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Abstract: We found a novel (i-amylase (AmyK38) in a culture of a novel, alkaliphilic Bacillus sp. strain
KSM-K38. The enzyme was an alkaline, liquefying o-amylase, having a pH optimum of 8.0-9.5, and exhibit-
ing strong resistance to chemical oxidants and chelating reagents. Therefore, the enzymatic properties of
AmyK 38 fulfill the essential requirements for enzymes that can be used as effective additives in detergents.
To further characterize and understand the unique features of AmyK38, we cloned and sequenced the gene
for the enzyme. The amino acid sequence of the mature enzyme showed moderate homology with those of
liquefying (t-amylases from the genus Bacillus. By building a molecular model, we concluded that the high
oxidative stability of AmyK38 was because the amino acid residue corresponding to Met197 in BLA is re-
placed by non-oxidizable Leu. We also suggested that the loss of coordination geometries of the Ca in AmyK
38 reflects its high resistance to chelating reagents. The previously reported (-amylases all contain one or
more calcium per protein molecule. Surprisingly, AmyK38 was found to contain no Ca. Thus, this is the first
report of calcium-free o-amylase. Additionally, AmyK38 required monovalent cations for manifestation of ac-
tivity. Furthermore, we have determined the crystal structure of AmyK38, which revealed that sodium ions,
instead of calcium ions, are used to retain the structure and function of this oi-amylase. To make AmyK38 in-
dustrially useful, we improved the thermostability of this enzyme by protein engineering without any changes
in the enzymatic properties.
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Fig. 1. Phylogenetic tree based on the 16S rDNA sequences of

strain KSM-K38 and representative Bacillus strains.

A phylogenetic tree was inferred by the neighbor-joining method
in the Clustal X program ver. 1.64 b. The numbers at internal nodes
are bootstrap values above 500 derived from 1000 samples in which
the group to the right of the node was monophyletic. Bootstrap
probability values less than 50% were omitted from the figure. Se-
quences incorporated in the figure are under the following accession
numbers; Bacillus sp. strain KSM-K38, AB044748; Bacillus aga-
radhaerens DSM 8721", X76445; Bacillus clarkii DSM 8720", X
76444; Bacillus alcalophilus DSM 485", X76436; Bacillus
pseudofirmus DSM  8715", X76439; Bacillus pseudalcaliphilus
DSM 8725", X76449; Bacillus halodurans ATTC 27557, AB
021187; Bacillus halodenitrificans ATTC 49067", AB021186; Ba-
cillus horikoshii DSM 8719", X76443; Bacillus halmapalus DSM
8723", X76447; and Bacillus niacini IFO 15566, AB021194. Bar=
0.01 Knuc unit.
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Fig. 2. Effect of pH on the activities of AmyK38 and BLA.

The pH-activity curves of purified AmyK38 and BLA (each at 0.2
U/mL) are shown. The buffers used (50 mm each) were as follows:
acetate, pH 3.5-6.0 (H); potassium phosphate, pH 6.0-8.0 (&);
glycine-NaOH, pH 9.0-10.5 (@); carbonate, pH 10.0-12.0 (®).
The dotted line shows the results with BLA as reference. The values

are shown as percentages of the maximum specific activity of
AmyK38, which is taken as 100%.

NHEAFRD SNz (Fig. 4). SHICELIREZ LI,
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Fig. 3. Courses of the inactivation by H,O, of AmyK38 (@) and
BLA (O).

Each enzyme (2.0 U/mL) was incubated in the presence of 0.6
M H:O:; at pH 10 in 50 mM glycine-NaOH buffer and at 30°C for up
to 60 min. Samples (0.2 mL) were taken at the indicated intervals
and immediately added to a solution of catalase (200 pg/mL) to
quench remaining H.O,. The solution (0.1 mL) was used for the
measurement of the residual activity. The values are shown as per-
centages of the original activity, which is taken as 100%.
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Fig. 4. Effect of EDTA on the activities of AmyK38 and BLA.

The stability of AmyK38 (circle symbols) and BLA (triangle sym-
bols) against 1 mM EDTA (@, A) was compared with each control
(without EDTA: O, A)after incubation at pH 10 in 50 mM glycine-
NaOH buffer and at 40°C for up to 150 min. Samples (0.1 mL) were
taken after the indicated times, and then the residual activity in the
sample was immediately measured. The values shown are percent-
ages of the respective original activities, which are taken as 100%.
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Fig. 5. Effects of graded concentrations of EDTA (A) or EGTA
(B) on the activity of AmyK38 and BLA.

(A) Both enzymes (each at 2.0 U/mL) were incubated at pH 10
in 50 mMm glycine-NaOH buffer in the presence of the indicated con-
centrations of EDTA at both 30°C (AmyK38, ®; BLA, O) and
45°C (AmyK38, l; BLA, ). Samples (0.1 mL) were taken after
a 30-min incubation, and then the residual activities in the samples
were immediately measured. The values shown are percentages of
the respective original activities, which are taken as 100%.(B)
AmyK38 and BLA (each at 2.0 U/mL) were each treated with
EGTA under the same conditions described above.
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BSA TEPGQALQSWVDPWFKPLAYAFILTRQEGYPCVFYGDYY———GIPQYNIPSLKSKIDPLLIARRDYA.395
BAA TQPGQSLESTVQTWFKPLAYAFILTRESGYPQVFYGDMYGTKGTSPKEIPSLKDNIEPILKARKEYA.395
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Fig. 6. Amino acid sequence alignment of AmyK38 and other Bacillus amylases.

Each numbering starts after the respective signal peptide. Domains A and B are indicated by dotted boxes and shading, respectively, and
the remaining C-terminal region is domain C. Locations of a-helices (a1-@8) and [3-sheets (31-38) in the crystal structure of BLA are
shown under the sequences. In the case of BLA, the amino acid residues shown by closed circles are involved in the Cal-Na-Call metal triad,
and those shown by open circles are in the Calll binding at the interface between domains A and C. The Met residue indicated by closed tri-
angle is primarily attacked by chemical oxidation. The asterisks above the sequences indicate the catalytic residues of a-amylases. Sequence
accession numbers were as follows: AmyK38, AB051102; AmyK, AB008763; BLA, P06278; BSA, P06279; and BAA, P00692.
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Fig. 7. Comparison of the crystal structure of BLA (A) and the model structure of AmyK38 (B) around the active site.

The figures are stick models showing the distance from the respective catalytic residues to Met197 in BLA and Leul97 in AmyK38, with
oxygen atoms in red, nitrogen atoms in purple, carbon atoms in green, and hydrogen atoms in white.

Fig. 8. Detailed views of the coordination geometry of the Ca’*
ions in the crystal structure of BLA (A)and the correspond-
ing region of the model structure of AmyK38 (B).

The Ca’" ions are shown in blue and the Na' ion is in yellow.
The interaction with water is omitted from the figure. Upper, the
Cal and Call ions in the triadic Ca-Na-Ca metal-binding site; lower,
the Calll ion at the interface between domains A and C in the crys-
tal structure of BLA.
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Table 1. Metal concentration and enzymatic activity of AmyK38
after dialysis.

Dialysis Dialysis Dialysis
Metal at pH 10 at pH 4.5 versus EDTA
(4678) (4434) (4595)
Ca 0.05, 0.17 0.10 0.01, 0.00
Mg 0.14, 0.04 0.03 0.00
Mn 0.00
Co 0.00
Zn 0.02
Cu 0.00
Na 18.6, 26.6 26.4 17.3
K 0.94
Li 0.11

The purified AmyK38 (15 mg/mL) was dialyzed at 5°C. The di-
alysis was done twice over the course of 36 h against 10 mM
glycine-NaOH (pH 10), the same buffer plus 1 mM EDTA, or 10
mM acetate buffer (pH 4.5). The metal concentration was measured
by atomic absorption at 393.36 nm using ICP emission spectral
analysis, assuming a molecular mass of AmyK38 of 55,000 Da. It is
expressed in mol per mol of enzyme. Numbers in parentheses repre-
sent the specific activities after dialysis. The specific activity of the
undialyzed sample was 4435 U/mg.

SN2 AmyK38 O &R X A 12 BLA & Ak
THY, BLRFEIRDLIA T IV EEESTITA LY
T LAIHFTE L e o 728, BEIER 3 APTICH B ) T A
L, 95 DIZBLA @ Cal, Calll [ZMH%§ 5 EA7I2,
D) —DIE F AL Y AHICHE L7 (Fig. 10). Z OfEMT
FERID, AmyK38Z ANy 20fb ) IZF b)) v 4%
FHLTEEOD LG LML TWD Z EPEIES N
7z.

6. EAETRICKSMEIL

ER L7245 912, AmyK38 IZRRAICTH ) o5, HE#H
Al ol L 72BN RER A R b Ab T A — /N —BET
575, ADD % EIGHT 2 Stk om BT F h
fo. T, ¥ ATMEOWEL LU TEIJIF (MD)
BN & 2 BAL AL OHEE % 12 5 ) AmyK38 Dif £
P xR L7z,

F9, AmyK38 &, AmyK O 181 D 7 IV F= v FkH L



56 J. Appl. Glycosci., Vol. 52, No. 1 (2005)

(¥ Domain C

& Domain C

Fig. 10. Stereo view of the ribbon model of the overall structures of BLA (A) and AmyK38 (B).

Domains A, B and C are shown in red, blue and green, respectively. The Ca>* and Na™ ions are shown as blue and yellow spheres, respec-
tively. The N and C termini of AmyK38 are in the domains A and C, respectively. Domain A is the most well conserved ( B/ a)-barrel do-
main in a-amylases. Domain C, which is composed of 3-strands with the so-called Greek key motif, is also conserved in amylolytic en-
zymes, except in barley @-amylase. Na I and Na II are located at the sites corresponding to the Ca’* ions(Ca I and Ca III)in the crystal struc-

ture of BLA. These figures were drawn by MOLSCRIPT and Raster3D.
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Fig. 9. Effects of some cations on the activity of AmyK38.

The purified AmyK38 (approximately 0.6 mg/mL) was dialyzed
at 5°C twice over the course of 24 h against 10 mM Tris-HCI buffer
(pH 8.5). The enzyme activity was then assayed with 0.03pg of
enzyme at 50°C in 50 mM Tris-HCI buffer (pH 8.5) plus each cation
at the indicated concentrations. The activities manifested in the pres-
ence of each cation are shown in U/L reaction mixture. The activity
in 50 mM glycine-NaOH buffer (pH 10) without additive was 1300
U/L. @, the activity with Na; B, that with K; A, that with Li; O,
that with Ca.
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Mutant Domain A DomainB  DomainA _ Domain C Therm((o)/st)ability
ARGAB 11
ARGAAB 16
AmyK38 (ARG 1-99) 35
AmyK38 (ARG 1-19) 33
BRI s e ol ’

Fig. 11.

Structures of several chimeric genes and the thermostabilities of the chimeric enzymes.

Open and closed bars indicate the DNA fragments derived from AmyK38 and ARG genes, respectively. The chimeric enzymes were com-
posed of (in AmyK38 numbering): ARGAB, 1-99 of ARG, 100206 of AmyK38, and 207—the C-terminal end of ARG; ARGAAB, 1-394
of AmyK38 and 395—the C-terminal end of ARG; AmyK38 (ARG 1-99), 1-99 of ARG and 100—the C-terminal end of AmyK38; AmyK
38 (ARG 1-19), 1-19 of ARG and 20—the C-terminal end of AmyK38. AmyK38, ARG, and the chimeric enzymes were purified individu-
ally from cultures of recombinant B. subtilis ISW1214. Each enzyme was incubated at 50°C in 50 mM glycine-NaOH buffer (pH 10). Samples

(0.1 mL) were withdrawn after a 30-min incubation, and then the residual activities in the samples were immediately measured at the same
temperature and pH. The values shown are percentages of the respective activities of enzymes kept at 5°C for 30 min, which are taken as

100%.

BENHEEL, sirROFIE FRICEHFVLZLET. £
7z, EOREHFHELICBILR L Ly ET.

RIFFeIE, SRR B B Ze R % O = RIRRSE
A, FFERt O MR, AL, T Wl
+1, EHOWEEOLEE, FEHEIK, 1510, TEROMGE
M (B MO ATBOE NHREFZE B S s 7 0 775 L 7 4
L7y =), MERDIIGBREL, EROBFHREEL,
ANEEBGAKG, AR e, dRIDERRIC, AR BERALS,
MPEE TS, AR s (BU MRS AT BUE A 7R B
BN — 7)) —F—) LokFEFEETHIT. 20
W) CECHEALEB L BT E .

X (73

1) M. Vihinen and P. Mantsala: Microbial amylolytic enzymes.
Crit. Rev. Biochem. Mol. Biol ., 24, 329-418 (1989).

2) K. Horikoshi: Alkaliphiles: Some applications of their products
for biotechnology. Microbiol. Mol. Biol. Rev., 63, 735-750
(1999).

3) H. Bisgaard-Frantzen, A. Svendsen, B. Norman, S. Pedersen, S.
Kjerulff, H. Outtrup and T.V. Borchert: 1999. Development of
industrially important «-amylases. J. Appl. Glycosci., 46, 199—
206 (1999).

4) ILE. Nielsen and T.V. Borchert: Protein engineering of bacterial
a-amylase. Biochim. Biophys. Acta, 1543, 253-274 (2000).

5) H. UpaDek and B. Kottwitz: Application of amylases in deter-
gents. in Enzymes in Detergency, J.H. van Ee, O. Misset and
E.J. Baas. eds., Marcel Dekker, Inc., New York, pp. 203-212
(1997).

6) N. Saito: A thermophilic extracellular ¢-amylase from Bacillus
licheniformis. Arch. Biochem. Biophys., 155, 290298 (1973).

7) S.Ito, T. Kobayashi, K. Ara, K. Ozaki, S. Kawai and Y.
Hatada: Alkaline detergent enzymes from alkaliphiles: enzy-
matic properties, genetics, and structures. Extremophiles, 2,
185-190 (1998).

8) K. Igarashi, Y. Hatada, H. Hagihara, K. Saeki, M. Takaiwa, T.
Uemura, K. Ara, K. Ozaki, T. Kobayashi and S. Ito: Enzymatic
properties of a novel liquefying a-amylase from an alkaliphilic

Bacillus isolate and entire nucleotide and amino acid se-
quences. Appl. Environ. Microbiol ., 64, 3282-3289 (1998).

9) K. Igarashi, Y. Hatada, K. Ikawa, H. Araki, T. Ozawa, T. Ko-
bayashi, K. Ozaki and S. Ito: Improved thermostability of a
Bacillus a-amylase by deletion an arginine-glycine residue is
caused by enhanced calcium binding. Biochem. Biophys. Res.
Commun., 248, 372-377 (1998).

10) B.L. Vallee, E.A. Stein, W.N. Sumerwell and E.H. Fischer:
Metal content of a-amylases of various origins. J. Biol. Chem.,
234, 2901-2905 (1959).

11) T. Yamamoto: Bacterial a-amylase (liquefying and saccharify-
ing types) of Bacillus subtilis and related bacteria. in Handbook
of Amylases and Related Enzymes, The Amylase Research So-
ciety of Japan, ed., Pergamon Press, Oxford, pp. 40-45 (1988).

12) W. Aehle: Development of new amylases, in Enzymes in De-
tergency, J.H. van Ee, O. Misset and E.J. Baas, eds, Marcel
Dekker, Inc., New York, pp. 213-229 (1997).

13) LB#Z BET s/ uY—, EEE, B p. 8(1999).

14) H. Hagihara, Y. Hatada, T. Ozawa, K. Igarashi, H. Araki, K.
Ozaki, T. Kobayashi, S. Kawai and S. Ito: Oxidative stabiliza-
tion of an alkaliphilic Bacillus a-amylase by replacing a single
specific methionine residue by site-directed mutagenesis. J.
Appl. Glycosci., 50, 367-372 (2003).

15) H. Hagihara, K. Igarashi, Y. Hayashi, K. Endo, K. Ikawa-
Kitayama, K. Ozaki, S. Kawai and S. Ito: Novel a-amylase
that is highly resistant to chelating reagents and chemical oxi-
dants from the alkaliphilic Bacillus isolate KSM-K38. Appl.
Environ. Microbiol ., 67, 1744-1750 (2001).

16) H. Hagihara, Y. Hayashi, K. Endo, K. Igarashi, T. Ozawa, S.
Kawai, K. Ozaki and S. Ito: Deduced amino-acid sequence of a
calcium-free a-amylase from a strain of Bacillus. Eur. J. Bio-
chem., 268, 3974-3982 (2001).

17) R. Nakajima, T. Imanaka and S. Aiba: Comparison of amino
acid sequences of eleven different o-amylases. Appl. Micro-
biol. Biotechnol ., 23, 355-360 (1986).

18) M. Machius, N. Declerck, R. Huber and G. Wiegand: Activa-
tion of Bacillus licheniformis a-amylase through a disorder—
order transition of the substrate-binding site mediated by a
calcium-sodium-calcium metal triad. Structure, 6, 281-292
(1998).

19) Y. Tachibana, M.M. Leclere, S. Fujiwara, M. Takagi and T.
Imanaka: Cloning and expression of the @-amylase gene from
the hyperthermophilic archaeon Pyrococcus sp. KOD 1, and
characterization of the enzyme. J. Ferment. Bioeng., 82, 224~
232 (1996).

20) S. Jgrgensen, C.E. Vorgias and G. Antranikian: Cloning, se-



58

21)

22)

23)

quencing, characterization, and expression of an extracellular
a-amylase from the hyperthermophilic archaeon Pyrococcus fu-
riosus in Escherichia coli and Bacillus subtilis. J. Biol. Chem.,
272, 16335-16342 (1997).

G. Dong, C. Vieille, A. Savchenko and J.G. Zeikus: Cloning,
sequencing, and expression of the gene encoding extracellular
a-amylase from Pyrococcus furiosus and biochemical charac-
terization of the recombinant enzyme. Appl. Environ. Micro-
biol ., 63, 3569-3576 (1997).

A. Savchenko, C. Vieille, S. Kang and J.G. Zeikus: Pyrococcus
furiosus a-amylase is stabilized by calcium and zinc. Biochem-
istry, 41, 61936201 (2002).

T. Nonaka, M. Fujihashi, A. Kita, H. Hagihara, K. Ozaki, S.

24)

25)

26)

J. Appl. Glycosci., Vol. 52, No. 1 (2005)

Ito and K. Miki: Crystal structure of calcium-free a-amylase
from Bacillus sp. strain KSM-K38 (AmyK38> and its sodium
ion binding sites. J. Biol. Chem., 278, 2481824824 (2003).
H. Hagihara, K. Igarashi, Y. Hayashi, K. Kitayama, K. Endo,
T. Ozawa, K. Ozaki, S. Kawai and S. Ito: Improvement of
thermostability of a calcium-free a¢-amylase from an alka-
liphilic Bacillus sp. by protein engineering. J. Appl. Glycosci.,
49, 281-289 (2002).

feEpkAatt, mEEET, AT B A FRL, R
W, RBIEw  ERe-7 37—, $HB 2001-54392, 2001-
02-27.

EEMNBETEOHIN. 7747 3%V, 33, 43-51
(2004).



