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Bacillus licheniformis a-amylase, a thermostable starch-degrading enzyme, has been assessed as a
candidate enzyme for the genetic transformation of malting barley. The temperature optimum, pH
optimum and thermostability of B. licheniformis o-amylase were compared with those of barley
c-amylase. The bacterial enzyme has a higher pH optimum (~9), a higher temperature optimum (~90°C)
and much higher thermostability at elevated temperatures than the barley enzyme. The specific
activity of the bacterial enzyme under conditions of pH and temperature relevant to the brewing
process (pH 5.5, 65°C) is ~1.56-fold higher than that of the barley enzyme. Measurements of c-amylase
activity during a micro-mash showed that the bacterial enzyme is at least as stable as the barley
enzyme under these conditions, and that a level of expression for the bacterial enzyme corresponding
to ~0.5% of total mait protein would approximately double the a-amylase activity in the mash.
B. licheniformis a-amylase activity was rapidly eliminated by boiling following mashing as would
occur during brewing. The combined results suggest that barley expressing the bacterial enzyme may

be useful in the brewing process.

Key words: Bacillus licheniformis, o-amylase, barley, thermo-
stable enzyme, mashing

INTRODUCTION

Genetic transformation of barley has recently been achieved!®,
although the development of technology for cercal trans-
formation has lagged behind that for dicot transformation®. As
preparation for a first attempt to make this new technology
useful for industry, we have investigated the potential use-
fulness to maltsters and brewers of malting barley that is
genetically engineered to contain a gene for B licheniformis
a-amylase. The aim was to determine whether the properties
of B. licheniformis a-amylase were appropriate to brewing. In
particular, we wished to determine the specific activity of
B. licheniformis o-amylase compared with that of barley a-
amylase under conditions of pH and temperature used in
brewing, the thermostability of B. licheniformis a-amylase
under simulated mashing and kettle conditions compared with
that of barley a-amylase, and the amount of B. licheniformis
o-amylase that would have to be expressed in barley malt in
order to double the a-amylase activity in a mash. If malt
which is genetically engineered to contain the gene for B.
licheniformis a-amylase is suitable for brewing, it may find a
market where rapid starch conversion is required or where high
levels of o-amylase are needed to convert starch of rice,
unmalted barley, maize or other adjuncts to fermentable
;l;gars It may also be useful for the development of novel

rs.

The contents of this paper have been communicated in part to the
44th Australian Cercal Chemistry Conference, Ballarat, Victoria, 12-
15 September 1994,

MATERIALS AND METHODS

Enzyme preparations

B. licheniformis a-amylase was obtained from Sigma-Aldrich
Pty Ltd (Cat. No. A4551). The preparation was reported
to contain ~70% protein (balance primarily potassium phos-
phate). Percent protein was confirmed in a Lowry protein
determination®, SDS polyacrylamide gel electrophoresis indi-
cated that the enzyme was essentially homogenous.

Barley a-amylase 2 was purified from barley malt (cultivar
Schooner) by methods adapted from Bertoft et al.? and
Lecommandeur?. Malt flour (500 g) was extracted in 2 litres of
20 mM acetate buffer, pH 5.5, containing | mM CaCl,, for 1 h
at 5°C. All subsequent steps were performed at 5°C, The
material which precipitated from the extract supernatant
between 20% and 60% ammonium sulfate was resuspended
and dialysed against the extraction buffer. Sodium chloride
(0.5 M) was added to the centrifuged dialysed enzyme and
approximately 160 ml applied (30 ml/h) to an affinity column
(15x 1.6 cm) of P-cyclodextrin (Sigma) coupled to epoxy-
activated Sepharose 6B’ (Pharmacia). The column was pre-
pared according to the manufacturer’s instructions. After load-
ing the sample, the column was washed with 10 volumes of
20 mM acetate buffer, pH 5.5, containing 0.5 M NaCl and
I mM CaCl,, and barley a-amylase was eluted with B-
cyclodextrin (8 mg/ml) in the same buffer. Fractions containing
barley a-amylase were dialysed against 20 mM acetate buffer,
pH 4.8, containing | mM CaCl,, and applied (60 ml/h) to an
ion exchange column (12 x 2.6 cm) of CM-Sepharose CL-6B
(Pharmacia) equilibrated with the same buffer. Bound barley
a-amylase 2 was eluted with a 0-0.3 M sodium chloride
gradient, dialysed against 20 mM acetate buffer, pH 5.2, con-
taining 1 mM CaCl, and rechromatographed on CM-
Sepharose CL-6B at pH 5.2 to remove traces of barley
o-amylase 1. Active barley a-amylase 2 fractions were pooled
and stored at —70°C. Purified barley a-amylase 2 produced a
single band (MW 42 000) on SDS-PAGE, and several isoforms
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(average pl! 6.1) on isoelectric focussing (IEF) using a
Pharmalyte (Pharmacia) pH gradient from 3.0 to 10.0 and a
starch-iodide stain®, No contamination by barley a-amylase 1
(pl 4.5) was evident on IEF-PAGE.

a-Amylase assays

a-Amylase activity was routinely determined using the
Amylazyme a-amylase assay (Megazyme Australia), in which
the azurine-crosslinked (AZCL) amylose substrate is hydro-
lysed by o-amylase to produce soluble dyed fragments'. After
a 5-min preincubation of enzyme in assay buffer at the
required temperature (see Figure legends for buffers and tem-
peratures used), an AZCL amylose tablet was added to 1 ml of
the a-amylase solution. Following a 10-min incubation, 9 ml
of 2% Tris(hydroxymethyl) aminomethane (Tris) was added to
terminate the reaction, the tubes were vortexed, left for 5 min
at room temperature, vortexed again, centrifuged at 2700 g for
2 min in a bench centrifuge and the absorbance of the super-
natant measured at 590 nm. Enzyme activity was determined
from the change in absorbance over 10 min in the assay.
Specific activity was calculated as the enzyme activity per pg
of protein.

Thermostability

B. licheniformis o-amylase and purified barley o-amylase
were diluted in 50 mM acetate buffer, pH 6.0, containing
10 mM CaCl,, incubated at 75°C, and at 90°C for various
times, cooled on ice and assayed for a-amylase activity. Protein
concentrations were 30 pg/ml for B. licheniformis o-amylase
and 110 pg/ml for barley a-amylase.

Micro-mashes

Malt (0.5 g, cultivar Tallon) was added to 2 ml of distilled
water containing 5 mM CaCl,. Micro-mashes were carried out
with and without the addition of 130 pg/ml of B. licheniformis
a-amylase. Tubes were incubated at 65°C for 1 h, with brief
vortexing every 5 min, then centrifuged at 2700 g for 2 min.
The supernatant was boiled for 1 h45 min. Samples (50 pul)
were withdrawn every 15 min throughout the micro-mash and
post-mash boil, and assayed for a-amylase activity. An aliquot
was tested immediately after centrifugation, prior to boiling, to
confirm that centrifugation had not altered o-amylase activity.
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FiG. 1. Stabilities of B. ficheniformis (®) and barley (a) a-amylases in
50 mM acetate buffer, pH 6.0, containing 10 mM CaCl, at 75°C.
Assays were carried out in 100 mM maleate buffer, pH 5.5, con-
taining 5 mM CaCly, at 65°C (B. licheniformis a-amylase) and at
50°C (barley a-amylase). Relative activity was calculated as per-
cent of B. licheniformis a-amylase maximum activity, and percent
of barley a-amylase maximum activity, for B. licheniformis and
barley o-amylase data series, respectively.
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RESULTS AND DISCUSSION

Thermostabilities at 75°C and 90°C of B. licheniformis and
barley a-amylases

B. licheniformis o-amylase lost no activity during incubation
in 50 mM acetate buffer, pH 6.0, containing 10 mM CaCl,, for
2h at 75°C or at 90°C. In contrast, the half-life of barley
o-amylase at 75°C was 34 min, and only 7% of initial activity
was retained after 2h at 75°C (Fig. 1). Barley a-amylase
activity was not detectable after 2.5 min at 90°C, These data
demonstrate the greater thermostability of the bacterial en-
zyme compared with that of the barley enzyme. Tomazik and
Klibanov'® and Suzuki et al.!® reported retention of ~60% and
~55% activity for B. licheniformis a-amylase after 2 h incuba-
tion at 90°C. The apparent difference between these results and
those in the present work may reflect some difference in
the experimental procedure. The greater thermostability of B.
licheniformis a-amylase compared to that of barley a-amylase
at 75°C suggests that mashes could be carried out at 75°C with
better retention of a-amylase activity, if a transgenic malt
containing B. licheniformis o-amylase were used. Transgenic
barley expressing a thermostable a-amylase may retain higher
oa-amylase levels during kilning and mashing, increasing the
rate of starch hydrolysis, and could provide an improved
source of o-amylase activity for breakdown of starch in grain
adjuncts. A malting barley containing a thermostable a-
amylase could also be useful for the development of novel
beers.

Effect of pH on specific activities of B. licheniformis and
barley o-amylases at 65°C

In order to assess the suitability of B. [licheniformis o-
amylase for use in the mash, its pH optimum was compared
with that of barley a-amylase. In addition, the specific activi-
ties of the enzymes at pH 5.5, a typical mash pH®, were also
compared. All determinations were performed at 65°C, a tem-
perature at which mashes are commonly carried out®. The pH
optimum of B. licheniformis o-amylase was 9.0 (Fig. 2). At pH
5.5, the pH relevant to brewing, the activity was 37% of that at
pH 9.0. Previous studies on B. licheniformis a-amylase report
maximum activity between pH 7.0 and pH 9.0'!, and between
pH 5.0 and pH 8.0'. Our data are similar to data in these
studies in that the enzyme shows activity over a broad pH
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Fi1G. 2. Effect of pH on activities of B. licheniformis (®) and barley
() a-amylases at 65°C. a-Amylase activities were determined in
duplicate in the pH range 4.5-10.0 in 0.5 pH unit steps. pH was
adjusted at room temperature. Assays were carried out in 100 mM
sodium malate (pH 4.5-pH 5.5), sodium maleate (pH 5.5-pH
6.5), MOPS (3-(N-morpholino)-propane-sulfonic acid) (pH 7.0-
pH 8.0) and Tris (pH 8.0-10.0) buffers containing 5 mM CaCl,.
Values for different buffers at the same pH were averaged.
Relative activity was calculated as percent of B licheniformis
o-amylase maximum activity.









