers.

Background

The CAZy system (COUTINHO & HENRISSAT, 1999;
http://afmb.cnrs-mrs.fr/CAZY/) classifying the α-
amylase family as the clan GH-H served as the
base for studying the sequences and their taxo-
nomical origins. The following amino acid sequences
were retrieved from GenBank with GenPept (BENSON

et al., 2000; http://www.ncbi.nlm.nih.gov/Genbank/)
and SwissProt with TrEMBL (BAIROCH & APWEILER,
2000; http://www.expasy.org/sprot/): GH-13: α-amy-
lase (TODA et al., 1982), cyclodextrin glucanotrans-
ferase (NITSCHKE et al., 1990), oligo-1,6-glucosidase
(WATANABE et al., 1990), maltotetraohydrolase (FU-
JITA et al., 1989), isoamylase (AMEMURA et al., 1988),
neopullulanase-like “α-amylase” TVA II (TONOZUKA

et al., 1993), maltogenic amylase (KIM et al., 1999),
maltogenic α-amylase (DIDERICHSEN & CHRISTIAN-
SEN, 1988), maltooligosyltrehalose hydrolase (KOBA-
YASHI et al., 1996), amylosucrase (POTOCKI DE

MONTALK et al., 1999), maltosyltransferase (MEISS-
NER & LIEBL, 1998), neopullulanase-like “α-amylase”
TVA I (TONOZUKA et al., 1995), 4-α-glucanotransfer-
ase (HEINRICH et al., 1994), cyclomaltodextrinase
(KIM et al., 1998), branching enzyme (BAECKER et
al., 1986), neopullulanase (KURIKI & IMANAKA, 1989);
GH-70: glucosyltransferase (FERRETTI et al., 1987);
GH-77: amylomaltases (4-α-glucanotransferase): Clos-
tridium butyricum (GODA et al., 1997), Chlamy-
domonas reinhardtii (WATTEBLED et al., 2003), Es-
cherichi coli (PUGSLEY & DUBREUIL, 1988), Solanum
tuberosum (TAKAHA et al., 1993), Thermus aquaticus
(TERADA et al., 1999), Borrelia burgdorferi (FRASER

et al., 1997).
The three-dimensional structure of the GH-

77 Thermus aquaticus amylomaltase was retrieved
from the Protein Data Bank (BERMAN et al., 2002;

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Fig. 1. (a) Selected conserved sequence regions in the α-amylase family. The regions I, II, III, IV, and VI
(for a review, see JANEČEK, 2002) correspond to the strands β3, β4, β5, β7, and β2, respectively, of the cat-
alytic (β/α)8-barrel domain. The clan GH-H representative members are shown for which the three-dimensional
structure was solved (except for the family GH-70 with circularly permuted catalytic (β/α)8-barrel). (b) Cor-
responding selected conserved sequence regions in the representative amylomaltases (4-α-glucanotransferases)
of the GH-77. Colour code: catalytic aspartates and glutamate – blue; invariant arginine – yellow; functional
histidines – green; non-conserved residues – pink; additional conserved residues in GH-77 – black; substituted
residues in the 4-α-glucanotransferase from Borrelia burgdorferi – red. The three invariant residues of the clan
GH-H are signified by asterisk. (c) Stereo view of the residues from the active site of the experimentally de-
termined three-dimensional structure of the GH-77 amylomaltase from Thermus aquaticus (PRZYLAS et al.,
2000b). (d) Stereo view of the residues from the active site of the theoretical structural model of the GH-77
4-α-glucanotrasferase from Borrelia burgdorferi.
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http://www.rcsb.org/pdb/) under the PDB code
1ESW (PRZYLAS et al., 2000b). The three-dimensional
structure modelling of the B. burgdorferi 4-α-glucano-
transferase was performed using the SWISS-MODEL
automated server (GUEX & PEITSCH, 1997; GUEX et
al., 1999; http://swissmodel.expasy.org/). The protein
structures were displayed using the program WebLab-
ViewerLite (Molecular Simulations, Inc.).

PSI-Blast (ALTSCHUL et al., 1997; http://www.
ncbi.nlm.nih.gov/BLAST/) was used for performing
the searches in the molecular-biology databases (using
the default parameters) in order to retrieve for com-
parison all the relevant α-amylase family enzymes and
hypothetical proteins using as the query the entire se-
quence of the 4-α-glucanotransferase from B. burgdor-
feri.

Results and discussion

The selected conserved sequence regions of the α-
amylase family members whose three-dimensional
structures have already been solved are shown in
Fig. 1a. The regions of the GH-70 glucan-synthesising
glucosyltransferase were extracted based on the pre-
diction study (MACGREGOR et al., 1996) and site-
directed mutagenesis (DEVULAPALLE et al., 1997),
since no three-dimensional structure is available for
GH-70 at present (COUTINHO & HENRISSAT, 1999).
It is clear that the clan GH-H contains the invari-
ant catalytic triad consisting of two aspartates (at
strands β4 and β7) and one glutamate (at strand β5).
The two functionally important histidines (at strands
β3 and β7), although strongly conserved and appar-
ently essential for several specificities (MACGREGOR

et al., 2001), are not present in GH-13 maltosyltrans-
ferase (both His) and the members of both GH-70
and GH-77 (the β3 His) (Fig. 1a). The histidines
have nevertheless been demonstrated to be critical in
transition-state stabilisation (SØGAARD et al., 1993).
The fourth invariant residue of the α-amylase fam-
ily had seemed to be the arginine in the position i-
2 with respect to the catalytic β4-strand aspartate
(JANEČEK, 2002). This is no longer true because the
sequence of GH-77 4-α-glucanotransferase from Bor-
relia burgdorferi has the arginine substituted by a ly-
sine (Fig. 1b). This substitution is not a general fea-
ture characteristic of the GH-77 since it was not pos-
sible to detect more examples with such Arg→Lys
substitution in the sequence databases by PSI-Blast.
Moreover, the B. burgdorferi 4-α-glucanotransferase
exhibits several remarkable sequence features that dis-
criminate it slightly from the rest of the GH-77. These
are (Fig. 1b): Pro→Ala in region VI (β2), Asp→Asn
in region I (β3), Ile(Leu)→Trp and Leu-Gly→Phe-
Gln in region III (β5), and His→Gly in region IV
(β7).

With regard to the eventual protein function,
catalytic activity, and enzyme specificity of the B.
burgdorferi 4-α-glucanotransferase, it is worth men-
tioning that this amino acid sequence is deduced from
the nucleotide sequence of the Lyme disease spiro-

chete genome (FRASER et al., 1997), i.e. it is only
a translated ORF. The 4-α-glucanotransferase speci-
ficity was thus assigned due to sequence similarity with
other GH-77 4-α-glucanotransferases/amylomaltases.
The conserved catalytic triad, however, supports the
possibility that the function has been saved. For ex-
ample, the Arg→Lys mutant of Bacillus stearother-
mophillus α-amylase had 12% of the specific activ-
ity of the parental enzyme (VIHINEN et al., 1990)
and the same mutant of the maize branching enzyme
retained also some residual activity (LIBESSART &
PREISS, 1998). The eventuality of a sequencing error
(Arg→Lys exchange) should be disregarded because
the B. burgdorferi 4-α-glucanotransferase contains sev-
eral unusual substitutions in positions characteristic of
clan GH-H (Fig. 1b).

To shed more light on these theoretical observa-
tions the three-dimensional structure of the putative
4-α-glucanotransferase from B. burgdorferi was mod-
elled using the X-ray structure of Thermus aquaticus
amylomaltase (PRZYLAS et al., 2000b) as the tem-
plate. B. burgdorferi hypothetical protein exhibits all
structural features typical for the amylomaltase from
T. aquaticus, e.g. also the helical region succeeding
the strand β2 of the catalytic (β/α)8-barrel that is
unique for the GH-77 members (STRÄTER et al., 2002).
Although it is not possible to draw the unambigu-
ous conclusions from the modelled structure, the ex-
changed important active-site residues probably re-
sulting in different side-chain orientations (Fig. 1c,d)
could cause some problems in achieving the predicted
4-α-glucanotransferase activity. The catalytic nucle-
ophile Asp293 in T. aquaticus amylomaltase is hydro-
gen bonded just to Arg291 (PRZYLAS et al., 2000a),
the residue that is substituted by lysine in the B.
burgdorferi protein. Any α-amylase family member
with Arg→Lys substitution in the position i-2 with
respect to the catalytic nucleophile may be lacking in
the strongly basic δ-guanido group of the arginine (VI-
HINEN et al., 1990).

Taking all this into account it is clear that the pu-
tative 4-α-glucanotransferase from B. burgdorferi can
become an attractive model for experimental stud-
ies within the entire clan GH-H. If it is a func-
tional amylolytic enzyme, it would mean that even
the catalytic triad alone is enough for the activity
in general and the other active-site residues can thus
be suitable substituted. This would open the door
for novel ideas in the α-amylase family protein en-
gineering and design. Simultaneously, it would be of
special interest to confirm, revise and/or find out
the exact enzyme specificity of the hypothetical 4-
α-glucanotransferase from B. burgdorferi. In the fu-
ture work we would like therefore to focus on the
cloning, expression and biochemical characterisation of
this protein.

Acknowledgements

This work was financially supported in part by the
VEGA grant no. 2/2057/23.

1130



References

ALTSCHUL, S. F., MADDEN, T. L., SCHÄFFER, A. A.,
ZHANG, J., ZHANG, Z., MILLER, W. & LIPMAN, D.
J. 1997. Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs.
Nucleic Acids Res. 25: 3389–3402.

AMEMURA, A., CHAKRABORTY, R., FUJITA, M.,
NOUMI, T. & FUTAI, M. 1988. Cloning and nu-
cleotide sequence of the isoamylase gene from
Pseudomonas amyloderamosa SB-15. J. Biol.
Chem. 263: 9271–9275.

BAECKER, P. A., GREENBERG, E. & PREISS, J. 1986.
Biosynthesis of bacterial glycogen. Primary struc-
ture of Escherichia coli 1,4-α-D-glucan:1,4-α-D-
glucan 6-α-D-(1,4-α-D-glucano)-transferase as de-
duced from the nucleotide sequence of the glgB
gene. J. Biol. Chem. 261: 8738–8743.

BAIROCH, A. & APWEILER, R. 2000. The SWISS-
PROT protein sequence database and its supple-
ment TrEMBL in 2000. Nucleic Acids Res. 28: 45–
48.

BENSON, D. A., KARSCH-MIZRACHI, I., LIPMAN, D.
J., OSTELL, J., RAPP, B. A. & WHEELER, D. L.
2000. GenBank. Nucleic Acids Res. 28: 15–18.

BERMAN, H. M., BATTISTUZ, T., BHAT, T. N., . . . &
ZARDECKI, C. 2002. The protein data bank. Acta
Crystallogr. D58: 899–907.

COUTINHO, P. M. & HENRISSAT, B. 1999. Carbo-
hydrate-Active Enzymes server at URL: http://
afmb.cnrs-mrs.fr/∼cazy/CAZY/index.html.

D’AMICO, S., GERDAY, C. & FELLER, G. 2000. Struc-
tural similarities and evolutionary relationships in
chloride-dependent α-amylases. Gene 253: 95–105.

DEVULAPALLE, K. S., GOODMAN, S. D., GAO, Q.,
HEMSLEY, A. & MOOSER, G. 1997. Knowledge-
based model of a glucosyltransferase from the oral
bacterial group of mutans streptococci. Protein Sci.
6: 2489–2493.

DIDERICHSEN, B. & CHRISTIANSEN, L. 1988. Cloning
of a maltogenic α-amylase from Bacillus stearo-
thermophilus. FEMS Microbiol. Lett. 56: 53–60.

FERRETTI, J. J., GILPIN, M. L. & RUSSELL, R. R.
1987. Nucleotide sequence of a glucosyltransferase
gene from Streptococcus sobrinus MFe28. J. Bac-
teriol. 169: 4271–4278.

FRASER, C. M., CASJENS, S., HUANG, W. M., . . . &
VENTER, J. C. 1997. Genomic sequence of a Lyme
disease spirochaete, Borrelia burgdorferi. Nature
390: 580–586.

FUJITA, M., TORIGAE, K., NAKADA, T., TSUSAKI,
K., KUBOTA, M., SAKAI, S. & TSUJISAKA, Y.
1989. Cloning and nucleotide sequence of the gene
(amyP) for maltotetraose-forming amylase from
Pseudomonas stutzeri MO-19. J. Bacteriol. 171:
1333–1339.

GODA, S. K., EISSA, O., AKHTAR, M. & MINTON,
N.P. 1997. Molecular analysis of a Clostridium bu-
tyricum NCIMB 7423 gene encoding 4-α-glucano-
transferase and characterization of the recombi-

nant enzyme produced in Escherichia coli. Micro-
biology 143: 3287–3294.

GUEX, N., DIEMAND, A. & PEITSCH, M. C. 1999. Pro-
tein modelling for all. Trends Biochem. Sci. 24:
364–367.

GUEX, N. & PEITSCH, M. C. 1997. SWISS-MODEL
and the SWISS-PDBviewer: an environment for
comparative protein modelling. Electrophoresis
18: 2714–2723.

HEINRICH, P., HUBER, W. & LIEBL, W. 1994. Expres-
sion in Escherichia coli and structure of the gene
encoding 4-α-glucanotransferase from Thermotoga
maritima. Classification of maltodextrin glycosyl-
transferses into two distantly related enzyme sub-
families. System. Appl. Microbiol. 17: 297–305.

JANEČEK, Š. 1992. New conserved amino acid region of
α-amylases in the third loop of their (β/α)8-barrel
domains. Biochem. J. 288: 1069–1070.

JANEČEK, Š. 1994a. Parallel β/α-barrels of α-amylase,
cyclodextrin glycosyltransferase and oligo-1,6-glu-
cosidase versus the barrel of β-amylase: evolution-
ary distance is a reflection of unrelated sequences.
FEBS Lett. 353: 119–123.

JANEČEK, Š. 1994b. Sequence similarities and evolu-
tionary relationships of microbial, plant and ani-
mal α-amylases. Eur. J. Biochem. 224: 519–524.

JANEČEK, Š. 1995. Close evolutionary relatedness
among functionally distantly related members of
the (α/β)8-barrel glycosyl hydrolases suggested by
the similarity of their fifth conserved sequence re-
gion. FEBS Lett. 377: 6–8.

JANEČEK, Š. 2002. How many conserved sequence re-
gions are there in the α-amylase family? Biologia,
Bratislava 57 (Suppl. 11): 29–41.

KIM, T. J., KIM, M. J., KIM, B. C., KIM, J. C.,
CHEONG, T. K., KIM, J. W. & PARK, K. H. 1999.
Modes of action of acarbose hydrolysis and trans-
glycosylation catalyzed by a thermostable malto-
genic amylase, the gene for which was cloned from
a Thermus strain. Appl. Environ. Microbiol. 65:
1644–1951.

KIM, T.-J., SHIN, J.-H., OH, J.-H., KIM, M.-J., LEE,
S.-B., RYU, S., KWON, K., KIM, J.-W., CHOI, E.-
H., ROBYT, J. F. & PARK, K.-H. 1998. Analysis of
the gene encoding cyclomaltodextrinase from alka-
lophilic Bacillus sp. I-5 and characterization of en-
zymatic properties. Arch. Biochem. Biophys. 353:
221–227.

KOBAYASHI, K., KATO, M., MIURA, Y., KETTOKU,
M., KOMEDA, T. & IWAMATSU, A. 1996. Gene
cloning and expression of new trehalose-producing
enzymes from the hyperthermophilic archaeum
Sulfolobus solfataricus KM1. Biosci. Biotech. Bio-
chem. 60: 1882–1885.

KURIKI, T. & IMANAKA, T. 1989. Nucleotide se-
quence of the neopullulanase gene from Bacillus
stearothermophilus. J. Gen. Microbiol. 135: 1521–
1528.

LIBESSART, N. & PREISS, J. 1998. Arginine residue 384
at the catalytic center is important for branching

1131



enzyme II from maize endosperm. Arch. Biochem.
Biophys. 360: 135–141.

MACGREGOR, E.A., JANEČEK, Š. & SVENSSON, B.
2001. Relationship of sequence and structure to
specificity in the α-amylase family of enzymes.
Biochim. Biophys. Acta 1546: 1–20.

MACGREGOR, E. A., JESPERSEN, H. M. & SVENS-
SON, B. 1996. A circularly permuted α-amylase-
type α/β-barrel structure in glucan-synthesizing
glucosyltransferases. FEBS Lett. 378: 263–266.

MATSUURA, Y., KUSUNOKI, M., HARADA, W. &
KAKUDO, M. 1984. Structure and possible cat-
alytic residues of Taka-amylase A. J. Biochem. 95:
697–702.

MCCARTER, J. D. & WITHERS, S. G. 1994. Mech-
anisms of enzymatic glycoside hydrolysis. Curr.
Opin. Struct. Biol. 4: 885–892.

MEISSNER, H. & LIEBL, W. 1998. Thermotoga mar-
itima maltosyltransferase, a novel type of mal-
todextrin glycosyltransferase acting on starch and
malto-oligosaccharides. Eur. J. Biochem. 250:
1050–1058.

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

NITSCHKE, L., HEEGER, K., BENDER, H. & SCHULZ,
G. E. 1990. Molecular cloning, nucleotide se-
quence and expression in Escherichia coli of the β-
cyclodextrin glycosyltransferase gene from Bacillus
circulans strain no. 8. Appl. Microbiol. Biotechnol.
33: 542–546.

POTOCKI DE MONTALK, G., REMAUD-SIMEON, M.,
WILLEMOT, R.M., PLANCHOT, V. & MONSAN, P.
1999. Sequence analysis of the gene encoding amy-
losucrase from Neisseria polysaccahrea and charac-
terization of the recombinant enzyme. J. Bacteriol.
181: 375–381.

PRZYLAS, I., TERADA, Y., FUJII, K., TAKAHA, T.,
SAENGER, W. & STRÄTER, N. 2000a. X-ray struc-
ture of acarbose bound to amylomaltase from
Thermus aquaticus. Implications for the synthe-
sis of large cyclic glucans. Eur. J. Biochem. 267:
6903–6913.

PRZYLAS, I., TOMOO, K., TERADA, Y., TAKAHA, T.,
FUJII, K., SAENGER, W. & STRÄTER, N. 2000b.
Crystal structure of amylomaltase from Thermus
aquaticus, a glycosyltransferase catalysing the pro-
duction of large cyclic glucans. J. Mol. Biol. 296:
873–886.

PUGSLEY, A. P. & DUBREUIL, C. 1988. Molecular
characterization of malQ, the structural gene for
the Escherichia coli enzyme amylomaltase. Mol.
Microbiol. 2: 473–479.

PUJADAS, G. & PALAU, J. 1999. TIM barrel fold: struc-
tural, functional and evolutionary characteristics
in natural and designed molecules. Biologia, Bra-
tislava 54: 231–254.

STRÄTER, N., PRZYLAS, I., SAENGER, W., TERADA,
Y., FUJI, K. & TAKAHA, T. 2002. Structural basis

of the synthesis of large cycloamyloses by amylo-
maltase. Biologia, Bratislava 57 (Suppl. 11): 93–
99.

SØGAARD, M., KADZIOLA, A., HASER, R. & SVENS-
SON, B. 1993. Site-directed mutagenesis of histi-
dine 93, aspartic acid 180, glutamic acid 205, his-
tidine 290, and aspartic acid 291 at the active site
and tryptophan 279 at the raw starch binding site
in barley α-amylase 1. J. Biol. Chem. 268: 22480–
22484.

SVENSSON, B. 1994. Protein engineering in the α-
amylase family: catalytic mechanism, substrate
specificity, and stability. Plant Mol. Biol. 25: 141–
157.

TAKAHA, T., YANASE, M., OKADA, S. & SMITH,
S. M. 1993. Disproportionating enzyme (4-α-
glucanotransferase; EC 2.4.1.25) of potato. Purifi-
cation, molecular cloning, and potential role in
starch metabolism. J. Biol. Chem. 268: 1391–1396.

TERADA, Y., FUJII, K., TAKAHA, T. & OKADA, S.
1999. Thermus aquaticus ATCC 33923 amylomal-
tase gene cloning and expression and enzyme char-
acterization: production of cycloamylose. Appl.
Environ. Microbiol. 65: 910–915.

TODA, H., KONDO, K., & NARITA, K. 1982. The
complete amino acid sequence of Taka-amylase A.
Proc. Japan Acad. B58: 208–212.

TONOZUKA, T., MOGI, S., SHIMURA, Y., IBUKA, A.,
SAKAI, H., MATSUZAWA, H., SAKANO, Y. & OHTA,
T. 1995. Comparison of primary structures and
substrate specificities of two pullulan-hydrolyzing
α-amylases, TVA I and TVA II, from Thermoacti-
nomyces vulgaris R-47. Biochim. Biophys. Acta
1252: 35–42.

TONOZUKA, T., OHTSUKA, M., MOGI, S. I., SAKAI,
H., OHTA, T. & SAKANO, Y. 1993. A neopullu-
lanase-type α-amylase gene from Thermoactino-
myces vulgaris R-47 Biosci. Biotech. Biochem. 57:
395–401.

VIHINEN, M., OLLIKKA, P., NISKANEN, J., MEYER,
P., SUOMINEN, I., KARP, M., HOLM, L., KNOW-
LES, J. & MÄNTSÄLÄ, P. 1990. Site-directed mu-
tagenesis of a thermostable α-amylase from Bacil-
lus stearothermophilus: putative role of three con-
served residues. J. Biochem. 107: 267–272.

WATANABE, K., KITAMURA, K., IHA, H. & SUZUKI, Y.
1990. Primary structure of the oligo-1,6-glucosid-
ase of Bacillus cereus ATCC7064 deduced from the
nucleotide sequence of the gene. Eur. J. Biochem.
192: 609–620.

WATTEBLED, F., RAL, J. P., DAUVILLEE, D., MYERS,
A. M., JAMES, M. G., SCHLICHTING, R., GIERSCH,
C., BALL, S. G. & D’HULST, C. 2003. STA11, a
Chlamydomonas reinhardtii locus required for nor-
mal starch granule biogenesis, encodes dispropor-
tionating enzyme. Further evidence for a function
of α-1,4 glucanotransferases during starch granule
biosynthesis in green algae. Plant Physiol. 132:
137–145.

Received July 11, 2003
Accepted August 19, 2003

1132


