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A heat-stable raw-starch-digesting amylase (RSDA) was generated through PCR-based site-directed mu-
tagenesis. At 65°C, the half-life of this mutant RSDA, which, compared with the wild-type RSDA, lacks amino
acids R178 and G179, was increased 20-fold. While the wild type was inactivated completely at pH 3.0, the
mutant RSDA still retained 41% of its enzymatic activity. The enhancement of RSDA thermostability was
demonstrated to be via a Ca®>*-independent mechanism.

Raw starch is the most abundant source of glucose in the
world. Industrially, starch granules are gelatinized in water to
improve the conversion of starch molecules into maltodextrins
and simple sugars by a-amylase and/or other amylolytic en-
zymes (13). This gelatinization of starch granules requires
heating and a long reaction time. Therefore, finding enzymes
capable of digesting raw starch directly would provide a pos-
sible replacement for such an expensive and energy-consuming
process. Many organisms, including fungi, yeast, and bacteria,
are known to produce raw-starch-digesting amylases (RSDAs)
(1, 2, 3, 22). Some of these RSDAs have been produced and
applied to the beverage, food, paper, and textile industries as
well as to dishwashing and laundry detergent production (11).
However, the relatively low reaction temperature optimal for
RSDA on granular starch results in not only a low reaction rate
but also a high risk of bacterial contamination. Therefore,
increasing the thermostability of RSDAs for industrial utiliza-
tion is an important goal of protein engineering.

Studies have shown that a loop area within domain B of
a-amylase plays a crucial role in improving the thermostability
of this protein (17). Deletion of an Arg-Gly dipeptide from
both the liquefying a-amylase (LAMY) of Bacillus strain KSM-
1378 and Bacillus amyloliquefaciens amylase (BAA) increased
their thermostability (5, 18). In previous reports, an RSDA
from a Cyfophaga sp. has been shown to exhibit an excellent
starch digestion activity on raw cornstarch (7, 8). By comparing
the amino acid sequences of this RSDA and other amylases (5,
12, 19, 23), a loop structure within domain B in Cytophaga sp.
RSDA similar to those in other amylases was also found. In
this study, we demonstrated that removing Arg and Gly resi-
dues from the corresponding loop area in this RSDA improved
the stability of the enzyme both at high temperatures and in
stringent environments. To the best of our knowledge, this is
the first thermostable RSDA that has been reported to date.

The mutant RSDA, with residues 178 and 179 deleted, was
generated by site-directed mutagenesis by the method of splic-
ing by overlap extension based on PCR (4). A recombinant
plasmid (unpublished data), pHR, was constructed by ligation
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of pHY300PLK (TaKaRa, Shing, Japan) and a DNA fragment
containing the rsda gene. To generate the deletion mutant, the
nucleotide sequence of the rsda gene was PCR amplified on
pHR by using primer 1 (5'-CGGACCGTACGATTTGTACG
ATCTAGG- 3’, where the BsiWI recognition sequence is un-
derlined) and primer 2 (5'-CCCATGCTTTGCCGGTAAAC
TTAAAGATGCGGCTCAA-3") (reaction 1). A separate
PCR was done by using primer 3 (5'-GAGCCGCATCTTTA
AGTTTACCGGCAAAGCAT-3’) and primer 4 (5'-TCCTTC
TCGAGTCCATCCAATCACATCT -3', where the Xhol rec-
ognition sequence is underlined) (reaction 2). Primers 2 and 3
are deletion mutation primers that lack the 6 nucleotides (5'-
AGGGGA-3' from the 532th to 537th nucleotide) that encode
the Argl78 and Gly179 residues. In the second round of PCR,
80-ng samples of DNA fragments from each of reactions 1 and
2 were mixed and used as templates for further amplification
with primers 1 and 4. The final product was isolated from the
agarose gel, digested with BsiWI and X%hol, and reinserted into
pHR linearized with the same enzymes. The newly constructed
plasmid was designated pHRARG. All constructs were verified
by DNA sequencing (14). The wild-type and deletion mutant
RSDA proteins were purified from Bacillus subtilis(pHR) and
B. subtilis(pHRARG) culture media through ammonium sul-
fate precipitation, DEAE-Sepharose CL-6B ion-exchanger
chromatography, and Sephacryl S-200 gel filtration (7). The
active fractions were then collected and pooled. The purified
wild-type RSDA and mutant RSDA (RSDAARG) from B.
subtilis appeared at the same location on a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel as that of the
RSDA from a Cytophaga sp., determined both by Coomassie
brilliant blue staining (Fig. 1A) and by Western blot analysis
(Fig. 1B). Isoelectrofocusing gel electrophoresis using the
PhastSystem (Pharmacia, Uppsala, Sweden) showed that the
pl value of the RSDAARG (8.3) was different from that of the
wild-type RSDA (8.5) (Fig. 1C). These results indicate that
removing the positive charge from the protein surface caused
a shift of the pI value of the RSDAARG.

The raw-starch-digesting activities of wild-type RSDA and
RSDAARG were assayed by the method described by Itakor et
al. (6), with slight modification, i.e., by using 4% (wt/vol) raw
cornstarch suspended in 0.04 M imidazole buffer, pH 7.0, as a
substrate and incubating at 45°C for 20 min. One unit of RSDA
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FIG. 1. Identification of purified RSDA and RSDAARG produced
by B. subtilis DB430 on sodium dodecyl sulfate-polyacrylamide gel
eletrophoresis with Coomassie brilliant blue staining (A), Western
blotting (B), and isoelectrofocusing electrophoresis (C) with Coomas-
sie brilliant blue staining. Lanes 1 and 2, purified RSDA and
RSDAARG, respectively.

activity was defined as the amount of enzyme that produced an
amount of reducing sugar equivalent to 1 mg of glucose per h
(6). The specific activity of RSDAARG (3,415 U/mg) was 35%
of that of wild-type RSDA (9,640 U/mg). This result implies
that the deletion of residues 178 and 179 had an adverse effect
on enzymatic activity. The enzymatic activities of RSDAs (7)
were measured at concentrations of raw cornstarch from 0.5 to
15%, with kinetic parameters calculated by using the Lin-
eweaver-Burk equation. The turnover numbers of RSDAARG
and wild-type RSDA proteins were 3.5 and 4.5 s~ %, respec-
tively. In addition, the K, value of RSDAARG (27% [wt/vol])
was fivefold higher than that of wild-type RSDA (5.6% [wt/
vol]). Therefore, these results suggest that the deletion of res-
idues 178 and 179 leads to a lower catalytic activity and an
increased K,,, value of the RSDA. It has been reported that the
substrate-binding region in a-amylase does not include these
two amino acid residues (9, 15). The deletion of residues
Argl78 and Gly179 might change the three-dimensional struc-
ture of RSDA and result in a loss of its affinity to raw starch.

To determine the optimal pH range for RSDA, the pH of
the incubation solution was adjusted with 100 mM universal
buffer (10) and enzyme activity was measured from pH 3 to 11
with intervals of 0.5 pH unit. The optimal pH for both wild-
type RSDA and RSDAARG was in the range of 5.5 to 7.5
(data not shown). After incubation at various pHs for 2 h at
4°C, the residual activity was measured at pH 7.0. RSDA in-
cubated at pH 7.5 retained 100% of its activity and was used as
the reference. At pH 3.0 and 11, RSDAARG exhibited 41 and
90%, respectively, of the reference RSDA activity. However,
wild-type RSDA completely lost its amylase activity at pH 3.0,
while at pH 11 it retained 80% of the activity of the reference
RSDA (Fig. 2). RSDAARG appears to be more stable in
stringent environments than wild-type RSDA. This character-
istic allows the mutant enzyme to become more applicable to
the food and detergent industries.

The optimal temperature of this enzyme was assayed be-
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FIG. 2. Effect of pH on the stability of RSDA (O) and RSDAARG
(®@). The enzymes were incubated at 4°C in buffers of various pHs for
2 h prior to the determination of residual activity.

tween 20 and 90°C at 5°C intervals by using soluble starch. The
optimal temperature curves of RSDAARG and wild-type
RSDA were very similar, with temperature optima ranging
from 35 to 55°C (data not shown). To determine the thermo-
stability, RSDAs were incubated for 1 h at the temperatures
indicated in Fig. 3 before being subjected to activity assays.
Then the residual enzymatic activity acting on 4% raw starch
was measured at 45°C in 0.04 M, pH 7.5, imidazole buffer for
20 min. As shown in Fig. 3, the residual activities of wild-type
RSDA and RSDAARG at 55°C were 27 and 68% of that at
20°C, respectively, and wild-type RSDA was totally inactivated
while mutant RSDA retained 56% of its activity during incu-
bation at 65°C. To determine the thermostability of RSDAs,
another set of tests was carried out in the presence of 2 mM
CaCl,. At 65°C with 2 mM Ca?", wild-type RSDA retained
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FIG. 3. Thermostability of RSDA (O, @) and RSDAARG (A, A).
Both enzymes were incubated for 1 h without (open symbols) or with
(fill symbols) 2 mM CaCl, at different temperatures prior to the de-
termination of the residual activity at 45°C.



VoL. 69, 2003

110
100 4
—_ 50 ]
o
=
A N
80
&
2
S 70
«
E
S 60
v
&
50 ]
40
10 . . :
0 1 2 3 4

EDTA (mM )

FIG. 4. Effect of EDTA on the activity of RSDA (O) and
RSDAARG (@®). The enzyme was incubated at 40°C for 30 min prior
to the determination of residual enzyme activities with 4% raw corn-
starch.

60% of its enzymatic activity; however, in the absence of 2 mM
Ca?", its activity was lost completely (Fig. 3).

In a compensatory experiment, the enzymatic activity on raw
cornstarch was measured with Ca®>* depleted from the enzyme
solution by EDTA. As shown in Fig. 4, wild-type RSDA lost
50% of its activity in the presence of 3 mM EDTA, but the
activity of RSDAARG was only slightly affected under the
same reaction conditions. This result was different from what
was observed with most a-amylases (5, 9, 16, 17). The enzy-
matic activity of LAMY was completely lost in the presence of
0.05 mM EDTA, and LAMYARG (mutant protein) under the
same treatment lost 30 to 40% of its activity. In addition, it was
reported that the thermostability of LAMYARG was improved
by enhanced Ca?" binding to the enzyme molecule (5).

Suzuki et al. (18) constructed various chimeric genes from
the structural genes of B. licheniformis a-amylase and BAA
and analyzed the products. They showed that amino acid res-
idues within two regions, i.e., region I (176th to 178th amino
acids) and region II (266th to 269th amino acids), indepen-
dently affected thermostability. Our data confirmed their ob-
servation that region I plays a major role in the thermostability
of the a-amylase.

The deletion of two residues from RSDA will decrease the
positive charge of the protein molecule, change the electro-
static interaction, and increase hydrophobicity. Our results in-
dicate that RSDAARG possesses an enhanced half-life at
higher temperatures. This phenomenon may be caused by de-
laying the reversible unfolding of the protein molecule or pre-
venting irreversible inactivation, as mentioned by Tomazic and
Klibanov (20, 21).

The mutant enzyme RSDAARG, made by site-directed mu-
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tagenesis of the Cytophaga sp. rsda gene, showed not only
increased thermostability but also increased resistance to ex-
treme pH conditions. These characteristics endow the mutant
enzyme with broad applications in industry.
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